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market demands more protein and oil crops, such as soybean or peanut.
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METHODS: We compared yield, yield stability, and profitability of six rotation systems: W-M30 (at the maize
inter-plant distance of 30 cm), the density-increased W-M20, wheat-soybean (W-S), wheat-peanut (W-P), and
wheat with an intercrop of maize (at the inter-plant distance of 20 cm) and soybean (W-MS) or peanut (W-MP).
Four annual N input levels were compared: NO (no N input), N1 (reduced N input), N2 (target practice), and N3
(current high input).

RESULTS AND CONCLUSIONS: Results over four years showed that replacing maize by maize/legume intercrops
had a similar wheat yield as that of W-M while the N input was intermediate between W-M and W-legume ro-
tations. Total actual/equivalent grain yields and gross margins of W-MS or W-MP were consistently intermediate
between W-M and W-legume rotations. Intercropping enhanced the yield and temporal yield stability of maize
per plant, with benefits for both yield stability of the intercropping system of maize season and the annual
rotation system. Averaged over six rotation systems, increasing N supply increased the annual total actual/
equivalent grain yield, gross margin and yield stability to a plateau starting at N1 or N2, without a further
significant increase at N3. Specifically, the response of total equivalent yield or gross margin of each annual
system to increasing N supply could be fitted by the linear-plateau model. Compared to the response curve of W-
M, W-MS and W-S reached the plateau with a lower N input and higher yield and profit, while W-MP and W-P
reached the plateau with lower N input but decreased the yield and profit. Compared to W-M with 240-360 kg
N/ha/year, W-MS used 210-320 kg N/ha/year saving 11.1-12.5% fertilizer N, while maintaining or improving
production by 9.1-13.0%, and improving profitability by 12.1-15.6% and temporal yield stability by
12.8-50.6%.

SIGNIFICANCE: W-MS diversifies products with lower N input and higher outputs, profitability, and temporal
yield stability than conventional W-M, thus is highly recommended towards productive and sustainable agri-

culture in the NCP.

1. Introduction

Double cropping of winter wheat and summer maize (W-M) is the
most common agricultural production system in the North China Plain
(NCP) (Zhao et al., 2022a). Approximately 45% of the national wheat
and 30% of the national maize are produced in this system (Lu et al.,
2021). However, the system is considered environmentally unsustain-
able due to overuse of nitrogen (N) fertilizer (Yin et al., 2021). Chinese
farmers apply about totally 550-600 kg N/ha each year for W-M, far
exceeding the annual N demand of about totally 330 kg N/ha (Zhao
et al., 2015). Excessive N application reduces N-use efficiency and re-
sults in nitrate leaching to the surface water and atmospheric emissions
of NH3, N3O and NO (Yin et al., 2021; Liu et al., 2022). A reduction in
inputs is necessary to enable a cleaner production with lower N losses to
the environment. Incorporation of N» fixing legumes offers potential to
lower fertilizer use, though it should be considered that replacing maize
by legumes would also result in a major reduction in grain output, as
legumes have lower yields than maize (Nemecek et al., 2008; Thierfelder
et al., 2012; Chen et al., 2019; Rose et al., 2019; Gao et al., 2020; Xiao
et al., 2022; Xu et al., 2022).

Intercropping is the cultivation of two or more intermingled crop
species on the same field (Vandermeer, 1989). A meta-analysis of drivers
of yield gain showed that intercrops with maize had greater yield gains
than intercrops without maize (Li et al., 2020). Strip intercropping of
maize with legumes is the most common type of intercropping system in
the world (Li et al., 2020). Component crop species may be grown
simultaneously within the same field or partly overlapping, with
different sowing or harvesting dates. As maize has a late and long
growing season, it is usually harvested after a legume crop in a system
known as relay strip intercropping (Li et al., 2013; Brooker et al., 2015).
Intercrops of maize with legumes have lower N fertilizer input
requirement than sole maize crops due to N fixation by the legume (Li
et al., 2020; Stomph et al., 2020; Xu et al., 2020).

At present, the Chinese self-sufficiency rate of cereal grains is >95%,
but the self-sufficiency rate of edible oils is <35%, and >80% of soybean
protein relies on imports (The China Agricultural Sector Development
Report, 2020). The Chinese government aims to increase protein and oil
crop self-sufficiency, but this target needs to be achieved on the current
land area as China has little spare areas to reclaim new land for agri-
culture. Intercropping may, however, increase land use efficiency and
achieve an increase in sufficiency of protein and oil crops without land
clearing (Li et al., 2021). Therefore, for the first time during the past 30

years, the Chinese Government aims to promote strip intercropping,
especially maize-based intercropping with peanut or soybean, in
Northeastern China (i.e. Liaoning, Jilin and Heilongjiang provinces),
Chinese Huang-Huai-Hai plain (mainly including Hebei, Shandong,
Henan and Anhui provinces) and Southwestern China (e.g. Sichuan and
Yunnan provinces) (General Office of the State Council of China, 2015;
China’s No. 1 Central Document, 2022).

Most of the productivity gains in intercropping are observed under
conditions of relay strip intercropping with temporal niche differentia-
tion (TND), especially in temperate climate areas with a growing season
longer than necessary for growing one crop, but too short for growing
two consecutive crops as in double cropping, e.g. in northwestern and
southwestern China) (Li et al., 2001; Yu et al., 2015; van Oort et al.,
2020; Chai et al., 2021; Li et al., 2021); and the yield advantage was
increased at greater TND (Yu et al., 2015; Li et al., 2020). Relatively few
studies have focused on performance of simultaneous maize/legume
intercropping systems, in which the two species are sown and harvested
simultaneously.

In the north of China, three cropping systems mainly exist: (1) con-
ventional one-crop-per-year monocultures occupy most areas of north-
eastern China (Liaoning, Jilin, Heilongjiang); (2) two-crops-per-year
relay intercropping in northwestern China (e.g. Gansu province); and (3)
most areas of the North China Plain (Hebei, Shandong, Henan) are
occupied by the two-crops-per-year double cropping (Li et al., 2020;
Chaietal., 2021; Sun et al., 2021; Zhao et al., 2022a). Intercropping and
diversified crop rotations have a strong potential to safeguard food se-
curity and counteract the severe degradation of arable land and air
pollution in the North China Plain (Feike et al., 2012; Fung et al., 2019;
Yang et al., 2021). A shift from cereal production in conventional W-M
to a three-crops-per-year diversified rotation that includes legumes via
intercropping with maize in the NCP would be beneficial to increase
China’s self-sufficiency for edible oils and soybean proteins. Such a shift
would reduce the need for N fertilizer, irrigation water, herbicides and
pesticides, and decrease the large emissions of reactive N compounds, e.
g. ammonia (NHj3), into the atmosphere, where they become significant
components of fine particulate matter air pollution (PMs ). In such a
system, the winter wheat crop could be followed by a simultaneous
intercrop of summer maize with peanut or soybean. However, the im-
pacts of such a shift on total food production, resource use, farmer
profits, eco-sustainability and environmental friendship of the whole
year under field conditions have not been studied or evaluated, espe-
cially in the NCP, where the relay intercropping system of wheat-maize
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had been very popular in the past practice of intercropping (Feike et al.,
2012). In addition, a three-crops-per-year diversified system that in-
cludes legumes via intercropping could also be applicable to South
China and South Asia (e.g. India, Pakistan, Bangladesh and Nepal),
where maize-rice (an emerging cropping system in subtropical region of
China), rice-wheat, rice-maize and maize-wheat cropping systems face
similar unsustainability issues and research gaps as the W-M system in
the NCP (Timsina et al., 2010; Chauhan et al., 2012; Sun et al., 2019;
Mehmood et al., 2020; Bhatt et al., 2021), and has a global relevance for
countries with double cropping or rotation systems (Jeong et al., 2014;
Barbieri et al., 2019; Zhao et al., 2022b).

Incorporation of legumes in rotations has the potential to increase
subsequent crop yields and economic returns, and reduce N fertilizer
requirements (Zhao et al., 2022b). However, there is still lack of infor-
mation on effects of intercropping of maize with legumes on subsequent
wheat performance and their effects on the annual yield stability,
especially lack of long-term study (Liang, 2022). Whether the yield of
annual double cropping systems could be maintained with the increase
of experimental year under different N application rates, especially
regarding the comparison of annual systems with legumes (intercrop-
ping or monoculture) and without legumes under low N supply, are
emerging questions worthy to be addressed (Liang, 2022). Intercropping
has been found to stabilize crop yields under contrasting climatic con-
ditions (Koskey et al., 2022). Increasing the planting density of maize in
monoculture may decrease yield stability due to lodging (Winans et al.,
2021). Studies on responses of the year-to-year temporal yield stability
or yield retention ability of annual double cropping systems with legume
intercropping to climatic and soil N changes will provide new knowl-
edge on sustainable intensification of cropping systems towards more
resilient to management (e.g. increasing the planting density), and cli-
matic and environmental changes.

