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GRAPHICAL ABSTRACT

HIGHLIGHTS
 Intercropping intercepted more light than sole
peanut but less than sole maize.
 Maize light use efﬁciency (LUE) increased with
plant density in the intercropping.
 Intercropping did not affect LUE of maize but
increased peanut LUE.
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ABSTRACT
Intercropping increases crop yields by optimizing light interception and/or use
efﬁciency. Although intercropping combinations and metrics have been
reported, the effects of plant density on light use are not well documented.
Here, we examined the light interception and use efﬁciency in maize-peanut
intercropping with different maize plant densities in two row conﬁgurations in
semiarid dryland agriculture over a two-year period. The ﬁeld experiment
comprised four cropping systems, i.e., monocropped maize, monocropped
peanut, maize-peanut intercropping with two rows of maize and four rows of
peanut, intercropping with four rows of maize and four rows of peanut, and
three maize plant densities (3.0, 4.5 and 6.0 plants m – 1 row) in both
monocropped and intercropping maize. The mean total light interception in
intercropping across years and densities was 779 MJ$m – 2, 5.5% higher than in
monocropped peanut (737 MJ$m – 2) and 7.6% lower than in monocropped maize
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(843 MJ$m – 2). Increasing maize density increased light interception in
monocropped maize but did not affect the total light interception in the
intercrops. Across years the LUE of maize was 2.9 g$MJ – 1 and was not affected
by cropping system but increased with maize plant density. The LUE of peanut
was enhanced in intercropping, especially in a wetter year. The yield advantage
of maize-peanut intercropping resulted mainly from the LUE of peanut. These
results will help to optimize agronomic management and system design and
provide evidence for system level light use efﬁciency in intercropping.
© The Author(s) 2021. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1

INTRODUCTION

Intercropping, growing two or more crop species in the same
ﬁeld, has been proposed to help in both higher productivity and
environmental sustainability[1]. Monocropping in China has
delivered production increases over recent decades but this has
come at the cost of high resource inputs, including fertilizers and
irrigation[2]. The most remarkable advantage of intercropping is
providing yield advantage over monocropping[3] by increasing
resource capture and/or use efﬁciencies including light, nitrogen
and water[4–6]. Also, intercropping systems can reduce soil
erosion, plant diseases and weeds and increase soil fertility[7–9].
In semiarid regions, drought affects the production of rainfed
maize[10] and wind erosion occurs in monocropped peanut
following soil disturbance at harvest. Integrating maize and
peanut in strip intercropping is a practical option for farmers.
Light interception and light use efﬁciency (LUE) of crops directly
determine dry matter accumulation and yield formation,
depending on canopy traits such as the distribution and
photosynthetic capacity of the leaves[11–15]. Higher light
interception or a higher LUE can result in greater productivity.
Numerous studies reported that yield advantage in intercropping was mainly due to greater light interception and use
efﬁciency. There are different types of intercropping. Relay
intercropping is the growth of different species with partial
temporal overlap during the growing period. Strip intercropping
is growth of two or more crop species in alternate strips.
Intercropping with early- and late-developing species in
combination such as wheat and cotton with different canopy
development stages[4] can increase the period of soil cover to
enable more light interception. Tall and short species in
combination, such as maize-peanut intercropping systems[16]
can increase light interception due to the increased soil cover.
Also, the combination of shorter C3 and taller C4 species in
intercropping can increase the LUE as C4 species have higher
saturation points than C3 species[17]. The taller C4 species are
more likely to beneﬁt from a higher light intensity environment
in intercropping than in monocropping, and the companion
crops are often C3 species and shorter. Compared with a

