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Abstract: Rational crop community structure plays an important role in maximizing the intercropping
yield advantage. Effects of increasing maize densities in maize (Zea mays L.)/peanut (Arachis hypogaea
L.) intercropping on yields and other agronomic traits, and the community stability of productivity
were conducted across three different experimental sites. There were significant and positive
correlations between maize densities and both maize grain/biomass yields and corresponding
partial land equivalent ratios (LERs) across all three locations; but grain/biomass yields and partial
LERs of peanut were all negatively correlated with maize densities in each or across all locations.
LERs of grain yields averaged over three locations ranged from 0.89 to 0.98, while LERs of biomass
yields ranged from 0.94 to 1.09 (>1.0 except for the maize inter-plant distance of 27 cm), indicating the
intercropping advantage on biomass yields but not grain yields. Peanut had significantly lower kernel
harvest indexes than those in monoculture. Excessive narrowing maize inter-plant distances reduced
the community stability of productivity severely (especially for maize and total LERs) and are more
likely to lead to abnormal maize and peanut plants. Therefore, a rational increase of maize densities
in intercropping is suggested to keep the balance between maize and peanut and the comprehensive
yield advantage.

Keywords: intercropping; density; competition; yield advantage; community stability; harvest index

1. Introduction

For the past two decades, scientists have hailed genetically modified (GM) crops and chemical
fertilizer as the magic bullet that will solve the world’s food crisis [1]. Farming system design has
always been relatively neglected. To overcome future challenges for human kind in terms of land
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degradation, climate change and population growth, this will demand an all-embracing approach,
including the design of sustainable or climate change-resilient farming systems [2–5].

Intercropping systems play an important role in increasing crop quality and yield through efficient
utilization of land, light, water and soil nutrients [6], and enhancing resilience to present and future
climate change (the increase in global surface temperature and water scarcity) and pest, disease and
weed damage [3,4]. It is defined as growing individuals of at least two crop species in close proximity
at (about) the same time, always leading to harvest at least two different kinds of crop products and
higher comprehensive economic benefits. To some extent, sustainable intensification of agriculture by
intercropping is a new “Green Revolution” [7].

The benefit obtained from intercropping is frequently attributed to niche complementarity and
interspecific facilitation in resource use due to different temporal, spatial, or plant phenological/
eco-physiological characteristics [8–11]. Cultivation and farming system practices, including planting
density of the component crops, fertilization and irrigation all influenced the degree of interspecific
interactions (competition, complementarity and facilitation), the total yield performance and the
relative contribution of the individual components [12–18]. Yields of crops in intercropping have been
reported to fluctuate with component crop populations [17,19–22]. To obtain better productivity or
the optimal yield as a major agronomic goal, population density of the component crop should be at
the optimum level since plant density is one of the most important agronomic management decisions
determining the degree of competition in the intercropping system [23]. Intercrop components may
utilize resources more efficiently than sole crops, thus the optimum plant density in intercrops outweigh
the optimum density in sole crop [24]. In addition, the optimum plant density at one experimental
location may not be suitable for other sites, due to regional variations in climate (solar radiation,
temperature, precipitation, wind etc.) and soil (pH, organic matter, nitrogen, phosphorus, potassium,
salt, soil water hold capacity, etc.) conditions [17].

Positive relationships between productivity or the community stability of productivity and
species richness were observed in a number of experimental ecosystems, especially in grasslands or for
herbaceous plant mixtures [25–29], which suggested that more diverse communities are more stable
and more resistant to invasion, e.g., growing different mixtures of rice varieties suffered less blast
incidence and exhibited greater yield than homogeneous fields without the need to use fungicides [30],
and increasing plant diversity with border crops and intercrops [31,32] or through a “push-pull”
strategy [33] reduced insecticide use and/or some specific diseases. Intercropping has been shown to
increase crop yields and improve resource utilization in many cases, but it is less well-known how the
community stability of productivity is influenced by management schemes e.g., population densities
of component crops.

At present, China’s cereal grain self-sufficiency has fallen to less than 90%, its self-sufficiency
rate of edible oils and fats is less than 35%, and soybean products almost completely (>85%) rely on
imports. Yet the country has little spare land. Driven by an urgent need to both produce more cereal
grains and more oils/soy proteins, the Chinese government and scientists recently started to seek
answers from intercropping of cereals with legumes. For the first time in 30 years, the General Office of
the State Council of China issued a document in 2015 to heavily promote crop intercropping, especially
for maize-based intercropping with peanut or soybean in Huang-Huai-Hai plain in China. In addition
to the higher productivity and land/resource use efficiency, the legume/maize intercropping is
much less risky in that if one crop fails another may still have a good return [21], has lower water
consumption and more ecological and environmental benefits compared to sole maize or a cereal-cereal
intercropping [34–38].

In this study, maize/peanut was selected as a test intercropping system because of its function
in the production of cereal grains and oils simultaneously, and its representation for traditional and
modern Chinese agriculture. It has evolved from the 1950s to date with changes in social, economic
and cultural factors, its planting area in China covers a wide region extending from southern tropical
and sub-tropical systems at low latitudes to temperate-cool systems at high latitudes, and it also ranges
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from arid and semi-arid areas (annual precipitation < 320 mm) to semi-humid and humid areas (annual
precipitation > 1000 mm). Meanwhile, it is in harmony with ecological and environmental sustainability,
due to the benefits of biological/symbiotic N2 fixation in legume crops for the improvement of soil
fertility [22,34,39].

When maize and peanut are intercropped together, optimizing intercropping management
practices can maximize the yield of the intercrop system, and assist in the effective use of space and
resources. Here, we examine the effects of increasing maize densities in maize/peanut intercropping
on grain/biomass yields of maize and peanut, land equivalent ratios (LERs), plant and ear traits of
maize, plant, pod and root traits of peanut and the community stability of productivity across three
different experimental sites and years, to guide farmers in improving their practices.

2. Materials and Methods

2.1. Study Site

The maize/peanut intercropping field experiment was conducted at three experimental sites
belonging to three different cities/counties: Licheng (in 2015), Zhangqiu (in 2016) and Dongying
(in 2017). The experimental sites/stations in Licheng, Zhangqiu and Dongying are affiliated to Crop
Research Institute, Maize Research Institute and the Yellow River Delta Modern Agriculture Institute
of Shandong Academy of Agricultural Sciences of China, respectively. The area across these three
experimental sites has a typical continental and warm temperate monsoon climate showing obvious
characteristics of coincided rain and heat in the same season, spring and winter are dry and cold,
summer is hot and rainy. The annual mean temperature is 12.0–13.6 ◦C. Cumulative temperatures
above 0 and 10 ◦C are 4500–5000 and 4000–4500 ◦C, respectively. The frost-free period is 195–210
days. Annual sunshine hours are 2400–2700 h. Annual Precipitation is 500–700 mm and potential
evaporation is 1800–2100 mm. During the maize and peanut growing season from June to October, the
mean temperature is 25.1 ◦C and the precipitation is 484.5 mm [40]. Detailed site locations (geographic
coordinates) and soil basal properties are presented in Table 1.
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Table 1. Detailed site locations (geographic coordinates) and soil basal properties in the 0–20 cm soil layers.

