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Abstract: Cultivating multiple crops together can provide numerous benefits, including improved
soil health and crop yield. The objective of our study was to determine the optimum planting
techniques in intercropping systems, and to maximize their benefits by mitigating competition for
resources such as land, space, light interception, and nutrition. The performance of successively
planted maize (Zea mays L.) grown with cowpea (Vigna unguiculata L.) was evaluated with a field
trial in Bangladesh. The treatments in our study were: (a) sole maize, (b) sole cowpea, (c) crops
sown simultaneously, and (d) crops sown with different time lags (1, 2, and 3 weeks) between the
maize-sowing and cowpea-sowing dates. Data on the crops’ physiological parameters were recorded.
These included light interception, leaf area index (LAI), Soil Plant Analysis Development (SPAD),
harvest index, and yield. Simultaneously, canopy coverage was measured using camera-based photo
analysis. In addition, an economic analysis of intercropping maize with soybean or cowpea was
conducted using gross margin analysis and benefit-cost ratio. In our results, the below-canopy
photosynthetically active radiation (PAR) was significantly higher in intercropping treatments when
maize was sown three weeks after cowpea. In contrast, the LAI value of the maize and cowpea was
significantly greater when sown on the same day than in other intercropping treatments. As a result,
the maize yield reduced when intercropped with cowpea. This reduction maximized when both
species were sown simultaneously due to higher competition for resources, including nutrients and
light. Intercropping was more beneficial in terms of land equivalent ratio than both sole cropping of
maize and cowpea, especially when maize was planted three weeks later. However, this benefit was
not retained when calculated as maize equivalent yield since the contribution of cowpea was small in
the overall maize yield, suggesting the importance of the relative economic value of the component
species. Among all treatments, the lowest maize equivalent yield (6.03 = 0.14 t ha—!) was obtained
from sole cowpea, and the largest land equivalent ratio (1.67 & 0.05) was obtained from intercropping
with maize sown three weeks after cowpea. This treatment provided a net income of USD 786.32
+ 25.08 ha~!. This study has shown that together, maize-cowpea intercropping with a temporal
niche difference of three weeks may be a better option for sustainable crop production in Bangladesh,
maximizing land use. However, it may not provide a significantly greater maize equivalent yield and
economic return.

Keywords: land-use optimization; legume plant; competition; above-ground resources; sustainable
agriculture; food security
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1. Introduction

Attaining food and nutritional security for millions of people worldwide is one
of the most stressful challenges, particularly for densely populated countries, such as
Bangladesh [1,2]. Climate change often creates additional threats to agricultural production.
Since it is one of the most vulnerable countries to flood, drought, and sea-level rise [3].
Crop diversification can improve soil fertility and water-use efficiency, and maintain nat-
ural enemies of insect pests, while a monoculture system with a single species (rice as
in case of Bangladesh) often accelerates nutrient mining from a particular soil layer and
hosts pathogenic microorganisms. Moreover, a diversified cropping system is not only a
resilient and sustainable crop production technique [4,5] but it also provides large varieties
of food with different nutritional qualities [6-8]. Intercropping is a well-known practice
of diversified cropping systems and therefore, it could provide similar benefits. For in-
stance, it can efficiently use growth resources, including nutrients, light, and water, thus
maintaining soil health [9]. Moreover, the chances of getting yield from at least one of
the component crops, even under adverse climatic conditions (e.g., cyclones), is higher
than monocropping. Therefore, it has been reported that intercropping could provide a
stable yield from the component species [9,10]. However, competition between component
crops for resources can significantly reduce yield. Thus, it is an important determinant
for selecting component crops in intercropping systems since species diversity can reduce
resource competition [11]. For instance, intercropping is more productive and economical
when both crops differ in genetic makeup, photosynthetic pathways, growth habit, growth
duration, and demand for different growth resources [12,13]. Therefore, intercropping can
only provide a yield advantage over sole cropping if the component crops use natural
resources in complementary ways [14-16].

Cereal-legume intercropping is an important agronomic practice in which the sys-
tem’s efficiency is superior to the individually grown component species [17-19]. For
instance, maize (Zea mays)-legume intercropping has multiple benefits over sole crop-
ping and intercropping practices than other species [20-22]. These benefits may have been
achieved through symbiotic associations and complementarity interactions between species
in harvesting limited resources [10,14,20]. When maize is planted as a wide-spaced crop, it
encourages weed infestation and intensifies crop—weed competition [21,22]; meanwhile,
there remain unexplored opportunities of getting a harvest from the free space. Growing
a component crop in between lines of maize can substantially reduce weed growth. The
benefits can be even greater when a legume is selected as a component crop since it can
supplement some of its fixed nitrogen to other component crops [19,23]. Moreover, maize
and legumes may uptake nutrient elements and water from different layers since their root
architecture and penetration depth are different (relatively shallow vs. deep in maize and
legume, respectively). Thus, there is less competition between species [23-25].

Maize can be potential cereals for multiple reasons since it provides several outputs,
including food and fodder. The demand of maize in Bangladesh is increasing since it is
used in animal feed as well as in different food items. In 2018, the demand was 4.48 million
tons while the production was 3.28 million tons from ~400-thousand-hectare lands [26].

Considering the diversity of each species, there can be positive interactions when
maize and legumes are grown together. For instance, Dong et al. [27] reported a relative
advantage of maize-legume intercropping over sole cropping and intercropping of maize
with other species due to interspecific facilitation by processes of N, fixation, N transfer,
and increased resource availability. However, there can still be significant competition
for resources when component species are grown simultaneously [28]. There are several
potential means to reduce competition, including (a) reducing the plant population density
(widely sown maize and legume plants), (b) creating a difference in resource demand
(sowing maize and legume at different times), and (c) managing the optimum growing
conditions through agronomic practices (e.g., canopy pruning of dominant species) [29].

