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Abstract

In this study, the photosynthetic mechanisms and superiority of the systematic economic output value of crop yield in a maize—
soybean intercropping system was determined. The effects of maize and soybean single cropping, and strip intercropped maize
and soybean under four different intercropping ratios of the two crops [maize (M): soybean (S): 2:2, 4:2, 4:4, and 6:6] were
compared and analyzed the changes in photosynthetic performance, chlorophyll fluorescence, and yield components—Results
showed that strip intercropping effectively improved the light response curve of maize and significantly reduced in soybean
which improved the adaptability of functional leaves of maize to strong light. Maize intercropping had more open stomata,
higher intercellular CO, concentration and higher transpiration rate. Strip intercropping significantly improved the Fv/Fm, qP
and @ PSII value of maize leaves, and each parameter of soybean strip intercropping changed in contrast. The photosynthetic
capacity of crops in different strip width was also different under intercropping. The photosynthetic capacity of maize in the
strip was gradually reduced with the increase of strip width, while of soybean was gradually restored. Based on these changes
in photosynthetic capacity, intercropping significantly increased the yield components of maize, and significantly decreased
the yield components of soybean. As a result, the yield in maize strip was significantly higher than in single. However, the
compound yield of strip intercropping was all higher than soybean single. In this study, intercropping advantage existed in
different strip intercropping treatments and the compound economic output value of crops in each treatment was higher than
maize and soybean single, among which maize-soybean 4:2 strip intercropping was the largest compound economic output
value and the smallest was soybean single cropping. © 2020 Friends Science Publishers
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Introduction

The pursuit of productive, efficient, and green agricultural
production approaches guarantees for solving the world's
food problems. The yield of traditional crop patterns has
been greatly improved in the past decades, but this increase
at the cost of sacrificing the productivity of the farmland, is
harmful to the ecological environment of the farmland
because of fertilizer and pesticides in agricultural
production. However, in recent years, the yield of single
crop has not increased synchronously with the increase of
the amount of fertilizer, and the problems of fertilizer loss,
environmental pollution and low fertility have become
increasingly prominent. Intercropping, with two crop
species cultivated on the same area of land, is a promising
way to tackle these issues (Lithourgidis et al. 2011; Brooker
et al. 2015). At present, intercropping is a very important

cropping system especially in many developing countries of
world (Li et al. 2007; Feike et al. 2012; Bedoussac et al.
2015). Compared with the single cropping system, this
model uses the principle of biological diversity, which can
make full use of natural resources, improves soil fertility
and increase the yield of land (Hauggaard-Nielsen et al.
2013), reduces weeds and insect pests (Echarte et al. 2011),
increase the benefit of farmers, protect the ecological
environment (Jensen et al. 2015) and achieve sustainable
development of agriculture (Echarte et al. 2011).

Among different crop systems, the intercropping of a
cereal with a legume is considered a preferential system for
achieving increased food supply and reduced environmental
feedback (Hu et al. 2016). At present, the intercropping of
maize and soybean is widely practiced in Africa (Oseni
2010), South America (Echarte et al. 2011), and Asia (Lv et
al. 2014), and is associated with a significant enhancement
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of the land equivalence ratio (Undie et al. 2012). Numerous
studies have indicated that the yield advantage of
intercropping over singles can be attributed to a large extent
to a greater efficiency in the capture and utilization of solar
radiation. In this regard, it has been found that in the
intercropping of maize and soybean, which is characterized
by relatively tall and short statures, respectively, can
enhance the light capture per unit area by improving soil
coverage and reducing the proportion of light penetrating to
ground level. In contrast to the respective singles, the light
environment of interplanted crops is significantly altered,
and amount of light received by the tall stems of maize in
the system is significantly increased, whereas light capture
by the shorter statured soybean crop is reduced. These
changes in light availability inevitably affect the
photosynthetic capacity of crops. Liu et al. (2017) found
that compared with singled soybean, under intercropping,
the R:FR ratio at the top of the soybean canopy during the
flowering stage is reduced by 17-21% more than the
photosynthetically active radiation (PAR). With respect to
the soybean growth form, intercropping has been shown to
increase of height of plants, the length of the interval, and
the leaf area index, whereas the ratio of the leaf decreases
(Yang et al. 2014). Furthermore, when intercropped with
maize, the shading influence of maize reduces the intensity
of light, thereby reducing the photosynthetic capacity, owing
to significant changes in the photosynthetic rate (Pn),
stomatal conductance (Gs), transpiration rate (Tr), and
chlorophyll fluorescence parameters (Yang et al. 2017). In
the maize-soybean relay intercropping system practiced in
southwestern China, the yield of maize light energy is
significantly higher than in maize single (Liu et al. 2018).

The photosynthetic rate of maize leaves has also been
shown to be proportional to the distance between rows, and
the relationship between the transmittance is logarithmic
(Gao et al. 2018). Accordingly, the selection of appropriate
row spacing and configuration can significantly increase the
number of maize ears, and promote the formation of
photosynthetic products after flowering, thereby enhancing
maize yield. In the relay intercropping system, to balance
the production of soybeans, the shading of soybeans by
maize can be reduced by increasing the soybean row ratios
(Wang et al. 2016). Although in a number of respects, maize
and soybean intercropping is similar to relay intercropping,
there are certain differences. For example, under relay
intercropping conditions, soybean is shaded from the
seedling period to the end of the early flowering period (Wu
et al. 2015), whereas in intercropping, the whole life of the
soybean was symbiotic with the maize, and the maximum
period of birth was the beginning of the early flowering
period and the end of the period of maturity.

Northeastern China is the world’s main production
region for maize and soybean, with a long history of maize—
soybean intercropping and considerable production potential.
In this regard, maize and soybean single intercropping may
serve as a model for effectively boosting regional

productivity. In this system, shading by the taller maize crop
modifies the light environment experienced by the shorter
soybean crop in terms of both light quality and quantity, and
these changes are influenced to varying degrees by the
intercropping configuration and crop architecture (Tsubo and
Walker 2002; Zhang et al. 2008; Munz et al. 2014). To date,
however, few studies have examined light energy utilization
mechanisms characterizing the maize and soybean
intercropping system in this area or evaluated the system as
whole. Therefore, in order to systematically assess the light
energy utilization mechanisms, system yield, and economic
output value of the crop yield advantage associated with the
maize-soybean strip intercropping system in this area, a
comparative study examined the performance of maize
single cropping, soybean single cropping, and four different
maize—soybean strip intercropping ratios in the field to
determine changes in the respective light response curves,
photosynthetic ~ parameters,  chlorophyll  fluorescence
parameters, yield, and yield components, as well as the
different economic benefits associated with each treatment.
The findings of this study will provide a theoretical basis and
technical reference for further developments in maize and
soybean strip intercropping in northeastern China.