Here we report on a 4-year field experiment with permanent plots
comparing different rotation systems with wheat and maize, peanut or
soybean, with or without maize intercropping with legumes at different
annual N input levels to study agronomic and economic performance of
a more diversified cropping system. We test whether increases in crop
diversity via the integration of intercropping with rotation improve
productivity, yield stability, and profitability, with lower N fertilizer
input. Specific hypotheses are: (1) Replacing maize by maize/legume
intercropping in wheat-maize rotation lowers annual N input and
maintains wheat yield. (2) Productivity and profitability of diversified
rotations with intercropping are intermediate between conventional
wheat-maize and wheat-legume rotation; therefore intercropping plays
a buffering role in satisfying demands of different crops while providing
considerable farmer profits. (3) Moderation of N inputs below current
high level does not result in yield penalties. (4) Intercropping facilitates
the growth of dominant species maize, thus increases the year-to-year
yield stability of maize, the stability of intercropping system and the
annual diversified rotation system as a whole. (5) Integration of
appropriate intercropping and moderate N input has better overall
performance than the conventional wheat-maize double cropping,
enabling sustainable intensification.

2. Materials and methods
2.1. Study site

A four-year field experiment was conducted from mid-June 2017 to
mid-June 2021 at Jiyang Experimental Station (36°58°Ji 116Jiyan) of
Shandong Academy of Agricultural Sciences, Jinan, China. The area has
a continental and warm-temperate monsoon climate with hot and rainy
summer and a cold and dry spring and winter. The annual mean tem-
perature is 12.0-13.6 °C. The cumulative temperature above 10 °C is
4000-4500 °Cd, and above 0 °C is 4500-5000 °Cd. The frost-free period
is 195-210 days, and the area has 2400-2700 h of sunshine annually.
The annual precipitation is 500-700 mm and potential evaporation is
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1800-2100 mm. Weather data of the study site for the 4 years were
obtained from the Shandong Meteorological Bureau (Fig. 1). Soil of this
experimental site is a calcareous yellow fluvo-aquic sandy loam, with a
bulk density of 1.49 g/em® and a pH of 7.6 (1:2.5 w/v in water). It
contains 13.3 g/kg organic matter, total N of 0.95 g/kg, alkaline hy-
drolyzable N of 82.6 mg/kg, Olsen-phosphorus (P) is 15.4 mg/kg, and
NH4OAc-exchangeable potassium (K) is 107.1 mg/kg in the top 30 cm.

2.2. Experimental design and crop management

For the summer maize season from mid-June to mid-October, the
experiment was a split-plot design with four N input levels as main plot
factor and six cropping systems as sub-plot factor. The main plots had
four basal application rates of N (0, 60, 80, 100 kg/ha) given to all
cropping systems before sowing (broadcast fertilization) (Table 1). A
second application of N fertilizer, equal to the basal fertilizer, was top-
dressed by broadcasting at pre-tasseling to maize monoculture plots
and to the area between adjacent maize rows in intercrop plots, but not
to the legumes and the area between maize and legume rows. N fertilizer
was given as urea. We used maize (Zea mays L.) variety “Xianyu no.
3357, peanut (Arachis hypogaea L.) variety “Huayu no. 25” and soybean
(Glycine max L.) variety “Qihuang no. 34”. In each year, maize, peanut
and soybean were sown around 25 June and harvested around 10
October.

The sub-plot treatments comprised six cropping systems for the
summer crops, including conventional sole maize with a plant distance
in the row of 30 cm, labeled M30, a density-increased sole maize with a
plant distance in the row of 20 cm, labeled M20, sole peanut, labeled P,
sole soybean, labeled S, maize/peanut intercropping, labeled MP, and
maize/soybean intercropping, labeled MS. Intercrops had maize at a
plant distance in the row of 20 cm, like M20. Across the two factors of N
input and cropping system, there were 4 x 6 = 24 treatments, each with
three replicates. All plots were permanent over 4 years to observe
possible cumulative treatment effects.

Conventional sole maize was grown at a row distance of 50 cm
(Fig. 2), resulting in a density of 6.7 plants/m? in M30, consistent with
local farmers’ practice. Density-increased sole maize M20 had the same
row distance and a density of 10 plants/m2. Sole peanut and soybean
were planted by hole sowing at a row distance of 50 cm, with an inter-
hole distance in the row of 20 cm, resulting a density of 10 holes/m? and
20 plants/m? (each hole with two seedlings). Row and inter-plant dis-
tances of maize in intercropping were the same as in the density-
increased sole maize (M20) while row and inter-hole distances of pea-
nut or soybean in intercropping were the same as in the sole crops. In-
tercrops were grown in species strips comprising two rows. The gap
between neighboring maize and legume rows in intercropping was 50
cm (Fig. 2). Maize and the legume thus occupied each half of the
intercropped area. Compared to M20 and sole legume, the relative
densities of intercropped maize and peanut or soybean were all 0.5,
indicating a replacement intercrop; compared to M30, the relative
density of intercropped maize was 0.75, which was higher than would
have been the case in a replacement intercropping. Here, the relative
density is defined as the plant density of a species in intercropping
divided by plant density in the sole cropping, and density is expressed as
the number of plants per unit area of the whole cropping system (Zhang
et al., 2007).

Each plot (mono- or intercropped) had an area of 40 m? (8.0 m width
x 5.0 m length), with rows oriented north to south. A sole crop plot
comprised 16 rows of maize, peanut or soybean while an intercropped
plot consisted of 8 maize rows and 8 peanut or soybean rows, planted in
alternating strips each comprising two rows of the same species. Maize
and legume strips in the intercrop plots were kept in the same position
year after year.

Each year, wheat (Triticum aestivum L.) variety “Jimai no. 22” was
sown in the autumn at a row distance of 20 cm (Fig. 2), around 25
October, and harvested around 10 June in the following year. A basal
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Fig. 1. Monthly average temperature, total rainfall and total sunshine hours of Jiyang, Shandong Province, China, over June 2017-May 2021.

application of N in wheat of 0, 60, 100 and 120 kg/ha was given before
sowing (broadcast fertilization) (Table 1). A topdressing with the same
dose of N was given by broadcasting at wheat regreening in spring. N
was given as urea.

N input was labeled as NO, N1, N2 and N3; where NO is no N supply,
leading to N deficiency, N1 is below the recommended or standard rate
for maize and wheat, N2 is considered standard or adequate for maize
and wheat in the study area, and N3 is considered high for maize and

wheat. There were three types of double cropping systems: (1) con-
ventional winter wheat-summer maize (two-crops-per-year); (2) con-
ventional winter wheat-legume (peanut or soybean) (two-crops-per-
year); and (3) the double cropping system of winter wheat-maize/
legume intercropping (three-crops-per-year). Across these three double
cropping systems, N1, N2 and N3 ranged 180-240, 280-360 and
340-440 kg/ha, respectively (Table 1).

P fertilizer (150 kg P20s/ha, supplied as calcium superphosphate)
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Table 1
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Detailed N application strategy for maize, legume and wheat across the 4 years from mid-June 2017 to mid-June 2021.

Cropping system Summer/autumn Winter/spring Total fertilizer
kg/h:
(maize, soybean, peanut) (wheat) (kg/ha)
Basal fertilization Topdressing at maize pre-tasseling Basal fertilization Topdressing at wheat regreening
(kg/ha) stage' (kg/ha) (kg/ha) stage (kg/ha)
0 0 0 0 0
. 60 60 60 60 240
Wheat-Maize 80 80 100 100 360
100 100 120 120 440
0 0 0 0 0
Wheat-Maize/Legume 60 30 60 60 210
intercropping 80 40 100 100 320
100 50 120 120 390
0 0 0 0 0
60 0 60 60 180
heat-L
Wheat-Legume 80 0 100 100 280
100 0 120 120 340

! Evenly applied in mono-cropped plots and in the area between maize rows in intercrop plots.
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Fig. 2. Schematic diagram of six different double cropping systems with wheat (W) as a winter crop and maize (M), peanut (P), soybean (S), maize/peanut
intercropping (MP), or maize/soybean intercropping (MS) during summer. The inter-plant distance of maize is 30 cm in M30, and 20 cm in M20 and

intercropping.

and K fertilizer (120 kg K2O/ha, supplied as potassium sulfate) were
evenly broadcast and incorporated into the upper 20 cm of the soil as
basal fertilizers before sowing of each crop. All plots received the same
amount of P or K fertilizer in the summer maize growing season or in the
winter wheat growing season. No organic manure was applied. Maize
and wheat straw was returned to the field, while peanut and soybean
straw was removed. Irrigation, weeds, pests, and diseases were managed
according to farmers’ practice.

