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Abstract
The challenge of decreasing maize yields in Kenya and Sub Saharan Africa due to biotic and abiotic stresses is further compounded by limited supply of improved hybrid varieties. This study aimed to evaluate the hybrid performance, heritability and examine phenotypic correlations between grain yield and yield-related traits in yellow maize inbred lines in Western Kenya. One hundred and thirty F1 testcrosses produced using a line-by-tester mating design of two line testers on 65 yellow lines were evaluated across three locations using a 7×19 alpha lattice with two replications. Phenotypic data on grain yield and yield related traits were used to compute best linear unbiased estimates of means and variance components in META-R while R package ‘corrplot’ computed phenotypic correlations.  
Significant (p=0.001) genotypic and genotype-by-environment variances were observed for grain yield and related traits, except for plant height which did not show significant genotypic variance. With a trial mean of 9T/Ha and an LSD0.05 1.7, the testcross L45×TA produced the highest grain yield across sites at 12.4T/Ha. Studied traits showed high heritability across sites, with the exception of the Northern leaf blight, which had moderate heritability (46%). Significant phenotypic correlations were found between traits, with ear height showing the highest positive correlation with grain yield (r = 0.67, p=0.001).  
With higher genotypic variance than genotype-by-environment interaction variance, high heritability for grain yield and related traits and significant correlations between them, this germplasm offers opportunities for both direct and indirect selection in maize breeding programs aimed at yield improvement since most of the measured traits are largely dependent on the genetic value of the germplasm.  
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1. Introduction
Maize (Zea mays L.) plays a crucial role in food, feed, and fodder systems in sub-Saharan Africa (SSA), contributing significantly to the livelihoods of rural families where it accounts for up to 80% of household income (Prasanna et al., 2020, 2021;FAOSTAT 2024). In Kenya, maize serves as a primary staple food, providing nearly one-third of the daily calorie intake for the population with approximately 56% of farmed land in Kenya dedicated to maize cultivation (Mang'eni, 2022). The physical characteristics of maize kernels, including colour, texture, sugar, oil, and protein content, can vary significantly between different varieties, (Awoyinka, 2014). Through intentional selection and hybridization efforts, the genetic composition of domesticated maize has improved tremendously, with enhanced environmental adaptation, pest and disease resistance, and nutritional value besides increasing yields.
In Kenya and the broader SSA region, yellow maize has become increasingly important for meeting cereal requirements (VIB, 2017). This growing demand for yellow maize has prompted efforts to raise awareness about its nutritional benefits in human consumption as well as in animal feeds and fodder. To address the rising input costs of animal feed production, the Kenyan Ministry of Agriculture authorized the importation of 350,000 metric tons of yellow maize duty-free for one year, beginning in late 2022 (Business Daily Africa, December 2022). This policy aimed to reduce pressure on white maize, which is predominantly used for food. Additionally, there were suggestions for promotion of contract regional growing of yellow maize, which would reduce feed costs and eliminate the need for expensive imports (Business Daily Africa, December 2022).
Yellow maize is a valuable source of essential vitamins, including pro-vitamin-A carotenoids and vitamin-E, making it a potentially important nutrient source for populations with limited dietary diversity (Nuss & Tanumihardjo, 2010; Mangelsdorf & Bramley, 2004). However, despite its recognized nutritional benefits, there is still need for in-depth public awareness campaigns in Kenya to enhance consumer knowledge and foster greater adoption of yellow maize. A study by De Groute & Kimenju (2012) found that consumers in urban Kenya prefer white maize to yellow maize, primarily due to its organoleptic qualities, and show less interest in bio-fortified varieties.
