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Introduction: Estimates indicate that food and nutritional demand in sub-Saharan
African nutrient-poor soils will exceed the high population demand. Vegetables
such as amaranth and cowpea are key in contributing to food and nutritional
security. Fertilizers are used to mitigate low nutrient levels in soils. This study aimed
to investigate the yield parameters of cowpea and amaranth vegetables.

Methods: The experiment was designed with a 2 x 4 factorial treatment structure
in a completely randomized design, with intercropping and fertilizer level as
treatment factors and with four replications.

Results and discussion: The biomass of amaranth and cowpea increased with
increased fertilizer application up to the level of 100% nitrogen, phosphorus, and
potassium (NPK) fertilizer. A measure of land utilization showed values greater
than one. Crop comparison showed that cowpea was more aggressive, had
higher actual yield loss, and was highly competitive compared to amaranth. More
income could be obtained from intercropping. The research shows the benefits of
fertilizer application in improving the biomass of amaranth and cowpea. Overall,
the application of NPK fertilizer at levels up to 100%, based on the results of
this study, resulted in higher biomass accumulation and improved intercropping
indices.
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1. Introduction

While it is important to recognize the imperative need for food security for the growing
population (FAO, 2009; Asongu and Odhiambo, 2019), crop response to management
factors is very important for realistic results. There is convincing evidence from research
that soil nutrients can be manipulated to suit individual crop needs, making soil fertility
a well-known factor in crop production (Lehman et al., 2015). Water availability is a more
variable factor in dryland farming, the predominant form of global food production (Stewart
and Peterson, 2015). Season is a reasonably predictable factor, given that all crops can be
classified based on season as summer, winter, or spring crops (Sacks et al., 2010). The soil
environment is the factor that remains most interesting for agronomy studies because it
plays a critical role in its influence on the reduction and absorption of mineral nutrients
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(Elbasiouny et al,, 2022). This influence is dependent on the
amount of fertilizer applied, the availability of soil water, and
the temperature (aerial and soil) (Harper et al., 1987). The soil
environment is a complex biological, physical, and chemical factor,
meaning that this field of research continues to be attractive
(Fageria and Stone, 2006; Pouyat et al., 2010; Ko6nig et al., 2020).

Food crops are grown to directly or indirectly provide supplies
of carbohydrates, proteins/amino acids, lipids, 17 minerals, and
13 vitamins for human sustenance (Medeiros and Wildman,
2022). It is the absorption of the correct quantities and forms of
minerals that influences the concentrations of the correct forms
and quantities of other food elements (Soetan et al., 2010). Scientific
research and management practices continue to prioritize quantity
of crop biomass in terms of yield in order to satisfy the need
for food security. The aspect of crop quality is generally studied
as a response that is associated with the yield (Anjum et al,
2011). Taken together, fertilizer application, crop protection, soil
environment, aerial environment, and additional management
practices (tillage, crop rotation, organic farming, intercropping,
classical breeding, and genetic modification) form a combination of
crop production factors (Watson et al., 2002). Effects of fertilization
can be explained based on mineral category (macro and micro)
and from the perspectives of individual elements. Research has
shown that nitrogen (N), phosphorus (P), potassium (K), and the
majority of macro-elements generally have a direct correlation with
dry matter accumulation (yield) (Goswami et al., 2022). However,
this effect can be explained in the context of carbohydrate and
protein concentrations, which have been shown to be inversely
proportional. Carbohydrate concentration can be associated with
diluted concentration of proteins. Quantity, form, and timing of
fertilizer application have a significant effect on crop response
with respect to yield quantity and quality (Karagoz, 2021). Crop
management systems such as water supply, tillage type (minimum,
no-till, and conventional), cropping type (sole, intercropping, and
rotation), and fertilizer supply (organic vs. fertilization) all have
various effects on crop yield and quality, which vary depending
on the crop (e.g., cereal, vegetable, roots, or tubers) and soil type,
among other factors (Imadi et al., 2016).

A study that seeks to explain crop response to fertilizer in terms
of variables that are associated with the global view of performance
is important as we integrate underutilized crops into the food
system (Chivenge et al., 2015). These crops promise to be suitable
for non-conventional cultivation, which is predominant on small
farms around the world. Small farms (<10 ha) dominate world
agriculture, but they are less effective in terms of contribution
to food security (Gashu et al., 2019). Crop production on these
farms predominantly involves less fertile soils compared to large-
scale agriculture, where fertilizer and other resources are supplied
in high quantities (Pastori et al., 2019; Nanganoa et al., 2020;
Stewart et al., 2020). It is important to recognize the role of
small-scale farming and how the production of its underutilized
crops can be enhanced. This knowledge needs to be linked to
an understanding of the production systems used to cultivate
such crops.

Among the list of vegetables available for rural resource-poor
farming communities are African leafy vegetables (ALVs). African
leafy vegetables are crop species that originated from specific
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agroecologies and over time have established themselves in new
environments through choice by the corresponding communities
or through evolution (Van Rensburg et al., 2007). These ALVs
have been part of the human diet for centuries in sub-Saharan
households (Odhav et al, 2007; Vorster et al, 2008). Among
the commonly cultivated vegetables, and usually consumed all
over South Africa, are Amaranthus cruentus (amaranth) and
Vigna unguiculata L. Walp (cowpea) (Van Rensburg et al,
2007; Oelofse and Van Averbeke, 2012; Mavengahama, 2013).
These vegetables are commonly harvested sequentially. The scale
of production and yield from ALVs is insufficient to meet
the food and nutritional needs of the growing population.
Therefore, it is important to address food and nutritional
security sustainably in consideration of limited resources such as
productive agricultural land (Jayne and Muyanga, 2012). One of
the mechanisms for sustainable crop production is intercropping,
which is mainly practiced to optimize for efficient utilization
of resources, thereby ultimately increasing yield (taking both
crops into consideration). Common intercropping practices entail
the inclusion of a legume in combination with a non-legume
crop (Ahamefule and Chinedu, 2014), for example, cowpea
and amaranth.

Inter- and intra-specific competition, as well as facilitation (also
referred to as agro-biological parameters), are key components
of intercropping (Vandermeer, 1992; Zhang and Li, 2003). Inter-
and intra-specific competition relates to the development of two
crops in which there is a variation between them, while facilitation
describes the improvement in yield of companion crops in an
intercropping scenario (Fan et al., 2006; Mei et al., 2012). Several
ratios are used to determine the agro-biological parameters. These
include the land equivalent ratio (LER) (De Wit and Van den
Bergh, 1965), land use efliciency (LUE), relative yield (RY), actual
yield loss (AYL) (Banik, 1996), the relative crowding coeflicient
(RCC) (De Wit, 1960), aggressivity (A) (McGilchrist, 1965), and
the competition ratio (CR) (Willey and Rao, 1980). Others include
over-yielding (OY), the area time equivalent ratio (ATER) (Tan
et al., 2020), intercropping advantage (IA) (Banik et al., 2000),
and the monetary advantage index (MAI) (Tan et al, 2020). In
an intercropping system, the yield of one crop exceeds the other,
therefore reducing it (Li et al, 2011). In an intercrop, there is
commonly an improvement in the yield of companion crops in a
concept known as facilitation. Facilitation promotes interactions
among crops necessary for complementarity.

In facilitation, if one crop is unable to harness available
nutrients, the other species take over (Brooker et al., 2008). This
outcome is manifested in the determination of factors such as
the intercropping advantage and the monetary advantage index.
Therefore, the primary objective of this study was to investigate
the effect of different rates of fertilizer application on yield, as well
as agro-biological parameters, in an amaranth—-cowpea intercrop.
The hypotheses were that (i) fertilizer application would increase
the yield of amaranth and cowpea in an intercropping scenario
(considering both crops); and (ii) there would be variable inter- and
intra-specific competition, as well as facilitation, between amaranth
and cowpea. The outcomes (i) amaranth and cowpea yield and (ii)
agro-biological parameters in an amaranth—cowpea intercrop were
determined through testing.
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TABLE 1 Chemical properties of the topsoil layer (0.3 m) for the
experimental sites before and after harvesting.

Chemical 2014/15 season 2015/16 season
properties
Before After Before After
planting planting planting planting
pH (H,0) 62+0.4 67402 73404 71405
P(Bray 1) (mg 20.1+0.6 19.1£32 574432 56.0 + 2.1
kg_l)
K (mgkg™") 2183 +3.9 177.2 + 158.1 & 104.0 +
12.2 14.4 14.0
Na (mgkg™!) 18.44+0.9 162+ 0.6 562+ 1.2 50.0 £ 1.4
Ca (mgkg™) 635.0 £ 3.3 613.1 + 857.1 + 731.0 £5.3
414 493
Mg (mgkg™") 198.2+£13 190.0 = 174.1 + 170.0 £1.5
14.1 111
NO;-N (mg 78+0.6 6.9+0.7 26403 18408
kg™
NH4-N (mg 24402 22402 3.6+04 34+0.1
kg™!)
Clay % 25.0£2.0 25.0 £ 2.0 320£20 320£20

Values (Mean + SE) are averages of three duplicate runs.

