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Abstract: Intercropping has been shown to increase crop yields and improve land utilization in
many cases but it is unknown how the interspecies relationship is enhanced with improved crop
management schemes. In this study, we investigated the effect of different maize densities and N
rates on the growth, crop yields and economic benefits of pea (Pisum sativum L.)/maize (Zea mays L.)
intercropping. The results indicated that total yields of pea/maize intercropping were higher than
the yield of maize alone, and that pea/maize intercropping improved land use efficiency significantly
compared to sole crops, the partial land equivalent ratio (LER) of maize and pea with high planting
density increased from 0.98% to 9.36% compared to low planting densities during 2012 and 2013.
The pea strips provided significant compensatory effects on the growing maize after the earlier-sown,
shorter-seasoned pea was harvested. The crop growth rate (CGR) of the intercropped maize was 18.5%
to 216.9% greater than that of sole maize after pea harvest, the leaf area index (LAI) of pea/maize
intercropping was 6.9% and 45.4% greater compared with the weighted average of sole maize and sole
pea in 2012 and 2013, respectively. Net returns and benefit to cost ratios of pea/maize intercropping
were increased with an increase of maize planting density. A low rate of N fertilizer was coupled with
increased maize plant density, allowing interspecific facilitation to be fully expressed, thus improving
the land utilization rate and increasing economic benefits. Overall, our findings show that a higher
density of maize and lower N application can be used to increase grain production with no adverse
effects on the growth components of either pea or maize crops. It could be considered an advanced
farming system for agricultural sustainable development in the oasis region of northwest China.
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1. Introduction

Legume/cereal intercropping has been broadly practiced in many short-season areas, such as the
northern Great Plains of Latin America, North America, northwest Eurasia and northwest China where
the temperatures only permit one crop per year [1–3]. The advantages of legume/cereal intercrops
are often assumed to arise from the complementary use of N sources by intercropping with legumes,
because intercropped legumes can meet their N demand due to the complementarities between
symbiotic N2 fixation, soil N acquisition and intercropped cereals uptake of more N from the soil than
they stand in sole cropping [4–6]. This is of particular interest for developing low-input and sustainable
cropping systems. In addition, legume/maize (Zea mays L.) intercropping has higher land use efficiency,
lower water consumption and more ecological and environmental benefits compared to a cereal-cereal
intercropping [7,8]. For intercropping, interspecific interactions often occur, including interspecific
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facilitation (positive interaction) and interspecific competition (negative interaction) [9–11]. However,
there is great yield advantage in intercropping compared with corresponding sole crops [12–14],
this is largely because one component can enhance the survival, growth, or fitness of the other
component [15]. Therefore, one component may influence the performance of the other components in
the whole cropping system.

The Hexi Corridor of Gansu province in China is a typical oasis agricultural region with abundant
sunlight and high temperatures and the traditional planting pattern is one crop per year [16]. In recent
years, intercropping has been used to extend the growing season with a focus on producing more
grains per year per unit land area. Pea/maize intercropping is one of the choices, as this system
has high land use efficiency. More importantly, it is in harmony with ecological and environmental
sustainability due to the benefits of N-fixation in pea crops [17]. Meanwhile, a substantial increase
in grain yield and per capita food production in the last 50 years in China appeared mostly due to
increased industrial energy inputs, especially nitrogen-based chemical fertilizer [18]. In this irrigation
area, the amount of applied N fertilizer has risen to 450 kg ha−1 [19,20], yet N fertilizer in agricultural
fields can be lost through many pathways, such as ammonia volatilization, nitrate leaching, and nitrous
oxide (N2O) emissions, which leads to ecosystem degradation and environmental pollution [21–23].
In addition, they use large quantities of locally available non-commercial and commercial energies
in direct and indirect forms, therefore farmers want maximum return from a limited area using
their scare resources [24,25]. The reasons for low yield and input include conventional planting
methods, costly inputs, improper planting density and imbalanced fertilizer application over the past
few years. The main objective of intercropping is to achieve higher productivity per unit area [13],
increase resource use efficiency [14,26], and potentially reduce the negative impacts of cropping on the
environment [27,28]. However, little has been studied with regard to N fertilizer management and
planting density manipulation in legume/cereal intercropping systems.

Therefore, the aim of this study on pea/maize intercropping systems was to quantify the
agronomic productivity of pea and maize mono-cropping and intercropping systems and to assess the
profitability of pea/maize intercropping systems for smallholder farmers.

2. Materials and Methods

2.1. Site Description

The field experiment was conducted in 2012 and 2013 at the Wuwei Experimental Station of
Gansu Agricultural University in an arid oasis region (37◦52′20′′ N, 102◦50′50′′ E, and 1776 m a.s.l).
This station is in the temperate arid zone in the hinterland of the Eurasia Continent, and is located in the
eastern part of the Hexi Corridor in northwestern China. Long-term (1950–2012) weather data shows
that the average annual sunshine duration is more than 2968 h, mean temperature is 7.3 ◦C with an
accumulated temperature above 10 ◦C more than 2985 ◦C, and the frost-free period is 156 days. Mean
annual precipitation is less than 156 mm, which occurs mainly from June to September, and potential
evaporation is greater than 2400 mm. The soil at the research station is classified as Aridisol, a kind of
desert soil filled with calcareous particles. At the start of the experiment, some of the properties are
shown in Tables 1 and 2. Daily rainfall and maximum and minimum temperature during the course of
the experiment were recorded daily at the experimental site (Figure 1).

Table 1. Soil properties at the start of this experiment.

Layer Bulk Density (g cm−3) Wilting Point % Field Capacity % Soil Texture a
Particle Size % b

Sand Silt Clay

0–20 cm 1.42 6.6 20.5 Silt loam 27.9 66.2 5.9
20–40 cm 1.51 9.5 23.4 Silt loam 25.5 69.2 5.3
40–70 cm 1.55 10.4 26.1 Silt 17.1 78.6 4.3

70–110 cm 1.49 11.5 27.4 Silt loam 25.5 70.6 3.9

a Soil texture is determined using the soil particle percentage; b Soil particle fraction based on the USDA textural
soil classification system.
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Table 2. Soil properties at the experimental site, 2012–2013.