Maize production in Kenya faces challenges similar to those encountered across SSA, including reduced arable land due to population growth, as well as biotic and abiotic stresses such as nitrogen deficiency, climatic changes, salinity, emerging diseases, and pests (Ntshangase et al., 2018, Gebrechorkos et al., 2019; Nhemachena et al.,2020; Niang et al., 2021). Consequently, developing highly productive and adaptable maize varieties has become a key focus of maize breeders in the region. 
According to Kempthorne (1957), the line-by-tester design offers a statistically robust framework for estimating both general and specific combining abilities, particularly effective when handling a high number of genotypes. For this mating design, a set of inbred lines (X) and testers (Y) are hybridized in a one-to-one scheme, resulting in X×Y = XY hybrids (Ndung'u, 2021).
As with other crop breeders, maize breeders must select genotypes that exhibit strong performance across different environmental conditions. This is achieved through multi-environment trials (METs), which assess genotypes in various locations and years under different management conditions, such as low nitrogen, water stress, or under standard conditions (Alvarado et al., 2020). METs help identify repeatable genotypic performance and reveal genotype-by-environment interactions. Oehlert, (2010) asserts that effective design of METs is very crucial for controlling plot-to-plot variability and for capturing the true potential test genotypes. 
Knight (1948) described heritability as the fraction of observed variance attributed to genetic variation while Lourenco et al. (2017) described it as the extent to which a phenotype is determined by its genetics. For breeders, information on heritability of key breeding traits is essential as it facilitates genetic gain, accelerates breeding programs, and supports the development of improved maize varieties that have the potential to address both farmer and consumer needs. Broad-sense heritability (H2) accounts for the total genetic variation, including additive, dominant, and epistatic effects (Holland et al., 2003; Falconer & Mackay, 2005; Schmidt et al., 2019). Broad-sense heritability calculations are used to assess the repeatability of traits across environments (Cooper & Delacy, 1994).
2. Materials and methods
2.1 Germplasm
A set of 65 yellow maize inbred lines (Table 1) sourced from CIMMYT for the tropical maize production agro-ecologies were used in this study. These lines; a subset from a sixth selfing progeny (S6) involving continuous selection for germplasm improvement for tropical adaptation were introduced into a yellow maize hybrid development for the mid altitude ecologies of Kenya. During the short rain season of 2022 at the KARLO-Kibos station, located at latitude 0°2' S and longitude 34°48' E, at 1193 masl; the lines were crossed in two separate nurseries to two line testers: Tester A (CML 486) from heterotic group A and Tester B (CML 451) from heterotic group B. This was done using a line-by-tester design, where X (lines) × Y (testers) = XY (hybrids), to generate F1 hybrids.
Both testers are of known combining abilities and adaptation to mid-altitude ecologies of East and Southern Africa. Tester CML 486 is an intermediate maturity with a soft dent kernel while CML 451 is a late maturing inbred line with a soft flint kernel. The line testers have moderate tolerance to common foliar diseases and have high general combining ability in target ecologies (CIMMYT, 2005).
[bookmark: _Toc193640826]The isolated crossing nursery blocks consisted of single row plots of 4m long and 0.2m in between hills with 4 plots of female rows and 1 male row (Tester) in between as a pollinator where all female rows were detaseled at flowering. At harvest all ears from individual female plots were harvested separately, dried, shelled, and labelled them appropriately. The study used the resulting 130 F1 hybrids along with three check varieties, in the multi-environment testing (Supplementary Table 1).






