Year Experimental
Site

Geographic
Coordinate

Altitude
(m) Soil Type pH (2.5:1 Water:

Soil Ratio)
Organic Matter

(g/kg)

Total
Nitrogen

(g/kg)

Alkaline
Hydrolysis

Nitrogen (mg/kg)

Olsen P
(mg/kg)

Exchangeable
Potassium

(mg/kg)

Total Salt
(g/kg)

2015 Licheng 117◦04′ E,
36◦42′ N 48.0 Fluvo-aquic soil 7.7 20.7 - 44.5 14.8 162.6 -

2016 Zhangqiu 117◦32′ E,
36◦43′ N 40.7 Brown soil 7.9 15.4 - 39.8 45.9 68.5 -

2017 Dongying 118◦39′ E,
37◦19′ N 22.3 Fluvo-aquic soil 8.8 11.2 1.7 - 22.6 230.6 1.9
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2.2. Experimental Design and Crop Management

The experiment was a randomized block design with three replicates. Experimental treatments
included mono-cropped maize and peanut, and maize (with different densities) intercropping with
peanut. One intercropping set included a 0.8-m peanut strip (two rows of peanut, with a 0.4-m inter-row
distance) and a 1.2-m maize strip (two rows of maize with a 0.6-m inter-row distance). The distance
between adjacent maize and peanut rows was 0.5 m (Figure 1). Maize occupied 60% of the intercropped
area and the peanut occupied 40%. Inter-row distance in mono-cropping was 0.4 m for peanut and 0.6 m
for maize. Interplant distance within the same row was 0.2 m for mono- and inter-cropped peanut and
0.27 m for mono-cropped maize. The area of each individual plot was 5.0 × 8.0 m2. There were four
intercropping sets in each intercropping plot (Figure 1). Therefore, planting densities in monocultures
were 61,728 plants/ha for maize, and 125,000 holes/ha for peanut (with the double-seed sowing),
respectively. To test effects of different maize planting densities on yields and other agronomic traits
of maize and peanut in the intercropping treatment, the interplant distances within the same row for
maize were designed to be 0.10, 0.13, 0.16, 0.20 and 0.27 m, respectively. Correspondingly, intercropped
maize densities were 100,000, 76,923, 62,500, 50,000, 37,037 plants/ha, respectively, based on the whole
intercropping area occupied by the two crops.
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Figure 1. Diagrammatic representation of the strip intercropping.

Maize and peanut were simultaneously sown in late June and harvested in early October. Peanut
received 112.5 kg/ha N fertilizer in the form of urea, which was 50% of the total N fertilizer application
for maize. All the P (140 kg/ha P2O5 fertilizer in the form of calcium superphosphate) and K (120 kg/ha
K2O fertilizer in the form of potassium sulfate) fertilizers, and 112.5 kg/ha of the N as urea were
evenly broadcast and incorporated into the upper 20 cm of the soil prior to sowing. Only in Dongying,
an amount of 15,000 kg/ha fermented cow dung was also applied to the salinized soil before sowing.
Another 112.5 kg/ha N for maize was applied at the maize pre-tasseling stage with irrigation. During
the growth period all plots were adequately irrigated and weeded manually. No obvious water or pest
stress was observed. No pesticides and fungicides were applied to either crop.

2.3. Plant Sampling and Analysis

At maturity, the above-ground grain and biomass yields of maize were measured by harvesting
one intercropping strip in each intercropping plot and by harvesting two adjacent/continuous rows of
maize in each monoculture plot. Ten harvested maize plants in each plot were collected to investigate
agronomic traits, including stem and ear characteristics, the hundred grain weight and harvest index in
details. For peanut, the grain and biomass (including straw and grain) yields of peanut were measured
by harvesting two adjacent rows of peanut in 2 m length in each intercropping or monoculture plot.
The harvested two adjacent rows of peanut with roots and pods pulled out from soils in 1.0 m length
in each plot in experimental sites of Licheng and Zhangqiu, and 10 harvested peanut plants with roots
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and pods in each plot in Dongying were collected to investigate agronomic traits, including stem and
pod characteristics, the hundred pod weight, the kernel harvest index and root dry weight in details.

2.4. Calculations

For the intercropping treatment, grain and biomass yields of maize or peanut in the total area
were based on the total land area occupied by these two crop species in intercropping. Grain and
biomass yields of maize or peanut in the net area were based on the land area actually occupied by
only maize or peanut (excluding the area actually occupied by the other crop), i.e., based on per unit of
sown row area for only maize or peanut.

YintercropM in total area = yields of maize in net area × the proportion of the land area
occupied by maize in intercropping (PM)

(1)

YintercropP in total area = yields of peanut in net area × the proportion of the land area
occupied by peanut in intercropping (PP)

(2)

PM = WM/(WM + WP) (3)

PP = WP/(WM + WP) (4)

where M and P are maize and peanut in the intercropping treatment, respectively; WM and WP are the
widths of maize and the companion crop peanut in the intercropping set. In the present study, WM is
1.2 m (two rows of maize) and WP is 0.8 m (two rows of peanut) in each intercropping set. Therefore,
values of PM and PP are 0.6 and 0.4, respectively, and PM + PP = 1.0.

The land equivalent ratio (LER) is defined as the relative land area of sole crops needed to
produce the same yields as the intercrops and can be calculated for either the individual crop species
in intercropping (partial LER), or for the entire intercropped crops involved as a whole [41–43].

Partial LERM = YintercropM/YmonocultureM (5)

LER = Partial LERM + Partial LERP (6)

where YintercropM or YintercropP is the yield based on the total land area occupied by the two crop
species in the whole intercropping system. An intercropping system exhibits a yield advantage if
LER > 1.0, and conversely, if LER < 1.0 a disadvantage occurs. Apparently, in the present study, the
intercropped crop exhibits a yield advantage as compared to the mono-cropped if partial LERM > 0.6
for maize and partial LERM > 0.4 for peanut, and conversely a disadvantage occurs.

Partial LERs of grain/biomass yields of intercropped maize or peanut at various maize inter-plant
distances (from 10 to 27 cm) were calculated by corresponding grain/biomass yields of intercropped
maize or peanut in the total area dividing by grain/biomass yields of mono-cropped maize at the
maize inter-plant distance of 27 cm or mono-cropped peanut.

The reciprocal coefficient of variation has been defined as community stability [25], i.e., S = µ/δ,
where δ is the standard deviation of productivity and µ is the mean of productivity [26]. For the
calculation of community stability, three replicates corresponded to each experimental treatment at
each experimental location or in each year, the first replicated value of productivity of a same fixed
treatment from three locations/years were collected to calculate µ, δ and S as the first repetition on the
spatiotemporal scale, by analogy, the three replicates of community stability were obtained. Therefore,
each experimental treatment had three values of S. All data of S from various experimental treatments
were subjected to statistical analysis.