Year Layer Organic Matter
(g kg−1)

Total N
(g kg−1)

Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1) pH

2012
0–20 cm 17.82 0.79 107.58 30.92 174.33 7.41

20–40 cm 15.70 0.75 106.52 26.60 121.00 7.70

2013
0–20 cm 18.00 0.93 108.14 27.14 184.51 7.35

20–40 cm 15.86 0.71 106.49 19.54 132.99 7.69

Figure 1. Monthly precipitation and mean air temperature of research station during growing seasons
y in 2012 and 2013.

2.2. Experimental Design and Plot Management

The experiment was established with a randomized, incomplete block design and with
three replicates. Three cropping systems, that is, sole pea (P), sole maize (M) and pea/maize
intercropping (P/M), three planting density in maize, 73,500 plants ha−1 (D1), 85,900 plants ha−1

(D2), and 98,200 plants ha−1 (D3), two N fertilizer management systems, without nitrogen application
(N0) and with nitrogen application and (N1), 0 and 450 kg N ha−1 for maize, 0 and 135 kg N ha−1

for pea respectively. The sole maize treatment received N fertilizer at 450 kg N ha−1 as urea (46-0-0
of N-P2O5-K2O), with 20% of the total N (i.e., 90 kg N ha−1) evenly spread and incorporated into
the top 30 cm of soil using rotary tillage prior to seeding (as base fertilizer), and the remaining 80%
(i.e., 360 kg N ha−1) was divided into three portions as topdressing (implemented at typical maize
growth stages, i.e., at jointing, pre-tasseling and 15 d post-flowering). The sole pea treatment received
the same amount of N fertilizer as the sole maize with base fertilizer N (pre-seeding) plus topdressing
N at maize jointing (pea flowering). Intercrops received the same area-based N fertilizer as the
corresponding sole crops.

Selected pea and maize cultivars were “MZ-1” and “Xian-yu 335”, respectively. Each plot size
was 6.0 m × 9 m, with a 40 cm wide by 30 cm high ridge built between two neighboring plots to
eliminate potential water movement. In the strip intercropping system, pea and maize were planted in
a west-east row orientation in alternating 200 cm wide strips. In all years, pea/maize intercropping
was planted in strips with four rows of pea (20-cm row space) alternated with three rows of maize
(40-cm row space) in a set of 90:110 cm strips. There was a 30 cm wide gap between pea and maize
strips (Figure 2). Planting density was 1,800,000 plants ha−1 for sole pea and 758,000 plants ha−1 for
intercropped pea. Superphosphate (337.5 kg P2O5 ha−1) was spread and then incorporated into the
soil prior to seeding in all plots.
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Figure 2. Planting pattern in pea/maize intercropping system.

Supplemental irrigation was applied because of low precipitation in the experimental area
(less than 150 mm annually). We employed the irrigation schedule as locally practiced—all plots
received an amount of 120 mm of irrigation in the previous fall just before soil freezing. During the
growing season, five irrigations were applied to maize (90 mm at seedling, 120 mm at booting, 120 mm
at pre-heading, and 120 mm at flowering and 90 mm at filling), and 210 mm of water was irrigated to
sole pea (90 mm at maize seedling, 120 mm at maize booting). A hydrant low pressure pipe system
was used for irrigation and a flow meter was installed at the discharging end of the pipe to measure
and record the irrigation amounts entering each plot. The cultivar, fertilizing, insect control and strip
form in all plots were the same for each year.

Pea (cv. MZ-1) was planted on 2 April and 1 April in 2012 and 2013 respectively and the maize
(cv. Xian-yu 335) was planted 20 days after pea planting. Pea emerged on 16 April and 13 April, maize
emerged on 30 April and 29 April in 2012 and 2013, respectively. Harvesting dates for pea were 8 July
in both 2012 and 2013, while maize was harvested on 28 September and 30 September respectively for
the two years. There were about 67–70 d of maize-pea co-growth.

2.3. Data Collection and Statistical Analysis

2.3.1. Grain Yield and Land Equivalent Ratio (LER)

At maturity, all plots were harvested by hand and the harvested grains were air-dried, cleaned, and
weighed for grain yield. Land equivalent ratio (LER) was used to evaluate the success of intercropping
using a concept proposed by Willey (1979) [29]—the total LER is defined as the total land area required
under monoculture to give the yields obtained in the intercropping mixture. It is expressed as:

LER = (LERpea + LERmaize) =
((

Yip
Ysp

)
+

(
Yim
Ysm

))
(1)

where Ysp and Yip are grain yields of pea in monoculture and intercropping (kg ha−1), respectively;
Ysm and Yim are grain yields of maize in monoculture and intercropping (kg ha−1), respectively.
LERpea and LERmaize are the partial LER of intercropped pea and intercropped maize, respectively.
LERpea and LERmaize indicates the efficiency of intercropping for using land resources compared
with sole cropping [30]. A total LER greater than 1.0 indicates the presence of positive interferences
among the crop components of the mixture [31].
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2.3.2. Crop Growth Rate

A sample of 20 pea plants and 10 maize plants were randomly selected from each plot at ground
level at different stages of crop growth. All plant samples were oven dried at 80 ◦C in an air forced
oven until at a constant weight. Dry matter (DM) was determined based on the fresh weight of sample
plants and the moisture content of the subsamples.

Crop growth rate [32] (CGR), viz., the increase in dry weight of crop per unit area per unit time
was calculated using the following equation:

CGR =
DM2−DM1

d
(2)

where DM1 is the DM measured at an earlier sampling time, DM2 is the DM measured at a later
sampling time, and d is the number of days between the two sampling dates.

2.3.3. Leaf Area Index

Leaf area index (LAI) [33] was calculated as leaf area per plant/ground area per plant. For pea,
20 plants were randomly taken from each plot and the leaf area was measured using a leaf area meter
(Model Li-3000, LI-COR, Lincoln, NE, USA). For maize, 10 plants were randomly taken from each
plot, leaf length and the greatest leaf width were measured with a ruler, and leaf area was determined
by following the formula: leaf area = leaf length × the greatest leaf width × 0.78. For intercropping
systems, the LAI of pea and maize was measured separately, and total LAI for the intercropping system
was set as the means of the LAIs for pea and maize.

