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1 | INTRODUCTION

Chinese agriculture is characterized by high inputs of fer-
tilizer and high nutrient emissions to the environment (Guo

Abstract

Chinese agriculture needs to become less dependent on fertilizer inputs to enhance
sustainability. Cereal/legume intercropping is a potential pathway to lower fertilizer
inputs, but there is insufficient knowledge on the nitrogen (N) response in species
mixtures. Here, we investigated N response in maize/peanut intercropping. Maize
showed a stronger yield response to N input than peanut both in sole cropping and
in intercropping, and so did sole crops relative to intercrops. Maize yield was the
highest at the maximum level tested: 360 kg N/ha. Agronomic efficiency (AE) of
sole maize was 7.8 kg/kg N input, averaged across five N levels (0, 90, 180, 270,
and 360 kg/ha). Partial land equivalent ratios (pLERs) for maize decreased with N
input, from 0.70 at zero to 0.64 at 360 kg/ha. Sole peanut showed an optimum yield
response to N input, with the highest yield at 270 kg/ha and lower yield at 360 kg/
ha. The average AE of sole peanut was 1.3 kg/kg. The pLER of peanut declined from
0.43 at zero to 0.32 at 360 kg/ha while the overall LER decreased from 1.13 to 0.96,
indicating relative better performance of intercropping at low than at high N input.
Apparent recovery (RE) for N was 27.2% for sole maize, 12.4% for sole peanut,
and 7.2% for intercrops. Mean N uptake was 179 kg/ha in sole maize, 199 kg/ha in
intercropping, and 264 kg/ha in sole peanut. Partial economic budgeting indicated
that with the current low Chinese N fertilizer prices, gross margin is maximized with
high N input in sole crops; however, for intercropping, the highest gross margin was
attained at intermediate N inputs of 180 or 270 kg/ha. Fertilizer price incentives may

facilitate a transition to intercropping at moderate N input in China.
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et al., 2010; Ju et al., 2009). Reducing inputs is necessary to
lower emissions and improve environmental quality. There
is interest from policy makers for including N fixing le-
gume crops in cropping systems to boost natural N fixation
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and lower the use of artificial fertilizer (Nemecek et al.,
2008; Rose, Kearney, Erler, & Zwieten, 2019; Thierfelder,
Cheesman, & Rusinamhodzi, 2012).

Intercropping is defined as the cultivation of two or
more crop species in the same field for the whole or a part
of their growing period (Li, Zhang, & Zhang, 2013; Li,
Zhang, Ma, et al., 2013). Intercropping contributes to high
yields and high land use efficiency due to complementar-
ity in resource requirements between plant species (Franco,
King, & Volder, 2018; Yu, Stomph, Makowski, Zhang, &
Werf, 2016). This complementarity enables a better overall
capture of resources (Gou et al., 2017; Zhang et al., 2008,
2017). Cereal/legume intercropping reduces the need for N
input compared with sole cereals due to biological N fixa-
tion by legumes (Bedoussac et al., 2015; Jensen, Peoples,
& Hauggaard-Nielsen, 2010).

Globally, maize is a primary staple food crop, ranking third
in terms of area and production after wheat and rice (Kandil,
2013; Tejada, Rodriguez-Morgado, Paneque, & Parrado,
2018). In China, maize represented more than 22% of cultivated
area in 2016, producing 220 million tons of grain, exceeding
demand (China Statistical Yearbook, 2017). The North China
Plain (NCP) is responsible for 29% of China's maize produc-
tion (NBSC, 2015). The Chinese Government aims to reduce
maize production while increasing the production of oilseed
crops, such as soybean or peanut, to become more self-suffi-
cient in plant oils and protein (Ministry of Agriculture & Rural
Affairs of the People's Republic of China, 2016).

Peanut provided 48% of the total oilseed production in
China in 2016 (China Statistical Yearbook, 2017) and is at-
tracting increasing interest due to its nutrition use (Mwale,
Azam-Ali, & Massawe, 2007). Peanut grown in calcareous
soil may suffer from low yields due to iron deficiency; how-
ever, intercropping peanut with maize mitigates this stress and
improves peanut yield (Zhang & Li, 2003; Zuo, Liu, Zhang,
& Christie, 2004; Zuo, Zhang, Li, & Cao, 2000). Thus, maize/
peanut intercropping could be a good option for farmers.