2. Materials and methods

2.1. Study site and plant material

The experiment was conducted at the Agricultural Research
Council (ARC), Vegetables and Ornamental Plants campus,
situated in Roodeplaat, Pretoria, South Africa (25°35/ S, 28°21/
E, 1165 masl) during the 2014/15 and 2015/16 summer seasons,
each of which ran from November to March. The field experiment
was carried out on soils as described by Mndzebele et al. (2020)
in Table 1. The area has a long-term summer rainfall of ~635 mm
annually. The highest precipitation is normally experienced during
December and January, although precipitation is highly variable.
Variations in the weather conditions occurred during these two
growing seasons (2014/15 and 2015/16). On average, in the first
season, maximum temperatures ranged between 23.5 and 40.3°C.
In the second season, maximum temperatures ranged from 20.6
to 34.8°C. Daily minimum temperatures ranged from 10.3°C
for the first season to 21.2°C for the second season (Figure 1).
Seasonal rainfall was 369 mm in the first season and 390 mm in
second season.

The experimental treatments, layout, and management of the
experiment were as described by Mndzebele et al. (2020). These
specified the amount of fertilizer applied, seedling preparation,
transplanting, planting, inter-row spacing, intra-row spacing, and
irrigation amounts applied (Mndzebele et al., 2020). The ratios
of NPK were informed by the recommended fertilizer rates for
cowpea based on soil analysis results; these were 135kg N ha=—!,
31kg P ha~!, and 18K ha-! for the 2014/15 season, and 135 kg
N ha~l, 20kg P ha—!, and 250kg K ha=! in the case of the
2015/16 recommendations. The ratios of NPK used were 7:2:1 for
the 2014/15 season and 7:1:13 for the 2015/2016 season.
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Soil analysis was carried out and the fertilizers were applied
according to the soil requirements, as shown in Table 1.

The actual amounts that were applied for the 2014/15 (season
1) and 2015/16 (season 2) seasons are indicated in Table 2. The
rationale behind the presentation of the amounts applied in %
instead of numerical amounts is the variations in the amounts,
which would take up more space in all the tables and/or make
data presentation difficult. The vegetables planted were cowpea
and amaranth.

Cowpea (cultivar Vigna ONB) is morphologically herbaceous,
is planted in summer, and has a semi-prostrate growth habit. The
color of Vigna ONB is dark purple, with small seeds which are
ovoid. The cowpea rooting system is thick and well-built (Gerrano
and Thungo, 2022).

Amaranthus cruentus L. is an annual herbaceous plant
propagating only through seeds (Makinde et al, 2010). It has
predominantly a tap root with stems that are either straight or
branched, growing to a height of up to 2m. Amaranth leaves are
spiral, devoid of stipules, and coupled with ovate to rhombic-ovate
shape. The leaves and stems have hairy surfaces with unisexual
flowers which are green. It has large and complex inflorescence
with concentrated cymes with racemes and spikes (Grubben
and Denton, 2004) and with variable colors. On average, each
Amaranthus cruentus plant has ~50,000 shiny and dark brown
seeds, which are round or lenticular in shape (Gerrano et al,
2015).

2.2.1. Above-ground edible biomass

Vegetable crops were sequentially harvested at 8, 10, 12,
14, and 16 weeks after planting for cowpea and at 4, 6,
8, 10, and 12 weeks after transplanting for amaranth during
the first and second growing seasons. In the case of cowpea,
only leaves were defoliated to determine above-ground edible
biomass (AGEB). Amaranth was cut above ground in order
for its biomass to include leaves and stems. The stems were
separated from the leaves to determine above-ground edible
biomass (AGEB). In amaranth, twelve plants were sampled per
plot on sole cropping, amounting to an area of 1.08 m?. In
cowpea, nine plants were harvested per plot, amounting to a

harvested area of 1.62 m?

on both sole and intercropping.
Finally, in amaranth intercropping, nine plants were sampled
per plot. The above-ground material was weighed to determine
fresh above-ground biomass and thereafter oven-dried at 50°C for
48h to determine dry above-ground biomass and above-ground

edible biomass.

2.2.2. Estimation of agro-biological parameters
2.2.2.1. Land equivalent ratio

The land equivalent ratio (LER) was calculated as
described in Mndzebele et al. (2020). An LER value of 1.0
indicates no difference in yield between the intercropping
and the sole cropping systems. In constrast, any value >1.0
indicates a yield advantage, while values <1 demonstrate
a yield disadvantage for the intercropping system (Kurata,
1986).
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FIGURE 1
Rainfall and reference evapotranspiration for the 2014/15 season 1 (A) and 2015/16 season 1 (B) as well as temperature for the 2014/15 season 1 (C)
and 2015/16 season 1 (D) in Roodeplaat. Preroria, South Africa. The reported values are daily climatic data during season 1 (S1) and season 2 (S2)
from day of direct seeding of cowpea and transplanting of amaranth until the end of harvest. Tmax, maximum temperature (°C); Tmin, Minimum
temperature (°C); Rain, rainfall (mm); ETo, reference evapotransoiration (mm).

TABLE 2 Above ground edible biomass (AGEB), in amaranth and cowpea in the first harvest under sole and intercropping systems at four fertilizer (NPK)
levels in 2014/15 (season 1) and 2015/16 (season 2) seasons.

2014/15 season 2015/16 season
Cropping system Fertilizer level Amaranth-AGEB Cowpea-AGEB Amaranth- Cowpea-AGEB
AGEB
ki e |

Sole cropping Control 34 + 4¢? 142 4 3de’ 41 + 3cd? 338 + 3263

25%NPK 62 + 6d* 207 £ 21bc® 60 + 8ab? 449 + 38b%

50%NPK 119 £ 10b! 241 £ 20b! 65 =+ 5a'? 470 £ 16b*

100%NPK 143 £ 12a! 313 £ 30a! 69 + 5a! 580 + 47a!
Intercropping Control 32 &+ 4é? 82 + 8f° 29 4 3d* 254 + 35d°

25%NPK 59 £+ 2 d? 126 + Gef? 40 £ 3cd! 423 £ 40b*

50%NPK 84 + 5¢! 147 4 5de? 46 + 5bc! 434 + 18b%

100%NPK 96 + 7¢! 187 & 20cd! 51 & 6bc! 548 + 44a!
Cropping system <0.001 <0.001 <0.001 0.015
Fertilizer level <0.001 <0.001 <0.001 <0.001
Cropping system x fertilizer 0.011 0.242 0.805 0.592
level

Mean =+ SE (n = 4) in each column followed by different letters indicate significant differences between treatments. Numerical values that have been superscripted compare means of each
cropping system at different fertilizer levels (p < 0.05).

2.2.2.2. Land utilization efficiency, % (LUE). This is defined as the total land area of sole crops

The land equivalent ratio was applied in this study to  required to achieve the same vyields as intercrops (Willey,
evaluate the utilization efficiency of the land occupied by the  1979). In an intercropping system, the partial land utilization
crops, using a measure known as land utilization efficiency efficiency ratio (PLUE) of each component comprises the
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TABLE 3 Above ground edible biomass (AGEB), in amaranth and cowpea in the second harvest under sole and intercropping systems at four fertilizer
(NPK) levels in 2014/15 (season 1) and 2015/16 (season 2) seasons.

2014/15 season 2015/16 season
Cropping system Fertilizer level Amaranth-AGEB Cowpea-AGEB Amaranth- Cowpea-
AGEB AGEB
kg.ha™!
Sole cropping Control 445 + 32bct 637 & 543 445 £ 51bc! 637 & 55¢*
25%NPK 492 =+ 33bc? 888 + 29cd? 492 + 25bc! 888 £ 71cd®
50%NPK 572 & 60ab? 1243 + 48b"2 572 & 17ab! 1243 £ 110b?
100%NPK 732 £ 42a! 1724 + 63a’ 732 £ 22a! 1724 + 81a!
Intercropping Control 337 + 11c* 533 4 28¢° 337 & 31c! 533 + 43¢*
25%NPK 390 + 14bc? 798 + 34d* 390 + 28bc! 798 + 78d°
50%NPK 423 £ 20bc? 998 + 26¢'2 423 + 42bc! 998 + 94¢?
100%NPK 462 =+ 46bc! 1,294 & 86b! 462 =+ 45bc! 1294 £+ 115b!
Cropping system <0.001 <0.001 <0.001 <0.001
Fertilizer level 0.012 <0.001 <0.001 <0.001
Cropping system x Fertilizer 0.451 0.002 0.002 0.002
level

Mean =+ SE (n = 4) in each column followed by different letters indicate significant differences between treatments. Numerical values that have been superscripted compare means of each

cropping system at different fertilizer levels (p < 0.05).

total land utilization efficiency ratio (TLUE), which was
calculated as:

Prug = Yinter/ Ysole
True = Yinter/Ysole + Yinter/Ysole
Yinter = yield in the intercrop system

Yole = yield in the sole crop system

2.2.2.3. Actual yield loss

The actual yield loss (AYL) was calculated as the
proportionate yield loss or gain of intercrops in comparison
to the respective sole crop; specifically, this was calculated

using the following formula, as described by Banik

(1996).