2.3.4. Economic Efficiency

The economic performance of different treatments was assessed to determine which treatment
was sufficient to convince farmers for practicing. Economic inputs include seed, chemical fertilizers,
irrigation water, labors, fuel, and so forth. The economic outputs included the seed yield plus the
by-product yield. The primary data on various inputs and management practices were used for the
computation of economic output. For estimation of economic inputs and outputs, economy equivalents
(Table 3) were utilized. The economic efficiency was calculated as [34]:

Net returns = Total output − Total input (3)

Benefit Cost ratio = Net returns/Total input (4)

2.3.5. Statistical Analysis

Data on yield, LER, CGR, LAI and economic outcome were analyzed using the analysis of variance
(ANOVA) procedure of the Statistical Analysis Software (SPSS software, 16.0, SPSS Institute Ltd.,
Chicago, IL, USA). The comparisons among different treatments were made with the Least Significant
Differences Test. Because of significant treatment × year interaction for most of the variables in this
study, the treatment effect was assessed for each year separately. Significances were declared at the
probability level of 0.05, unless otherwise stated.
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Table 3. Inputs and outputs of the production of pea and maize in an oasis region, northwest
China, 2012–2013.

Item Description Units Value in Chinese Yuan (¥) c

(B) Inputs
1. Human labor

(a) Adult man Man-hour 15.00
(b) Woman Woman-hour 12.00

2. Diesel a L 13.60
3. Petrol L 15.20
4. Irrigation water m3 0.10
5. Electricity kWh 0.55
6. Chemical fertilizer

(a) Nitrogen kg 1.70
(b) Phosphate(P2O5) kg 1.80
(c) Potash(K2O) kg 15.00

7. Seed
(a) Pea kg 9.80
(b) Maize kg 17.6

(A) Outputs b

I. Main product
1. Pea kg 3.60
2. Maize kg 2.40

II. By product
1. Straw kg 0.30
2. Stover kg 0.20

a Includes lubricants; b Outputs are based on dry mass; c Averages of 2012 and 2013.

3. Results

3.1. Yield Advantage

Total grain yields (mixed yields) of the pea/maize intercropping were similar to that of sole
maize in 2012 and 2013, but they were significantly increased compared with sole pea (Table 4). It was
consistent that total grain yields of pea/maize intercropping were significantly improved with the use
of nitrogen in each of the two study years. Grain yield of intercropped maize with nitrogen applied
(N1) was increased by 17.03% and 11.07% compared with the maize without nitrogen fertilization (N0)
during the two years. Plant density also had a significant impact on grain yield of intercropped maize,
the maize with medium plant-density (D2) increased grain yield by 15.20% and 11.83% relative to the
low plant-density (D1), and the maize at high plant-density level (D3) increased yield by 27.43% and
22.89% than maize at medium plant-density in 2012 and 2013, respectively.

Similarly, the grain yields of intercropped pea were increased with nitrogen fertilization (Table 4).
Yields of intercropped pea with fertilization were increased by 13.65% to 14.41% compared with the
pea without nitrogen applied. Planting density of maize had a significant effect on grain yields of
intercropped pea in 2013. On average, the yield of intercropped pea with high planting density of
maize was decreased by 2.47% and 17.38% more than that of low planting density in 2012 and 2013,
respectively. Overall, application of nitrogen fertilizer enhanced the grain yields of intercropped pea
and intercropped maize. Grain yield of maize was significantly increased with increasing planting
density, but slightly decreased the yield of intercropped pea.

Total land equivalent ratio (LER) for pea/maize intercropping was greater than 1 (Table 5),
which indicating that there is an advantage of utilizing land resources by pea/maize intercropping
systems relative to the corresponding sole crops. Partial LER for maize with application of nitrogen
fertilizer was increased by 7.17% than that of maize without nitrogen fertilization in 2012. The treatment
with high planting density of maize gave the maximum partial LER for maize. Partial LER for maize
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with the high planting density increased by 4.26%, 3.31% and 7.08%, 7.19% more than that of low and
medium planting densities in 2012 and 2013, respectively.

Table 4. Grain yields of pea and maize crops in intercrop- and sole-cropping systems with two rates of
nitrogen and at three maize plant-density levels at an Oasis region, 2012–2013.

Treatment

2012 2013

Component Yield
Mixed Yields a

Component Yield
Mixed Yields a

Pea Maize Pea Maize

(kg ha−1)

Inter-cropping

Rate of nitrogen effect

N0 1707 8458 10,165 2133 8345 10,478
N1 1977 10,194 12,171 2492 9384 11,876
N NS b * * * ** *

Planting density effect

D1 1868 7865 9734 2418 7751 10,169
D2 1835 9275 11,110 2459 8791 11,249
D3 1823 10,838 12,661 2060 10,052 12,112
D NS * * * * *

N × D
(p-value) NS * * NS * NS

Sole-cropping

Rate of nitrogen effect

N0 3146 10,652 — 3380 9835 —
N1 4603 11,983 — 4753 11,339 —
N * * — NS * —

Planting density effect

D1 — 9677 — — 8850 —
D2 — 11,443 — — 10,561 —
D3 — 12,832 — — 12,349 —
D — * — — * —

N × D
(p-value) — * — — NS —

a Mixed yields are the sum of the yields produced by the two component crops; b NS refers to no significant
differences between treatments at the 0.05 level; * Significant difference between treatments at 0.05 levels.
** Significant difference between treatments at 0.01 levels.

Table 5. Partial land equivalent ratio (LER) for grain yields of intercropped pea and intercropped
maize, total LER for grain yields of intercropping at an Oasis region, 2012–2013.

Treatment

Partial LER
Total LER

Pea Maize

2012 2013 2012 2013 2012 2013

Rate of nitrogen effect
N0 0.699 0.611 0.795 0.839 1.634 1.466
N1 0.683 0.696 0.852 0.830 1.694 1.226
N NS * * NS * NS

Planting density effect
D1 0.692 0.497 0.809 0.814 1.635 1.373
D2 0.725 0.509 0.817 0.813 1.638 1.347
D3 0.764 0.502 0.845 0.876 1.719 1.317
D * NS a NS NS * NS

N × D NS NS NS NS NS NS
a NS refers to no significant differences between treatments at the 0.05 level, * Significant difference between
treatments at 0.05 levels.

