


EFFECT OF VARIETY AND ENVIRONMENT ON GRAIN YIELD OF COWPEA IN THE GUINEA SAVANNAH AGROECOLOGY OF NIGERIA.



[bookmark: _GoBack]ABSTRACT

The study was conducted at three locations; Makurdi, Abuja and Zaria in 2016, 2017 and 2018 cropping seasons within the Guinea Savanna agro-ecological zone of Nigeria. Six improved cowpea varieties (IT99K-573-1-1, IT99K-573-2-1, IT89KD-288, UAM09-1055-6, UAM09-1046-6-1, and UAM09- 1051-1.) were planted across the three locations. The experiment was laid in split plot design with planting dates as main plot and varieties as subplots, with three replications per treatment. Grain yield was analyzed with the Genotype plus Genotype × Environment model (GGE) to generate biplots for genotype compatibility to cultivation environment and ranking of genotypes based on mean grain yield and stability. The results showed that, in the Genotype plus Genotype × Environment (GGE) biplot view, environment E4 (Makurdi, 2016) possessed the most discriminating power for grain yield, whereby environments, E9 (Zaria, 2018), E3 (Abuja, 2018) and E5 (Makurdi, 2017) were the most representative in the mega environments. Environment E6 (Makurdi, 2018) and E8 (Zaria, 2017) are considered the least environment for selecting adapted varieties as they were located at the vertices of the polygon in ‘which won- where’ GGE biplot, indicating poor stability and specific adaptation for these varieties. G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1) were located close to the origin, indicating that these varieties were least responsive to differential environmental conditions. These varieties: G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1) possessed suitable grain yield across the test environments. In the contrary, G3 (IT89KD-288) and G6 (UAM09-1055-6) are considered the most variable among the evaluated varieties. Significant variety-by-environment interaction effect was detected for grain yield among the test varieties. Cowpea varieties G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1) were identified as ideal for grain yield, in that order. The selected cowpea varieties are recommended for production in Guinea savannah or in similar agro-ecologies, and for incorporation in future production and breeding programs targeting genetic improvement for grain yield.
INTRODUCTION
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Cowpea (Vigna unguiculata L. Walp) is produced across different agro-ecologies in Nigeria, with attendant variable performance dictated by varietal differences and weather conditions. Appreciable grain production by cowpea cultivars, particularly with minimal and erratic rainfalls a strong indicator of acceptability by farmers, particularly when such is coupled with concomitant good grain quality. Weather conditions in tropical ecologies, including that of the semi-arid zones can be quite unpredictable. The implication is serious loss in grain yield especially when cultivated variety is not adapted to such stress. Ewansia and Osaigbovo (2016) had highlighted the potential of cowpea as an important crop to use in farming systems, particularly the cultivation of certain cowpea varieties with dual purpose for food and fodder production and to mitigate the effect of climate change and the concomitant change in cultivation environment. A number of reports (Simion et al., 2018; Ezeaku et al., 2012; Aremu et al., 2007) have indicated the possibility of having stable cowpea genotype for cultivation in fairly related ecologies. However, some of the stable varieties are more or less average yielders by virtue of having near zero PC1 and also often placed around the mean yield line of the G×E biplots (Krisnawati and Adie, 2018; Simion et al., 2018). The existence of appreciable genotype-by-environment interaction (GxE) presupposes that genotypes would not be consistent across ecologies and as such, a genotype is rarely expected to be the best in all environments as often, best yielders appear in different environments and thereby necessitating grouping of genotypes based on adaptation to specific environments (Gauch and Zobel, 1997; Yan et al., 2000; Samonte et al., 2005; Egesi et al., 2007).  
Genotype-by-environment analytical tools like the Additive Main Effect and Multiplicative Interaction (AMMI) model and Genotype plus Genotype-by-Environment Interaction (GGE) have proven useful in identifying stable varieties and also those that are best in performance in different environments (Gauch and Zobel, 1997; Yan et al., 2000, 2007; Samonte et al., 2005; Yan and Tinker, 2005; Gauch, 2006). With respect to cowpea, the techniques have assisted in identifying genotypes with relatively better potential for cultivation in certain ecologies (Olayiwola et al., 2015; Sousa et al., 2018). In devolving these techniques for identifying genotypes that are stable and those compatible with certain environments, knowledge of the underlying weather and plant variables would guide plant breeders in developing location specific cultivars for increased grain production. Krisnawathi and Adie (2018) while examining plant traits that contribute to G×E interaction in soybean, identified early maturity as an important trait influencing most grain production in soybean. Fatokun et al. (2002) had discussed the influence of environmental indices on the reaction and performance of cowpea, particularly flowering, photoperiod sensitivity and other variables. A guide in adoption of genotypes to be cultivated as well as information on the direction of breeding for the improvement of available genotypes would be helpful. The present study is to determine the effect of variety and environment on grain yield of cowpea in the guinea savannah agro-ecology of Nigeria.