Materials and Methods
Experimental design

The experiment was conducted in 2016 and 2017 at the
agricultural college experiment base of Jilin agricultural
university. The soil was a typical black with an excellent
fertility level rich in organic matter content of 26.9 g/kg,
alkali-hydrolyzed nitrogen of 120 mg/kg, available
phosphorus of 16.5 mg/kg, available potassium of 122
mg/kg, total nitrogen of 1.645 g/kg, total phosphorus of 0.85
g/kg and pH of 6.8. The maize variety xianyu 335, provided
by denghai pioneer company and soybean variety jinong 40,
provided by department of agriculture, Jilin agricultural
university was used. The experiment was designed as a
random block, with 3 replicates and 6 treatments, as
follows: maize single cropping (strip width 6.5 m, strip
length 10 m, 10 rows of maize sown within the strip),
soybean single cropping (strip width 6.5 m, strip length 10
m, 10 rows of soybean sown within the strip),—maize-
soybean 2:2 intercropping (maize and soybean were seeded
with 1.30 m width and 10 m strip length, 2 rows of maize
were sown in the maize strip and 2 rows of soybeans were
sown in the soybean strip), maize-soybean 4:2 intercropping
(maize sowing width was 2.60 m, strip length was 10 m,
and maize was sown in 4 rows within the strip; The width of
soybean sowing was 1.30 m, and 2 rows of soybeans were
sown within the strip, maize-soybean 4:4 intercropping
(maize and soybean were planted with 2.60 m width and 10
m strip length, 4 rows of maize were sown in maize belt and
4 rows of soybean were sown in soybean belt) and maize-
soybean 6:6 intercropping (maize and soybean were seeded
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with a width of 3.90 m and a strip length of 10 m, 6 rows of
maize were sown in the maize strip and 6 rows of soybeans
were sown in the soybean strip).

The plant spacing of adjacent maize was 19.23 cm and
of adjacent soybean was 7.60 cm under single cropping and
intercropping condition. Row spacing of maize and soybean
all were 0.65 m, and row spacing of adjacent maize and
soybean was 0.65 m in strip intercropping. The amount of
fertilizer applied to maize was N:230 kg/ha, P,O5:120 kg/ha,
and K,0:160 kg/ha. The N amount was 30%, all P,Os and
K,O were applied as the base fertilizer, and the remaining
nitrogen fertilizer as top-dressed in the later growth stage of
maize. The amount of fertilizer applied to soybean was
P,0s5:60 kg/ha and K,0:25 kg/ha, all of which were applied
as seed fertilizer in one time. Maize and soybean were sown
at the same time, the planting date of 2016 was April 28,
and in 2017, April 29. After the emergence of seedlings, the
seedlings were fixed according to the preset density. In the
middle growth period, field management was conducted
according to the routine. The harvest dates were September
28, 2016 and September 30, 2017.

Determination of items and methods

Determination of light response curves: At clear, the Li-
6400 photosynthetic system (Li-Cor, USA), red and blue
light source leaf chamber was selected and open gas was set
with CO, concentration of 400 umol mol™. In 2016, the
light response curves were measured at the tasseling stage of
maize and the flowering stage of soybean, light quantum
density was (photosynthetically available radiation, PAR) to
0, 20, 50, 100, 200, 400, 600, 800, 1 000, 1 200, 1500 and 2
000 zmol m? s™. In 2017, the light response curves were
measured at filling stage of maize and granulation stag of
soybean, light quantum density (PAR) was to 0, 15, 60, 120,
250, 500, 1 000, 1 200, 1 500, 1 800 and 2 000 zmol m?s™.
Determination of photosynthetic parameters: The
photosynthetic rate (Pn), transpiration rate (Tr), stomatal
conductance (Gs), intercellular CO, concentration (Ci) were
measured from 9:00-11:30 am on a clear, calm day using
the Li-6400 photosynthetic system (Li-Cor, United States)
during grain filling period of soybean and maize.
Determination of chlorophyll fluorescence parameters:
Mini-PAM (Walz, Germany) portable chlorophyll
fluorescence apparatus was used to measure dark adaption
maximal fluorescence (Fm), dark adaption minimal
fluorescence (Fo), maximal fluorescence under light (Fm’)
and minimal fluorescence under light (Fo’), according to the
formula to calculate the maximal quantum yield of
PST (Fv/Fm), actual photochemical efficiency of
PSI (@PSII), photochemical quenching (gP), non-
photochemical quenching (NPQ). The formula was as
follows: Fv/Fm=(Fm-Fo)/Fm; gP=(Fm'"F)/(Fm'"-Fo)
5 OPSINl=(Fm'"-F)/Fm"; NPQ=(Fm-Fm')/Fm'.

Crop yield, land equivalent ratio and economic output:
At mature stage, maize and soybean singles were harvested

in the middle 2 rows of plots. Yield of different strip
intercropping treatment, was calculated in the maize strip by
harvesting all the maize in the maize sowing strip and in the
soybean strip by harvesting all the soybean in the soybean
sowing strip. After which, the compound yield of strip
intercropping was calculated according to the proportion of
maize and soybean area by different treatments and the yield
in each strip. For each treatment, 10 maize plants and 15
soybean plants were selected to measure the relevant
indexes. Land equivalent ratio (LER) is used to calculate the
land use advantage provided by intercropping (Mao et al.
2012), as follows:

LER = Yim /Ymm + Yis /Yms

where Y;, and Yjs are yields of intercropped maize and
soybean, and Y, and Y, are yields in singled maize and
soybean, respectively. These express for each crop species
the area of land that would be needed in single cropping to
achieve the same yield as one-unit area of intercrop. When
the LER is greater than 1, there is a land use advantage of
intercropping. The economic output value is calculated
according to the output value and the selling price of grain.

Data analysis

All data were processed by Microsoft Excel 2007, and SPSS
13.0 was used for statistics and analysis.

Results
Maize light response curves

Photosynthetic rate: The Pn of maize leaves under both
strip intercropping and single cropping initially increased
and then decreased with an increase of light intensity, and
there were differences between the two systems (Fig. 1). At
the tasseling stage, when the PAR level was between 0 to
600 zmol m? s, there was no significant difference in leaf
Pn between intercropped and singled maize. When PAR
was between 800 to 2000 xmol m? s?, the Pn of
intercropped maize was significantly higher than maize
grown in single, which followed the pattern M2S2 > M4S2
> M. In addition, the maximum Pn of maize under strip
intercropping coincided with a PAR value of 1200 zmol m™
s, whereas that of maize under single at a PAR of 800
umol m?s™,

At the maize grain filling stage, when the PAR was
greater than 1000 xmol m™ s™, the Pn of intercropping
was higher than single cropping. The maximum Pn of
intercropped maize coincided with a PAR of 1800 umol
m?s™, whereas the maximum Pn of single-cropped maize
coincided with a PAR of 1500 xzmol m? s™. Under high
light intensity, Pn of intercropped maize was significantly
higher than single-cropped maize. From these results, it
can be deduced that strip intercropping enables maize to
make more efficient use of the available light resources.
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Fig. 1: Changes of Pn of maize leaves with light intensity under strip intercropping and single cropping
M: maize single cropping. M2S2: maize-soybean 2:2 intercropping. M4S2: maize-soybean 4:2 intercropping
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Fig. 2: Changes of Gs of maize leaves with light intensity under strip intercropping and single cropping
M: maize single cropping. M2S2: maize-soybean 2:2 intercropping. M4S2: maize-soybean 4:2 intercropping
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Fig. 3: Changes of Ci of maize leaves with light intensity under strip intercropping and single cropping
M: maize single cropping. M2S2: maize-soybean 2:2 intercropping. M4S2: maize-soybean 4:2 intercropping