Table 1. Yellow maize inbred lines, testers and checks used in the study
	Line
	Pedigree
	Line
	Pedigree
	Line
	Pedigree

	L1
	YM21-100-B
	L25
	YM21-1-B
	L49
	YM21-50-B

	L2
	YM21-112-B
	L26
	YM21-202-B
	L50
	YM21-52-B

	L3
	YM21-116-B
	L27
	YM21-203-B
	L51
	YM21-54-B

	L4
	YM21-118-B
	L28
	YM21-211-B
	L52
	YM21-5-B

	L5
	YM21-123-B
	L29
	YM21-213-B
	L53
	YM21-61-B

	L6
	YM21-124-B
	L30
	YM21-223-B
	L54
	YM21-62-B

	L7
	YM21-129-B
	L31
	YM21-228-B
	L55
	YM21-68-B

	L8
	YM21-12-B
	L32
	YM21-22-B
	L56
	YM21-69-B

	L9
	YM21-131-B
	L33
	YM21-231-B
	L57
	YM21-73-B

	L10
	YM21-136-B
	L34
	YM21-234-B
	L58
	YM21-81-B

	L11
	YM21-140-B
	L35
	YM21-249-B
	L59
	YM21-85-B

	L12
	YM21-155-B
	L36
	YM21-256-B
	L60
	YM21-91-B

	L13
	YM21-157-B
	L37
	YM21-257-B
	L61
	YM21-92-B

	L14
	YM21-166-B
	L38
	YM21-258-B
	L62
	YM21-95-B

	L15
	YM21-167-B
	L39
	YM21-265-B
	L63
	YM21-97-B

	L16
	YM21-168-B
	L40
	YM21-267-B
	L64
	YM22-15

	L17
	YM21-16-B
	L41
	YM21-26-B
	L65
	YM22-3

	L18
	YM21-172-B
	L42
	YM21-288-B
	Check1
	YM020-5×TA

	L19
	YM21-17-B
	L43
	YM21-297-B
	Check2
	YM020-9×TA

	L20
	YM21-186-B
	L44
	YM21-36-B
	Check3
	WY21

	L21
	YM21-187-B
	L45
	YM21-3-B
	TESTER-A
	CML486

	L22
	YM21-18-B
	L46
	YM21-42-B
	TESTER-B
	CML451

	L23
	YM21-190-B
	L47
	YM21-47-B
	
	

	L24
	YM21-198-B
	L48
	YM21-48-B
	
	


L1; Line 1, L2; Line 2….L65; Line 65.
2.2 Experimental sites, design and field management
The field evaluation of F1 testcrosses was conducted during the main season of 2023 across two mid-altitude and one highland agro-ecological zone in Kenya, specifically in Kakamega (Shikusa GK prison), Bungoma (Mabanga Farmers training centre), and Trans-nzoia (Chorlim farm) counties, as outlined in Table 2.
Table 2. Description of the agro ecological zones in the study sites.
	
Site
	
Longitude
	
Latitude
	
Annual rainfall (mm)
	
Annual temperature (℃)
	
Soil type

	Chorlim
	1.031308
	34.845914
	1200
	21-35
	Rhodic, Ferrasols

	Mabanga
	0.601603
	34.626247
	1100
	19 -32
	Ferrasols

	Shikusa
	0.322908
	34.812136
	1600
	21- 33
	Orthic acrisols



One hundred and thirty F1 hybrids, generated by crossing 65 yellow maize inbred lines with two line testers, along with three yellow maize check varieties, were randomized into a (7×19) alpha (0, 1) design (Paterson and Williams, 1976). This design was implemented using the Field Book software (Banziger et al., 2020) in the IMIS Central Database for Maize V5.4.001.
Before the onset of the rains in the long rain season of 2023, all the trial fields were ploughed followed by disc harrowing to bring them to a fine tilth. In each field, an almost uniformly looking area with minimal variation in slope and soil type was selected and  marked out with pegs to clearly show the arrangement of the plots, blocks and replications according to the (7×19) α-lattice design. Each experimental plot consisted of single rows measuring 5m long, with 0.75m between the rows and 0.25 m in between hills respectively. At the onset of the rains, for each plot two seeds were be sown per hill then thinned to one plant per hill upon germination and crop establishment at two weeks after planting to give a working plant population of 53,333 plants per hectare. Two border rows planted along each side of the trial provided necessary protection of the trial from external intrusions as well as providing adequate competition for the border plants in the trial.
Di-ammonium phosphate (DAP) and calcium ammonium nitrate (CAN)  were used as basal fertiliser at planting and topdressing fertiliser respectively to supply a total of 19Kg of potassium, 28Kg of phosphates and 82Kg of nitrogen per hectare, (KEPHIS, 2020). Other cultural practices including weed and pest management were performed throughout the entire growing season to ensure weed and pest free trial fields.
2.3 Phenotypic data collection.
Phenotypic data on grain yield and yield-related traits were collected in the trials throughout the growing season up-to harvest, following procedures described by Badu-Apraku et al. (2012). Anthesis date (AD) was the number of days from planting to 50% pollen shed per plot. Ear height (EH) and plant height (PH) from five representative plants per plot. Ear rot (ER) was calculated as the percentage of ears affected by ear rots at harvest while husk cover (HC) was the percentage of ears with loose or open husks tips. Plant aspect (PA) and ear aspect (EA) were scored on a 1–5 visual scale based on plant and ear appearance, respectively. Northern leaf blight (NLB) and Grey leaf spot (GLS) were rated visually on a 1–5 scale based on the extent and severity of disease symptoms. 
Grain yield (GY) (t/ha) was obtained by adjusting field weight of the total ears per plot using the moisture content of the plot to give the plot’s grain yield in tons per hectare using the formula;
                  