A temporal variation in cultivating component species, commonly known as “tem-
poral niche difference (TND)”, may provide a greater relative yield than simultaneous
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cultivation since there is a scope for the complimentary use of resources in time [16,28,29].
A recent meta-analysis using maize-soybean intercropping systems showed that TND was
more advantageous than simultaneous intercropping. There was a positive relationship
between TND and intercropping performance (e.g., land equivalent ratio) [16]. Maize,
considered as an exhaustive crop that requires a relatively high input, may induce sig-
nificant pressure on legumes if planted simultaneously. On the contrary, planting maize
after a legume (e.g., cowpea, Vigna unguiculata L.) may allow the legume to obtain comple-
mentarity utilization of space and the biological nitrogen fixation from legume plants [11].
However, it should be highlighted that lately, sown maize (i.e., sown at the start of the
summer season) may sacrifice its yield due to unfavorable conditions, such as relatively
higher temperatures.

Until now, few studies have been conducted to examine the relative yield advantage of
intercropping when maize and cowpea are sown at different times. Therefore, it is important
to investigate whether TND provides a net advantage over sole cropping and simultaneous
intercropping through the late planting of maize in maize-cowpea intercropping. Here, the
authors examined the performance of maize and cowpea grown in row-intercropping with
maize that was sown at different sowing dates. The authors hypothesize that intercropping
under TND results in higher resource use efficiency of the component crops (maize and
cowpea) and raises the overall economic return than simultaneous intercropping and
sole cropping.

2. Materials and Methods
2.1. Study Site

Our experiment was conducted from December 2018 to May 2019 at the Research Field
of Patuakhali Science and Technology University in Dumki, Bangladesh (22°27'51.93" N,
and 90°23/14.09” E). The experimental field belongs to the agro-ecological zone of AEZ-
13 [30]. This region occupies an extensive area of tidal floodplain land. The area lies at 0.9
to 2.1 m above the mean sea level [31]. The experimental field is on medium-high land with
a soil texture type of silty clay loam. The main mean soil properties (0-15 cm) of this exper-
imental field are: pH = 8.4 + 0.3 (water, 1:10, m/v), organic matter content = 1.82 = 0.61%,
total N = 0.14 £ 0.07%, exchangeable K (meq per 100 g) = 0.30 & 0.09, and available P
(Olsen-P): 3.3 £ 0.4 mg kg_1 soil. Annual precipitation is 2200 mm. The maximum and
minimum temperature ranges were 24.5-29.6 °C and 13.9-21.5 °C, respectively, during
the cropping period. Relative humidity ranged from 61.0 to 70.6%. The monthly average
weather data is presented in the supporting information (Table S1).

2.2. Experimental Design

The experiment consisted of the following six treatments: Ty, sole maize with 60 cm x 20 cm
spacing; T5, sole cowpea with 30 cm x 10 cm spacing; T3, maize-cowpea intercropping with
simultaneous sowing; Ty, maize-cowpea intercropping with maize sown 1 week (wk) after
cowpea; T5, maize-cowpea intercropping with maize sown 2 wks after cowpea; T4, maize—-
cowpea intercropping with maize sown 3 wks after cowpea. The spacing for intercropping was
similar to sole maize (i.e., 60 cm x 20 cm). The treatments were assigned following a randomized
complete block design (RCBD) with three replications. Altogether, there were 18 plots in this
experiment, and each replication is considered as a block (Figure S1). Each block was divided
into six-unit plots of 3 m x 2 m in which treatments were applied at random. Both blocks
and plots were located 1 m apart. The photograph of the field trial and the scheme of the plot
design are shown in the Supplementary Materials (Figures S1 and S2). The authors used a
hybrid variety of maize (Don-111), whereas indigenous cowpea seed was collected from the
Patuakhali Science and Technology University Farm. Fertilization was conducted according to
recommended protocols established by the Bangladesh Agricultural Research Council (BARC,
2015). The maize-grown fields (either sole or intercropped with cowpea) received 120, 60, and
40 kg ha™! of N, P,0s, and K,O as urea, triple superphosphate (TSP), and muriate of potash
(MoP), respectively. The urea was applied in three equal splits at 25 and 60 days after sowing
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(DAS) during land preparation. Sole cowpea received 20, 40, and 20 kg ha! of N, P,Os, and
K5O as urea, TSP, and MP, respectively. Soil moisture was maintained at 70% field capacity with
several irrigations, and plant protection measures were enforced when necessary.

2.3. Data Collection
2.3.1. Light Interception and SPAD (Soil and Plant Analysis Development) Value

The light interception was measured just before the maize flowered (75 DAS) using a
ceptometer (AccuPAR, model-LP-80, Decagon Devices, Inc., Pullman, WA, USA). Specifi-
cally, above- and below-canopy PAR (photosynthetically active radiation), and leaf area
index (LAI) were measured by taking four readings for each measurement. These four
readings were taken from four locations on a plot. These measurements were taken in the
middle of the rows and lines of crops, as there can be possible variations in PAR values
as the distance between lines (60 cm for maize) and rows (20 cm for maize) changes. The
chlorophyll content of leaves was measured using a SPAD meter (SPAD-502 plus, Konica
Minolta, Tokyo, Japan). The SPAD readings were taken from five randomly selected leaves
of maize and cowpea plants in every plot. These readings were taken from leaf blades, and
the average SPAD reading was recorded from each plot.

2.3.2. Determining Thermal Requirements for Flowering

The flowering dates were recorded, and daily maximum and minimum temperatures
were collected from a local weather station. The thermal unit was calculated using growing
degree days (GDD) using a base temperature of 10 °C [32].