Stomatal conductance

The change of Gs with light intensity was similar to Pn (Fig.
2). At the tasseling stage, when PAR was between 0 to 600
pumol m? s, there was no difference in Gs between
intercropped and singled maize. However, when PAR was
between 600 umol m?s? to 2000 xmol m? s?, the Gs of
intercropped maize was significantly higher than maize
grown in single, with the trend M2S2 > M4S2 > M. The
maximum Gs of singled and intercropped maize coincided
with PAR levels of 800 and 1200 zmol m? s, respectively.
The Gs of maize leaf at the grain filling stage was overall
higher than at the tasseling stage, the curve values increased
steadily with an increase in PAR. At a PAR level of 1200
umol m? s™, the maximum Gs value of singled maize was
0.182, whereas at a PAR of 1800 umol m? s™, the
maximum Gs values of strip intercropped maize were
0.5158 and 0.2864, respectively. During the grain filling
stage, the Gs wvalues of intercropped maize were
significantly higher than in single-cropped maize, which
was more conducive to gas exchange between internal and
external leaf environments.

Intercellular CO, concentration

The Ci gradually decreased with the increase of PAR (Fig.
3), contrary to the Pn and Gs. At the tasseling stage, for
PAR levels of between 0 and 200 zmol m? s™, there were
initial rapid decreases in Ci values for both singled and
intercropped maize, with values subsequently stabilizing in
response to a gradual increase in PAR. Moreover, the Ci
values of the leaves under different treatments were similar.
During the grain filling period, the leaf Ci values of maize
under strip intercropping were all higher than in single
cropping, following the trend M2S2 > M4S2 >M. Thus,
strip intercropping increased the leaf Ci of maize during the
late growth stage, during which could provide sufficient
carbon sources for leaf photosynthesis were provided.

Transpiration rate
During the tasseling stage (Fig. 4), in singled maize, there
was an initial increase in Tr followed by a decrease in

response to an increase in PAR, with the maximum Tr being
recorded at a PAR of 1 000 zmol m? s*, whereas the Tr of
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Fig. 6: Changes of Gs of soybean leaves with light intensity under strip intercropping and single cropping
S: soybean single cropping. M2S2: maize-soybean 2:2 intercropping. M4S2: maize-soybean 4:2 intercropping

intercropped maize increased with an increase in PAR and
reached the maximum. At PAR levels greater than 800 umol
m? s?, the difference in Tr values observed for singled and
intercropped maize gradually increased with an increase in
PAR. During the grain filling stage, the Tr of both
intercropped and singled maize initially increased and then
subsequently decreased with an increase in PAR, with the
following maximum Tr values being recorded at a PAR of
1800 zmol m?s™, the Tr of intercropped maize increased by
38.45 and 9.69%, respectively. At the same PAR level, the
Tr values of intercropped maize were all higher than single-
cropped maize.

Soybean light response curves

Photosynthetic rate: With an increase in light intensity, the
Pn of soybean under intercropping and single cropping
showed an initial increase and subsequent decrease (Fig. 5).
However, at the beginning bloom stage, the Pn of singled
soybean showed secondary peaks at PAR 800 and 1200
umol m?s™ respectively. In contrast, the Pn of intercropped
soybean showed only a single peak at a PAR of 1200 x«mol
m? s™. During the seed filling period, the maximum Pn
value for both intercropped and single-cropped soybean was
recorded at a PAR of 1500 zmol m? s™. Regardless of the
soybean growth stage, the Pn of single cropping was higher

than intercropping, and the difference gradually increased to
a significant extent with a corresponding increase in PAR,
showing the trend S > M2S2 > M4S2.

Stomatal conductance

The variation in soybean Gs with increasing PAR showed a
pattern similar to Pn (Fig. 6). During the flowering period,
the maximum Gs of both intercropped and single-cropped
soybean was recorded at a PAR of 1200 umol m? s,
whereas in beginning seed stage, the maximum Gs occurred
at a PAR of 1500 zmol m? s*. When PAR levels were
greater than 500 xmol m? s?, the Gs value under single
cropping was greater than intercropping, and the difference
gradually increased to the level of significance with an
increase in PAR following the trend S > M2S2 > M4S2.
Strip intercropping reduced the Gs of soybean leaves,
thereby reducing the efficiency of gas exchange between the
internal and external leaf environments.

Intercellular CO, concentration
The Ci of soybean gradually decreased with an increase in
PAR (Fig. 7). During the beginning bloom stage at PAR

levels of between 0 and 400 xzmol m? s?, and during the
full-bloom stage at PAR levels of between 0 and 1000 x«mol
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m? s, the Ci of both single-cropped and intercropped
soybean initially decreased rapidly, but thereafter stabilized
and increased slightly with an increase in PAR. In the high
PAR range, the Ci of single-cropped soybean was higher
than intercropped soybean. Strip intercropping reduced the
Ci of soybean in the order S > M2S2 > M4S2.

Transpiration rate

With the exception of two peaks appearing in the Tr curve at
the beginning bloom stage of single-cropped soybean, the
other Tr curves all showed a pattern characterized by an
initial increase and subsequent decrease corresponding with
an increase in PAR, with a single maximum peak value
(Fig. 8). During the beginning bloom stage, the maximum
Tr of intercropped soybean was recorded at a PAR of 1200
umol m? s whereas during the beginning seed stage, the
maximum Tr of both intercropped and singled soybean
occurred at a PAR of 1500 xmol m? s™. Furthermore,
regardless of the growth stage, at PAR levels greater than
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250 umol m? s?, the Tr of single-cropped soybean was
higher than intercropping, and, the difference between them
gradually increased to a significant extent with an increase
in PAR. The Tr of soybean was significantly reduced by
intercropping.

