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Abstract: The yield of cowpea varieties is affected by environmental variability. Hence, candidate
varieties must be tested for yield stability before release. This study assessed the impacts of genotypes,
environments, and their interaction on the performance of elite cowpea lines for key adaptive, grain
yield, and associated traits across different locations. A total of 42 elite genotypes were evaluated in
five Nigerian environments, representing various savanna ecologies, during the 2021 growing season.
The experimental design employed was an alpha lattice arrangement, with each genotype replicated
three times. The results revealed significant differences among genotypes, environments, and
genotype-by-environment interaction (G x E) for most traits, including days to maturity, 100-seed
weight, and grain yield. The genotype and genotype-by-environment interaction (GGE) biplot
showed G21 (IT14K-2111-2) and G25 (IT15K-2386-1) as the most stable genotypes across the five
environments, G41 (IT11K-61-82) was best adapted to Ibadan and Shika, G5 (245-1) was best adapted
to Bagauda and Gumel, and G30 (IT16K-2365-1) was best adapted to Bauchi. G21 (IT14K-2111-2)
and G25 (IT15K-2386-1) could be recommended across the five test environments, whereas G41
(IT11K-61-82), G30 (IT16K-2365-1), and G5 (245-1) were specific to the adapted environments.

Keywords: cowpea (Vigna unguiculata); G x E interactions; stability; GGE biplot

1. Introduction

Cowpea, Vigna unguiculata (L. Walp), is an important grain legume grown in the tropics,
where it constitutes a valuable source of protein in the diets of millions of people [1]. The
crop has become an essential nutritional component in the human diet due to its high
protein content, carbohydrate composition that complements cereal grains, and relatively
low fat content [2]. Improved cowpea varieties contain between 20 and 25 percent protein
on a dry weight basis [3,4]. Smallholder farmers are the main cowpea producers in sub-
Saharan Africa (SSA), where the crop is grown for various purposes, including tender
leaves, green pods, grains, and fodder, which serve as both human food and livestock feed.
Additionally, cowpea residues are utilized to replenish the soil, contributing to enhanced
soil fertility in the region [5].

Cowpea also plays an important role in human nutrition, food security, and income
generation for farmers and food vendors in SSA. Fresh leaves are used as pot herbs,
especially in East Africa. In an earlier study, Duke (1990) [6] found that cowpea fodder
could contain up to 18.6 g of protein per 100 g dry weight and that it plays a crucial role as
a valuable and nourishing feed resource within crop-livestock systems. Additionally, it
serves as a significant income source for various stakeholders in the value chain. Reports
indicate that the price of cowpea fodder can range from 50% to 80% of the grain price [7],
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and in Nigeria, farmers who harvest and store cowpea fodder for sale at the peak of the
dry season increased their annual income by 25% [8]. Depending on the region, seed coat
color and texture could be very important to consumers. For example, in northern parts
of Nigeria, where cowpea is generally produced because of favorable climatic conditions,
white-colored grains are preferred by consumers, whereas in the southern parts of the
country, brown-seeded types are preferred [1].

In Africa, particularly in West and Central Africa, Nigeria produces the highest quan-
tity of cowpea grains annually at approximately 3.6 million metric tons; other major
producers are Niger Republic and Burkina Faso, with an average of 2.6 and 0.660 million
metric tons, respectively [9]. The crop is known to be relatively drought tolerant compared
to other legumes and adapted to marginal soil due to its nitrogen-fixing ability, which
makes it a useful staple crop for farmers in harsh environments under moisture stress and
high temperatures [10,11]. It is widely cultivated and consumed, especially in the arid
and semi-arid tropics and sub-Saharan Africa [12]. In recent times, the amount of rainfall
received in the main producing areas has been declining and the distribution of the rains is
irregular, especially during the early and late stages of the cropping seasons [1,13].

Although cowpea is a versatile grain legume, its productivity is hindered by various
factors, both biotic and abiotic. Biotic factors such as weeds, insects, and diseases, as well
as abiotic factors like soil type, altitude, and rainfall patterns, contribute to the low and
unstable yields of cowpea across different environments and years [14-16]. In addition, the
low yield by smallholder farmers has been partly attributed to the use of local varieties and
poor agronomic practices, such as low plant density per hectare [17]. Likewise, the scarcity
of widely adaptable and early-maturing varieties further exacerbates the problem. The
productivity of the crop is highly influenced by the variability in environmental conditions,
including location effects, seasonal fluctuations, and the interaction between these factors.
These environmental variables play a crucial role in determining the actual yield potential
of cowpea [18,19]. Studies on the crop have shown that genotype by environment (G x E)
has a significant effect on trait performance [20-23]. It has been found that some cowpea
genotypes are more stable in terms of agronomic trait performance across environments
than others [20,24]. The variability in genotype performance is partially unpredictable, just
as the response of genotypes to environmental change is not the same [24]. This agrees
with [25,26] for cowpea.