GDD — Zj:(Tmax—zl—Tmin
i

> — T base
where

i = Sowing date

j = Flowering date

T max = Maximum day temperature (°C)

T min = Minimum day temperature (°C)

T base = Base temperature (°C), which is considered as 10

The rate of development was calculated using the following formula:

GDD
Days to flowering

Average heat unit received per day =

2.3.3. Determining Canopy Coverage and Architecture

Canopy coverage and architecture were determined by capturing and analyzing
photographs based on the work of Sakamoto et al. [33]. The digital photograph was
captured at a fixed height of 1.75 m using a Nikon D3300 camera during the flowering stage
(i-e., at 85 DAS). The area shown in the picture was adjusted to the size of 1 m? (1 m x 1 m)
within each treatment block. The ISO, aperture (F-stop), and shutter speed data were
recorded. The digital number of image pixels for the red, green, and blue image layers
(RGB) was obtained using software called GIMP. Then, the digital number was averaged to
convert to the calibrated digital number (cDNA). The camera-derived vegetation indices
(VIs), i.e., visible atmospherically resistant index (VARI) and two-green-red-blue (2 g-r-b)
were calculated using the following formula by Sakamoto et al. [33]. The equations for
digital camera-based VlIs are as follows:

VARI (camera) = cDNgreen — €DNyeq/cDNgreen + CDNieg (1)
2 g-red-b (camera) = 2 X cDNgreen — CDNreq — cDNpjye
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where
cDNgreen = Daytime green pixel
¢DNyeq = Daytime red pixel
cDNy,ye = Daytime blue pixel

2.3.4. Yield and Yield Contributing Parameters

At harvesting time, one square meter area was harvested from the middle of each plot
to determine biomass production and seed/grain yield. Grains/seeds and maize stovers
were cleaned and dried at 60 °C in an oven for approximately 72 h until they reached
constant weight. The grain yield of maize and cowpea was recorded and converted to yield
per hectare. The harvest index was calculated by the ratio between grain yield and total
yield (biomass and grain). Yield-contributing characteristics were determined by obtaining
data from five randomly selected maize and cowpea plants from each plot. The plant height,
number of plants, number of cobs, number of grains per cob, lengths and diameters of cobs,
weights of cobs, and total biomass were recorded for the maize crop. Yield components,
such as 1000-grain weight, were also measured. After harvesting cowpea, yield attributes,
such as the number of branches and pods per plant, the number of seeds per pod, 1000-seed
weight, total biomass, as well as seed yield were measured after drying. The drying was
performed at 60 °C in an oven for approximately 72 h until they reached constant weight.

2.3.5. Analysis of Intercropping Systems
The relative yield of intercropping was calculated using the following equation:

Yield of component crop

Relative vield —
clative yield Yield of sole crop

@

The individual crop yield was converted into equivalent yield by equating the prices
of the individual crops [34]. Market prices are presented in Table 1. Maize equivalent yield

is calculated as:
Yi x Pi

Maize equivalent yield = Ym + 3)

where
Ym = Yield of maize (kg ha™!)
Yi = Yield of intercrop (kg ha=1)

Pi = Price of intercrop (Tk. ha~!)
Pm = Price of maize (Tk. ha™1)

Table 1. Cost of production for different operations and product prices. The price was taken from the
local market at Patuakhali on 15 November 2019.

Cost of Production (USD ha—1)

Items
Maize Cowpea Intercropping
Human Labor 141.18 129.41 176.47
Mechanical Cost 105.88 47.06 105.88
Seed (Purchased) 35.29 5.88 41.18
Urea 19.76 3.29 19.76
TSP (Triple Superphosphate) 14.12 9.41 14.12
MOP (Muriate of Potash) 10.35 5.18 10.35
Insecticide 12.94 11.76 14.12
Irrigation 58.82 23.53 58.82
Machine Cost 16.47 14.12 21.18
Land-Use Cost 117.65 117.65 117.65
Interest on Operational Cost 26.62 18.36 28.98

Total variable cost of cultivation 559.09 385.66 608.51
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Harwood [35] defined land equivalent ratio (LER) as the area needed under sole
cropping to generate as much produce as 1 ha of intercropping or mixed cropping at the
same management level expressed as a ratio. Willey [36] calculated the following formula

for LER:

Yml YIm
LER = Yo + N 4)

where

Yml = yield of maize when intercropped with cowpea
Ym = yield of sole maize
Ylm = yield of cowpea when intercropped with maize
Y1 = yield of sole cowpea

Costs and returns were analyzed for the economic assessment of the cropping systems.
The gross return was calculated by yield and local market price. The local currency was
converted to the United States Dollar with a fixed rate of USD 1 = BDT 85. The benefit-cost
ratios (BCR) of different treatments were calculated as follows:

Gross return (%)

BCR = Y ®)

Variable cost of cultivation (g5

The variable cost refers to expenses during the production’s field activity and varies
depending on the treatments. All cost information is listed in Table 1.

2.3.6. Statistical Analysis

The results were analyzed following a mixed model analysis using treatments as fixed
factors and blocks (i.e., replication) as random factor using JPM with analysis of JMP 8
(SAS, USA) software. Tukey’s honesty significant test (HSD) was used as a post-hoc test
to determine pairwise differences between treatments at a significance level of p < 0.05.
Graphs were prepared using the SigmaPlot V14.0 (Systat Software Inc., London, UK).
Detailed information about the statistical result is shown in the Supplementary Materials
in this study.