The partial LER of pea without nitrogen fertilization decreased by 12.21% more than that of pea
with nitrogen fertilization in 2013, but no significant difference was found in 2012. Compared to low
maize planting density, high and medium maize planting density increased partial LER of pea by
9.38% and 4.55% in 2012, 2.36% and 0.98% in 2013, respectively. Total LER of the two component crops
with application of nitrogen fertilizer was significantly reduced by 16.4% compared to the treatments
without nitrogen fertilization in 2013, no significant difference was found in 2012.
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3.2. Crop Growth Rates

There were some compensatory effects between the two intercrops, as revealed by the change of
the crop growth rates (CGR) in intercropped maize and sole maize (Figures 3 and 4). The CGR of sole
maize was always greater than intercropped maize, and it increased by 3.2% to 93.6% during the period
of 15 to 95 d after pea emergence in 2012 and 2013. However, the growth of maize plants increased
rapidly after pea harvest (at 95 d after pea emergence) in pea/maize intercropping, the CGR of the
intercropped maize was 18.5% to 216.9% greater than that of sole maize. The intercropped pea strips
provided a significant compensatory effect on the growth of maize plants after the pea was harvested.

Figure 3. Crop growth rate (CGR) of sole pea (P) and intercropped pea (IP) grown under two nitrogen
(N0 and N1) levels with three maize planting densities (D1, D2, and D3) throughout the 2012–2013
growing seasons, where error bars represent standard errors. The vertical bars represent ± SE.

Figure 4. Crop growth rate (CGR) of sole maize (M) and intercropped maize (IM) grown under two
nitrogen (N0 and N1) levels with three plant-densities (D1, D2, and D3) throughout the 2012 and 2013
growing seasons, where error bars represent standard errors. The vertical bars represent ± SE.
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3.3. Leaf Area Index

Averaged over the four (for pea) and eight (for maize) measurements were conducted during
the whole growth period, leaf area index (LAI) of pea/maize intercropping was 6.9% greater in 2012
and 45.4% greater in 2013 compared with the weighted average of sole maize and sole pea (Figure 5).
The leaf area index was 11.0% to 19.3% higher for intercropping with N fertilization than that without
use of N fertilizer, and 6.7% to 10.2% higher for sole maize and 21.0% to 24.1% higher for sole pea on
average. Furthermore, LAI of pea/maize intercropping was increased on average by 17.2% in 2012
and 9.1% in 2013 with increased maize plant density from low to medium; the LAI increased by 15.1%
in 2012 and 13.4% in 2013 as the maize density increased from medium to high.

Figure 5. Leaf area index (LAI) of crops in different treatments. The letters above histogram indicate
statistical significances within the same year at the 0.05 level using LSD tests. The vertical bars
represent ± SE.

3.4. Economic Outcome

We made an effort to assess the economic outcome of the pea/maize intercropping under different
crop management schemes. Labor, net return and benefit-cost ratio were calculated for each treatment
(Table 6). Pea/maize intercropping had the highest labor input (1696–1768 man-hours ha−1), which was
55.9% to 64.7% higher than sole maize, and 17.7% to 30.1% higher than sole pea. Net returns were
improved by the use of nitrogen fertilizer regardless of intercropping or sole cropping. Pea/maize
intercropping had a similar net return compared to corresponding sole maize with medium and high
plant densities. However, the net returns of pea/maize intercropping were significantly higher than
that of sole pea. In the treatment with zero N fertilization, both pea/maize intercropping and sole
maize increased the net returns with increasing maize plant density. In the treatment with 450 kg ha−1

nitrogen fertilization, there was no significant difference in the net returns of pea/maize intercropping
between medium and high plant densities of maize. In sole cropping systems with 450 kg ha−1

nitrogen fertilization, sole maize with medium plant density gave the maximum net returns of ¥2671
and ¥2772; it was significantly higher than that of sole maize at low and high planting densities.
Large amounts of N fertilizer input reduced net returns with the increasing of maize planting density.
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Table 6. Economic contributions of sole pea (P), sole maize (M) and pea/maize intercropping (P/M)
under various treatments in an Oasis region of northwest China, 2012–2013.

Treatment Labor
(Man-Hours ha−1)

Total Input a

(¥ ha−1)
Total Output a

(¥ ha−1)
Net Returns b

(¥ ha−1)
Benefit-Cost Ratio c

P
N0

1396
1288 1891 603 0.47

N1 1341 2515 1175 0.88

M

N0
D1

1076

2164 3867 1703 0.79
D2 2275 4380 2105 0.93
D3 2468 4943 2475 1.01

N1
D1 2309 4429 2120 0.92
D2 2418 5140 2722 1.13
D3 2593 5229 2635 1.02

P/M

N0
D1

1724

2225 3909 1685 0.76
D2 2379 4526 2146 0.90
D3 2513 4886 2374 0.94

N1
D1 2370 4748 2379 1.01
D2 2527 5187 2660 1.06
D3 2618 5580 2963 1.14

Significant test (p-value)

P: N0 vs. N1 NS d NS * ** *
M: N0 vs. N1 NS * ** * NS

P/M: N0 vs. N1 NS ** * * *
P vs. M (N0, N1 average) * ** ** ** *

M: among D1, D2, D3 NS * * * NS
P/M: among D1, D2, D3 NS * * * NS

Economic contributions in 2012 and 2013 had the same varying tendency, all parameters are average value. a All the
items listed in Table 2. b Net return is total outputs—total inputs. c Benefit ratio is net return divided by total input
cost. d NS refers to no significant differences between treatments at the 0.05 level, * Significant difference between
treatments at 0.05 levels, ** Significant difference between treatments at 0.01 levels.