2.5. Statistical Analysis

A one-factor randomized block ANOVA process was generally used to analyze the experimental
data with-in the same year or experimental location. Repeated-measures ANOVA with year/location as
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with-in subject factor and cropping system (monoculture vs. intercropping) as between-subjects factors
were used to analyze the intact data of each index/parameter from three years/sites’ experiments.
Means were separated by Fisher’s protected least significant difference (LSD) at p ≤ 0.05 or 0.01
levels. For overall effectiveness, the paired t test method was used to compare the data sets across
locations/years. The Pearson correlation was used to analyze the relationships among various
agronomic traits. ANOVA was performed with SAS 8.0 (SAS Institute, Cary, NC, USA), and t-tests and
Pearson correlation with SPSS 17.0 (SPSS Incorporation, Chicago, IL, USA).

3. Results

3.1. Grain Yields and Partial LERs of Maize and Peanut and Corresponding LERs of the Whole Intercropping
System

Grain yields of maize calculated based on the total land area occupied by the whole intercropping
system comprise by two crop species were actually decreased by intercropping with peanut at various
maize inter-plant distances as compared to monoculture, especially for the experiment conducted in
Dongying (Table 2). Averaged over three locations/years, compared with the initial 8640.7 kg/ha in
monoculture, intercropping significantly inhibited maize grain yields by 12.0–26.8%; with the maize
density increased (i.e., with the inter-plant distance narrowed) in intercropping, maize grain yields
gradually increased from 6325.7 kg/ha at the inter-plant distance of 27 cm to 7602.1 kg/ha at 10 cm.
Pearson correlation showed that the maize grain yields in intercropping were positively correlated
with maize densities in the experiment conducted in Dongying (r = 0.701, n = 15, p ≤ 0.01) and across
all three locations (r = 0.311, n = 45, p ≤ 0.05) (Table 3). Partial LERs of maize in intercropping were
all > 0.60 in all these three locations/years (Table 2). It seems that the partial LER was enlarged by
increasing maize density in intercropping. Across all three locations, the averaged partial LERs of
maize were increased significantly from 0.74 at the inter-plant distance of 27 cm to 0.87 at 13 cm and
0.88 at 10 cm (Table 2); there was a significant and positive correlation between the partial LERs of
maize and maize densities (Table 3).

For peanut, grain yields and corresponding partial LERs were all dramatically reduced by
intercropping (Table 2). The higher the densities of maize were, the lower the grain yields and partial
LERs of peanut (with an exception of several cases in Dongying). Correlations between the grain
yields or partial LERs of peanut in intercropping and maize densities in each experimental location
and across all three locations were all negative (Table 3). Across three locations, the grain yields and
partial LERs of peanut on average were decreased significantly from the initial 2695.6 kg/ha and 0.40
in monoculture to 411.0 kg/ha and 0.15 at the maize inter-plant distance of 27 cm in intercropping,
respectively, and decreased further to 144.4 kg/ha and 0.05 at the lowest inter-plant distance (Table 2).

For the LERs of the whole intercropping system, including maize and peanut, in most situations,
the LERs in intercropping were <1.0 (Table 2). Statistically, except for a significant reduction from 1.0
in monoculture to 0.87 at the maize inter-plant distance of 27 cm in intercropping in Dongying, no
significant differences were observed among different cropping systems or different maize inter-plant
distances (Table 2), and no significant correlations were found between the LERs in intercropping and
maize densities (Table 3).

By comparison of performances of these three experimental locations/years, Licheng (in 2015)
had highest grain yields and partial LERs of maize and total LERs, and lowest peanut grain yields;
Zhangqiu (in 2016) had lowest maize grain yields, partial LERs of peanut and total LERs; Donying
(in 2017) had lowest maize partial LERs and highest grain yields and partial LERs of peanut (Table 2).
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Table 2. Grain yields and partial land equivalent ratios (LERs) of maize and peanut and corresponding LERs of the whole intercropping system as affected by different
cropping systems and maize densities across different locations/years.

Cropping
System

Inter-Plant
Distance (cm)

Maize Density
(plant/ha)

Grain Yields 1 (kg/ha) Partial LERs 2

2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA 2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA

Maize

Monoculture 27 61,728 8816.2a 8212.1a 8893.9a 8640.7A Location (L) = 0.0015 0.60b 0.60b 0.60d 0.60C

Intercropping

27 37,037 7097.3a 5808.0b 6071.7d 6325.7C Treatment (T) = 0.0025 0.81a 0.71ab 0.69cd 0.74B L = 0.0297
20 50,000 7947.5a 7196.5ab 6437.1cd 7193.7BC L × T = 0.8428 0.90a 0.88a 0.73bc 0.84AB T = 0.0002
16 62,500 8453.1a 6004.0b 6994.3bcd 7150.5BC 0.95a 0.73ab 0.79ab 0.83AB L × T = 0.8678
13 76,923 8091.8a 6822.9ab 7522.6b 7479.1B 0.91a 0.83a 0.85a 0.87A
10 100,000 8603.0a 6854.5ab 7348.8bc 7602.1B 0.97a 0.85a 0.83a 0.88A

Mean 8168.2A 6816.3B 7211.4B 7398.6 0.86A 0.77B 0.75B 0.79

Peanut

Monoculture 27 61,728 2013.0a 2894.9a 3178.9a 2695.6A L < 0.0001 0.40a 0.40a 0.40a 0.40A
Intercropping 27 37,037 327.2b 330.5b 575.3bc 411.0B T < 0.0001 0.16b 0.12b 0.18bc 0.15B L < 0.0001

20 50,000 237.9bc 218.9b 755.8b 404.2B L × T = 0.0014 0.12c 0.08c 0.25b 0.15B T < 0.0001
16 62,500 122.2c 176.7b 354.4c 217.7C 0.06d 0.06c 0.12cd 0.08C L × T = 0.0067
13 76,923 110.4c 62.4b 359.7c 177.5C 0.06d 0.02d 0.12cd 0.06C
10 100,000 80.5c 32.7b 319.9c 144.4C 0.04d 0.01d 0.10d 0.05C

Mean 481.9C 619.4B 924.0A 675.1 0.14B 0.11C 0.19A 0.15

LERs

Monoculture 27 61,728 1.00a 1.00a 1.00a 1.00A
Intercropping 27 37,037 0.97a 0.83a 0.87b 0.89A L = 0.0369

20 50,000 1.02a 0.95a 0.98ab 0.98A T = 0.4205
16 62,500 1.01a 0.79a 0.91ab 0.90A L × T = 0.9710
13 76,923 0.97a 0.86a 0.97ab 0.93A
10 100,000 1.01a 0.86a 0.93ab 0.94A

Mean 1.00A 0.88B 0.94AB 0.94

Values are means of three replicates. Values followed by the same lowercase letters at the same experimental location are not significantly different among different treatments at the 5%
level by Fisher’s protected LSD (vertical comparison); values followed by the same capital letters are not significantly different among different treatments (vertical comparison) or among
different experimental locations/years (horizontal comparison) at the 5% level by Fisher’s protected LSD. ANOVA are the probabilities (p values) of the source of variation. 1 Grain yields
of intercropped maize and peanut were calculated based on total land areas occupied by the whole intercropping system comprised of the two crop species. 2 Partial LERs of mono-cropped
maize or peanut were the proportions of land areas occupied by corresponding maize or peanut in the whole intercropping system; partial LERs of intercropped maize or peanut were
calculated by grain yields of intercropped maize or peanut dividing by grain yields of mono-cropped maize at the maize inter-plant distance of 27 cm or mono-cropped peanut.
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Table 3. Pearson correlation coefficients between grain/biomass yields and maize densities in intercropping, and between partial/total land equivalent ratios (LERs)
of grain/biomass yields and maize densities in intercropping in each experimental location (n = 15) and across all three locations/years (n = 45).