3. Results
3.1. Effects of Intercropping Systems on Maize Growth

There were no significant effects of intercropping on maize growth in relation to varia-
tion in maize height or the number of cobs per plant among the treatments (F ratio = 0.55,
p > 0.05, Table 2 and Table S9). Cob length and diameter differed significantly in maize
sown under sole compared to intercropped plants. (F ratio = 36.17 and 12.64 for cob
length and diameter respectively, p < 0.01, Table 2 and Table S5). T had the longest cob
(21.3 £ 0.50 cm) and the highest cob diameter (14.76 & 0.23 cm), whereas the shortest cob
(17.8 £ 0.03 cm) and diameter (13.03 == 0.08 cm) were in Tg. The number of grains per cob
differed significantly among the treatments (F ratio = 5.93, p < 0.01, Table 2). T; (sole maize)
produced the highest number of grains per cob (598 &+ 9) and was statistically similar to T3
(553 £ 10). On the other hand, all the intercropping treatments, i.e., T3 to T¢, produced a
relatively lower number of grains per cob. A similar trend was also observed in the stover
yield, which had the highest statistical values in T; followed by T3, whereas T4 showed the
lowest values (Table 2). No significant difference was observed in the 1000-grain weight
and harvest index of maize (F ratio = 4.86 and 1.2, respectively, and p > 0.05). The suc-
cessive sowing of maize under intercropping resulted in a significantly lower yield than
sole cropping (6.69 £ 0.26 t ha~!) with the lowest value (4.97 + 0.03 t ha—1) in T4 (Table 5).
The cumulative time requirement (day) for flowering was significantly lower in T5 and Ty
than in other treatments (Figure 1A). At the same time, the average heat units received per
day during the vegetative phase of maize was significantly greater in Ty than in T1 and T3
(F ratio = 8.2 and 68.79, respectively, p < 0.01, Figure 1B).
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Table 2. Yield and yield contributing characters of maize grown under different treatments
(means + SE, N = 3).

Cob Characters

Plant Height Number of : Number of 1000-Grain  Stover Yield
Treatment (cm) Cobs Plant—1 Length (cm) Clrcu(lzllie)rence Grains Cob—1  Weight (g) (tha1)
Ty 237 £ 0.6 1.06 = 0.06 21.3£050a 14.76 £ 0.23 a 598 =9 a 239 + 3.4 8.61 £0.15a
T3 235 4+0.7 1.06 &= 0.06 189+0.14b 14.03 £ 0.12 ab 553 £ 10 ab 238 £0.2 8.03 £0.09b
Ty 235+ 0.5 1 18.4 £ 0.06 bc 13.60 £0.20b 533 £ 9ab 234 + 0.6 7.76 + 0.01 b
Ts 236 + 0.6 1 18.1 £ 0.05 bc 13.46 £ 0.40 be 518 £26b 232 +0.4 7.60 +£0.04 c
Te 236 £ 0.9 1 17.8 £0.03 c 13.03 £ 0.08 c 491+11b 232 £0.2 718+0.19d
F ratio 0.69 0.66 36.17 12.64 5.93 4.86 42.90
p value 0.61 0.63 <0.01 <0.01 <0.01 0.06 <0.01
T1—sole maize; T3—maize + cowpea intercropping, simultaneous sowing; Ty—maize + cowpea intercropping,
maize sown after 1 wk; Ts—maize + cowpea intercropping, maize sown after 2 wk; and T¢—maize + cowpea
intercropping, maize sown after 3 wk.
A 115 - a
90 1 a
+ T E &
o0 ab b > 11.0
§ 80 - S T - b
= 5 105 1 Q
| = 10,0 A ¢
¥ c %
60 - 8 c
2 95 % %
S0 ' ' ' ' 9.0 , : , : :
Ty T3 Ty Ts T T3 Ty Ts Te
Treatment Treatment
(A) (B)

Figure 1. Days to flowering (panel (A)) and average thermal units (growing degree days) per day re-
ceived during vegetative stage of maize (panel (B)) grown under the different sole and intercropping
treatments. The treatments are: T;—sole maize; T3—maize + cowpea intercropping, simultaneous
sowing; T4—maize + cowpea intercropping, maize sown after 1 wk; Ts—maize + cowpea intercrop-
ping, maize sown after 2 wks; and Tg—maize + cowpea intercropping, maize sown after 3 wks.
Different letters above the bars indicate statistically significant differences at Tukey’s HSD (a = 5%).
Error bars represent the standard error of means, N = 3.

In the SPAD, measurements of maize varied significantly for different treatments
(F ratio = 133.05, p < 0.01, Figure 2A). The highest SPAD value was in sole maize (T1) and
it reduced significantly when grown with cowpea. Among the intercropping treatments,
SPAD values were lower when maize was sown after cowpea (T to Tg) than the simultane-
ous maize—cowpea intercropping (T3). There was also a significant positive relationship
between SPAD value and grain yield of maize in Figure 3A (r? = 0.60, p < 0.01).