Comparison of photosynthesis in functional leaves under
strip intercropping and single cropping

Pn, Gs, Ci, and Tr values of maize under intercropping were
all greater than in single cropping, with the differences of
Pn, Gs, Tr and single cropping reaching the level of
significance (Table 1). Moreover, Ci values of the M2S2,
M4S4, and M6S6 treatments were significantly different
from those of single-cropped maize. Comparison of the
different strip intercropping treatments showed that Pn and
Tr were shown as M2S2 > M4S4 > M4S2 > M6S6>M,
among which, the differences between M2S2 and M4S2,
M6S6 reached significant levels; Gs showed the trend
M2S2/M4S4 > MA4S2 > M6S6>M, with M2S2/M4S4
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Fig. 7: Changes of Ci of soybean leaves with light intensity under strip intercropping and single cropping
S: soybean single cropping. M2S2: maize-soybean 2:2 intercropping. M4S2: maize-soybean 4:2 intercropping
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Fig. 8: Changes of Tr of soybean leaves with light intensity under strip intercropping and single cropping
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Table 1: Comparison of photosynthetic parameters between strip intercropping and single cropping of maize during grain filling stage

year Treatments Pn Gs Ci Tr
umolm?s™ mol m?s? umol mol™ mmol m?s?
2016 M 27.26 +£0.71d 0.2525 + 0.0285d 107.9+5.03d 5.62 +0.18d
M2S2 36.67 +1.47a 0.4648 +0.0179b 138.6 £11.53b 8.05+0.19
M4S2 33.93+1.39b 0.3503 + 0.0602c 117.9 +£22.08cd 6.97 £ 0.47bc
M4s4 34.69 £ 0.56ab 0.6002 + 0.0384a 172.3+£5.07a 7.40 £ 0.23ab
M6S6 29.66 +0.85c 0.3264 + 0.0406¢ 129.9 +11.22hc 6.66 + 0.59c
2017 M 23.08 £0.91d 0.1539 + 0.0109d 95.7+£5.71d 3.49+0.21d
M2S2 33.26 £ 0.98a 0.3616 + 0.0091a 1745+ 2.20a 6.85+0.11a
M4S2 29.13 +0.64b 0.1950 + 0.0039c 101.6 £6.18cd 4.57 +0.06¢c
M4s4 3042 +1.11b 0.2882 + 0.0034b 151.3+6.38b 6.06 +0.23b
M6S6 25.76 +1.09c 0.1809 + 0.0130c 109.0 £3.97c 4.31+0.24c

Values are means + SD based on triplicate independent determinations and different letters means significant difference by Duncan's multiple comparison test. M: maize single
cropping; M2S2: maize-soybean 2:2 intercropping; M4S2: maize-soybean 4:2 intercropping; M4S4: maize-soybean 4:4 intercropping; M6S6: maize-soybean 6:6 intercropping
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values being significantly different from those obtained
under M4S2 and M6S6. Ci showed the trend M2S2/M4S4 >
M6S6 > M4S2>M, the Ci value recorded for the M2S2
treatment was significantly different from those obtained in
treatments M4S2 and M4S4. Intercropping could
significantly improve the photosynthetic capacity of maize
leaves.

The Pn, Gs and Tr values under single cropping were
all greater than intercropping (Table 2), and with the
exception of the M6S6 treatment, the differences between
the Pn, Gs, and Tr values recorded for single-cropped and
intercropped soybean reached the level of significance, in
contrast, there were no obvious patterns in the differences of
Ci values between treatments. Pn of soybean leaves showed
the trend M6S6 > M4S4 > M2S2 > M4S2, among which,
the M2S2 value was significantly different from M4S2 and
M6S6. Gs showed the trend M6S6 > M4S4/M2S2 > M4S2,
among which, the M6S6 value was significantly different
from M4S2. Tr showed the trend M6S6 > M4S4 >
M2S2/M4S2, among which, the M6S6 and M4S4 values
were significantly different from M2S2. It could be seen
that variations in the photosynthetic parameters of
intercropped soybean showed patterns opposite to maize,
intercropping reduced the photosynthetic capacity of
soybean leaves.

Chlorophyll fluorescence parameters

Under strip intercropping, the chlorophyll fluorescence
parameters Fv/Fm, qP, @ PSII, and NPQ of maize were all
higher than in single cropping. The differences between the
fluorescence parameters Fv/Fm, gP, and NPQ of single-
cropped maize and maize under the M4S4 and M6S6
intercropping treatments reached the level of significance.
Similarly, the Fm and ® PSII values for single-cropped
maize were different from maize under M2S2 and M4S4
intercropping (Table 3). There were differences in the
fluorescence  parameters of different intercropping
treatments, with Fm showing the trend M4S4 > M2S2 >
M4S2 > M6S6 >M, among which, the M4S4 value was
shown to be significantly different from M4S2 and M6S6.
The Fv/Fm was shown as M4S4 > M6S6 > M2S2 > M4S2
> M, among which, the M4S4 and M6S6 values were
significantly different from M2S2 and M4S2. The gP and
NPQ were shown as M2S2 > M4S4 > M6S6 > M4S2 > M,
among which, the M2S2 value was significantly different
from M4S2, M4S4, and M6S6. The ®PSII values showed
the trend M2S4 > M4S4 > M4S2 > M6S6 > M. In general,
the chlorophyll fluorescence parameters of maize leaves
were enhanced by strip intercropping, thereby implying an
enhancement of the photosynthetic capacity of maize.

Table 2: Comparison of photosynthetic parameters between strip intercropping and single cropping of soybean during seed

beginning stage

year Treatments Pn Gs Ci Tr
umolm?s™ mol m?s’? umol mol ™ mmol m?s?

2016 S 23.46 £1.04a 1.6026 +0.1101a 254.85 +5.24b 11.21 £0.83a
M2S2 18.81 +1.35c 1.0284 +0.2748hc 267.08 £ 5.95a 9.62+0.79c
M4S2 16.16 +0.34d 0.8667 + 0.0537c 268.91 + 5.65a 9.68+0.82c
M4S4 20.13 +0.62bc 0.9779 + 0.2473bc 254.97 + 8.59b 10.51+0.17b
M6S6 21.76 £0.93b 1.3692 + 0.2194ab 259.57 £ 2.67ab 10.97 £ 0.97ab

2017 S 2153+1.10a 0.9794 + 0.0755a 240.14 + 12.84abc 8.33+0.42a
M2S2 14.85+0.19d 0.6352 +0.1119c 221.31+4.04c 6.06 £ 0.20c
M4S2 12.43 +0.63e 0.6133 +0.1084c 260.10 + 3.06a 5.81+0.19c
M4s4 18.93 +0.48¢c 0.7121 £ 0.1753bc 231.97 +24.54bc 7.07£0.53b
M6S6 19.90 +0.74b 0.8981 + 0.1251ab 251.14 +2.11ab 7.64 +0.88ab

Values are means + SD based on triplicate independent determinations and different letters means significant difference by Duncan's multiple comparison test. S: soybean single
cropping; M2S2: maize-soybean 2:2 intercropping; M4S2: maize-soybean 4:2 intercropping; M4S4: maize-soybean 4:4 intercropping (M4S4); M6S6: maize-soybean 6:6

intercropping

Table 3: Comparison of chlorophyll fluorescence parametertraits between strip intercropping and single cropping of maize during

grain filling stage

year Treatments Fo Fm Fv/Fm qP OPSII NPQ

2016 M 415.5 +2.50b 2138.3 + 25.66bc 0.8057 £0.0012b  0.3310+0.0167c  0.1662 +0.0037c 0.3665 +0.0100c
M2S2 4350+12.17a 2282.7 + 68.88a 0.8094 £0.0017b  0.4482+0.0351a  0.1912 +0.0087a 0.7639 £ 0.0441a
M4S2 421.0 +9.01ab 2178.0 £29.05b 0.8067 £0.0016b  0.3423+0.0401c  0.1751+0.0026bc  0.4085 = 0.0272c
M4S4 425.3 +6.03ab 23440 £57.97a 0.8185+0.0020a  0.3953+0.0288b  0.1799 £0.0021ab  0.5435 +0.0287b
M6S6 385.3 +£10.60c 2082.7 £ 73.66¢C 0.8149 £0.0045a  0.3942+0.0226b  0.1748 £0.0077bc  0.5594 +0.0420b

