
Plant architectural responses in simultaneous maize/soybean strip intercropping do
not lead to a yield advantage
Annals of Applied Biology
Li, Shuangwei; Evers, Jochem B.; Werf, Wopke; Wang, Ruili; Xu, Zhaoli et al
https://doi.org/10.1111/aab.12610

This article is made publicly available in the institutional repository of Wageningen University and Research, under the
terms of article 25fa of the Dutch Copyright Act, also known as the Amendment Taverne. This has been done with explicit
consent by the author.

Article 25fa states that the author of a short scientific work funded either wholly or partially by Dutch public funds is
entitled to make that work publicly available for no consideration following a reasonable period of time after the work was
first published, provided that clear reference is made to the source of the first publication of the work.

This publication is distributed under The Association of Universities in the Netherlands (VSNU) 'Article 25fa
implementation' project. In this project research outputs of researchers employed by Dutch Universities that comply with the
legal requirements of Article 25fa of the Dutch Copyright Act are distributed online and free of cost or other barriers in
institutional repositories. Research outputs are distributed six months after their first online publication in the original
published version and with proper attribution to the source of the original publication.

You are permitted to download and use the publication for personal purposes. All rights remain with the author(s) and / or
copyright owner(s) of this work. Any use of the publication or parts of it other than authorised under article 25fa of the
Dutch Copyright act is prohibited. Wageningen University & Research and the author(s) of this publication shall not be
held responsible or liable for any damages resulting from your (re)use of this publication.

For questions regarding the public availability of this article please contact openscience.library@wur.nl

https://doi.org/10.1111/aab.12610
mailto:openscience.library@wur.nl


R E S E A R CH A R T I C L E

Plant architectural responses in simultaneous maize/soybean
strip intercropping do not lead to a yield advantage

Shuangwei Li1,2 | Jochem B. Evers2 | Wopke van der Werf2 | Ruili Wang3 |

Zhaoli Xu4 | Yan Guo1 | Baoguo Li1 | Yuntao Ma1

1College of Land Science and Technology,

China Agricultural University, Beijing, China

2Centre for Crop Systems Analysis,

Wageningen University, Wageningen, the

Netherlands

3Inner Mongolia Autonomous Region

Biotechnology Research Institute, Huhehaote,

China

4Yunnan Academy of Tobacco Agricultural

Sciences, Kunming, China

Correspondence

Yuntao Ma, College of Land Science and

Technology, China Agricultural University,

Beijing 100193, China.

Email: yuntao.ma@cau.edu.cn

Jochem B. Evers, Centre for Crop Systems

Analysis, Wageningen University, 6708 PB

Wageningen, the Netherlands.

Email: jochem.evers@wur.nl

Funding information

China Scholarship Council, Grant/Award

Number: CSC201706350202; National Key

Research and Development Program of China,

Grant/Award Number: 2016YFD0300202;

31000671; Science and Technology projects

from Yunnan, Grant/Award Number:

2017YN07

Abstract

Maize/soybean strip intercropping is a commonly used system throughout China

with high crop yields at reduced nutrient input compared to sole maize. Maize is the

taller crop, and due to its dominance in light capture over soybean in the intercrop,

maize is expected to outperform maize in sole cropping. Conversely, soybean is the

subordinate crop and intercropped soybean plants are expected to perform worse

than sole soybean. Crop plants show plastic responses in plant architecture to their

growing conditions to forage for light and avoid shading. There is little knowledge on

plant architectural responses to growing conditions in simultaneous (non-relay) inter-

cropping and their relationship to species yields. A two-year field experiment with

two simultaneous maize/soybean intercropping systems with narrow and wide strips

was conducted to characterise architectural traits of maize and soybean plants grown

as intercrop and sole crops. Intercropped maize plants, especially those in border

rows, had substantially greater leaf area, biomass and yield than maize plants in sole

crops. Intercropped soybean plants, especially those in border rows, had lower leaf

area, biomass and yield than sole soybean plants. Overall intercrop performance was

similar to that of sole crops, with the land equivalent ratio (LER) being only slightly

greater than one (1.03–1.08). Soybean displayed typical shade avoidance responses

in the intercrop, such as greater internode elongation and changes in specific leaf

area, but these responses could not overcome the consequences of the competition

with the taller maize plants. Therefore, in contrast to relay intercrop systems, in the

studied simultaneous maize/soybean system, plastic responses did not contribute to

practically relevant increases in resource capture and yield at whole system

(i.e., intercrop) level.
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1 | INTRODUCTION

