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Abstract

This paper contributes to the development of methodological tools to under-
stand and predict the functioning of cereal-legume crop associations through
mathematical approaches, simulating field cultivation. These mathematical
models also show that the competition that exists in the mixed culture could
be the main aspect that affects the yield in relation to the establishment of ce-
real monocultures. In this study, it was shown that maize was spatially domi-
nant over soybean in intercrops, specifically in the intercropping corn-soybean
intercrop, compared to monoculture, and that the reduction in LAI of soy-
bean had negative effects on its growth and grain yield. The transition from
the interlayer spatial arrangement to the trip spatial arrangement of the ma-
ize-soybean association allowed an increase in the LAI of the soybean and
consequently increased the yield of the soybean which was 78.06% for the in-
terleaving arrangement at 43.59% for trip arrangement. In conclusion, the
intercropping spatial arrangement of soybeans in association with maize cor-
responds to an LAI which favors the increase in seed productivity. However,
for maize, LAI remains constant under different spatial arrangements with
stable grain yield.
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1. Introduction

Intercropping has been practiced for long time by smallholder farmers in the
tropics. In particular, intercropping of cereals and legumes is recognized as a
common cropping system in tropical developing countries [1]. The canopy
structure and rooting systems of cereal crops, such as maize or sorghum, are
generally different from those of legumes, such as cowpea or soybean. In most
cereal-legume intercropping, cereal crops have a higher canopy structure than
legume crops, and the roots of cereal crops grow deeper than those of legume
crops [2] [3].

This suggests that the component cultures probably have different spatial and
temporal use of environmental resources. Intercropping can use environmental
resources such as radiation, water, and nutrients more efficiently than monocul-
tures [2]. The productivity of these crops depends mainly on the amount of rad-
iation intercepted by the crops when other factors, such as water, nutrients, dis-
eases and weeds are not limiting [4]. Many studies have shown a positive corre-
lation between crop productions to the amount of radiant energy intercepted by
the crop [5].

Among various magnitudes representative of crop status, mention is made of
the leaf area index (LAI). LAI is a key variable for studying the functioning of
plant surfaces because it determines the exchanges of carbon and water with the
atmosphere [6]. It is a relevant indicator of the growth potential [7] [8] [9] [10]
or of the nutritional or health status of the crop. LAl is often a central variable in
crop simulation models (CERES [11]; SUCROS [12]; STICS [13], where it is
generally used to calculate the effective radiation interception for photosynthesis
and therefore the production of dry matter.

Many crop models have been developed for the production of the monocul-
ture system [14] [15] [16]. However, few satisfactory cropping models simulate
strip and/or intercropping polyculture [17] [18] [19]. Agronomists not only
expect these models to simulate and predict agronomic results (yield, dry mat-
ter on the vine, water consumption, etc.), but they want these models to be
able to help them interpret these results in order to use appropriate cultivation
techniques.

To meet these needs, this study aimed to develop a logistical and mathemati-
cal approach to simulate the growth of maize and soybeans under intercropping
and in strips systems so as to predict the grain productivity of the species taken
into account in cereal production in savannah conditions in southwestern DR

Congo.
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2. Materials and Method
2.1. Plant Material

The vegetative materials used were one variety of quality protein maize (Mudi-
shi-3) and one variety of soybean (Vuangi). The two materials, all obtained by
INERA, were chosen for their food preferences and their availability of seeds to

users and breeders.

2.2, Method

The experiment was conducted from April to August 2018 at the INERA Mvuazi
research center. The trial was carried out during the short growing season from
April 10 to August 05, 2018. A factorial design repeated three times was used. An
unplugged land was used and later on cleared of any residue covering the soil,
The main factor was the type of culture taken at two levels (monoculture and
association of cultures), and the second factor was the spatial arrangement taken
at two levels in strip and intercrop). The plots were 4 m x 3 m in size for mono-
culture and the association of corn and soy. Maize was sown at a density of 4
plants per m? at a spacing of 1 m x 0.25 m for intercropping and 0.50 m x 0.50
m for strip cropping. On the other hand, soybeans were sown at a density of 36
plants per m? at a spacing of 0.40 m X 0.20 m for intercropping and 0.30 m X
0.15 m for strip culture. Figure 1 shows the two types of cultures and spatial ar-

rangements.

2.3. Data Collection

Collected data on maize and soybean included length and width of green leaves,
number of visible green leaves (by counting leaves with 50% green area), plant
height, collar diameter and grain yield. Data were taken weekly from all the
plants in the plots.

The climatic data, rainfall and average daily temperatures that prevailed during

the experimental period are presented in Figure 2.

2.4. Simulation Parameters Measurements

The leaf area index (LAL) is the ratio of the total top surface of the leaves to the
surface of the soil on which the vegetation grows. It varies between 2 to 6 for
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Figure 1. Conceptual diagram allowing the study: M = maize; S = soybean.
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Figure 2. Average daily rainfall and temperatures during the experimental period from
April to August 2018.

annual crops [20] and 5.5 for a large seasonal crop such as maize [21] [22]. The
LAI was estimated by multiplying the total leaf area (m”) by the plant density per

m?.

LAl = LAtxd (1)

where LAt = total leaf area and d = density per m” of area.
The total leaf area of maize and soybeans can be measured manually by the

sum total of the leaf area measurement of an individual leaf (LAi).
LAt=>"" LA )

Individual leaf area (LAi) is measured using Duncan’s Linear Dimension Me-
thod [23] [24] [25]:
LA =Lvxwmxk (3)

where Lv = visible length, wm = maximum width and k = 0.75 for the ray leaves
and 0.50 for the non-ray leaves of maize, as well as k = 0.50 for each lobe that
constitutes the leaves of soybean.