2017 M 406.67 +8.50c 1800.67 + 10.50b 0.7742 £0.0035c  0.2883+0.0107c  0.1241 +0.0031b 0.6554 +0.0557d
M2S2 421.33 £9.50a 1892.67 + 75.61a 0.7773+£0.0042c 05450 £0.0402a  0.1405 +0.0049a 1.6735 + 0.0406a
M4S2 409.33+13.0lbc  1903.67 +72.80a 0.7849+0.0017b  0.3585+0.0238b  0.1350 +0.0087a 0.9027 +0.0776¢
M4s4 416.67 £12.34ab  1934.67 +65.52a 0.7846 £0.0046b  0.4055+0.0217b  0.1379 +0.0095a 1.1683 +0.1384b
M6S6 387.00 + 10.15d 1878.67 +64.24ab  0.7940+0.0022a  0.3684 £0.0179b  0.1346 + 0.0053a 0.9694 + 0.0271c

Fm: dark adaption maximalfluorescence; Fo: dark adaption minimalfluorescence; Fm’: maximalfluorescence under light; Fo’: minimalfluorescence under light, Fv/ Fm: according
to the formula to calculate the maximal quantum yield of PSII; ®PSII: actualphotochemical efficiency of PSII; gP: photochemical quenching; NPQ: non-photochemical quenching.
M: maize single cropping; M2S2: maize-soybean 2:2 intercropping; M4S2: maize-soybean 4:2 intercropping; M4S4: maize-soybean 4:4 intercropping; M6S6: maize-soybean 6:6

intercropping
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In contrast to the patterns of maize, the values of
chlorophyll fluorescence parameters Fv/Fm, gP, ® PSII, and
NPQ in strip intercropped soybean were generally lower to
differing degrees than in single-cropped soybean. The
fluorescence parameters Fv/Fm and gP of single cropping
were significantly different from intercropping, and the ®
PSIl and NPQ values recorded for singled soybean were
significantly different from M2S2, M4S2, and M4S4 (Table
4). Furthermore, the Fo and Fm values for soybean under
strip intercropping were significantly higher than single
cropping, there were differences in the fluorescence
parameters of soybean under different strip intercropping
treatments, with the values of Fv/Fm, gP, ® PSII, and NPQ
for soybean grown in wide strips (M6S6 and M4S4) being
greater than in narrow strips (M4S2 and M2S2), whereas
the parameters F, and Fm showed the opposite trend. The
fluorescence parameters of most intercropping treatments
were significantly different. In summary, intercropping
reduced the main fluorescence parameters of soybean leaves
and thus reduced the photosynthetic capacity of leaves.

Yield components

Strip intercropping optimized the components of maize
yield (Table 5). Compared with single cropping,
intercropping had the effect of increased the length of the
female ear and reduced the length of the bald tip. Moreover,
the line grain number, ear weight, ear grain weight and
hundred-grain weight of maize all significantly increased
under intercropping. The difference in ear thickness
between the M4S4 and M2S2 treatments and single
treatment reached a significant level. There were differences
in yield components under different strip intercropping
treatments, among which, the ear length, line grain number,
ear thickness, ear weight, ear grain weight and hundred-
grain weight of maize under the M2S2 treatment were all
higher than other intercropping treatments, with the
differences between M2S2 and M4S2 and M6S6 reaching
the level of significance. Overall, the aforementioned yield
indices, from high to low, showed the trend M2S2 > M4S4
> M4S2 > M6S6 > M. Strip intercropping increased the
value of these yield components of maize, which was
beneficial to yield formation and thus increased the yield per
maize plant. Moreover, the values of maize vyield
components in the corresponding strip tended to increase
with a narrowing of the maize strip width.

Strip intercropping also altered the yield components
of soybean (Table 6), with strip intercropping having the
effect of reducing the number of nodes, pods, grains, and
grain weight per plant compared with single cropping, but
increasing the hundred-grain weight and plant height. To
varying extents, the differences in number of pods, grains,
grain weight per plant and plant height between
intercropping and single cropping all reached levels of
significances. The hundred-grain weight of the M2S2 and
MA4S2 treatments was significantly different from single

cropping. Based on a comparison of the yield components
of soybean wunder the different strip intercropping
treatments, it was concluded that with a widening of the
sowing strip of soybean, the numbers of nodes, pods, and
grains per plant, and the weight of grains per plant
increased, whereas the weight of hundred-grains and the
height of plants decreased. The differences of the values of
yield components per plant between M2S2/M4S2 and
M4S4/M6S6 reached a significant level. In general, the
numbers of pods, grains and grain weight per plant from
high to low followed the trend S > M6S6 > M4S4 > M2S2
> MA4S2, whereas the hundred-grain weight showed the
pattern M2S2 > M4S2 > M6S6 > M4S4 > S,

Yield, economic output, and LER comparison

The vyield of maize strips under intercropping was
significantly higher than in maize single cropping, whereas
the yield of soybean strips under intercropping was
significantly lower than in soybean single cropping (Table
7). The average yield of maize strips followed the trend
M2S2 > M4S4 > M4S2 > M6S6 > M, and when compared
with the single treatment, the yield increased by 69.2, 54.5,
64.8 and 47.4%, respectively. The average yield of soybean
strips declined in the order S > M6S6 > M4S4 > M2S2 >
M4S2, and when compared with the single treatment, the
yield decreased by 9.8, 19.6, 44.6 and 49.0%, respectively.

A comparison of the compound yield of crops under
intercropping and single cropping (Table 7) revealed that
the compound yield obtained under strip intercropping was
higher than soybean single cropping; only the compound
yield of M4S2 was higher than maize single cropping. The
compound yield of crops under different treatments from
high to low followed the trend M4S2 > M > M4S4 > M6S6
> M2S2 > S, and with the exception of M2S2 and M4S4,
the compound yield of other treatments all reached the level
of significance. A comparison of LER values revealed that
the LER of all the strip intercropping treatments was greater
than 1.000. All treatments showed the advantages associated
with intercropping to a certain extent, among which, the
LER value of the M4S4 treatment was the highest, with a 2-
year average of 1.226. The LER of the different
intercropping treatments was shown as M4S4 > M4S2 >
M6S6 > M2S2.

