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Maize is crucial a cereal, widely grown globally, and has significant potential to improve the
livelihoods of millions of people in developing countries. High-yielder and well adapted maize
hybrids are a valuable approach to improve productivity. The study was proposed with the
objectives of (i) evaluating and selecting the high-performing hybrids in terms of yield and yield-
related traits for the highland agroecology of Ethiopia and (ii) identifying representative and/or
discriminative highland maize hybrids' testing locations and stable hybrids across environments.
During the 2023 cropping season, twenty-seven genotypes and three hybrid checks were evaluated
in a row-column design with three replications across six locations. Analysis of variance across
locations revealed significant differences in genotype, environment, and genotype-by-environment
interaction for all measured traits, except for silking date, plant height, and ear aspect. Hybrids such
as 3XH2000090 (10.2 t ha') and 3XH2000110 (10.1 t ha™') were high-yielding with a yield
advantage of 16.5 % over the best hybrid checks. The GGE biplot analysis identified hybrids such
as 3XH2000051, 3XH2000058, 3XH2000091, and 3XH2000097, which exhibited comparable
yield performance across environments. The AMMI analysis also supported this finding, identifying
3XH2000051, 3XH2000091, 3XH2000090, 3XH2000035, and SXH1800174 hybrids with high
yield and stability across environments. Considering mean grain yield and stability, these hybrids
could be verified and released for wider environments. Adet, Jimma, and Holeta were the
discriminating and representative testing environments used to identify hybrids that excel in
particular locations. Ambo, Kulumsa, and Haramaya University were highly representative mega-
environments. When resources are limited, these representative environments could be used
interchangeably to evaluate maize hybrids for the highland agroecologies of the country.
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Introduction

Maize (Zea mays L.) is a cornerstone in the food and
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Turcicum Leaf Blight (TLB) is one significantly limiting

nutritional security of many regions, particularly sub-
Saharan Africa. It is a widely grown cereal crop in Ethiopia
in terms of overall grain production, land area, and number
of farming households engaged.

However, despite substantial advances in varietal
improvement and agronomic management, average
national maize productivity remains below its potential.
This gap is mainly attributed to drought, low soil fertility,
insect pests, weeds, and disecases. Among diseases,

maize yield potential in highland and mid-altitude areas
(Keno et al., 2018; Nsibo et al., 2024). Chilly and humid
climates favor this disease, which is particularly
troublesome in highland environments (Sharma, 2023). If
left untreated, the disease damages leaves, decreasing the
photosynthetic area and eventually causing the plant to die
prematurely (Navarro et al., 2024). Wathaneeyawech et al.
(2015) reported up to 70% yield reduction for maize
infected by TLB disease at the vegetative stage. In
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Ethiopia, the highland maize breeding program has
released several highland-adapted hybrids with improved
performance. Nevertheless, promising hybrids not only
exhibit yield potential but also resilience to climate, pests,
and diseases, and adaptability across various agro-
ecological zones. Genotype X Environment Interaction
(GXE) is also a critical factor influencing the phenotypic
performance of crop genotypes across diverse locations
(Esan et al., 2023). A hybrid showing outstanding
performance under one set of environmental conditions
may perform poorly under others. Thus, conducting multi-
environment trials (METSs) to investigate the yield status
and adaptability of hybrids across diverse environments is
crucial. The evaluation of trials over multiple
environments aids in identifying genotypes with wide or
specific adaptability to target environments, allowing for
more efficient maize hybrid deployment approaches
(Mafouasson et al., 2018). In Ethiopia's highland
agroecologies, where disease pressure is increasing and
environmental circumstances vary, it is critical to develop
maize hybrids that are productive, resistant to major
diseases, and adaptable. Therefore, this research was
proposed to investigate the agronomic performance,
disease resistance, and adaptability of advanced maize
hybrids in diverse highland agro-ecologies.

Materials and methods

Parental Selection and Hybrid Constitution

The experimental materials used in this study consisted
of twenty-seven locally constituted hybrids from highland
maize breeding and three checks. The maize hybrids and
checks employed were sourced from Ambo Agricultural
Research Center, the national breeding center for highland
maize. These hybrids were selected from the previous
hybrids evaluated in the preliminary variety trial stage
(Table 1). Twenty of them were three-way hybrids
constituted from 15 female parents of single crosses and 11
male parents as 3rd parents. The remaining seven single-
cross hybrids were developed from eight female and five
male parents. For this study, a total of 30 maize hybrids,
including the three hybrid checks, were employed (Table 1).
Most of the parents used to constitute these hybrids were
elite inbred lines characterized and developed by the
highland maize breeding program with desirable traits such
as high yield, combining ability, and disease resistance. The
first check (Ambo) was a recently released potential check
for highland agroecology, the second (BH661) was a cross-
cutting check released for mid- to transitional highland, and
the third (Huluka) was a quality protein maize check
released from the maize breeding program.

