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Abstract

:

In the West African sub-region, intercropping is a critical element in cowpea product profiles. This study aimed to investigate the impact of intercropping cowpea with pearl millet on genetic correlations, heritability, and response to selection. Thirty-five cowpea genotypes and one pearl millet variety were used to create three cropping patterns: sole cowpea, 1:1 (one row of millet to one row of cowpea), and 2:4 (two rows of millet to four rows of cowpea). Split-plot experiments were conducted for two years with cropping patterns considered as the main plots and genotypes as sub-plots. Data were captured on grain yield (GY), 100 seed weight (Hsdwt), pod weight (Pdwt), fodder weight (Fdwt), and harvest index (HI). Genotype, cropping pattern, year, and genotype-by-cropping pattern interactions were significant for most of the traits. Higher heritability and predicted genetic advance were depicted under sole cropping rather than in the intercropped systems. High positive genetic correlations (rg ≥ 0.9) were obtained between cropping patterns. Genetic correlations among traits were higher under sole cropping than in the intercropping. Path analysis portrayed the HI as having the highest significant and positive direct effect on GY. This study identified short duration cowpea genotypes that are stable and adapted to unique cropping systems.
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1. Introduction


Cowpea (Vigna unguiculata) has gained substantial global attention as a key food security source and nutritional crop due to its inherent resilience to harsh conditions. It is a major staple legume, feeding millions of people in sub-Saharan Africa and parts of Asia and America [1,2,3,4]. The crop is rich in protein and carbohydrate content, with a relatively low fat content and a similar amino acid pattern to that of cereal grains, making it an important nutritional food in the human diet [5]. Cowpea supplies sufficient micronutrients, especially zinc and iron, that are often lacking in other legumes [5,6]. It is truly a multipurpose crop, providing food and feed and serving as a precious and reliable revenue-making product for farmers and grain traders in SSA [4]. In cropping systems, cowpea compensates for the loss of nitrogen absorbed by cereals because of its symbiotic nitrogen fixing ability [7]. The production and consumption of cowpeas are the highest in several growing regions, and particularly in Western Africa, where the crop is grown in intercrop with cereals and other crops [8]. It has been reported that in Africa, over 89% of cowpeas are grown in mixed stands given that most farmers are small-scale [9]. Sole cropping, or mono-cropping, is more appropriate for big-scale farmers whose farming operations are fully mechanized.



Intercropping has been defined as the practice of growing two or more crops together in the same row or in adjacent rows close enough for biological interactions [9,10,11]. The cowpea intercropping system displays significant diversity, with more than 15 types identified in countries across West and Central Africa [12]. The practice is followed by many farmers around the world to increase overall crop productivity and profitability, improve pest and disease management, and gain better use efficiency of nutrient, water, and light resources [9,13]. It has been observed that cereal and cowpea intercropping persist as a dominant farming practice in the savannahs of West Africa [13]. This practice has continued despite the knowledge that sole cowpea is profitable, partially because farmers have long realized the multiple benefits of intercropping, including providing a buffer against total crop failure that can be realized in a sole cropping system [9]. Frequently, the practice involves intercropping cowpea with pearl millet (Pennisetum glaucum L.), sorghum (Sorghum bicolor L. Moench), and maize (Zea mays L.) [13]. The root system of intercropped legumes and cereals have different explored soil layers, which allow complementarity for soil resources (P, Fe, Zn) while avoiding root–root competitiveness [14]. In addition, legume crops can increase acid phosphatase activity in the soil by secreting organic acids and enzymes that can help to release bound phosphorus in the soil, making it available for uptake by intercropped plants [15]. Different types of intercropping are practiced across the globe, and these have been grouped as row intercropping (growing two or more crops in regular rows at the same time), mixed intercropping (two or more crops grown together without any definite row proportion), strip-intercropping (two or more crops cultivated together in strips, especially on slopes), and relay intercropping (two or more crops raised at a time during a portion of the growing period of each) [9].



Although intercropping has advantages, it has been reported that low productivity can occur due to competition for light and nutrients within the intercropping system. For example, it has been established that cowpea experiences a decrease in yield when planted together with cereals, such as pearl millet and maize, which is attributed to the shading effect caused by these latter crops [16,17]. In addition, it has been reported that the average grain productivity of the traditional intercropping system involving cowpea with sorghum and millet is about 1.5 t ha−1, yet up to 3 is attainable under sole cropping with optimum management [12,13]. The low productivity of cowpea in intercropping systems, especially involving cereals, has been attributed to the effect of shading [9,13,17]. This is because cowpea, a morphologically shorter component of the system, cannot compete for light interception and thereby suffers greater yield reduction compared to the taller cereal plants. It is therefore evident that intercropping would become more productive if the effect of shading could be diminished. The use of genotypes that can better tolerate the shading effect and produce an appreciable grain yield is a potential means of increasing cowpea productivity under the intercropping system. Studies have shown that cowpea displays genetic differences regarding adaptation to intercropping [9,13,16,17]. Positive linear correlations between the yield of cowpea in sole cropping and in intercropping with pearl millet have also been reported [18,19]. Some studies have reported significant genotype-by-cropping system interactions for grain yield, with implications seeming to indicate that cowpea genotypes respond differently to intercropping systems [18,19,20,21], yet other reports have also reflected no significant interaction effects [22,23,24]. Past breeding efforts have led to the identification of some cowpea genotypes with better adaptation to intercropping systems by producing appreciable grain and fodder yields [25,26]. These varieties, however, were majorly late duration and had spreading growth habits [17,26]. To the disadvantage of farmers who would wish to benefit from both crops in the intercrop, late duration and spreading-type varieties tended to be highly competitive and drastically reduced millet yield [17] (Terao et al., 1997). To meet the growing demands on cowpea and to better position the crop to avert the effects of climate change, there is a need to develop short duration and erect cowpea varieties that have good performance in both sole cropping and some form of mixed cropping system, given that both systems are often practiced in the same geographic area. To develop appropriate selection criteria for cowpea improvement in these circumstances, information is needed on the heritability of grain yield in intercrop and sole crop products and the genetic correlations between these cropping systems. Information on the correlations between grain yield and other traits is also important, as little is known about the effects of intercropping on these correlations.



Recently, the quest to redefine breeding objectives to move away from a trait-based to a demand-driven approach has led to the creation of product profiles. A product profile describes the package of key traits required to meet a grower’s and consumer’s needs in a distinct market segment. Intercropping has been labeled as one of the key components of the product profiles for cowpea in the West African sub-region. In this study, advanced cowpea lines from a short duration breeding pipeline of the International Institute of Tropical Agriculture (IITA) were assessed for suitability to different intercropping systems. The objectives of this investigation were to (a) assess the effects of intercropping on genetic variances and, hence, genetic advance for different traits among advanced short duration cowpea genotypes, (b) determine genetic correlations between cropping systems and how cropping systems affect genetic correlations and associations among traits, and (c) harness genotype-by-cropping system interactions to determine adaptation and stability of short duration cowpea genotypes to cropping systems.