Where: FW=weight of all cobs per plot (in Kg), MOI=grain moisture content (in percentage), A= the plot's net area, calculated as [number of hills × spacing between hills (m) × spacing between rows (m)], and P= shelling percentage of 80% if cobs were to be shelled. 
2.4 Data analysis
Estimation of variance components, best linear unbiased estimates (BLUEs) and broad sense heritability was executed using META-R (Multi-Environment Trial Analysis with R) Version 6.0 (Alvarado et al., 2015). This utilised the linear models developed in the lmer function from the lme4 package in R by applying the REML (Restricted Maximum Likelihood) method.
The model used for across environments lattice design analysis:
()
Where the trait of interest; µ was the mean effect and  was the effect of the ith replicatewas the effect of the jth incomplete block within the ith replicate,  was the effect of the kth genotype;  was the error associated with the ith replication, jth incomplete block and the kth genotype.  and are the effects of the ith environment and the environment by genotype interaction, respectively. This assumed that the data to was normally and independently distributed with mean zero and homoscedastic variance  (Alvarado et al, 2020).
The following formula was used to compute broad sense heritability across sites:
=
Where  and  represents the components of genotype and error variance, respectively, nreps are the total number of replicates, was the variance component resulting from the genotype by environment interaction and nEnvs was the number of environments included  in the analysis (Alvarado et al., 2020). 
 Variability comparisons between genotypes were made using the least squared differences (LSD) at a 5% confidence level whereas broad-sense heritability (H2) for the different traits was calculated as the ratio of the estimated genotypic variance to the estimated phenotypic variance (Knapp et al., 1985; Liu et al., 2016). The formula below was used to find the coefficient of variation.

Simple Pearson correlations were used to identify phenotypic relationships between traits (Pearson, K. 1920). BLUEs from individual and across sites were used to compute the phenotypic correlation matrices with assigned significance levels using the R package ‘corrplot’, (Wei & Simko, 2024).

3. Results
3.1 Hybrid performance and heritability across the three testing locations.
All studied traits showed highly significant (p=0.001) genotypic variance whereas G×E variance was significant (p=0.05) for all traits except plant height which did not show significant differences (Table 3). Chorlim had the highest means for grain yield whereas Shikusa had the lowest means for the same. Across all the sites mean analysis for grain yield ranged between 2.8T/Ha and 12.4T/Ha with an across sites mean of 9.0/Ha (Table 3). The test cross L45×TA had the highest mean for grain yield across the study locations at 12.4T/Ha (Table 4 and Supplementary Table 2). Hybrids in the study flowered earliest at Mabanga then Shikusa and latest at Chorlim (Fig.1). Across the sites days to 50% anthesis ranged between 69 days and 80 days with an across site mean for days to 50% anthesis of 74 days (Table 3).
Plant height and ear height of the test hybrids varied significantly across the testing locations, with the highest mean values recorded at Chorlim and the lowest at Mabanga (Fig. 1). Across sites, plant height averaged 236.2 cm, ranging from 176.5 cm (shortest) to 267.5 cm (tallest). Ear height ranged from 69.7 cm to 142.8 cm, with a mean of 110.5 cm across locations.
Husk cover and ear rot also recorded their highest mean values at Chorlim. The lowest mean for husk cover was observed at Shikusa, while Mabanga had the lowest mean for ear rot (Fig. 1).
Foliar disease severity scores, measured on a 1–5 scale, showed that Grey Leaf Spot (GLS) ranged from 1.84 to 4.7 with an overall mean of 2.70, while Northern Leaf Blight (NLB) ranged from 2.0 to 3.5 with a mean of 2.59 across sites.
Means for ear aspect and plant aspect for the hybrids across the testing sites were 2.62 and 2.61 respectively (Table 3).

