Chinese farmers habitually apply in the order of 300 kg
N/ha to their field crops (Tan et al., 2017; Xiao et al., 2019),
far exceeding the recommended rates for maize of about
180 kg N/ha (Wu, Chen, Cui, Zhang, & Zhang, 2014). The
recommended N rate for peanut depends on nutrient demand.
Production of 4-6 t of peanut pods requires 100-190 kg of
N fertilizer (Feng et al., 2016; Tao, Chen, & Zhang, 1998).
With the high price of peanut in the Chinese market, N input
for peanut has increased, reaching 300 kg/ha for farmers in
Shandong Province (Wu, 2014). Excessive N input results in
an average low N fertilizer apparent recovery efficiency (RE).
In the NCP, RE for maize is about 16% (Cui, Chen, Zhang,
Miao, & Li, 2008), much lower than reported values of 78%
in Africa and 68% in Europe (Wu et al., 2014). Unutilized N
fertilizer is lost to the atmosphere and surface water, leading
to environmental pollution.
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Here, we performed a 2-year field experiment to study the
yield and N uptake of maize and peanut in sole crop systems
and an intercrop at different levels of N input in the range of
0-360 kg/ha. We aimed to determine the response to N input
for both the sole crops and the intercrop, and hypothesized:
(a) that both maize and peanut yields would reach a plateau
at a sufficient level of N input; (b) that the sufficient level
would be lower for peanut than for maize, and intermediate
for maize/peanut intercropping; and (c) that intercropping
would be more resistant to N input reduction in terms of yield
and N uptake than sole maize. Finally, we hypothesized that
farmers are fertilizing their crops at levels above their eco-
nomic optimum.

2 | MATERIALS AND METHODS
2.1 | Experimental design and crop
management

Field experiments were conducted in 2016 and 2017 in
Zhangqiu City (36°72'N, 117°53’E), Shandong Province,
China. The site has a warm-temperate continental monsoon
climate. Weather data for the 2 years were obtained from the
Shandong Meteorological Bureau (Table S1). Soil at the ex-
perimental site is a brown loam with a bulk density of 1.52 g/
cm’, organic matter content of 12.1 g/kg, total N content of
0.63 g/kg, alkaline hydrolytic N content of 65.7 mg/kg, Olsen
phosphorus (P) content of 12.0 mg/kg, and NH,OAc extract-
able potassium (K) content of 92.4 mg/kg in the top 30 cm.

The field experiment was laid out as a randomized com-
plete block design with N input and cropping system (two
sole crop treatments and one intercrop treatment) as factors.
The N input had five levels: 0, 90, 180, 270, and 360 kg/ha
(NO, N90, N180, N270, and N360, respectively); where 0 and
90 kg/ha are well below standard rates, 180 and 270 kg/ha are
considered standard in the study area, and 360 kg/ha is con-
sidered high, but is nevertheless sometimes used in practice
(Feng et al., 2016; Wu et al., 2014; Wu, 2014). There were
three cropping systems: sole maize (Zea mays, “Denghai
6057), labeled SM, sole peanut (Arachis hypogaea ‘“Huayu
25”), labeled SP, and maize/peanut intercropping, labeled
MP (Figure 1). Crossing the factors N input and cropping
system resulted in 15 treatments, each with three replicates.
The plots were not changed from 1 year to the next, so cumu-
lative effects of treatments might be observed.

Sole maize was grown at a row distance of 60 cm, with
plant distance in the row of 27 cm, resulting in a density of
6.2 plants/m>. Sole peanut was grown at a row distance of
40 cm, with plant distance in the row of 10 cm, resulting in
a density of 25 plants/mz. Row and plant distances of maize
and peanut in the intercrop were the same as in the sole crop
and the distance between neighboring maize and peanut rows
in the intercrop was 47.5 cm, that is, slightly less than the
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FIGURE 1
cropping systems in this study. (a) sole

Photographs of the three

maize, (b) sole peanut, and (c) maize/peanut
intercrop with alternating strips of two rows
of maize and four rows of peanut

average of the interrow distance of maize and the interrow
distance of peanut (Figure 2). The short distance between
maize and peanut rows resulted in relative densities of maize
(0.46) and peanut (0.62) that were slightly higher than would
have been the case in a replacement intercrop (Table S2).
Here, we defined relative density as the plant density of a
species in the intercrop divided by plant density in the sole
crop, expressing density as the number of plants per unit area
of the whole crop system (Zhang, Werf, Zhang, Li, & Spiertz,
2007).