2. Materials and Methods


2.1. Study Site


This study was conducted for two years during the wet seasons of 2020 and 2021 on the research farm of IITA at Minjibir, which is found 45 Km north of Kano, Nigeria (12°08.997′ N, 08°39.733′ E, elevation 500 m above sea level), lying in the Sudan savannah agroecology. The area has one wet season, which commences in May/June and ends in October, with a mean annual rainfall of about 690 mm, a growing period of about 120 days, and a temperature range of 26 °C to 32 °C during the wet season. The monthly precipitations and average monthly temperatures during the experimental period have been provided in Supplementary Figure S1. The soil is classified as typic udipsamments and it is sandy loam [27]. The soil physical and chemical properties of the study site, as reported in 2015 [28], indicated 84% sand, 8% silt, 8% clay, 0.3% organic carbon, 5.8 pH (H2O 1:1), 0.019 total N, 1.29 Ca (cmol/kg), 0.22 Mg (cmol/kg), 0.2 K (cmol/kg), 20.76 available P (mg/kg), 0.86 Na (cmol/kg), 0.08 Exch. acidity (cmol/kg), 2.66 ECEC (cmol/kg), 0.83 Zn (ppm), 0.25 Cu (ppm), 41.45 Mn (ppm), and 60.65 Fe (ppm).




2.2. Genetic Materials


The genetic materials used in the present study stemmed from our short duration breeding pipeline, schematized in Figure 1. Initially, crosses were made to combine major cowpea product profile traits, including tolerance to shading, which is a key determinant for adaptation to intercropping. Line derivation followed the single seed descent (SSD) breeding method until fixed lines were obtained at the F6 generation. Lines went through initial and preliminary yield testing, leading to the identification of candidates for advanced yield trials, where evaluation for suitability to intercropping was conducted. A total of 35 genotypes were evaluated for adaptation to different cropping systems. Of the 35 genotypes, 4 were checks, and they comprised 2 early maturing local varieties (Achishuru and Alokalocal), commonly used as standard checks in IITA short duration breeding pipelines, and the other two were other released varieties, IT07K-297-13 and IT08K-150-12. The genotypes used in this study were fixed lines that had reached the advanced yield trial (AYT) stage in the breeding program. These lines combine early maturity with key traits, such as high yield potential, striga resistance, and drought tolerance. A commercial millet variety (SOSAT-C88), popularly grown by farmers due to its known compatibility with legumes in intercropping systems [29], was included in the trial to create unique intercropping patterns.




2.3. Design, Layout, and Data Collection


Trials in both 2020 and 2021 were established in a split-plot design and replicated two times. In both years, pearl millet and cowpea were planted in a staggered plan, with millet planted first and cowpea planted four weeks later. This was to ensure that the reproductive phase of cowpea coincided with the maximum shading effect from the millet. The main plot consisted of 3 cropping patterns: sole (cowpea only), 1:1 (1 row of millet and 1 row of cowpea), and 2:4 (2 rows of millet and 4 rows of cowpea). The 35 genotypes constituted the sub-plot. Each cropping pattern was represented by 10 ranges (5 ranges per replication), with 7 plots wide, making a total of 70 plots per pattern. A plot consisted of 6 rows that were each 4 m long. Cowpea genotypes were planted at a spacing of 0.75 m between rows and 0.2 m within a row. The millet variety was planted at a spacing of 0.75 m between the row and 0.5 m within rows. The sowing rates were 20–25 kg/ha of seeds for cowpea and 5–6 kg/ha for pearl millet. All agronomic management practices were conducted, including manual weeding 3 times during the growing period, fertilizer (NPK) application at a standard monocrop rate of 100 kg of NPK (15-15-15) per ha on both cowpea and pearl millet, and insecticide (Belt® Expert, active ingredients: Flubendiamide 19.92% + Thiacloprid 19.92% w/w SC (480 SC) applied 3 times using a 20 L Knapsack during the growing period at a rate of 100 cc per Knapsack (10 Knapsacks per ha).



At maturity, two middle rows of cowpea were harvested from each plot and threshed, and grain weight was measured using a digital scale (Ohaus® corporation NJ 07054, USA, model SKX2202). Additional data captured from the 2 middle rows included fodder weight (weight of above ground biomass excluding pods), pod weight (total weight of harvested pods per plot), and 100 seed weight (weight of 100 seeds in grams). The harvest index was computed as the percentage of economic yield (grain yield per plot) to biological yield (total plant dry weight) [30].




2.4. Statistical Analysis


Analysis of variance (ANOVA) was performed using R software based on a split-plot design, with genotype factor as sub-plots and cropping patterns as main plots. The split-plot ANOVA was conducted on plot values of the cropping patterns for each year and across the two years. To assess variations and performances at the main-plot level, independent ANOVAs were further conducted for each of the three cropping patterns in META-R [31], utilizing the two years’ data, and using the randomized complete block design (RCBD) model. The following statistical models were used for the analyses:


     Split - plot   model :    Y  l i j k   = μ +  y l  + y    ( r )    i l   +  p j  + p  y  j l   +  ε  , l i j      [  p o o l e d   e r r o r  ( a )   ]  +                g k  + g  y  k l   + g p  y  k j l   +  ε  , l i j k      [  p o o l e d   e r r o r  ( b )   ]      



(1)






  RCBD   model :    Y  l i k   = μ +  y l  + y    ( r )    i l   +  g k  + g  y  k l   +  ε  , l i k    



(2)




where:




	
   Y  l i j k     represents the average response of the kth genotype in the jth intercropping pattern in the ith replication and lth year, and    Y  l i k     is the response of kth genotype in the ith replication and lth year.



	
i = 1…r replications and    r i    is the replication factor.



	
k = 1…g genotypes and    g k    is the genotype factor.



	
j = 1…p cropping patterns and    p j    is the cropping pattern factor.



	
l = 1…y years and    y l    is the year factor.



	
Total plots (N) = 2 replications × 35 genotypes × 3 patterns = 210 plots per year.



	
 μ  is the population mean.



	
  y    ( r )    i l     is a term for replication that is nested within the year.



	
  g  p  i k     is a two-way interaction term for genotype and intercropping pattern.



	
  g  y  k l     is a two-way interaction term for genotype and year.



	
  p  y  j l     is a two-way interaction term for intercropping pattern and year.



	
  g p  y  k j l     is a three-way interaction term for genotype, intercropping pattern, and year.