MATERIALS AND METHODS

The study was conducted at three locations; Makurdi, Abuja and Zaria in 2016, 2017 and 2018 cropping seasons. The three locations are within the Guinea savanna agro-ecological zone of Nigeria, considered as non-traditional cowpea growing region. At Makurdi, the experimental field was located at the Teaching and Research Farm of the College of Agronomy (7.41°N, 8.37°E, 97m above sea level), IITA/IAR Teaching and Research Farm, Samaru, Zaria (11.086° N, 7.719° E, 675m above sea level) and IITA Teaching and Research Farm, Kubwa, Abuja (9.076° N, 7.399° E, 476m above sea level). 
All three locations in the Guinea savanna ecological zone are characterized by an annual rainfall of 1000 to 1500 mm. The soil type in the locations is Alfisols on Argillaceous sediments (Kwari et al., 1999). Meteorological data were collected from the three locations for the three years of study. Field trials were conducted during the growing seasons of 2016, 2017 and 2018 at Abuja, Makurdi and Zaria, under the rainfed condition. Each year, six improved cowpea varieties (IT99K-573-1-1, IT99K-573-2-1, IT89KD-288, UAM09-1055-6, UAM09-1046-6-1, and UAM09- 1051-1.) were planted. The experiment was laid in split plot design with planting dates as main plot and varieties as subplots, with three replications per treatment. The plot size for each treatment comprised of four rows of 5m length, spaced 0.75m row apart to give a gross plot size of 15m2. Three seeds were planted per hill at 25 cm spacing between plants and thinned to two, 2 weeks after seedling emergence (WAE), providing a uniform plant population of about 106,667 plants ha−1. Recommended fertilizer rate of 30 kg/ha P2O5 in the form of single super phosphate was applied at planting. 
The six improved cowpea varieties used for the study was selected on the basis of growth habit. They were obtained from the International Institute for Tropical Agriculture (IITA) Kano Station and the Breeding Unit of the Molecular Biology Laboratory, Joseph Sarwuan Tarka University, Makurdi, Nigeria. The experimental fields at each location were ploughed, harrowed with a tractor twice to a fine tilth and thereafter, ridges were also made.
The soil of the experimental sites was sampled randomly with soil auger, borings in four places to a depth of 0-15 cm. The soil samples were bulked, air-dried and sieved through 2mm sieve before physical and chemical analyses were carried out in the Soil Science Laboratory of the Department of Soil Science, Joseph Sarwuan Tarka University, Makurdi, Nigeria. The particle size analysis was carried out using the Hydrometer Method described by Black (1965). The textural class of the soil was obtained using Marshall’s textural class triangle (Palmer and Troeh, 1977). The pH was determined by using glass electrode pH meter as described by Page et al. (1982). The regular Macro-Kjeldahl Method was used to determine the total nitrogen (N) in the soil sample as described by Black (1965). The organic carbon content of the soil was determined using the Dichromate Wet Oxidation Method described by Walkley and Black (1934) as modified by Nelson and Sommers (1982). The available phosphorus in the soil sample was determined using the Bicarbonate Method as described by Olsen et al. (1954). The concentration of K+ was determined using the flame photometer as described by Page et al. (1982). The seeds of the cowpea varieties were treated with Apron Star 42 WS containing Metalaxyl-M 20% w/w, Difenoconazole 2% w/w and Thiamethoxam 20% w/w at the rate of one sachet (10g) to 8kg of seeds for protection against soil and seed borne pests and diseases. Sowing was done manually; three seeds were sown per hole and later thinned to two seedlings per hill at fourteen (14) days after sowing (DAS). Weeds were controlled with Pendilin (500g pendimethalin per litre as an emulsifiable concentrate) at the rate of 100 mls in 20 litres of water Knapsack sprayer (2L/Ha) and applied immediately after planting. Also at 3 weeks after sowing (WAS) and subsequently as needed to maintain a weed free field, the plots were weeded manually using hand hoes.
The experimental plots received basal application of fertilizer- Muriate of potash 60% active ingredient and SSP 20% ai was applied at the rate of 40kg/ha P205, and 40kg/h K20, respectively using drilling method of fertilizer application. The cowpea plants were protected against insect attack with a broad-spectrum insecticide formulation, Cypermethrin + Dimethoate (Best Action) 30 +250g active ingredient/L, three times viz; at flower initiation, full flowering and pod development stages using a pressurized Knapsack sprayer at the rate of 100mls/20 litre of water.
Data were collected from the net plot (two central rows leaving the two outer rows and first plants at the beginning and the last plant at the end of each row to serve as borders. Field observations were made on the following: Number of branches: The branches of five selected plants from net plot were measured with a graduated meter rule at physiological maturity and the average value was recorded. Leaf area index: It was measured as the leaf area (m2) per ground area (m-2). Number of peduncles: The average number of peduncles per plant was recorded as follows. Five plants from net plot were sampled and the lengths of all peduncles were measured with a meter rule and their average calculated and recorded.
[bookmark: _Hlk164592357][bookmark: _Hlk164592486]Number of pods: This was done by counting the number of pods at harvest from the net plot summing them up and dividing by the number of plants from the net plot. Number of grains per pod: This was obtained by counting the number of grains from each pod harvested in the net plot, then summed up and divided by the number of pods to obtain the average number of grains per pod. Pod length: 5 matured pods were randomly selected from each net plot harvested and were measured individually with a ruler and their average length taken as pod length per plot. Plant height was taken from 5 plant selected from the net plot. Plant height was assessed at 8 weeks after planting by measuring from the ground level to the last formed leaf using meter rule. Number of days to first flowering was done by visual observation, the number of days from planting to the day when first flower was observed at the net plot. Then the number of days to first flowering was calculated from the date of sowing. Number of days to 50% flowering: Number of days from sowing to the time when half of the plants in a plot had flowered was noted and recorded for each plot. Number of days to maturity. This was taken as the number of days from planting to the day when 95 percent of the pods had dried, which is when cowpea seeds were harvested (Pandey and Ngarm, 1985) in each plot was taken. One hundred (100) seed weight (g) was obtained by randomly counting 100 grains from the yield of each plot. The 100-seed was oven-dried at 650C for 48 hours to a constant weight and then weighed on a top loading MP10001 electronic balance (Max: 1000g e: 1g d: 0.1g No: SHP0100910069 2005-12, Shanghai Scientific Instrument Co. Ltd) to get the 100-seed weight. Harvest index (HI): The total above ground dry matter (TDM) was weighed on a top loading MP2000 electronic balance (Max: 2000g e: 10g d: 1g No: SHP0102410072 2005-12, Shanghai Scientific Instrument Co. Ltd) and recorded and the ratio of the grain yield to TDM (HI) was computed and expressed in percent.
Harvest index 	=	  (Obasi, 1989)
Grain yield per plant (g): All the dried pods on the plants from the net plots were harvested and threshed and the seed was weighed on a top loading MP2000 electronic balance (Max: 2000g e: 10g d: 1g No: SHP0102410072 2005-12, Shanghai Scientific Instrument Co. Ltd). The total grain yield was divided by the number of plants in the plot to get the grain yield per plant. Grain yield (kg ha-1): All the pods from the plants in each plot was harvested and threshed separately. The grains were weighed on a top loading MP2000 electronic balance (Max: 2000g e: 10g d: 1g No: SHP0102410072 2005-12, Shanghai Scientific Instrument Co. Ltd) and this was used to compute the grain yield per hectare.
Fodder yields: All the plants in each plot after picking the pods was harvested separately and allowed to dry to a constant weight and then weighed on a top loading MP2000 electronic balance (Max: 2000g e: 10g d: 1g No: SHP0102410072 2005-12, Shanghai Scientific Instrument Co. Ltd). 