The genotype-by-environment interaction (GEI) poses a significant challenge for plant
breeders, as it complicates the process of recommending the best performing varieties. The
inconsistency of genotypes that yield the highest results across different cropping envi-
ronments and seasons adds to this challenge. Hence, the analysis of GEI is a fundamental
requirement prior to recommending varieties for widespread cultivation since it serves as
a crucial step in understanding the superiority and consistency of genotype performance
across diverse geographic locations. This is essential because a genotype’s performance
can be significantly influenced by its genetic worth, environmental conditions, or the in-
teraction of both [20,21,23]. Often, the environment can mask the genetic potential of a
genotype, leading to poor genetic gain from artificial selection, especially for quantitative
traits such as grain yield [21]. Thus, GEI analysis is highly valuable during the final stages
of selecting elite breeding materials, as it assists breeders in recommending candidate
varieties as suitable for either location-specific adoption or wider geographic use [21,23].
Several techniques have been widely adapted to analyze and interpret G x E data for
cowpea, including the main genotype effect plus genotype-by-environment interaction
biplot (GGE biplot) analysis and the additive main effect and multiplicative interaction
(AMMI) [21,22,27]. To mitigate the impact of GEI, researchers commonly repeat experi-
ments in multiple sites within the same year or over multiple crop seasons in a single site,
or sometimes both approaches are combined [28,29].

Therefore, evaluating the performance of improved cowpea in contrasting environ-
ments is imperative for the recommendation of the right genotype for a specific environ-
ment or wider use across different regions. In view of this, the objectives of the present



Agronomy 2024, 14, 263

study were to estimate the effects of genotype, environment, and genotype X environment
interaction on key agronomic, grain yield, and yield-related traits of some elite cowpea
lines and to assess the stability of improved lines for yield across different environments.

2. Materials and Methods
2.1. Genetic Materials

The genetic materials for this study were 40 test entries and 2 standard checks, which
are presented in Table 1. The lines were recently developed by the cowpea breeding
program at the International Institute of Tropical Agriculture (IITA), Ibadan, Kano, Kano
State in Nigeria, and their response to various environments has not been documented in a
published literature.

Table 1. List and source of the genotypes.

Genotype Code Genotype Entry Type Source
Gl 23-109 T ITA
G2 235-7 T IITA
G3 244-2 T IITA
G4 244-3 T IITA
G5 245-1 T IITA
G6 245-8 T IITA
G7 IT07K-210-1-1 T IITA
G8 IT07K-230-2-9 T IITA
G9 IT07K-297-13 C IITA

G10 IT07K-303-1 T IITA
Gl1 ITO8K-150-12 C IITA
G12 IT10K-863-11 T IITA
G13 IT13K-1071-4 T ITA
Gl4 IT13K-1144-9 T IITA
G15 IT13K-1201-5 T ITA
Gl16 IT14K-1683-2 T ITA
G17 IT14K-1813-1 T IITA
G18 IT14K-1813-2 T ITA
G19 IT14K-1913 T ITA
G20 IT14K-2026 T IITA
G21 IT14K-2111-2 T ITA
G22 IT14K-2179-1 T IITA
G23 IT15K-2244-1 T IITA
G24 IT15K-2369 T IITA
G25 IT15K-2386-1 T IITA
G26 IT15K-2510-2 T IITA
G27 IT16K-1968-3 T IITA
G28 IT16K-1984-2 T IITA
G29 IT16K-2214-3 T IITA
G30 IT16K-2365-1 T ITA
G31 IT16K-2575-2 T IITA
G32 IT16K-2597-2 T IITA
G33 IT17K-1146-4-2 T ITA
G34 IT17K-1165-5-2 T IITA
G35 IT17K-1348-1-1 T IITA
G36 IT17K-1489-2-3 T ITA
G37 IT17K-1555-5-1 T IITA
G38 IT17K-1589-2-1 T IITA
G39 IT17K-1921-8 T ITA
G40 IT17K-2515-3 T IITA
G41 IT11K-61-82 T IITA
G42 StrigaM ABC-42 T ITA

T—test entries, C—check.
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2.2. Description of the Study Environments

The experiment was conducted in five locations in Nigeria in 2021 (Table 2). The
locations were Bagauda in Kano state, situated on 499 m elevation and constituting a
semi-arid /Sudan savanna with annual rainfall ranging from 552 to 1093 mm from June to
November. The temperature ranges from 19 to 33 °C and the soil type is regosol. The second
location was Ibadan in Oyo state, situated on 235 m elevation in derived savanna with an
annual rainfall ranging from 939 to 1681mm from March to November. The temperature in
this location ranges from 21 to 31 °C and the soil type is lixisol. Details of the environmental
condition for the other locations, namely, Abubakar Tafawa Balewa University (ATBU),
Gubi in Bauchi state, Gumel in Jigawa state, and Shika in Kaduna state, all in Nigeria, are
presented in Table 2.