3.2. Effects of Intercropping Systems on Cowpea Growth

The effects of different treatments on cowpea growth are shown in Table 3. There were
significant differences between treatments in the number of pods per plant, pod weight,
seeds per plant, 1000-seeds weight, stover, and seed yield (p < 0.05, Tables S6 and S10). The
performance of cowpea in terms of seed and stover yield was significantly greater under
sole cropping than intercropping while among the intercropping treatments, T¢ performed
better than T3. However, the performance of Tg was similar to T, regarding the number of
pods per plant and number of seeds per plant (p < 0.05, Table 3).
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Figure 2. Chlorophyll content measured as soil and plant analysis development (SPAD) values in
maize (panel (A)) and cowpea (panel (B)) leaves. For treatment abbreviations, see Figure 1. Different
letters above the bars indicate statistically significant differences at Tukey’s HSD (a = 5%). Error bars

Cowpea yield (t ha™)

Maize
a
50 = b
-
b1 c
g T
a 45
«
Z
d
40 -
35 . : > .
Ty T3 Ty Ts
Treatment
(A)
represent the standard error of means, N = 3.
9
A
v
810
*
T 74@
<
< ©
2 6
=
D
S
s 54
o0
y=0.16x — 1.63
r* =0.60
41 p=<0.001
3 : : : . .
40 42 44 46 48 50 52
SPAD unit
(A)

2.5
2.0 1 v
1.5 -
y = 0.09x — 2.89
r* =0.68
1.0 - * p=<0.001
o0
(@)
0.5 ; T : : : : : :
40 42 44 46 48 50 52 54 56 58
SPAD unit
(B)

Figure 3. Relationship between soil and plant analysis development (SPAD) value and seed yield of
maize (panel (A)) and cowpea (panel (B)).

No significant difference in plant height, number of branches, number of seeds per pod,
nor pod length were found among the treatments (p > 0.05, Table 3). The HI was significantly
lower in T3 than all other treatments. Regarding the SPAD measurements of cowpea
(Figure 2B), there were significant differences between treatments (F ratio = 7.14, p < 0.01,
Table 56). Compared to sole cropping (T2), SPAD values were lower in T3 and T4 treatment,
while these values were similar in Ts and Ty (Figure 2B). Moreover, a positive relationship
between SPAD value and cowpea seed yield (r* = 0.68, p < 0.01) is shown in Figure 3B. The
values were higher in the sole cowpea treatment (T;) than intercropping treatments.
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Table 3. Yield and yield-contributing characters of cowpea grown under different intercropping practices (means + SE, N = 3).

Pod Weight per Stover .
Treatment Plant Height (cm) Branch Plant~1 Pod Plant—1 Seefll Average Pod Meter Square Plot Seed Plant~1 Yield 1000-Grain
Pod Length (cm) 1 Weight (g)
() (tha™1)

Ty 136 £ 15 6.93 £ 0.40 144+0.11a 15.26 £ 0.59 17.84 £ 0.91 290£t5a 220+9a 239 £0.03a 127 +144a
T3 177 £ 31 6.93 +1.17 9.2+ 046 12.93 £ 0.29 16.64 £ 0.16 211 +£3d 119+3c 1.24 £ 0.06 c 107 £0.86 b
Ty 185 £ 8 6.73 £+ 0.67 10.2 £ 0.61c 14.13 £ 0.78 16.71 + 0.29 222 +2cd 145 + 16 bc 1.43 £ 0.02 bc 117 £ 0.38 ¢
Ts 156 £ 37 7.33 £0.99 11.83 £ 040b 14.73 £ 0.29 16.74 £ 0.29 237 £ 2bc 174+ 6b 1.53 £0.03b 117 £ 044 ¢
Te 162 £ 10 9.13 £ 0.69 139+ 020a 15.00 £ 0.11 16.98 £ 0.14 250 +£2b 209 +5a 1.66 £ 0.07 b 121 +0.51b

F ratio 0.79 1.43 96.89 3.42 1.09 69.17 47.71 123.81 90.34

p value 0.56 0.31 <0.01 0.06 0.42 <0.01 <0.01 <0.01 <0.01

Tr—sole cowpea; T3—maize + cowpea intercropping; simultaneous sowing; T4—maize + cowpea intercropping, maize sown after 1 wk; Ts—maize + cowpea intercropping, maize sown
after 2 wks; and T¢—maize + cowpea intercropping, maize sown after 3 wks.
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3.3. Intercropping Effects on the Above-Ground Competition

The camara-based vegetative indices, an index for canopy architecture, was measured
as 2g-red-b and VARI. There is no significant variation among treatments (F ratio = 0.66,
p > 0.05, Table 4). Similarly, for VARI, there is no significant variation among treatments
(F ratio = 1.45, p > 0.05).

Table 4. Canopy coverage and architecture analysis using camara-based vegetative indices (2g-red-b
and VARI) for different treatments (Mean + SE).

Treatment 2 g-red-b VARI

T, 0.416 £ 0.039 0.230 £ 0.0243
T, 0.463 £ 0.017 0.311 £ 0.0269
T; 0.426 + 0.004 0.207 £ 0.0396
Ty 0.437 £ 0.025 0.224 £+ 0.0314
Ts 0.446 £ 0.028 0.268 £ 0.0204
Ts 0.408 £ 0.021 0.269 + 0.0855

F ratio 0.66 1.45

p value 0.65 0.28

Ti—sole maize; Tr—sole cowpea; Tz—maize + cowpea intercropping—simultaneous sowing; Ty—
maize + cowpea intercropping, maize sown after 1 wk; Ts—maize + cowpea intercropping, maize sown after
2 wks; and T¢—maize + cowpea intercropping, maize sown after 3 wks.

The below-canopy PAR values measured in between lines and rows showed significant
variation among the treatments (F ratio = 4.66 and 6.76, p < 0.05, Figure 4A,B, Table S7). The
PAR values were relatively lower at T1 and T3 than other treatments. There were positive
relationships between below-canopy PAR and 2g-red-b (12 = 0.34 and 12 = 0.16, line to line
and row to row, respectively). However, these relationships were not statistically significant
(Figure 5).
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Figure 4. Photosynthetically active radiation (PAR) under the canopy of different sole and intercrop-
ping treatments. For treatment abbreviations, see Figure 1. PAR was measured between lines (panel
(A)) and between rows (panel (B)) since canopy coverage was different due to spacing (e.g., the line
to line = 60 cm and plant to plant = 20 cm for maize) of the crops. Different letters above the bars
indicate statistically significant differences at Tukey’s HSD (a = 5%). The error bars represent the
standard error of means, N = 3.