The benefit-cost ratio was improved by the use of N fertilizer. The benefit to cost ratio was
lower than 1 in the treatments with 0 kg ha−1 N applied either in pea/maize intercropping or sole
cropping systems. In the corresponding density treatment, no significant difference was found between
intercropped maize and sole maize, but they were significantly higher than that in corresponding
sole pea. In pea/maize intercropping systems with 450 kg ha−1 N applied, the benefit to cost ratio of
intercropping increased with increasing planting density. Pea/maize intercropping with high maize
planting density provided the maximum benefit to cost ratios, from 1.13 to 1.29, which was increased
by 11.8% to 14.4% more than that of the low maize planting density.

4. Discussion

In pea/maize intercropping, the increase of planting density of intercropped maize could improve
the yield of intercropped maize but decrease the grain yield of intercropped pea. This was probably
due to increased competition between the two species [35]. Although total grain yields of pea/maize
intercropping were higher than that of sole maize, it had a yield advantage of up to 72% compared
to the corresponding sole crops, and the land equivalent ratio (LER) of pea/maize intercropping
ranged from 1.03 to 1.72. The yield advantages of intercropping over sole cropping may arise from the
complementary use of growth resources [36,37], such as N and light in space and time [38,39]. However,
we found that the total LER of pea/maize intercropping with N fertilizer application was reduced by
3.9% to 16.4% compared with no fertilizer application. Our results suggest that lower N fertilization
levels should be considered for legume/cereal intercropping as the low-N soil environment allows
the interspecies to have a complementary effect with the advantages of cropping mixture. Our study
showed that higher maize planting density can change the use of land resources—this was supported
by the fact that the partial LER for pea was reduced by 8.4% at a high maize density compared to the
low maize density. In contrast, partial LER for maize was significantly increased with the increase of
maize plant density.

Interspecies interaction determines the balance and outcome of the competitiveness between the
two intercrops and the dynamics of the outcome can be evaluated using the crop growth rates [40].
In the present study, we found significant compensatory effects between the two intercrops, as is
shown by the change of the crop growth rates (CGR) of intercropped maize compared to sole maize,
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where the growth rate of intercropped maize was 18.5% to 216.9% greater than sole maize after pea
was harvested, and the leaf area index (LAI) of pea/maize intercropping was greatly increased in
both years, compared with the weighted average of sole maize and sole pea. Larger spaces left by
early-harvested pea provide excellent aeration and light conditions that facilitate aboveground biomass
accumulation of intercropped maize. Also, unused water and nutrients that were left by intercropped
pea are available for intercropped maize in the mid-filling period. Increased biomass of maize during
the later part of the growth period plays a key role in maize yield and in the total productivity of
pea/maize intercropping.

Another important aspect for pea/maize intercropping is the efficient use of light because
of complementary use of space between the shorter pea plants and the taller maize plants.
The complementary effect is also shown for the length of the growth period because their life cycles are
different, with the maturity of intercropped pea was about 30 to 50 days earlier than the intercropped
maize. This claim is supported by the consistent results on leaf photosynthetic rate (Pn) in this
study that have not been published. During the co-growth period, the Pn of intercropped maize
was significantly lower compared to that of sole maize. However, after pea was harvested, the Pn of
intercropped maize became 13.2% to 19.6% higher than that of the sole maize. Our result disagrees
with the findings on cowpea and sorghum (sorghum bicolor L.) mixed culture that monoculture had
higher photosynthetic rates in the leaves of plants relative to those in mixed culture [41]. These results
suggest that proper coordination of the two intercrops plays a large role in enhancing plant growth and
improving crop productivity. Detailed studies are required to establish the best-matching intercrop
partners for full utilization of resources in the production advantages of intercropping.

The pea/maize intercropping achieved higher yields but required more labor in their production
than sole cropping in the present study. Consequently, the pea/maize intercropping had a similar
net return as the corresponding sole maize, but the net returns of intercropping were higher than
sole pea. In all cases, the net returns were improved by the use of nitrogen fertilizer regardless of
intercropping or sole cropping. Although the grain yield, net returns and benefit to cost ratios of
pea/maize intercropping were similar or even lower than sole maize, the grain composition and quality
from this cereal-legume intercropping is more valid for animal or human consumption compared to
the sole maize because of the higher protein in pea [42]. Furthermore, the inclusion of annual legumes
in cropping systems via either legume-cereal intercropping or cereal-legume rotations can significantly
reduce the use of synthetic N fertilizer [43,44], as the legumes fix N2O from the atmosphere [45]. Such a
legume-cereal system can provide significant ecological and environmental benefits by reducing carbon
emissions [27,46], lowering the environmental footprint [47,48] and enhancing soil and ecological
sustainability [49,50].

Furthermore, the pea/maize intercropping has more ecological benefits than sole maize, as the
legume can fix N from the atmosphere and thus reduce the requirement for inorganic nitrogen in crop
production [51].

5. Conclusions

Grain yield of pea/maize was increased, on average, by up to 71.9% compared to monoculture
maize and monoculture pea on a per hectare basis. The increased yield with the intercropping was
largely due to improved interspecies interaction and facilitation. Earlier sowing and faster growing
of the intercropped pea allowed for greater dry matter accumulation before maize plants became
large enough for a compatible competitiveness with the pea. Also, a strong compensatory effect
occurred between the two intercrops after the early-sown, short-season pea was harvested, when the
crop growth rate of the intercropped maize was increased by 18.53% to 216.89% over the sole maize.
The use of nitrogen fertilizer decreased the total land equivalent ratio of the pea/maize intercropping
significantly although the use of N improved the grain yield of intercropped maize. Furthermore,
the interspecies facilitation and complementary effects were expressed better under the low fertility
conditions. This suggests that relatively low N fertilization should be considered for pea/maize
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intercropping in order to improve land use efficiency, take advantage of intercropping facilitation
and improve economic benefits. Also, linked with the higher yield, the associated higher amount of
cereal-legume by-product is preferred for animal feed or human consumption. Therefore, pea/maize
intercropping can be considered as an advanced farming system for agricultural development and
environmental sustainability.

Acknowledgments: We are grateful to the National Natural Science Fund (grant number 41561062,
31360323, 31771738), the research grants provided by National Key Technology R&D Program (grant number
2015BAD22B04), Modern agriculture green manure industry technology system (CARS-22-G-12), Excellent Youth
Foundation of Gansu Scientific Committee (1111RJDA006), and scientific research program in higher education of
Gansu province (2017A-030).