Table 2. Description of the study environments.

* Annual
. . . Rainfall Rainfall Duration Temperature .
Location State Longitude  Elevation Agroecology (Min-Max) (Months) °C Min-Max Soil Type t
mm
Semi-arid /Sudan o

Bagauda Kano 8.6736 499 m savanna 552-1093 mm June-November 19-33°C Regosol

Gubl Bauchi 9.8131 602 m Northern Guinea 779-1192 mm June-November 19-32°C Lixisol
(ATBU) savanna

Gumel Jigawa 9.384 371 m Semls—:‘r:;in/ nSaudan 293-662 mm June-November 20-35°C Cambisol

Shika  Kaduna 7.6044 692 m N"“sh:‘f:nizmea 818-1242 mm May-November 18-32°C Lixisol

1ITA- 3.90992 235m Derived savanna ~ 939-1681mm  March-November ~ 21-31°C Lixisol

Ibadan Oyo

Source: 1 [30,31]; * [30].

The testing sites cut across three different agroecologies in Nigeria, which are also the
key cowpea growing zones (Figure 1). These agroecological zones include derived Savanna,
Northern Guinea savanna, and semi-arid /Sudan savanna.

@ Cowpea CIT's trial locations
Agroecological zones

[ Avid/sahel
Semi-arid/Sudan Savanna

" Northern Guinea Savanna

I Southern Guinea Savanna

I Derived Savanna

- Humid Forest

[ Mid Altitude

B High Attitude

I Water bodies

Figure 1. Agroecological zone and site locations on a map of Nigeria. Source [30].
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2.3. Experimental Layout and Data Collection

The experiment was laid out in a 7 x 6 alpha lattice design with three replications.
Cowpea lines were established in four rows, each four meters long. Three to four seeds were
planted per hill and later thinned down to two plants per hill. The intra- and inter-planting
space was 20 cm and 75 cm, respectively. To control weeds, pre- and post-emergence
herbicides—Lifeline [Cropserve (Pty) Ltd., Aston Manor, South Africa] with glufosinate
ammonium (24.5%) as the active substance applied at a rate of 3 L/hectare and Raptor
[BASF Agri-Production S.A.S, Gravelines, France] with an active substance of ammonium
salt (40 g/L Imazamox), applied at a rate of 1.5 L per hectare, respectively—were applied.
Fertilizer was applied at a rate of 100 kg NPK 15:15:15 (two bags), which supplied 15 kg
each of nitrogen, phosphorus, and potassium, and 200 kg (4 bags) of single super phosphate,
which supplied 30 kg P (P,Os) per hectare. All agronomic practices were carried out in
accordance with recommendations for cowpea production [8].

The measured parameters included the number of plant hills, plant stands at harvest,
days to first flowering, days to 50% flowering, days to first pod maturity, days to 95% pod
maturity, bacteria blight score, grain yield (kg/ha), dried fodder yield (kg/ha) (weight
of above-ground biomass taken from the two middle rows after removing all pods), and
100-seed weight (g). To minimize border effects, data were recorded from the net plot,
consisting of the two middle rows.

3. Data Analysis

The analysis of variance was conducted using R software (version 4.2.3) [32]. Means
were separated using the least significant difference (LSD), with significant differences
found at a probability level of 5%. The following statistical measures were calculated in
the analysis: phenotypic coefficient of variation (PCV), genotypic coefficient of variation
(GCV), predicted genetic advance (GA), and genetic advance as percentage of mean (GAM),
as per the formula listed below. Principal component analysis (PCA) was computed for
yield and was completed using ViTSel [33] to further understand the genotypes’ stability
across test locations. Additionally, stability parameters such as Wricke’s ecovalence [34],
the cultivar superiority by Lin and Binns [35], the Shukla stability [36], and GGE biplot
(displays the GGE of a genotype by two-way environmental data) were used. The GGE
biplot methodology originates from graphical analysis of multi-environment variety trials,
and Pearson correlations were computed among the traits measured using R [37].