Table 3. Summary statistics, variance component estimates, and heritability for grain yield, and related agronomic traits across sites
	Trait
	Mean
	Range
	
	
	
	H2
	LSD0.05
	CV

	GY
	9.0
	2.8-12.4
	2.5***
	0.5***
	1.4
	0.86
	1.7
	13.1

	AD
	74
	69-80
	4.6***
	0.8***
	1.8
	0.89
	2.1
	1.8

	PH
	236.2
	176.5-267.5
	220.2***
	7.0
	64.7
	0.94
	10.4
	3.4

	EH
	110.5
	69.7-142.8
	166.1***
	9.5**
	48.8
	0.94
	9.7
	6.3

	HC
	26.5
	0-89.5
	486.2***
	115.5***
	271.1
	0.85
	23.6
	62.1

	ER
	7.6
	0-32.2
	27.7***
	15.6***
	37.8
	0.71
	8.1
	81.1

	GLS
	2.7
	1.8-4.7
	0.3***
	0.1*
	0.3
	0.83
	0.7
	20.4

	NLB
	2.6
	2-3.5
	0.03***
	0.04***
	0.2
	0.41
	0.4
	16.3

	EA
	2.6
	2.1-3.7
	0.08***
	0.04***
	0.1
	0.74
	0.41
	11.7

	PA
	2.6
	2-3.6
	0.05***
	0.01*
	0.1
	0.67
	0.4
	12.9



*, **, ***: Significant at p=0.05, p=0.01, and p=0.001 respectively. GY, grain yield (T/Ha); AD, days to 50% anthesis; PH, plant height (cm); EH, ear height (cm); HC, husk over; ER, ear rot; GLS, Grey leaf spot; NLB, northern leaf blight; EA, ear aspect; PA, plant aspect; ,genetic variance, GxE variance,  residual variance,H2, Heritability, LSD0.05, least significant difference; CV, coefficient of variation.
	Table 4. Mean hybrid performance of the best and least 5 testcrosses and checks for grain yield and yield-related traits across locations