AYLamaranth = {Aintercropping/Z50% }/ {(Asolecropping/Z100%) — 1}
AYLcowpea = {Cintercropping/Z50%}/{(Csolecropping/Z100%) — 1}
AYLotal = AYLcowpea + AYLamaranth

Zs0% = biomass proportion of amaranth or cowpea

in intercropping

Z100% = biomass proportion of amaranth or cowpea

in sole cropping

Asolecropping = Yield of amaranth in sole cropping

Csolecropping = Yield of cowpea in sole cropping

Aintercropping = yield of amaranth in intercropping

Cintercropping = Yyield of cowpea in intercropping

Frontiers in Sustainable Food Systems
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2.2.2.4. Relative crowding coefficient

The total relative crowding coefficient (RCCyy,) was used
to estimate the relative dominance of one species over the
other in intercropping, via the following formula (De Wit,
1960).

RCCiptat = (RCCymaranth X RCCcowpea)

RCCymaranth = {Aintercmpping X ZSO%} {(Asolecropping
_Aintercropping) X Z50%}

RCCcowpea = {Cintercropping X Zs50%} {(Csolecropping
_Cintercropping) X Z50%}

RCC,ymaranth = relative crowding coefficient of amaranth
RCCeowpea = relative crowding coefficient of cowpea
Zsp9% = sown proportion of either amaranth or
cowpea in intercropping

Aintercropping = yield of amaranth in intercropping
Cintercropping = Yield of cowpea in intercropping
Cole cropping = yield of cowpea in sole cropping

Agole cropping = Yield of amaranth in sole cropping.

2.2.2.5. Aggressivity

Aggressivity (A) was used as an indicator of whether
the relative yield increase in A ,paranth Crop was greater
than that of Acowpea in an intercropping system, and vice
(McGilchrist, 1965). This
as follows:

versa measure was expressed

frontiersin.org


https://doi.org/10.3389/fsufs.2023.1210984
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Mndzebele et al.

10.3389/fsufs.2023.1210984

TABLE 4 Above ground edible biomass (AGEB), in amaranth and cowpea in the third harvest under sole and intercropping systems at four fertilizer (NPK)
levels in 2014/15 (season 1) and 2015/16 (season 2) seasons.

2014/15 season 2015/16 season
Cropping system Fertilizer level th-AGEB Cowpea-AGEB Amaranth- Cowpea-
AGEB AGEB
kg.ha™! kg.ha™! kg.ha™!
Sole cropping Control 388d + 35¢* 159 4 5d° 539 + 54abc! 915 + 77fg’
25%NPK 645 + 69¢? 194 + 14d? 707 £ 76ab! 1,355 + 110cd?
50%NPK 827 & 82b? 271 & 20c! 733 & 55ab! 1,397 + 86¢*
100%NPK 1,415 &+ 101a' 419 £ 46a! 781 £ 61a! 2,165 & 204a'
Intercropping Control 148 + 14f 151 + 16d? 351 & 27¢! 737 + 61g°
25%NPK 198 & 12 176 + 16d° 405 £ 41c! 1,099 £ 104ef?
50%NPK 282 + 17¢f!? 249 £ 11c! 428 + 42¢! 1,172 + 64de?
100%NPK 532 £ 5lcd! 327 £ 37b! 473 + 38bc! 1,745 £ 107b!
Cropping system <0.001 0.003 <0.001 <0.001
Fertilizer level <0.001 <0.001 0.188 <0.001
Cropping system x Fertilizer <0.001 0.045 0.861 0.341
level

Mean =+ SE (n = 4) in each column followed by different letters indicate significant differences between treatments. Numerical values that have been superscripted compare means of each

cropping system at different fertilizer levels (p < 0.05).

A amaranth = {Zs0%/ (Asolecropping X Zs0%)}
_{Cintercropping/ (Csolecropping X ZSO%)}
Acowpea = {Cintercropping/ (Csolecropping X Zs0%)}
_{ZSO%/(AsolecroppingX Zso%)}
Agole cropping =

the yield of amaranth in sole cropping
Csole cropping =

the yield of cowpea in sole cropping
Aintercropping =

the yield of amaranth in an intercropping
Cintercropping =

the yield of cowpea in an intercropping
Zsow =

sown proportion of amaranth or cowpea in intercropping

If the
equally competitive.

A positive or larger value for aggressivity means that the
crop is dominant in comparison to the companion crop, and

value of A is zero, both crops are

vice versa.

2.2.2.6. Competition ratio
The
a measure of the

(CR)  was
competitive
(Willey  and

competition  ratio computed  as
amaranth

1980)  via  the

abilities  of
and  cowpea Rao,

following formula:

Frontiers in Sustainable Food Systems

CR = (PLERCOWpe,(1 /PLER maranth)

(Zs0%/Z50%)

PLER,maranth = partial land equivalent

ratio of amaranth

PLER owpea = partial land equivalent

ratio of cowpea

Zs0% = yield proportion of amaranth or cowpea

in an intercropping system

2.2.2.7. Over-yielding

Over-yielding of intercropped crops relative to sole

crops was assessed based on the increase or decrease in
the yield of intercropped crops
mono-cropped crops, following Li

calculated as:

over the corresponding

et al. (2011); this was

OY = Yintercrop — (Px Ysolecrop)/ (Px Ysolecrop) x 100%

where  Yintercrop  and  Ygolecrop  are  the  yields  of
either amaranth or cowpea in intercropping
and sole cropping systems, respectively, and
P is the proportion of a given crop in the

intercropping system.
A positive overyielding value indicated a yield advantage and a
negative value denoted a yield disadvantage.
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TABLE 5 Above ground edible biomass (AGEB), in amaranth and cowpea in the fourth harvest under sole and intercropping systems at four fertilizer
(NPK) levels in 2014/15 (season 1) and 2015/16 (season 2) seasons.

2014/15 season 2015/16 season
Cropping system Fertilizer level th-AGEB Cowpea-AGEB Amaranth- Cowpea-
AGEB AGEB
kg.ha™! kg.ha™! kg.ha™!
Sole cropping Control 319 + 25b% 366 + 36d* 473 + 46bc! 283 + 29F
25%NPK 362 + 37b! 448 £ 31¢° 620 = 59ab! 600 =+ 694>
50%NPK 421 + 40b! 551 & 33b? 683 + 66a’ 796 + 80c?
100%NPK 611 £ 59a! 675 £ 47a! 738 £ 85a! 1,130 &+ 115a!
Intercropping Control 78 & 5¢* 243 £ 12¢° 251 4 22d! 227 20
25%NPK 101 £ 263 308 + 11de? 278 £ 26d! 435 =+ 36¢?
50%NPK 124 + 9¢ 370 + 3842 286 + 24d" 621 £ 61d°
100%NPK 152 & 14c! 478 £ 50c! 335 £ 23cd! 976 + 85b!
Cropping system <0.001 <0.001 <0.001 0.001
Fertilizer level <0.001 <0.001 0.024 <0.001
Cropping system x Fertilizer 0.030 0.374 0.315 0.632
level

Mean =+ SE (n = 4) in each column followed by different letters indicate significant differences between treatments. Numerical values that have been superscripted compare means of each
cropping system at different fertilizer levels (p < 0.05).

TABLE 6 Above ground edible biomass (AGEB), in amaranth and cowpea in the fifth harvest under sole and intercropping systems at four fertilizer (NPK)
levels in 2014/15 (season 1) and 2015/16 (season 2) seasons.

2014/15 season 2015/16 season
Cropping system Fertilizer level Amaranth-AGEB Cowpea-AGEB Amaranth- Cowpea-
AGEB AGEB
kg.ha—! kg.ha—! kg.ha—! kg.ha!
Sole cropping Control 234 +13¢° 121 & 11cde? 330 + 33ab! 274 + 24b?
25%NPK 272 4 9bc? 188 & 19¢° 350 + 40ab! 309 + 28b!
50%NPK 316 & 1b'? 280 + 26b? 399 4 39a! 321 4 29b!
100%NPK 419 £ 74a! 407 £ 41a! 416 £ 41a! 458 & 44a!
Intercropping Control 96 + 6¢° 51411 245 £ 26b! 181 & 13¢?
25%NPK 131 + 6de? 96 & 8de? 257 4 24b! 260 & 26bc'?
50%NPK 136 & 9de? 151 & 14cd®? 265 £ 25b! 287 + 29b!
100%NPK 162 £ 9d! 287 + 22b! 281 =+ 28b! 339 + 35b!
Cropping system <0.001 <0.001 <0.001 0.001
Fertilizer level <0.001 <0.001 0.249 <0.001
Cropping system x Fertilizer 0.004 0.674 0.796 0.412
level

Mean =+ SE (n = 4) in each column followed by different letters indicate significant differences between treatments. Numerical values that have been superscripted compare means of each
cropping system at different fertilizer levels (p < 0.05).

2.2.2.8. The area time equivalent ratio T, and Ty, = duration (in days) of components “a” and “b”
The area time equivalent ratio (ATER) provided a more realistic RY, = relative yield of component “b” (amaranth) in
comparison of the yield advantage of intercrops: the mixture T = total duration of the intercropping system in days.