2.3. Plant sampling

Grain yields of maize and legumes were determined by harvesting

two adjacent rows (5 m length x 2 rows) per each mono- or intercropped
plot. Grain yields of wheat were measured in a 1 m? area (I1m x 1m)in
the center of each plot. Maize ears and soybean pods were air-dried to
standard moisture content (—14.0% and — 13.5%, respectively) and
then threshed to calculate final grain yields. Peanut pods were air-dried
to standard moisture content (—10.0%) to assess pod yield. Wheat grain
yields were calculated when air-dried to standard moisture content
(—13.0%).

We also collected additional aboveground plant samples from a
smaller area in each plot to determine the harvest index and total
biomass, excluding roots. The biomass sampling area was 0.6 m length x
1.0 m width in maize and legumes, and 0.5 m length x 0.4 m width in
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wheat. The number of plants was counted, and samples were manually
separated into grain and straw and oven-dried at 65-70 °C (48 h) to
constant mass.

2.4. Calculations

2.4.1. Land equivalent ratio (LER)
The land equivalent ratio (LER) of summer crops is calculated as the
sum of partial LERs (relative yields) per species (pLER, and pLER)):

LER = pLER,, + pLER, = Yu/M. + Yi/M, 'e))

where “m” and “1” indicate maize and legume (peanut or soybean),
respectively, Y is the yield (per unit of total area of the intercrop) in
intercropping, and M is the yield in monoculture. An LER > 1.0 indicates
that intercropping saves land, while LER = 1.0 or < 1.0 indicate non-
advantage or a disadvantage, respectively. LER and pLER were calcu-
lated for both grain yields and biomass yields at the same N application
level in the same year. Thus, the LER was used to assess intercropping
effects, given the level of N input. The sole crop yield in M20 was used to
calculate the pLER of maize.

2.4.2. Temporal yield stability (i.e. the year-to-year stability)

The inverse of the coefficient of variation was used as a measure of
temporal stability. It was calculated for each plot as /o, where y is the
temporal mean of grain/pod yield and ¢ is its temporal standard devi-
ation during the study period of four years (Mehrabi and Ramankutty,
2019; Renard and Tilman, 2019; Egli et al., 2021).

2.4.3. Equivalent grain yield

To compare grain yields of different crop species or cropping sys-
tems, grain/pod yields of maize, peanut and soybean were converted
into wheat equivalent economic yield (WEEY, kg/ha) (Pradhan et al.,
2018; Sun et al., 2021):

WEEY = Y, x Ppy /Py 2

where “nw” and “w” indicate non-wheat crop and wheat, respectively; Y
is the grain/pod yield; P is the grain/pod price.

2.4.4. Gross margin

Economic incentive is the main driver of N fertilization by farmers.
Partial budgets were therefore calculated that included only the revenue
from yield and the costs of seeds and fertilizer. These budgets are simple
and relevant because other budget components do not depend on the
input of fertilizer. Thus the gross margin (G) was calculated as the
product of yield and price minus the costs of fertilizer and seeds (Huang
et al., 2015; Gao et al., 2020).

G=YxP-C 3

where Y is the crop yield, P is the market price, and C indicates fertilizer
and seed costs. For intercropping systems, G was calculated as:

G=Y,xP,+Y xP-C 4

Fret)

where “m”,
respectively.

The average price for urea in Chinese market was 0.28 $/kg over the
period 2017-2021. Calcium superphosphate and potassium sulfate cost
0.12 and 0.59 $/kg, respectively. On average, seeds of wheat, maize,
peanut and soybean cost 0.65, 6.26, 2.78 and 2.02 $/kg, respectively.
The farm gate prices for wheat, maize, peanut and soybean, and prices of
inputs were obtained through our interviews with local dealers. The
average prices for wheat, maize and soybean grains were 0.34, 0.28 and
0.85 $/kg, respectively, and for peanut pods was 0.93 $/kg.

“l” represent maize, legume (peanut or soybean),
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2.5. Statistical analysis

We carried out a two-factor split-plot analysis of variance (ANOVA)
in SAS 9.4 (SAS Institute, Cary, NC, USA), with N level and cropping
system as factors, and a one-way ANOVA for the interaction effect of N
level and cropping system, to analyze the data within the same experi-
mental year or aggregated over years. The data of the year-to-year
temporal yield stability was analyzed by the two-factor split-plot
ANOVA. A three-way ANOVA with N level, cropping system and year as
factors was used to analyze the pooled data of each index/parameter
from the four years’ experiment. Differences were compared by Fisher’s
protected least significant difference (LSD) at the 0.05 probability (P)
level. Yield and profit response curves to the N application rate in the
different annual cropping systems were generated using the linear-
plateau model according to the NLIN procedure in SAS (Yan et al.,
2014).

3. Results
3.1. Grain yield and biomass

Maize biomass and grain yield were significantly affected by year, N
level and cropping system but little affected by the interaction of these
three factors (Table 2). The pLERs for biomass and grain yield of maize
in intercropping with soybean or peanut were significantly affected by
year and N level but not by the companion crop species (Fig. 3).
Compared with NO, maize grain yields increased by 17.1% at N1, 15.9%
at N2 and 15.9% at N3, and grain yield pLERs of maize increased from
0.66 at NO to 0.76 at N1, 0.74 at N2 and 0.78 at N3, averaged over years
and cropping systems. Increasing the plant density from 67,000 (M30) to
100,000 plants/ha (M20) significantly increased the average maize
grain yield from 10.1 to 10.9 t/ha by 7.9%. Maize grain yields were
significantly lower in intercropping than in sole cropping. Similar results
were obtained for maize biomass and biomass yield pLERs. The grain/
biomass yield pLERs for intercropped maize ranged from 0.60 to 0.80,
which is much higher than 0.5 (the area ratio occupied by only maize in
the intercropping system), demonstrating substantial yield increase, i.e.
the intercrop reached 60-80% of the sole maize yield using only 50%
land area of sole maize. No significant differences in yield pLER were
found between maize intercropped with peanut and soybean.

On average over years and N levels, intercropping reduced grain or
pod/biomass yields of peanut and soybean and their harvest indexes
significantly (Table 3). Compared with the significant reduction of the
average harvest index of soybean from 0.54 in sole cropping to 0.52 in
intercropping, the average harvest index of peanut was much more
reduced from 0.46 in sole cropping to 0.33 in intercropping (Table 3).
The average grain yield pLER of peanut was 0.21, which was signifi-
cantly lower than that of soybean 0.29, but not for the biomass yield
pLER (Fig. 3). On average over years and cropping systems, compared
with NO, the averaged grain/biomass yields of soybean at N2 and N3,
and the harvest index of peanut at N3 were all decreased, while the
harvest indexes of soybean at N2 and N3 were significantly increased. N
addition decreased the pLERs of the legumes from 0.23 to 0.33 to
0.17-0.30, indicating the suppression effect of intercropping on legume
growth was increased. The pLERs of intercropped peanut and soybean
ranged from 0.17 to 0.33, and were much lower than 0.5 (the area ratio
occupied by the legume in the intercropping system), indicating a huge
yield penalty at plant level.

N level, cropping system, and experimental year significantly
affected grain yield LERs of the maize/legume intercrops (Fig. 3). With
greater N input, the LER was significantly increased from 0.94 at NO to
1.04 at N3 for grain yield, and from 0.96 at NO to 1.05 at N3 for biomass
yield, averaged over years and mixture with soybean or peanut. On
average, the LER for grain yield (not biomass yield) of maize inter-
cropping with peanut was smaller than one (0.95, indicating a disad-
vantage in land use), which was significantly lower than that of maize
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Table 2
Effects of nitrogen (N) input and cropping system (C) on yield and economic parameters of summer maize averaged across four years (Y), 2017-2020.
Parameters N application Maize ANOVA
gradient A A
M30 M20 MP-M MS-M Mean Variable P Variable P
NO 8.7b 10.5a 7.1c 6.5¢ 8.2B Y < 0.0001 Y xN 0.2957
N1 10.3a 11.3a 8.7b 8.2b 9.6A N < 0.0001 YxC 0.1297
Grain yield (t/ha) N2 10.6a 11.1a 7.9b 8.5b 9.5A C < 0.0001 NxC 0.6027
N3 10.7a 10.9a 8.4b 8.1b 9.5A YxNxC 0.6004
Mean 10.1B 10.9A 8.0C 7.8C 9.2
NO 18.8b 21.9a 15.0c 13.0c 17.1B Y < 0.0001 Y xN 0.8004
N1 21.4a 23.8a 17.4b 16.5b 19.8A N < 0.0001 YxC 0.0048
Biomass (t/ha) N2 21.4ab 23.5a 16.4c 18.3bc 19.9A C < 0.0001 N xC 0.6263
N3 22.1a 22.8a 17.0b 16.3b 19.6A YxNxC 0.4060
Mean 20.9B 23.0A 16.4C 16.0C 19.1
NO 0.48a 0.49a 0.49a 0.51a 0.50A Y < 0.0001 Y xN 0.2036
N1 0.50a 0.50a 0.51a 0.51a 0.51A N 0.2909 YxC 0.5213
Harvest index N2 0.52a 0.48b 0.49ab 0.48b 0.49A C 0.6259 NxC 0.3574
N3 0.50a 0.50a 0.51a 0.51a 0.51A Y xNxC 0.5475
Mean 0.50A 0.49A 0.50A 0.50A 0.50
NO 7.1a 4.9a 6.5a 8.2a 6.7A N 0.5678
N1 10.6a 6.0a 6.4a 10.8a 8.4A C 0.0406
N2 5.6a 8.5a 7.3a 13.9a 8.8A NxC 0.5548
N3 6.6ab 5.3b 11.3ab 11.6a 8.7A
Grain yield stability Mean 7.5B 6.1B 7.9AB 11.1A 8.2
NO 2072b 2509a 1780bc 1607c 1992B Y < 0.0001 Y xN 0.2957
N1 2438ab 2648a 2179bc 2033c 2324A N 0.0002 Y xC 0.1297
Gross margin ($/ha) N2 2509ab 2589a 1960c 2105bc 2291A C < 0.0001 NxC 0.5561
N3 2511a 2488a 2084b 1987b 2267A YxNxC 0.6004
Mean 2382B 2559A 2001C 1933C 2219