monocrop, the shaded C3 species in intercropping can have a
higher LUE at lower light intensity[18]. The advantage of strip
intercropping over other intercropping systems like mixed
intercropping or row intercropping is the relative convenience of
mechanized operations. In contrast to relay intercropping, strip
intercropping beneﬁts from spatial complementarity but with no
temporal advantage. Plant density is one of the most practical
ways to change canopy traits and affect the interaction between
crop species. However, it remains unclear how light interception
and use efﬁciency respond to the plant density of dominant
species in monocropping and intercropping.
Plant density is an important attribute that can be managed to
alter competition and interactions between plants to inﬂuence
crop growth. By increasing the plant density of the dominant
crop the allocation of dry matter to the leaves increases[16],
resulting in a linear increase in leaf area index (LAI)[19]. The
competitive ability of a crop may be enhanced when the dry
matter allocation to organs changes with plant density[20,21].
Increased LAI and competitive ability help to intercept more
light. However, when increasing the plant density of a taller crop
the LAI of a shaded species decreases[22,23], leading to a negative
effect on light interception. Thus, we hypothesized a trade-off
between light interception of two crops with increased density of
the dominant species. The LUE of a crop is genetically stable[15]
but is closely related to environmental factors that affect
photosynthesis such as light and water. LUE increases in a
crop going from direct to diffuse light[24] and differs among
species and with water supply, leaf nitrogen content and
temperature[25]. Canopy structure and light distribution vary
with plant density in both monocropping and intercropping[26].
When maize density is too high the high LAI reduces the light
penetration to the lower canopy[27], accelerating the senescence
of the lower leaves[28] and reducing the LUE[29]. It is therefore
necessary to explore whether plant density in intercropping is a
factor affecting the LUE.
Maize-peanut intercropping might be a way of mitigating
drought risk in monocropped maize in semiarid areas. Moreover, the soil erosion after the harvest of monocropped peanut
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may also be relieved by the maize stubble remaining in
intercropping. Strip width is an important factor inﬂuencing
light interception in intercropping[30]. However, it not clear how
strip width affects the density effect on light interception in
intercropping. Here, we have conducted a maize-peanut
experiment with different strip widths in semiarid conditions
to quantify (1) the plant density effects on light interception in
monocropped maize and intercropping systems and (2) the light
interception and use efﬁciency of each species in maize-peanut
intercropping in response to maize plant density.

2

rows of peanut (M2P4). The three maize densities were achieved
by adjusting plant distance in the rows to 33, 22 and 17 cm to
obtain plant densities of 3, 4.5 and 6 plants m–1 row. Distance
between rows was 50 cm within and between maize and peanut
in all treatments[33]. Taking into account the land use proportion
in the intercropping, the homogeneous maize plant densities per
unit ground area for the intercropping were 6, 9 and 12 plants
m–2 in monocropping, 3, 4.5 and 6 plants m–2 in M4P4, and 2, 3
and 4 plants m–2 in M2P4. Peanut plant density was 12 plants
m–1 row in all treatments with a land use proportion of 0.5 for
both maize and peanut in M4P4, and 0.33 for maize and 0.67 for
peanut in M2P4.

MATERIALS AND METHODS

2.1 Experimental design

2.2 Measurements

The experiment was conducted in 2016 and 2017 at Fuxin,
Liaoning Province, north-east China (42°09°02° N, 121°43°48°
E). From 1965 to 2015, the average precipitation during the
growing season (May to September) was 531 mm with a
standard deviation of 134 mm. The climate is classiﬁed as Dwa,
representing cold, dry winters and hot summers according to the
Köppen-Geiger classiﬁcation[31]. The active cumulative temperature above 10°C is 3414°C with a frost-free period of 175
days. The soil is a sandy Arenosol[32] with a bulk density of
1.45 g$cm–3 averaged over 0–20 cm soil depth. In the top 20 cm
of the soil proﬁle the organic matter content is 14.4 g$kg–1 with
total N content of 0.78 g$kg–1, available N of 45.2 mg$kg–1,
available P of 17.4 mg$kg–1, and available K of 69.5 mg$kg–1.
Total N was determined by the Kjeldahl method, available N by
the alkaline hydrolysis diffusion method, available P by
0.5 mol$L–1 NaHCO3 extraction, and available K by ammonium
acetate extraction.

LAI and plant height of both maize and peanut were determined
four times in both 2016 (June 22, August 23 and September 25)
and 2017 (July 6, August 9, September 6 and September 29).
With intercropped treatments, the ﬁrst row (or border row) was
the ﬁrst row adjacent to another species, and the second row (or
inner row) was the second row adjacent to another species.
Three plants were arbitrarily selected in each plot in monocropped maize, and three plants in intercrops at the ﬁrst and
second row in each plot to determine leaf area and plant height.
One-m row was arbitrarily selected for monocropped peanut,
and in intercrops at the ﬁrst and second row in each plot to
measure leaf area and plant height.