In the absence of water stress, leaf development is a simple function of tem-
perature. The physiological time scale is based on the notion of the sum of de-
gree-days. The thermal time was calculated according to the formula proposed
by Bennouna et al. [25]:

_ Tmax+Tmin
2

T T, (4)

where Tmax and Tmin respectively represent the maximum and minimum daily
air temperature, and T, is the base temperature of the crop, below which there is

no growth. Its value for maize is 10°C [25].

2.5. Simulation of Plant Height, Collar Diameter and Leaf
Expansion of Maize

The simulation of the plant height and the collar diameter was made according
to the logistic equation, on the basis of the estimates of the parameters of the
model as defined by Tshiabukole [26]:
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) 1
Plant height = AsymH [W} ©)
_ 1
Collar diameter = AsymD [W} (©)

With:

AsymH or AsymD: parameter giving the asymptotic response of plant height
(H) or collar diameter (D) as time passes to infinity. It has the same units as the
answer.

ScalH or ScalD: scale parameter. It is the value of T75% of Asym-T50% of the
plant height (H) or the collar diameter (D). This parameter has the same units as
variable time.

T¢ parameter giving the time at which all the leaves are senescent (plant
growth stops).

Ty or Tip: parameter giving the time of plant height (H) or collar diameter
(D) at which the response reaches 50% of Asym. It has the same units as the ex-
planatory variable (time).

The estimates of the model parameters were made on the basis of data col-
lected directly in the field.

The leaf growth dynamics of maize were studied using the semi-mechanistic

model of [27] [28], whose equation is as follows:

LAl =LAl *[He_ﬁ—e‘a(”ﬂ} 7)
The leaf area index equation is described in two parts, growth and senescence.
The growth period is defined using the logistic equation, with parameter b,
which expresses the growth rate with respect to 77, which is the accumulation of
thermal time at the point of inflection. Senescence is determined by means of an
exponential equation, with parameter a, which expressing the ratio of the growth
rate and T}, the thermal time expressed in cumulative temperatures, where all the
leaves are senescent. The LAI,,,, parameter describes the maximum amplitude
of the LAIL The independent variable T represents the accumulation of daily
mean air temperature above 10°C (8°C for the Baret model) from sowing [27].
The simulation of growth and foliar expansion of maize was made on the basis
of data recorded weekly from one week after emergence to maximum height for

size and total senescence for LAI

2.6. Statistical Analyzes of Data

Data collected on the field were subjected to the analysis of variance according to
the general linear model (Anova Model < -aov (y~Factl + repetition*Fact2 +
repetition) and to the multiple comparison test of the least significant difference
(LSD) using the “agricolae” package of the statistical software R 3.1.2. Plant
height simulation was carried out with the getlnitial and SSlogis functions of the
R package, procedure for estimating the parameters Asym, Ti and Scal. The

function nls (Y~SSlogis (X, Asym, Ti, Scal) of the R package is the procedure for
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estimating the parameters and the significance level of the simulation [26]. No-
linear regression was performed for the leaf area index “LAI” using the nls func-
tion of the R package, which is the procedure for the parameterization (a, b,
LATAmp, Ti, Tf). The calculation of the standard error and the level of signific-
ance of the parameters were determined at p = 0.05 (*); 0.01 (**) and 0.001 (***)
by the Student test. The different models were evaluated on the basis of observed

and theoretically predicted data.

3. Results
3.1. Maize and Soybean Grain Yield

Examination of maize grain yield data showed no significant differences between
treatments, arrangements and interactions. The highest yield average was 1980.4
kg/ha for the maize monoculture with intercropping arrangement, and the lowest
was 1687.71 kg/ha for the maize-soybean strip intercrop (Table 1 and Table 2).
Regarding soybean seed yield, a significant difference was observed (p < 0.05)
between monoculture soybean treatments and soybean in combination with
maize. The highest average was 1324.95 kg for the soybean monoculture strip,
and the lowest average was 290.67 kg for the soybean-maize strip combination.
While for the intercropping associations, the highest average was 879.24 kg for
the monoculture of soybeans, and the lowest average was 496 kg for the associa-

tion of soybeans with maize (Table 3 and Table 4).

Table 1. Estimated model parameters for monocrop and intercrop corn strip and intercrop arrangements for plant height.

Model parameters Grains yield
Arrangements Treatments ke/h
AsymH (cm) T,p (°C]) ScalH (kg/ha)
MaizeMonoculure 164.15%** 793.80%** 198.43%** 1697.99
Stripcropping
Maize-soybean 165.02%** 863.75%** 195.77%* 1687.71
MaizeMonoculure 168.19%** 946.66*** 248.09%** 1980.4
Intercropping
Maize-soybean 164.14%* 842.47%%* 219.31%%* 1737.71

Sign. code: 0 < a < 0.001 = “***”;0.001 < a0 < 0.01 = “**”;0.01 << 0.05=“*"0.05<a<01=“t"01<a<1l="“ns".

Table 2. Estimated model parameters for strip and intercrop arrangements of soybeans in monoculture and intercropping for

plant height.
Model parameters Grain yield
Arrangements Treatments ke/h

AsymH (cm) T, (CC)) ScalH (kg/ha)
Soybean monoculture 50.32%%* 722.90%* 303.83%** 1324.95a

Stripcropping
Soybean-maize 44,96+ 674.14%* 264.00* 290.67b
Soybean monoculture 49.72%+* 714.88%** 264780 879.24a

Intercropping
Soybean-maize 55.54%** 845.76%** 346.87%** 496.00b

Sign. code: 0 < a < 0.001 = “***”;0.001 < a < 0.01 = “**”; 0.01 < € < 0.05=“*7;0.05<a<0.1=“t";0.1 <a<1="“ns".
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Table 3. Estimated model parameters for monoculture and intercrop maize strip and intercrop arrangements for collar diameter.