Each plot had an area of 56 m” (10.4 m width X 5.4 m
length), and the crop rows were oriented north—south. A sole
maize plot comprised 17 maize rows, and a sole peanut plot

Sole Maize (SM) Sole Peanut (SP)

60 60 60 25| 55 ‘ )_g|i‘ §_|

Intercrop(MP)
60 47.5 125 55 |25] 47.5 60

FIGURE 2
and peanut in sole maize, sole peanut, and maize/peanut intercrop. SM

Schematic illustration of row placement of maize

is sole maize sown at 60 cm row distance. SP is sole peanut on ridges
of 80 cm width, 50 cm surface, and 10 cm height. Peanut row distance
on the ridge is 25 cm while the gap to the nearest peanut row on the
neighboring ridge is 55 cm. MP is an intercrop comprising alternating
strips of two rows of maize and four rows of peanut. In this intercrop,
the distances between the rows of the same species are the same as

in the sole crops, that is, 60 cm for maize and 40 cm for peanut. The
distance between adjacent peanut and maize rows was 47.5 cm. Total
width of an entire strip of maize plus peanut was 260 cm

‘WY Food and Energy Security

comprised 26 peanut rows; an intercrop plot comprised eight
alternating strips, four maize strips with two maize rows each
(total: eight maize rows) and four peanut strips with four pea-
nut rows each (total: 16 peanut rows).

Maize and peanut were sown on 16 June and harvested on
1 October in 2016, and sown on 26 June and harvested on 1
October in 2017. The P and K fertilizers were broadcast on
the field as basal fertilizer before sowing. The P was applied
as calcium superphosphate at a rate of 150 kg P,Os/ha and K
as potassium chloride at 150 kg K,O/ha. The N was given as
urea, split equally over two applications: a basal application
before sowing (broadcast fertilization) and topdressing (row
fertilization) on 26 July 2016 and 28 July 2017. Crops in our
experiment were rain-fed. Weeds, pests, and diseases were
controlled according to farmers’ practice.

22 |

On 1 October of both years, when both peanut and maize
were mature, we measured the sole crop yield in a 2.4 m?
area for maize (2 m length x 2 rows) and 3.2 m* for peanut
(2 m length X 2 ridges) per plot. In intercrops, we harvested
two adjacent rows of maize and four adjacent rows of peanut
over 2 m length. Maize cobs were air-dried to standard mois-
ture content (~14%) and then threshed to assess final grain
yield. Peanut pods were air-dried to standard moisture con-
tent (~10%) to calculate pod yield.

Additional aboveground plant samples were collected
from a smaller area in each plot to determine total dry
matter. The biomass sampling area for maize was 0.5 m
length X 1.2 m width and correspondingly for peanut
0.5 X 1.6 m. After counting the number of plants, samples
were separated into grain and straw and dried to constant
mass (48 hr) at 70°C in a drying oven. The dried samples
were weighed and then ground for N determination. The

Sampling for final yield and biomass
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N concentrations were determined as average of duplicate
samples of 50 mg by the Dumas combustion method (at a
pyrolysis temperature of 1,000°C, Winkler, Botterbrodt,
Rabe, & Lindhauer, 2000) using an elemental analyzer (vario
MACRO cube CNS; Elementar Analysensysteme GmbH).

The N use efficiency of different systems was evaluated
using two indicators—agronomic efficiency (AE) and appar-
ent recovery efficiency (RE)—calculated using the following
equations (Paul et al., 2015):

Food and Ei Securit
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AE (kgkg ) =(Y-Y,)/F 1)

where Y is yield with fertilizer application, Y|, is yield without
fertilizer, and F' is the amount of fertilizer. AE was calculated
for total grain yield in sole maize, sole peanut, and intercrop-
ping, separately for each N level.

Apparent recovery efficiency was calculated as:

RE(%) = (U - Uy / F 2

where U is total nutrient uptake in the aboveground crop
biomass with fertilizer, and U, is nutrient uptake in the abo-
veground crop biomass with no fertilizer. The recovery ef-
ficiency is “apparent” because in addition to fertilizer, there
are other potential sources of N in the system: mineralization
from organic matter, atmospheric N deposition, and biological
N fixation by legumes. Biological N fixation is expected to be
important especially low N input, resulting in a lower apparent
recovery than would be observed if biological N fixation would
not occur.