	Entry
	Testcross
	GY
	AD
	PH
	EH
	HC
	ER
	GLS
	NLB
	EA
	PA

	89
	L45×TA
	12.4
	74
	259.4
	125.8
	48.5
	5.1
	1.9
	2.4
	2.3
	2.7

	93
	L47×TA
	11.2
	74
	249.0
	142.8
	70.6
	1.5
	2.3
	2.3
	2.7
	2.7

	70
	L35×TB
	11.0
	79
	250.9
	126.9
	2.0
	5.3
	2.2
	2.3
	2.1
	2.0

	69
	L35×TA
	10.9
	76
	261.2
	140.7
	20.4
	9.2
	2.1
	2.2
	2.3
	2.4

	67
	L34×TA
	10.9
	73
	248.9
	127.7
	48.1
	4.8
	2.2
	2.5
	2.5
	2.7

	48
	L24×TB
	4.4
	77
	196.7
	77.0
	2.4
	21.8
	2.8
	2.2
	3.4
	3.1

	50
	L25×TB
	4.2
	79
	207.9
	97.2
	14.3
	21.4
	3.5
	2.5
	3.1
	2.9

	58
	L29×TB
	3.6
	79
	217.0
	89.2
	0.0
	29.0
	3.6
	2.5
	3.5
	3.1

	130
	L65×TB
	3.1
	80
	183.8
	76.5
	18.9
	14.0
	3.2
	2.3
	3.5
	3.3

	46
	L23×TB
	2.8
	80
	176.5
	69.7
	0.0
	32.2
	4.1
	2.6
	3.7
	3.6

	Check 1
	YM020-5×TA
	10.4
	75
	243.3
	108.8
	9.8
	11.4
	2.2
	2.3
	2.5
	2.5

	Check 2
	YM020-9×TA
	11.5
	75
	244.5
	113.9
	27.6
	6.3
	2.1
	2.6
	2.4
	2.4

	Check 3
	WY21
	11.5
	73
	241.3
	109.6
	13.0
	10.4
	2.6
	2.7
	2.3
	2.3

	 
	Trial mean
	9
	74
	236.2
	110.5
	26.5
	7.6
	2.7
	2.6
	2.6
	2.6


GY, grain yield (T/Ha); AD, days to 50% anthesis; PH, plant height (cm); EH, ear height (cm); HC, husk cover (%); ER, ear rot(%); GLS, Grey leaf spot (1-5); NLB, northern leaf blight(1-5); EA, ear aspect(1-5); PA, Plant aspect(1-5).
[image: ]
Fig. 1. Boxplots for hybrid performance for the studied traits at individual and across sites. CH; Chorlim, MB; Mabanga, SK; Shikusa and A_S; Across-sites.
3.2 Phenotypic correlations
Across the study locations (Fig. 2), showed several significant correlations between grain yield and other agronomic traits. Notably, there were highly significant negative correlations (p=0.001) between grain yield and the following variables: days to 50% anthesis, ear rot, Grey leaf spot disease, ear aspect, and plant aspect. The strongest negative correlation was recorded for ear aspect, with a correlation coefficient (r = -0.70, p=0.001).
In contrast, highly significant positive correlations (p=0.001) with grain yield were observed for plant height, ear height, and husk cover. Among these, ear height showed the highest positive correlation with grain yield, with a coefficient r = 0.67(p=0.001). Notably, no significant correlation was found between Northern leaf blight and grain yield across the testing locations.
Additionally, ear rot, Grey leaf spot, ear aspect, and plant aspect all exhibited positive significant correlations with days to 50% anthesis, with the highest correlation recorded for Grey leaf spot (r = 0.43). In contrast, the analysis found negative significant correlations between plant height, husk cover, Northern leaf blight and days to 50% anthesis (r = -0.21, p=0.05). 
The relationships between ear height, husk cover, and plant height were also significant. Specifically, ear height and husk cover were positively correlated with plant height (r = 0.81 and r = 0.33, respectively), while ear rot, Grey leaf spot, ear aspect, and plant aspect were negatively correlated with plant height. Among these, ear rot exhibited the strongest negative correlation with plant height (r = -0.46).
Furthermore, husk cover showed a strong positive correlation (p=0.001) with both ear aspect (r = 0.22, p=0.05) and plant aspect (r = 0.21, p=0.05), but it was negatively correlated with ear rot and GLS. Positive and significant correlations were observed between Grey leaf spot, ear aspect, and plant aspect with ear rot. Ear aspect had the highest positive correlation (r = 0.46). Additionally, Grey leaf spot was positively correlated with both ear aspect and plant aspect (r = 0.27, p=0.01), while ear aspect exhibited strong positive correlation with plant aspect (r = 0.69, p=0.001).