The PCV, GCV, GA, and GAM were computed as follows;

Phenotypic coefficient of variation (PCV) was computed according to [38]:

%
PCV = ~— x100

X = the mean.

The broad sense heritability (H?) was estimated as the ratio of genotypic variance to
phenotypic variance and was expressed as a percentage [39—41].

2
(9

H? = —£ %100
%

,2 _ enotype mean square — (G x E mean square + error mean square )
& number of replication X number of location

» _ genotype mean square + error mean square
o~ =

P number of replication x number of location

where O'é is the genotypic variance and G}% is the phenotypic variance.
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The genetic advance to be expected by selecting 5% of the superior progenies was
calculated using the following formula, given by [42]:

Genetic advance (GA), GA =i*xop*xH

i = standard selection differential for 5% selection intensity (=2.06), according to [43].
op is the phenotypic standard deviation and H is the heritability.
Genetic advance as percentage of mean (GAM):

GAM = GA/x x 100

where GA is the genetic advance, and X is the general mean. GAM was categorized as low
(0-10%), moderate (10-20%), and high (>20%) following the recommendations in [44].

3.1. Stability Measures

1.  Wricke’s ecovalence (Wi) [34] is a quantitative assessment of the consistency of a
specific genotype’s performance across test environments, where a low ecovalence
value indicates greater stability, meaning that environmental variations influence the
genotype’s performance less and consistently perform well under diverse conditions.

Wi= (Y=Y - Y+ Y.)?

where W; = ecovalence of the i-th cultivar;
Yjj = the observed phenotypic value of the i-th cultivar in the j-th environment;
Y;. = mean of i-th cultivar across the entire environment;
Y; = mean of j-th environment;
Y.. = grand mean.

2. The cultivar superiority (Pi) by Lin and Binns [35] is defined as the mean square
distance between the cultivar’s response and the maximum response averaged over

all locations.
2
. n ij— i
_ (Xij— M;)
Pi= Y <2n

where Pi = superiority index of the i-th cultivar;
Xij = yield of the i-th cultivar in the j-th environment;
Mj = maximum response obtained among all the cultivars in the j-th environment;
n = number of environments.

3. Shukla’s stability (1972) [36] measure was calculated as the difference between the
genotype’s observed performance and its expected performance across all environ-
ments divided by the overall mean performance across all genotypes and environ-

ments. The formula for Shukla’s stability measure is as follows:
Y, —-Y

si1- WY

(Y= Y)

where Si is the stability measure for genotype I;
Y;. = the average performance of genotype i across all environments;
Y = the overall mean performance across all genotypes and environments;
Yjj = the performance of genotype I in environment j.

3.2. Genotype Main Effect plus Genotype-by-Environment Interaction (GGE) Biplot Analysis

A GGE biplot generated from multivariate analysis was used to depict the associations
between the genotypes and the specific testing environments [27].
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4. Results

The results of the analysis of variance revealed significant differences for all the traits
measured (Table 3). Significant differences were observed among the environments, geno-
types, and genotype-by-environment interaction. The phenotypic coefficient of variation
(PCV) consistently exhibited higher values compared to the genotypic coefficient of varia-
tion (GCV) for all the assessed traits. The heritability estimates ranged from 0.49 for grain
yield to a maximum of 0.97 for 100-seed weight. Specifically, the GCV, which represents
genotypic variability, ranged from 21.95 for days to maturity to 265.11 for dried-fodder
weight. Conversely, the PCV, representing phenotypic variability, spanned from 26.82 for
days to first flowering to 756.26 for dried fodder. Moreover, the expected genetic advance
(GA) varied across traits, with the lowest value of 2.99 for days to first flowering and
the highest value of 252.80 in dried-fodder weight. Additionally, the expected genetic
advance as a percentage of the mean (GAM) was also found to differ across traits as-
sessed, with values ranging from a minimum of 5.50 for days to 95% maturity to 43.16 for
dried-fodder yield. These results provide valuable evidence of the diversity and heritabil-
ity of the examined traits, which further indicates variation within the genotypes and
environmental conditions.

Table 3. Statistics summary, heritability estimates, and variation metrics for elite cowpea lines
evaluated for key agronomic traits across various agroecologies.