Study Environments and Field Management

Twenty-seven advanced highland maize hybrids and
three checks were evaluated in the 2023 main season under
the national variety trial. The trial was conducted at six
locations: Ambo, Holeta, Kulumsa, Adet, Jimma, and
Haramaya University (Table 2).

Table 1. Description of the maize hybrids evaluated in this study

SN Hybrid Hybrid code Types of hybrid Description
1 3XH2000027 3XHO1 Three-way cross Test entry

2 3XH2000028 3XHO02 Three-way cross Test entry

3 3XH2000035 3XHO03 Three-way cross Test entry

4 3XH2000036 3XHO04 Three-way cross Test entry

5 3XH2000045 3XHOS5 Three-way cross Test entry

6 3XH2000051 3XHO06 Three-way cross Test entry

7 3XH2000058 3XHO07 Three-way cross Test entry

8 3XH2000066 3XHO08 Three-way cross Test entry

9 3XH2000085 3XH09 Three-way cross Test entry

10 | 3XH2000090 3XH10 Three-way cross Test entry

11 | 3XH2000091 3XHI11 Three-way cross Test entry

12 | 3XH2000092 3XHI12 Three-way cross Test entry

13 | 3XH2000097 3XHI13 Three-way cross Test entry

14 | 3XH2000110 3XH14 Three-way cross Test entry

15 | 3XH2000145 3XHI15 Three-way cross Test entry

16 | 3XH2000210 3XHI16 Three-way cross Test entry

17 | 3XH2010025 3XHI17 Three-way cross (QPM) Test entry

18 | 3XH2010028 3XHI8 Three-way cross (QPM) Test entry

19 | 3XH2010040 3XH19 Three-way cross (QPM) Test entry

20 | 3XH2010056 3XH20 Three-way cross (QPM) Test entry

21 SXH1800174 3XH21 Single cross Test entry

22 | SXH2001722 3XH22 Single cross Test entry

23 | SXH2001800 3XH23 Single cross Test entry

24 | SXH2001821 3XH24 Single cross Test entry

25 | SXH2001863 3XH25 Single cross Test entry

26 | SXH2001869 3XH26 Single cross Test entry

27 | SXH2001901 3XH27 Single cross Test entry

28 | Ambo (AMHS854) 3XH28 Three-way cross Potential recently released a check.
29 | BH661 3XH29 Three-way cross Crosscutting check
30 | Huluka (AMHS852Q) 3XH30 Three-way cross Quality protein maize (QPM) check
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Table 2. Description of the experimental sites used to evaluate the advanced maize hybrids

Location EC Latitude Longitude Altitude (m.a.s.l.) MAR AVT
Adet ARC AD 11°17°’N 37°43’E 2240 1271 8.8 and 25.2
Ambo ARC AB 80°58' N 37°51'E 2225 1265.7 11.7 and 25.5
Holota ARC HL 9°00° N 38°30°E 2400 1148.9 7.97 and 23.1
Jimma ARC M 7°40' N 360°37'E 1764 1561 9 and 28
Kulumsa ARC KU 8°02'N 39°10'E 2200 942 12 and 24
Haramaya University HU 9°41'N 42° 03’E 2021 927 17.7 and 20.8

EC: Environment Code; MAR: Mean annual rainfall (mm); AVT: Annual average temperature (degree Celsius, 0°C); minimum and maximum; (ARC,

Agricultural Research Center)

The trials were conducted using a randomized complete
block design (RCBD) with three replications in a row-
column arrangement. It should be written down. The
genotypes were established in two-row plots, each 5 m in
length, with inter-row and intra-row spacing of 0.75 m and
0.25 m, respectively. To obtain a final plant population of
53,333 plants ha™!, two seeds were sown per hill and
thinned to one plant two weeks after seedling emergence.
Appropriate agronomic management and fertilizer rates of
150 kg ha''of diammonium phosphate (DAP) and 200 kg
ha'lof of urea were applied. Half of the recommended urea
fertilizer rate was applied four weeks after planting, with
the remaining half applied prior to flowering, while DAP
fertilizer was applied entirely at planting. The pre-
emergence herbicide Primagram Gold 660 SC was sprayed
at a rate of 3 L ha™ to control early-emerging weeds. In
addition, Radiant insecticide was applied at a rate of 10 mL
per 20 L of water to control fall armyworm infestation.