Land 2022, 11, 581

11 0f 18

Leaf area index (LAI)

400 400

- A Ty Line to line ~ Row to row

Yol VT N o7 350 1 v

: e m :

g * Ty £ 300 -

£ ) < £ ]

H 01 g T v V H v ¢ * N

E & © : 250 -

2 250 | 2

E E 200 -

Z 200 z <&

S g 150 -

g A ¥ = 867.76x - 139.79 3 o Y- TALesx-11L4l

£ 150 - A ¥ =034 £ | A A *=0.16

g o p=029 3 100 A p=054

100 T T T 50 . . . .
0.35 0.40 0.45 0.50 035 0.40 0.45 0.50
2gr-b 2g-r-b
(A) (B)

Figure 5. Relationship between below-canopy PAR and 2 g-r-b, line to line (panel (A)) and row to
row (panel (B)). The PAR was measured between lines (panel A) and between rows (panel (B)) since
canopy coverage was different due to spacing (line to line = 60 cm and plant to plant = 20 cm
for maize).

Contrary to PAR, the LAI measured between lines and rows varies depending on treat-
ment (Figure 6). The LAIL measured in between lines, was relatively lower in T3 than other
treatments (F ratio = 4.66, p < 0.01, Table S7). However, the LAI, measured in between rows,
was significantly lower in sole cowpea than all other treatments (F ratio = 6.76, p < 0.01,
Table S7). There were significant negative relationships (> = 0.34 and 0.16, respectively for
line to line and row to row) between LAI and 2g-red-b (Figure 7).
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Figure 6. Leaf area index (LAI) of different sole and intercropping treatments. For treatment
abbreviations, see Figure 1. The PAR was measured between lines (panel (A)) and between rows
(panel (B)) since canopy coverage was different due to spacing (line to line = 60 cm and plant to
plant = 20 cm for maize) of the crops. Different letters above the bars indicate statistically significant
differences at Tukey’s HSD (a = 5%). The error bars represent the standard error of means, N = 3.
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Figure 7. Relationship between 2 g-r-b and LAI, measured between the lines (panel (A)) and between
rows (panel (B)). The PAR was measured by taking reading in between lines (panel (A)) and in
between rows (panel (B)) since canopy coverage was different due to spacing (line to line = 60 cm
and plant to plant = 20 cm for maize) of the crops.

3.4. Performance of Intercropping

Compared to sole cropping of cowpea, all the intercropped treatments and sole maize
cultivation showed a better performance in terms of maize equivalent yield (Table 5 and
Table S11). The highest maize equivalent yield was recorded in T; (6.72 & 0.46 t ha™1!),
and the lowest maize equivalent ratio was found in T; (1.14 & 0.06 t ha—!). However,
the performance of maize under sole and intercropping were similar in terms of maize
equivalent yield. The LER was significantly greater in the intercropping system than in both
sole cropping practices (F ratio = 35.26, p < 0.01, Table 5). Moreover, among intercropping
practices, it was significantly greater in T LER (1.67 = 0.05) than other treatments (e.g., LER
(1.39 £ 0.09) at T3).

3.5. Economic Profitability

The economic performances, calculated as total gross and net return and BCR, varied signif-
icantly (F ratio = 44.33, 23.04, and 14.34, respectively and p < 0.01, Table 6). Specifically, the total
gross return was significantly greater in intercropping practices (e.g., USD 1394.82 + 25.08 ha~!
in treatment T), than sole cowpea (USD 559.62 + 29.57 ha~1). Similar to gross return, there was
a relatively greaterer net return (e.g., USD 786.32 + 25.08 ha~! in Tg) than T, (USD 173.97 +
29.57 ha~!). As a result, the BCR was greater in intercropping treatments (e.g., 2.29 4 0.04 in Tg)
than T, (1.45 £ 0.08). However, the performance of sole maize was similar to intercropping in
terms of total gross and net returns and thus benefit cost ratios.
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Table 5. Yield performance of maize-cowpea grown (means + SE, N = 3) under different practices.
Seed Yield (t ha—1) Biological Yield (t ha—1) Harvest Index Maize Equivalent
Treatment 5 " 5 Yield LER
Maize Cowpea Maize Cowpea Maize Cowpea (tha-1)
T 6.69 £0.26 a — 1530+ 041a — 0.43 £0.01 — 6.69 £0.27 a lc
Ty — 19+0.10a — 429+0.13a — 0.44+0.77 ab 1.14 £ 0.06 b lc
T3 6.18 == 0.47 ab 0.87£0.02¢ 14.21 £ 0.56 ab 2.11+0.08d 0.43 £ 0.02 0.41+0.27b 6.72+046a 1.39+0.09b
Ty 5.48 + 0.08 ab 117 £0.13b 13.24 £ 0.09 be 260 £0.15¢ 0.41 £ 0.00 0.45 + 0.86 ab 6.19 £ 0.06 a 143 +0.06b
Ts 527+0.26b 141 £0.04b 12.87 £ 0.30 bc 2.94 + 0.07 be 0.40 = 0.01 0.48 +0.62 ab 6.13 £027a 1.54 + 0.04 ab
Te 497 £0.13b 1.75+£0.03a 1215+ 0.32 ¢ 3.41+054b 0.40 £ 0.01 0.52+031a 6.03+0.14a 1.67 £0.05a
F ratio 5.51 53.87 14.29 172.27 1.26 5.38 65.07 35.26
p value <0.01 <0.01 <0.01 <0.01 0.35 0.02 <0.01 <0.01
T1—sole maize; To—sole cowpea; Ts—maize + cowpea intercropping, simultaneous sowing, T;—maize + cowpea intercropping, maize sown after 1 wk; Ts—maize + cowpea
intercropping, maize sown after 2 wks; and T¢—maize + cowpea intercropping, maize sown after 3 wks.
Table 6. Economic returns from maize-cowpea intercropping systems.
Gross Return (USD ha—1) ;
Treatment - Total VarlablflCost Net Return (USD ha—1) BCR
Maize Cowpea Total (USD ha™1)
Tq 1180.94 £ 47.50 a — 1180.94 £ 47.50 a 559.09 621.84 = 47.50 a 2.11 £0.08 a
Ty — 559.62 4= 29.57 a 559.62 £ 29.57 b 385.66 173.97 £29.57b 1.45+0.08b
T3 1092.17 £ 83.35 ab 258.58 +6.85 ¢ 1350.75 £ 76.69 a 608.51 74224 £ 76.69 a 222+013a
Ty 967.58 + 14.57 ab 346.46 + 38.27 b 1314.05 £29.17 a 608.51 70554 £29.17 a 2.16 £0.05a
Ts 931.63 +47.46b 417.34 £ 1450 b 1348.97 = 47.69 a 608.51 740.47 £ 47.69 a 222 4+0.08 a
Te 878.16 +24.22b 516.66 & 9.53 a 1394.82 £ 25.08 a 608.51 786.32 & 25.08 a 229+0.04a
F ratio 80.58 150.08 44.33 23.04 14.34
p value <0.01 <0.01 <0.01 <0.01 <0.01