Traits Mean -+ SE LSD CV  Env(p)® Gen(p)P Ens"i;) . H? GCV  PCV GA  GAM
DFDWTKGH 58572 £4150 3125 21031  <0.001 <0.001 <0.001 0.70 26511 75626 25280  43.16
DAYSFL 42.07 £ 0.35 413 104 <0.001 <0.001 <0.001 0.85 2368 2682 299 7.09
FLWT50F 4524 + 0.49 404 167  <0.001 <0.001 <0.001 0.83 299 2722 305 6.75
DAYSMAT 6052 4 048 3.51 148  <0.001 <0.001 <0.001 0.82 2195 2732 347 5.74
MATT95 70.33 4 0.53 405 162 <0.001 <0.001 <0.001 0.83 2356 2782 387 5.50
SEEDKGHA  809.85+451 1544 17665  <0.001 <0.001 <0.001 049 21833 43955 11748 1451
HSW 15854031 1583 093  <0.001 <0.001 <0.001 0.97 5089 6302 497 3135

2 p = value for environment factor; b p = value for genotype factor, © p = value for genotype-by-environment
interaction factor; LSD = least significant difference, CV = coefficient of variation, H? = broad-sense heri-
tability, GCV = genotypic coefficient of variation, PCV = phenotypic coefficient of variation, GA = genetic ad-
vance, GAM = genetic advance as percentage of the mean, DFDWTKGH = dried-fodder yield weight (kg/ha),
DAYSFL = days to first flowering, FLWT50F = days to 50% flowering, DAYSMAT = days to first pod maturity,
MATT95 = days to 95% maturity, SEEDKGHA = grain yield kg/ha, HSW = 100-seed weight.

Three stability measures were used to identify the most stable genotypes (Table 4).
Genotypes G8 (IT07K-230-2-9), G16 (IT14K-1683-2), G5 (245-1), G26 (IT15K-2510-2), G25
(IT15K-2386-1), G20 (IT14K-2026), G19 (IT14K-1913), G12 (IT10K-863-11), G38 (IT17K-1589-
2-1), and G36 (IT17K-1489-2-3) were the top 10 most stable based on Wricke’s ecovalence
method. On the other hand, based on cultivar superiority, the top 10 most superior
genotypes were G25 (IT15K-2386-1), G17 (IT14K-1813-1), G42 (StrigaM ABC-42), G40 (IT17K-
2515-3), G32 (IT16K-2597-2), G20 (IT14K-2026), G12 (IT10K-863-11), G14 (IT13K-1144-9),
G19 (IT14K-1913), and G16 (IT14K-1683-2), whereas genotypes G27 (IT16K-1968-3), G28
(IT16K-1984-2), G23 (IT15K-2244-1), G37 (IT17K-1555-5-1), G21 (IT14K-2111-2), G5 (245-1),
G19 (IT14K-1913), G6 (245-8), G41 (IT11K-61-82), and G18 (IT14K-1813-2) were detected via
Shukla stability variance to be the most stable. Genotype G19 (IT14K-1913) was ranked
in a top 10 position with all three stability measures, and G12 (IT10K-863-11), and G16
(IT14K-1683-2) were ranked among the top 10 genotypes with both Wricke’s and the cultivar
superiority stability estimates.
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Table 4. Estimates of stability measures for cowpea genotypes using Wricke’s ecovalence, cultivar
superiority, and Shukla stability variance.