Trait Measurement

Data for seven desirable traits has been collected from
a representative individual plant and the entire plot of
plants. Plant and ear height were measured in centimeters
from the base of a plant to the insertion of the first tassel
branch and the upper ear node insertion of the same plant,
respectively. Anthesis Date (AD) and Silking Date (SD)
were the number of days from the time of planting to when
50% of plants in the plot had shed pollen and obtained 2-3
cm silk length, respectively. Ear aspect was scored on the
overall appearance of the cobs in the plot using the scale 1
to 9 (1 =excellent and 9 = very bad). Similarly, 1 to 9 scales
were used to measure Turcicum leaf blight (TLB), where 1
and 9 denote no infection and severe infections,
respectively. The following formula was used to get the
grain yield (GY) in t ha™ based on the shelled grain weight
and moisture content:

__ FWX(100—M(C)x0.8x10)
- 87.5 x Plot area

GY

(1)

FW: Field Weight

MC: Moisture Content

Where 0.8 is the shelling coefficient, 87.5% is the
standard value of grain moisture at 12.5%, and 10 is the
conversion factor used to translate the yield from kg m to
tonnes ha'!.

Statistical Analysis

META-R and GenStat software were used to analyze
the wvariance (ANOVA) assumption and variance
components (Alvarado, 2015; GENSTAT, 2009).

Genotype was treated as a fixed effect, whereas
environments, replications, and blocks were considered
random  effects. Genotypic performance across
environments was evaluated using best linear unbiased
prediction (BLUP), following the methodology described
by Piepho et al. (2008).

Yijke = proittitotiyighei @)

Where Yijx = yield observed from genotype i in block k
of environment j, p = grand mean, o; and t; are the effects
of the ith genotype and jth environment, ot = interaction
effect of the ith genotype and j™ environment, vyij = the
effect of block k in environment j, and & = residual effect
of the i genotype in block k of environment j. Broad sense
(H?) was estimated using the genotypic to phenotypic
variance ratio computed using the following formula.

HZ — G.g

2
Ug+

p 3)
agz= genotypic variance, agze = variance of genotype-

by-environment interaction, ¢2= variance of error, e =

number of environments, r = number of replicates.

The genotype by environment interaction (GGE) and
hybrid adaptability were analyzed using GEA-R software
(Pacheco et al., 2016). The GGE biplot model is described
by the following formula (Yan et al., 2001):

Y=Y, =0 &nj + L &am +&; 4)

Where Yj; is the mean yield of the it hybrid in the j*
environment; 17] is the mean of environment j across all
genotypes; A; and A, are the eigenvalues associated with
the first and second PC, respectively; &;; and¢;, are the
PC1 and PC2 scores in the i genotype; ;4 and 1, are the
PCl and PC2 scores in the j® environment;
A1 &1 andA; & njp are the PC1 and PC2, respectively;
and g;;is the residual associated with the genotype i in the
environment j.

The AMMI analysis is the combination of ANOVA and
principal component analysis used to determine the effects
of genotype, environment, and genotype by environment
on grain yield. It was performed based on the formula
described by Zobel et al. (1988) as the following equation
(Eq. 5).

Yge =u+ g + .Be + Anygnnen + Ege (5)

where Y. is the yield of genotype g in the environment
e, 1 is the grand mean, o, is the genotype average deviation,
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A is the eigenvalue of the n principal component (PCA)
axis, n is the total number of PCA, yg and me, are the
genotype and environmental PCA scores for the n PCA
axis, and &g is the residual.

The AMMI stability value (ASV) was computed
according to the formula proposed by Purchase et al.
(2000) as follows:

ASV = J [2CALSS (1PCA1Score) 2 + [IPCA2Score 2] (6)
IPCA2SS

where IPCA1SS is the sum of squares of interaction
principal component analysis 1 (IPCA1), and

IPCAZ2SS is the sum of squares of IPCA2.

The yield stability index (Y SI) was calculated using the
formula proposed by Farshadfar and Yaghotipoor (2011)
as follows:

YSI=RASV + RSI (7)

where YSI is the yield stability index, RASV is the rank
of the AMMI stability value, and RYSI is the rank of the
yield stability index.