A value of ATER > 1 implies yield advantage, while ATER < 1
indicates yield disadvantage.
ATER = (RY,xT,) + (RYp,x Ty) T
2.2.2.9. Intercropping advantage
where: The intercropping advantage (IA) was calculated using the
RY, = relative yield of component A (cowpea) in intercrop following formula (Banik et al., 2000):
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TABLE 7 Land equivalent ratio (LER) and Land use efficiency (LUE) of the five harvests fertilized with four different NPK levels in 2014/15 (season 1) and
2015/16 (season) seasons.

HARVESTS Fertilizer level 2014/15 season 2015/16 season  2014/15 season 2015/16
season
LER LER LUE (%) LUE (%)
Harvest 1 Control 1.6 £0.1 1.6 +0.06 159 £13 155+ 8
25%NPK 1.6+0.1 1.7+ 0.07 159 £13 170 £ 3
50%NPK 1.3+0.1 1.4+ 0.06 134 +13 143 +5
100%NPK 14+0.1 1.440.05 133 +£13 138+ 6
Harvest 2 Control 1.6 £0.1 1.6 +0.02 159 & 12 155+ 8
25%NPK 1.6 £0.1 1.7+ 0.03 159 £ 13 170 £ 3
50%NPK 1.3+0.1 1.4 £ 0.02 134+ 14 143 £5
100%NPK 14+£0.1 1.44+0.02 133 +18 138 £ 6
Harvest 3 Control 1.34+0.07 1.6+0.13 134 +£13 155+ 8
25%NPK 1.34+0.07 1.7+ 0.14 122+9 170 £ 3
50%NPK 1.3 £0.07 1.4£0.14 127+ 6 143 £5
100%NPK 1.240.07 14+0.14 116 £12 138+ 6
Harvest 4 Control 0.9 £+ 0.04 1.4+ 0.06 92+6 136 £ 10
25%NPK 1.0 £ 0.05 1.2 £ 0.05 97+7 119 £ 10
50%NPK 1.0 £ 0.05 1.24+0.05 97+9 121£5
100%NPK 1.0 £ 0.05 1.4 £ 0.06 9+9 135 £ 11
Harvest 5 Control 0.8 +0.02 14+0.1 83+5 142 £ 14
25%NPK 1.0 £0.03 1.6+0.1 9+6 158 £9
50%NPK 1.0 £ 0.03 1.6+0.1 97 £4 164 £ 20
100%NPK 1.0 £0.03 1.5£0.1 9242 147 £2

Mean =+ SE (n = 4) in each column indicate significant differences between different fertilizer levels (p < 0.05).

IAamaranth = (AYLamaranth)X(Pamaranth)
IAcowpea = (AYLcowpea)X(Pcowpea)
IA = IAcowpea + IAumaranth

where:

IA maranth = the intercropping advantage of amaranth

IAcowpea = the intercropping advantage of cowpea

AYL,maranth = the actual yield loss in amaranth

AYLcowpea = the actual yield loss in cowpea

Pcowpea = the average commercial value of cowpea (R5.50/kg)
P amaranth = the average commercial value of amaranth (R5.50/kg).

2.2.2.10. Monetary advantage index
The monetary advantage index (MAI) was computed using the
following formula:

MAI = (value of combined intercrops) (LER — 1)/LER,

where the value of the combined intercrops represents
the yields of amaranth and cowpea in an intercrop
system. Each was multiplied by the price. Thereafter,
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these were added to determine with the value of the
combined intercrops.

2.2.3. Experimental design and statistical analysis
The experimental treatments, layout, and management of the
experiment were as described by Mndzebele et al. (2020). These
specifications covered the amount of fertilizer applied, seedling
preparation, transplanting, planting, inter-row spacing, intra-row
spacing, and irrigation amounts applied (Mndzebele et al., 2020).
The different fertilizer levels and cropping systems in multiple-
harvested cowpea and amaranth were entered as independent
factors into appropriate analyses of variance (ANOVAs) to analyse
AGEB and estimated agro-biological parameters. The Shapiro-
Wilk test was performed on the standardized residuals to test
for deviations from normality (Shapiro and Wilk, 1965). In cases
where significant deviation from normality was observed and this
was due to skewness, outliers were removed until the data were
normally or symmetrically distributed (Glass et al.,, 1972). Least
significant differences (LSDs) at 5% significance level were used
to compare means of significant source effects (Snedecor, 1967).
These analyses were performed using SAS (1999) (SAS version
9.3, SAS Institute Inc. Cary, NC, the United States of America)
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and Genstat Release 19 (Version 19, VSN International, Hemel
Hempstead, UK).

3. Results

3.1. Above-ground edible biomass

There were significant interactions (p < 0.05) between
cropping system and fertilizer level in terms of their effects
on above-ground edible biomass (AGEB) of amaranth and
cowpea vegetables from the first to the fifth harvest in both
the 2014/15 and the 2015/16 seasons (Tables 3-7). Mean AGEB
for amaranth and cowpea showed a gradual increase from the
first harvest until it reached a peak in the third harvest. This
was followed by a gradual decrease in the fourth harvest, with
the lowest value being obtained at the fifth harvest (Tables 3-
7). Mean AGEB values in both amaranth and cowpea were
consistently higher in sole cropping relative to intercropping in all
harvests.

In both the 2014/15 and the 2015/16 seasons, the highest
AGEB was obtained at 100% NPK in combination with sole
cropping in the third harvest for both crops. The lowest AGEB was
obtained under the control condition (0% NPK) in combination
with the intercropping system in the 2014/15 and 2015/16 seasons.
The lowest AGEB in both crops was obtained in the first
and fifth harvests (Tables 3-7). There was a significant increase
in AGEB of amaranth and cowpea from 0% NPK to 100%
NPK in all harvests under both cropping systems and in both
seasons (Tables 3-7).

3.2. Land equivalent ratio and land
utilization efficiency %

The study showed mean land equivalent ratio (LER) values
greater than one (LER>1) for all fertilizer levels, except in the
case of the control treatments in the fourth and fifth harvests
in the first season (2014/15) (Table 8). LER ratios ranged from
0.8 to 1.6 in the first season and from 1.2 to 1.7 in the second
season. Mean LER values in the first and second harvests were
higher under the control and 25% NPK treatments (1.6) and lower
at 50% NPK (1.3) in the first season. In the third harvest, the
LER showed statistically similar values of 1.3 under fertilizer levels
ranging from the control to 50% NPX; this was followed by 100%
NPK, which was lowest in the first season. In the fourth and fifth
harvests, mean LER values increased from 0.9 and 0.8 under the
control condition to 1.0 at 25% NPK, which was also equal to
the values obtained at 50% NPK and 100% NPK, respectively, in
the first season (Table 8). Mean LER values in the second season
showed a gradual increase from the control up to 25% NPK, which
produced the highest values. This was followed by a drop at 50%
NPK and 100% NPK, which were lowest in the first, second, and
third harvests. The fourth harvest showed increased values under
the control treatment and 100% NPK. However, the values for
the fifth harvest increased at 25% NPK and 50% NPK, with the
lowest obtained under the control condition, at 1.4 (Table 8). Mean
values of land utilization efficiency (LUE), expressed in percentages,
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showed trends similar to those observed for LER in all harvests in
both seasons (Table 8).

3.3. Actual yield loss, relative crowding
coefficient, aggressivity, and competition
ratio

Mean actual yield loss (AYL) values for amaranth at the
four different fertilizer levels were positive for the first and
second harvests (ranging from 0.41 to 1.01) in the first season,
indicating an increase in yield by 41 to 101% when amaranth
was intercropped with cowpea. There was a characteristic decrease
in mean AYL values under fertilizer treatments from the control
(1.01) up to 100% NPK (0.41) in the first season. In contrast,
the second season showed a gradual decrease in AYL from
0.68 under the control treatment to 0.26 at 100% NPK, in
the first to third harvests. The third, fourth, and fifth harvests
in the first season showed AYL mean values to be highest
under the control treatment (—0.21), 50% NPK (—0.41), and
25% NPK (—0.04), translating to yield decreases by 21%, 41%,
and 4%. The lowest values were observed under the control
condition (—0.37), 50% NPK (—0.49), and 100% NPK (—0.20)
(Table 9).

Actual yield loss values for cowpea in the first season showed
characteristic increases from the control treatment up to 100%
NPK in the first (0.17 to 0.25), second (0.17 to 0.25), and fifth
(—0.16 to 0.20) harvests. This translated to 17% to 25% increases
in the first and second seasons, respectively. This was followed by
a loss of 16% under a further increase in NPK, which increased
to 20% under the 100% NPK condition at the fifth harvest. The
third harvest showed decreases in AYL from the control condition
(0.89) to 100% NPK (0.45), which was associated with the lowest
value, indicating yield increases of 89% and 45%, respectively.
The fourth harvest showed the lowest values under the control
condition (0.34) and the highest under 100% NPK (0.41). In
the second season, there were characteristic increases from 0.66
under the control condition to 0.80 in the first, second, and third
harvests, with an exception for the fifth harvest, where an increase
occurred from the control condition up to 50% NPK. The lowest
AYL was obtained at the 100% NPK fertilizer level in the first to
third harvests. The fourth and fifth harvests showed the lowest
values at 25% NPK (0.47) and under the control treatment (0.33)
(Table 9).