Maize hybrid Zhengdan 958 and peanut cv. Baisha1016 were
sown and harvested simultaneously. In 2016, sowing was on May
21 and harvest on September 30, and in 2017, the corresponding
dates were May 24 and September 30. Each plot was 96 m2 (8 m
 12 m) with north–south row orientation. No irrigation was
applied. Fertilizer was applied to maize and peanut in the
planting row according to farmers, practice with all systems
receiving the same amounts, namely 112 kg N, 49 kg P, and
93 kg K ha–1.
The experiment was laid out in a complete randomized block
design. There were 10 treatments comprising four cropping
systems and three maize plant densities. There were three
replicates of each treatment. The four cropping systems were
monocropped maize, monocropped peanut, intercropping with
four rows of maize alternating with four rows of peanut (M4P4),
and intercropping with two rows of maize alternating with four

The length and width (at the widest point) of each leaf were
measured. The leaf area of maize was calculated as the product of
length, width and the coefﬁcient 0.75. Fifty peanut leaves were
selected to determine the ratio (μ) between leaf area and dry
matter and the leaf areas of 50 leaves were measured with a leaf
area meter. The leaf area of peanut was the product of total dry
matter and the ratio μ. The LAI was the leaf area per unit ground
area. The plant heights of maize and peanut were recorded with
the natural height, i.e., the height from the soil surface to the
highest point in the ﬁeld.
The ﬁnal dry matter, which was used to compute LUE, was
measured at harvest. The dry matter samples were three
randomly selected harvested plants from each plot of monocropped maize and one-meter row length in each plot of
monocropped peanut. In the intercropping treatments, maize
samples were three randomly selected plants from the ﬁrst and
second rows in each plot, and peanut samples were 1 m of
randomly selected row in both rows. Plant samples were
partitioned into leaves, stems and seeds. The dry mater weight
was determined after drying to a constant weight at 85°C for
24 h.
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2.3 Data analysis
2.3.1 Leaf area index dynamics
To quantify crop growth, a ﬂexible sigmoid function[34] was used
to determine the dynamics of LAI in each treatment.

  t e
t –t
t te – tm
LAI ¼ LAIm 1 þ e
0£t£te
(1)
te – tm
te

Cm ¼ LAIm

  t m
2te – t
tm te – tm
0£t£te
te ðte – tm Þ
te

(2)

where LAI is the value of the crop leaf area index, LAIm is the
maximum value of LAI, te is the time at which this maximum
LAIm was reached, Cm is the maximum growth rate of LAI (d–1)
and tm is the time at which this maximum growth rate was
reached. These equations were restricted to the time domain
0 < t < te[30]. These equations were used for the measured data of
LAI and as input to calculate light interception.

2.3.2 Estimation of light interception
The cumulative light interception of the crop during the growing
season was obtained by summing daily light interception which
was calculated as the product of daily incoming photosynthetically active radiation (PAR) and the fraction of light
intercepted. The daily incoming PAR was calculated based on
weather data obtained from a local weather station (Fig. 1). Plant
height, leaf area index, strip width, light extinction coefﬁcient
and weather data were used as the inputs to a strip structured
light interception model[4,35]. The light extinction coefﬁcients

used in the model were 0.65 (maize[36]) and 0.85 (peanut[37]).
Together, these six variables (height, LAI and strip width of each
species) determined the partitioning and interception of light.
Expected light interception was calculated for each crop species
as follows:
LIexpected,j ¼ LIsole,j  p

(3)

where LIexpected,j is the expected light interception in intercropping at a plant density of j, LIsole,j is the light interception in
monocropped stands at a density of j, and p is the land use
proportion.

2.3.3 Light use efﬁciency
LUE was determined as the ratio of ﬁnal aboveground biomass
to total cumulative light interception during the growing season.
The calculations were made with the data from each plot using
analysis of variance.

2.3.4 Statistical analysis
Mixed-effect models were used to analyze density and conﬁguration effects on dry matter, light interception, LUE and
species-speciﬁc metrics. Systems were monocropping and M4P4
and M2P4 intercropping. All statistical analyses were conducted
using R (version 3.5.0). Models were ﬁtted using the function lme
in the R package “nlme”[38]. The growth of leaf area index was
ﬁtted using maximum likelihood estimation using the R function
mle2 in the R package “bbmle”[39].