Intercropping is the practice of growing two or more crops in the

same field for a significant part of their growing period (Brooker

et al., 2015; Vandermeer, 1989). Intercropping is often practiced by

farmers to obtain greater production from the same land than can be

obtained using sole crops; moreover, intercropping can also be used

to obtain the same yields as sole crops but with lower inputs (Exner,

Davidson, Ghaffarzadeh, & Cruse, 1999). Furthermore, intercropping

provides a number of ecosystem services, due to its positive effects

on soil quality (Cong et al., 2015) and control of wind erosion (Chen,

Cui, Wu, Zhao, & Sun, 2010), pests (Liang et al., 2016), plant diseases
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(Boudreau, 2013) and weeds (Liebman & Dyck, 1993; Saucke &

Ackermann, 2006).

Intercropping in China is predominantly practiced in the form of

strip intercropping, in which alternating strips of two crop species are

grown side by side (Li, Zhang, & Zhang, 2013; Yu, Stomph,

Makowski, & van der Werf, 2015). A crop strip is composed by two or

more rows of the same species. For optimal performance, the strips

are kept wide enough to avoid that the dominant species completely

overgrows the subordinate species, while permitting separate cultiva-

tion. On the other hand, the strips should be narrow enough for the

crops to have interactions that maximise complementary resource

capture. According to Grime (1987), dominant species are few in num-

ber, tall and more expansive in morphology and produce high quanti-

ties of biomass and subordinate species are generally more numerous,

but smaller in stature and form a low proportion of the total commu-

nity biomass. Complementarity arises if different species capture

resources at a different time or place or from a different source, for

example, nitrogen from the soil or from the air (Li et al., 2013). As a

result of complementarity, total resource capture can be enhanced,

increasing yield (e.g., L. Zhang et al., 2008). Complementarity can exist

in the way that intercropped species acquire light (Gao et al., 2010;

Q. Wang et al., 2015; L. Zhang et al., 2008), water (Mao et al., 2012;

Z. Wang, Wu, Zhao, Gao, & Chen 2015) and nutrients (F. Zhang &

Li, 2003). All three complementarities can exist simultaneously and

reinforce each other (Evers, van der Werf, Stomph, Bastiaans, &

Anten, 2019). Strong complementarity in resource capture and yield

increase is obtained in relay intercrops, that is, intercrops in which the

sowing and harvesting periods of the species differ such that interspe-

cific competition for resources occurs only during the co-growth

period (F. Zhang & Li, 2003).

Maize (Zea mays L.)/soybean [Glycine max (L.) Merr.] intercropping

is a cereal/legume intercrop system in which maize experiences

reduced competition for nitrogen because soybean can fix nitrogen

from the air in root nodules that contain the nitrogen fixing symbiotic

Rhizobium bacteria (Ahmed & Rao, 1982; Echarte et al., 2011; Lv,

Francis, Wu, Chen, & Zhao, 2014). Furthermore, maize in intercrops

with soybean captures additional light because it is taller than soybean;