	
   ε  , l i k     is residual or error variance for the RCBD model.



	
   [  p o o l e d   e r r o r  ( a )   ]    and    [  p o o l e d   e r r o r  ( b )   ]    are the main-plot and sub-plot error terms, respectively.








The mean comparison was performed based on the least significant difference (LSD) test from the agricolae R package [32]. The LSD.test () function was used to test differences among the means of the three intercropping patterns. Graphical visualization of mean comparison among cropping patterns was generated by plotting the results of the LSD.



Variance components and Best Linear Unbiased Predictors (BLUPs) were computed based on a linear mixed model using the lme4 R package [33]. In this analysis, genotype, replication, and year were considered random while the cropping pattern was fixed. BLUPs of genotypes were compared under each main-plot term to isolate the best-performing individual for a specific cropping system. Variance components were computed by first fitting a complex model for all the terms in the combined years’ data, followed by a simplified model that accounts for variations under specific cropping patterns (the main-plot factor). These variance components were used to estimate experiment-wide and main-plot-based broad-sense heritabilities, as follows:


  Experiment - wide   heritability :   H =    σ G 2     σ G 2  +    σ  G P  2   p  +    σ  G Y  2   y  +    σ  G P Y  2    p y   +    σ e 2    p y r      



(3)






  Main - plot - based   heritability :   H =    σ G 2     σ G 2  +    σ  G y  2   y  +    σ e 2    y r      



(4)




where    σ G 2   ,    σ  G P  2   ,    σ  G Y  2   , and    σ  G P Y  2    are variance components for genotype, genotype-by-pattern interaction, genotype-by-year interaction, and genotype-by-pattern-by-year interactions.



The predicted genetic gain was also computed to assess the expected genetic advance under different cropping patterns assuming 10% selection intensity. Expected genetic advance (GA) was computed based on the breeder’s equation [34]:


   G A  =  k i   σ P  H =  k i     σ G 2    H    



(5)




where    G A    is the expected genetic advance,    k i    is a standardized selection differential (   k i    = 1.755, assuming 10% selection intensity),    σ P    is the phenotypic standard deviations,    σ G 2    is the genotypic variance component, and  H  is the broad-sense heritability.



Phenotypic and genetic correlations among cropping systems for a given trait and among traits across years were also computed from META-R software [31]. In this analysis, the phenotypic correlations are simple Pearson correlations between different pairs of environments or traits. The genetic correlations among cropping systems and among traits were calculated using equations modified from [35,36] as:


   r  g  (  x , y  )    =   C o  v  g  (  x , y  )         σ  g  ( x )   2    .  σ  g  ( y )   2         



(6)




where    r  g  (  x , y  )      is the genetic correlation coefficient between pairs of cropping systems or pairs of traits,   C o  v  g  (  x , y  )      is the genetic covariance between pairs of cropping systems or pairs of traits, and    σ  g  ( x )   2    and    σ  g  ( y )   2    are the genetic variances of the first (x) and second (y) cropping patterns or traits, respectively.



Path analysis was conducted using lavaan R package [37] for four traits related to yield; namely, 100 seed weight, pod weight, fodder weight, and harvest index (Figure 2). Grain yield was considered as the response variable in the path model. Phenotypic linear correlation coefficients were partitioned into components of direct and indirect effects, as follows [38,39]:


    r  1 , 2   =      y    1 , 2   +  r  2 , 3    y  1 , 3   +  r  2 , 4    y  1 , 4   +  r  2 , 5    y  1 , 5     ;    r  1 , 3   =      y    1 , 3   +  r  2 , 3    y  1 , 2   +  r  3 , 4    y  1 , 4   +  r  3 , 5    y  1 , 5   ;   










    r  1 , 4   =      y    1 , 4   +  r  2 , 4    y  1 , 2   +  r  3 , 4    y  1 , 3   +  r  4 , 5    y  1 , 5     ;    r  1 , 5   =      y    1 , 5   +  r  2 , 5    y  1 , 2   +  r  3 , 5    y  1 , 3   +  r  4 , 5    y  1 , 4     








where    r  i , j     is the observed phenotypic correlation coefficient between traits  i  and  j  and    y  i , j     is the path coefficient between traits  i  and  j . The subscripts 1, 2, 3, 4, and 5 refer to grain yield, 100 seed weight, pod weight, fodder weight, and harvest index, respectively. The direct effect that each trait has on grain yield is measured by  y , while the indirect effect of a trait on grain yield, which occurs through that trait with another trait, is measured by the product   r y  .



The adaptation of cowpea genotypes to specific intercropping systems was assessed using a GGE (genotype plus genotype-by-environment interaction) model. Cropping patterns were treated as unique environments in this analysis; hence, it was possible to assess specific adaptations as well as stability across cropping systems. The GGE analysis and graphic visualizations were performed using metan R package [40] based on the following model [41]:


   ∅  i j   =   y ^   i j   − μ −  β j  =   ∑   k = 1  p   ε  i k  *   ŋ  j k  *   



(7)




where    ∅  i j     is the interaction effect between genotype  i  in cropping pattern (environment)  j ,     y ^   i j     is the average yield of genotype  i  in cropping pattern (environment)  j ,  μ  is the grand mean,    β j    is the main effect of cropping pattern (environment)  j , and    ε  i k  *    and    ŋ  j k  *    are principal component (PC) scores for genotype  i  and cropping pattern  j , respectively.





3. Results


3.1. Effects of Genotypes, Cropping Patterns, and Years


The split-plot analysis of variance across two years revealed that the effects of genotype, cropping pattern, and year were significant for all traits except for the 100 seed weight, which was not significantly influenced by the cropping pattern (Table 1). The cropping pattern-by-year interaction was significant for the pod weight (p ≤ 0.01), grain yield (p ≤ 0.01), and fodder weight (p ≤ 0.05), but insignificant for the 100 seed weight and harvest index. On the other hand, the genotype-by-year interaction effect was significant (p ≤ 0.001) for all the traits measured. Likewise, cropping patterns significantly influenced genotype performance, as depicted by significant interactions between the genotype-by-cropping pattern for all traits except the harvest index. Results for the single year analysis are presented in Supplementary Table S1, where we observed similar outcomes for genotype main effects, with the cropping pattern and the interaction terms also being significant for most traits.