Values followed by the same lowercase letters are not significantly different among different cropping treatments at the 5% level, as judged by Fisher’s protected LSD
(horizontal comparison); means followed by the same capital letters are not significantly different among different N levels (vertical comparison) or among different
cropping treatments (horizontal comparison). M30, M20, MP-M and MS-M indicated sole maize at an inter-plant distance of 30 cm (M30) or 20 cm (M20), and maize in
the intercropping system of maize and peanut (MP-M) or soybean (MS-M), respectively.

intercropping with soybean (1.02).

N level, cropping system, and experimental year significantly
affected total equivalent/actual grain yields of six cropping systems of
maize season (Table S1; Fig. 4). On average over years and cropping
systems, the average total equivalent grain yield reached a peak at N1
and declined when the fertilizer input was increased from N1 to N3. Sole
soybean had the highest average total equivalent grain yield, while sole
peanut had the lowest. Increasing the planting density of sole maize
significantly enhanced the average total equivalent grain yield by 7.2%.
Compared with sole maize, MS significantly increased the average total
equivalent grain yield by 11.2-19.3%, while MP decreased by
4.8-11.2%.

Wheat grain yield and biomass were significantly affected by N level,
cropping system and experimental year (Table 4; Fig. 4). The grain yield
of wheat, averaged over the six cropping systems and four years, was
dramatically increased from 3.1 t/ha at NO to 7.8 t/ha at N1, 8.5 t/ha at
N2, and 8.7 t/ha at N3. Biomass yield showed a similar response to N
input. Wheat yields were higher in cropping systems with soybean or
peanut, than in systems in which maize was included as a sole crop or an
intercrop with one of the legumes, especially at zero and/or low N input
conditions. At NO, the wheat grain yield was 3.8-4.5 t/ha when rotated
with peanut or soybean, compared to 2.4-2.9 t/ha when rotated with
maize monoculture or intercropping. This effect of cropping system was
masked at higher N input, with no significant differences observed at N2
and N3. Wheat harvest index was similar across treatments, ranging
between 0.54 and 0.57. Wheat had relatively lower harvest index in M30
than in other cropping systems, especially at higher N input; the harvest
index was higher at N2 and N3 than at NO, especially in the treatments
MS, P and S, averaged across four years.

The total equivalent/actual grain yield achieved in a year (June to

June next year) was significantly affected by N level, cropping system
and experimental year (Tables S1 and S2; Fig. 4). Averaged across
cropping systems and years, the total equivalent grain yield was
dramatically increased from 11.8 t/ha at NO to 17.4 t/ha at N1, 17.6 t/
ha at N2 and 17.6 t/ha at N3, by 47.5%-49.2%, reaching a plateau at N1
with no significant differences among N1, N2 and N3. The total wheat-
equivalent grain yield response of each annual cropping system to N
application rate is shown in Fig. 5, and a linear-with-plateau model
fitted the data well. The plateau was reached at input levels between N1
and N2 in W-M30, W-M20 and W-MS, and before N1 for W-MP, W-P and
W-S. The calculated maximum grain yields based on these yield response
curves ranged from 15.3 to 20.6 t/ha in the order W-S > W-MS > W-
M20 > W-M30 > W-MP > W-P (Fig. 5). Averaged across N levels and
years, compared with W-M30, increasing the maize planting density in
W-M20 increased the total equivalent grain yield from 15.1 to 15.8 t/ha.
W-S had the highest equivalent grain yield among systems with an
average of 19.6 t/ha, while W-P had the lowest with an average of 14.8
t/ha; the averaged total equivalent grain yield of W-MS was 6.3-11.3%
significantly higher than that of W-M, while W-MP had lower equivalent
grain yield than W-M. The total equivalent/actual grain yield of W-MP
was generally intermediate between W-M and W-P, and that of W-MS
was intermediate between W-M and W-S (Tables S1 and S2; Fig. 4).

With the increase of experimental years, different N application rates
would lead to greater yield gaps, at NO, the total equivalent grain yield
could not be maintained (Table S2). Yield levels of W-MS, W-MP and W-
P in N1 were similar to those in N2 and N3 in each year. On the other
hand, in year 4, the yields of W-M30, W-M20 or W-S in N1 were
significantly lower than in N3 though similar to those in N2. In all
cropping systems, except W-M30 in the fourth year, yields were similar
in N2 and N3 in each year (Table S2).
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Fig. 3. Partial and total land equivalent ratios for grain and biomass yield (PLER, LER) of legumes and maize in intercropping as affected by nitrogen (N) application rates and cropping systems (C) across
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Table 3
Effects of nitrogen (N) input and cropping system (C) on yield and economic parameters of peanut and soybean averaged across four years (Y), 2017-2020.
Parameters N application Peanut ANOVA Soybean ANOVA
gradient . , K . K K
Monoculture Intercropping Mean Variable P Variable P Monoculture Intercropping Mean Variable P Variable P
NO 2.58a 0.57b 1.57A Y < 0.0001 Y xN 0.9893 5.1a 1.5b 3.3AB Y < 0.0001 Y xN 0.0132
.. N1 2.70a 0.42b 1.56A N 0.5607 Y xC 0.0004 5.8a 1.3b 3.5A N 0.1775 YxC 0.0001
Pod/grain yield
(t/ha) N2 2.48a 0.47b 1.47A C < 0.0001 N x C 0.4157 4.4a 1.6b 3.0AB C < 0.0001 NxC 0.0752
N3 2.27a 0.50b 1.38A YXxNxC 0.9966 4.4a 1.3b 2.8B YXxNxC 0.0006
Mean 2.51A 0.49B 1.50 4.9A 1.4B 3.2
NO 5.57a 1.62b 3.60A Y < 0.0001 YxN 0.9556 10.3a 3.0b 6.6A Y < 0.0001 Y xN < 0.0001
N1 5.53a 1.30b 3.41A N 0.7485 Y xC < 0.0001 11.2a 2.7b 7.0A N 0.0046 YxC < 0.0001
Biomass (t/ha) N2 5.34a 1.31b 3.33A C < 0.0001 N x C 0.9639 8.0a 3.1b 5.5B C < 0.0001 NxC 0.0066
N3 5.66a 1.52b 3.59A YXxNxC 0.9652 8.0a 2.4b 5.2B YXxNxC < 0.0001
Mean 5.52A 1.44B 3.48 9.4A 2.8B 6.1
NO 0.47a 0.36b 0.41A Y < 0.0001 Y xN 0.0596 0.52a 0.51a 0.52B Y < 0.0001 Y xN < 0.0001
N1 0.50a 0.31b 0.41A N 0.0345 Y xC 0.0606 0.52a 0.49a 0.50B N < 0.0001 YxC 0.0117
Harvest index N2 0.46a 0.34b 0.40A C < 0.0001 N x C 0.0069 0.56a 0.52b 0.54A C 0.0005 NxC 0.2814
N3 0.41a 0.33b 0.37B YXxNxC 0.0407 0.55a 0.54a 0.55A YxNxC 0.0821
Mean 0.46A 0.33B 0.40 0.54A 0.52B 0.53
NO 4.5a 2.6a 3.5A N 0.4271 2.5a 8.4a 5.5A N 0.6726
N1 3.7a 1.8b 2.7A C 0.0330 2.1b 7.4a 4.8A C 0.3894
N2 4.3a 2.1a 3.2A NxC 0.7943 3.4a 4.7a 4.1A NxC 0.0423
Pod/grain yield N3 8.1a 2.8a 5.5A 10.2a 3.9a 7.0A
stability Mean 5.2A 2.3B 3.7 4.6A 6.1A 5.3
NO 1721a 187b 954A Y < 0.0001 Y XN 0.9893 3951a 1084b 2517AB Y < 0.0001 Y xN 0.0132
Gross margin N1 1792a 35b 913A N 0.3953 Y xC 0.0004 4506a 884b 2695A N 0.1462 YxC 0.0001
($/ha) N2 1580a 72b 826A C < 0.0001 N x C 0.3918 3354a 1138b 2246AB C < 0.0001 NxC 0.0720
N3 1369a 95b 732A YxNxC 0.9966 3327a 868b 2097B YxNxC 0.0006
Mean 1616A 97B 856 3784A 993B 2389