In the first season, for the first and second harvests, the total
AYL increased from the control condition to 25% NPK, where its
value was at its highest; it fell under further increases in fertilizer
level up to the 100% NPK level, at which it was at its lowest. The
third harvest had the highest AYL mean values under the control
condition and lowest at the 100% NPK. For the fourth harvest,
AYL was highest under the 100% NPK fertilizer level and lowest
under the control treatment. The fifth harvest showed high AYL
mean values at the 25% NPK level and lowest values under the
control condition. In the second season, total AYL increased from
the control condition up to 25% NPK and thereafter decreased up
to 100% NPK, which was associated with the lowest AYL in the
first, second, third, and fifth harvests. The control condition and
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TABLE 8 Actual yield loss of amaranth (AYL-amaranth), Actual yield loss of cowpea (AYL-cowpea), Relative crowding coefficient of amaranth (RCC-amaranth), and Relative crowding coefficient of cowpea
(RCC-cowpea) for harvests one to five grown under four NPK fertilization levels in 2014/15 (season 1 = S1) and 2015/16 (season 2 = S2) seasons.

HARVESTS Fertilizer 2014/15 season 5/16 season 2014/15 2015/16 2014/15 season 2015/16 season  2014/15 2015/16
level season season season  season
AYL- RCC
Amaranth Cowpea Amaranth Cowpea Total Total Amaranth Cowpea Amaranth Cowpea  Total Total
Harvest 1 Control 1.01£0.2 0.17 £ 0.1 0.68 +0.07 0.66 +0.08 1.18 £ 0.25 1.10 +0.17 —0.77 £ 8.6 1.48 +£0.36 1.86 +0.38 5.80 & 0.46 —0.19 £ 16.0 —3.77 £43.5
25%NPK 0.95+0.2 0.23+0.1 0.61 +0.09 0.80 + 0.04 1.19 +£0.25 1.40 + 0.06 0.64 + 8.6 1.73 £ 0.38 4.30 +0.24 9.07 + 1.56 —11.1 £ 16.0 37.72 +6.37
50%NPK 0.45+0.2 023 +0.1 0.58 +0.01 0.61 + 0.06 0.67 +0.25 0.85 + 0.09 352+ 8.6 1.68 +0.14 4.79 + 0.40 6.09 +0.16 719+ 1.6 —9.28 +34.34
100%NPK 0.41+0.2 0.25+0.1 0.26 +0.09 0.50 +0.01 0.66 £+ 0.25 0.76 = 0.02 831+ 8.6 1.96 + 0.06 1.72 +£0.35 3.14+0.31 17.68 + 1.0 5.34 £+ 1.59
Harvest 2 Control 1.01 £0.02 0.17 £ 0.01 0.68 +0.07 0.66 +0.18 1.18 +0.04 1.10 +0.07 —0.77 £0.48 1.48 +0.13 1.86 £ 0.38 5.80 +1.16 —0.19+7.19 —3.77 £435
25%NPK 0.95+0.03 0.23 +0.01 0.61 +0.09 0.80 + 0.04 1.19+0.03 1.40 + 0.06 —12.96 + 8.00 1.73+0.18 4.30 +0.24 9.07 £ 1.16 14.58 + 28.47 37.72 £ 6.37
50%NPK 0.45 +0.02 0.23 £ 0.01 0.58 +0.01 0.61 £0.16 0.67 £+ 0.03 0.85 4+ 0.09 3.5240.07 1.68 £ 0.14 4.79 + 0.40 6.09 +1.16 7.19 + 8.49 —9.28 +34.34
100%NPK 0.41 +0.03 0.25 4+ 0.02 0.26 +0.09 0.50 +0.10 0.66 + 0.05 0.76 + 0.02 8.31+0.80 1.96 £ 0.16 1.72 +0.35 3.14 +0.87 17.68 +28.21 5.34 + 1.59
Harvest 3 Control —0.21 £0.12 0.89 +0.08 0.68 +0.07 0.66 +0.08 0.68 + 0.05 1.10 +0.17 0.53 +0.07 24.39 + 341 1.86 +0.38 5.8 +0.46 17.95 + 13.78 —3.77 £ 43.50
25%NPK —0.37£0.13 0.81 +0.07 0.61 + 0.06 0.80 + 0.04 0.44 £+ 0.08 1.40 + 0.06 0.47 +0.07 11.67 £ 1.91. 4.30 +£0.24 9.07 + 0.56 5.99 +£5.20 37.72 +6.37
50%NPK —0.3£0.03 0.84 +0.09 0.58 4+ 0.06 0.61 +0.12 0.53 +0.02 0.85 + 0.09 0.55 + 0.06 14.08 + 1.73 4.79 + 0.40 6.09 +0.16 7.09 +2.58 —9.28 +34.34
100%NPK —0.25£0.10 0.45 4+ 0.05 0.26 +0.05 0.50 +0.10 0.31 £+ 0.05 0.76 +0.12 0.61 +0.05 6.84 +0.31 1.72 +£0.35 3144038 4.79 £ 6.43 5.34 + 1.59
Harvest 4 Control —0.49 £ 0.08 0.34 +0.01 0.11 +0.10 0.61 +0.08 —0.15£0.15 0.72 +£0.14 0.35 4+ 0.06 224406 1.29+0.14 434+ 1.19 0.81 +0.28 5.75+2.83
25%NPK —0.43 £ 0.07 0.38 £0.13 —0.08 £0.11 0.47 +0.07 —0.06 £0.13 0.39 +0.11 0.40 +0.07 234406 0.86 +0.14 3.16 = 1.31 0.96 +0.27 2.69 + 1.46
50%NPK —0.41 £0.07 0.35 4+ 0.03 —0.14 £ 0.12 0.56 +0.07 —0.05£0.11 0.42 +0.12 0.42 +0.07 2434+0.7 0.77 £ 0.10 4.15 + 1.00 0.98 +0.24 330+ 1.90
100%NPK —0.44 £ 0.06 0.41 +0.08 —0.02 +£0.13 0.73 +0.09 —0.02 £0.12 0.71 £0.13 0.43 +0.07 278+ 0.6 1.14 +0.14 7.09 +1.58 0.66 +0.21 7.10 £+ 4.01
Harvest 5 Control —0.18 £ 0.06 —0.16 £+ 0.09 0.50 +0.12 0.33+0.13 —0.34 £ 0.09 0.83 +0.20 0.71 +0.09 0.76 +0.17 18.14 +2.80 3.95+0.90 0.50 +0.22 18.14 + 28.49
25%NPK —0.04 £ 0.05 0.02 +0.09 0.47 +£0.16 0.69 +£0.12 —0.01 £0.11 1.15+0.17 0.93 +0.08 1.06 £ 0.20 20.27 +2.40 7.05+0.73 0.99 +£0.19 20.27 £ 15.24
50%NPK —0.14 £ 0.07 0.08 +0.09 0.49 +0.15 0.79 + 0.04 —0.07 £ 0.08 1.27 +0.24 0.76 + 0.08 1.18 +0.22 63.86 +6.23 8.65+1.94 0.88 +£0.16 63.86 + 66.23
100%NPK —0.20 £ 0.05 0.20 +£0.11 0.44 +0.14 0.51+£0.13 0.24 +£0.12 0.95 4+ 0.24 0.71 £ 0.09 1.22+£0.17 16.97 £ 4.5 5.15+0.75 1.18 £0.22 16.97 £ 16.45

Mean = SE (n = 4) in each column indicate significant differences between different fertilizer levels (p < 0.05).
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TABLE 9 Aggressivity of amaranth (Aggressivity-amaranth), aggressivity of cowpea (aggressivity-cowpea), competition ratio of amaranth (CR-amaranth) and competition ratio of cowpea (CR-cowpea) of harvests
one to five fertilized with four NPK levels in 2014/15 (season 1 = S1) and 2015/16 (season 2 = S2) seasons.