Model parameter

Grain yield
Arrangements Treatments ke/h
AsymD (mm) T, (°CJ) ScalD (kg/ha)
Maize Monoculure 14.10%** 197.91%** 101.56*** 1697.99
Stripcropping
Maize-soybean 13.34%%¢ 244.99%%* 97.18%%* 1687.71
Maize Monoculure 14.50%** 302.11%%* 89.79%%* 1980.4
Intercropping
Maize-soybean 13.00* 278.64%* 106.10¢* 1737.71

Sign. code: 0 < a < 0.001 = “***”;0.001 < a < 0.01 = “**”; 0.01 < a < 0.05=“*";0.05<a<0.1=“t";0.1<a<1l="“ns".

Table 4. Estimated model parameters for monoculture and intercrop soybean strip and intercrop arrangements for collar diameter.

Model parameters

Grain yield
Arrangements Treatments ke/h
AsymD (mm) T, (°CJ) ScalD (kg/ha)
Soybean monoculture 4.96** 349.99* 155.58** 1324.95a
Stripcropping
Soybean-maize 4.24%** 305.16%** 101.91* 290.67b
Soybean monoculture 5.16%** 352.71%%* 149.23*** 879.24a
Intercropping
Soybean-maize 4.38%* 270.26** 220.75%%* 496.00b

Sign. code: 0 < a < 0.001 = “***”;0.001 < a0 < 0.01 = “**”;0.01 <2< 0.05=“*"0.05<a<01=“t"01<a<1="“ns".

3.2. Maize and Soybean Growth Simulation

3.2.1. Maize Plant Height

The evolution of plant height in each treatment and arrangement is shown in
Figure 3. For all models, the simulations showed highly significant differences
(p < 0.001) in the monoculture maize and maize with soybean treatments in as-
sociation (trip and intercropping) for all the estimated parameters (AsymH,
TiH, and ScalH).

Table 1 presents the estimates of the maize height simulation parameters. In
monoculture, the model estimated the maximum height at 164.15 cm and 168.19
cm respectively for the trip and intercrop arrangement. In the same order, half
of the maximum height (TiH) was estimated at 793.80°C]J and 946.66°C]J after
sowing. In combination, the model estimated the maximum height of maize at
165.02 cm and 164.14 cm respectively for the strip and interlayer arrangement
and half the height was estimated at 863.75°CJ and 842.47°CJ after sowing
(Table 1).

3.2.2. Soybean Plant Height

The growth course of plants in each treatment and arrangement is shown in
Figure 4. For all models, the simulations were highly significant (p < 0.001) in
the monoculture soybean and intercrop soybean-maize treatments (strip and in-

tercrop) for both parameters considered (AsymH, TiH, and ScalH).
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Figure 3. Evolution of the plant height of two maize spatial arrangements (strip cropping and intercropping) in (a) monocultu-

reand in (b) association.

Strip cropping Intercropping
o a
S G —— Soybean Monoculture A é, ,é - é’
—e—Soybean Monoculture -4&- Soybean-Maize PP
) -&-Soybean-Maize o 50+ -
50 5 © ~ 5
gy~
g g
L 404 L
£ A AN E
2 o
[0) o
I I
€ 30+ €
iy A
o o
20 1
500 1000 1500 2000 500 1000 1500 2000
Thermal Time (°C) Thermal Time (°C)

(a)

(b)

Figure 4. Evolution of the plant height of two soybean spatial arrangements (strip and intercropping) in (a) monoculture and in

(b) association.

In the monoculture soybean treatment, the model estimated the maximum
plant height to be 50.32 cm and 49.72 c¢m for strip and intercropping, respectively.
Similarly, the half-height was estimated at 722.90°C and 714.88°C after sowing
(Table 2).

3.2.3. Maize Collar Diameter

The changes in collar diameter in each treatment and arrangement are shown in
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Figure 5. For all models, the simulations were highly significant (p < 0.001) in
the treatments of maize monoculture and maize with soybean in combination
(strip and intercrop) for all parameters (AsymD, TiD, and ScalD).

In the treatment of maize monoculture, the model estimates the maximum
collar diameter at 14.10 mm and 14.50 mm respectively for the strip and inter-
crop arrangement. In the same order, half collar diameter was estimated at the
thermal time of 197.91°C and 89.79°C after sowing (Table 3).

In the treatment of maize in association, the model estimates the maximum
diameter at the collar at 13.34 mm and 13 mm respectively for the arrangement in
strip and intercropping. In the same order, half collar diameter is estimated at the
thermal time corresponding to 244.99°CJ and 278.64°C]J after sowing (Table 3).

3.2.4. Soybean Collar Diameter
The changes in collar diameter in each treatment and arrangement are described
in Figure 6. In Table 4, it is noted that the simulations of the variables made
with the model were highly significant (p < 0.001) in the soybean treatments
(monoculture and soybean in association with maize) and in intercropping ar-
rangement for all parameters (AsymD, TiD, and ScalD). On the other hand, for
the strip arrangement, the simulations were highly significant (p < 0.001) in the
treatments of soybean monoculture and soybean in association with maize for
the AsymD and TiD parameters. The simulations were also very significant in
the treatment of soybeans monoculture (p < 0.01) and significant in the treatment
of soybeans in association with maize (p < 0.05) for the Scal parameter.