Values followed by the same lowercase letters are not significantly different among different cropping treatments at the 5% level, as judged by Fisher’s protected LSD (horizontal comparison); means followed by the same
capital letters are not significantly different among different N levels (vertical comparison) or among different cropping treatments (horizontal comparison).
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Fig. 4. Wheat-equivalent grain yields and gross margins as affected by nitrogen (N) application rates and cropping systems (C) across four experimental
years (Y). M30, M20, MP, MS, P and S indicate sole maize at an inter-plant distance of 30 cm (M30) or 20 cm (M20), intercropping of maize and peanut (MP) or
soybean (MS), sole peanut (P) and soybean (S), respectively. NO, N1, N2 and N3 indicate no N supply, below the recommended or standard rate for maize and wheat,
standard or adequate rate for maize and wheat, and high rate for maize and wheat, respectively. Main boxplots show data across four years (n = 12), inserted
boxplots show data across four years without distinguishing cropping systems (left, n = 72) or N levels (right, n = 48). Boxplot elements are defined as follows: the
center line represents the median, box limits represent the upper and lower quartiles, whiskers represent 1.5 times interquartile range and the pink or red point
represent the mean value. The same lowercase letters above boxes indicate no significant differences among different cropping systems separately for each N
application rate at the 5% level by Fisher’s protected LSD; the same capital letters above boxes indicate not significant differences among different N gradients or
among different cropping systems at the 5% level by Fisher’s protected LSD. ANOVA results which indicate the probabilities (P values) of the source of variation were
shown in out boxplots. *, **, *** **¥** apnd ng indicate P < 0.05, 0.01, 0.001, 0.0001 and no significance, respectively. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
3.2. Year-to-year temporal stability of grain yield

Nitrogen addition didn’t significantly affect the temporal yield sta-
bility of maize, peanut and soybean, when averaged over treatments of
monoculture and intercropping (Tables 2 and 3). However, it signifi-
cantly increased the temporal stability of total grain yield of maize
season on average across six cropping systems, from 6.0 at NO to 10.0 at
N3 supply (Table 5). For winter wheat, averaged over six cropping
systems, increasing N supply from NO to N3 increased the temporal
stability of grain yield gradually from 2.8 to 9.0 (Table 5). Averaged over
all six cropping systems, the temporal stability of annual total grain yield

10

and equivalent grain yield increased significantly from 5.1 to 5.2
without N addition to 8.7-9.7 with N supply (Table 5).

Across all N levels, increasing maize density in monoculture gener-
ally decreased the temporal stability, while intercropping increased the
temporal stability of maize from an average 6.1-7.5 to 7.9-11.1, and
intercropping with soybean had significantly greater yield stability than
sole maize (Table 2). However, intercropping significantly reduced the
temporal stability of peanut pod yield from an average of 5.2 to 2.3
(Table 3). On average, the temporal stability of observed total grain
yield was higher in mixtures of maize and peanut or soybean, with
values ranging 9.7-11.0, than in sole crops, with values from 4.6 to 7.5



H. Xia et al.

Table 4

Agricultural Systems 204 (2023) 103540

Effects of nitrogen (N) input and preceding cropping (C) system on the biomass yield and harvest index of winter wheat averaged across four years (Y) with sowing in

October 2017-2020 and harvest in June 2018-2021.

Parameters N application gradient Preceding cropping treatment ANOVA
M30 M20 MP MS P S Mean Variable P Variable P
NO 4.7b 5.1b 5.4b 4.5b 8.5a 7.1ab 5.9C Y < 0.0001 Y x N < 0.0001
N1 13.6a 14.3a 13.7a 13.7a 15.0a 14.1a 14.1B N < 0.0001 YxC 0.5255
Biomass (t/ha) N2 15.7a 14.3a 15.5a 15.6a 15.5a 15.3a 15.3A C 0.0458 NxC 0.0189
N3 16.3a 15.9a 15.2a 15.5a 15.0a 16.3a 15.7A YxNxC 0.2935
Mean 12.6B 12.4B 12.4B 12.3B 13.5A 13.2AB 12.7
NO 0.55a 0.56a 0.56a 0.55a 0.54a 0.54a 0.55B Y < 0.0001 Y x N 0.0071
N1 0.55ab 0.55b 0.56ab 0.56ab 0.57a 0.54b 0.56AB N 0.0205 YxC 0.1113
Harvest index N2 0.54b 0.56ab 0.56ab 0.57a 0.56ab 0.57a 0.56A C 0.0554 N x C 0.0489
N3 0.55b 0.57a 0.56ab 0.56ab 0.57a 0.57a 0.56A YxNxC 0.7148
Mean 0.55B 0.56A 0.56A 0.56A 0.56A 0.56AB 0.56

Values followed by the same lowercase letters are not significantly different among different preceding cropping treatments at the 5% level, as judged by Fisher’s
protected LSD (horizontal comparison); means followed by the same capital letters are not significantly different among different N levels (vertical comparison) or
among different preceding cropping treatments (horizontal comparison). M30, M20, MP, MS, P and S indicated sole maize at an inter-plant distance of 30 cm (M30) or
20 cm (M20), the intercropping system of maize and peanut (MP) or soybean (MS), and sole peanut (P) or soybean (S), respectively.

(Table 5). Significant differences were observed between treatments of
M20 and MS, and between MP or MS and P or S. Averaged over different
N application rates, there were no significant differences in the temporal
stability of wheat grain yields among six cropping systems (Table 5).
Increasing the density of sole maize decreased the temporal annual
production stability, averaged over N levels, both for total grain yield
and economically equivalent total grain yield, from an average 8.1-8.3
in M30 to 6.7-6.8 in M20, and the integration of intercropping with
rotation increased the temporal annual production stability from 5.6 to
8.6in M, P and S to 8.9-10.2 in MP and MS (Table 5). There were sig-
nificant differences in temporal stability of annual total actual/equiva-
lent grain yields between MS and M20 or S, and between MP and S.

3.3. Gross margin

The gross margin of wheat and maize responded positively to higher
N input, but the responses of peanut and soybean were less strong or
even negative (Tables 2 and 3; Fig. 4). A starter fertilizer (N1) increased
the gross margin of sole legumes, but higher N input (N2 and N3)
decreased the gross margin as compared to NO and N1 (Table 3). Low N
application (N1) significantly increased the average gross margin of
maize from 1992 $/ha without N addition to 2324 $/ha (Table 2).
However, compared with N1, N2 and N3 did not lead to a further sig-
nificant increase in the gross margin of maize, and even resulted in some
decline. Similar results were found for the average gross margins over
the six cropping systems, where a low N supply significantly increased
the average gross margin from 2485 to 2752 $/ha (Fig. 4). The gross
margin of wheat increased from 662 $/ha at NO to 2428 $/ha at N3, with
no significant difference between N2 and N3 (Fig. 4). Averaged over
cropping systems and years, the total gross margin over the whole year
increased from 3147 $/ha without N addition to a plateau at around
4900 $/ha with a low N supply (Table S3; Fig. 4). The total gross margin
response of each annual cropping system to N application rate was
similar to that of total equivalent grain yield (Fig. 5).

On average across N levels and years, compared with M30, the gross
margin of maize was increased by M20 from 2382 to 2559 $/ha, but
decreased by intercropping with peanut or soybean (Table 2). Inter-
cropping dramatically reduced gross margin of peanut and soybean
(Table 3). Among six cropping systems of summer maize season, sole
soybean had the highest gross margin, while sole peanut had the lowest
(Fig. 4). MS intercropping significantly increased the average gross
margin from 2382 to 2559 $/ha in sole maize to 2926 $/ha in the
intercropping system, while MP significantly reduced the average gross
margin to 2098 $/ha. The gross margin of wheat was higher when the
preceding crop was sole peanut or soybean than when the preceding
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crop was maize or maize/legume intercropping, especially at low N
supply (Fig. 4). Throughout the whole year, sole soybean had the highest
gross margin ($5771/ha, on average across years and N levels), while
sole peanut had the lowest ($3688/ha) among the six systems (Table S3;
Fig. 4). MS had a significantly higher gross margin than maize mono-
culture, but MP had a lower gross margin. The gross margin of MS/MP
was intermediate between sole maize and legume. The gross margin of
M20 was slightly (5.0%) higher than that of M30.