Year/Location

Maize Peanut LERs

Grain
Yields

Biomass
YIelds

Partial LERs of
Grain Yields

Partial LERs of
Biomass Yields

Grain
Yields

Biomass
Yields

Partial LERs of
Grain Yields

Partial LERs of
Biomass Yields

LERs of Grain
Yields

LERs of
Biomass Yields

2015-Licheng ns 0.531 * ns 0.615 * −0.828 ** −0.722 ** −0.810 ** −0.707 ** ns ns
2016-Zhangqiu ns ns ns ns −0.923 ** −0.953 ** −0.937 ** −0.937 ** ns ns
2017-Dongying 0.701 ** ns ns ns −0.609 * −0.623 * −0.565 * −0.586 * ns ns

Across all three locations 0.311 * 0.434 ** 0.321 * 0.413 ** −0.508 ** −0.547 ** −0.578 ** −0.605 ** ns ns

“ns”, “*” and “**” indicate not significant, and significant correlations at p ≤ 0.05 and p ≤ 0.01, respectively.
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3.2. Biomass Yields and Partial LERs of Maize and Peanut and Corresponding LERs of the Whole
Intercropping System

Statistically, compared with mono-cropped maize, biomass yields of maize in total area occupied
by the whole intercropping system were not influenced by intercropping in Licheng, and responded
to intercropping at the maize inter-plant distance of 27 cm in Zhangqiu and at 27 and 20 cm in
Dongying (Table 4). Maize biomass yields averaged over three experimental sites were decreased
significantly by intercropping from the initial 14,352.8 kg/ha in monoculture to 11,803.6 kg/ha by
17.8% at the maize inter-plant distance of 20 cm, and decreased further to 10,328.3 kg/ha by 28.0% at
the 27 cm inter-plant distance; among different intercropping treatments, increasing maize density
enhanced the averaged maize biomass yields over three locations gradually from 10,328.3 kg/ha at
the 27 cm inter-plant distance to the maximum 13,683.9 kg/ha at 10 cm. Significant positive effects on
maize biomass yields as affected by narrowing the maize inter-plant distances (i.e., increasing maize
densities) in intercropping were observed between 27 or 20 cm and 10 cm in Licheng, between 27
and 16 cm in Dongying, and between 27 and 10 cm averaged over three locations/years. Significant
positive correlations were observed between the maize biomass yields in intercropping and maize
densities in Licheng and across three locations (Table 3). All partial LERs of intercropped maize ranged
0.67–1.14, which were higher than 0.60 (Table 4). There was a trend that increasing maize densities by
narrowing the maize inter-plant distances in intercropping increased partial LERs. The partial LERs of
intercropped maize varied from 0.67 to 0.81 at the maize inter-plant distance of 27 cm and varied from
0.85 to 1.14 at the smallest 10 cm distance. Averaged over different experimental locations, the partial
LER of intercropped maize gradually increased from 0.73 at the 27 cm inter-plant distance to 0.83 at
20 cm, 0.89 at 16 and 13 cm and 0.97 at 10 cm; there were significant differences between 27 cm and
16 cm or below (Table 4). There were significantly positive correlations between the partial LERs of
intercropped maize and maize densities in Licheng and across three locations (Table 3).

Biomass yields of intercropped peanut in the total area varied from 594.8 to 2140.5 kg/ha,
which were significantly lower than those in monoculture varying from 5212.6 to 10,710.1 kg/ha
(Table 4). Simultaneously, the partial LERs of intercropped peanut varied from 0.08 to 0.24, which
were significantly lower than 0.40. Statistically, the biomass yields and partial LERs of intercropped
peanut were all negatively correlated with maize densities in each experimental location or across
three locations (Table 3).

Across all three locations/years, LERs of the whole intercropping system ranged from 0.90 to
1.26 and were higher than 1.0 in the majority of cases (Table 4). The LERs of intercropped maize at
the maize inter-plant distance of 27 cm in Zhangqiu and Dongying were all < 1.0, which led to the
averaged LER over three locations (0.94) < 1.0, while the LERs on average (1.02–1.09) were all > 1.0 at
the inter-plant distance of 27 cm below in intercropping. Except for the LER of intercropped maize
at 10 cm inter-plant distance (1.26) was significantly higher than 1.0 and higher than 1.01 at 27 cm
in intercropping in Licheng no significant differences were found in LERs among different cropping
systems or maize inter-plant distances (Table 4), and no significant Pearson correlations were found
between the LERs in intercropping and maize densities (Table 3).

By comparison of performances of these three experimental sites/years, Licheng (in 2015) had
relatively higher grain yields and partial LERs of maize and total LERs, and lower peanut grain yields;
Zhangqiu (in 2016) had relatively higher peanut grain yields and lower maize grain yields and total
LERs; Donying (in 2017) had relatively lower maize partial LERs and higher partial LERs of peanut
(Table 4).
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Table 4. Biomass yields and partial land equivalent ratios (LERs) of maize and peanut and corresponding LERs of the whole intercropping system as affected by
different cropping systems and maize densities across different locations/years.

Cropping
System

Inter-Plant
Distance (cm)

Maize Density
(plant/ha)

Biomass Yields 1 (kg/ha) Partial LERs 2

2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA 2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA

Maize

Monoculture 27 61,728 13,914.6ab 13,648.5a 15,495.3a 14,352.8A Location (L) = 0.0321 0.6c 0.6b 0.6c 0.6C
Intercropping 27 37,037 11,295.6b 9479.7b 10,209.5c 10,328.3C Treatment (T) = 0.0049 0.81bc 0.70ab 0.67bc 0.73BC L = 0.0330

20 50,000 12,534.6b 11,866.8ab 11,009.4bc 11,803.6BC L × T = 0.7696 0.90b 0.87ab 0.72abc 0.83AB T = 0.0003
16 62,500 13,862.5ab 10,785.4ab 13,506.3ab 12,718.1AB 0.99ab 0.79ab 0.89a 0.89A L × T = 0.9001
13 76,923 13,617.7ab 11,479.4ab 12,779.8abc 12,625.6AB 0.97ab 0.85ab 0.85ab 0.89A
10 100,000 15,930.3a 12,343.3ab 12,778.1abc 13,683.9AB 1.14a 0.93a 0.85ab 0.97A