Author Contributions: Qiang Chai conceived and designed the experiments; Zhilong Fan performed
the experiments; Zhilong Fan and Caihong Yang analyzed the data; Qiang Chai contributed
reagents/materials/analysis tools; Caihong Yang and Zhilong Fan wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yu, Y.; Stomph, T.J.; Makowski, D.; Zhang, L.Z.; Werf, W. A meta-analysis of relative crop yields in
cereal/legume mixtures suggests options for management. Field Crops Res. 2016, 198, 269–279. [CrossRef]

2. Oelbermann, M.; Regehr, A.; Echarte, L. Changes in soil characteristics after six seasons of cereal–legume
intercropping in the Southern Pampa. Geoderma Reg. 2015, 4, 100–107. [CrossRef]

3. Tang, X.Y.; Bernard, L.; Brauman, A.; Daufresne, T.; Deleporte, P.; Desclaux, D.; Souche, G.; Placella, S.A.;
Hinsinger, P. Increase in microbial biomass and phosphorus availability in the rhizosphere of intercropped
cereal and legumes under field conditions. Soil Biol. Biochem. 2014, 75, 86–93. [CrossRef]

4. Hauggaard-Nielsen, H.; Gooding, M.; Ambus, P.; Corre-Hellou, G.; Crozat, Y.; Dahlmann, C.; Dibet, A.;
Von Fragstein, P.; Pristeri, A.; Monti, M. Pea–barley intercropping for efficient symbiotic N2-fixation, soil
N acquisition and use of other nutrients in European organic cropping systems. Field Crops Res. 2009, 113,
64–71. [CrossRef]

5. Bedoussac, L.; Justes, E. The efficiency of a durum wheat-winter pea intercrop to improve yield and wheat
grain protein concentration depends on N availability during early growth. Plant Soil 2010, 330, 19–35.
[CrossRef]

6. Musa, E.M.; Elsheikh, E.A.E.; Mohamed Ahmed, I.A.; Babiker, E.E. Effect of intercropping, Bradyrhizobium
inoculation and N, P fertilizers on yields, physical and chemical quality of cowpea seeds. Front. Agric. China
2012, 5, 543–551. [CrossRef]

7. Siddique, K.; Regan, K.; Tennant, D.; Thomson, B. Water use and water use efficiency of cool season grain
legumes in low rainfall Mediterranean-type environments. Eur. J. Agron. 2001, 15, 267–280. [CrossRef]

8. Li, C.J.; Li, Y.Y.; Yu, C.B.; Sun, J.H.; Christie, P.; An, M.; Zhang, F.S.; Li, L. Crop nitrogen use and soil mineral
nitrogen accumulation under different crop combinations and patterns of strip intercropping in northwest
China. Plant Soil 2011, 342, 221–231. [CrossRef]

9. Park, S.; Watkinson, A. Estimating the optimal relative density combination of two crops in an intercrop.
J. Appl. Ecol. 2002, 39, 416–426. [CrossRef]

10. Dhima, K.; Lithourgidis, A.; Vasilakoglou, I.; Dordas, C. Competition indices of common vetch and cereal
intercrops in two seeding ratio. Field Crop. Res. 2007, 100, 249–256. [CrossRef]

11. Yang, C.H.; Chai, Q.; Huang, G.B. Root distribution and yield responses of wheat/maize intercropping to
alternate irrigation in the arid areas of northwest China. Plant Soil Environ. 2010, 56, 253–262. [CrossRef]

12. Li, L.; Sun, J.H.; Zhang, F.S.; Li, X.L.; Yang, S.C.; Rengel, Z. Wheat/maize or wheat/soybean strip
intercropping: I. Yield advantage and interspecific interactions on nutrients. Field Crop. Res. 2001, 71,
123–137. [CrossRef]

13. Hu, F.L.; Gan, Y.T.; Chai, Q.; Feng, F.X.; Zhao, C.; Yu, A.Z.; Mu, Y.P.; Zhang, Y. Boosting system productivity
through the improved coordination of interspecific competition in maize/pea strip intercropping.
Field Crop. Res. 2016, 198, 50–60. [CrossRef]

14. Yin, W.; Yu, A.Z.; Chai, Q.; Hu, F.L.; Feng, F.X.; Gan, Y.T. Wheat and maize relay-planting with straw covering
increases water use efficiency up to 46%. Agron. Sustain. Dev. 2015, 35, 815–825. [CrossRef]

http://dx.doi.org/10.1016/j.fcr.2016.08.001
http://dx.doi.org/10.1016/j.geodrs.2015.01.002
http://dx.doi.org/10.1016/j.soilbio.2014.04.001
http://dx.doi.org/10.1016/j.fcr.2009.04.009
http://dx.doi.org/10.1007/s11104-009-0082-2
http://dx.doi.org/10.1007/s11703-011-1147-6
http://dx.doi.org/10.1016/S1161-0301(01)00106-X
http://dx.doi.org/10.1007/s11104-010-0686-6
http://dx.doi.org/10.1046/j.1365-2664.2002.00732.x
http://dx.doi.org/10.1016/j.fcr.2006.07.008
http://dx.doi.org/10.17221/251/2009-PSE
http://dx.doi.org/10.1016/S0378-4290(01)00156-3
http://dx.doi.org/10.1016/j.fcr.2016.08.022
http://dx.doi.org/10.1007/s13593-015-0286-1


Agronomy 2018, 8, 52 13 of 14

15. Chen, H.; Qin, A.; Chai, Q.; Gan, Y.; Liu, Z. Quantification of soil water competition and compensation using
soil water differences between strips of intercropping. Agric. Res. 2014, 3, 321–330. [CrossRef]

16. Chai, Q.; Gan, Y.; Turner, N.C.; Zhang, R.Z.; Yang, C.; Niu, Y.; Siddique, K.H.M. Water-saving innovations in
Chinese agriculture. Adv. Agron. 2014, 126, 149–202.