Fig. 1 Daily maximum (Tmax) and minimum (Tmin) temperatures and rainfall in 2016 (a) and 2017 (b) in Fuxin, Liaoning Province. The total
annual rainfall was 580 mm in 2016 and 386 mm in 2017.
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RESULTS

not signiﬁcantly different from that of monocropped maize.
However, at 6.0 plants m–1, plant height of monocropped maize
was greater than that of intercropped maize.

3.1 Plant height
In monocropped maize the plant height increased with
increasing maize density (P < 0.05). However, plant height was
not affected by density when intercropped (P > 0.05) (Fig. 2). At
3.0 and 4.5 plants m–1, maize plant height in intercropping was

The ﬁnal plant height of peanut in intercropping decreased with
increasing maize density (P < 0.05) (Fig. 3). Monocropped peanut was taller than intercropped peanut with high maize density
of M4P4 intercropping and had a similar height to intercropped

Fig. 2 Plant height of maize in monocropping and intercropping systems at three maize densities. M represents monocropped maize; M4P4 is
the intercropping systems of four rows maize with four rows peanut; M2P4 is the intercropping systems of two rows maize with four rows peanut.
Error bars are the standard error values.
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Fig. 3 Plant height of peanut in monocropping and intercropping with three maize densities. P represents the monocropped peanut; M2P4 is
the intercropping systems of two rows maize with four rows peanut; M4P4 is the intercropping systems of four rows maize with four rows peanut.
Error bars are the standard error values.

peanut with high maize density in M2P4. However, monocropped peanut height was similar to intercropped peanut with
high maize density.

system and their interactions signiﬁcantly affected maize Cm .
Maize Cm was higher at high density than at low density in all
cropping systems and was higher in M4P4 than in M2P4. The
time taken to reach Cm (tm) did not differ with density or system
but was 22 days later in 2017.

3.2 Leaf area index
The leaf area index of maize was highest at six plants m–1 and
lowest at three plants m–1 in both monocrops and intercrops
(Fig. 4). The maximum LAI (LAIm) of maize increased with
maize density in both monocropping and intercropping
(Table 1). Across years and densities, the LAIm of maize was
5.51 in monocropped maize, 2.97 in M4P4, and 2.16 in M2P4.
Taking into consideration the land use percentages of maize in
M4P4 (0.5) and M2P4 (0.3), the LAIm of intercropped maize was
17.2% and 7.7% higher than that of monocropped maize. The
time taken to reach LAIm (te ) was not signiﬁcantly different
between density and system but was 7 days earlier in 2016 than
in 2017 (Table 1). The maize Cm did not differ between years (P
= 0.082) at any plant density. However, plant density, cropping

The LAI of peanut decreased with maize plant density in both
M4P4 and M2P4 (Fig. 5). The LAIm of peanut across years was
4.16 in monocropping, 1.44 in M4P4 and 2.00 in M2P4. Taking
into account the 50% land use percentage in M4P4 and 67% in
M2P4, the LAIm values of peanut in M4P4 and M2P4 across
years were 2.88 and 2.99, i.e., 30.8% and 28.1% lower than in
monocropping. The te of intercropped peanut was on average 4
days earlier than in monocropped peanut (Table 1). Peanut Cm
was signiﬁcantly affected only by cropping system. Taking into
account the land use percentage the intercropped peanut Cm was
59.1% lower than in monocropping. The tm of intercropped
peanut was earlier than that of monocropped peanut but was 6
days later in 2016 than in 2017 (Table 1).
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Fig. 4 Leaf area index (LAI) of maize in response to maize densities in monocropping and intercropping systems. M represents monocropped
maize; M4P4 is the intercropping systems of four rows maize with four rows peanut; M2P4 is the intercropping systems of two rows maize with
four rows peanut. The regression data was calculated by Eq. (1) and Eq. (2). Error bars are the standard error values.