Table 4 shows the model parameter estimates for soybean monoculture and

intercrop with maize. Estimations were highly significant at p < 0.001 and very

Collar diameter (mm)

Strip cropping Intercropping
35 ©
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Figure 5. Evolution of the collar diameter of two maize arrangements (strip and intercrop) in (a) monoculture and in (b) associa-

tion.
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Figure 6. Evolution of the collar diameter of two soybean arrangements (strip and intercrop) in (a) monoculture and in (b) asso-
ciation.

significant at p < 0.01. The model estimated the maximum collar diameter to be
4.96 mm and 5.16 mm respectively for strip and intercrop arrangement for soy-
bean monoculture. Likewise, half collar diameter was estimated at the thermal
time of 349.99°C and 352.71°C after sowing. In association with maize, the
model estimates the maximum collar diameter at 4.24 mm and 4.38 mm respec-
tively for the strip and intercrop arrangement. Similarly, half the height is esti-
mated at the thermal time of 305.16°CJ and 270.26°C]J after sowing.

3.3. Simulation of the Leaf Area Index (LAI)

3.3.1. Maize Leaf Area Index
The estimation of the different parameters based on the STICS model is de-
scribed in Table 5. The model simulated well the parameters Ti and Tf in the
maize-soya association for the two arrangements. Figure 7 shows the evolutions
of the observations and the simulation curves of the strip and intercrop leaf in-
dices for the treatments of maize in monoculture and maize in combination with
soybean. For all the models, the simulations are significant in the strip ma-
ize-soybean treatment (p < 0.05), highly significant in the intercropping (p <
0.001) for the Ti parameter, and also highly significant in all the treatments
(maize in monoculture and in association) (p < 0.001) for the Tf parameter.
With regard to Table 5, for the maize monoculture, the maximum leaf area
indices (LAIAmpl) were estimated at 3.71 and 3.62 respectively for the strip and
intercrop arrangements. Half of these maximum leaf indices were reached at
452°CJ and 591°CJ respectively in strip and intercrop with yields of 1697.99
kg/ha and 1980.4 kg/ha respectively in strip and intercrop. The thermal time re-

quired to complete the maize cycle in monoculture was 2459°C]J in strip against
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Table 5. Estimated model parameters for the two maize arrangements in the combination and monoculture treatments.

Model parameters

Grain yield
Arrangements Treatments ke/h
LAIL,,, Ti b a Tf (kg/ha)
STICS 427 674 0.0012 0.0074 1657
MaizeMonoculure 3.71 452 0.00331 0.000521 2459 1697.99
Stripcropping
Maize-soybean 291 572%* 0.003755 0.000684 2482%%* 1687.71
MaizeMonoculure 3.62 591 0.0026 0.000573 2543%%* 1980.4
Intercropping
Maize-soybean 2.21 564%* 0.0042 0.00075 2546 1737.71

Sign. code: 0 < a < 0.001 = “***”;0.001 < a < 0.01 = “**”; 0.01 < € < 0.05=“*";0.05<a<0.1=“t"0.1<a<1="“ns".
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Figure 7. Simulation of the leaf area index of two maize arrangements (strip and intercropping) in (a) monoculture and in (b)
association with the thermal weather of seasonal conditions.

2543°CJ in intercropping. The parameters were also well simulated for the
treatment of maize in association with soybeans. The maximum amplitudes of
the leaf indices were estimated at 2.90 and 2.21 respectively for the strip and in-
tercrop arrangements. Half of these leaf indices were reached at 572°C]J in strips
and 564°C]J in intercropping with yields of 1687.71 kg/ha and 1737.021 kg/ha in
the same respective order. The thermal time required to complete the maize
cycle in monoculture was 2482°CJ in strip against 2546°CJ in intercropping
(Figure 7).

3.3.2. The Leaf Area Index of Soybean
Table 6 presents the estimates of the different parameters based on the STICS
model. The model well simulated the thermal parameters Ti and Tf in the soy-

bean-corn treatments for both arrangements. Figure 8 shows the changes in
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field observations and simulation curves of strip and intercrop leaf area index for
the treatments of soybean in monoculture and soybean in combination with
maize. For all the models used, the simulations are highly significant in the
treatments of soybean in monoculture and soybean in association with maize, in
strips and in intercropping (p < 0.001) for the parameters Ti, and Tf. In the mo-
noculture soybean treatment, the maximum leaf area index (LAIAmpl) was es-
timated at 9.17 and 10.14 for the strip and intercrop arrangement, respectively.
Half of these maximum leaf indices were reached at 894°CJ and 948°CJ respec-
tively in strip and intercropping with yields of 1324.95 kg/ha and 879.24 kg/ha
respectively in strip and intercropping. The thermal time required to complete
the cycle of soybeans in monoculture was 2082°CJ in strip against 2095°C]J in

intercropping (Figure 7).

Table 6. Estimated model parameters for the two soybean arrangements in the combination and monoculture treatments.