2.3 | Economic performance of three
cropping systems

N fertilization by farmers is driven by economic incentives.
We therefore calculated partial budgets that included only the
costs of fertilizer and seeds and the revenues from the yield.
These simple budgets are relevant because other budget com-
ponents do not depend on the fertilizer input. The gross mar-
gin (G) was defined as the product of yield and price minus
the fertilizer and seed and costs (Huang et al., 2015):

G=YxXP-C 3)

where Y is crop yield, P is the market price in the study area
during the study period, and C represents costs of fertilizer and
seed. For intercrops, G was calculated as:

G=Y,XP,+Y,xP,—C )

[T}

where indices “m” and “p” indicate maize and peanut, respec-
tively. We use two price scenarios for fertilizer in our calcu-
lations to assess the effect of fertilizer price on the economic
incentive for farmers to lower N input. The first scenario uses
the real fertilizer price on the Chinese market, while the sec-
ond scenario uses the real fertilizer price on the world market.

The Chinese market price for urea was $0.21 kg™' in 2016 and
$0.23 kg_1 in 2017, and the global price was $0.76 kg_1 aver-
aged over 2014-2018. Calcium superphosphate cost $0.10 kg_1
and potassium chloride $0.38 kg™" in both Chinese and global
markets in the 2 years. In 2016 and 2017, maize seed cost $5.56
and $5.78 kg™' and peanut seed cost $2.78 and $2.92 kg™', re-
spectively. Farm gate prices for maize and peanut and prices
of inputs were obtained through interviews with local dealers.
In 2016 and 2017, the price for maize grain was $0.28 and
$0.25 kg~ and for peanut pods was $0.82 and $0.80 kg™,
respectively.

2.4 | Data analysis

Land equivalent ratio (LER) was used to calculate the land
use advantage provided by intercropping (Rao & Willey,
1980):

LER = pLER,, + pLER, =Y, /M, +Y, /M,  (5)

99

where subscripts “m” and “p” indicate maize and peanut, re-
spectively, Yis yield in the intercrop, M is yield in the sole crop,
and pLER is partial LER for the species. An LER = 1.0 in-
dicates the same land productivity for intercropping and sole
crops, LER > 1.0 indicates a land use advantage for intercrop-
ping, often referred to as over-yielding, and LER < 1.0 indi-
cates a disadvantage. LER and pLER were calculated using the
intercrop and sole crop yields and biomass at the same fertilizer
level in the same year. The same Equation (5) was used to as-
sess complementarity between maize and peanut for uptake of
N. The LERy was based on the total N uptake by the maize and
peanut crops in sole crops and intercropping.

Yield, biomass, N uptake, revenues, and gross margin in
both years were analyzed using three-way ANOVA in SAS
V8.0 (SAS Institute Inc., 2000) with N level, cropping sys-
tem and year as factors. The LER, pLER, LERy, and yield in
intercropping system were analyzed using two-way ANOVA
with N level and year as factors. The AE and RE were ana-
lyzed using two-way ANOVA with N level and cropping sys-
tem as factors. Pairwise differences were analyzed using LSD
at p < .05. Responses of yield, biomass, revenue, and gross
margin to N input were fitted with quadratic models.

3 | RESULTS

31 |

Maize yield was significantly affected by N level and crop-
ping system but little affected by year and the interaction of the
three factors (Table 1). Maize yield showed a monotonous yield
increase with increased N input, without reaching a plateau.
Compared with NO, maize yield increased by 11%, 20%, 23%,
and 32% at N90, N180, N270, and N360, averaged over 2 years

Yield
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12 {2016 2017 FIGURE 3 Yield response of sole
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10 1 gooasee’ e : e Sl : fertilizer rate in 2016 and 2017. Upper
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P i = - panels present sole and intercropped maize
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g ] ° yield at five levels of fertilizer input: NO,
= 5 O . .o .
z g —— 8..--e- 8 o 8 onnes - SO 8" 9 N90, N180, N270, and N360 (kg N/ha) in
Ty - — L el R (- — °
> 8 8 8 2016 and 2017. Lower panels present peanut
N
S 47 Yield=9E-06"N2- 0.0005'N+5.5835 R?=0.5969 Yield=-4E-06"N2+ 0.0044°N + 54216 R2=0.5606 yield in 2016 and 2017. Solid symbols are
for sole crops while open symbols are for
2 intercrops. Individual points represent yields
54 ® Sole maize o Intercroppedmaize of individual reps. Formulas represent fitted
0 %0 180 270 360 0 %0 180 270 360 quadratic regression equations
6 12016 2017
54 Yield=-7E-06'N2+ 0.0043'N + 3.7145R2 = 0.4677 Yield=-7E-06*N2 + 0.0035°N + 3.5487 R2=0.2595
B
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33 .
z Yield=-6E-06*N2 + 0.0017*N + 1.5852 R2=0.2008 Yield=-1E-06*N2- 0.0004*N+ 1.5129 R2=0.5119
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L G- A - Rt - SIS = R S - N )
|® o g ;| BB, g
01 B Sole peanut O Intercroppedpeanut
0 90 180 270 360 0 90 180 270 360
N Fertilizer (kg/ha) N Fertilizer (kg/ha)