3.4. Overadll performance

Overall analysis revealed the double cropping system of W-MS had a
better comprehensive performance in equivalent grain yield, stability
and gross margin than W-MP and also than W-M and W-P or W-S;
increasing N supply increased total grain yield and gross margin to a
plateau starting at N1 or N2, the further increase of N led to slightly
changed productivity and profitability, but with lower yield stability
(Fig. 6).

4. Discussion

4.1. Findings on N input requirements of different crop systems:
moderation is possible without yield penalty

Different crop species responded differently to N input. We found a
plateau for maize average grain yield and gross margin starting at the N1
supply, exhibiting no significant differences between low and higher N
supply, regardless of cropping systems and years (Table 2). This result
indicated a total of 120 kg N/ha for sole maize and 90 kg N/ha for
intercropped maize was sufficient to maintain high productivity and
profitability without yield penalty. Such a low N at around 100 kg/ha for
optimized N management in maize production has been also reported by
Liu et al. (2022). The maize cultivar “Xianyu no. 335” used in the current
study is more tolerant to low N supply than the variety “Zhengdan no.
958” which is commonly used in NCP (Hao et al., 2020). The experiment
started with a high level of soil initial N due to farmers’ conventional
high fertilization levels over the last decades, and the high atmospheric
N deposition (e.g. in Huantai, near to our experimental site, from 28 to
85 kg/ha, during 1985-2015) may also decrease the fertilizer N
requirement (Bellarby et al., 2018; Gao et al., 2020). In addition, an
adequate precipitation amount during the maize growth season, e.g. a
total of 432.5 mm on average of 4 years from June to September in the
region of this study (Fig. 1), would decrease the dependence sensitivity
of maize yield on fertilizer N input and be conducive to sustain high
maize yields (Liang et al., 2022). Tailoring N fertilizer application to
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Table 5
Effects of nitrogen (N) input and cropping (C) system on the year-to-year temporal stability of grain yield.
Season and Parameters Nitrogen M30 M20 MP MS P S Mean Variable P
crop species gradient
related
NO 7.1ab 4.9ab 8.7a 8.5a 4.5ab 2.5b 6.0B N 0.0456
Summer maize o N1 10.6ab 6.0abc 7.4abc 12.7a 3.7bc 2.1c 7.1AB C 0.0051
season Grain yield N2 5.6a 8.5a 8.2a 7.6a 4.3a 3.4a 6.3B N x C 0.6900
N3 6.6a 5.3a 14.6a 15.3a 8.1a 10.2a 10.0A
Mean 7.5ABC  6.1BC 9.7AB 11.0A 5.2C 4.6C 7.3
NO 2.3a 2.9a 2.4a 2.1a 3.6a 3.2a 2.8C N 0.0125
Winter wheat o N1 6.7a 4.9a 9.2a 5.2a 6.0a 5.7a 6.3B C 0.4405
season Grain yield N2 7.5a 4.8a 7.0a 8.9a 9.1a 7.3a 7.4AB NxC 0.0256
N3 9.5ab 10.5ab  6.9b 6.2b 6.8b 13.9a 9.0A
Mean 6.5A 5.8A 6.4A 5.6A 6.4A 7.5A 6.4
NO 6.8a 4.3bc 6.9a 6.5ab 4.0c 2.7¢c 5.2B N 0.0045
N1 11.1ab 7.7ab 11.2ab 12.9a 8.4ab 3.0b 9.1A C 0.0243
Grain yield N2 7.5a 7.9a 9.0a 10.6a 8.4a 8.5a 8.7A N x C 0.4178
N3 7.6b 7.3b 8.3ab 10.6ab  8.9ab 13.4a 9.3A
Double cropping Mean 8.3AB 6.8B 8.9AB 10.2A 7.4AB 6.9B 8.1
of the whole
year NO 6.8a 4.2abc  6.5ab 6.8a 3.9bc 2.6¢ 5.1B N 0.0069
Wheat-equivalent economic grain N1 10.2ab 7.4ab 13.6a 10.9ab 13.3a 2.9b 9.7A C 0.0464
yield N2 7.7a 7.6a 11.0a 9.3a 10.2a 6.5a 8.7A NxC 0.6337
N3 7.7a 7.6a 9.2a 13.7a 7.2a 10.3a  9.3A
Mean 8.1ABC  6.7BC 10.1AB 10.2A 8.6ABC  5.6C 8.2

Values followed by the same lowercase letters are not significantly different among different cropping systems/species at the 5% level by Fisher’s protected LSD
(horizontal comparison); means followed by the same capital letters are not significantly different among different N input levels (vertical comparison) or among
different cropping systems/species (horizontal comparison). M30, M20, MP, MS, P and S indicated sole maize at the inter-plant distance of 30 cm (M30) or 20 cm
(M20), the observed intercropping system of maize and peanut (MP) or soybean (MS), and sole peanut (P) or soybean (S), respectively. Wheat-equivalent economic
grain yield indicates the grain/pod yields of peanut, soybean and maize, converted into wheat equivalent economic yields.

precipitation could save N input (Cao et al., 2017; Dai et al., 2022).
Consequently, the average grain yield of nonfertilized sole maize
reached 8.7 t/ha in M30 and 10.5 t/ha in M20.

For wheat, the plateau of average grain yield and gross margin
started at N2, i.e. 200 kg/ha, with no further significant increase from
200 to 240 kg/ha (Fig. 4). This result is consistent with previous studies
(Liu et al., 2016; Wang et al., 2017; Liu et al., 2022), in which, the
recommended N rate for wheat is around 225 kg/ha. The average grain
yield of nonfertilized wheat was low to 3.1 t/ha, much lower than the
7.8 t/ha fertilized at N1, showing a dramatic yield gap. Therefore, in the
present study, wheat was more sensitive to moderation of N input than
maize. An inadequate and much lower precipitation amount of wheat
season (170.1 mm on average, mainly from October to May) than that of
maize season (432.5 mm on average, mainly from June to September)
may be in part responsible for this difference (Fig. 1). Synthesis of
climate, soil factors, and N management practices affect the responses of
wheat productivity to N fertilizer (Wang et al., 2018). Moreover, our
study confirmed the grain yield and gross margin of the Na-fixing
legume was less-dependent on external fertilizer N, and even declined at
higher N levels (N2,N3), suggesting the fertilizer N could be waived or
only applied as a starter at a low rate (Table 3).

The average grain yield LER of intercrops was well above one if N
input was at N3 for maize/peanut intercropping or at least N1 for maize/
soybean intercropping, showing overall yield advantage (Fig. 3). The
average LER with N addition increased compared to no N supply, mainly
due to a stronger performance of maize and a relatively small change of
legume yield. Maize tends to have greater leaf area index at higher N
input (Liu et al., 2017; Gao et al., 2020), thus resulting in higher pLER
for grain and biomass yield in our study (Fig. 3). However, Gao et al.
(2020) found that the LER decreased at higher N input due to greater
shading by maize on peanut and lower peanut yield. Such inconsistency
may be attributed to different strip configurations (e.g. strip width) and
environmental conditions, which determine the strength of competition
and complementarity, and comprehensive benefits of intercropping
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(Raza et al., 2020; van Oort et al., 2020). On average over intercropping
systems and years, a plateau of LER occurred at N1 (Fig. 3), and on
average over six summer cropping systems and years, the plateau or
peak of actual/equivalent grain yield and gross margin occurred at N1
(Table S1; Fig. 4). This result indicated an optimal rate of 90 kg N/ha for
the maize-based intercropping system to attain comparable productivity
and profitability. A low N input of 120 kg/ha in the rotation system of
alfalfa and alfalfa/silage maize intercropping has been recently reported
to provide comparable productivity and profitability with lower envi-
ronmental impacts than a total of 396 kg/ha in the winter wheat-
summer maize rotation system in NCP (Xu et al., 2022).

Our results indicated a total N supply ranging from N1 to N2 (i.e.
240-360 kg/ha for W-M, 210-320 kg/ha for W-M/legume intercropping
and 180-280 kg/ha for W-legume rotation) was suitable to achieve high
productivity and profitability of all annual cropping systems while
avoiding high N waste or surplus, and the optimal N application rate for
wheat-legume rotations was even lower than the N1 level (Figs. 4 and 5).
These findings were consistent with other previous studies. Zhao et al.
(2015) reported the annual fertilizer N demand for winter wheat and
summer maize was totally around 330 kg/ha. Yin et al. (2021) devel-
oped a steady-state N balance approach for sustainable small holder
farming, and a total of average 319-342 kg N/ha input for the two crops
of wheat and maize was estimated. Liu et al. (2022) demonstrated a total
of 225 kg N/ha in combination with urease and nitrification inhibitors
for wheat and maize as optimized N management.