The economic output value of maize strips under strip
intercropping was higher than in maize single cropping,
whereas in contrast, the economic output value of soybean
strips under strip intercropping was lower than soybean
single cropping, the overall economic output value of maize
was higher than soybean (Table 8). Moreover, for both
maize and soybean, there were significant differences
between the economic output value of strips under
intercropping and single cropping. Due to the price of maize
and soybeans, there were differences between the patterns of
crop compound economic output value and compound
yield, with the former being higher in strip intercropping

806



Efficient Utilization of Light Energy in Maize and Soybean Intercropping / Intl J Agric Biol, Vol 24, No 4, 2020

Table 4: Comparison of chlorophyll fluorescence parameter traits between strip intercropping and single cropping of soybean during seed

beginning stage

year Treatments Fo Fm Fv/Fm gP OPSII NPQ

2016 S 229.00 +8.89c 1265.33+22.81bc  0.8190£0.0053a  0.6711 +0.0470a 0.1843 + 0.0099a 2.1505 +0.1736a
M2S2 268.67 +7.37b 1346.00 + 42.58b 0.8004 £0.0033c  0.4046 +0.0231c 0.1291 + 0.0040c 1.8038 + 0.0728b
M4S2 288.67 £ 8.14a 1512.67 + 38.84a 0.8092 £0.0008b  0.3558 +0.0431c 0.0916 +0.0082d 1.1723 +0.1291c
M4s4 258.33+16.17b  1307.33 +33.53b 0.8025+0.0074c  0.5096 + 0.0648b 0.1568 + 0.0154b 1.8010 + 0.1682b
M6S6 229.33+21.96c  1218.33+94.68c 0.8119+0.0043b  0.5269 + 0.0820b 0.1592 + 0.0201b 2.0873 +0.0895a

2017 S 198.67 +5.69d 1190.0 £31.0c 0.8380 £0.0016a  0.8599 +0.0818a 0.1600 + 0.0086a 2.1928 +0.1488a
M2S2 240.67 £ 5.69b 1429.0 £50.48b 0.8315+0.0021b  0.4465+0.0230bc ~ 0.1367 +0.0107bc 1.6101 + 0.082%
M4S2 322.33+6.11a 1926.0 £ 29.02a 0.8326 £0.0011b  0.3901 +0.0154c 0.1292 +0.0108c 1.4016 + 0.0895¢
M4s4 222.33+8.02c 1340.0 £41.0b 0.8341£0.0010b  0.4075 + 0.0034c 0.1410 £ 0.0137ab 1.6045 + 0.0394b
M6S6 204.33 +9.50d 1221.7 £ 78.02c 0.8326 £0.0012b  0.5191 +0.1035b 0.1493 £0.0027abc ~ 1.6855 + 0.0820b

Fm: dark adaption maximal fluorescence; Fo: dark adaption minimal fluorescence; Fm': maximal fluorescence under light; Fo": minimal fluorescence under light, Fv/Fm: according
to the formula to calculate the maximal quantum yield of PSII; ®PSII: actual photochemical efficiency of PSII; gP: photochemical quenching; NPQ: non-photochemical
quenching. S: soybean single cropping; M2S2: maize-soybean 2:2 intercropping; M4S2: maize-soybean 4:2 intercropping, M4S4: maize-soybean 4:4 intercropping; M6S6: maize-

soybean 6:6 intercropping

Table 5: Comparison of yield components between strip intercropping and single cropping of maize

year Treat Panicle length Bare tip Length Ear row number Grains per row Ear diameter Weight per ear Grain weight per 100-grain
ments (cm) (cm) (row) (grain) (cm) (9) panicle (g) weight (g)

2016 M 17.30+£0.91c 1.45%0.70a 16.00 £ 0.94a 35.90 £2.00c 474+0.06c 203.01+9.27d 177.40+7.33d 33.78 £0.61d
M2S2 21.80+0.23a 0.50+0.21b 16.20 £ 1.48a 4400 +1.87a 549+0.21a 330.00+6.02a 289.33+2.62a 42.61+0.48a
M4S2 19.55+0.46b 0.71+0.37b 16.67 +1.33a 4020+193b  4.92+0.07bc 282.50 +10.08c 251.65+8.93c 39.29 +1.16hc
M4S4 2150+1.11a 0.71+0.36b 16.20 £ 1.14a 4380+ 1.18a 5.05+0.11b 314.02+17.6b 275.02+12.16b 41.33+1.27ab
M6S6 19.55+0.61b 0.97+053ab  16.00 +0.00a 39.80+1.66b  4.72+0.05bc 274.00 +£12.11c 242.91 +9.51c 38.77+1.73c

2017 M 1595+1.02c 1.12+047a 16.00 + 1.33a 32.40+1.67c 471+£013c 190.00+9.51d 167.00 + 8.06d 34.63 +0.70d
M2S2 21.65+0.83a 0.80+0.36ab 16.67+1.33a 44.40 + 2.00a 525+0.20a 324.03+5.03a 285.68 +3.61a 41.94+0.77a
M4S2 18.95+0.62b 0.45+0.23b 16.20 £ 1.14a 38.70+167b  4.82+0.15bc 268.23+9.93c 238.52+9.28c 37.51+1.28bc
M4S4 19.80 £0.92ab 0.85+0.44ab  16.40 + 1.26a 39.80+1.67b  4.96+0.12ab 287.00 +15.78b 255.00 + 11.94b 39.33+1.03ab
M6S6 18.84 £0.78b 0.92 +0.35a 16.00 +£1.73a 37.80+£2.00b  4.79+0.11bc 257.01 +10.63c 229.40 £9.17c 36.79+1.43c

Values are means + SD based on triplicate independent determinations and different letters means significant difference by Duncan's multiple comparison test. M: maize single
cropping; M2S2: maize-soybean 2:2 intercropping; M4S2: maize-soybean 4:2 intercropping; M4S4: maize-soybean 4:4 intercropping; M6S6: maize-soybean 6:6 intercropping

Table 6: Comparison of yield components between strip intercropping and single cropping of soybean

Year Treatment Plant height (cm)

Node numbers (node) Pod number per plant Seeds per plant (g) Seed weight per plant (g) 100-grain weight (g)

2016 S 91.36 +2.01d 14.95 +0.08a 48.00+1.23a
M2S2 104.00£3.43b  14.00 +0.34ab 30.40 +£3.00c
M4S2 11218 £1.97a  13.27+0.36b 29.18 £3.30c
M4s4 100.20 £5.91bc  14.20 +0.03ab 40.60 + 4.06b
M6S6 97.50+2.71c 14.65+0.23a 43.75+£2.43b

2017 S 92.33+2.32d 14.83 £0.07a 47.67 +2.00a
M2S2 108.80 £3.28b  14.50 +0.36ab 26.00 +£2.33c
M4S2 11417 +2.77a  13.80+0.31b 24.40 +3.38¢c
M4s4 105.60 £ 3.14bc  14.20 +0.03ab 33.00 +3.90b
M6S6 101.17+2.53c  14.33+0.21ab 39.67 +3.00b