3.3 Light interception
The fraction of light interception of intercropped maize in
response to plant density was weaker than that of monocropped

maize (Fig. 6). Across years, with increasing maize density the
average fraction of maize light interception during the whole
growing season increased by 12.4% (0.75–0.85) in monocropping, 17.6% in M4P4 (0.46–0.54) and 22.0% in M2P4
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Table 1

Fitted parameters for the growth of leaf area index (LAI) in maize and peanut in different systems, monocropping (Mono) and two

intercropping (M4P4 and M2P4) systems
Year

System

2016

Mono

Maize
Maize plant density
(plants m–1)
LAIm (m2$m–2) te (d) Cm (m2$m–2$d–1)

M4P4

M2P4

2017

Mono

M4P4

M2P4

Peanut
tm (d)

LAIm (m2$m–2)

te (d)

Cm (m2$m–2$d–1)

tm (d)

4.03

98.5

0.068

60.4

3.0

4.42 c

84.8 a

0.075 b

27.0 a

4.5

5.56 b

84.2 a

0.097 a

24.0 a

6.0

6.36 a

86.2 a

0.107 a

25.9 a

3.0

2.33 c

84.9 a

0.041 c

22.1 a

1.51 a

96.1 a

0.025 a

55.3 a

4.5

3.06 b

85.3 a

0.052 b

26.9 a

1.38 a

95.5 a

0.023 a

53.6 a

6.0

3.66 a

84.8 a

0.063 a

23.2 a

1.26 a

95.8 a

0.021 a

53.4 a

3.0

1.64 c

86.9 a

0.027 c

26.9 a

2.11 a

98.0 a

0.034 a

56.6 a

4.5

2.18 b

83.6 b

0.038 b

21.5 ab

1.94 a

96.0 a

0.031 a

52.7 a

6.0

2.54 a

83.4 b

0.045 a

19.9 b

1.90 a

97.2 a

0.033 a

59.9 a

3.0

4.52 c

92.9 a

0.074 c

48.8 a

4.5

5.72 b

91.2 ab

0.095 b

47.4 a

4.28

98.4

0.071

59.9

6.0

6.49 a

89.9 b

0.108 a

43.9 a

3.0

2.32 b

93.3 a

0.038 b

48.6 a

1.57 a

91.8 a

0.026 a

47.3 a

4.5

3.04 a

92.3 a

0.048 a

43.7 a

1.53 a

91.7 a

0.025 a

46.4 a

6.0

3.39 a

91.8 a

0.054 a

42.5 a

1.39 a

91.9 a

0.023 a

46.5 a

3.0

1.62 c

91.6 a

0.027 c

43.3 a

2.19 a

94.1 a

0.036 a

52.3 a

4.5

2.19 b

93.6 a

0.035 b

46.4 a

1.98 ab

92.2 a

0.033 a

48.8 a

6.0

2.76 a

94.1 a

0.045 a

49.9 a

1.85 b

92.6 a

0.031 a

50.6 a

P value

Interaction
Density

0.000

0.346

0.000

0.254

0.086

0.489

0.142

0.903

System

0.000

0.539

0.000

0.545

0.000

0.000

0.000

0.002

Year

0.675

0.000

0.082

0.000

0.246

0.000

0.313

0.001

Density  System

0.0004

0.928

0.001

0.765

–

–

–

–

Density  Year

0.990

0.804

0.733

0.795

0.902

0.948

0.794

0.669

System  Year

0.437

0.181

0.417

0.635

0.634

0.129

0.843

0.402

Density  System  Year

0.546

0.002

0.584

0.033

–

–

–

–

Note: LAIm is the maximum value of LAI, te is the time at which this maximum LAIm was reached, Cm is the maximum growth rate of LAI (m2$m–2$d–1) and tm is the time at which this maximum
growth rate was reached. Means followed by same letter indicate no signiﬁcantly different between densities in a certain system at α = 0.05 level. M4P4 is intercropping of four rows maize with four
rows peanut; M2P4 is intercropping of two rows maize with four rows of peanut.