A growing number of empirical results showed the nitrogen or
nutrient enrichment may often destabilize ecosystem productivity of
grassland (Hautier et al., 2015; Liu et al., 2019; Jungers et al., 2021).
Uniquely, in our agricultural field experiment, N addition enhanced the
average temporal yield stability of wheat, and higher N corresponded to
higher stability (Table 5). However, there was a plateau (starting at N1)
for the increase of the temporal production stability of maize season or
the whole year, averaged over six cropping systems. Here, N addition
didn’t significantly alter stability of maize, peanut and soybean on
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Fig. 6. Multicriteria assessment of different cropping systems and nitrogen (N) application rates during different growing seasons and the whole year. The
top three panels compare criteria for six different cropping systems, averaged over N input levels, during the maize season (left), the wheat season (middle) and the
whole year. The bottom panels compare criteria for four different levels of N input, averaged over cropping systems. M30, M20, MP, MS, P and S indicate sole maize
at an inter-plant distance of 30 cm (M30) or 20 cm (M20), the observed intercropping system of maize and peanut (MP) or soybean (MS), sole peanut (P) and soybean
(S), respectively. NO, N1, N2 and N3 indicate no N supply, below the recommended or standard rate for maize and wheat (N1), standard or adequate rate for maize
and wheat (N2), and high rate for maize and wheat (N3), respectively. Data of each metric value for each cropping species/system or N rate were the four-year
average relative change ratio (%) in comparison with the treatment of M30 (upper graphs), or in comparison with the treatment of N1 (lower graphs). Yield in-

dicates wheat-equivalent economic grain yield.

average (Tables 2 and 3). Some other studies on grassland also have
found either a neutral or positive effect of fertilization on ecosystem
stability (Grman et al., 2010; Yang et al., 2011). Most recently, a global
meta-analysis synthesizing 467 N application studies with duration >5
years in croplands across the world suggests that long-term N fertiliza-
tion can contribute to mitigate global food insecurity by not only
enhancing cereal yield but also promoting its stability (Liang et al.,
2022).

In general, as suggested by others (Zhao et al., 2015; Sun et al., 2018;
Raji and Dorsch, 2020; Long et al., 2021), our study confirms that an
appropriate or even a precise (determined by model simulation) N
application rate is required to not only boost high productivity and
profitability, but also increase the temporal stability. As different crops
responded differently to N input, it is recommended to optimize the
fertilization regime from a systematic view throughout the whole year to
tailor total N input for better comprehensive performance (Zhao et al.,
2015; Silva et al., 2021; Liu et al., 2022).

4.2. Benefits of intercropping in a rotation context

Many studies have reported intercropping had great over-yielding
advantage (Xu et al., 2020; Feng et al., 2021; Li et al., 2021). Our
study showed that the grain yield LER of maize/peanut intercropping
was <1.00 and that of maize/soybean was slightly >1.00 in most situ-
ations (Fig. 3). These results are in accordance with several previous
studies (Ren et al., 2017; Gao et al., 2020; Sun et al., 2021). Gao et al.
(2020) observed the grain yield LER of maize/peanut intercropping was
above 1.00 only if N input was <180 kg/ha, and decreased to <1.00 at
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higher N supply rates. Ren et al. (2017) and Sun et al. (2021) reported
the maize/soybean intercropping had an average grain yield LER from
1.05 to 1.07. However, the grain yield LER as high as 1.85-2.20 was
achieved in the maize/soybean intercropping as observed by Chen et al.
(2019). These huge differences might be mainly due to different situa-
tions of temporal niche differentiation in intercropping. Longer co-
growth period of intercropped crop species may decrease the temporal
niche complementarity and increase the competition for resources
(Zhang and Li, 2003). In our study, maize and peanut/soybean were
sown and harvested at the same time, i.e. simultaneous intercropping,
the same as Ren et al. (2017), Gao et al. (2020) and Sun et al. (2021),
thus limited the intercropping yield advantage. These results are
consistent with findings that the yield advantage was increased at
greater TND (Yu et al., 2015; Li et al., 2020).

Our results showed the grain yield LER of maize/soybean inter-
cropping (1.02 on average) was significantly higher than that of maize/
peanut (0.95 on average), indicating the maize/soybean intercropping is
more ecologically suitable than maize/peanut. However, such difference
didn’t exist in LER of biomass yield. This phenomenon could be asso-
ciated with the large reduction in harvest index of peanut from an
average of 0.46 in monoculture to 0.33 in intercropping (Table 3), where
the long-term shading induced by maize limited photosynthesis and
decreased the long-distance translocation of above-ground photosyn-
thates to belowground peanut pods. Similar results were found in our
previous study (Xia et al., 2019). However, the harvest index of soybean
was relatively less affected by intercropping, possibly because the pod of
soybean is located above-ground while that of peanut is below-ground.
We have noted that shaded peanut plants may lack the vigour for the
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young pods (“pegs”) to penetrate the soil, resulting in sink limitation.

The equivalent grain yield and gross margin of maize/soybean
intercropping was higher than that of sole maize, but lower than that of
sole soybean (Fig. 4), primarily due to the higher market price of soy-
bean than maize (Sun et al., 2021). A similar trend was reported in
maize/peanut intercropping (Gao et al., 2020). However, this didn’t
occur in the maize/peanut intercropping in our study because the high
price of peanut could not fully compensate for its low yield in inter-
cropping. The equivalent grain yield and gross margin of maize/peanut
intercropping was higher than sole peanut, but lower than sole maize.
Although the market price of peanut is higher than maize, the low
productivity of peanut, due to the cultivation practice with no ridge-
furrow and no plastic film mulching in this study, limited its gross
margin in monoculture and intercropping. In both cases above-
mentioned, the equivalent grain yield and gross margin of intercrop-
ping was intermediate between sole maize and sole legume, providing
considerable productivity and profitability and balanced advantages of
profitability and diversity of crop outputs.

Rotating wheat with peanut or soybean increased the grain and
biomass yield, and gross margin of wheat as compared to maize-wheat
rotation, especially at zero or low N input, but not at adequate and
high N supply (Table 4; Fig. 4). This is consistent with most other
studies, and mainly due to the residual effect of legume, which can fix Ny
from the atmosphere (Guinet et al., 2020; Muschietti-Piana et al., 2020).
However, intercropping of peanut/soybean with maize had no such
strong residual effect as sole legume. Actually, it has been proved the
intercropped legume is beneficial for N acquisition of neighboring cereal
crop (Hauggaard-Nielsen et al., 2009b; Li et al., 2011; Jensen et al.,
2020; Rodriguez et al., 2020), thus we can speculate that the residual
effect of intercropped legume on subsequent wheat may be weakened to
a large extent due to the simultaneous presence of maize, which would
earn “the first pot of gold” from legume. Therefore, our present results
confirmed this hypothesis. Similarly, Hauggaard-Nielsen et al. (2009a)
demonstrated the depletion of soil mineral N of subsequent wheat was
independent of preceding cropping strategy of pea and barley inter-
cropping. Although increasing the planting density of sole maize
enhanced maize productivity and profitability, which suggested it might
pre-empt N acquisition by subsequent wheat, it had no significant effect
on wheat performance in the current study.

Our current study found that maize/soybean intercropping in rota-
tion with wheat increased the equivalent grain yield and gross margin by
6.3-11.3% and 8.4-13.9% on average, respectively, compared with the
conventional maize-wheat rotation. Unfortunately, a disadvantage was
observed in the maize/peanut intercropping and rotation with wheat
(Fig. 4). As above-mentioned, the extremely low productivity of peanut
was the main reason for this. Therefore, we recommend the maize/
soybean intercropping and rotation with wheat rather than the W-MP to
substitute the conventional rotation of W-M for better productivity and
profitability. Considering all six double cropping systems, our results
proved the total equivalent grain yield and gross margin of the diver-
sified rotation system with intercropping (W-MS or W-MP) was consis-
tently intermediate between conventional wheat-maize and wheat-
legume rotation. It is thus preferable to adopt intercropping in the
rotation system to alleviate the competition and conflict over land on
production of food, oils and feed. Therefore, the integration of inter-
cropping with crop rotation can play a buffering role in satisfying de-
mands of different crops while providing considerable farmer profits (Li
et al., 2021).

4.3. Inclusion of intercropping increased temporal yield stability

The temporal stability of maize yield was decreased when the density
of maize was increased by reducing the inter-plant distance from 30 to
20 cm (Tables 2 and 5). This may have been due to the increased risk of
lodging and decreased resistance to abiotic/biotic stress. Our results
further confirm that crop diversification by intercropping of maize with
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legume crops improved the year-to-year yield stability of maize (with a
narrow inter-plant distance of 20 cm) and the intercropping system as
compared to monoculture, implying great potential to mitigate adverse
effects of weather variability, particularly in hot, dry and stormy/windy
years (Koskey et al., 2022). This is in agreement with the latest findings
of Li et al. (2021) that intercropping systems had greater year-to-year
yield stability than monocultures.