80.01 +6.08a 14.66 + 0.59 17.60 + 0.36¢
57.00 + 6.68d 11.00 £1.62c 21.11+0.15a
51.73 +4.75d 9.88+1.13c 19.91 +£0.34b
69.40 + 8.86¢ 12.19 +£1.03b 17.75+0.35¢
75.25+5.43b 13.24 +£0.43b 17.66 +0.23¢c
78.67 £8.51a 14.42 £ 0.64a 17.07 £ 0.58¢c
46.00+5.11d 8.67 +1.03d 21.31+0.17a
39.00 +6.31d 8.26 +1.20d 20.37+£0.32b
56.20 £5.76¢ 10.62 £0.97c 18.03 + 0.46¢
61.67 +6.93b 12.61 +£0.81b 17.33 £ 0.56¢

Values are means + SD based on triplicate independent determinations and different letters means significant difference by Duncan's multiple comparison test. S: soybean single
cropping; M2S2: maize-soybean 2:2 intercropping; M4S2: maize-soybean 4:2 intercropping; M4S4: maize-soybean 4:4 intercropping; M6S6: maize-soybean 6:6 intercropping

than in either maize or soybean single cropping. Under the
MA4S2 treatment, the compound economic output value was
the largest, the S output value was the smallest, and it
showed the overall trend M4S2 > M4S4 > M6S6 > M2S2 >
M > S. Compared with maize and soybean single cropping,
the economic output value under intercropping increased by
4.4-15.2% and 46.4-61.5%, respectively.

Discussion

Light is one of the most important environmental factors
influencing crop growth and development, with different
light environments showing differing regulatory effects on
crop growth, morphogenesis, photosynthesis, and

metabolism (Oseni 2010; Chapagain et al. 2018). In the
spring sowing area of northern China, during the mid- to
late stages of crop growth under strip intercropping between
maize and soybean, the light resources obtained by the tall-
stemmed maize would increase significantly; however, due
to the shading effect of maize, the light resources obtained
by the shorter-growing soybean would decrease
significantly. Accordingly, the changes in light resources
would inevitably have a pronounced effect on the
photosynthetic capacity of these two crops (Yang et al.
2014). In this regard, it has previously been demonstrated
that when maize and peanut are intercropped, the light
response curves of the daily average light intensity, light
transmittance and Pn of maize are significantly higher than
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Table 7: Comparison of yield and LER between strip intercropping and single cropping of maize and soybean

Year Treatments Yield of maize seeding strip (kg.ha™ Yield of soybean seeding strip (kg ha™) Maize and soybean composite yield (kg ha®) LER

maize soybean  compound yield
2016 S -- 2948.5a -- 2948.5a  2948.5e 1.000c
M 11578.5e - 11578.5ab  -- 11578.5b 1.000c
M2S2 19208.3a 1684.6d 9604.1c 842.3c  10446.4c 1.115b
M4S2 17485.2¢c 1572.2d 11656.8a 524.1d 12180.9a 1.184ab
M454 18746.3b 2393.4c 9373.2c 1196.7b  10569.9c 1.215a
M6S6 16827.6d 2685.1b 8413.8d 1342.6b  9756.3d 1.182ab
2017 S -- 2764.6a -- 2764.6a 2764.6e 1.000c
M 10680.9e - 10680.9b - 10680.9b 1.000c
M2S2 18432.8a 1482.9d 9216.4c 7415d  9957.8¢c 1.131b
M4S2 16883.7¢c 1343.6d 11255.8a 447 9e 11703.7a 1.216a
M454 17919.0a 2198.6¢ 8959.5¢ 1099.3c  10058.8c 1.236a
M6S6 15970.8d 2469.7b 7985.4d 1234.9b  9220.2d 1.194ab

Values are means + SD based on triplicate independent determinations and different letters means significant difference by Duncan's multiple comparison test. S: soybean single
cropping; M: maize single cropping; M2S2: maize-soybean 2:2 intercropping; M4S2: maize-soybean 4:2 intercropping; M4S4: maize-soybean 4:4 intercropping ; M6S6: maize-

soybean 6:6 intercropping

Table 8: Comparison of economic output value between strip intercropping and single cropping of maize and soybean

Year Treatment Economic output value in maize strip

Economic output value in soybean

Maize and soybean composite economic output

($.ha™) strip ($.ha™") ($.ha™)
maize soybean composite output
2016 S - 1598.0a - 1598.0a 1598.0e
M 2091.8d - 2091.8a - 2091.8d
M2S2 3470.2a 913.0d 1735.1b 456.5d 2191.6cd
M4S2 3158.9¢c 852.1e 2105.9a 284.0e 2389.9a
M4S4 3386.7a 1297.2¢ 1693.4b 648.6¢ 2341.9ab
M6S6 3040.1b 1455.3b 1520.0c 727.6b 2247.7hc
2017 S -- 1474.1a -- 1474.1a 1474.1d
M 2214.7d -- 2214.7b -- 2214.7c
M2S2 3822.1a 790.7d 1911.0c 395.3d 2306.4c
M4S2 3500.9b 716.4e 23339a 238.8e 2572.7a
M4S54 3715.5a 1172.3c 1857.8¢c 586.1c 2443.9b
M6S6 3311.6¢ 1316.8b 1655.8d 658.4b 2314.2c

In 2016, the price of maize is 0.1807%. kg™. In 2017, the price of maize is 0.2074 $.kg™. The price of soybeans for two years is 0.5465 $.kg™.
Values are means + SD based on triplicate independent determinations and different letters means significant difference by Duncan's multiple comparison test. S: soybean single
cropping; M: maize single cropping; M2S2: maize-soybean 2:2 intercropping; M4S2: maize-soybean 4:2 intercropping; M4S4: maize-soybean 4:4 intercropping; M6S6: maize-

soybean 6:6 intercropping

in single cropping of maize (Jiao et al. 2015). In this study,
similar conclusions were obtained under the intercropping
model of maize and soybean, the values of light response
curves of Pn, Gs, Tr and Ci of maize under intercropping
were significantly higher than those in single cropping in the
high light intensity range, while those in the low light
intensity range were similar. At the same time, the light
intensity of maize under intercropping was higher than
single cropping when the Pn and other indexes reached the
maximum. It could be further concluded that stripe
intercropping enhanced the response mechanism of maize
leaves to bright light, causing maize to utilize light energy
more efficiently. Contrary to maize, the light response curve
values of photosynthetic indexes of soybean under
intercropping were all smaller than single cropping,
especially in the range of medium and high light intensity.
Liu et al. (2018) and Gou et al. (2018) previously
found that the photosynthetic capacity of maize differed
according to crop row spacing, with the values of Pn, Tr,
and yield per plant of maize in widely spaced rows being
significantly higher than those in narrow row spacing. In

this study similar conclusions were obtained, the Pn, Gs and
Tr values of maize under intercropping were all higher than
in single cropping. Moreover, with an increase in strip
width, the photosynthetic capacity of single maize plants in
the strips gradually decreased and became comparable to
maize single cropping, whereas when the width of the maize
strip was fixed, the photosynthetic parameters increased
with an increase in the width of the adjacent soybean strip.
The higher photosynthetic capacity of strip intercropped
maize compared with that of maize grown as a single can be
attributed to the fact that a larger amount of light is received
by the maize strip due to the shorter stature of the adjacent
soybean canopy, thereby increasing light intensity at the
middle and lower layers of the maize plants, and thus
enhancing photosynthetic capacity. Furthermore, when
soybean is interplanted with maize, it has been observed that
the photosynthetic capacity of soybean leaves decreases
(Wang et al. 2007), whereas the chlorophyll content,
apparent quantum efficiency, and CO, compensation point
increases, and the light compensation point and light
saturation point reduces (Li et al. 2010). In this study, the
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Pn, Gs, and Tr values of soybean under intercropping were
all significantly lower than single cropping, the main reason
for the decrease of photosynthetic capacity of intercropping
soybean was the effect of shading by maize. The values for
the photosynthetic indices of soybean grown in wide strips
were generally higher than in narrow strips, by increasing
the width of soybean, the photosynthetic capacity of a single
soybean plant within strip gradually recovered to single
cropping.