Model parameters

Grain yield
Arrangements Treatments ke/h
LAL,,, Ti b a Tf (kg/ha)
STICS 10.58

Soybean monoculture 9.17 894** 0.00528 0.00165 2082%** 1324.95a

Stripcropping
Soybean-maize 5.78 887+ 0.00509 0.00165 2100%** 290.67b
Soybean monoculture 10.14 948**+* 0.00419 0.00151 2095%** 879.24a

Intercropping
Soybean-maize 10.07 1138%%* 0.00280 0.00139 2138 496.00b

Sign. code: 0 < a < 0.001 = “***”;0.001 < a < 0.01 = “**”;0.01 < € < 0.05="“*";0.05<a<0.1=“t";0.1<a<1="“ns".
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Figure 8. Simulation of the leaf area index of two soybean arrangements (strip and intercrop) in monoculture and in association
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with the thermal weather of seasonal conditions.
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The parameters were also well simulated for the treatment of soybeans in as-
sociation with maize; the maximum amplitudes of the leaf indices were esti-
mated at 5.78 and 10.07 respectively for the strip and intercrop arrangements
with the yields in the same respective order of 290.67 and 496.00 kg/ha. Half of
these leaf indices were reached at 887°CJ and 1138°CJ respectively in strip and

intercrop.

3.4. Discussion

3.4.1. Effect of the Association on Grain Yield

Although the yield of maize did not show a significant difference between treat-
ments, the yield of intercropped maize was higher than that of strip mono-
cropped maize as well as maize intercropped with soybean for both arrange-
ments. On the other hand, different types of the association had an impact on
the yield of soybean, which was reduced by 43.59% in strips and by more than
78.06% in intercropping. Although soybean density in the different associations
has remained the same (36 plants/m?), the best combination of row spacing and
[soybean] stand density should usually correspond to a leaf area index that in-
tercepts at least 95% of the photosynthesisactive radiation at the start of the seed
filling phase [29]. This level of light interception involves the contact of plants
located on neighboring rows (maize) so as to fill the intervening space [30]. Sim-
ilar results were found by Mandal et al [31] for maize-soybean intercropping; as
the maize/soybean ratio increased, the more competition reduced soybean yield.
This is also the case for other legumes such as cowpea [32] [33] or beans [34]
[35].

3.4.2. Simulation of Crop Growth

The greatest maize plant height was recorded in the monoculture treatment with
the intercropped spacing and the smallest maize plant height was recorded in the
maize-soybean intercrop with the intercropped spacing. The mean value obtained
for maize plant height slightly approaches that obtained by Tshiabukole et al.
[10] when simulating the growth of quality proteins in maize under optimal crop
conditions. On the other hand, the collar diameter did not undergo significant
differences between all the treatments, demonstrating that the maize had main-
tained its vigor despite the variations of treatments.

According to Salez [36], the maize height is never affected by the association
with a legume after he recorded on all his tests carried out a difference of 0 to 6%
(average = 2%) of height and that the difference was not significant between
maize treatments in monoculture and in association with grain legumes. Barkers
et al. [37] reported that maize competition strongly reduced LAImax and legume
height but that legumes only reduced maize height by up to 2%. And as a cover
crop, soybean had a greater height in the intercropping maize strip treatment
and the lowest soybean plant height was recorded in the intercropping maize
strip intercropping treatment as the spatial arrangement. However, soybean col-

lar diameter was influenced by intercropping with strip and intercrop maize,
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showing low soybean plant vigor. These results can be explained by the fact that
light is one of the crucial factors affecting competition in the mixed canopy. In-
terception and attenuation of light in the canopy are important in assessing po-
tential carbon uptake by crop and are determined by canopy structure [38].

Plant height and collar diameter are among the informative variables that
play a key role in assessing competition for light in cover crops [39]. Hang et al.
[40] or Even [41] have also demonstrated that plant height was increased in
competition for light while biomass per plant was reduced. Conversely, some
species may be at lower levels of competition in association than in pure culture
[42].

3.4.3. Simulation of the Leaf Area Index

The production of a crop depends on the interception of solar radiation and its
conversion into biomass. The amount of incident radiation that is intercepted by
the plant is determined by leaf area, leaf orientation and leaf life. The maize leaf
area index has a positive effect on radiation interception up to a value of about 4;
beyond that, the additional surface has little effect on the light interception.
Planting density is a determining factor of LAI [43].

Plants exposed to the greater competition show a series of changes characte-
ristic of shade avoidance syndrome. The shading phenomena would be reflected
at the level of the photosynthetic organs by thinner leaves, a reduction in the
specific weight of the leaves and an increase in the leaf area index [44].

In view of the results obtained in this study, it appears that the associations of
crops, whatever the spatial arrangements, had a negative effect on legumes with
regard to leaf expansion. This confirms the conclusions of Willey [2] and Tsubo
et al. 3], which stipulated that in most cereal-legume intercrops, the cereals take
advantage of the legumes because of the higher canopy structure than the cereal
legumes crops, and the roots of cereal crops grow deeper than those of legume
crops.

According to Loomis and Williams [45], grain yield is dependent on crop
radiation interception when other factors, such as water, nutrients, disease and
weeds are not limiting. Any internal modification characterized by any position
of the culture to face the radiation would influence the productivity of the cul-
ture. The results obtained in this study verify the hypotheses developed by Loo-
mis and Williams [4], which can be supported by the positive correlations ob-
tained by Monteith [45] and Tsuboat al. [5] for agricultural production and the

amount of radiant energy intercepted by the crop.

4. Conclusion

It appears from this study that the LAI between species is a crucial element in
the functioning of associations due to the involvement of this resource in mul-
tiple processes. The results obtained showed that there was great competition for
space management in the associations (more precisely in the spatial arrangement

in the strip) compared to the monocultures on the cover plant (soybean). This
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implies that the LAI of the dominant species, maize in our case, had a direct im-
pact on the dominated species, which is soybean. The reduction in the soybean
leaf area index may have had negative effects on its growth and grain yield be-
cause competition for growing space may also have affected the symbiotic physi-

ology of the legume.