Codes Genotype Mean Yield Kg/ha Wricke’s Rank  Superiority = Rank Shukla Rank
Gl 23-109 779 14,640.4 35 13,889.9 17 130,529.5 27
G2 235-7 838 5720.6 16 5812.2 30 152,917.5 11
G3 244-2 832 8974.7 27 6415.5 28 141,084.7 19
G4 244-3 774 10,655.6 31 15045 16 130,905.7 26
G5 245-1 883 1630.3 3 1990.7 41 135,443.2 20
G6 245-8 854 5016.8 13 4445.9 34 155,050.1 8
G7 IT07K-210-1-1 786 5792.8 17 12,472.4 19 134,847.8 21
G8 IT07K-230-2-9 746 810.9 1 18,924.6 11 130,938.1 25
G9 IT07K-297-13 798 6274.1 19 11,2153 21 148,205 15
G10 IT07K-303-1 854 7959.8 25 4338 35 125,047.1 36
Gl11 ITO8K-150-12 882 14,682.1 36 2713.5 40 128,136.7 31
G12 IT10K-863-11 723 3666.6 8 23865 7 125,369.7 35
G13 IT13K-1071-4 774 13,294.6 34 15,595.6 15 129,386.8 30
Gl4 IT13K-1144-9 736 11,084.8 32 22,167.2 8 13,0487.1 28
G15 IT13K-1201-5 751 4839.2 11 18,230.7 12 157,702.8 6
Gl6 IT14K-1683-2 737 1231.3 2 20,746.7 10 149,091.2 14
G17 IT14K-1813-1 704 17,762.5 38 29,515.3 2 124,258.8 38
G18 IT14K-1813-2 835 4919.7 12 6191.8 29 152,944.5 10
G19 1T14K-1913 738 3218.2 7 20,836.7 9 155,423.6 7
G20 IT14K-2026 714 2574.7 6 25,994.5 6 143,071.1 18
G21 IT14K-2111-2 830 6686 21 6893.7 26 166,058.1 5
G22 IT14K-2179-1 778 7463.9 24 13,727.8 18 111,934.1 42
G23 IT15K-2244-1 859 10,185.8 30 4577.1 33 168,061.9 3
G24 1T15K-2369 789 7427.7 23 12,210.1 20 152,805.2 12
G25 IT15K-2386-1 696 2385.6 5 30,111.9 1 150,840.3 13
G26 IT15K-2510-2 812 1963.8 4 8352.7 24 130,070.9 29
G27 IT16K-1968-3 828 23,184.4 40 8551.3 23 184,234.9 1
G28 IT16K-1984-2 840 23,148 39 6864.7 27 172,334.4 2
G29 IT16K-2214-3 904 6143.1 18 1174.3 42 143,311 17
G30 IT16K-2365-1 769 36,503.9 42 18,190.1 13 112,864.2 41
G31 IT16K-2575-2 888 9776 29 2902.4 39 132,825.8 22
G32 IT16K-2597-2 714 9702.7 28 26,524.5 5 115,398 40
G33 1T17K-1146-4-2 762 6348.8 20 16242.4 14 130,955.9 24
G34 IT17K-1165-5-2 845 11,552.3 33 5082.2 31 126,792.1 32
G35 IT17K-1348-1-1 860 15,0144 37 5042.1 32 116,379.4 39
G36 1T17K-1489-2-3 862 4514 10 3523.5 37 124,381.2 37
G37 IT17K-1555-5-1 873 8859.7 26 3206.3 38 166,962.5 4
G38 IT17K-1589-2-1 805 3767.8 9 9092.7 22 126,547.8 33
G39 IT17K-1921-8 839 24,239.1 41 7604.6 25 145,405.1 16
G40 IT17K-2515-3 703 5698.8 15 28,214.5 4 131,408.5 23
G41 IT11K-61-82 860 7302.6 22 4219.2 36 153,340.1 9
G42 StrigaM ABC-42 704 5286.3 14 28,253.9 3 126,285.6 34

4.1. Principal Components

Principal component 1 (PC1) and principal component 2 (PC2) together accounted
for 79.5% of the total variation among the genotypes studied across the five environments
(Figure 2).

PC1*PC2 indicated that the Ibadan and Shika environments were closely related
to genotypes G41 (IT11K-61-82), G10 (IT07K-303-1), and G28 (IT16K-1984-2) (Table 1),
suggesting that they are the most suitable for these environments. Gumel and Bagauda
were also closely related, with genotypes G37 (IT17K-1555-5-1), G5 (245-1), and G6 (245-8)
being the most adapted to these sites.
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Figure 2. PCA showing clustering of genotypes and relationships among the test locations for yield
using ViTSel 2020. Locations are shown with red vector arrows emerging from the center and pointing
towards each location. The size of the angle between any two location vectors determines the strength
of correlation between the locations—that is, locations with narrow angles are closely related and
vice versa. The blue dot represents each genotype tested; the proximity of a genotype to a specific
location indicates its good performance in that location: Bagauda—Kano state; Bauchi—Abubakar
Tafawa Balewa University (ATBU), Gubi in Bauchi state; Ibadan—Oyo state; Shika—Kaduna state;
Gumel—]Jigawa state.

4.2. Main Genotype Effect plus Genotype by Environment Interaction (GGE) Biplot Analysis

The specific adaptation of the genotypes was assessed using the Which Won Where
model of the GGE biplot (Figure 3). In this analysis, principal components 1 and 2 explained
79.69% of the total variation. Nine mega environments (sectors) were identified by the
Which Won Where’ biplot, with Ibadan, Shika, Gumel, and Bagauda all falling within
the same mega environment. Genotype G41 (IT11K-61-82), appeared to be the best for
Ibadan and Shika, as it was located closer to these two environments on the biplot. On
the other hand, genotype G5 (245-1) was the best for Gumel and Bagauda. Bauchi fell
within another mega environment, and G30 (IT16K-2365-1) was the best genotype for
that environment. These inferences are based on the proximity of each genotype to the
respective environments in the biplot.
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Figure 3. GGE biplot—Which Won Where presenting the best genotypes in each environment. The
green numbers are the codes for the genotypes tested; the blue text are the names of the locations:
Bagauda—Kano state; Bauchi—Abubakar Tafawa Balewa University (ATBU), Gubi in Bauchi state;
Ibadan—Oyo state; Shika—Kaduna state; Gumel—]Jigawa state.