TABLE 2 AE and RE of sole maize, sole peanut, and intercropping system as influenced by N level and cropping system

2016 2017
AE kg grain kg~ ferti- AE kg grain kg~ ferti-
lizer N RE (%) lizer N RE (%)
N treatment SM SP MP SM SP MP SM SP MP SM SP MP
N90 10.6a 0.4b 2.5a 36.2a 13.0ab 9.9a 8.3a 0.1a 2.2a 45.0a 6.1bc 8.0a
N180 8.2ab 1.6b 0.5a 20.9ab 7.5b 8.8a 8.7a 1.7a 3.3a 34.6ab 20.2ab 7.4a
N270 6.0b 3.3a 2.7a 15.3b 17.7a 8.6a 7.3a 1.9a 2.7a 26.3b 23.2a 7.3a
N360 6.9ab 0.9b 2.1a 15.7b 12.6ab 5.7a 6.6a 0.5a 2.2a 23.4b —-0.7¢c 2.3a
Average 7.9 1.5 2.0 22.0 12.7 8.3 7.7 1.1 2.6 323 12.2 6.2
Source of variation
N level (N) N.S. : N.S.
Cropping s s s s
system (C)
NxC NS.
wEp < 001,
#p < 01,

*p <.05; N.S.: p > .05, based on two-way ANOVA considering the factors “Cropping system” (3 levels) and “N fertilizer” (4 levels).

in the sole cropping, while it increased by 6%, 6%, 16%, and N level, cropping system, and experimental year signifi-
20% in intercropping, compared with NO treatment in intercrop- cantly affected peanut yield (Table 1). With increased N
ping (Figure 3). Maize yield was lower in intercropping than in input, sole peanut yield reached a peak at N270 and de-
sole cropping, and the yield increase with increasing N input  clined when fertilizer input was increased from N270 to
was also lower in the intercropping. The pLER for maize yield =~ N360. N input had a negative effect on intercropped peanut
decreased with N input and varied between the 2 years. yield (Figure 3). The pLER for peanut yield decreased with
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. . . 300 - - -
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K . P ‘g‘ 200 | N uptake = 4E-05*N2+ 0.1277*N + 244.9 R2=0.7517 N uptake = —1E-03*N 2 + 0.5211*N + 226.91 R2=0.4546
represent intercropped crops in upper and §2 o0
. .. . &
middle panels. Individual points represent 100 { B-------- R B--oceeee L EEETEEPS B Becoannn- - M AL
N uptakes of individual reps. Formulas 5o | N uptake = —1E-04"N 2 + 0.036*N + 102.89 R2=0.1842 N uptake = —2E-04*N2 + 0.0418*N +93.307 R2=0.37

represent fitted quadratic regression 0 ¥ Sole peanut O Intercropped peanut
. 0 90 180 270 360 0 90 180 270 360
equations ¢ 250 {2016 2017
] 2
g JRTUUURR., PO s
zZ3 A aemet L Sl - “ 2
& % 200 1 4 PR
B A _o-en 4T A LR 4
7 A"
o 3
£ 0o
B E 150 |N uptake = ~2E-04*N? + 0.1333*N + 198.15 R2=0.7243 N uptake = —3E-04*N2 + 0.1492*N + 174.09 R?=0.5498
8
2
£

100 A _Intercropping system

0 90

N input from 0.43 at NO to 0.34 at N360 in 2016 and from
0.42 at NO to 0.31 at N360 in 2017.

Compared with NO, total grain yield in intercropping in-
creased by 3%, 5%, 10%, and 11% at N90, N180, N270, and
N360, averaged over 2 years (Table 1). The LER was signifi-
cantly affected by N level, decreasing with N input from 1.13
at NO to 0.97 at N360, averaged over 2 years. The LER was
smaller than one for N inputs above 180 kg/ha.

The AE was significantly influenced by cropping system
but little affected by N level (Table 2). The AE was the greatest
in sole maize (7.9 kg/kg in 2016 and 7.7 kg/kg in 2017, aver-
aged across all N levels), intermediate in intercropping (2.0 and
2.6 kg/kg), and the lowest in sole peanut (1.5 and 1.1 kg/kg).