Mean 13,525.9A 11,600.5B 12,629.7AB 12,585.4 0.90A 0.79B 0.76B 0.82

Peanut

Monoculture 27 61,728 5212.6a 10,710.1a 7164.3a 7695.7A L < 0.0001 0.4a 0.4a 0.4a 0.4A
Intercropping 27 37,037 1018.9b 2140.5b 1733.6bc 1631.0B T < 0.0001 0.20b 0.20b 0.24b 0.21B L < 0.0001

20 50,000 841.4b 1733.7bc 2095.0b 1556.7B L × T < 0.0001 0.16bc 0.16c 0.30b 0.21B T < 0.0001
16 62,500 719.6b 1587.1bc 1174.3c 1160.4C 0.14cd 0.15c 0.17c 0.15C L × T = 0.0073
13 76,923 594.8b 1273.6cd 1198.1c 1022.2C 0.12d 0.12d 0.17c 0.13CD
10 100,000 601.8b 846.7d 1176.3c 874.9C 0.12d 0.08e 0.16c 0.12D

Mean 1498.2C 3048.6A 2423.6B 2323.5 0.19B 0.19B 0.24A 0.20

LERs

Monoculture 27 61,728 1.00b 1.00a 1.00a 1.00A
Intercropping 27 37,037 1.01b 0.90a 0.91a 0.94A L = 0.1024

20 50,000 1.06ab 1.03a 1.02a 1.04A T = 0.4956
16 62,500 1.13ab 0.94a 1.06a 1.04A L × T = 0.9625
13 76,923 1.09ab 0.97a 1.02a 1.02A
10 100,000 1.26a 1.01a 1.01a 1.09A

Mean 1.09A 0.98B 1.00AB 1.02

Values are means of three replicates. Values followed by the same lowercase letters at the same experimental location are not significantly different among different treatments at the 5%
level by Fisher’s protected LSD (vertical comparison); values followed by the same capital letters are not significantly different among different treatments (vertical comparison) or among
different experimental locations/years (horizontal comparison) at the 5% level by Fisher’s protected LSD. ANOVA are the probabilities (p values) of the source of variation. 1 Biomass
yields of intercropped maize and peanut were calculated based on total land areas occupied by the whole intercropping system comprised of the two crop species; biomass yields of maize
were only the above-ground biomass and those of peanut included the above-ground biomass and also the below-ground pods. 2 Partial LERs of mono-cropped maize or peanut were the
proportions of land areas occupied by corresponding maize or peanut in the whole intercropping system; partial LERs of intercropped maize or peanut were calculated by biomass yields
of intercropped maize or peanut dividing by biomass yields of mono-cropped maize at the maize inter-plant distance of 27 cm or mono-cropped peanut.
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3.3. Maize Plant and Ear Traits

When averaging over three locations, compared with monoculture intercropping at various
maize densities did not significantly influence plant and ear heights of maize (Table 5). Intercropping
significantly increased the ear length and ear axis diameter (at the maize inter-plant distance of 27
cm), the bald tip length (at ≤ 16 cm) and the hundred grain weight (at 27 and 20 cm), but significantly
decreased the ear length, the ear axis diameter, rows per ear and kernels per row (at 10 cm), the stem
thickness (at ≤ 16 cm), the ear diameter (at 13 and 10 cm), and the harvest index (at 16 and 10 cm).
With the increase of maize densities by narrowing the inter-plant maize distance in intercropping,
the stem thickness, ear length, ear diameter, ear axis diameter, rows per ear, kernels per ear and the
hundred grain weight decreased gradually (with very few exceptions), in contrast, the bald tip length
increased (Table 5; Figure 2).

Different experimental locations/years had significant impacts on plant and ear traits of maize
except for the ear diameter. There were significant interactions between experimental locations/years
and treatments in the ear height, ear length, bald tip length, ear diameter and ear axis diameter
(Table 5).
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Table 5. Maize plant and ear traits as affected by different cropping systems and maize densities across different locations/years.

Cropping
System

Inter-Plant
Distance (cm)

Maize Density
(plant/ha)

2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA 2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA

Plant Height (cm) Ear Height (cm)

Monoculture 27 61,728 272.3ab 273.8c 250.4a 265.5A Location (L) < 0.0001 119.4bc 106.8b 104.2a 110.1A L < 0.0001
Intercropping 27 37,037 262.6b 276.6bc 251.9a 263.7A Treatment (T) = 0.8338 111.8c 115.6ab 100.0a 109.1A T = 0.3131

20 50,000 273.3ab 284.0a 243.9a 267.1A L × T = 0.5686 114.8c 119.9a 95.4a 110.0A L × T = 0.0481
16 62,500 274.2a 281.4ab 247.8a 267.8A 119.5bc 113.9ab 97.3a 110.2A
13 76,923 269.4ab 279.7abc 255.1a 268.1A 123.9ab 114.6ab 104.4a 114.3A
10 100,000 274.8a 284.0a 246.9a 268.6A 132.3a 110.4ab 102.7a 115.1A

Mean 271.1B 279.9A 249.3C 266.8 120.3A 113.5B 100.7C 111.5

Stem thickness (mm) Ear length (cm)

Monoculture 27 61,728 18.2a 19.9a 21.5ab 19.9A L < 0.0001 20.4b - 16.4bc 18.4BC L < 0.0001
Intercropping 27 37,037 19.7a 21.0ab 21.2ab 20.7A T < 0.0001 22.6a - 18.3a 20.5A T < 0.0001

20 50,000 18.1ab 20.2a 22.0a 20.1A L × T < 0.5500 21.0ab - 17.3ab 19.2AB L × T = 0.0087
16 62,500 16.4bc 17.9b 21.0ab 18.5B 19.2bc - 16.3bc 17.7C
13 76,923 15.9c 17.9b 20.1ab 18.0BC 17.5cd - 16.7bc 17.1CD
10 100,000 14.9c 17.2b 19.6b 17.2C 15.7d - 15.9c 15.8D

Mean 17.2C 19.0B 20.9A 19.0 19.4A - 16.8B 18.1

Bald tip length (cm) Ear diameter (mm)

Monoculture 27 61,728 1.9c - 0.46a 1.2C L < 0.0001 50.6b - 49.1ab 49.8AB L = 0.5245
Intercropping 27 37,037 1.8c - 0.77a 1.3C T = 0.0004 52.8a - 49.6a 51.2A T < 0.0001

20 50,000 2.3bc - 0.56a 1.4BC L × T = 0.0010 50.7b - 49.9a 50.3AB L × T = 0.0381
16 62,500 2.8ab - 0.72a 1.8AB 48.9b - 48.4ab 48.7BC
13 76,923 3.3a - 0.57a 1.9A 46.3c - 49.0ab 47.6CD
10 100,000 3.5a - 0.73a 2.1A 45.3c - 46.6b 45.9D

Mean 2.6A - 0.6B 1.6 49.1A - 48.8A 48.9

Ear axis diameter (mm) Rows per ear

Monoculture 27 61,728 25.5b - 27.3ab 26.4BC L < 0.0001 14.8a - 15.1a 14.9A L = 0.0020
Intercropping 27 37,037 27.7a - 28.5ab 28.1A T = 0.0001 14.5ab - 14.3a 14.4A T = 0.0231