We found greater temporal yield stability in diversified rotations
with intercropping than in the conventional wheat-maize and wheat-
legume rotations (Table 5). To our knowledge, this is the first report
to show intercropping during one growing season could have a positive
effect on yield stability of a double cropping system over a whole year at
field-level. These results are generally consistent with positive effects of
higher diversity of crop species or crop species groups at national or
regional levels (Renard and Tilman, 2019; Egli et al., 2021) and at the
field scale (Jungers et al., 2021). A growing body of evidence indicates
that the stability of the dominant species may often partly determine the
ecosystem stability (Liu et al., 2019). Indeed, we found significant
positive Pearson correlations between the temporal grain yield stability
of intercropped maize and the intercropping system as a whole (n = 24,
r=0.700, P < 0.001), and between that of intercropped maize and the
integrated rotation system with intercropping (n = 24, r = 0.468, P =
0.021), but not among those of intercropped legume, the intercropping
system, and the integrated rotation system with intercropping in the
present study. Therefore, we conclude that it was the higher yield sta-
bility of the dominant maize in intercropping as compared to mono-
culture that contributed to the higher production stability of the
intercropping systems and the rotation systems of W-MS and W-MP in
our study.

Renwick et al. (2021) showed that diversifying maize-soybean ro-
tations in Canada with small grain cereals and cover crops enhanced
maize drought resistance in the long term through improved soil organic
matter. Similar results were reported by Bowles et al. (2020) covering
347 site-years of yield data from 11 experiments in North America. Mori
et al. (2021) indicated that biodiversity-productivity relationships are
key to nature-based climate solutions. Here, we highlight that crop
rotation diversification by intercropping in the NCP could be adopted as
an effective ecological intensification strategy towards greater resilience
to climate change.

4.4. Synergies between intercropping and optimized N management

The year variation in climatic conditions and cumulative effects of N
fertilization resulted in significant year differences in yield and gross
margin of all crop species and cropping systems, and also resulted in
some significant interactions of year and N input (Tables 1-4 and S1-S3;
Figs. 1, 3 and 4). With the increase of experimental years, cumulative
effects of fertilizer N applications on soil N contents and crop yields are
supposed to be strengthened, resulting in the yield level decline at zero
N supply, a yearly-increased yield gap between low and high N supply,
and high N surplus at high N application rate. The time to establish
steady state between N input, crop yield, N losses and the soil N pool can
exceed decades (van Grinsven et al., 2022). Increasing the planting
density of maize in monoculture may decrease yield stability due to
lodging (Winans et al., 2021). To address these unsustainability issues, a
single technology is not applicable everywhere and integrated ap-
proaches with the multiple criteria (productivity, economics and sus-
tainability) would be required (Bhatt et al., 2021). The year-to-year
yield stability revealed the sustainability of crops to maintain yield as
affected by management, climatic and environmental changes (Renard
and Tilman, 2019; Li et al., 2021; Liang et al., 2022). Our results found,
compared to the annual monoculture rotation of W-M30 or W-M20, an
integrated approach including (1) diversifying conventional wheat-
maize double cropping by a suitable legume crop species intercrop-
ping, (2) appropriately increasing the planting density of maize in maize
strips (based on M20, with a higher density than the conventional M30),
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and (3) a lower N supply, had a higher stability to sustain a higher total
productivity and profitability (Tables 5, S2 and S3; Figs. 4-7). However,
an inappropriate legume crop species and management, e.g. peanut in
this study, decreased the total productivity and profitability, resulting in
a negative yield and profit effect. With the increase of N input, two types
of yield and profit responses (Type 1-Positive and Type 2-Negative)
caused by legume incorporation into the W-M annual system were
summarized in Fig. 7. The type 1-positive effect indicated integration of
legumes via intercropping or monoculture saved N input and main-
tained a higher yield and profit than double cropping of wheat-maize.
Compared to W-M with a total of 240-360 kg N/ha/year application
rate (N1 and N2), the diversified rotation of W-MS with a total of
210-320 kg N/ha/year saved 11.1-12.5% fertilizer N input while
maintaining or improving production by 9.1-13.0%, and improving
profitability by 12.1-15.6% and temporal yield stability by 12.8-50.6%.

A recent report showed a total of only 225 kg N/ha (with nitrification
and urease inhibitors) for the wheat-maize system could reduce the
environmental pollution of N and increase the net economic benefit by
24.7% in the NCP (Liu et al., 2022). At county scale, a recommended
total of 319 kg N/ha, averaged over all 3824 countries for wheat and
maize in China, could reduce N fertilizer by 21-28% and reactive N
losses by 23.2-28.9% while maintaining or increasing yields by
6.0-7.0% and N productivity (yield/N fertilizer) by 26.0-33.2%,
compared to current smallholder practices (Yin et al., 2021). In addition
to the optimization of N application amount and advanced fertilization
techniques (e.g. nitrification and urease inhibitors, slow-release N fer-
tilizers, and fertigation), other practices (including innovative cropping
system patterns, conservation tillage, improvements in seed quality/
nutrients, manure inputs, and pest management) may help maintaining
or improving productivity and reducing total N losses (van Kessel et al.,
2013; Li et al., 2018; Zhang et al., 2020b; Morris et al., 2021). Our re-
sults suggest that the optimal N rate could even be reduced to only 210
kg/ha/year, mainly due to the rotation diversification by intercropping
with legumes. Therefore, maize and soybean intercropping and rotation
with wheat, in combination with rational N application, provides com-
parable productivity and profitability, with higher temporal yield sta-
bility and lower N loss than the conventional wheat-maize system,
showing opportunities for a more sustainable agricultural production in
the NCP. In addition, our research provides strong support for crop
systems diversification by legumes and has a global relevance for other
double cropping systems, such as maize-rice in South China, and rice-
wheat, rice-maize and maize-wheat in South Asia (Timsina et al.,
2010; Chauhan et al., 2012; Sun et al., 2019; Mehmood et al., 2020;
Bhatt et al., 2021).

4.5. Limitations of this study

There are several limitations in this study. Firstly, the findings re-
ported are mostly based on a 4-year average result, the inter-annual
variability was less considered. As the time to establish steady state
between N input, crop yield of the six annual cropping systems (with and
without legumes), N losses and the soil N pool can exceed decades (van
Grinsven et al., 2022), the current findings need a longer time verifi-
cation. Secondly, fluctuations of market prices of grain/pod or seed of
different crops and fertilizers involved in this study may affect the
evaluation on gross margin. Thirdly, a further investigation on soil
fertility and environmental impact, such as greenhouse gas emission
footprint, is lacking in this study, and needed in the future. Finally, in
terms of social adaptability and impact, although some new machines
suitable for sowing of maize and soybean strips simultaneously have
been invented and adopted recently in China (Zhang et al., 2020a), the
globally widespread of intercropping is still constrained due to
complexity and the lack of effective mechanization of harvest (Brooker
et al., 2015; Li et al., 2021).
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e W-M3 () e W-M20
—W-MS === W-P

W-MP
—W-S

Type 1-Positive

}—Type 2-Negative

Equivalent productivity and profitability

Fertilizer N application rate

Fig. 7. Schematic diagram illustrating responses of equivalent produc-
tivity and profitability of six double cropping systems (with legumes via
monoculture or intercropping and without legumes) to fertilizer N
application rates. W-M, W-P, W-S, W-MP and W-MS indicate the double
cropping of wheat with sole maize, with sole peanut (W-P) or soybean (W-S),
and with intercropping of maize and peanut (W-MP) or soybean (W-MS),
respectively. The inter-plant distance of maize is 30 cm in M30, and 20 cm in
M20 and intercropping.

5. Conclusion

This study investigated productivity, gross margin, and the year-to-
year temporal yield stability of six double cropping systems (W-M30,
W-M20, W-MP, W-MS, W-P, and W-S) at 4 levels of fertilizer N input
(NO, N1, N2, and N3) in a 4 years continuous field experiment in the
NCP. The current high N input in practice (comparable to N3), which has
substantial negative environmental side effects, did not significantly
increase annual total actual/equivalent grain yields, gross margins and
yield stability of these six double cropping systems above the level of N1
or N2, could be moderated without negative economic effects for
farmers. Total N input, productivity, and profitability of rotations with
intercrops (W-MS or W-MP) were consistently intermediate between
rotations of W-M and W-legume. Therefore, the diversified rotation with
intercropping played a neutralizing effect between monoculture rota-
tions of W-M and W-legume. Furthermore, intercropping with peanut or
soybean enhanced the temporal yield stability of the diversified rotation
system compared to the monoculture rotations of W-M and W-legume.
Compared to the conventional W-M, W-MS had a better comprehensive
performance (yield, profit and stability) with lower N application,
however, W-MP decreased the yield and profit. Therefore, W-MS with
moderate N application is highly recommended to alleviate the pressure
on the land to produce food and feed cereals as well as oil crops, and
move towards more environmentally sustainable and profitable agri-
cultural production in the NCP. A three-crops-per-year way via inter-
cropping with legumes provides a potential approach to the sustainable
intensification and diversification of double cropping worldwide.
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