Data Analysis 

The Grain yield was analyzed with the Genotype plus Genotype × Environment model (Yan et al., 2000) to generate biplots for genotype compatibility to cultivation environment and ranking of genotypes based on mean grain yield and stability. 

RESULTS
Soil Analysis

Table 2 presented the result of the soil analysis prior to planting collected from the three locations for the three years of study. The result showed that the soil in Makurdi study area was sandy loam, that of Abuja location was loamy soil and that of Zaria was clay loam. This implies that Zaria soil has the higher water holding capacity followed by that of Abuja and lease was Makurdi soil.

Effect of variety and environment on grain yield among cowpea varieties
GGE Biplot analysis for the studied environments

GGE biplot analysis revealing the test environments’ discriminating power and representativeness of the target environment is presented in Figure 1. The PC1 and PC2 analysis accounted for 94.9 % of the variation due to yield. The GGE biplot environment view showed the relationship that exists amongst the different environments. There is a positive correlation between E1 and E5. Similarly, E5 correlated positively with E4 and E6. There was however no correlation between E5 and E8, while the correlation between E7 and E8 is negative. The biplot also showed the degree of association between varieties and environments.
Vector lines are drawn from the biplot origin to each test environment marker, measuring the discriminative power of the environment. Long vectors indicate test environments with more discriminating power. Further, the average environment axis (AEA) is the dotted vertical and horizontal line indicating points where the PC1 and PC2 axes had respective values of zero. Test environments with small angles with the AEA are more representative of the mega-environment. AMMI revealed a total variation of 94.9% contributed by PC1 (86.2%) and PC2 (8.7%). 
Figure 2 biplot presents the relationship between variety and environment.  An “ideal test environment”, is the centre of the concentric circles. It is a point on the Average Environment Coordinate in the positive direction. Environment E4 showed the longest vector line, suggesting high discriminating ability for this environment. The other test environments were plotted closer to the origin, signifying that most varieties performed similarly in these environments. Environment E4 showed the smallest angle with the AEA, signifying high representativeness of the mega-environment involving E1, E2, E3, E4, E5, E7 and E9. Environments E9, E7, E2, E3 and E5 were plotted closest to the epicentre of the concentric circles, in that order, providing the most ideal production conditions for grain yield. Environments E6, E8 and E4 were plotted farthest from the epicentre, in that order, considered the worst discriminatory environments.