3.2 | Biomass

Maize biomass increased with N input in both sole crop-
ping and intercropping (Figure S1). Intercropping decreased
maize biomass irrespective of N input. Experimental year
significantly affected maize biomass (Table S3). The pLER
for maize biomass decreased significantly with N fertilizer
from 0.61 at NO to 0.53 at N360, averaged over the 2 years.
The effect of N input on peanut biomass varied among
cropping systems (Figure S1; Table S3). In sole cropping, N
input increased peanut biomass from 9.3 at NO to 11.6 t/ha
at N360 in 2016 and from 9.1 at NO to 11.8 t/ha at N360
in 2017. The greatest biomass in sole crop was obtained at
270 kg N/ha in both years. In intercropping, increasing N
input had no effect on peanut biomass in 2016 but it signifi-
cantly reduced peanut biomass from 3.8 at NO to 3.1 t/ha at

N Fertilizer (kg/ha)

180 270 360 0 90 180 270 360
N Fertilizer (kg/ha)

N360 in 2017. The pLER for peanut biomass showed a de-
crease with N input.

Increasing N input increased total biomass in the intercrop
but the response was not as strong as for sole maize (Table
S3). Highest biomass occurred at N360 in 2016 and at N270
in 2017. The LER for biomass decreased from 1.03 at NO to
0.87 at N360 and was significantly larger than one only at NO.
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Relationships between N input and N uptake were nonlin-
ear, irrespective of species and cropping system (Figure
4). N level, cropping system, year, and several interac-
tions had significant effects on maize and peanut N up-
take (Table S4). In maize, N uptake increased with N input
both in sole cropping and in intercropping. In peanut, N
uptake behaved differently in the two cropping systems.
Sole peanut achieved the highest N uptake at N270 in both
years, but N input negatively affected the N uptake of inter-
cropped peanut (Figure 4; Table S4). Sole maize and sole
peanut had greater N uptake than intercropped maize and
peanut, respectively. Among the three cropping systems,
sole peanut had the largest N uptake of 264.0 kg/ha aver-
aged across years and N levels, followed by intercropping
and sole maize (Figure 4). N uptake in the intercropping
was in both years lower at N360 than at N270.

N level, cropping system, and their interaction significantly
influenced RE (Table 2). On average, across all N levels, RE
of sole maize was 22.0% in 2016 and 32.3% in 2017, while RE
of sole peanut was 12.7% in 2016 and 12.2% in 2017. N input

N uptake and recovery efficiency (RE)
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FIGURE 5 Effect of N input (0, 90,
180, 270, and 360 kg N/ha) on revenue and
gross margin (Chinese and global market
price for urea) of sole maize (red circles),
sole peanut (blue squares), and maize/peanut
intercropping (green triangles) in 2016

and 2017. Upper panels present revenue
when using the Chinese market price for
urea. Middle panels present gross margin,
when using Chinese market price for urea,
while the bottom panels present gross
margin using world market prices for urea.
Individual points represent revenues and
gross margins of individual reps. Formulas
represent fitted quadratic regression
equations

had little effect on RE of the whole intercropping system, with
an average value of 8.3% in 2016 and 6.2% in 2017.
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(G)

Across cropping systems, sole peanut had the highest rev-
enue at all levels of N input ($3,235 ha~' on average across
years and N levels), followed by maize/peanut intercropping
($2,781 ha™") and sole maize ($2,403 ha™") (Figure 5). The
effect of N input on revenue was the greatest for sole maize,
followed by sole peanut, and the smallest for intercropping.

Sole peanut had the highest gross margin among the three
cropping systems at all N input levels when using the Chinese
urea price ($0.22 kg™'; Figure 5; Table S5). Gross margin
increased with N input in sole maize, but decreased with N
input in intercropping (Figure 5). Gross margin was higher
for intercropping than for sole maize when N input was below
270 kg/ha, but at N360, sole maize a higher gross margin than
intercropping (Figure 5).

Using a world price for urea ($0.76 kg™") reduced gross
margin in all cropping systems (Figure 5). In this scenario,
sole peanut had still the highest gross margin among the three
systems, while intercropping had a higher gross margin than
sole maize at an N input of 0, 90, or 180 kg/ha while sole
maize had higher gross margin than intercropping at 360 kg
N/ha. At 270 kg N/ha, sole maize and intercropping had the
same gross margin. In this price scenario, increasing N input

Analysis of revenue and gross margin

lowered gross margin in intercropping, while it scarcely af-
fected gross margin in sole maize.