17. Hu, F.L.; Zhao, C.; Feng, F.X.; Chai, Q.; Mu, Y.P.; Zhang, Y. Improving N management through intercropping
alleviates the inhibitory effect of mineral N on nodulation in pea. Plant Soil 2017, 412, 235–251. [CrossRef]

18. Tong, C.; Hall, C.A.; Wang, H. Land use change in rice, wheat and maize production in China (1961–1998).
Agric. Ecosyst. Environ. 2003, 95, 523–536. [CrossRef]

19. Li, W.; Li, L.; Sun, J.; Guo, T.; Zhang, F.; Bao, X.; Peng, A.; Tang, C. Effects of intercropping and nitrogen
application on nitrate present in the profile of an Orthic Anthrosol in Northwest China. Agric. Ecosyst. Environ.
2005, 105, 483–491. [CrossRef]

20. Gao, Y.; Li, Y.; Zhang, J.; Liu, W.; Dang, Z.; Cao, W.; Qiang, Q. Effects of mulch, N fertilizer, and plant
density on wheat yield, wheat nitrogen uptake, and residual soil nitrate in a dryland area of China.
Nutr. Cycl. Agroecosyst. 2009, 85, 109–121. [CrossRef]

21. Lam, S.K.; Chen, D.; Norton, R.; Armstrong, R.; Mosier, A.R. Nitrogen dynamics in grain crop and legume
pasture systems under elevated atmospheric carbon dioxide concentration: A meta-analysis. Glob. Chang. Biol.
2012, 18, 2853–2859. [CrossRef] [PubMed]

22. Roy, A.K.; Wagner-Riddle, C.; Deen, B.; Lauzon, J.; Bruulsema, T. Nitrogen application rate, timing and
history effects on nitrous oxide emissions from corn (Zea mays L.). Can. J. Soil Sci. 2014, 94, 563–573.
[CrossRef]

23. Gregorich, E.; Janzen, H.H.; Helgason, B.; Ellert, B. Nitrogenous gas emissions from soils and greenhouse
gas effects. Adv. Agron. 2015, 132, 39–74.

24. Su, Y.Z.; Wang, F.; Zhang, Z.H.; Du, M.W. Soil Properties and Characteristics of Soil Aggregate in Marginal
Farmlands of Oasis in the Middle of Hexi Corridor Region, Northwest China. Agric. Sci. China 2007, 6,
706–714. [CrossRef]

25. Guan, Q.Y.; Wang, F.F.; Xu, C.Q.; Pan, N.H.; Lin, J.K.; Zhao, R.; Yang, Y.Y.; Luo, H.P. Source apportionment of
heavy metals in agricultural soil based on PMF: A case study in Hexi Corridor, northwest China. Chemosphere
2018, 193, 189–197. [CrossRef] [PubMed]

26. Chai, Q.; Gan, Y.T.; Zhao, C.; Xu, H.L.; Waskom, R.M.; Niu, Y.N.; Siddique, K.H.M. Regulated deficit
irrigation for crop production under drought stress. A review. Agron. Sustain. Dev. 2016, 36, 1–21. [CrossRef]

27. Chai, Q.; Qin, A.Z.; Gan, Y.T.; Yu, A.Z. Higher yield and lower carbon emission by intercropping maize with
rape, pea, and wheat in arid irrigation areas. Agron. Sustain. Dev. 2013, 34, 535–543. [CrossRef]

28. Hu, F.; Chai, Q.; Yu, A.; Yin, W.; Cui, H.; Gan, Y. Less carbon emissions of wheat–maize intercropping under
reduced tillage in arid areas. Agron. Sustain. Dev. 2015, 35, 701–711. [CrossRef]

29. Wiley, R. Intercropping-its importance and research needs. Part 1: Competition and yield advantage.
Field Crops Abst. 1979, 32, 1–10.

30. Mead, R.; Willey, R. The concept of a ‘land equivalent ratio’ and advantages in yields from intercropping.
Exp. Agric. 1980, 16, 217–228. [CrossRef]

31. Stephen, R. Agroecology: The Ecology of Sustainable Food Systems, 3rd ed.; CRC Press: Boca Raton, FL, USA,
2014; pp. 213–215.

32. Hunt, R. Plant Growth Analysis; Studies in Biology No. 96; Edward Arnold: London, UK, 1978.
33. Asner, G.P.; Scurlock, J.M.O.; Hicke, J.A. Global synthesis of leaf area index observations: Implications for

ecological and remote sensing studies. Glob. Ecol. Biogeogr. 2003, 12, 191–205. [CrossRef]
34. Sahota, T.S.; Malhi, S.S. Intercropping barley with pea for agronomic and economic considerations in

northern Ontario. Agric. Sci. 2012, 3, 889–895. [CrossRef]
35. Wang, Y.Q.; Zhao, Z.G.; Li, J.P.; Zhang, M.; Zhou, S.L.; Wang, Z.M.; Zhang, Y.H. Does maize hybrid

intercropping increase yield due to border effects? Field Crop. Res. 2017, 214, 283–290. [CrossRef]
36. Agegnehu, G.; Ghizaw, A.; Sinebo, W. Yield potential and land-use efficiency of wheat and faba bean mixed

intercropping. Agron. Sustain. Dev. 2008, 28, 257–263. [CrossRef]
37. Aminifar, J.; Ghanbari, A. Biological facilitative interactions and their roles on maximize growth and

productivity of crops in intercropping systems. Scientia 2014, 2, 90–95.

http://dx.doi.org/10.1007/s40003-014-0134-6
http://dx.doi.org/10.1007/s11104-016-3063-2
http://dx.doi.org/10.1016/S0167-8809(02)00182-2
http://dx.doi.org/10.1016/j.agee.2004.07.008
http://dx.doi.org/10.1007/s10705-009-9252-0
http://dx.doi.org/10.1111/j.1365-2486.2012.02758.x
http://www.ncbi.nlm.nih.gov/pubmed/24501062
http://dx.doi.org/10.4141/cjss2013-118
http://dx.doi.org/10.1016/S1671-2927(07)60103-5
http://dx.doi.org/10.1016/j.chemosphere.2017.10.151
http://www.ncbi.nlm.nih.gov/pubmed/29131977
http://dx.doi.org/10.1007/s13593-015-0338-6
http://dx.doi.org/10.1007/s13593-013-0161-x
http://dx.doi.org/10.1007/s13593-014-0257-y
http://dx.doi.org/10.1017/S0014479700010978
http://dx.doi.org/10.1046/j.1466-822X.2003.00026.x
http://dx.doi.org/10.4236/as.2012.37107
http://dx.doi.org/10.1016/j.fcr.2017.09.023
http://dx.doi.org/10.1051/agro:2008012