HARVESTS Fertilizer level 2014/15 season 2015/16 season 2014/15 season 2015/16 season
Aggressivity
Amaranth Cowpea Cowpea Amaranth Cowpea Cowpea
Harvest 1 Control —1.84+0.5 0.28 4 0.02 0.37 4 0.002 0.38 4 0.002 0.6340.13 0.63 +0.13 1.00 + 0.10 1.140.10
25%NPK 0.02 4 0.02 0.30 4 0.04 0.47 = 0.005 0.47 £ 0.005 0.66 +0.11 0.66 +0.11 112+ 0.10 1.41 +0.02
50%NPK 0.03 4 0.00 030 4 0.03 0.46 + 0.005 0.46 + 0.005 0.85 4 0.08 0.85 £ 0.08 0.90 +0.11 147 +0.11
100%NPK 0.06 =+ 0.02 031 40.02 0.47 = 0.003 0.47 £ 0.003 0.98 4 0.10 0.98 +0.10 1.20 +0.10 1.34+0.12
Harvest 2 Control —0.31 +0.59 0.29 +0.03 0.41 +0.04 0.41 +0.04 0.63+0.13 0.63+0.13 1.00 +0.11 1.0540.10
25%NPK 0.06 +0.03 0.36 4 0.04 0.45 4 0.01 0.45 4 0.01 0.66 +0.11 0.66 +0.11 1124+ 0.10 1.12 +0.07
509%NPK 0.11 +0.04 0.40 + 0.03 0.40 + 0.06 0.40 + 0.06 0.85 + 0.08 0.85 + 0.08 0.90 +0.14 1.1540.17
100%NPK 0.08 4 0.02 0.46 + 0.05 0.37 4 0.02 0.37 4 0.02 0.98 +0.10 0.98 +0.10 1.20 +0.10 124011
Harvest 3 Control —0.03 £ 0.05 0.47 £ 0.02 0.40 £ 0.02 0.40 £ 0.02 2,53 40.28 2.5340.28 1.00 + 0.31 1.41 +0.34
25%NPK 0.14 4 0.04 0.45 4 0.01 0.41 40.02 0.41 4 0.02 3344026 33440.26 112+ 0.30 1424035
50%NPK 0.14 4 0.03 0.46 £ 0.02 0.42 +0.01 0.42 £ 0.01 2.81 40.25 2.8140.25 0.90 £ 0.24 1.64 +0.37
1009%NPK 0.11 4 0.03 0.39 4 0.01 0.41 40.02 0.41 4 0.02 2324023 2324023 1.20 +0.13 1.39 +0.27
Harvest 4 Control —0.07 £ 0.03 033 40.02 0.40 4 0.02 0.40 4 0.02 2744031 2744031 1.46 +0.11 1.48 +0.14
25%NPK 0.18 +0.02 0.34 +0.03 0.37 +0.02 0.37 +0.02 246 +0.12 246 +0.12 1.63+0.15 1.6240.13
50%NPK 0.22 4 0.06 0.34 4 0.02 0.39 4 0.04 0.39 4 0.04 2.3240.10 23240.10 1.83 +0.14 1.83 +0.11
100%NPK 0.30 + 0.05 0.35 +0.03 0.43 +0.02 0.43 +0.02 252+ 021 2524021 1.95+0.14 1.98 +0.14
Harvest 5 Control —0.26 + 0.03 0.21 +0.02 0.33 +0.03 0.33 +0.03 1.06 +0.13 1.06 £ 0.13 0.89+0.11 0.89 +0.15
25%NPK —0.01+0.01 0.25 4 0.02 0.42 4 0.03 0.42 4 0.03 1.06 +0.13 1.06 +0.13 1.17 + 0.14 117 +0.16
509%NPK 0.02 +0.02 0.27 +0.02 0.45 +0.01 0.45 +0.01 1.26 £0.11 1.26 +£0.11 130 +£0.15 1340.13
100%NPK 0.09 +0.03 0.36 4 0.02 0.38 £ 0.03 0.38 4 0.03 1.63 +0.12 1.63 +0.12 1.07 +0.12 1.07 £ 0.12

Mean =+ SE (n = 4) in each column indicate significant differences between different fertilizer levels (p < 0.05).
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TABLE 10 Overyield of amaranth (OY-amaranth), Overyield of cowpea (OY-cowpea) and area time equivalent ratio (ATER) of harvests one to five
fertilized with four NPK levels in 2014/15 (season 1 = S1) and 2015/16 (season 2 = S2) seasons.

HARVESTS Fertilizer level 2014/15 season 2015/16 season 2014/15 2015/16
season season
oYy ATER
Amaranth Cowpea Amaranth Cowpea
Harvest 1 Control —68+4 -19+7 —71+7 154 £ 16 1.724+0.13 1.73 +£0.07
25%NPK —41+2 266 —60+5 323+24 1.73 +£0.11 1.90 £ 0.03
50%NPK —16+2 47 £5 —54 4+ 20 334+ 16 1.47 +£0.10 1.59 £ 0.02
100%NPK —4+3 87+7 —49+17 448 + 38 1.47 +£0.13 1.54 4+ 0.07
Harvest 2 Control —21+11 440.01 251+19 433 +48 1.72 £0.12 1.73 £0.02
25%NPK 83+7 82+8 305 + 25 698 + 68 1.73 £0.11 1.90 +0.03
50%NPK 148 £ 12 161 £ 16 328 +27 898 + 65 1.47 +£0.11 1.59 £ 0.02
100%NPK 432+ 51 295 + 36 373 +£25 1,194 4 99 1.47 +£0.10 1.54 4 0.03
Harvest 3 Control 48+ 4 51+5 237 £20 637 £53 1.55 4 0.03 1.73 £0.07
25%NPK 98 £ 10 76 £7 305+ 25 999 + 56 1.42 +£0.02 1.90 £ 0.03
50%NPK 182 £17 148 £ 12 323 +25 1,072 £ 55 1.47 +£0.07 1.59 £ 0.02
100%NPK 432 +41 227 +£21 362+ 19 1,645 493 1.33 +£0.02 1.54 4+ 0.07
Harvest 4 Control —22+5 143 + 12 145+ 16 127 £ 11 1.07 £ 0.06 1.54 + 0.06
25%NPK 1+2 208 +11 157 £ 14 335+ 31 1.12 +£0.07 1.35 4 0.06
50%NPK 24+5 270 £18 165+ 15 521 £ 50 1.12 +0.07 1.38 4 0.04
100%NPK 52+6 378 £ 30 181 £17 876 + 84 1.14 +0.07 1.54 £ 0.04
Harvest 5 Control —4+4 —50 £ 11 145 £ 15 81+8 0.92 £ 0.04 1.56 £ 0.11
25%NPK 31+4 —4+17 157 £ 14 160 £ 17 1.10 £ 0.05 1.76 £ 0.10
50%NPK 36+4 51+12 165+ 15 187 £18 1.08 4 0.05 1.83 +£0.12
100%NPK 62+5 187 £19 181 £18 239 £ 32 1.04 4 0.01 1.64 +0.12

Mean =+ SE (n = 4) in each column indicate significant differences between different fertilizer levels (p < 0.05).

the 100% NPK condition showed high AYL mean values, with the
lowest values at 25% NPK (Table 9).

The highest mean relative crowding coefficient (RCC) values
for amaranth showed increasing trends from the control treatment
to 100% NPK for the first and second harvests in the first season.
For the fifth harvest, RCC increased up to 25% NPK and then
dropped to itns lowest value under thel00% NPK condition.
The fourth harvest showed the highest mean values at 100%
NPK, with 25% NPK being associated with the lowest values in
the first season. In the second season, the RCC for amaranth
gradually increased from the control condition up to 25% NPK,
after which there was a drop at 50% NPK. However, there was
another increase at 100% NPK in the first to third harvests. The
fifth harvest showed mean RCC values that increased from the
control condition to 50% NPK, with 100% NPK being associated
with the lowest value in the second season. The fourth harvest
was associated with the highest value under the control condition,
with the lowest being observed at 50% NPK in the second season
(Table 9).

Frontiers in Sustainable Food Systems

For the RCC of cowpea in the first season, there were higher
mean values under the 100% NPK condition in the first, second,
fourth, and fifth harvests, with values of 1.96, 1.96, 2.78, and 1.22,
respectively. The lowest mean values were obtained under the
control treatment for all harvests except for the fourth harvest in
the first season. The fourth harvest showed high mean RCC values
for cowpea under the control treatment the and lowest RCC value
at 100% NPK in the first season. In the second season, there was
a gradual increase from the control condition to the 25% NPK
fertilizer level, which was associated with the highest values in the
first to third harvests. The lowest RCC for cowpea was obtained
at 100% NPK. The total RCC showed increasing trends from the
control treatment to 100% NPK in the first, second, and fifth
harvests in the first season. The third and fourth harvests were
associated with higher mean values under the control treatment
and the 50% NPK treatment in the first season. The second season
had higher total mean RCC values under 100% NPK, 25% NPK,
25% NPK, the control treatment, and 50% NPK, respectively, for
the first to fifth harvests.
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TABLE 11 Intercropping advantage for amaranth (IA-amaranth).

HARVESTS Fertilizer Level 2014/15 season 2015/16 season 2014/15 2015/16 2014/15 2015/16
season season season season
1A MAI
Amaranth Amaranth
Harvest 1 Control 56+ 1.0 09403 38406 3.6£0.11 65405 61409 214423 1,249 4 94
25%NPK 52+ 1.1 13406 33405 444008 6.540.9 77403 374+ 40 1,849 + 144
50%NPK 25414 12405 32407 334008 37401 47405 308+ 75 1,508 + 139
100%NPK 23412 14407 14405 2.840.08 36401 42407 404 4 24 1,986 4 95
Harvest 2 Control 56+0.6 0.9 40.01 38406 36405 65413 6.1409 214423 1,249 + 94
25%NPK 52+0.1 134001 33405 44402 6.5+ 1.1 77403 374 + 40 1,849 + 144
50%NPK 25404 12408 32404 33404 37401 47405 308 + 37 1,508 4 139
100%NPK 23402 14407 14405 28406 36+0.1 42407 404 + 24 1,986 + 395
Harvest 3 Control —1.1402 49403 38403 36403 38404 61403 406 + 82 1,249 4 423
25%NPK —20404 45404 33405 44402 24405 77403 496 + 46 1,849 4 144
50%NPK —17404 46403 32404 33404 29404 47405 663+ 83 1,508 4 139
100%NPK —14+04 25403 14405 28403 1.7 +£0.06 42407 593 & 55 1,986 4 95
Harvest 4 Control —27404 19402 06406 34403 —0.8+04 40+0.1 —165 + 144 360 + 32
25%NPK —24+04 21402 —0.5+0.6 26+0.1 —03+0.7 21401 —80 4132 391 439
509%NPK —22+04 19403 —08+07 31403 —03+07 23404 76+ 163 608 + 43
100%NPK —24+04 23403 —0.1405 40403 —0.1403 39402 —15+198 1,388 4 135
Harvest 5 Control —1.0403 —0.9+04 27403 18405 —1.9402 46401 —165 = 32 318 4 82
25%NPK —02403 0.1+0.1 26403 38+08 —0.1+02 63409 —7433 557 4 36
50%NPK —0.8+£0.4 04405 27403 43402 —04£02 70402 —54433 617 4 58
100%NPK —1.1403 11406 24402 28407 —0.8+02 52404 —11438 623488

Mean =+ SE (n = 4) in each column indicate significant differences between different fertilizer levels (p < 0.05).