Acknowledgments

We would like to thank the entire team of scientists and technicians who authored
this article. They gave their precious time to contribute to the implementation of
this study despite their numerous duties. We appreciate the truthful and sincere
collaboration which exists between the research institution (INERA) and univer-
sities (UPN and UNIKIN) which made this experiment successful under the
ASARECA Climate Smart Agriculture Alliance (ACSAA).

Conflicts of Interest
The authors declare no conflicts of interest.

References

[1] Ofori, F. and Stern, W.R. (1987) Cereal-Legume Intercropping Systems. Advances
in Agronomy, 41, 41-90. https://doi.org/10.1016/S0065-2113(08)60802-0

[2] Willey, RM. (1990) Resources Use in Intercropping System. Agriculture, Water
Management, 17, 215-231. https://doi.org/10.1016/0378-3774(90)90069-B

[3] Tsubo, M., Walker, S. and Ogindo, H.O. (2005) A Simulation Model of Cereal-Le-
gume Intercropping Systems for Semi-Arid Regions: I. Model Development. Field
Crops Research, 93, 10-22. https://doi.org/10.1016/j.fcr.2004.09.002

(4] Loomis, R.S. and Williams, W.M. (1963) Maximum Crop Productivity: An Estimate.
Crop Science, 3, 67-72.
https://doi.org/10.2135/cropscil963.0011183X000300010021x

[5] Tsubo, M., Walker, S. and Mukhala, E. (2001) Comparisons of Radiation Use Effi-
ciency of Mono-/Inter-Cropping Systems with Different Row Orientations. Field
Crops Research, 71, 17-29. https://doi.org/10.1016/S0378-4290(01)00142-3

[6] Duthoit, S. (2006) Prise en compte de I'agrégation des cultures dans la simulation
du transfert radiatif: Importance pour I'estimation de I'indice foliaire (LAI), de la
parcelle au paysage. These de doctorat, Université Paul Sabatier-Toulouse III, Toulouse,
189 p.

[7] Varlet-Grancher, C., Gosse, G., Chartier, M., Sinoquet, H., Bonhomme, R. and
Allirand, J.M. (1989) Mise au point: Rayonnement solaire absorbé ou intercepté par
un couvert végétal. Agronomie, 9, 419-439. https://doi.org/10.1051/agro:19890501

(8] Lufuluabo, M.M., Kizungu, R.V. and N’kongolo, K.K. (2011) Dynamique foliaire et
croissance du mais: Application du modeéle STICS en conditions tropicales en
RD-Congo. Agronomie Africaine, 23, 91-102.

[9] Lukombo, J.-C.L., Kizungu, R.V., Nkongolo, K.C.K., Lufuluabo, M.M. and Tsumbu,
M. (2013) Growth and Leaf Area Index Simulation in Maize (Zea mays L.) under
Small-Scale Farm Conditions in a Sud-Saharan African Region. American Journal
of Plant Sciences, 4, 575-583. https://doi.org/10.4236/ajps.2013.43075

[10] Tshiabukole, J.P.K., Vumilia, R.K., Khonde, G.P., Lukeba, J.C.L., Kankolongo, A.M.,

DOI: 10.4236/0alib.1109310 15 Open Access Library Journal


https://doi.org/10.4236/oalib.1109310
https://doi.org/10.1016/S0065-2113(08)60802-0
https://doi.org/10.1016/0378-3774(90)90069-B
https://doi.org/10.1016/j.fcr.2004.09.002
https://doi.org/10.2135/cropsci1963.0011183X000300010021x
https://doi.org/10.1016/S0378-4290(01)00142-3
https://doi.org/10.1051/agro:19890501
https://doi.org/10.4236/ajps.2013.43075

G. P. Khonde et al.

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

Djamba, A.M. and Nkongolo, K.K.C. (2019) Simulation of Growth and Leaf Area
Index of Quality Protein Maize Varieties in the Southwestern Savannah Region of
the DR Congo. American Journal of Plant Science, 10, 976-986.
https://doi.org/10.4236/ajps.2019.106070

Jones, C.A. and Kiniry Jr. (1986) CERES Maize. A Simulation Model of Maize
Growth and Development. Texas A&M University Press, College Station, 194 p.

Spritters, C.J.T., Van Keulen, H. and Van Kraalingen (1989) A Simple and Universal
Crop Growth Simulator: SUCROS87. In: Rabbinge, R., Ward, S.A. and Van Laar,
H.H., Eds., Simulation and Systems Management in Crop Protection, Simulation
Monographs, PUDOC, Wageningen, Vol. 32, 147-181.

Brisson, N.B., Mary, D., Ripoche, M.H., et al. (1998) STICS: A Generic Model for
the Simulation of Crop and Their Water and Nitrogen Balance. Theory, Parame-
trization and I Applied to Wheat and Corn. Agronomie, 18, 311-346.
https://doi.org/10.1051/agro:19980501

Jones, ].W., Hoogenboom, G., Porter, C.H., et al. (2003) The DSSAT Cropping System
Model. European Journal of Agronomy; 18, 235-265.
https://doi.org/10.1016/S1161-0301(02)00107-7

Keating, B.A., Carberry, P.S., Hammer, G.L., et al. (2003) An Overview of APSIM, a
Model Designed for Farming Systems Simulation. European Journal of Agronomy,
18, 267-288. https://doi.org/10.1016/S1161-0301(02)00108-9

Van Ittersum, M.K., Leffelaar, P.A., van Keulen, H., ef al (2003) On Approaches
and Applications of the Wageningen Crop Models. European Journal of Agronomy,
18, 201-234. https://doi.org/10.1016/S1161-0301(02)00106-5