Agronomy 2018, 8, 52 14 of 14

38. Jahansooz, M.R.; Yunusa, I.A.M.; Coventry, D.R.; Palmer, A.R.; Eamus, D. Radiation-and water-use associated
with growth and yields of wheat and chickpea in sole and mixed crops. Eur. J. Agron. 2007, 26, 275–282.
[CrossRef]

39. Liu, L.; Wang, Y.F.; Yan, X.W.; Li, J.W.; Jiao, N.Y.; Hu, S.J. Biochar amendments increase the yield advantage of
legume-based intercropping systems over monoculture. Agric. Ecosyst. Environ. 2017, 237, 16–23. [CrossRef]

40. Bedoussac, L.; Justes, E. A comparison of commonly used indices for evaluating species interactions and
intercrop efficiency: Application to durum wheat–winter pea intercrops. Field Crop. Res. 2011, 124, 25–36.
[CrossRef]

41. Makoi, J.; Chimphango, S.; Dakora, F. Photosynthesis, water-use efficiency and δ13C of five cowpea
genotypes grown in mixed culture and at different densities with sorghum. Photosynthetica 2010, 48, 143–155.
[CrossRef]

42. Knörzer, H.; Graeff-Hönninger, S.; Guo, B.; Wang, P.; Claupein, W. The rediscovery of intercropping in China:
A traditional cropping system for future Chinese agriculture—A review. In Climate Change, Intercropping,
Pest Control and Beneficial Microorganisms; Springer: Berlin, Germany, 2009; pp. 13–44.

43. Grant, C.A.; O’Donovan, J.T.; Blackshaw, R.E.; Harker, K.N.; Johnson, E.N.; Gan, Y.; Lafond, G.P.; May, W.E.;
Turkington, T.K. Residual effects of preceding crops and nitrogen fertilizer on yield and crop and soil N
dynamics of spring wheat and canola in varying environments on the Canadian prairies. Field Crop. Res.
2016, 192, 86–102. [CrossRef]

44. Walley, F.L.; Clayton, G.W.; Miller, P.R.; Carr, P.M.; Lafond, G.P. Nitrogen economy of pulse crop production
in the Northern Great Plains. Agron. J. 2007, 99, 1710–1718. [CrossRef]

45. Hossain, Z.; Wang, X.; Hamel, C.; Diane Knight, J.; Morrison, M.J.; Gan, Y. Biological nitrogen fixation by
pulse crops on semiarid Canadian prairies. Can. J. Plant Sci. 2016, 97, 119–131.

46. Gan, Y.; Liang, C.; Hamel, C.; Cutforth, H.; Wang, H. Strategies for reducing the carbon footprint of field
crops for semiarid areas. A review. Agron. Sustain. Dev. 2011, 31, 643–656. [CrossRef]

47. Liu, C.; Cutforth, H.; Chai, Q.; Gan, Y.T. Farming tactics to reduce the carbon footprint of crop cultivation in
semiarid areas. A review. Agron. Sustain. Dev. 2016, 36, 69. [CrossRef]

48. Gan, Y.T.; Liang, C.; Chai, Q.; Lemke, R.L.; Campbell, C.A.; Zentner, R.P. Improving farming practices
reduces the carbon footprint of spring wheat production. Nat. Commun. 2014, 5, 5012. [CrossRef] [PubMed]

49. Bainard, L.D.; Navarro-Borrell, A.; Hamel, C.; Braun, K.; Hanson, K.; Gan, Y.T. Increasing the frequency of
pulses in crop rotations reduces soil fungal diversity and increases the proportion of fungal pathotrophs in a
semiarid agroecosystem. Agric. Ecosyst. Environ. 2017, 240, 206–214. [CrossRef]

50. Borrell, A.N.; Shi, Y.; Gan, Y.; Bainard, L.D.; Germida, J.J.; Hamel, C. Fungal diversity associated with pulses
and its influence on the subsequent wheat crop in the Canadian prairies. Plant Soil 2017, 414, 1–19. [CrossRef]

51. Pelzer, E.; Bazot, M.; Makowski, D.; Corre-Hellou, G.; Naudin, C.; Al Rifaï, M.; Baranger, E.; Bedoussac, L.;
Biarnès, V.; Boucheny, P. Pea–wheat intercrops in low-input conditions combine high economic performances
and low environmental impacts. Eur. J. Agron. 2012, 40, 39–53. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.eja.2006.10.008
http://dx.doi.org/10.1016/j.agee.2016.12.026
http://dx.doi.org/10.1016/j.fcr.2011.05.025
http://dx.doi.org/10.1007/s11099-010-0019-2
http://dx.doi.org/10.1016/j.fcr.2016.04.019
http://dx.doi.org/10.2134/agronj2006.0314s
http://dx.doi.org/10.1007/s13593-011-0011-7
http://dx.doi.org/10.1007/s13593-016-0404-8
http://dx.doi.org/10.1038/ncomms6012
http://www.ncbi.nlm.nih.gov/pubmed/25405548
http://dx.doi.org/10.1016/j.agee.2017.02.020
http://dx.doi.org/10.1007/s11104-016-3075-y
http://dx.doi.org/10.1016/j.eja.2012.01.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Site Description 
	Experimental Design and Plot Management 
	Data Collection and Statistical Analysis 
	Grain Yield and Land Equivalent Ratio (LER) 
	Crop Growth Rate 
	Leaf Area Index 
	Economic Efficiency 
	Statistical Analysis 


	Results 
	Yield Advantage 
	Crop Growth Rates 
	Leaf Area Index 
	Economic Outcome 

	Discussion 
	Conclusions 
	References