Results and Discussions

Analysis of Variances

Combined analysis of variance was performed to
partition the main effects and their interactions. The
ANOVA results and heritability estimates were presented
for the target traits (Table 3). This study offers substantial
understanding of the genetic and environmental influences
on grain yield and related agronomic traits. The mean
square of the environment revealed a highly significant
effect (p < 0.01) for all measured traits, indicating the
distinctness of the sites and underscoring the importance of
multi-environment testing in breeding programs. Similarly,
Yue et al. (2022) and Asefa et al. (2024) reported that
environmental condition variations significantly influence
yield and related traits of hybrid maize varieties. Similarly,
Bocianowski, Nowosad, et al. (2024) emphasized the
importance of multi-environmental testing due to the
influence of the environment. In contrast to the strong
environmental influence on trait expression, Han et al.
(2025) discovered phenotypic plasticity in maize flowering
and plant height across latitudinal gradients, suggesting
that certain traits may exhibit adaptive responses to
environmental variation.

Highly significant variations among genotypes (p <
0.01) were found for the majority of the studied traits,
including grain yield (GY), anthesis date (AD), silking date
(SD), plant height (PH), and ear height (EH), underscoring
the existence of strong genetic variation among the
evaluated genotypes. Traits such as ear aspect (EA) and
turcicum leaf blight (TLB) also revealed significant
variation (p < 0.05), although the genetic distinctions were
less pronounced than those of other traits. Genetic variation
among genotypes is a fundamental aspect of crop
improvement, as it is crucial for selecting outstanding
parents within breeding programs aimed at generating
high-yielding and disease-resistant varieties. These

findings are in agreement with those of Asefa et al. (2024),
Ozata (2021), and Alam et al. (2022), who identified
significant trait divergence and adequate genetic variation
applicable to maize breeding programs.

The genotype-by-environment interaction (G X E) was
highly significant for GY, AD, EH, and TLB, suggesting
they are sensitive to environmental changes and that hybrid
performance varied across various environments. The
significant interactions underscore the necessity for
genotype evaluation in diverse environments. This
sensitivity complicates breeding for stable and high-yield
maize hybrids, as top performers at one location may not
excel in another (Singamsetti et al., 2021; Yue et al., 2025).
Breeders can either select hybrids for narrow adaptability
or perform at several environments. However, for silking
date (SD), plant height (PH), and ear aspect (EA), the
genotype- by- environment interaction was not significant,
indicating that the traits were relatively stable across
environments, which contrasts with the findings of Asefa
etal. (2024), who observed highly significant genotype-by-
interaction for plant height and silking date. This could be
due to the genotypes and locations considered for each
study. Traits with non-significant interaction were
relatively stable across environments and were more
predictable or easier to select for the breeding program.

Higher broad-sense heritability of greater than 0.83 was
observed for GY, SD, AD, PH, and EA, while TLB had a
moderate heritability of 0.76. The observed higher
heritability indicated the greater influence of genetic
factors than environment in determining the traits'
expression (Table 3). Consistent with this finding, Johnson
et al. (1955) had classified them into three groups such as
high (>80), moderate (40 to 80), and low (<40). The
traits' heritability results indicated that they could be
improved by a recurrent selection process, whereas TLB,
which had moderate heritability, could be improved
through hybrid selection and evaluation across various
environments. Similarly, Alam et al. (2022), Maulana et al.
(2023), and Han et al. (2025) reported moderate to high
heritability for studied traits, indicating that more genetic
factors influence and selecting the best traits for the
improvement of crops. However, as broad-sense
heritability includes the combined influence of additive,
dominance, and epistatic effects, selection in -early
generations may not be successful and is better coupled
with genetic advance (Prakash et al., 2019). Messmer et al.
(2009)found that the heritability of agronomic traits, such
as grain yield and ear length, varied significantly across
locations and years due to inconsistency in environmental
conditions. While certain traits are primarily genetically
determined, others necessitate consideration  of
environmental factors to achieve successful genetic
improvement.