3.2. Mean Comparison of Cropping Patterns


The mean comparison based on the LSD revealed significant differences among cropping patterns for all the cowpea traits measured (Figure 3). It was evident that sole cropping had the highest mean values and hence was the most productive for all traits except the 100 seed weight, while a 1:1 cropping pattern had the lowest productivity for most of the traits except the 100 seed weight. The mean grain yield under sole cropping was about 1250 kg/ha compared to 400 kg/ha under a 1:1 cropping pattern (Figure 3a). This corresponded to an approximately 67.91% grain yield reduction. The mean grain yield under a 2:4 cropping pattern was about 948 kg/ha, corresponding to an approximate yield reduction of 24.17% relative to sole cropping (Figure 3a, Supplementary Table S1). For the pod weight, a reduction of 67.76% and 23.07% in 1:1 and 2:4 cropping patterns, respectively, were realized (Figure 3b, Supplementary Table S2). Interestingly, 100 seed weight gains of 2.16% and 2.25% were observed under 1:1 and 2:4 cropping patterns, respectively, relative to sole cropping (Figure 3c, Supplementary Table S2). On the other hand, fodder weight reductions of 45% and 5% were recorded under the 1:1 and 2:4 cropping patterns, respectively (Figure 3d, Supplementary Table S1), while the harvest index registered 23% and 11% reductions, respectively (Figure 3e, Supplementary Table S2).




3.3. Performance of Genotypes


Grain yield performance of genotypes under each cropping pattern and overall performance across patterns and years were examined based on the BLUPs model (Figure 4). Superior lines that yielded above the means were detectable under each cropping pattern. In total, 18 genotypes had a grain yield above the mean under sole cropping (Figure 4a), while 19 and 16 best-yielding genotypes were identified under 1:1 (Figure 4b) and 2:4 (Figure 4c) cropping patterns, respectively. Overall, genotypes IT17K-1257-1-2 (G21), IT07K-297-13 (G3), IT17K-870-2-1 (G32), IT16K-1715-3 (G10), and IT08K-150-12 (G4) were ranked as the top five highest-yielding lines across cropping patterns and years (Figure 4d). Best Linear Unbiased Estimates (BLUEs) and BLUPs portraying genotype performance based on other traits, such as pod weight, 100 seed weight, fodder weight, and harvest index, have been presented in Supplementary Table S3. Genotypes IT17K-2721-1 (G30), IT17K-1257-1-2 (G21), and IT16K-1715-3 (G10) had the best fodder yield under sole, 1:1, and 2:4 patterns, respectively. Similarly, genotypes IT17K-1257-1-2 (G21), IT17K-1314-4-2 (G22), and IT17K-1561-2-2 (G28) had the highest pod weights under sole, 1:1, and 2:4 patterns, respectively. It was further observed that IT17K-2721-1 (G30) had the highest 100 seed weight under both sole and 2:4 patterns, while IT17K-1257-1-2 (G21) ranked on top in terms of 100 seed weight under a 1:1 cropping pattern. For the harvest index, genotypes IT15K-2300-1 (G7), IT15k-2445 (G9), and IT17K-1924-1 (G13) were the best under sole, 1:1, and 2:4 patterns, respectively (Supplementary Table S3).




3.4. Heritability and Genetic Advance


We examined variances, heritabilities, and expected genetic advances under the three cropping patterns to forecast the influence of cropping systems on selection response. Genotypic variances under sole cropping were large and significant for all traits except for the harvest index (Table 2, Supplementary Table S4). Under a 1:1 cropping pattern, genetic variances were significant for 100 seed weight, fodder weight, and harvest index. However, the 2:4 cropping pattern registered significant variance due to genotype only for 100 seed weight and fodder weight. Consequently, heritability estimates varied under the three cropping patterns for each trait. Heritability tended to be high under sole cropping, ranging from 0.27 for harvest index to 0.94 for 100 seed weight. Under a 1:1 cropping pattern, heritability ranged from 0.18 for grain yield to 0.89 for 100 seed weight. The lowest estimates were recorded under a 2:4 pattern, especially for grain yield and pod weight (Table 2).



Responses to selection under each cropping pattern were predicted based on the breeder’s equation, presented here as the expected genetic advance (Table 2). The expected genetic advance remained higher under sole cropping compared to the other cropping patterns for all traits, excluding fodder weight and harvest index, where 2:4 and 1:1 cropping patterns, respectively, had higher expected genetic advances. Genetic advance as a percentage of the mean ranged among traits from 5.59% to 36% (sole cropping), 9.61% to 47.57% (1:1 cropping pattern), and 0.01% to 57.33% (2:4 cropping pattern). When pooled data across years and cropping patterns were considered, fodder weight depicted the highest percentage of genetic advance (GA = 470.27 kg/ha; GAM = 45.92%), while pod weight had the least value (GA = 193.07 kg/ha; GAM = 15.86%).




3.5. Genetic and Phenotypic Correlations


Genetic and phenotypic correlations among cropping patterns and traits were assessed to decode the possibility of correlated responses to selection (Table 3). Genetic correlations among cropping patterns tended to be higher than phenotypic correlations. Genetic correlations among cropping patterns were high and positive for all traits, with the correlation coefficients being ≥0.9 (Table 3). Phenotypic correlations ranged from 0.29 to 0.88 between sole and 1:1 patterns, 0.4 to 0.94 for sole and 2:4 patterns, and 0.34 to 0.91 for 1:1 and 2:4 patterns.



Among the traits, genetic and phenotypic correlations were computed within each of the three cropping patterns. Genetic correlations between grain yield and all other traits except harvest index were positive, high, and significant under both sole and 2:4 cropping patterns, while under a 1:1 cropping pattern, they were significant only for GY vs. Podwt and GY vs. HI (Table 4). Similarly, genetic correlations between 100 seed weight and other traits (apart from HI) tended to be high and positive under sole cropping, intermediate under the 2:4 pattern, and low under the 1:1 cropping pattern. Genetic and phenotypic correlations of harvest index with 100 seed weight and fodder weight were negative in both sole and intercrop systems, while for pod weight vs. HI, the genetic correlation was positive under sole and 1:1 cropping patterns but negative under the 2:4 pattern (Table 4). The phenotypic correlations among traits under each of the three cropping patterns have also been graphically presented in Supplementary Figure S1.




3.6. Path Coefficient Analysis


We further examined how the five traits relate causally under specific cropping patterns and across patterns. Path analysis revealed that pod weight, fodder weight, and harvest index had significant and direct effects on grain yield under all the three cropping patterns (Figure 5a–c). These relationships tended to be strong under sole cropping and low under the 1:1 cropping pattern, with the harvest index having higher and more significant coefficients than pod weight and fodder weight. A direct effect of 100 seed weight on grain yield was depicted by low and non-significant path coefficients in all three cropping patterns. When data were pooled across cropping patterns, 100 seed weight, pod weight, fodder weight, and harvest index all depicted positive and significant effects on grain yield, with harvest index and fodder weight having the strongest and the least effects, respectively (Figure 5d). The coefficients for all indirect relationships were not significant in all the cropping patterns or in the combined analysis.