however, this goes at the expense of radiation capture by the soybean

(Liu et al., 2017; Yang et al., 2014). In northeast China, due to the rela-

tively short growing season, maize and soybean in intercrops are sown

and harvested at the same time, whereas in warmer regions such as

Sichuan, relay intercropping is more common (Du et al., 2018). Tempo-

ral complementarity may exist in simultaneous intercropping due to dif-

ferent growth patterns and temporal trends in resource need of

different species. However, in contrast to relay intercrops, species

interactions exist over the whole growing period in simultaneous inter-

cropping. There is little information on the potential for complementary

resource capture, especially for light, in relation to architectural plant

traits, such as growth rate, leaf size and area, and internode size in

simultaneous intercropping. Before the possible relevance of trait plas-

ticity in intercropping can be analysed using modelling (Zhu, van der

Werf, Anten, Vos, & Evers, 2015), the putative plastic responses first

need to be characterised and quantified (Zhu et al., 2016).

Complementary resource capture in strip intercropping is mostly

manifested in border rows, in which one species can take advantage

of the resources left by another species that is competing less for

these resources than conspecific plants (e.g., Gou, van Ittersum,

Wang, van der Putten, & van der Werf, 2016; Zhu et al., 2016). Plants

may respond to the greater resource availability in intercropping by

increased formation of organs that capture these resources. For

instance, wheat plants in border rows with maize in relay inter-

cropping form extra tillers with larger leaves because of little competi-

tion for light from the later sown neighbouring maize plants during

the early growth of the wheat (Zhu et al., 2016). The architectural

responses of wheat in wheat/maize relay strip intercropping increase

its resource capture (Zhu et al., 2015) and support the yield increase

in border rows and in the intercrop as a whole. Plants in the inner

rows of the strips in a strip intercrop typically do not differ in resource

acquisition, growth and yield from plants of the same species in a sole

crop and they also do not usually show architectural differences with

sole crop plants. In maize/soybean intercropping, border row effects

on grain yield have been identified (Ghaffarzadeh, Préchac, &

Cruse, 1994; Lesoing & Francis, 1999) but the architectural traits

underlying these yield effects have not been characterised.

When simultaneously sown with maize, soybean is shaded by the

taller maize plants. In general, plants show architectural responses to

shade, such as increased internode length and greater specific leaf

area that tend to increase the capture of the limiting light resource

(Pierik & De Wit, 2014). In relay intercropping with maize, soybean

leaf area is usually reduced as a result of shading and reduced photo-

synthesis and biomass production (Ahmed et al., 2018; Yang

et al., 2014, 2015). In a simultaneous intercrop with maize, the soy-

bean has a better starting position with respect to competition for

light than in relay intercropping in which soybean is sown after maize.

There is little information about which architectural responses are

shown by soybean in a simultaneous intercrop with maize, and

whether those responses mitigate the effects of maize competition.

The overall aim of this study is, therefore, to characterise archi-

tectural plant responses to simultaneous maize/soybean inter-

cropping. Based on the difference between maize and soybean in the

strength of competition for light, we predict that maize will show

responses that are associated with the greater light capture resulting

from its taller stature (increased biomass growth, greater leaf area,

and increased kernel number, kernel weight and yield). Plant height in

intercropped maize could be smaller than in sole maize because of a

reduced competition for light with neighbours. On the other hand, we

predict that soybean will show responses that are associated with the

shade avoidance syndrome (Pierik & De Wit, 2014). These responses

include longer internodes, thinner leaves and thinner stems. Further-

more, because of the reduced light capture and assimilation by soy-

bean, we expect lower pod number, lower pod weight and lower

yield. We expect the responses of maize to be strongest in wide strip

intercropping, because this system maximises incoming light for the

maize, especially in the border rows. We expect responses of soybean

to be strongest in narrow strip intercropping, because of the stronger

shading of soybean by maize in this system. Overall, we expect the
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strongest architectural responses in border rows. Furthermore, we

expect that yield advantage of maize/soybean intercropping would be

small in fertilised simultaneous intercropping, because complementar-

ity for N uptake would be unimportant due to fertiliser input, while

complementarity for light capture would be small due to simultaneous

sowing. On the other hand, uncertainty exists regarding this predic-

tion of limited complementarity because light use efficiency could be

modulated by a higher diffuse radiation in intercropped soybean than

in sole soybean (Ofori & Stern, 1987), while complementarity for

water acquisition can also not be ruled out a priori (Gou et al., 2018;

Morris & Garrity, 1993). Thus, our measurements on yield are in part

related to the question whether reasoning on the basis of light inter-

ception is supported by yield data. These predictions were tested in

field studies comparing plant growth, yield, yield components and

architectural traits in simultaneous maize/soybean intercrops grown

in wide or narrow strips, and the corresponding sole crops.