Probert, M.E., Carberry, P.S., McCown, R.L. and Turpin, J.E. (1998) Simulation
Legume-Cereal Systems Using APSIM. Australian Journal of Agricultural Research,
49, 317-327. https://doi.org/10.1071/A97070

Baumann, D.T., Bastiaans, L., Goudriaan, J., van Laar, H.H. and Kropff, M.]. (2002)
Analysing Crop Yield and Plant Quality in an Intercropping System Using an
Eco-Physiological Model for Interplant Competition. Agricultural Systems, 73,
173-203. https://doi.org/10.1016/S0308-521X(01)00084-1

Berntsen, J., Hauggaard-Nielsen, H., Olesen, J.E., Petersen, B.M., Jensen, E.S. and
Thomsen, A. (2004) Modelling Dry Matter Production and Resource Use in Inter-
crops of Pea and Barley. Field Crops Research, 88, 69-83.
https://doi.org/10.1016/j.fcr.2003.11.012

Beadle, C.L. (1993) Photosynthesis and Production in a Changing Environment: A
Field and Laboratory Manual. In: Growth Analysis, Chapman & Hall, London,
36-46. https://doi.org/10.1007/978-94-010-9626-3_3

Asrar, G., Fuchs, M., Kanemasu, E. and Hatfield, J. (1984) Estimating Absorbed
Photosynthetic Radiation and Leaf Area Index from Spectral Reflectance in Wheat.
Agronomy Journal, 76, 300-306.
https://doi.org/10.2134/agronj1984.00021962007600020029x

Weiss, M. (1998) Développement d’un algorithme de suivi de la végétation a large
échelle. PhD Thesis, Université de Nice Sophia-Antipolis, Nice.

Mollier, A. (1999) Croissance racinaire du mais (Zea mays L.) sous déficience en
Phosphore. Etude expérimentale et modélisation. Thése de doctorat, Université de
Paris XI Orsay, Paris, 200 p.

Elings, A. (2000) Estimation of Leaf Area in Tropical Maize. Agronomy Journal, 92,
436-444. https://doi.org/10.2134/agronj2000.923436x

Bennouna, B., Lahrouni, A. and Khabba, S. (2005) Paramétres de croissance du mais

DOI: 10.4236/0alib.1109310

16 Open Access Library Journal


https://doi.org/10.4236/oalib.1109310
https://doi.org/10.4236/ajps.2019.106070
https://doi.org/10.1051/agro:19980501
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.1016/S1161-0301(02)00108-9
https://doi.org/10.1016/S1161-0301(02)00106-5
https://doi.org/10.1071/A97070
https://doi.org/10.1016/S0308-521X(01)00084-1
https://doi.org/10.1016/j.fcr.2003.11.012
https://doi.org/10.1007/978-94-010-9626-3_3
https://doi.org/10.2134/agronj1984.00021962007600020029x
https://doi.org/10.2134/agronj2000.923436x

G. P. Khonde et al.

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

dans le Haouz de Marrakech (Maroc). Cahiers Agricultures, 14, 437-446.

Tshiabukole, J.P.K. (2018) Evaluation de la sensibilité aux stress hydriques du mais
(Zea mays L.) cultivé dans la savane du sud-ouest de la RD Congo, cas de
Mvuazi. Theése de doctorat, Université Pédagogique National, Faculté des Sciences
Agronomiques, Kinshasa.

Baret, F. (1986) Contribution au suivi radiométrique de culture de céréales. Thése
de doctorat, Université de Paris-Sud, Centre d’Orsay, Paris, 182 p.

Koetz, B., Baret, F., Poilve, H. and Hill, J. (2005) Use of Coupled Canopy Structure
Dynamic and Radiative Transfer Models to Estimate Biophysical Canopy Charac-
teristics. Remote Sensing of Environment, 95, 115-124.
https://doi.org/10.1016/j.rse.2004.11.017

Bodrero, M.L., Darwich, N. andrade, F. and Nakayama, F. (1989) Interception de
radiaciénfotosintéticamente activa y productividad de soja de segundasembrada a
distintosespaciamientos entre surcos. Actas IV Conference Mundjal de Investigacion
en Soja, Buenos Aires, 5-9 mars 1989, 799-804.

Garcia, A. (2002) Fagon culturales: Semis et implantation de peuplements. In:
Paliwal, R.L., Ed., Le soja dans les tropiques. Amélioration et production, Food &
Agriculture Org., Paris, 382 p.

Mandal, M.K,, Banerjee, M., Banerjee, H., Pathak, A. and Das, R. (2014) Evaluation
of Cereal-Legumes Intercropping Systems through Productivity and Competition
Ability. Asian Journal of Science and Technology, 5, 233-237.

Choudhary, V.K. (2014) Suitability of Maize-Legume Intercrops with Optimum
Row Ratio in Mid Hills of Eastern Himalaya, India. SAARC Journal of Agriculture,
12, 52-62. https://doi.org/10.3329/sja.v12i2.21916

Khonde, P., Tshiabukole, K., Kankolongo, M., Hauser, S., Djamba, M., Vumilia, K.
and Nkongolo, K. (2018) Evaluation of Yield and Competition Indices for Inter-

cropped Eight Maize Varieties, Soybean and Cowpea in the Zone of Savanna of
South-West RD Congo. Open Access Library Journal, 5, e3746.
https://doi.org/10.4236/0alib.1103746

Kour, M., Thakur, N.P., Kumar, P. and Charak, A.S. (2016) Productivity and Prof-
itability of Maize (Zea mays) as Influenced by Intercropping of Rajmash (Phaseolus

vulgaris) and Nutrient Management Techniques under Sub-Alpine Conditions of
Jammu, India. Legume Research, 39, 970-975.
https://doi.org/10.18805/Ir.v0iOF.11042

Adafre, AN. (2016) Advantages of Maize-Haricot Bean Intercropping over Sole
Cropping through Competition Indices at West Badewacho Woreda, Hadiya Zone,
SNNPR. Academic Research Journal of Agricultural Science and Research, 4, 1-8.