3.7. Adaptation and Stability of Genotypes


The effects of cropping patterns on genotype performance and stability were assessed based on the GGE model. The GGE biplot analysis classified the cropping patterns, revealing the closer relationship between 1:1 and 2:4 cropping patterns compared to sole cropping, as depicted by a smaller vector angle between these two cropping patterns (Figure 6). The biplot vectors for cropping patterns were all projected on principal component 1 (PC1); therefore, all three cropping patterns contributed to PC1, which accounted for 66.59% of the total variation. However, based on the length of the vectors, it was evident that sole cropping accounted for most of this variation, while the 1:1 cropping pattern represented the least variability.



Further analyses dissected the stability of genotypes across and within each cropping pattern (Figure 7). Stability analysis based on grain yield alone revealed that genotype IT17K-1257-1-2 (G21) was the highest-yielding on average and quite stable across the three cropping patterns given that it was projected the furthest on the average environment axis (AEA) with a short perpendicular mark on this axis (Figure 7). Generally, in order of productivity, IT17K-1257-1-2 (G21) was the most productive, followed by IT07K-297-13 (G3), IT16K-1715-3 (G10), and IT17K-870-2-1 (G32), yet IT16K-1715-3 (G10) was the most stable genotype given that it had the shortest perpendicular mark to the AEA. On the other hand, Achishiru (G1), IT17K-1180-4-3 (G19), and MAGIC 158 (G34) were the least productive genotypes in terms of grain yield performance across the three intercropping patterns.



Finally, an examination of the adaptability of genotypes to specific cropping patterns was conducted using the “which-won-where” view of the GGE biplot (Figure 8). Genotype IT07K-297-13 (G3) was positioned at the vertex of the GGE polygon, closest to sole cropping, and it was therefore depicted as the best-performing line under this cropping system. IT17K-1257-1-2 (G21), on the other hand, was positioned at the vertex that projected toward 1:1 and 2:4 cropping patterns and was, therefore, portrayed as the most adapted to the two cropping patterns. Genotypes Achishiru (G1), IT17K-1095-2-2 (G16), and IT17K-1314-4-2 (G22) were clearly projected in the opposite direction to all the three cropping systems and were therefore regarded as less productive under all these cropping systems (Figure 8).





4. Discussion


It is predicted that climate change, such as rising global temperatures and fluctuation in rainfall patterns, will threaten future agricultural productivity [42]. Farming systems and technologies that promote high and stable yields while maintaining biodiversity and minimizing environmental impact need to be promoted [43]. Mixed cropping, especially legume with non-legume species mixtures, has been proposed to achieve higher per area production, profitability, and higher yield stability with fewer external inputs [13,43,44]. It is, however, critical that genotypes that suit specific mixed cropping systems be identified. This has always been a daunting task for breeders given the breeding design complexity for intercropping. In the present study, we evaluated short duration cowpea lines that had reached the advanced yield testing stage under three unique cropping systems, with pearl millet providing the crop mixing complex.



The main effects of genotype, cropping pattern, and year were all significant for the traits tested, yet the interactions among these factors were also highly significant. This suggested that overall, there were sufficient genetic differences among the cowpea lines to warrant selection under these cropping systems. However, the genotype performances were significantly influenced by the cropping patterns and years, revealing the fact that certain genotypes may be suited to specific cropping systems and environments. These results agree with those obtained by [45] in cowpea and [39] in common bean (Phaseolus vulgaris). The primary focus of breeders when searching for genotypes that perform well in the intercropping system is the existence of genotype-by-cropping system interactions [25]. A few earlier studies have indicated the non-existence of such interactions in legume–cereal intercropping [24,46]. However, several other studies have detected significant interactions. For instance, highly significant bean genotype x cropping system interactions have been reported [23,47]. Significant genotype-by-cropping system interactions have been reported to occur in cowpea–cereal cropping systems [20,21,45,48].



The present study further observed that cropping systems significantly affected the mean performance of cowpea genotypes for most of the traits, with 68% and 24% yield reductions under 1:1 and 2:4 cropping patterns, respectively, relative to sole cropping. Overall, productivity was lower under millet–cowpea intercrop than sole cropping for all traits except 100 seed weight. There was, however, a 2% seed weight gain under the two intercropping patterns relative to sole cropping. This could be attributed to the physiological responses to competition in which the cowpea crop would maintain fewer pods and accumulate all the assimilates in the seeds. This would result in increased seed weight per plant, which is reflected in the 100 seed weight trait measurement. Similar results have been reported by different authors [13,45,49,50]. This reduction in traits’ performance under intercropping is attributed to the shading effect, given the morphology of cowpea as a shorter component when intercropped with cereals [12,17]. For instance, in a maize–cowpea intercrop experiment, it was reported that intercropping cowpea with maize reduced the intercepted radiation, fodder yield, and grain yield of cowpea by 59–70%, 39–51%, and 45–62%, respectively [13]. In a wheat–chickpea intercropping experiment, [50] reported an increase in 100 seed weight of chickpea and wheat under intercropping compared to sole cropping. In another study, [51] found that 100 seed weight was significantly increased when wheat was intercropped with a legume. Another report by [52] indicated that the thousand seed weights in mungbean, blackgram, and pigeon pea increased when intercropped with rice.



When we examined genetic variances, heritabilities, and expected genetic advances, it was evident that cropping systems affected responses to selection. This was depicted by the observed tendency for genetic variances and heritabilities of traits to be higher under sole cropping than in the intercropping systems, particularly for grain yield, pod weight, and 100 seed weight, yet the reverse was true for fodder weight and harvest index. These results suggested that selection for grain yield, pod weight, and 100 seed weight was more effective under sole cropping than under intercropping, while fodder weight and harvest index were amenable to selection under intercropping. Similar results were reported by [39] in common bean.



Furthermore, the present study revealed high and positive genetic correlations among cropping patterns, which suggested that genetic improvement under one cropping system would lead to an indirect positive response under another. It has been argued that the genetic correlation between environments can be used to quantify the importance of genotype-by-environment (G × E) interactions [35,53]. That is, as the genetic correlation decreases, the G × E interaction has a stronger influence; hence, different genetic systems become more important for adaptation in the two environments. In the present case, our results on genetic correlations between cropping systems offer an opportunity for indirect selection by making inferences from a single cropping system. This outcome suits the breeding approach at IITA, where line development and initial testing are performed under sole cropping before evaluating them in intercropping. In a review article by [54], it was argued that if traits can be identified that are observable under monoculture, which has a strong genetic correlation, indirect selection for intercropping performance based on monoculture data may be efficient. Furthermore, when the heritability of the trait is larger in a sole cropping system than in an intercropped system, indirect selection can be more effective than direct selection [54,55,56,57].