Comparison view of GGE Biplot analysis of ideal environment

GGE biplot visualizing comparing test environments relative to the ideal environment is presented in Figure 3. Average environment coordination view compares the ideal environment with the rest of the environments. The concentric lines show how the varieties and environment vary between themselves. The variety and environment in the innermost concentric are the ideal variety/environment, while the outermost and the most diverse ones among the varieties evaluated, G4 (UAM09-1046-6-1) is considered closers to the virtual variety given its position within the centre of the innermost concentric circle. 
The distance between two varieties approximates the Euclidean distance between them, which is a measure of the overall dissimilarity between them. Hence, the result showed that G2 (IT99K-573-2-1), G4 (UAM09-1051-1 and G5 (UAM09-1046-6-1) are similar in their contribution to G and GE interaction. G3 (IT89KD-288) is considered the most variable among the evaluated varieties followed by G6 (UAM09-1055-6). It showed that among the varieties, G2, G4 and G5 were the most stable while G1, G3, and G6 are the most unstable.

Comparison view of GGE Biplot analysis of ideal cowpea variety

The GGE Biplot clustering of the studied varieties relative to the ideal variety is presented in Figure 4. This is a ranking biplot, it gives information about the high performance and stability of varieties. The shortest line from AEA indicates stability while the first variety showed performance. The ideal varieties (located at the centre of the innermost concentric circles) are the point on AEA in the positive direction. varieties located closer to the “ideal varieties” are more desirable than the others. 
The result in this study showed that G1 (IT99k-573-1) is an ideal variety with the highest yield but not stable. Three varieties; G2 (IT99k-573-2-1), G5 (UAM09-1051-1) and G4 (UAM09-1046-6) were next to the ideal variety. Hence they are considered desirable varieties as they are closer to the ideal variety on the bi-plot. 

GGE Biplot analysis of which varieties were superior in which environment

A ‘which-won-where’ GGE biplot showing which varieties won in which environment is presented in Figure 5. The biplot consists of an irregular polygon and a set of lines drawn from the origin to perpendicularly dissect each side of the polygon. The set of lines divide the biplot into sectors, identifying winning varieties for each sector. The ‘which-won-where’ biplot explained 94.9% total variation of which PC1 and PC2 accounted for 86.2% and 8.7% of the total variation, respectively. The biplot depicted four sectors and the environments were distributed into all four sectors. E4 (UAM09-1046-6-1) and E5 (UAM09-1051-1) formed an important sector of the GGE Biplot which involved environments E1, E2, E3, E4, E5, E7 and E9. 
The varieties which were located at the vertices of the polygon were G3 (IT89KD-288), G1 (IT99k-573-1-1), G2 (IT99k-573-2-1) and G6 (UAM09-1055-6). The mega environments consist of E1, E2, E3, E5 and E9. The vertex varieties for each sector are the one that gave the highest yield for the environments that fall within that sector. Hence, G1 (IT99K-573-1-1) is best variety for the mega environments which consist of E1, E2, E3, E5 and E9. While G2 (IT99K-573-2-1) is best for E6, G6 (UAM09-1-55-6) is suitable for E8.