20 50,000 25.7b - 29.1a 27.4AB L × T = 0.0365 14.5ab - 14.4a 14.5A L × T = 0.0793
16 62,500 24.6b - 27.4ab 26.0C 13.6ab - 15.2a 14.4A
13 76,923 24.1b - 29.1a 26.6BC 13.0bc - 15.2a 14.1A
10 100,000 22.3c - 26.4b 24.3D 12.0c - 14.1a 13.1B

Mean 25.0B - 28.0A 26.5 13.7B - 14.7A 14.2

Kernels per row Hundred grain weight (g)

Monoculture 27 61,728 36.1ab - 31.3a 33.7ABC L = 0.0056 30.5b 35.6b 35.6ab 33.9B L < 0.0001
Intercropping 27 37,037 39.5a - 33.6a 36.5A T = 0.0072 35.4a 37.8a 38.6ab 37.3A T = 0.0001

20 50,000 37.5a - 32.6a 35.1AB L × T = 0.0727 33.1ab 36.4b 38.8a 36.1A L × T = 0.9020
16 62,500 34.5ab - 31.2a 32.8BCD 30.2b 33.9c 36.4ab 33.5B
13 76,923 31.8bc - 31.9a 31.9CD 30.2b 33.1c 34.5b 32.6B
10 100,000 29.0c - 31.6a 30.3D 31.4b 32.9c 35.1ab 33.1B

Mean 34.7A - 32.0B 33.4 31.8C 35.0B 36.5A 34.4
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Table 5. Cont.

Cropping
System

Inter-Plant
Distance (cm)

Maize Density
(plant/ha)

2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA 2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA

Plant Height (cm) Ear Height (cm)

Harvest index

Monoculture 27 61,728 0.63a 0.60a 0.58a 0.61A L = 0.0518
Intercropping 27 37,037 0.63a 0.61a 0.60a 0.61A T = 0.0118

20 50,000 0.63a 0.61a 0.59a 0.61A L × T = 0.4839
16 62,500 0.61a 0.56a 0.52a 0.56B
13 76,923 0.60a 0.59a 0.59a 0.60AB
10 100,000 0.54b 0.56a 0.58a 0.56B

Mean 0.61A 0.59AB 0.58B 0.59

Values are means of three replicates. Values followed by the same lowercase letters at the same experimental location are not significantly different among different treatments at the 5%
level by Fisher’s protected LSD (vertical comparison); values followed by the same capital letters are not significantly different among different treatments (vertical comparison) or among
different experimental locations/years (horizontal comparison) at the 5% level by Fisher’s protected LSD. ANOVA are the probabilities (p values) of the source of variation.
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Figure 2. Maize ears (10 plants) in intercropping at various maize inter-plant distances and in
monoculture, and corresponding peanut pods (two adjacent rows of peanut in 1.0 m length) in Licheng.

3.4. Peanut Plant, Pod and Root traits

Intercropping with maize at the maize inter-plant distance of 27 cm significantly increased
the main stem height and kernel rate per pod of peanut compared to monoculture, but no effects
of intercropping at other maize inter-plant distances were observed in this study, averaged over
three locations (Table 6). As shown in Figure 3 and Table 6, all of the peanut in intercropping had
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(significantly in the majority of cases) lower branching number, pod number per plant, hundred pod
weight, double kernel rate, kernel harvest index and root dry weight than those in monoculture and
increasing maize density in intercropping resulted in further reduction of these parameters.

Different experimental locations/years had significant impacts on plant, pod and root traits
of peanut except for the kernel rate per pod. Significant interactions between experimental
locations/years and treatments were observed in the pod number per plant, hundred pod weight and
double kernel rate (Table 6).
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Figure 3. Peanut (five plants) in intercropping (at the maize inter-plant distance of 10 cm, IP) and in
monoculture (MP) in Dongying.

3.5. Community Stability of Productivity

Compared with monoculture, intercropping significantly reduced the community stability of
grain yields of maize from the initial 21.2 to 6.0–8.1 at the maize inter-plant distances ≤ 16 cm, and of
peanut from the initial 4.4 to 1.5 at the maize inter-plant distance of 20 cm, 1.1 at 13 cm and 0.95 at
10 cm (Table 7). No significant differences were observed in the community stability of biomass yields
of both maize and peanut.

For intercropped maize, the maize inter-plant distances of 27 and 20 cm led to relatively
higher community stability of grain/biomass yields and partial LERs than those ≤ 16 cm (Table 7).
For intercropped peanut, increasing maize density significantly decreased the community stability of
grain partial LERs from 3.8 at the maize inter-plant distance of 27 cm to 1.4 at 13 cm and 1.1 at 10 cm,
and significantly decreased the community stability of biomass partial LERs from 7.6 at 27 cm to 2.9 at
20 cm, 4.3 at 16 cm, and 2.7 at 10 cm. Pearson correlation analysis showed that the community stability
of grain partial LERs in intercropping were negatively correlated with maize densities (r = −0.633,
n = 15, p = 0.0114). Paired t test showed that the community stability of biomass partial LERs is
significantly higher than that of grain partial LERs (n = 15, p = 0.0011).

For total LERs, intercropping achieved significantly higher community stability of total grain
LERs at the maize inter-plant distance of 27 cm than those≤ 16 cm, and significantly higher community
stability of total biomass LERs at the 20 cm than those at other distances (Table 7).
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Table 6. Peanut plant, pod and root traits (harvesting two adjacent rows in 1.0 m length in Licheng and Zhangqiu, and 10 plants in Dongying) as affected by different
cropping systems and maize densities across different locations/years.

Cropping
System

Inter-Plant
Distance (cm)

Maize Density
(plant/ha)

2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA 2015-Licheng 2016-Zhangqiu 2017-Dongying Mean ANOVA

The Main Stem Height (cm) Branching Number

Monoculture 27 61,728 57.4a 63.4b 47.7ab 56.1B Location (L) < 0.0001 5.9a 8.8a 9.6a 8.1A L < 0.0001
Intercropping 27 37,037 60.0a 65.5ab 53.8a 59.8A Treatment (T) = 0.2533 5.3a 8.2ab 9.6a 7.7AB T = 0.1146

20 50,000 56.8a 67.0ab 47.4b 57.0AB L × T = 0.3497 5.6a 8.0b 9.5a 7.7AB L × T = 0.8135
16 62,500 59.9a 66.5ab 45.5b 57.3AB 5.2a 8.2ab 9.0a 7.5AB
13 76,923 56.3a 68.6a 49.8ab 58.2AB 5.0a 8.4ab 8.4a 7.3B
10 100,000 57.0a 65.0ab 47.2b 56.4B 4.9a 7.9b 9.1a 7.3B

Mean 57.9B 66.0A 48.6C 57.5 5.3C 8.2B 9.2A 7.6

Pod number per plant Hundred pod weight (g)

Monoculture 27 61,728 6.3a 14.2a 17.2a 12.6A L < 0.0001 136.6a 116.1a 129.0a 127.2A L < 0.0001
Intercropping 27 37,037 2.9b 3.6b 6.0bc 4.2BC T < 0.0001 111.5a 106.9a 127.6a 115.3A T < 0.0001