Salez, P. (1988) Compréhension et amélioration de systemes de cultures associées
céréale-légumineuse au Cameroun. Thése de doctorat, Ecole Nationale Supérieure
Agronomique de Montpellier, Montpellier.

Barker, D.C., Knezevic, S.Z., Martin, A.R. and Lindquis, J.L. (2006) Effect of Nitrogen
Addition on the Comparative Productivity of Corn and Velvetleaf (Abutilon
theophrasti). Weed Science, 54, 354-363.

https://doi.org/10.1614/WS-05-127R.1

Vazin, F., Madani, A. and Hassanzadeh, M. (2010) Modeling Light Interception and
Distribution in Mixed Canopy of Redroot Pigweed (Amaranthus retroflexus) in

Competition with Corn (Zea mays). Notulae Botanicae Horti- Agrobotanici Cluj-
Nopoca, 38, 128-134.

Lindquist, J.L. and Mortensen, D.A. (1999) Ecophysiological Characteristics of Four

DOI: 10.4236/0alib.1109310

17 Open Access Library Journal


https://doi.org/10.4236/oalib.1109310
https://doi.org/10.1016/j.rse.2004.11.017
https://doi.org/10.3329/sja.v12i2.21916
https://doi.org/10.4236/oalib.1103746
https://doi.org/10.18805/lr.v0iOF.11042
https://doi.org/10.1614/WS-05-127R.1

G. P. Khonde et al.

(40]

(41]

(42]

[43]

(44]

(45]

Maize Hybrids and Abutilon theophrasti. Weed Research, 39, 271-285.
https://doi.org/10.1046/j.1365-3180.1999.00143.x

Hang, A., McCloud, D., Boote, K. and Duncan, W. (1984) Shade Effects on Growth,
Partitioning and Yield Components of Peanuts. Crop Science, 24, 109-115.
https://doi.org/10.2135/cropscil984.0011183X002400010025x

Stirling, C., Williams, J., Black, C. and Ong, C. (1990) The Effect of Timing of Shade
on Development, Dry Matter Production and Light-Use Efficiency in Groundnut
(Arachis hypogaea L.) under Field Conditions. Australian Journal of Agricultural
Research, 41, 633-644. https://doi.org/10.1071/AR9900633

Baldisera, T., Frak, E., Carvalo, P. and Louarn, G. (2014) Plant Development Con-
trols Leaf Area Expansion in Alfalfa Plants Competing for Light. Annals of Botany;,
113, 145-157. https://doi.org/10.1093/aob/mct251

Useni, S.Y., Mwema, L.A., Musambi, L., Chinawej, M.M.D. and Nyembo, K.L.
(2014) Des faibles doses d’engrais minéraux peuvent permettre I'augmentation du
rendement du mais cultivé densément? Journal of Applied Biosciences, 74,
6131-6140. https://doi.org/10.4314/jab.v74il.4

Dong, Q.X., Louam, G., Wang, Y.M., Barczi, J.F. and de Relfye, P. (2008) Does the
Structure-Function Model Greenlab Deal with the Phenotypic Plasticity Induced by
Plant Spacing? A Case Study on Tomato. Annals of Botany, 101, 1195-1206.
https://doi.org/10.1093/aob/mcm317

Monteith, J.L. (1977) Climate and the Efficiency of Crop Production in Britain.
Philosophical Transactions of the Royal Society of London B, 281, 277-294.
https://doi.org/10.1098/rstb.1977.0140

DOI: 10.4236/0alib.1109310

18 Open Access Library Journal


https://doi.org/10.4236/oalib.1109310
https://doi.org/10.1046/j.1365-3180.1999.00143.x
https://doi.org/10.2135/cropsci1984.0011183X002400010025x
https://doi.org/10.1071/AR9900633
https://doi.org/10.1093/aob/mct251
https://doi.org/10.4314/jab.v74i1.4
https://doi.org/10.1093/aob/mcm317
https://doi.org/10.1098/rstb.1977.0140

	Simulation of the Growth and Leaf Dynamic in Quality Protein Maize and Soybean Intercropping Under the Southwestern Savannah Conditions of DR Congo
	Abstract
	Subject Areas
	Keywords
	1. Introduction
	2. Materials and Method
	2.1. Plant Material
	2.2. Method
	2.3. Data Collection
	2.4. Simulation Parameters Measurements
	2.5. Simulation of Plant Height, Collar Diameter and Leaf Expansion of Maize
	2.6. Statistical Analyzes of Data

	3. Results
	3.1. Maize and Soybean Grain Yield
	3.2. Maize and Soybean Growth Simulation
	3.2.1. Maize Plant Height
	3.2.2. Soybean Plant Height
	3.2.3. Maize Collar Diameter
	3.2.4. Soybean Collar Diameter

	3.3. Simulation of the Leaf Area Index (LAI)
	3.3.1. Maize Leaf Area Index
	3.3.2. The Leaf Area Index of Soybean

	3.4. Discussion
	3.4.1. Effect of the Association on Grain Yield
	3.4.2. Simulation of Crop Growth
	3.4.3. Simulation of the Leaf Area Index


	4. Conclusion
	Acknowledgments
	Conflicts of Interest
	References