Intercropping Advantage for cowpea (IA-cowpea). Intercropping Advantage (IA) as well as Monetary Advantage Index (MAI) in amaranth and cowpea of harvests one to five fertilized with four NPK levels in 2014/15 (season 1 = S1) and 2015/16 (season 2 =

S2) seasons.
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Crop comparison showed equal aggressivity between amaranth
and cowpea. The aggressivity of amaranth and cowpea increased
with increasing levels of fertilization from the control condition to
100% NPK in all harvests, except for the third harvest in the case
of cowpea (Table 10). The second season showed more aggressivity
in the first to third harvests at 25% NPK, with the lowest at 100%
NPK (Table 10). The fourth harvest and fifth harvest showed high
mean aggressivity values under the control treatment and at 50%
NPK (Table 10).

The competition ratio (CR) of amaranth and cowpea showed
comparably similar values due to the equal plant population on
intercropping plots. There was increased competitiveness in the
third (2.3 to 3.3) and fourth (2.3 to 2.7) harvests in both seasons.
There was an increasing trend in CR for amaranth and cowpea from
the control treatment up to 100% NPK in the first, second, and fifth
harvests. In the third and fourth harvests, the highest CR values
occurred at 25% NPK and under the control treatment (Table 10).

3.4. Over-yielding and the area time
equivalent ratio

Crop comparison showed more over-yielding for cowpea when
compared to amaranth. The over-yielding ratio of amaranth in the
first and second seasons increased from the control treatment up to
100% NPK, at which it was highest. Similarly, over-yielding (OY) of
cowpea in both seasons revealed characteristic increases from the
control treatment up to the 100% NPK fertilizer level, at which it
which was highest (Table 11).

The mean values of the area time equivalent ratio increased
from the control treatment up to the 25% NPK fertilizer level, with
the lowest values at 100% NPK for the first and second harvests
(Table 11). In the fourth and fifth harvests, the values increased with
fertilizer level from the control treatment to 100% NPK, which was
associated with the highest ratio. The third harvest showed similar
patterns to the first and second harvests in the second season.
However, in the first season, the third harvest showed the highest
values in the control condition, with the lowest values occurring at
100% NPK (Table 11).

3.5. Intercropping advantage and monetary
advantage index

The intercropping advantage (IA) of cowpea was greater than
that of amaranth in both seasons at all harvests and at the different
fertilizer levels. The IA of amaranth in the first and second
seasons showed the highest mean values in the case of the control
treatments, except in the fourth harvest, when the highest value was
observed at 50% NPK. The lowest mean IA values for amaranth
were obtained at 100% NPK, with the exceptions of the third and
fourth harvests, when the lowest values were observed at 25% NPK
and under the control condition, respectively, in the first season.
In the second season, the IA of amaranth showed the lowest mean
values at 100% NPK. In contrast, higher mean values were observed
for the IA of cowpea in the first season at 100% NPK, with the
exception of the third harvest, where higher values were observed
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under the control treatment. The lowest mean values were obtained
under the control treatment for all harvests except the third harvest.
In the second season, the IA of cowpea showed the highest values at
25% NPK from the first to the third harvest, with the highest values
then occurring at 100% NPK fertilizer level and 50% NPK fertilizer
level in the fourth and fifth harvests, respectively. Overall, the total
IA was above one (1) for the first to the third harvest. However,
the fourth and fifth harvests showed negative mean values in the
first season. The highest IA was obtained at 25% NPK from the first
to the second harvests. In the third, fourth, and fifth harvests, the
IA was highest under the control treatment, at 100% NPK, and at
25% NPK, respectively. The IA in the second season showed values
above one (1) for all harvests. In the first season, the highest TA
was obtained at 25% NPK from the first to the third harvests. In
the fourth and fifth harvests, the IA was highest under the control
treatment and at 50% NPK, respectively.

The monetary advantage index (MAI), an indicator of
economic feasibility, showed higher mean values in the second
season relative to the first season. In the first to the fifth harvests
in both seasons, the MAI showed an increase with fertilizer level
from the control treatment, which was associated with the lowest
MAL up to 100% NPK, which was associated with the highest.

4. Discussion

African leafy vegetable production can be improved through
a number of different interventions, and among them is fertilizer
application and intercropping (Mndzebele et al, 2020). The
combined effects of fertilizer and intercropping yielded variable
biomass in amaranth and cowpea. The yield of amaranth and
cowpea significantly increased in sole cropping systems at fertilizer
levels up to 100% NPK (Tables 3-7), indicating a positive response
to fertilizer application. The high biomass achieved at 100% NPK
was due to the response of cowpea and amaranth to the additional
nutrient supply. This increase can be attributed to the fact that
NPK fertilization, as guided by the 4R principles, is beneficial for
the physical properties of the soil, which ultimately increases crop
productivity (Gellings and Parmenter, 2016). Efficient utilization of
NPK enhances plant growth (Addai, 2016; Tongos, 2016). These
findings corroborate other results, such as results on spinach in
sole cropping (El-Saady, 2016; Zikalala et al., 2017; Patel et al,
2021). In addition, there was more biomass in sole cropping when
compared to intercropping. The closer spacing between alternate
rows of amaranth and cowpea in an intercropping system led to
competition between crops for resource utilization (Ndakidemi,
2006). On the other hand, the higher yields achieved in sole
cropping were the result of high plant density (only in amaranth)
as well as the absence of competition for resources such as nutrients
(Eskandari and Ghanbari, 2009). These findings corroborate those
of other studies conducted on cowpea and maize, where low
yields were recorded in an intercropping system due to lower
plant densities of individual crops than those occurring in sole
cropping (Manasa et al, 2018). However, the study did not
assess the effects of fertilizer and various harvesting frequencies
on biomass accumulation, and therefore on yield. Together with
biomass accumulation, there are carbohydrates, proteins, lipids,
and vitamins, which are key to human sustenance. It is the
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absorption of the correct quantities and forms of minerals that
influences the concentrations of the correct forms and quantities
in crops, for example, cowpea and amaranth.

Agro-biological parameters or intercropping indices are used
to quantify the effects of an intercropping system on biomass
and/or yield (Dordas et al., 2019; Saeidi et al., 2019). Numerous
intercropping indices, such as land equivalent ratio (LER), land
utilization efficiency (LUE), relative crowding coefficient (RCC),
aggressivity (A), competitive ratio (CR), actual yield loss (AYL),
and intercropping advantage (IA), are used to explain competition
between crops (Banik et al., 2000; Ghosh, 2004; Dhima et al., 2007).
The ultimate goal of intercropping is economic benefit, which can
be measured through the monetary advantage index (MAI) (Willey,
1979; Ghosh, 2004).

One of the ratios used to determine efficient resource utilization
in an intercropping system relative to sole cropping is the LER (Tan
et al., 2020). LER ratios above one (>1), achieved under different
fertilizer levels across all harvests, in both seasons, indicated an
advantage, with a few exceptions. Higher LER values (Table 8)
indicated more biomass in intercropping relative to sole cropping
of each crop due to efficient land utilization (Banik et al., 2006).
The response of the LER to different fertilzer levels indicated
that there was greater land utilization efficiency at lower fertilizer
levels up to the second harvest. Other harvests showed the highest
LER values at 100% NPK. LER and LUE ratios above one (>1)
were caused by the combined biomass from both amaranth and
cowpea. A total LER higher than 1.0 indicates the presence
of positive interference among cowpea and amaranth growth
or yield components. The findings corroborated this, with LER
values higher than one at different fertilizer levels, indicating an
intercropping advantage (Singh et al., 2017; Raza et al, 2019).
However, in the first season, the fourth and fifth harvests under the
control condition were associated with values less than one (<1).
Observations, irrespective of fertilizer level, have shown that LERs
below 1.00 demonstrate a disadvantage of intercropping vis-a-vis
sole cropping (Banik et al., 2000; Ghosh, 2004; Midya et al., 2005).
Similar to the LER, the land use efficiency (LUE) (>100%) was an
indication, in both seasons and in all harvests, that intercropping
was beneficial: hence, it was associated with increased biomass
relative to sole cropping as a result of efficient land utilization
(Table 8) (Banik et al., 2006). These are important findings for
farmers to identify the optimum fertilizer level for the best land
utilization efficiency.