2 | MATERIALS AND METHODS

2.1 | Field experiments

Field experiments were conducted in 2017 and 2018 at Lishu, Jilin,

China (43�160N and 124�260E). The region is a typical semi-humid area

with 573 mm average annual precipitation, 5.9�C annual mean temper-

ature, 3,078�C annual cumulative temperature (≥10�C) and 142 frost-

free days. Most of the rain falls from June to September. The soil is a

silty clay loam with a bulk density of 1.50 g cm−3, and a total nitrogen

of 1.66 g kg−1, available phosphorus of 38 mg kg−1, available potassium

of 144 mg kg−1 and a pH of 6.70 in the top soil (0–30 cm).

The experiments were set up as complete randomised block

designs with four treatments and three replicates. Growth and

yield of maize and soybean were compared between two

intercropping patterns and the sole crops. The intercropping pat-

terns were: (a) two rows of maize alternated with two rows of soy-

bean (2:2 MS); and (b) three rows of maize alternated with six rows

of soybean (3:6 MS) (Figure 1). In the 2:2 system, all rows were

border rows. In the 3:6 MS system, there were two outer maize

rows and one inner row, and two outer soybean rows and four

inner rows. The border rows and inner rows were separately

analysed. Row distance was 50 cm in all treatments, including the

intercrops. Plant distance in the row was 20 cm for maize and

10 cm for soybean. Therefore, the plant density was 10 plants m−2

in sole maize and 20 plants m−2 in sole soybean. In intercrops, the

relative density (RD, density in the intercrop divided by sole crop

plant density) for maize was 0.5 in 2:2 MS and 0.33 in 3:6 MS,

while for soybean it was 0.5 in 2:2 MS and 0.67 in 3:6 MS. Plot size

was 24 m × 10 m in 2017 and 24 m × 9 m in 2018. The row orien-

tation was approximately southeast–northwest in both years.

Maize cultivar “Zhengdan 958” and soybean cultivar “Jiyu 47”

were sown on 11 May in 2017 and 10 May in 2018. There were 2–3

seeds per hole when sowing, and only one plant per seeding hole was

maintained after emergence. Harvesting was on 25 September in

2017 and on 26 September in 2018, when grains were physiologically

mature. Basal chemical fertiliser was applied in all plots and both years

before sowing at a rate of 80 kg N ha−1, 52 kg P ha−1 and

83 kg K ha−1. Two top dressings of 80 kg N ha−1 each were applied

to sole maize and intercropped maize at the V8 and V16 stages

(i.e., eight and 16 leaves with collar visible). Urea, diammonium phos-

phate and potassium sulphate were used as sources of N, P and K,

respectively. The experiments were rain-fed. Weeds were controlled

by hand, and pests and diseases were controlled chemically according

to farmers' practice. Meteorological data, including daily temperature,

precipitation and PAR, during the growing season were obtained from

a weather station (Rainroot, China) at the experimental site and calcu-

lated to monthly values (Table S1).