4 | DISCUSSION

We hypothesized that maize and peanut yields would pla-
teau at high N inputs. Our data show that maize yields in-
creased up to the highest level tested (360 kg N/ha) and
would perhaps have further increased at higher input lev-
els (that we did not test). Peanut yield increased with N
input up to a level of 270 kg N/ha, after which it decreased.
Maize yield in intercropping increased with N input up till
the highest level tested, but peanut yield in intercropping
decreased with N input. Thus, the overall grain yield re-
sponse to N input in intercropping was flatter than in sole
crops. This also means that lowering N inputs has less
severe negative consequences for yields in intercropping
than for yields in sole crops. These yield responses to N
input were reflected in the economics of fertilizer appli-
cation. With Chinese fertilizer prices, high input levels
of 360 kg N/ha in maize and 270 kg N/ha in peanut were
economically profitable. Intercropping was comparatively
insensitive to N input, both in terms of yield, N uptake,
and gross margin. Increased fertilizer price would make it
economically more interesting for farmers to lower inputs
and adopt intercropping to profit from the resilience of this
system to lower input.
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The LER was well above one if N input was <180 kg/
ha. LER decreased at higher N input due to a weak per-
formance of peanut. Maize tends to have greater LAI (leaf
area index) at higher N input resulting in greater shading of
peanut and lower peanut yield (Liu, Rahman, et al., 2017).
The results indicate that maize/peanut intercropping is
a suitable system if N input is low to moderate, consis-
tent with previous studies in other cereal/legume systems
(Hauggaard-Nielsen, Ambus, & Jensen, 2003; Li, Zhang,
& Zhang, 2013; Li, Zhang, Ma, et al., 2013; Luo et al.,
2016; Naudin, Corre-Hellou, Pineau, Crozat, & Jeuffroy,
2010). At high N inputs, sole crops are equally or more
efficient in terms of land use than intercrops. Given the
comparatively easier management of sole crops, intercrop-
ping would not be an attractive alternative to sole crops at
high N input.

Economic benefits drive farmer decision making.
According to Cui et al. (2008), maize yield response curve to
N input tends to a linear-plateau with an optimal N rate rang-
ing from 40 to 250 kg/ha because of different initial soil N,
and soil N supply. In our experiment, the highest maize yields
were obtained at 360 kg N/ha, indicating lower inputs do not
meet maize demand despite an uptake of only slightly over
200 kg N/ha. At the price levels in China, cultivation of pea-
nut was more profitable than cultivation of maize, and their
economic optimal N rates were 270 and 360 kg/ha, respec-
tively, both exceeding recommendations that take into ac-
count environmental sustainability criteria (Feng et al., 2016;
Tao et al., 1998; Wu et al., 2014). Maize/peanut intercrop-
ping decreased the economic optimal N rate to 180-270 kg/
ha. This is still a high level of input with a risk of N losses.

Zhang et al. (2015) found that fertilizer-to-crop price ratio
and crop mix (i.e., the crops cultivated) are two important
factors affecting fertilizer use per hectare. The urea price in
the Chinese market ($0.22 kg_l) was 3.4 times lower than in
the global market ($0.76 kg_l averaged over 5 years, General
Administration of Customs & The People's Republic of
China, 2014, 2015, 2016, 2017, 2018) due to large subsidies,
for example, US$18 billion in 2010 (Li, Zhang, & Zhang,
2013; Li, Zhang, Ma, et al., 2013). The low fertilizer price
incentivizes farmers to use high N inputs. With world mar-
ket prices for fertilizer, assuming unchanged product prices,
lower N input levels would be economically more attractive
for farmers.

China faces the challenge of feeding its population and
livestock and improving the environment by reducing nutri-
ent spillovers from agriculture. In our study, averaged over
2 years, AE was 7.8, 1.3, and 2.3 kg/kg for sole maize, sole
peanut, and intercropping systems, respectively (Table 2).
The agronomic efficiencies of N fertilizer for peanut and for
maize/peanut intercropping are very low, because peanut can
fix its own nitrogen from air, and thus, the yield response
to increasing input is shallow. Hence, compared with sole
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maize, mixing peanut in the intercropping system greatly re-
duced the sensitivity to a reduction in N input.