T1—sole maize; T,—sole cowpea; T3—maize + cowpea intercropping, simultaneous sowing; Ty—maize + cowpea intercropping, maize sown after 1 wk; Ts—maize + cowpea
intercropping, maize sown after 2 wks; and T¢- maize + cowpea intercropping, maize sown after 3 wks.
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4. Discussion
4.1. Maize Productivity

Crop performance can be affected when grown under different levels of competi-
tion [28]. In our experiment, maize produced significantly greater biomass and grain yield
in sole cropping than intercropped with cowpea. The largest reduction in maize yield
(25.7%) was observed in maize—cowpea intercropping, where maize was sown 3 wks after
cowpea. This reduction in yield could be associated with competition between species for
resources. When crops are sown consecutively, the first crop generally receives a competi-
tive advantage over the other [37-39]. We observed a similar phenomenon in our study.
Maize likely had less access to some of the resources (e.g., nutrient and water) when it
was sown after cowpea [37]. For instance, the SPAD value, an indicator for plant nitrogen
content, was significantly lower in Ty t than the other treatments, while a significant posi-
tive relationship was obtained between SPAD value and grain yield of maize (Figure 3).
In contrast, the competition for light resources might not have played a significant role in
reducing the yield of maize when sown after cowpea as the below-canopy PAR was higher
in T¢ compared to Ty (sole cropping) and T3 (simultaneous sowing). The late-sown maize
completed its vegetative period faster than sole and simultaneous intercropping due to
experiencing a relatively higher average temperature during the vegetative period. This
suggests that this treatment had less opportunity to accumulate sufficient assimilate to
partition into grain (Figure 4). These results suggest that maize yield was sacrificed due
to late planting, which may be related to competition for soil nutrients and changes in
climate conditions.

4.2. Cowpea Productivity

Cowpea, being a legume, is less competitive than maize since maize is generally
taller with a fast-growing or more extensive root system [40,41]. Therefore, it is likely
that intercropping of these species may reduce the yielding ability of cowpea to a greater
extent than maize. In our study, cowpea yielded the maximum when cultivated as a
sole crop, whereas the lowest yield was observed when maize and cowpea were sown
simultaneously (Table 6). Among the intercropped treatments, its seed yield increased
with the increasing time-lapse of maize sowing. The maximum seed yield was achieved
from Tg (i.e., sowing maize after three wks), a yield comparable to the sole cropping
(Table 6). However, the biological yield of T, (sole cowpea) was significantly greater
than Tg. Compared to sole cropping, the reduction in yield in intercropping practices
can be attributed to the competition for different resources (light, nutrient, and possibly
water). However, these competitions for resources were lessened when maize was sown
after cowpea, especially in Ts. Because cowpea was grown alone in the first three weeks,
leading to an increase in its competitive ability, the difference in sowing time changed
the resource demand. The study’s results support these attributions. For instance, the
chlorophyll content measured in cowpea leaves was significantly lower in cowpea grown
simultaneously with maize, whereas these values increased when maize was sown after
cowpea. Moreover, the share of cowpea biomass to the combined biological yield increased
from 12% in the simultaneous sowing of both species to 22% in the T4 (Table 6). Altogether,
our results confirm previous findings where TND were examined as a mean of increasing
intercropping productivity [27].