20 50,000 2.2bc 3.9b 8.0b 4.7B L × T = 0.0001 105.6ab 70.4b 120.0ab 98.6B L × T = 0.0015
16 62,500 1.8c 3.4bc 5.1c 3.4BCD 69.1c 59.4b 107.7ab 78.7C
13 76,923 1.4c 2.6bc 5.3bc 3.1CD 75.2bc 29.9c 101.7b 68.9CD
10 100,000 1.8c 1.6c 3.9c 2.4D 54.2c 28.1c 110.7ab 64.3D

Mean 2.7C 4.9B 7.6A 5.1 92.1B 68.4C 116.1A 92.2

Double kernel rate (%) 1 Kernel rate per pod (%) 2

Monoculture 27 61,728 58.1a 43.9a 54.0a 52.0A L < 0.0001 70.8a 69.6bc 68.3b 70.0BC L = 0.9957
Intercropping 27 37,037 52.5ab 39.4a 55.5a 49.1AB T < 0.0001 73.2a 72.8a 72.4a 72.8A T = 0.0414

20 50,000 52.5ab 25.6b 52.6ab 43.6AB L × T = 0.0366 73.5a 72.1ab 70.7ab 72.1AB L × T = 0.5815
16 62,500 31.7b 27.4b 43.2bc 34.1CD 70.2a 71.6abc 72.9a 71.6ABC
13 76,923 35.9ab 8.4c 41.1c 28.5D 72.0a 71.6abc 71.2ab 71.6ABC
10 100,000 57.4ab 12.8c 53.8a 41.3BC 66.7a 69.0c 71.3ab 69.0C

Mean 48.0A 26.3B 50.0A 41.4 71.1A 71.1A 71.1A 71.1

Kernel harvest index 3 Root dry weight (g)

Monoculture 27 61,728 0.39a 0.27a 0.44a 0.37A L < 0.0001 32.8a - 18.2a 25.5A L < 0.0001
Intercropping 27 37,037 0.32a 0.15b 0.33b 0.27B T < 0.0001 27.7ab - 14.2ab 21.0B T = 0.0002

20 50,000 0.28ab 0.13bc 0.35b 0.25B L × T = 0.2665 21.0bc - 13.6bc 17.3BC L × T = 0.4539
16 62,500 0.17c 0.11c 0.29b 0.19C 22.2bc - 10.5bc 16.3C
13 76,923 0.18bc 0.05d 0.30b 0.18CD 19.8bc - 11.2bc 15.5C
10 100,000 0.13c 0.04d 0.27b 0.15D 19.5c - 9.9c 14.7C

Mean 0.25B 0.12C 0.33A 0.23 23.8A 13.0B 18.4

Values are means of three replicates. Values followed by the same lowercase letters at the same experimental location are not significantly different among different treatments at the 5%
level by Fisher’s protected LSD (vertical comparison); values followed by the same capital letters are not significantly different among different treatments (vertical comparison) or among
different experimental locations/years (horizontal comparison) at the 5% level by Fisher’s protected LSD. ANOVA are the probabilities (p values) of the source of variation. 1 Double
kernel rate (%) indicated the number of pods with double kernels as a percentage of the total number of pods. 2 Kernel rate per pod (%) indicated the proportion of kernel weights to pod
(kernel + shell) weights of peanut. 3 Kernel harvest index indicated the proportion of the kernel weight to the sum weights of pods, stems and leaves of peanut.
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Table 7. Community stability of productivity (grain/biomass yields and/or partial/total land equivalent ratios (LERs)) as affected by different cropping systems and
maize densities in the maize/peanut intercropping system.

Cropping
System

Inter-Plant
Distance (cm)

Maize Density
(plant/ha)

Maize Peanut LERs

Grain
Yields

Biomass
Yields

Partial
LERs-Grain

Partial
LERs-Biomass

Grain
Yields

Biomass
Yields

Partial
LERs-Grain

Partial
LERs-Biomass LERs-Grain LERs-Biomass

Monoculture 27 61,728 21.2A 15.6A - - 4.4A 2.7A - - - -
Intercropping 27 37,037 12.8AB 10.9A 17.8A 13.8A 3.1AB 3.1A 3.8A 7.6A 18.1A 13.7B

20 50,000 14.2AB 32.9A 13.0A 11.6A 1.5B 2.4A 2.1AB 2.9B 13.5AB 30.1A
16 62,500 6.0B 4.6A 6.2A 4.9A 2.9AB 2.4A 2.9AB 4.3B 5.1B 5.6B
13 76,923 7.8B 6.7A 8.0A 8.4A 1.1B 2.7A 1.4B 4.8AB 8.7B 11.2B
10 100,000 8.1B 8.3A 8.0A 7.9A 0.95B 2.9A 1.1B 2.7B 7.1B 9.3B

Values are means of three replicates. Values followed by the same capital letters are not significantly different among different treatments (vertical comparison) at the 5% level by Fisher’s
protected LSD.
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4. Discussion

Increasing intercrop density dramatically influences the competitive dynamics between
component crop species because dominance is always enhanced [17]. In a recent maize/pea
intercropping study, the increase of maize planting density could improve the yield of intercropped
maize and the partial LER of maize but decreased the grain yields of intercropped pea and
corresponding partial LERs [22]. Similar results were obtained from three different experimental
locations/years in this current study, which confirmed that increasing maize densities in maize/peanut
intercropping enhanced maize grain/biomass yields but reduced the companion peanut grain/biomass
yields (Tables 2 and 4). Therefore, there was a competitive and balanced relationship between the two
crop species restricting each other [44], the higher maize yields were achieved at the expense of peanut
yields. No matter how the maize densities (i.e., maize inter-plant distances) or yields of maize and
peanut changed, there were no significant changes in LERs at most situations or averaged over three
locations. The comprehensive yield effect of the whole intercropping system is stable and there is an
equilibrium effect.

LERs of grain yields averaged over three locations ranged from 0.89 to 0.98 (<1.0) among various
maize inter-plant distances, while LERs of biomass yields ranged from 0.94 to 1.09 (>1.0 except for
the maize inter-plant distance of 27 cm) (Tables 2 and 4). Paired t test showed LERs of biomass
yields were all significantly higher than those of grain yields for each experimental site (n = 15) or
for each maize inter-plant distance across three locations (n = 9). All these results indicated that the
intercropping of maize/peanut was not beneficial to the accumulation of grain yields but had some
advantages on biomass yields. Paired t test showed that the partial LERs of grain yields of peanut
were all significantly lower than those of biomass yields for each experimental site (n = 15) or for
each maize inter-plant distance across three locations (n = 9), and the partial LERs of grain yields
of maize were also significantly lower than those of biomass yields in Licheng (n = 15) and at the
maize inter-plant distance of 16 cm (n = 9), which corresponded to the grain yield disadvantage of the
whole intercropping system. Maize-legume intercrops could substantially increase forage quantity
and quality and decrease the requirement for protein supplements [45]. Since LERs of biomass yields
are > 1.0, there is potential for maize silage and peanut forage production.