Actual yield loss (AYL) data provide accurate information on
intercropping advantages or disadvantages (Banik et al., 2000). The
findings showed positive mean AYL values, which were at their
highest at 25% NPK or 50% NPK fertilizer levels and at their
lowest at 100% NPK fertilizer levels in the first to the fifth harvests
in both seasons. However, the fertilizer levels in the fourth and
fifth harvests in the first season were negative (Table 9). Positive
mean AYL values across the varying fertilizer levels in different
harvests indicated advantages of the intercropping system, but
negative values showed the contrary in consideration of crop yield
(Thorsted et al., 2006). In particular, the increase in yield in this
association is related to the yield advantage of both crops compared
to sole cropping. Furthermore, the yield advantage for amaranth
probably had a positive effect on cowpea when these were grown
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in intercropping systems. According to Banik et al. (2000), the AYL
index can give more precise information than other indices on the
inter- and intra-specific competition of the component crops and
the behavior of each species involved in intercropping systems. Our
study is comparable with others, in which positive AYL values for
maize have indicated that there is an increase in yield when maize
is intercropped with cowpea. However, negative AYL values for
cowpea showed a decrease in yield (Alla et al., 2015).

The relative crowding coefficient (RCC) was estimated in order
to calculate the relative dominance of one species over the other
in an intercropping system (De Wit, 1960). In our study, the RCC
of amaranth showed lower mean values in both seasons for all
harvests relative to RCC of cowpea, which was higher (Table 9).
The higher relative crowding coeflicient in cowpea relative to
amaranth was caused by the response of these crops to fertilizer,
in which cowpea grows more quickly and more aggressively,
and accumulates more biomass relative to amaranth (personal
observation). In general, the 100% NPK fertilizer level showed
the highest RCC in both crops, except for the fifth harvest, when
the highest RCC occurred at 25% NPK. The higher RCC ta
higher nutrient amounts was proportionate to the greater biomass
accumulation. The total RCC showed positive mean values in both
crops in the fourth and fifth harvests in both seasons, with an
increase from the control treatment to 25% NPK, 50% NPK, or
100% NPK fertilizer levels, indicating a yield advantage. However,
the first to the third harvest had negative RCC mean values
under fertilizer levels from the control treatment to 50% NPK,
indicating yield disadvantages within the intercropping system
(Willey and Rao, 1980; Ghosh, 2004), if no or low fertilizer
was applied.

Aggressivity indicates the relative yield increase in one crop in
relation to the other one in an intercropping system (McGilchrist,
1965). The findings on aggressivity showed that cowpea was
more aggressive than amaranth in the first season (Table9).
However, there were similarities in the aggressivity of both
amaranth and cowpea in the second season. Generally, there
was characteristically more aggressivity at the 100% NPK and
50% NPK fertilizer levels in all harvests in the first and second
seasons, respectively, with a few exceptions, with the lowest levels
of aggressivity occurring at the control level of fertilizer. This
could be explained by increased growth in the legume as a result
of the plants being able to harness more nutrients (Jat et al,
20125 da Silva et al., 2020), especially at higher levels, such as
50% NPK or 100% NPK, in an intercropping system (Tables 3-
7). The higher aggressivity in cowpea relative to amaranth was
caused by the crop response to fertilizer application, which was
faster in the legume. Our study corroborates others in terms of
aggressivity, including the findings of Li et al. (2009) and Hu
et al. (2016) on maize-legume strip intercropping, in which the
legume was more aggressive relative to the non-legume. While
studies (Banik et al., 2000; Xu et al, 2006a,b) have reported a
greater competitive ability of non-leguminous crops irrespective
of fertilizer, our study demonstrated higher competitiveness
in cowpea.

The CR provides better determination of the competitive
ability between crops (Dhima et al, 2007). Our study showed
relatively equal CR for both amaranth and cowpea, with the
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highest mean values at the 100% NPK and 50% NPK fertilizer
levels for the first and second seasons, respectively (Table 10). The
proportionately equal plant populations of amaranth and cowpea
in the intercropping treatments could have caused this; hence, their
ratio becomes zero (Willey and Rao, 1980; Dhima et al., 2007).

Over-yielding was assessed by an increase or decrease in the
intercropped crops over the corresponding mono-cropped crops,
following Li et al. (2011). Our study showed an increasing trend
in OY for both amaranth and cowpea with increasing fertilizer
levels from the control treatment to the 100% NPK fertilizer level.
This could have been caused by the biomass corresponding to
the additional fertilizer application. The findings showed higher
mean OY values for cowpea relative to amaranth (Table 11), which
corroborated a study on maize-cowpea intercropping (Masvaya
et al, 2017), indicating more OY in a legume. The area time
equivalent ratio (ATER) provides a more realistic comparison
of the yield advantage of intercropping. The findings showed
ATER values greater than one, with the highest values occurring
at levels of fertilizer varying from 25% NPK to 100% NPK
in different harvests in both seasons (Table 11). The lowest
ATER value was obtained under the control level of fertilizer
treatment. If the ATER was greater than one irrespective of
fertilizer level, this implied yield advantage, while mean values
below one indicated yield disadvantage. Several studies (Takim,
2012; Olowolaju and Okunlola, 2017; El-Ghobashy et al., 2018)
have proven that intercropping with a legume as a companion
crop results in ATERs above one. The intercropping advantage
(TIA) was worked out following Banik et al. (2000). The overall
IA showed mean values varying under different fertilizer levels
from the control treatment to the 100% NPK fertilizer level
in both seasons. The increased IA could be attributed to the
response to fertilizer application, in which additional fertilizer
application resulted in more biomass (Tables 3-7). The findings
corroborate previous work by Dhima et al. (2007) on common
vetch and cereal intercropping to measure the economic feasibility
of intercropping systems, hence showing the advantage of
intercropping systems.

The ultimate form of assessment is economic assessment,
measured in terms of the monetary advantage index (MAI), which
can indicate the most profitable fertilizer level and harvest. There
was an increasing trend in mean MAI mean values with fertilizer
levels from the control treatment to 100% NPK in the first to the
fourth harvest, with the fifth harvest showing an increase only until
the 50% NPK fertilizer level. The lowest MAI was obtained at the
control level of fertilizer. This means that, in terms of money, it
was economical to harvest the crop until the fourth harvest, after
which it was wasteful. Similar to our results, Banik et al. (2000)
and Yang et al. (2015) reported an intercropping advantage on the
basis of positive values of monetary advantage at all fertilizer levels.
This index is an indicator of the economic viability of the most
profitable fertilizer level and harvest. The findings address the yield
in amaranth-cowpea intercropping, as well as its intercropping
indices, which are indicators for resource utilization to address
low food security in rural resource-poor communities. However,
more studies must be conducted, examining other parameters in
addition to yield, to determine the nutritional value of plants and
ultimately to relate the harvested biomass and nutrition to the daily
recommended allowance.
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5. Conclusion

Fertilizer application increased yields of amaranth and
cowpea, as well as improving the agro-biological parameters.
The application of 100% NPK fertilizer contributed to increased
biomass, and hence higher yields of amaranth and cowpea. The
lowest plant growth was observed under the control treatment
(0% NPK). Each of the vegetable crops (both amaranth and
cowpea) showed higher yield under sole cropping compared
to intercropping at each of the harvesting frequencies in both
seasons. There was greater land utilization efficiency in the case
of the amaranth—cowpea intercrop at all fertilizer levels and across
different harvests in both seasons. There was higher actual yield
loss and higher relative competition in cowpea when compared to
amaranth across different fertilizer levels in all harvests. Amaranth—
cowpea intercrop showed an intercropping advantage at the 100%
NPK fertilizer level. Additional income was obtained at the 100%
NPK fertilizer level in all harvests in both seasons. This study
addresses the effects of fertilizer application and intercropping on
yield and agro-biological parameters, which are determinants of
intercropping. The study has implications for increased food and
nutrition in rural communities, through amaranth and cowpea
intercropping. Therefore, smallholder farmers should intercrop
and should also apply the recommended 100% NPK fertilizer
dosage. The study recommends the collection of additional data on
nutritional concentration and nutritional yield in the amaranth and
cowpea intercrop. In addition, the benefit of amaranth and cowpea
to human nutrition should be studied in relation to the daily
nutrient requirements. It is recommended to investigate how yield
parameters can be linked to both crop quantity (yield) and quality
in order to see how intercropping can be used to enhance crop
value. For example, amaranth is a dual-purpose crop, providing
leafy vegetable and grain. Cowpea is a nitrogen-fixing crop that is
also a grain. It is important to find out whether amaranth benefits as
a leafy vegetable or as a grain, or both. It is also important to explain
whether the benefit to amaranth leafy vegetable is expressed early or
late in the season, as it is harvested many times. Although the study
did not compare different types of intercropping, the findings are
unique in terms of the focus on underutilized crops. The results
also create an opportunity for future research.
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