Fertilizer application at different rates can affect crop yield. The amount of N ap-
plication in our study was different for sole (20 kg ha~!) and intercropping since, in
intercropping (120 kg ha~!), both maize and cowpea share the applied N. Although the
amount of N input was different between T, and T, no significant difference was observed
in seed pl.amt’1 (Table 3) and seed yield (Table 5) of cowpea. This result suggests that maize
possibly absorbed most of the applied N, since it cannot fix N, while it has larger root
volume, providing an advantage to acquire N [42,43]. In fact, legumes preferably fix more
N when grown with other species [44]. However, N fixation may reduce yield since it is an
energy-driven process.
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4.3. Intercropping Performance

Intercropping using TND can significantly reduce competition between species since
the resource demand of one space does not completely overlap with their component
species. This allows for diversity in resource uses both in time and space [16,38,42]. How-
ever, there are trade-offs between complementarity and competition interactions among
different species shaping the outcome of any intercropping practices. In our study, the yield
performance of maize was reduced by 7.5% and 25%, respectively, in T3 (simultaneous)
and Tg (TND for 3 wks) when compared to sole cropping (Figure 54). The possible reasons
are a reduction in resource availability and changes in climatic conditions (discussed in the
previous section). As expected, the seed yield of cowpea was higher in the T4 and relatively
lower in T3 due to getting an advantage of resources use (light, water, and nutrient) (Figure
S5). The combined outcome of the intercropping systems is usually evaluated with LER
and equivalent yield performance (here, maize equivalent yield). The cumulative relative
performance (i.e., LER) was significantly higher in T than T3 suggesting that there is an
overall benefit of intercropping with a 3-wk sowing delay rather than simultaneous inter-
cropping. However, the maize equivalent yield of each intercropping system was similar,
and not different from sole maize. Moreover, the maize and cowpea combined biomass
production was slightly greater in T3 than T¢. The economic returns of all intercropped
treatments were also similar to sole maize. All these results suggest that intercropping
practices were not beneficial over sole cropping of maize, while intercropping with TND
was also not advantageous. However, maize cowpea intercropping was more beneficial
than sole cowpea in all aspects (LER, maize equivalent yield, and economic benefits), sug-
gesting species specific advantages of intercropping. These discrepancies also underscore
the relative economic value of a crop. Since the price of cowpea is relatively low, the yield
advantages achieved through cowpea did not have enough weightage to have a significant
effect among different intercropping treatments.

Interactions of component species in terms of resources and their feedback determine
the overall performance of intercropping. In our case, there were competitions for resources
under intercropping practices that caused a reduction in yield, contrary than their sole
cropping counterparts. For instance, N concentration in leaves of both species, determined
using a SPAD meter, was lower under intercropping than sole cropping. In addition,
there was a significant positive relationship between SPAD value and yield for maize and
cowpea. These results indicate that competition for N determines the yield of component
crops. Among the intercropping practices, an increase in sowing time difference increases
the SPAD value of cowpea while it was reduced in maize. Although biological nitrogen
fixation (BNF, measured as the number of nodules) (Figure S3) and N concentration (as
SPAD value) was higher in T¢ than T3 in cowpea, this greater N supply did not change
the overall performance of both species. In contrast to our findings, previous studies
reported that increased BNF could increase the yields in maize-legume intercropping
systems [10,43]. Although it is expected that N acquisition from different soil layers and
N transfer from legume to non-legume component species could contribute to greater N
acquisition than sole cropping, N supply through these processes might be minimal in our
case [23,25,43,44]. Although not measured in this study, intercropping could have increased
the nutrient stock in the soil by reducing nutrient loss and thus, could improve their uptake
(e.g., P and K) due to the complementarity interactions between species [45-48]. Apart
from complementary nutrients, TND (sequential planting) also improved plant moisture
acquisition since established cowpea experienced less sensitivity to moisture stress [49,50].

5. Conclusions

We assessed the performance of maize-cowpea intercropping when maize was sown
after the planting of cowpea. In our experiment, both maize and cowpea production were
reduced under intercropping than in sole cropping. When the performance of intercropping
was assessed in terms of LER and maize equivalent yield, intercropping was advantageous
in terms of land utilization but not in terms of maize equivalent yield. Moreover, the
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performance of maize regarding the maize equivalent yield was similar under sole and
intercropping. However, the relative advantage of intercropping, in terms of LER, and net
returns was greater than sole cowpea. These discrepancies in performances suggest that
a relatively low monetary contribution of the component crop may not provide a greater
economic benefit, although there is a clear advantage of land utilization. Considering all
these together, it can be concluded that maize—cowpea intercropping with maize sown
3 wks after cowpea was advantageous in terms of land utilization for farmers in Bangladesh.
Future studies are needed to explore and assess this approach covering efficiency use of
water and nutrients in different seasons and contrasting environments over several years.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1and11040581/s1, Figure S1: Schematic diagram of experimental
design; Figure S2: A photograph of field trial; Table S1: Monthly average air temperature, humidity
and total rainfall, cloud and sunshine of the experimental site during the period from December 2018
to May 2019; Table S2: Sowing dates and duration between maize and cowpea; Table S3: General
morphological indicators and the growth habit of cowpea; Table S4: Age of cowpea and maize in
measurement of LAI, light interception, Canopy coverage and architecture; Table S5: ANOVA of
yield and yield contributing characters of maize; Table S6: ANOVA of yield and yield contributing
characters of cowpea; Table S7: ANOVA of Intercropping effects on the above-ground competition;
Table S8: ANOVA of intercropping systems on the economic analysis; Table S9: REML variance
component estimates of maize; Table S10: REML variance component estimates of cowpea; Table S11:
REML variance component estimates of intercropping analysis; Table S12: REML variance component
estimates of above-ground competition; Figure S3: Nodules plant-1 of cowpea grown under different
intercropping practices. The treatments are: T2—sole cowpea, T3—maize + cowpea intercropping,
simultaneous sowing, T4—maize + cowpea intercropping, maize sown after 1 wk, T5—maize +
cowpea intercropping, maize sown after 2 wk, and T6—maize + cowpea intercropping, maize sown
after 3 wk. Different letters above the bars indicate statistically significant differences at Tukey’s
HSD (a = 5%). Error bars represent the standard error of means, N = 3; Figure 54. Changes in the
performance maize due to its cultivation under difference practices; Figure S5. Changes in cowpea
yield as influenced by different cultivation practices; Figure S6. Yield advantage and economic
benefits of intercropping.
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