(0.36–0.45). The fraction of light intercepted by intercropped
peanut at ﬂowering (days after sowing from 72 to 102) was 0.95
in monocropping, 0.30 in M4P4 and 0.43 in M2P4. With
increasing maize density, the fraction of light intercepted by
intercropped peanut decreased.
With increasing maize density the total light interception varied
from 787 to 891 MJ$m–2 in intercropping, 749 to 799 MJ$m–2 in
M4P4 and 754 to 791 MJ$m–2 in M2P4. The increment of light
interception due to density increase was 13.1% in monocropped

maize and 0.6% in intercropping. In M4P4, intercropping
intercepted 5.7% more light than monocropped peanut but 7.5%
less than monocropped maize. The total light interception of
M2P4 was 778 MJ$m–2 across years and densities, 5.4% higher
than that in monocropped peanut and 7.7% lower than in
monocropped maize.
The light interception of intercropped maize in M4P4 was
527 MJ$m–2, 25.1% higher than the expected value across years
and densities and 53.0% higher in M2P4 (425 MJ$m–2) than
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Fig. 5 Leaf area index (LAI) of peanut in response to maize densities in monocropping and intercropping systems. M4P4 represents the
intercropping systems of four rows maize with four rows peanut; M2P4 represents the intercropping systems of two rows maize with four rows
peanut; P represents monocropped peanut. The regression data were calculated by Eq. (1) and Eq. (2). Error bars are the standard error values.

expected (Fig. 7). In peanut the light interception in the intercrop
was 421 MJ$m–2 in M4P4, 49.0% lower than expected, and
352 MJ$m–2 in M2P4, 28.7% lower than expected.

3.4 Light use efﬁciency
The LUE of maize changed with increased density but showed
no signiﬁcant difference between monocropped and intercropped maize at the same maize plant distance (Table 2).
With increasing maize plant density from 3.0 to 4.5 plants m–1,
maize LUE increased slightly in M2P4 intercropping in 2016 and
monocropped maize in 2017 but there was no signiﬁcant
difference with increasing density from 4.5 to 6.0 plants m–1. The
LUE of peanut in intercropping was not affected by maize plant

density but was higher in intercropping than in monocropped
peanut across years (P = 0.032).

4 DISCUSSION
Light interception was higher in maize-peanut intercropping
than in monocropped peanut but lower than in monocropped
maize. The light interception advantage in intercropping is
attributed mainly to temporal and spatial complementarity
which increases the soil cover over space and time. In relay
intercropping, both crop species beneﬁtted from intercropping
in terms of light interception, mainly due to the different
growth and development stages prolonging the time of light
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interception[3,4,40]. However, in the intercropping system used
here the two crops were grown and harvested simultaneously.
Due to its greater height and leaf area index than in peanut,
maize was dominant in light interception in the intercropping
system. The intercropped maize showed a large advantage of
light interception over monocropped maize at the expense of the

understory peanut due to the increased leaf area index and space
occupation in the upper canopy. However, peanut grew with
shading by maize, leading to less light reaching the peanut
canopy and decreased light interception. Thus, the beneﬁt of
maize light interception in the intercropping was largely offset
by the disadvantage to peanut.

Fig. 6 Fraction of light interception in response to maize density in monocropping and intercropping systems. In the panels (a) and (b), the black
dashed line represents the fraction of light interception of monocropped peanut. M4P4 represents the intercropping systems of four rows maize
with four rows peanut; M2P4 represents the intercropping systems of two rows maize with four rows peanut.
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The total light interception in the intercropping did not change
signiﬁcantly with increasing maize plant density but did increase
with increasing density in monocropped maize. This indicates
that the optimum plant density for maize in intercropping might
be lower than in monocropping, conﬁrming previous conclusions from yield analysis[33]. Crop light interception was
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positively related to leaf area index[41]. In monocropped maize,
the light interception increased with increasing plant density,
mainly due to the increased leaf area index. However, the results
show that the leaf area index of intercropped maize increased
with increasing maize plant density but decreased marginally in
the intercropped peanut. It may be concluded that overall leaf

Fig. 7 Light interception of maize, peanut and total in monocropping and intercropping systems at three maize densities. M represents
monocropped maize; P represents monocropped peanut. Error bars are the standard error values.
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Table 2 Light use efﬁciency (LUE) of maize and peanut in different systems, monocropping and two intercropping (M4P4 and M2P4) systems
Dry matter (g$m–2)

LUE (g$MJ–1$m–2)

Year

System

Maize plant density
(plants m–1)