F IGURE 1 Row configurations of
sole soybean (a), sole maize (b), narrow
strip intercrop (2:2 MS) (c, two rows of
maize alternated with two rows of
soybean) and wide strip intercrop (3:6
MS) (d, three rows of maize alternated
with six rows of soybean) (Unit: cm).
Plant distance in the row is 20 cm for
maize and 10 cm for soybean. All rows
in 2:2 MS are border rows. The 3:6 MS
system has two outer maize rows
(M1 and M3) and one inner row (M2),
and two outer soybean rows (S1 and
S6) and four inner rows (S2, S3, S4
and S5)
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2.2 | Measurements

2.2.1 | Leaf appearance

Observations on leaf tip appearance were made every 3–7 days on

both species in each treatment from plant emergence till the end of

vegetative growth. Separate measurements were made for border

rows and inner rows. We selected for this randomly six plants in one

of the sole crop plots and six plants in each row of one strip in one

plot for the two intercropping treatments. Thermal time (�Cd) was cal-

culated from weather station data, using a base temperature of 8�C

for maize and 10�C for soybean (Major, Johnson, Tanner, &

Anderson, 1975; Ritchie & NeSmith, 1991). Phyllochron (i.e., the ther-

mal time between successive tip appearances) was estimated per

plant as the slope of the linear regression of thermal time vs. leaf num-

ber (�Cd leaf−1). Per treatment the average phyllochron was

calculated.

2.2.2 | Destructive measurements on plant
architecture

Destructive measurements on plant architecture, such as plant height,

leaf size and internode size were made every 15 days in all replicates

from 25 days after emergence. Two plants were sampled per plot in

sole crops, and in the intercropping treatments two plants per row

were sampled (one strip per species) to measure plant height, leaf area

and leaf biomass. Sampled plants were selected randomly, which

stand for the average level of plot, while keeping a distance of at least

1 m from gaps in the canopy from previous sampling. Plants were cut

down from the soil surface to measure plant height. The base stem

diameter, which is the diameter of the first rank from bottom to top,

of both species and final internode length of soybean were measured

at the maize R2 stage. Leaf area at each phytomer rank was measured

using a LI-COR LI-3100 leaf area meter (LI-COR, Inc., NB, USA). When

measuring the leaf area, it was recorded whether the leaf was mature

or immature. Leaves were considered mature when the collar was visi-

ble (maize) or when its size did not change anymore after several mea-

surements (soybean). Leaf samples were oven-dried at 105�C for

30 min and then at 70�C until a constant weight was reached. Leaf

area and leaf biomass of mature leaves were used to calculate specific

leaf area (SLA). Ear position was recorded as the rank of the node

supporting the main ear. Pod position in soybean was recorded as the

height (cm) of the first rank that had seed-bearing pods.

2.2.3 | Yield

In 2017, grain yield was determined by harvesting 8 m2 (two rows,

8 m) in each sole maize plot and 5 m2 (two rows, 5 m) in each sole

soybean plot, and 8 m for each maize row and 5 m for each soybean

row in a central strip in each intercrop plot. Border strips of a plot

were avoided in the sampling due to human impact. In 2018, 1 m2

(one row, 2 m) per sole maize plot and 0.5 m2 (one row, 1 m) per sole

soybean plot were harvested to measure the grain yield. Two metres

row length for maize and 1 m row length for soybean were harvested

separately for each row in a central strip in each intercrop plot. Also

here border strips of a plot were avoided in the sampling. All sample

area in both years represented the average plant status in the plots.

All grain samples were air-dried on a drying floor to a standard mois-

ture content (�14%).

In 2017, 10 plants for maize and seven plants for soybean in each

sample were randomly selected to determine the dry weight of grain

and the whole plant in order to calculate the harvest index (grain dry

biomass/aboveground dry matter). Using these plants, we determined

yield components including grain number per plant, 100-grain weight

and grain yield per meter row. In 2018, five plants in each sample

were randomly selected to measure the yield components. The grain

yield per meter row was calculated as the number of plants per metre

row × grain number per plant × grain weight.

2.3 | Data analysis

Land equivalent ratio (LER) was used to quantify the yield advantage

provided by intercropping (Rao & Willey, 1980):

LER= LERm + LERs =
Ym

Mm
+
Ys

Ms
, ð1Þ

where Ym and Ys are the yields (t ha−1) of each species in inter-

cropping, and Mm and Ms are yields (t ha−1) for each species grown as

a sole crop. LERm and LERs are partial LER values (relative yields) for

each species. An LER value greater than 1 indicates a yield advantage

for intercropping over sole cropping; generating the yields obtained in

intercropping with sole crops would require a greater land area.