[image: ]
Fig. 2. Pearson’s correlations between grain yield and yield related traits across locations. *, **, ***: Significant at p=0.05, p=0.01, and p=0.001 respectively. GY, grain yield; AD, days to 50% anthesis; PH, plant height; EH, ear height; HC, husk over; ER, ear rot; GLS, Grey leaf spot; NLB, northern leaf blight; EA, ear aspect; PA, plant aspect.
4. Discussion
Maize being a very important crop in Kenya and the SSA region at large, development and deployment of maize hybrids that consistently exhibit high and stable grain yield performance, along with other important agronomic traits, across various agro-ecological zones, are key priorities for breeders addressing the challenge of declining yields and adaptation. One objective of this study was to evaluate the hybrid performance of selected test hybrids for grain yield and other agronomic traits across three distinct testing locations in Western Kenya. 
Genotype variance as well as genotype-by-environment interaction (GEI) variance were highly significant for all the traits studied, except for plant height. However, the GEI variance was smaller in magnitude compared to the genotypic variance. This finding suggests that the test hybrids demonstrated relatively stable performance across all test environments, a result consistent with the findings of Engida et al. (2024). Suresh et al. (2025) also observed significant (p=0.01) genotypic as well as genotype-by-environment interaction variances in their study on Grey leaf spot disease severity, area under disease curve (AUSDC) and other agronomic traits.
The high genotypic variance indicates that the genetic potential of the test hybrids played a dominant role in determining their performance. This suggests that the test hybrids exhibit significant genetic diversity, which is critical for identifying superior-performing hybrids capable of consistently outperforming others across different test environments. Alam et al. (2022) also observed a significant genotypic variance for eight agronomic traits in multi-location trials. These results support the idea that genetic selection within this germplasm can be highly effective, as genetic differences among hybrids are the primary drivers of performance, with environmental factors exerting a lesser influence.
The lower GEI variance for most traits further supports the notion of relatively stable hybrid performance across the different environments. This suggests that, while some hybrids showed variability in performance across environments, most exhibited broad adaptability and consistency. However, it is important to note that having conducted the study across three environments only, these may not fully represent the broader range of climatic conditions and biotic or abiotic stresses that could exist across the region. In more extreme or contrasting environments, a pronounced GEI can be observed, potentially revealing different patterns of hybrid performance. Broader testing in environments with more diverse conditions would likely provide further insights into GEI and its influence on hybrid performance.
According to Robinson et al. (1949), heritability estimates are classified as low (0-30%), moderate (30-60%), and high (>60%). The high heritability observed for most of the traits suggests that the testing environments had minimal influence on the expression of these traits since the genotypes possess high proportions of heritable variation due to additive and non-additive gene actions Lobulu eta al. (2023. This is in agreement with Gichuru (2013), who reported high heritability for maize-streak virus resistance and grain yield (88% and 90%, respectively).Similarly, Lobulu eta al. (2023) observed high heritability for grain yield and other agronomic traits except for Striga damage rating at eight and 10 weeks after planting. A moderate heritability estimate of 41% for northern leaf blight indicates that GEI played a more significant role in the expression of this trait. Tesfaye et al. (2021) also reported high heritability and genetic advance for grain yield, ear height, and ear aspect and suggested that additive gene action was more important in these traits making selection for these traits a great opportunity in improvement of highland maize germplasm. 
For elucidation of the relationships between grain yield and yield-related traits in the test germplasm, phenotypic correlations between them were computed. This analysis was vital for identifying usable traits for inclusion in indirect selection criteria to enhance grain yield in yellow maize breeding programs. Previous studies by Amadu et al. (2025), Badu-Apraku et al. (2023) and Ertiro et al. (2022) underscored the significance of phenotypic correlation analyses in identifying key traits for indirect selection in maize breeding programs. Amadu et al. (2025) reported significant phenotypic correlations between grain yield and plant height, ear height as well as days to 50% anthesis. In their review, Badu-Apraku et al. (2023) emphasized the importance of secondary traits like ASI, ear per plant (EPP), and plant height in selecting for stress tolerance in maize breeding. The traits analysed in relation to grain yield in this study included days to 50% anthesis, plant height, ear height, husk cover, ear rot, Grey leaf spot, northern leaf blight, ear aspect, and plant aspect. These traits influence various physiological and morphological aspects of the plant that either indirectly or directly influence yield.
Plant height, ear height, and husk cover all exhibited positive and highly significant correlations with grain yield (p=0.001), suggesting that an increase in any of these traits would result in a positive increase in grain yield. Conversely, days to 50% anthesis, ear rot, Grey leaf spot, ear aspect, and plant aspect showed negative but highly significant correlations with grain yield (p=0.001). This implies that selecting for a decrease in any of these traits is likely to lead to a corresponding increase in grain yield. These findings align with those of Jemal et al. (2020), who reported significant positive correlations between grain yield and plant height, ear height, and kernels per row, with the strongest correlation observed with ear height. Additionally, Kamal et al. (2020) and Patel et al. (2022) both reported negative correlations between grain yield and days to 50% anthesis, as well as positive correlations with plant height. 
Among the negative correlations observed, the strongest was recorded between grain yield and ear aspect (r = -0.70, p=0.001). This indicates that selecting for improved ear aspect, along with reductions in ear rot, Grey leaf spot, and plant aspect, will likely result in a significant increase in grain yield. Therefore, breeding efforts that aim to improve these traits could be beneficial in enhancing maize productivity. Damtie et al. (2021) also reported strong association between grain yield and number of ears, plant height and ear height and recommended the use of these morphological traits in the selection criteria for grain yield improvement.
5. Conclusion
This study provides valuable insights into the performance of yellow maize hybrids across multiple environments. Observed high genotypic variance and stable hybrid performance across environments underscore the potential for genetic improvement through properly guided selective breeding. High heritability observed for most of the traits further supports the notion of presence high proportions of heritable variation in the germplasm due to additive and non-additive gene actions, which are good for selective breeding. Furthermore, the identified phenotypic correlations provide a good basis for developing indirect selection strategies to enhance grain yield and agronomic traits in maize breeding programs. 
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