2016

Monocropped peanut

–

Monocropped maize

3.0

2292 b

2.82 a

4.5

2961 ab

3.36 a

M4P4

M2P4

2017

Maize

Peanut

Maize

860

Peanut
1.16

6.0

3092 a

3.0

1347 a

382 a

2.69 a

1.44 a

4.5

1520 a

334 a

2.75 a

1.37 a

6.0

1646 a

324 a

2.80 a

1.43 a

3.0

1037 b

481 a

2.67 b

1.28 a

4.5

1377 a

468 a

3.07 ab

1.29 a

6.0

1505 a

409 a

3.18 a

1.23 a

3.39 a

Monocropped peanut

–

Monocropped maize

3.0

1932 b

2.53 b

4.5

2520 a

3.06 a

1003

1.36

6.0

2472 a

3.0

1282 b

402 a

2.80 a

1.45 a

4.5

1609 a

344 a

3.07 a

1.32 a

6.0

1608 a

335 a

2.95 a

1.39 a

3.0

963 b

518 a

2.61 a

1.37 a

4.5

1246 a

478 a

2.98 a

1.39 a

6.0

1233 a

471 a

2.71 a

1.46 a

Density

0.000

0.001

0.002

0.801

System

0.000

0.000

0.177

0.032

Year

0.001

0.035

0.073

0.118

Density  System

0.108

0.921

0.367

0.525

Density  Year

0.327

0.814

0.225

0.588

System  Year

0.008

0.384

0.007

0.019

Density  System  Year

0.698

0.576

0.550

0.255

M4P4

M2P4

2.83 ab

P value

Interaction

Note: Means followed by same letter indicate no signiﬁcantly different between densities in a certain system at α = 0.05 level. M4P4 is intercropping of four rows maize with four rows peanut;
M2P4 is intercropping of two rows maize with four rows of peanut.

area index in the intercropping system was not greatly affected,
resulting in a relatively stable level of light interception.
Intercropping did not affect maize LUE but increased peanut
LUE. The LUE of component crops varies between studies. Most
studies report that tall C4 cereal species in intercropping had
similar LUE in intercrops and monocrops[14,40], but yield
increased with increased light interception. However, although
the shorter intercropped peanut intercepted much less light than
monocropped peanut, it had an increased LUE as a result of the

lower ratio of direct to diffuse light under the shading by
maize[25,42]. The higher LUE of peanut in intercropping
contributed to production of more biomass per unit of light,
compensating the negative light interception under shading.
Plant density affects crop LUE[43]. Here, the LUE of intercropped
maize increased with increasing maize plant density. The LUE of
maize may be closely related to differences in morphological
traits[44] from intraspeciﬁc competition due to increasing
density, especially in border rows[16,45]. More later season
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growth with an increased number of green leaves in the
canopy[44] and delayed leaf senescence[46] at higher plant density
can also result in an increase in LUE. However, our study did not
reveal more later season growth. Future studies are needed to
explore the leaf senescence of intercropped maize. The LUE with
greater shading might be expected to be higher.
Plant density affects the performance of crops, for example the
speciﬁc leaf area increases with increasing density[47], with plants
growing taller at high plant density than at low plant density[26].
Here, we found that the plant height of intercropped maize was
not affected by plant density but was affected in the monocropping system (Fig. 2). Crop lodging is a common phenomenon in
maize production in north China due to climate change,
especially with more frequent extreme weather events[48,49]. Xu
et al.[50] reported that the maize lodging rate was positively
correlated with plant height. Intercropping might therefore help
to reduce the risk of lodging and this can be examined in future
studies.
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5 CONCLUSIONS
Light interception in maize-peanut intercropping at system level
was higher than in monocropped peanut but lower than in
monocropped maize. Despite similar LUE in monocropped and
intercropped maize, peanut with shading used light more
efﬁciently. The density effect on light interception of intercropped maize was smaller than that in monocropping. This
provides further evidence for a lower optimum plant density of
dominant species in intercropping than in monocropping as
previously reported[33]. Row conﬁgurations (strip width) might
affect light interception and LUE of intercropping although
there was no evident difference between M2P4 and M4P4
intercrops. It would be interesting to explore additional strip
widths in future studies in relation to differences in environment, management and genotypes. Our results help in understanding the mechanisms of intra- and interspeciﬁc competition
in intercropping and in system design optimization for
sustainable agriculture.
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