DISCUSSION

Significant genotype and environment effects are to be expected where genotypes and the environment accounted for appreciable phenotypic variation as to give differential plant output, just as it was in this study.  The significant G×E interaction further explains the existing variability among the genotypes and underpins their inconsistent performance across the testing environments. From “the which won” where biplot, the cowpea varieties, G1 (IT99K-573-1-1), G2 (IT99K-573-2-1), G3 (IT89KD-288) and G6 (UAM09-1055-6) were the vertex varieties, however, most of the environment were in the IT99K-573-1-1 vertex indicating that it was the best variety in most of the locations. The average performance of a variety is approximated by the projection of its marker on the average-tester coordinate (ATC) (Yan and Rajcan, 2002). The stability of the varieties is measured by their projection onto the average-tester coordinate y-axis single-arrow line (ATC abscissa). The shorter the absolute lengths of the projection, the more stable the variety. Similar findings were reported by Yan and Rajcan (2002) who stated that, varieties which are located closer to the origin are less susceptible to the variety by environment interaction (GEI) effect due to differential environmental conditions.  
Based on this information, UAM09 1051-1 (G5) which had an above average yield performance and short projection onto the ATC y-axis was the most stable. This findings agrees with that of Yan et al. (2007), Yan and Tinker (2006) and Yan and Kang (2003) who stated that, variety-by-environment interaction (GGE) biplot analysis are important to identify and select high-yielding and stable varieties with specific or wide adaptation to production environments. They further stated that, in devolving these techniques for identifying varieties that are stable and those compatible with certain environments, knowledge of the underlying weather and plant variables would guide plant breeders in developing location specific varieties for higher grain production.  The result also collaborates with the report of Yan et al., (2002) which stated that, the polygon view of GGE Biplot indicates the best varieties in each environment and group of environments. In agreement with the present findings, Gerrano et al. (2020) also argued that precipitation and temperature affected the delineation of mega-environments. 
The GGE biplot was also used to study the relationship among the test environments. The angle between environments measures the correlation among environments. This report is in agreement with the report of Yan and Rajcan (2002), which states that, varieties which are located closer to the origin are less susceptible to the GGE effect due to differential environmental conditions. The present findings showed that, the smaller the angle, the more the correlation. This result agrees with the findings of Kroonenberg (1995) and Yan (2002) who reported that, the cosine angle between the vectors of two environments approximates the correlation coefficient between them. Thus, Abuja 2017 (E2), Abuja 2018 (E3), Makurdi 2016(E4) and Makurdi 2017 (E5) were highly correlated, followed by Abuja 2016 (E1) and Zaria 2018 (E9). 
In the biplot view, the length of the vector describes its discriminating power, whereas the angle between an environment and the average environment axis (AEA) measures its representativeness. Thus, Makurdi 2016 (E4) had relatively longer vector and was more powerful in discriminating among the varieties, it also had the smallest angle with AEA, and thus it was the most representative of the test environments. The observation in the current study agrees with the findings of Yan and Tinker (2006); Yan et al. (2007) who reported that variety and variety-by environment interaction (GGE) biplot analysis are important to identify and select high-yielding and stable varieties with specific or wide adaptation to production environments 
Purchade (1997) reported that, cowpea varieties identified with superior grain yield could be important to enhance genetic improvement for grain yield. ASV analysis is a salient statistical procedure to estimate variety stability across test locations, whereby a low ASV value indicates high stability. smaller ASV indicates wide adaptation of variety across environments, whereas high ASV indicates narrow adaptation of variety to a certain environment (Purchade 1997; Mahmodi et al., 2011). 
The visualisation of the ‘which-won-where’ GGE biplot is an important statistical technique to identify mega-environments and their corresponding winner varieties (Gauch and Zobel 1997; Yan et al. 2000; Yan and Hunt 2001). In the GGE biplot view, environment E4 (Makurdi, 2016) possessed the most discriminating power for grain yield, whereby environments, E9 (Zaria, 2018), E3 (Abuja, 2018) and E5 (Makurdi, 2017) were the most representative in the mega environments. Environment E6 (Makurdi, 2017) and E8 (Zaria, 2018) are considered the poorest environment for selecting adapted varieties as they were located at the vertices of the polygon in the ‘which won- where’ GGE biplot, indicating poor stability and specific adaptation for these varieties. In contrast, G4, G5 and G2 were located close to the origin, indicating that these varieties were least responsive to differential environmental conditions. These varieties, G4, G5 and G2 can be used in breeding and cultivation for wider adaptation. This report collaborates with the report of Yan and Rajcan (2002), which states that, varieties which are located closer to the origin are less susceptible to the GGE effect due to differential environmental conditions. The comparison view of the GGE biplot revealed the following ideal varieties: G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1). These varieties: G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1) possessed suitable grain yield across the test environments.
The cowpea varieties identified as ideal could be released for production or subjected to further genetic improvement to increase selection gain for grain yield in breeding programs. Contrary, G3 (IT89KD-288) and G6 (UAM09-1055-6) are considered the most variable among the evaluated varieties. This implies that the dissimilarity is because of the variation in mean yield and or interaction with the environments. This result collaborates with the findings of Yan et al. (2000) which states that varieties with broad adaptation are associated with high stability, suitable for production in different environments and for genetic advancement to aid in product profile and variety development. It also agrees with other studies which used GEI analysis in cowpea to identify high-yielding varieties with narrow and wide adaption for production and breeding (Mbuma et al. 2021; Iseki et al. 2021; Gerrano et al., 2020).
Simion et al. (2018) reported that, some of the stable varieties are more or less average yielders by virtue of having near zero PC1 and also often placed around the mean yield line of the G×E biplots. The existence of appreciable variety-by-environment interaction (GxE) presupposes that varieties would not be consistent across ecologies and as such, a variety is rarely expected to be the best in all environments as often, best yielders appear in different environments and thereby necessitating grouping of varieties based on adaptation to specific environments (Gauch and Zobel, 1997; Yan et al., 2000; Samonte et al., 2005; Egesi et al., 2007).
The present study determined variety-by-environment interaction for grain yield to select high-yielding and stable cowpea varieties for production in the Guinea savannah agro-ecology and for variety design, development and production. Significant variety-by-environment interaction effect was detected for grain yield among the test varieties. Cowpea varieties G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1) were identified as ideal for grain yield, in that order. The selected cowpea varieties are recommended for production in Guinea savannah or in similar agro-ecologies, and for incorporation in future production and breeding programs targeting genetic improvement for grain yield.