Regarding relationships among traits, this study found that cropping patterns affected genetic correlations among traits, with correlations being stronger and positive under sole cropping compared to the intercrops, especially under a 1:1 cropping pattern. These results are consistent with the observed higher magnitude of variances under the sole than in the intercrops (Table 2). This is because genetic correlations are computed from genetic variances (i.e., the ratio of genetic covariance between two traits to the product of their genetic variances). In common bean, [39] reported a positive genetic correlation between the number of pods and grain yield in the sole crop but observed a negative correlation in the intercrop; they attributed this outcome to competition. In the present study, a significant genetic correlation was obtained between grain yield and harvest index in a 1:1 cropping pattern, while low and negative correlations were registered in sole and 2:4 cropping patterns (Table 4). This outcome agrees with that of [39] in common bean. The positive correlation between grain yield and harvest index under a 1:1 cropping pattern suggests that HI may be of value as a selection criterion for improving yield in this type of cropping system. Genetic correlations are a measure of genetic factors shared between two traits [36]. According to [58], when two traits are highly genetically correlated, the genes that contribute to the traits are usually co-inherited; as such, genetic correlations contribute to understanding the development and pathways of traits, population-level gene flow, and the co-occurrences of traits.



Results of a path analysis revealed that the harvest index had the strongest positive and significant direct effect on grain yield in all three cropping systems investigated. The effect was, however, lower under the 1:1 cropping pattern compared to 2:4 and sole cropping systems. Based on pooled data, seed weight had the second largest direct effect on grain yield, followed by pod weight and, lastly, fodder weight. Our result is similar to that of [39], although, in their study, seed weight appeared to be the major trait that contributed to yield component compensation, followed by the number of pods per plant.



This study further elucidated the genotype discrimination power of the cropping systems and adaptations using grain yield data alone. According to [59], a GGE biplot based on environment-centered data can be used for test environment evaluation. In this study, the GGE concept was exploited to evaluate the cropping systems. Although the cropping systems appeared to be positively correlated, they differed in their ability to discriminate among genotypes. A 1:1 cropping pattern had the shortest vector length, meaning that it had a small standard deviation (SD), and, therefore, it was less discriminating of the genotypes. In contrast, sole and 2:4 cropping patterns have longer vectors and larger SD; hence, they were more discriminating of the genotypes. The reduction in discrimination power of the 1:1 cropping system must have been a result of more severe stress generated by intense shading and competition with the pearl millet. It has been observed that expression of traits in stressful environments often exhibits low genetic variation [60,61]. In such scenarios, it is advised that selection be based on alternative traits with high heritability and strong correlation with main traits in stressed environments. In the present study, harvest index would be the trait of choice because it displayed high heritability and significant genetic correlation with grain yield in the 1:1 cropping system (Table 2 and Table 4).



In terms of stability, this study used the Mean vs. Instability form of the GGE biplot [59] to extract genotypes combining high-yield performance with broad adaptation to cropping systems. Genotypes IT17K-1257-1-2, IT07K-297-13, IT16K-1715-3, and IT17K-870-2-1, in that order, had yield performances above the average environment, implying that they were the most productive. Expectedly, the least productive genotype was Achishiru, an extra early maturing landrace with a very small seed size. By examining the perpendicular projections of genotypes away from the AEA, IT16K-1715-3 and IT17K-1257-1-2 were the most stable because they were closer to the AEA. These genotypes, therefore, contributed the least to genotype–cropping pattern interaction. On the other hand, IT17K-1095-2-2 and IT17K-1314-4-2 were projected the furthest away from AEA; hence, they contributed more to genotype-by-cropping pattern interaction and were therefore the most unstable genotypes. Interestingly, while dissecting the “which-won-where” view of the GGE biplot, the same genotypes (IT17K-1095-2-2 and IT17K-1314-4-2), including Achishiru, were found on the polygon vertices in sectors that excluded all three cropping patterns. This implied that these genotypes were inferior in yield performance under these cropping systems. On the other hand, IT07K-297-13, a released variety that was included as a check in this study, was the winning genotype in sole cropping, while one test genotype, IT17K-1257-1-2, was the winner in both 1:1 and 2:4 cropping systems. Previous reports have indicated that the types of cowpea varieties that are suitable for intercropping are late maturing and spreading [17,26]. These authors identified IITA cowpea varieties, such as IT86KD-715 and IT89KD-374, which have spreading growth habits, as having high intercropped yields. A local landrace Dan’Ila, with spreading growth habit, was identified as having high intercrop adaptability but poor yield potential; in the present study, it gave poor yield in both sole and intercrop systems.




5. Conclusions


The primary focus of breeders seeking genotypes suitable for intercropping is to identify those that exhibit interactions between the genotype and the cropping system. Our study demonstrated that short duration cowpea genotypes displayed significant interactions with cropping systems in terms of grain yield and other traits assessed. In addition, we found strong positive genetic correlations among cropping systems and traits within cropping systems, indicating that indirect selection may be feasible. However, cropping systems had a substantial impact on genetic variances, heritability, and response to selection. Selection was more effective under sole cropping than in the intercrop for all traits except harvest index, which had a high expected genetic gain in the intercrop. The harvest index could potentially be employed for indirect selection for grain yield under the intercropping system, as it was positively correlated with grain yield in this system. Lastly, this study utilized genotype-by-cropping system interactions to identify cowpea genotypes that were specifically adapted to a specific cropping system, as well as those that were stable across all cropping systems. The genotypes IT17K-1257-1-2, IT16K-1715-3, and IT17K-870-2-1 were the most stable and would be recommended for cultivation in different cropping systems.
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Figure 1. The breeding scheme depicting a cowpea short duration pipeline and highlighting the phase at which intercrop testing is integrated. 
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Figure 2. Hypothetical path diagram for the direct effects and association of yield and related traits in cowpea (Vignaunguiculata). 
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Figure 3. Mean comparisons among the three cropping patterns for five cowpea traits: (a) grain yield (GY), (b) pod weight (Pdwt), (c) 100 seed weight (Hsdwt), (d) fodder weight (Fdwt), and (e) harvest index (HI). On the x-axes, “Sole” refers to sole cropping; “1:1” refers to 1 row of millet to 1 row of cowpea; “2:4” refers to 2 rows of millet to 4 rows of cowpea. In each plot, lines with the same color or the same letter are not significantly different from each other. The circles on the lines indicate the mean of each cropping pattern. The alignments of cropping patterns on the graph are in descending order, starting with the cropping patterns that have the highest mean. 
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Figure 4. Yield performance of genotypes under specific cropping patterns based on the BLUPs model: (a) sole cropping, (b) 1:1 cropping pattern, (c) 2:4 cropping pattern, and (d) overall performance across patterns and years. Vertical dashed lines indicate the mean values; the red and blue dots represent genotype performance above and below the means, respectively. 
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Figure 5. Output path diagram illustrating the relationships among traits under specific cropping patterns: (a) sole cropping, (b) 1:1 cropping pattern, (c) 2:4 cropping pattern, and (d) pooled data across patterns. ***, ** and * refer to statistical significance at the probability levels of 0.001, 0.01 and 0.05, respectively. 
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Figure 6. GGE biplot depicting the relationships between the three cropping patterns (sole, 1:1 (P_1_1), and 2:4 (P_2_4)) and their contributions to observed variations, with components 1 and 2 explaining 90.32% of the total variation using Column Metric Preserving SVP and environment-centred (G + GE) and no scaling. The legend “Env” represents the cropping patterns that were considered as environments in this analysis, while “Gen” refers to genotypes. 