Harvest index (the ratio of grain yield to biological yield or biomass) is an important agronomic
index to reflect the ability of a cereal crop to translocate photosynthates to grains [46]. In a
maize/peanut intercropping, the dry matter distributed toward the stem and leaf of intercropped maize
was reduced as compared to the sole maize, intercropping promoted the distribution of photosynthetic
assimilates toward the grain and increased the harvest index by 0.7–3.0% [47]. In a relay intercropping
of wheat/maize reported by Zhou et al. (2017) [48], the over-yielding of intercropped wheat (especially
for border rows) was mainly attributed to more aboveground biomass across the whole growing
season and the increased harvest index. In the present study, according to the paired t tests between
partial/total LERs of grain and biomass yields mentioned above and the calculation formulas of the
partial LER and total LER, it was mainly the reduced harvest indexes of intercropped peanut compared
to monoculture that led to lower partial LERs of grain yields of peanut than those of biomass yields
and the disadvantage of grain yields of the whole intercropping system (Tables 2, 4 and 6). Shading
was found to impair nutrient acquisition in intercropping systems of wheat with alfalfa or soybean [49],
and of maize with soybean [50], mainly due to reduced photosynthetic capacity and below-ground
root and above-ground shoot biomass accumulation of the shaded crop as compared with monoculture.
Therefore, shading induced by maize in the present study may play an important role in decreasing
not only peanut biomass, but also leading to less translocation of dry matter from vegetative organs
to peanut grains. Obvious reductions in hundred pod weights, double kernel rates and especially
the pod number per plant possibly explain the decrease in the harvest index of intercropped peanut.
Compared with peanut, the maize harvest index was less affected by intercropping (Tables 5 and 6).

There exists the optimum crop planting density in intercropping. Craufurd (2000) [51] noted
that poor management of planting density could be detrimental to intercropping. Plant densities
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that are too low limit the potential yield, and that are too high lead to increased stress on the plant,
and increased interplant competition for light, water and nutrients [52] which also decreases the
yield. In South Africa, three maize densities (18,500, 24,700 and 37,000 plants/ha) and two dry bean
arrangements (single and double row arrangement) were intercropped together, maize density of
18,500 plants/ha achieved significantly lower maize yield than 24,700 and 37,000 plants/ha, and that
of 37,000 plants/ha with double row of dry bean is recommended [19]. In Wolaita Zone Southern
Ethiopia of Africa, intercropping of maize (44,444 plants/ha) with common bean (93,750 plants/ha)
obtained both higher agronomic and economic advantage than sole crops and the intercropping with
bean at 62,500 plants/ha [21]. In field trails on the loess Plateau, China, the dry matter production
and leaf area index of maize increased as the plant density increased irrespective of whether it was
grown in monoculture or intercropping; while the greatest LER was observed in two rows of maize
intercropping with two rows of soybean at low density [17]. In our study, the rational increase of
maize densities in intercropping from the inter-plant distance of 27 to 20 cm increased LERs (Tables 2
and 4), especially for the averaged LER of the biomass yield over three locations, which was enhanced
from 0.94 (<1.0) to 1.03, showing the intercropping yield advantage. Willey and Osiru (1972) [24]
determined that a higher density of component intercrops resulted in greater intercropping advantages
in a maize/bean intercropping. However, further increase in maize planting densities by narrowing the
maize inter-plant distances (≤16 cm) didn’t lead to significantly higher LERs of grain/biomass yields
than those at 20 cm (Tables 2 and 4), unfortunately wasted maize seeds and reduced the community
stability of productivity severely (especially for maize and total LERs), compared to monoculture and
intercropping at the maize inter-plant distances of 27 and 20 cm (Table 7). A maize/sweet potato
intercropping study in northern Uganda showed similar results that Land Equivalent Ratios of >1.2
were obtained at maize intercrop densities of 41,666 and 55,555 but not at 88,888 plants/ha [20].
Simultaneously, the β-carotene content and yield in sweet potato roots were significantly reduced
by high maize density. In the present study, the excessive increase in maize densities are more likely
to lead to abnormal maize ears with long bald tips, low seed setting rates and irregular grain/seed
shortcomings and peanut with relative much stalks and leaves but little pods bearing (Figures 2 and 3),
and whether the corresponding grain nutritional quality also deteriorate is worth further investigation.

Three limitations existed in this current study. (1) No yield platform was found for maize or
peanut in intercropping with increasing the maize density. The possible reason is the actual maximum
maize density is not high enough. (2) At harvest, the actual maize planting density was not determined.
(3) Lack of corresponding density treatments on monocropped maize. All partial LERs of maize
were calculated based on the performance of maize in conventional monoculture at the inter-plant
distance of 27 cm, which was convenient for mechanical single seed sowing and widely adopted by
local farmers.

Yang et al. (2018) [22] reported that net returns and benefit to cost ratios of maize/pea
intercropping were increased with an increase of maize planting density. The economic benefits
of maize/peanut intercropping as affected by maize planting densities were not investigated in
the present study. The maize/peanut intercropping required more labor in their production than
sole cropping. Consequently, like the maize/pea intercropping [22], the grain yield, net returns
and benefit to cost rations of maize/peanut intercropping may be similar or even lower than sole
maize. However, the inclusion of annual legumes in cropping systems via either cereal/legume
intercropping or cereal-legume rotations can significantly reduce the use of synthetic N and P fertilizer,
as the legumes fix N2 from the atmosphere to reduce the requirement for inorganic nitrogen in crop
production, and secret H+ and organic acids to mobilize soil sparingly soluble P to facilitate P uptake by
maize [34,35,53–57]. Furthermore, such a cereal/legume intercropping system can provide significant
ecological and environmental benefits by also lowering the environmental carbon footprint [38,58–60],
and enhancing soil and ecological sustainability and/or resilience to climate change and pest, disease
and weed damage [3,4,10,61–63].
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5. Conclusions

The increase of maize densities in maize/peanut intercropping enhanced maize productivity at
the cost of peanut. The higher the maize density, the higher the maize yields and the lower the peanut
yields. The comprehensive yield effect of the whole intercropping system (i.e., LER) is relatively stable
and less affected. Intercropping of maize/peanut was not beneficial to the accumulation of grain yields
(LERs < 1.0) but had some advantages on biomass yields (LERs > 1.0). Shading by maize decreased
not only the peanut biomass, but also the kernel harvest index. The higher the maize density, the
lower the harvest index of peanut. It was mainly the reduced kernel harvest indexes of intercropped
peanut that led to lower partial LERs of grain yields than those of biomass yields of peanut and the
grain yield accumulation disadvantage of the whole intercropping system. Excessive narrowing maize
inter-plant distances (from the initial 27 cm to be ≤ 16 cm) wasted maize seeds, unfortunately reduced
the community stability of productivity severely (especially for maize and total LERs) and are more
likely to produce abnormal maize ears and peanut with relative much stalks and leaves but little pods
bearing. Therefore, the maize density in maize/peanut intercropping is not “the more the better”, a
rational increase of maize densities is suggested to maintain the balance between maize and peanut
and the comprehensive yield advantage.
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