CONCLUSION 

In the GGE biplot view, environment E4 (Makurdi, 2016) possessed the most discriminating power for grain yield, whereby environments, E9 (Zaria, 2018), E3 (Abuja, 2018) and E5 (Makurdi, 2017) were the most representative in the mega environments. Environment E6 (Makurdi, 2018) and E8 (Zaria, 2017) are considered the poorest environment for selecting adapted varieties as they were located at the vertices of the polygon in the ‘which won- where’ GGE biplot, indicating poor stability and specific adaptation for these varieties. In contrast, G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1) were located close to the origin, indicating that these varieties were least responsive to differential environmental conditions. These varieties: G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1) possessed suitable grain yield across the test environments. In the contrary, G3 (IT89KD-288) and G6 (UAM09-1055-6) are considered the most variable among the evaluated varieties. 

Recommendations

Significant variety-by-environment interaction effect was detected for grain yield among the test varieties. Cowpea varieties G4 (UAM09-1046-6), G5 (UAM09-1051-1) and G2 (IT99K-573-2-1) were identified as ideal for grain yield, in that order. The selected cowpea varieties are recommended for production in Guinea savannah or in similar agro-ecologies, and for incorporation in future production and breeding programs targeting genetic improvement for grain yield.
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Table 1a: Meteorological data at Abuja in 2016, 2017 and 2018 cropping seasons
	
	
	    2016
	
	
	
	
	
	2017
	
	
	
	      2018
	
	
	

	Month
	Rainfall
Total
Frequency
	Temperature
(°C) 
Max.       Min.
	Relative Humidity
(%)
	Sunshine (Hrs)
	
	Rainfall
Total
Frequency

	Temperature
(°C) 
Max.        Min.
	Relative Humidity
(%)
	Sunshine
(Hrs)
	
	Rainfall
Total
Frequency
	Temperature (°C) 
Max.     Min.
	Relative Humidity
(%)
	Sun
shine
(Hrs)

	Jan
	0.00
	35.71
	13.40
	49.00
	18.35
	
	0.00
	35.40
	18.60
	28.00
	20.78
	
	0.00
	35.10
	21.40
	38.03
	18.92

	Feb
	0.00
	38.20
	12.90
	43.00
	18.83
	
	0.00
	36.70
	15.50
	26.00
	23.84
	
	0.03
	36.75
	22.70
	58.90
	19.24

	March
	1.70
	35.99
	13.50
	83.00
	18.76
	
	0.30
	38.10
	17.00
	35.00
	25.12
	
	1.67
	35.85
	24.00
	75.78
	20.02

	April
	3.00
	35.02
	14.90
	88.00
	20.04.
	
	2.40
	36.00
	15.20
	56.00
	23.47
	
	0.84
	34.48
	19.60
	76.67
	18.12

	May
	7.90
	32.35
	15.00
	92.00
	17.60
	
	5.60
	33.00
	16.20
	63.00
	20.20
	
	6.13
	31.14
	21.10
	87.58
	16.42

	June
	4.55
	30.21
	14.20
	96.00
	16.18
	
	6.40
	30.90
	17.80
	73.44
	17.03
	
	7.92
	29.58
	22.20
	92.66
	15.17

	July
	7.90
	28.87
	16.20
	97.00
	14.50
	
	2.30
	29.80
	17.70
	80.33
	13.63
	
	7.69
	28.74
	22.60
	93.52
	13.89

	Aug
	8.48
	28.49
	16.00
	98.00
	13.21
	
	12.70
	28.60
	18.00
	79.44
	22.67
	
	7.86
	27.90
	21.70
	94.82
	11.88

	Sept
	8.34
	29.68
	15.50
	98.00
	15.92
	
	4.90
	30.30
	16.80
	85.90
	23.87
	
	10.40
	30.22
	24.20
	94.15
	16.01

	Oct
	7.53
	32.61
	17.20
	97.00
	18.96
	
	2.40
	32.70
	16.10
	59.44
	20.71
	
	5.90
	31.07
	22.60
	94.19
	17.44

	Nov
	0.00
	35.26
	17.30
	90.00
	20.58
	
	0.20
	32.40
	15.20
	28.00
	21.30
	
	0.01
	35.05
	23.10
	87.95
	19.45

	Dec
	0.00
	37.73
	15.00
	68.00
	18.56
	
	0.00
	32.25
	20.00
	19.11
	21.57
	
	0.00
	35.17
	24.30
	59.17
	18.10


Source: International Institute of Tropical Agriculture, Abuja Weather Station


Table 1b: Meteorological data at Makurdi in 2016, 2017 and 2018 cropping seasons
	
	
	2016
	
	
	
	
	
	
	2017
	
	
	2018
	
	
	

	Month
	Rainfall
Total
(mm)

	Temperature
       (°C) 
Max.      Min.
	Relative Humidity (%)
	Sunshine
(Hrs)
	
	Rainfall
Total
Frequency

	Temperature
(°C) 
Max.      Min.
	Relative Humidity (%)
	Sunshine
(Hrs)
	
	Rainfall
Total
Frequency

	Temperature
(°C) 
Max.      Min.
	Relative Humidity
(%)
	Sun
shine
(Hrs)