The RE for the whole intercropping system was 7.2%,
much lower than 27.2% for sole maize and 12.4% for sole
peanut. The pLER of maize was greater for yield (ranging
from 0.71 at NO to 0.64 at N360 averaged over 2 years; Table
1) than for N uptake (ranging from 0.65 at NO to 0.55 at
N360; Table S3). The difference in pLER suggests that the
competitiveness of maize for yield was greater than its com-
petitiveness for N uptake. A high competitiveness of maize
for yield formation in intercropping is not surprising because
maize is highly competitive for light due to the size of the
plants (Liu, Rahman, et al., 2017; Liu et al., 2018; Liu, Zhu,
et al., 2017). On the other hand, maize plants do not have
a strong competitive advantage for N uptake from the soil
because N fertilizer was applied homogeneously over the in-
tercropped area, and fertilizer applied to inner rows of peanut
strips would be difficult for maize to acquire. In the inter-
crop, N uptake is constrained because maize plants cannot
easily reach N applied to peanut rows, while the ability of
peanut to capture N is limited because of its comparative poor
light capture and growth. Taking crop demand into account
and applying more fertilizer to the dominant species, that is,
maize, and less to peanut, could contribute to better N recov-
ery in intercropping.

Our values of AE were lower than the worldwide average
of 24 kg/kg but more similar to values of around 12 kg/kg
obtained previously in China (Paul et al., 2015). A low AE
under Chinese conditions may be related to high fertiliza-
tion levels over the last decades, resulting in high levels of
soil N (Tan et al., 2017). The soil organic matter was 12.1 g/
kg, and atmospheric deposition of nitrogen has substantially
increased in Huantai, near to our experimental site, from
28 to 85 kg/ha, during 1985-2015 (Ballarby et al., 2018).
Consequently, the yield of nonfertilized maize reached 8.0 t/
ha in 2016 and 7.6 t/ha in 2017, after one season without N
input. Multiple years of low N input may be needed to attain
a situation with higher recovery and agronomic efficiency of
N fertilizer. In addition, there are several technologies avail-
able for reducing N loss and increasing N utilization, such
as application of nitrification inhibitor or biochar (Sun, Lu,
Chu, Shao, & Shi, 2017; Sun, Zhang, Powlson, Min, & Shi,
2015). Rather than subsidizing fertilizer, the government
might invest in technology adoption and professionalization
of farm management (including farm size adjustment; Wu et
al., 2018). Such investments might help to boost productivity
and resource use efficiency, while decreasing environmental
degradation.

Intercropping advantages in this study were relatively
small with LERs ranging from 1.13 at NO to 0.97 at N360.
There are several pathways to increase LER in intercropping.
Yu, Stomph, Makowski, and Werf (2015) demonstrated that
relay intercropping, in which the two crop species do not
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overlap completely in time, has on average a higher LER than
simultaneous intercropping. However, if there is insufficient
“growing time” available for relay intercropping, the shading
effect in the intercropping could be mitigated by widening
the gap between maize rows to allow more light penetration
to the legume (Liu, Rahman, et al., 2017; Ren, Liu, Wang,
& Zhang, 2016). Furthermore, the consequences of shading
for peanut could be mitigated by choosing a shade-tolerant
peanut variety, which has a high harvest index when shaded
(Liu et al., 2018). In addition, fertilizer in intercropping needs
to be placed at the place where it is needed, thus better tai-
loring supply to crop demand (Snyder, Davidson, Smith, &
Venterea, 2014).

The current study showed critical trade-offs between
yield, N input, and N uptake and comparative productivity
of intercropping and sole cropping. Intercropping remains an
interesting option to combine high yields with high resource
use efficiency to achieve a sustainable production system for
cereal and legume grains. It also provides an example for
achieving sustainable agriculture in other countries, espe-
cially developing countries.

S | CONCLUSIONS

We studied the productivity of maize, peanut, and maize/
peanut intercropping in 2 years at five levels of N input in
the North China Plain. Results over the 2 years showed a
consistent decline in LER with higher N input. LERs were
>1 for N input below 180 kg N/ha. Intercropping showed the
smallest yield penalty of lowering N input. Economic profit-
ability was highest with sole crops at high N input and inter-
crops at moderate N input. The economic optimum occurred
at lower N inputs with world market prices for N fertilizer
than with Chinese market prices, highlighting the possible
role of fertilizer price incentives in a transition to more en-
vironmentally benign cropping systems with lower fertilizer
inputs. The results show that maize/peanut intercropping is a
suitable land use system if environmental considerations lead
to a reduction in N input.
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