Figure 4 displays the results for the GGE biplot of mean versus stability. In this
analysis, principal components 1 and 2 explained 79.69% of the total variation. The figure
presents the mean yield and stability across the five test locations. G5 (245-1) had the
highest mean yield, whereas G21 (IT14K-2111-2) and G25 (IT15K-2386-1) were the most
stable, with the shortest perpendicular mark on the axis. G12 (IT10K-863-11) and G41
(IT11K-61-82) also had high mean yield values but were less stable, as indicated by the
longer perpendicular marks on the axis.
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Figure 4. GGE biplot presenting mean versus stability for grain yield data across five locations. The
green numbers are the codes for the genotypes tested; the blue texts are the names of the locations:
Bagauda—Kano state; Bauchi—Abubakar Tafawa Balewa University (ATBU), Gubi in Bauchi state;
Ibadan—Oyo state; Shika—Kaduna state; Gumel—]Jigawa state.

4.3. Correlations among Traits

There was a positive and significant correlation between the weight of dried fodder
and several traits, including the number of plant hills, plant stands at harvest, days to 95%
maturity, and grain yield in kg/ha (Figure 5). Of particular interest, significant positive
correlations were detected among all maturity-related traits, days to first flower, days to
50% flowering and days to 95% pod maturity. In addition, days to 95% maturity was
significantly correlated (r = 0.73) with 100-seed weight. However, grain yield had positive
but weak correlation with maturity-related traits. These traits are expected to play a
significant role in the selection process for dried-fodder weight, days to first flowering,
days to 50% flowering, and 100-seed weight. Likewise, the 100-seed weight showed a weak
negative relationship with bacterial blight, the number of plant hills, and the number of
plant stands at harvest. Grain yield (kg/ha) also had a positive and significant correlation
with dried-fodder weight, number of plants per hill, and number of plant stands at harvest.
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Figure 5. Relationship between phenology, yield components, and bacteria blight incidence for elite
cowpea lines evaluated across five locations in Nigeria. BLIGHT—bacteria blight, DFDWTKGH—
dried-fodder weight kg /ha, PL.C.PI—number of plants per hill, PLANT STAND—number of plant
stands at harvest, MATT95—days to 95% maturity, SEEDKGHA—grain yield kg/ha, DAYSFL—days
to first flowering, DAYSMAT—days to first pod maturity, FLW50F—days to 50% flowering, HSW—
100-seed weight. The scale on the right side of the figure indicates the strength and direction of the
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correlation; deep blue—highly positively correlated and deep red—highly negatively correlated. The
size of the circles also reflects the strength of the correlation.

5. Discussion

The phenotypic coefficient of variation (PCV) was generally higher than the genotypic
coefficient of variation (GCV) in all traits, suggesting that the environment played a major
role in the performance of the genotypes across different locations. This means that
the expression of the trait was more influenced by environmental conditions, such as
temperature, humidity, nutrient availability, or other external factors, rather than solely by
genetic differences, which agrees with the findings in [24]. High values of PCV and GCV
observed in the present study suggest the reliability of effective selection for these traits.
Furthermore, it also indicates the existence of substantial phenotypic variability among the
tested cowpea genotypes. Similar reports of high PCV and GCV for agronomic traits, such
as 100-seed weight and yield, were reported by [45-49].

Higher broad-sense heritability indicates that a large portion of variation may be
heritable, especially if the additive component of the broad-sense heritability is very high.
In this study, the highest broad-sense heritability was recorded in 100-seed weight, maturity
related traits and dried-fodder weight.

The present study dissected the stability of advanced cowpea lines based on three stability
measures. Wricke’s ecovalence stability measure [34] calculated the average deviation of a
genotype’s performance from the average performance of all genotypes in each environment
and then compared this deviation to a measure of the overall variation in performance across
environments. A genotype is considered stable if its deviation is relatively small compared to
the overall variation. In the present study, genotypes G8 (IT07K-230-2-9), G16 (IT14K-1683-2),
G5 (245-1), G26 (IT15K-2510-2), and G25 (IT15K-2386-1) were the top five lines with very
small mean yield deviation across the five environments and were considered to be stable
across these environments. In agreement with this, [50,51] reported the highest yielding geno-
types for cowpea and common bean, respectively, to have relatively low ecovalence values.
In the present study, based on the ecovalence method, the most unstable genotypes were
G30 (IT16K-2365-1), G38 (IT17K-1589-2-1), G27 (IT16K-1968-3), G28 (IT16K-1984-2), and G17
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(IT14K-1813-1), which showed relatively higher ecovalence values for grain yield. According
to [52], genotypes with a high ecovalence mean and large estimated values are suitable for
high-input environments. Similarly, Abou-Khater et al., 2022 Ref. [53] also reported Wricke’s
stability measures as an effective parameter in identifying stable and high-yielding genotypes
in faba bean, which agrees with our findings.