	Jan
	0.00
	35.40
	23.70
	27.00
	7.50
	
	0.00
	36.40
	22.30
	49.00
	7.20
	
	0.00
	35.5
	22.50
	19.00
	7.54

	Feb
	0.00
	38.40
	22.50
	29.00
	6.90
	
	0.00
	38.10
	21.70
	31.00
	5.70
	
	17.20
	38.40
	24.12
	46.50
	7.25

	March
	47.60
	35.70
	24.22
	73.00
	6.00
	
	0.00
	39.50
	24.60
	59.00
	8.20
	
	3.20
	37.80
	25.00
	51.00
	6.73

	April
	91.10
	34.00
	25.00
	73.00
	7.10
	
	88.30
	36.30
	24.60
	70.00
	6.40
	
	55.00
	36.10
	24.50
	58.50
	6.10

	May
	23.80
	33.40
	22.40
	79.00
	7.70
	
	24.58
	33.20
	23.70
	78.00
	6.70
	
	230.01
	32.40
	23.50
	73.50
	5.80

	June
	49.40
	31.80
	23.20
	80.00
	6.20
	
	123.90
	32.10
	22.50
	80.00
	6.60
	
	137.10
	32.10
	23.40
	73.50
	5.15

	July
	215.60
	30.90
	22.30
	84.00
	4.70
	
	95.70
	31.00
	22.22
	84.00
	5.10
	
	114.10
	31.30
	23.70
	76.00
	4.10

	Aug
	213.80
	30.60
	21.70
	84.00
	3.50
	
	224.30
	30.10
	22.00
	86.00
	3.50
	
	245.80
	30.80
	23.60
	78.00
	2.80

	Sept
	268.90
	30.90
	24.60
	85.00
	4.40
	
	158.70
	31.10
	22.40
	82.00
	4.50
	
	172.70
	31.00
	23.60
	74.00
	-

	Oct
	116.10
	32.50
	23.70
	81.00
	6.90
	
	73.90
	30.10
	22.20
	83.00
	6.60
	
	128.8
	32.90
	23.30
	71.50
	6.58

	Nov
	0.00
	35.30
	25.60
	71.00
	8.50
	
	0.60
	34.60
	22.22
	69.00
	5.80
	
	0.60
	34.10
	21.30
	63.00
	4.02

	Dec
	0.00
	35.40
	23.60
	52.00
	7.50
	
	0.00
	36.00
	23.10
	51.00
	6.90
	
	0.00
	39.50
	25.30
	32.50
	-


Source: Nigerian Meteorological Agency, Headquarters, Tactical Air Command, Makurdi-Airport



Table 1c: Meteorological data at Zaria in 2016, 2017 and 2018 cropping seasons
	
	
	2016
	
	
	
	
	
	
	2017
	
	
	2018
	
	
	

	Month
	Rainfall
Total
Frequency

	Temperature
(°C) 
Max.      Min
	Relative Humidity
(%)
	Sunshine
(Hrs)
	
	Rainfall
Total
Frequency

	Temperature (°C) 
Max.      Min.
	Relative Humidity
(%)
	Sunshine
(Hrs)
	
	Rainfall
Total
Frequency

	Temperature
(°C) 
Max.       Min
	Relative Humidity
(%)
	Sun
shine
(Hrs)