Figure 6. GGE biplot depicting the relationships between the three cropping patterns (sole, 1:1 (P_1_1), and 2:4 (P_2_4)) and their contributions to observed variations, with components 1 and 2 explaining 90.32% of the total variation using Column Metric Preserving SVP and environment-centred (G + GE) and no scaling. The legend “Env” represents the cropping patterns that were considered as environments in this analysis, while “Gen” refers to genotypes.



[image: Agronomy 13 01594 g006]







[image: Agronomy 13 01594 g007 550] 





Figure 7. GGE biplot showing grain yield stability of genotypes across three cropping patterns (sole, 1:1 (P_1_1), and 2:4 (P_2_4)), with components 1 and 2 explaining 90.32% of the total variation using Column Metric Preserving SVP and environment-centred (G + GE) and no scaling. The green line with an arrow mark on it is the average environment coordinate (AEC). Genotypes extending beyond the arrow mark on AEC are the most productive. The length of the dotted lines that are perpendicular to the AEC and projecting to each genotype daepicts the instability of the genotypes (short = stable, long = unstable). 
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Figure 8. GGE biplot portraying adaptation of cowpea genotypes to each of the three cropping patterns (sole, 1:1 (P_1_1), and 2:4 (P_2_4)), with components 1 and 2 explaining 90.32% of the total variation using Column Metric Preserving SVP and environment-centred (G + GE) and no scaling. Black dots at the vertex of the polygon depict genotypes that are adapted to the closest cropping pattern in that quadrant. The legend “Env” represents the cropping patterns that were considered as environments in this analysis, while “Gen” refers to genotypes. 
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Table 1. Mean squares from split-plot analysis of variance for thirty-five cowpea genotypes planted under three cropping patterns across two years.
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Source of Variation

	
Df

	
MS

	
Den.df




	
Pdwt a

	
GY b

	
Fdwt c

	
Hsdwt d

	
HI e






	
Year (Y)

	
1

	
187,976,331 ***

	
94,495,477 **

	
2,576,623 **

	
341.89 *

	
36143 **

	
Y/Rep




	
Y/Rep

	
2

	
92,604

	
188,380 ns

	
19,411 ns

	
10.90

	
159

	
Pooled error (a)




	
Pattern (P)

	
2

	
48,892,462 ***

	
24,942,335 ***

	
12437044 **

	
6.29

	
2717 *

	
Pooled error (a)




	
P × Y

	
2

	
15,375,111 **

	
8,003,522 **

	
2,911,634 *

	
23.72

	
852

	
Pooled error (a)




	
Pooled error (a)

	
4

	
461,656

	
272,015

	
258,384

	
4.38

	
278

	




	
Genotype (G)

	
34

	
718,325 ***

	
345,532 ***

	
1,676,127 ***

	
81.96 ***

	
301 ***

	
Pooled error (b)




	
G × Y

	
34

	
383,060 ***

	
169,757 ***

	
422,733 ***

	
3.52 ***

	
117 ***

	
Pooled error (b)




	
G × P

	
68

	
245,121 **

	
110,555 **

	
281,291 **

	
1.74 *

	
42

	
Pooled error (b)




	
G × P × Y

	
67

	
199,054

	
82,951

	
203,459

	
1.54

	
49

	
Pooled error (b)




	
Pooled error (b)

	
191

	
157,884

	
65,430

	
172,784

	
1.18

	
37

	








***, **, and * refer to significance levels at the probability of 0.001, 0.01, and 0.05, respectively; ns = not significant; a, b, c, d, and e refer to pod weight, grain yield, fodder weight, the weight of 100 seeds, and harvest index, respectively; Df = degrees of freedom; Den.df = denominator degree of freedom for the F-test.
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Table 2. Variance components, heritability, and expected genetic advance for five traits under three different cropping systems.
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Trait

	
Pattern

	
H

	
σ2G

	
σ2GP

	
σ2GY

	
σ2GPY

	
σ2e

	
µ

	
LSD

	
CV (%)

	
GA

	
GAM (%)






	
GY

	
Sole

	
0.66

	
58,504.85 ***

	

	
17,940.35

	

	
83,116.71

	
1222.51

	
419.07

	
23.58

	
345.62

	
28.27




	
1:1

	
0.18

	
2626.50

	

	
6295.46

	

	
36,664.47

	
392.51

	
134.59

	
48.78

	
37.71

	
9.61




	
2:4

	
0.01

	
573.07

	

	
55,105.39

	

	
72,908.14

	
920.34

	
628.35

	
29.34

	
4.20

	
0.46




	
Combined

	
0.47

	
14,513.00 ***

	
6163.00

	
15,249.00

	
8489.00

	
65,430.00

	
867.98

	
59.46

	
29.47

	
144.52

	
16.65




	
Podwt

	
Sole

	
0.63

	
108,953.86 ***

	

	
46,326.12

	

	
159,507.30

	
1707.60

	
593.96

	
23.39

	
461.07

	
27.00




	
1:1

	
0.22

	
5985.10

	

	
5663.44

	

	
71,222.39

	
555.37

	
197.31

	
48.05

	
64.38

	
11.59




	
2:4

	
0.00

	
29.66

	

	
121,183.25

	

	
235,012.00

	
1302.57

	
1004.75

	
36.94

	
0.15

	
0.01




	
Combined

	
0.44

	
27,785.00 ***

	
9994.00

	
31,345.00

	
23,078.00

	
157,884.00

	
1217.59

	
92.37

	
32.63

	
193.07

	
15.86




	
Hsdwt

	
Sole

	
0.94

	
6.85 ***

	