An index that quantifies the competitiveness of species in an

intercrop is the index of aggressivity Ams (McGilchrist, 1965):

Ams =Am –As =
LERm

RDm
–
LERs

RDs
, ð2Þ

where Am and As represent relative biomass or yield of individual

plants in the intercrop compared to the sole crop for maize and soy-

bean, respectively. RDm and RDs are the relative densities of maize

and soybean in the intercrop, calculated as the ratio of the overall

density of plants over the total intercrop area, divided by the density

of the same species in the sole crop. We expect Am > 1 and As < 1,

and Ams > 0, because maize is usually the dominant species in the

maize/soybean system.

2.4 | Statistical analysis

We used one-way analysis of variance (ANOVA) and least significant

differences (LSD) tests in the “stats” and “agricolae” package of R
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(R Core Team, 2015) to assess the effects of intercropping and strip

width on yield, yield components and plant traits in each year at the

5% (p = .05) level. There was intercropping effect when either 2:2 MS

or 3:6 MS were different to the sole crop. Strip width effect existed

when there was difference between 2:2 MS and 3:6 MS. In these two

cases, differences between rows were not considered. To quantify

the border row effect, data from border rows of intercrops were com-

pared with data from inner rows of intercrops and sole crops. The dif-

ferences between rows for each treatment in leaf area per plant, leaf

area per rank and final soybean internode length per rank were

analysed by one-way ANOVA. Linear regression to obtain phyllochron

was made using linear mixed-effects model (lme) in the “nlme” pack-

age of R with plot and plant (nested in plot) as random effects. The

“ggplot2” package of R programming language (Wickham, 2009) was

used to produce figures. Values in the Figures and Tables are

means ± SEs.

3 | RESULTS

3.1 | Maize and soybean biomass, yield and yield
components

The wide strip treatment (3:6 MS with relative densities 0.33:0.67)

had significantly lower maize biomass and yield but significantly

higher soybean biomass and yield than the narrow strip treatment

(2:2 MS with relative densities 0.50:0.50) in both 2017 and 2018

(Table 1). Biomass LER ranged from 0.97 ± 0.04 to 1.09 ± 0.04 and

yield LER ranged from 1.03 ± 0.05 to 1.08 ± 0.03 in different inter-

cropping configurations in the two years, with significant overyielding

for biomass in the 3:6 system in 2017 and for yield in the 2:2 system

in 2018 (Table 1). Overall, the land use advantage of intercropping

was small (i.e., smaller than approximately 10%).

Maize grain number per plant, yield and biomass per plant were

higher in intercrops than in sole maize in 2017, but not in 2018

(Table 2). Intercropping significantly increased the harvest index of

maize in 2:2 MS in 2017, but not in the 3:6 system, and not in either

system in 2018. In the wide strip treatment (3:6 MS), border row

effects were positive for maize grain number per plant, biomass per

meter row and grain yield per meter row in both years (Figures 2 and

3). There were no differences in measured traits between the two

rows of maize in the narrow strip intercrop (2:2 MS), which were both

border rows.

Soybean had lower grain number and yield per plant in narrow

strip (2:2 MS) intercropping than in the sole crop in 2017, but there

was no difference between the intercropped and sole soybean in yield

per plant in 2018 (Table 2). The greater width of the soybean strip in

the 3:6 MS system did not result in a significant improvement in yield

and biomass per plant or yield components (grain number per plant,

100-grain weight and harvest index) compared with soybean in the

narrow strip intercrop (2:2 MS) or the sole soybean crop in either of

the two years. Border row effects, especially for the south row next

to maize (S6) (i.e., the row most heavily shaded by maize), wereT
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