Photosynthesis is clearly a vital process with respect to
determining crop yield, and chlorophyll fluorescence is
considered to be a relevant parameter for examining the
relationship between crop photosynthesis and the
environment, and to represent “intrinsic” characteristics of
plants. Differences in the light environment would
predictably promote changes in the photosynthetic electron
transfer performance of crops (Pawet et al. 2019), which are
accurately reflected by chlorophyll fluorescence parameters
(Yanjun et al. 2018). In this regard, Xu et al. (2012) have
demonstrated that after 6 days of shading, the functional leaf
PSII maximum quantum yield of wheat was significantly
lower than that of the control treatment, whereas in contrast,
the PSII actual quantum yield was significantly higher than
that of the control. Under conditions of weak light stress,
significant reductions have been observed in the PEPCase,
RuBP Case activity, and Fv/Fm values of maize leaves (Jia
et al. 2007; Zhang et al. 2007), whereas increases have been
observed in the maximum fluorescence of chlorophyll and
grana thickness (Li et al. 2010; Du et al. 2011). Furthermore,
Zheng et al. (2013) have observed that the maximum
potential relative transfer rate, actual photochemical
efficiency, and photochemical quenching coefficient of
soybean leaves are significantly reduced in response to a
decrease in solar radiation in the environment. In this study,
the values of the chlorophyll fluorescence parameters Fv/Fm,
gP, @ PSII, and NPQ of maize under intercropping were all
significantly higher than single cropping. Conversely, the
aforementioned  chlorophyll ~ fluorescence  parameters
recorded in intercropped soybean were lower than single-
cropped soybean to differing degrees. Consequently, the
photosynthetic reaction center of intercropped soybean plants
is assumed to dissipate larger amounts of energy in the form
of fluorescence, and there is a corresponding reduction in the
electron transfer through PSII. There were differences in
chlorophyll fluorescence parameter values between different
maize-soybean strip intercropping treatments, with the
values for soybean plants grown in wide strips generally
being higher than narrow strips, and the opposite being true
for maize. A decrease in the maize sowing bandwidth and an
increase in the soybean sowing bandwidth caused, the main
fluorescence parameters of both crops to increase gradually.
This rule can be used to adjust the ratio of bandwidth of
maize and soybean reasonably in production, and make full
use of the advantage of light energy of the system

Crop vyield can be considered a measure of the
accumulation of photosynthetic products, and developing

high-yield, high-efficiency agriculture by improving the
utilization of light energy and photosynthetic efficiency
during the period of yield formation are prominent goals in
the agricultural sector worldwide. In this regard, rational
intercropping represents a promising approach for making
efficient use of light, temperature, water, fertilizer and other
field resources, and enhancing grain yield per unit area by
exploiting edge advantage (Yu et al. 2019). Maize and
soybean, as major cultivated crops, have assumed an
important position in many intercropping and rotation
systems (Seran and Brintha 2010), and previous studies have
shown the significant yield advantages for maize when
grown in multiple cropping systems such as maize-wheat
(Wang et al. 2017), maize-potato (Fan et al. 2016) and
maize—peanut (Awal et al. 2006). In this study, under maize—
soybean intercropping system, the vyield obtained for
intercropped maize strip was significantly higher than that
obtained for single-cropped maize, whereas the yield of
intercropped soybean was significantly lower than singled
soybean The compound vyield obtained under strip
intercropping was higher than in soybean single cropping,
and the compound yield obtained in the M4S2 treatment was
higher than single-cropped maize. The increased yield of
intercropped maize could be attributed to increases in line
grain number, ear width, grain weight per ear, and hundred-
grain weight, whereas corresponding reductions in
intercropped soybean yield could be ascribed to decreases in
the numbers of pods, grains and grain weight per plant,
which corresponds the research results of Yang et al. (2017).

With respect to the crop compound planting model, the
yield advantages gained from intercropping among different
crops can be accurately measured in terms of the LER
(Willey and Rao 1980). In this study, all the strip
intercropping treatments showed an intercropping advantage,
among which the M4S4 treatment had the highest LER
value, with a 2-year average of 1.226. The LER was found to
decrease in the following order: M4S4 > M4S2 > M6S6 >
M2S2. Intercropping can increase the system economic
output, while also increasing the compound crop yield (Qian
et al. 2018). Under strip intercropping, the economic output
value of maize strips was significantly higher than single-
cropped maize, whereas the opposite was true for soybean,
and in general, the economic output value of maize was
higher than soybean. The crop compound economic output
value under strip intercropping was higher than maize and
soybean single cropping; the compound economic output
value was the largest and the S output value was the smallest
under the M4S2 treatment. Compared with single cropping,
strip intercropping could improve the economic output of
local crops.

Conclusion

(1) The photosynthetic capacity of maize was enhanced
by strip intercropping, whereas that of soybean was
significantly reduced. (2) The key reason for the increase
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in photosynthetic capacity of maize was the significant
increase in chlorophyll fluorescence parameters Fv/Fm,
gP, and @ PSII, whereas soybean showed an opposite
change. (3) In the strip intercropping mode, the yield of
the maize bands was significantly higher than maize
single cropping, whereas the yield of soybean band was
significantly lower than soybean single cropping. (4) The
different strip intercropping treatments evaluated in this
study displayed an intercropping advantage, with the
compound economic output value being higher than
maize and soybean single cropping, among which the
compound economic output value and S output value
recorded for the M4S2 treatment was the highest and the
smallest. (5) In the intercropping compound population,
with the increase of soybean bandwidth and the decrease
of corn bandwidth, the photosynthetic physiological
characteristics of maize were gradually enhanced, while
soybeans gradually returned to single cropping level. Strip
intercropping of maize and soybean in the main grain-
producing areas of northeast China is an effective way to
improve the utilization efficiency of light energy in this
area, which is of great significance to increase both crop
yield and increase crop efficiency. In the actual
production, we can make full use of the advantage of
intercropping by reasonably adjusting the bandwidth of
soybean and maize.
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