	Jan
	0.00
	27.96
	17.15
	34.50
	20.35
	
	0.00
	31.40
	14.10
	36.40
	19.20
	
	0.00
	28.00
	13.10
	31.80
	19.10

	Feb
	0.00
	34.61
	20.55
	36.11
	22.86
	
	0.00
	31.10
	14.10
	19.00
	22.60
	
	0.00
	34.90
	15.90
	39.20
	20.40

	March
	0.42
	34.91
	24.23
	44.16
	22.77
	
	0.00
	37.10
	16.90
	30.50
	25.80
	
	0.00
	36.80
	17.70
	39.20
	23.70

	April
	0.98
	35.82
	23.83
	38.76
	25.53
	
	0.00
	38.10
	18.70
	51.80
	24.10
	
	0.30
	37.10
	17.30
	64.80
	23.80

	May
	5.68
	33.61
	22.98
	85.52
	22.78
	
	3.15
	33.90
	16.70
	84.80
	22.70
	
	2.10
	34.20
	16.30
	83.60
	23.10

	June
	2.71
	30.94
	21.81
	90.92
	21.03
	
	4.70
	30.50
	17.60
	94.30
	20.40
	
	4.70
	31.20
	16.50
	91.80
	20.90

	July
	7.03
	28.89
	28.87
	97.78
	19.18
	
	6.20
	29.10
	13.30
	97.60
	19.10
	
	5.90
	28.20
	14.10
	95.80
	19.40

	Aug
	6.80
	28.54
	21.69
	97.64
	17.82
	
	8.40
	28.80
	13.70
	97.90
	17.10
	
	8.40
	27.80
	13.40
	97.70
	16.60

	Sept
	4.88
	30.78
	21.20
	96.52
	20.59
	
	4.05
	31.10
	14.80
	96.30
	21.40
	
	3.60
	31.20
	15.20
	98.50
	21.10

	Oct
	0.04
	33.55
	21.25
	89.79
	22.52
	
	0.23
	32.80
	13.30
	84.50
	22.40
	
	0.70
	33.00
	12.80
	95.20
	22.50

	Nov
	0.00
	33.82
	19.28
	70.16
	21.04
	
	0.00
	32.80
	17.40
	55.40
	20.00
	
	0.00
	33.20
	14.30
	54.20
	20.40

	Dec
	0.00
	32.04
	17.72
	51.08
	19.35
	
	0.00
	32.60
	14.40
	44.30
	16.80
	
	0.00
	32.00
	15.20
	41.30
	18.90


Source: International Institute of Tropical Agriculture (IITA), Samaru Zaria Weather Sub-Station, Kaduna


Table 2: Physical and chemical properties of soil collected across experimental fields prior to planting
	Soil Composition
	Locations

	Physical Properties
	Makurdi
	Abuja
	Zaria

	Sand (%)
	77.6
	70
	70

	Silt (%)
	13.2
	7
	12

	Clay (%)
	9.2
	13
	18

	Textural class
	Sandy loamy
	Loamy
	Clay loam
	

	 Chemical Properties

	pH (H2O) 1:2.5
	5.90
	5.28
	5.50

	pH (0.01M CaCl2) 1:2.5
	4.60
	4.40
	5.80

	Organic carbon (g kg-1)
	10.7
	10.7
	7.70

	Nitrogen (%)
	0.05
	0.015
	0.04

	Bray P (mg kg-1)
	7.61
	15.74
	4.48

	Exchangeable bases (cmol kg-1 soil)

	Calcium (Ca2+)
	3.20
	0.44
	5.80

	Magnesium (Mg2+)
	1.96
	0.06
	0.95

	Potassium (K+)
	0.37
	0.01
	0.39

	Sodium (Na2+)
	0.66
	0.10
	0.36

	ECEC+
	6.00
	1.07
	6.67


ECEC=Effective cation exchange capacity
AAS: Atomic Absorption Spectrophotometer  
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	Figure 1: The ‘Discriminating Power vs. Representativeness’ view of GGE biplot 
Showing the Relationship between Studied Environments.
	Key: 
Variety Code
G1=IT99K-573-1-1; G2=IT99K-573-2-1; G3=IT89KD-288; G4=UAM09-1046-6-1; G5=UAM09-1051-1; G6=UAM09-1055-6
Environment Code
E1=Abuja_2016; E2=Abuja_2017;E3=Abuja_2018; E4=Makurdi_2016; E5=Makurdi_2017; E6=Makurdi_2018; E7=Zaria_2016; E8=Zaria_2017 and E9=Zaria_2018
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Figure 2: The Comparison View of GGE biplot Showing the Ideal Environment for Grain Yield.
Key: 
Variety Code
G1=IT99K-573-1-1; G2=IT99K-573-2-1; G3=IT89KD-288; G4=UAM09-1046-6-1; G5=UAM09-1051-1; G6=UAM09-1055-6
Environment Code
E1=Abuja_2016; E2=Abuja_2017; E3=Abuja_2018; E4=Makurdi_2016; E5=Makurdi_2017; E6=Makurdi_2018; E7=Zaria_2016; E8=Zaria_2017 and E9=Zaria_2018
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Figure 3: The ‘Discriminating Power vs. Representativeness’ view of GGE biplot  
showing the Relationship between Studied Varieties.
Key: 
Variety Code
G1=IT99K-573-1-1; G2=IT99K-573-2-1; G3=IT89KD-288; G4=UAM09-1046-6-1; G5=UAM09-1051-1; G6=UAM09-1055-6
Environment Code
E1=Abuja_2016; E2=Abuja_2017; E3=Abuja_2018; E4=Makurdi_2016; E5=Makurdi_2017; E6=Makurdi_2018; E7=Zaria_2016; E8=Zaria_2017 and E9=Zaria_2018
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Figure 4: The Comparison View of GGE biplot showing an Ideal Variety for Grain Yield.
Key: 
Variety Code
G1=IT99K-573-1-1; G2=IT99K-573-2-1; G3=IT89KD-288; G4=UAM09-1046-6-1; G5=UAM09-1051-1; G6=UAM09-1055-6
On the contrary, and G6 (UAM09-1055-6) and G3 (IT89KD-288) were the furthest from the ideal Variety, signifying a low stability across locations.
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Figure 5: The ‘Which-won-where’ view of GGE biplot showing which Variety Performed Best in which Environment and the Delineation of Mega-environments.
Environment Code
E1=Abuja_2016; E2=Abuja_2017; E3=Abuja_2018; E4=Makurdi_2016; =Makurdi_2017; E6=Makurdi_2018; E7=Zaria_2016; E8=Zaria_2017 and E9=Zaria_2018
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