	
0.58

	

	
0.74

	
16.86

	
2.23

	
5.10

	
4.44

	
26.35




	
1:1

	
0.89

	
6.44 ***

	

	
0.69

	

	
1.76

	
17.17

	
2.56

	
7.73

	
4.21

	
24.50




	
2:4

	
0.94

	
7.14 ***

	

	
0.30

	

	
1.08

	
17.30

	
1.89

	
6.01

	
4.55

	
26.28




	
Combined

	
0.96

	
6.80 ***

	
0.06

	
0.36

	
0.08

	
1.20

	
17.10

	
0.25

	
6.35

	
4.48

	
26.17




	
Fdwt

	
Sole

	
0.58

	
105,716.36 **

	

	
84,650.55

	

	
135,843.93

	
1207.86

	
619.16

	
30.51

	
434.89

	
36.01




	
1:1

	
0.65

	
50,873.04 ***

	

	
0.00

	

	
109,030.39

	
671.41

	
389.94

	
49.18

	
319.41

	
47.57




	
2:4

	
0.68

	
213,137.43 ***

	

	
70,804.09

	

	
260,766.84

	
1165.40

	
919.58

	
43.82

	
668.13

	
57.33




	
Combined

	
0.71

	
101,500.00 ***

	
19,490.00

	
36,220.00

	
17,840.00

	
172,784.00

	
1024.11

	
96.62

	
40.59

	
470.27

	
45.92




	
HI

	
Sole

	
0.27

	
5.93

	

	
17.13

	

	
30.47

	
39.57

	
6.04

	
13.95

	
2.21

	
5.59




	
1:1

	
0.71

	
30.75 ***

	

	
5.20

	

	
40.69

	
30.65

	
9.11

	
20.82

	
8.18

	
26.70




	
2:4

	
0.36

	
13.79

	

	
28.35

	

	
40.74

	
34.97

	
14.54

	
18.25

	
3.91

	
11.18




	
Combined

	
0.66

	
18.31 ***

	
0.00

	
12.27

	
1.25

	
37.00

	
35.50

	
1.41

	
17.04

	
6.10

	
17.19








GY = grain yield (Kg/ha); podwt = pod weight (Kg/ha); Hsdwt = the weight of 100 seeds (g); Fdwt = fodder weight (Kg/ha); HI = harvest index (%); H = broad-sense heritability; σ2G = genetic variance component; σ2GP = variance component due to genotype x cropping pattern interaction; σ2GY = variance component due to genotype x year interaction; σ2GPY = variance component due to genotype-by-cropping pattern-by-year interactions; σ2e = error variance component; µ = grand mean; LSD = least significant difference; CV = coefficient of variation; GA = expected genetic advance; GAM = expected genetic advance as a percentage of mean. ***, and ** refer to statistical significance at the probability levels of 0.001 and 0.01respec-tively.
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Table 3. Genetic and phenotypic correlations among cropping patterns based on grain yield (GY), pod weight (Pdwt), 100 seed weight (Hsdwt), fodder weight (Fdwt), and harvest index (HI).
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Trait

	

	
Sole vs. 1:1

	
Sole vs. 2:4

	
1:1 vs. 2:4






	
GY

	
rg

	
1.00 **

	
1.00 **

	
1.00 **




	
rp

	
0.37 *

	
0.40 *

	
0.42 **




	
Podwt

	
rg

	
0.90

	
1.00 **

	
1.00 **




	
rp

	
0.29

	
0.47 **

	
0.34 *




	
Hsdwt

	
rg

	
0.99

	
1.00 **

	
1.00 **




	
rp

	
0.88 ***

	
0.94 ***

	
0.91 ***




	
Fdwt

	
rg

	
1.00 **

	
1.00 **

	
1.00 **




	
rp

	
0.62 ***

	
0.70 ***

	
0.66 ***




	
HI

	
rg

	
1.00 **

	
1.00 **

	
1.00 **




	
rp

	
0.69 ***

	
0.69 ***

	
0.65 ***








rg = genetic correlation; rp = phenotypic correlation; GY = grain yield; podwt = pod weight; Hsdwt = 100 seed weight; Fdwt = fodder weight; HI = harvest index; Sole = sole cowpea; 1:1 = 1 row of millet to 1 row of cowpea; 2:4 = 2 rows of millet to 4 rows of cowpea; ***, **, and * refer to statistical significance at the probability levels of 0.001, 0.01, and 0.05, respectively.
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Table 4. Genetic and phenotypic correlations among five traits under sole, 1:1, and 2:4 cropping patterns.
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Sole

	
1:1

	
2:4




	
Trait

	
rg

	
rp

	
rg

	
rp

	
rg

	
rp






	
GY vs. Podwt

	
1.00 ***

	
0.95 ***

	
0.93 ***

	
0.98 ***

	
0.96 ***

	
0.86 ***




	
GY vs. Fdwt

	
0.72 ***

	
0.63 ***

	
0.18

	
0.36 *

	
0.79 ***

	
0.54 ***




	
GY vs. Hsdwt

	
0.57 ***

	
0.33

	
0.28

	
0.04

	
0.61 ***

	
0.09




	
GY vs. HI

	
0.32

	
0.15

	
0.5 **

	
0.28

	
−0.19

	
−0.09




	
Hsdwt vs. Podwt

	
0.5 **

	
0.26

	
0.42 **

	
0.01

	
0.42 **

	
−0.02




	
Hsdwt vs. Fdwt

	
0.67 ***

	
0.62 ***

	
0.42 **

	
0.33 *

	
0.53 ***

	
0.42 **




	
Hsdwt vs. HI

	
−0.21

	
−0.41 **

	
−0.25

	
−0.17

	
−0.18

	
−0.44 **




	
Podwt vs. Fdwt

	
0.78 ***

	
0.65 ***

	
0.33 *

	
0.39 *

	
0.84 ***

	
0.54 ***




	
Podwt vs. HI

	
0.23

	
0.03

	
0.41 *

	
0.19

	
−0.45 **

	
−0.27




	
Fdwt vs. HI

	
−0.49 **

	
−0.59 ***

	
−0.84 ***

	
−0.70 ***

	
−0.81 ***

	
−0.77 ***








rg = genetic correlation; rp = phenotypic correlation; GY = grain yield; podwt = pod weight; Hsdwt = 100 seed weight; Fdwt = fodder weight; HI = harvest index; Sole = sole cowpea; 1:1 = 1 row of millet to 1 row of cowpea; 2:4 = 2 rows of millet to 4 rows of cowpea; ***, **, and * refer to statistical significance at the probability levels of 0.001, 0.01, and 0.05, respectively.
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