Cultivar superiority (Pi) by Lin and Binns measures the most stable genotype as being
the one with the least deviation from the maximum yield of each environment—that is,
the one with the lowest (Pi) value. In the current investigation, the most stable genotype
ranking first for Pi and for mean grain yield was G25 (IT15K-2386-1) followed by G17
(IT14K-1813-1), G42 (StrigaMABC-42), G40 (IT17K-2515-3), and G32 (IT16K-2597-2). These
stable genotypes made the least contribution to the total variation due to the GEI In
contrast, G29 (IT16K-2214-3), G5 (245-1), G11 (IT08K-150-12), G31 (IT16K-2575-2), and G37
(IT17K-1555-5-1) were the most unstable genotypes, and they contributed a large portion of
the total variation due to GEI; these results agree with the work in [51], which reported that
the most stable cowpea genotypes had the lowest Pi value and highest mean grain yield.

Our study revealed significant G x E among cowpea genotypes for several agronomic
traits, such as 100-seed weight, grain yield, days to flowering, and days to maturity, which
was also reported by [45,54-56].

Overall, the GGE biplot provides a powerful visual representation of complex genotype-
by-environment interactions and can help researchers to identify the genotypes that are
most suited for specific environments, as well as the environments that are most similar
to each other in terms of performance [57,58]. Hall et al. (1997) [59] reported that high
heritability for the stay green trait and substantially low GEI for this trait in cowpea would
enable the successful incorporation of this trait into improved varieties. The findings
in [51] indicated that the yield performance of speckled bean genotypes was highly in-
fluenced by GE interaction effects; the magnitude of the environmental effect was about
2.88 times that of the genotypic effect. In agreement with our findings [60], in cowpea, it
was also reported that the analysis of variance for each location and combined over five
locations showed significant differences among the genotypes and environments for grain
yield and most yield-related traits. The significant genotype X environment interaction
effects indicates the inconsistent performance of genotypes across the tested environments
and the differential discriminating ability of the tested environments. The significant ef-
fects of GEI on traits suggests the need to assess the stability of genotypes over different
environments [50,61-64].

Grain (kg/ha) showed a positive significant correlation to days to 50% flowering,
indicating that the longer it takes to attain 50% flowering, the higher the yield; this agreed
with the findings in [65] for soybean that there was a positive significant correlation with
grain yield and days to 50% flowering and days to maturity. However, our findings showed
a negative, non-significant correlation between grain yield and 100-seed weight, which
disagrees with the findings in [65]. The 100-seed weight showed a positive significant
correlation with days to 50% flowering and days to 95% maturity. This was expected, as
the longer grain-filling period resulted in larger seed size, which corroborates the findings
in [66,67].

6. Conclusions

Our study reveals that the influence of genotypes, environments, and their interac-
tion were highly significant for the grain yield of cowpea genotypes evaluated across
five locations during the 2021 growing season in Nigeria. We employed various stability
models to assess genotype stability, including Wricke’s ecovalence, cultivar superiority,
Shukla stability variance, and a GGE biplot, and it was shown that the Wricke’s ecovalence
and cultivar superiority methods were more dependable measures of stability than the
Shukla method. This conclusion was drawn from the fact that the same five genotypes
were consistently ranked as the most stable among the top 10 genotypes for both the
Wricke’s ecovalence and cultivar superiority stability measures. Specifically, genotypes
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G16 (IT14K-1683-2), G25 (IT15K-2386-1), G20 (IT14K-2026), G12 (IT10K-863-11), and G19
(IT14K-1913) consistently ranked among the top 10 most stable genotypes based on both the
Wricke’s ecovalence and the cultivar superiority measure. Furthermore, G19 (IT14K-1913)
was the only genotype that appeared among the top 10 most stable genotypes in all three
stability measures used in this study. The GGE biplot analysis revealed nine possible mega-
environments, with four locations (Ibadan, Shika, Bagauda, and Gumel) falling within
the same mega-environment (Sector VIII), whereas Bauchi constituted a distinct mega-
environment. Based on the GGE biplot analysis, G21 (IT14K-2111-2) and G25 (IT15K-2386-1)
emerged as the most stable genotypes across all five test locations, as indicated by the
shortest perpendicular marks on the axis. As a result, we recommend these two genotypes
for cultivation across the test locations.
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