Mean Performance of Hybrids

Combined analysis of mean performance of 27
advanced highland maize hybrids and three checks across
test sites for grain yield, agronomic, and TLB disease traits
is presented in Table 4. Grain yield ranged from 7.3 to 10.2
t ha™!, with a mean of 8.7 t ha™!, demonstrating substantial
yield potential among the hybrids.
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Table 3. Mean squares and heritability estimates for grain yield and associated traits

SV DF GY AD SD PH EH EA TLB
Replication 2 3.8 42N 49NS 35878 619N 0.4N8 4.6N8
Environment (E) 5 438.9%* 9195.5%* 9403.9** 17172.5%* 26781.7** 205.8** 149.5%*
Genotype (G) 27 172% 1063 117.3%*F  1149.5%%  5000.5%* 6.8% 0.8%
GxE 135 3.8%% 8.5™ 10.4N8 144NS 351.5% 3.4N8 0.7**
Residual 370 1.524 5.64 8.574 110.5 316.2 4.3 0.4
CV (%) 15.1 2.5 3 43 12.6 7.9 19.3
Heritability (H?) 0.96 0.97 0.97 0.96 0.97 0.83 0.76

SV, source of variation; DF, degrees of freedom; GY, grain yield (t ha™!); AD, anthesis date (days); CV, coefficient of variation; SD, silking date (day);
PH, plant height (cm); EH, ear height (cm); EA, ear aspect (1 to 9 scale); TLB, turcicum leaf blight disease (1 to 9 scale); *significant at p < 0.05;

**significant at p < 0.01 and NS, non-significant

Table 4. The combined mean performance of 27 advanced maize hybrids and three checks

Hybrid GY DA DS PH EH EA TLB PYA
SXH1800174 10.0 96.6 99.7 259.6 145.3 2.9 2.8 9.9
3XH2000028 7.6 90.4 94.2 237.6 120.0 34 3.0 -16.5
SXH2001722 9.7 923 95.4 262.8 150.4 35 2.7 6.6
SXH2001863 7.4 95.3 98.4 251.2 133.7 3.2 23 -18.7
SXH2001869 7.6 96.1 96.2 244.0 126.4 3.2 3.0 -16.5
SXH2001901 8.8 91.6 94.6 258.1 136.5 34 2.6 -3.7
3XH2000066 8.8 94.6 98.1 266.8 157.4 3.2 3.7 -3.6
SXH2001800 93 97.6 100.9 250.6 135.6 2.9 24 2.5
SXH2001821 8.3 91.8 94.6 235.7 121.3 4.2 2.5 9.1
3XH2000145 9.2 95.9 98.6 266.1 156.2 34 2.7 1.3
3XH2010025 7.2 97.1 100.0 220.6 106.6 3.0 2.6 -20.9
3XH2000027 8.1 92.8 95.7 255.1 145.9 35 2.7 -10.5
3XH2010028 7.7 92.2 95.8 242.5 125.2 3.6 2.9 -15.4
3XH2000035 9.8 95.1 98.1 270.5 158.6 3.1 2.6 7.5
3XH2000036 8.2 923 95.4 249.8 120.8 33 34 -10.0
3XH2010040 7.7 97.0 100.5 225.7 117.6 3.1 24 -15.4
3XH2000045 7.9 93.5 97.2 248.4 129.9 3.0 2.6 -13.2
3XH2000051 9.6 93.8 97.1 264.6 150.6 3.2 34 5.5
3XH2000058 93 97.1 100.8 262.4 154.7 3.2 2.8 2.2
3XH2000085 83 98.4 102.2 262.3 141.6 3.8 2.5 -8.3
3XH2000090 10.6 96.0 99.1 262.6 150.1 3.0 5.2 16.5
3XH2000091 93 96.1 99.9 262.8 146.1 34 2.5 2.2
3XH2000092 8.4 98.1 101.1 255.8 143.6 3.2 2.5 -1.7
3XH2000097 9.0 98.0 100.5 266.0 158.3 3.1 2.6 -0.9
3XH2010056 8.9 94.2 96.2 241.5 129.1 3.2 4.4 -2.5
3XH2000110 10.1 96.0 99.6 257.2 156.1 3.1 2.8 10.6
3XH2000210 9.3 96.1 99.2 268.9 163.1 3.2 3.8 23
Ambo 9.1 93.9 96.9 257.1 149.9 33 2.6
BH661 8.7 98.8 102.3 2743 163.3 2.9 5.0
Huluka 8.0 94.7 97.5 255.8 129.1 34 33
Mean 8.7 95.2 98.4 247.5 134.9 3.6 3.8
Minimum 7.2 91.6 94.6 220.6 106.6 2.9 23
Maximum 10.6 98.8 102.3 2743 163.3 4.2 5.2
LSDg.0s 0.7 1.3 1.6 5.9 5.1 1.2 0.4

GY, grain yield (t ha™'); AD, anthesis date (days); SD, silking date (days); PH, plant height (cm); EH, ear height (cm); EA, ear aspect (1 to 9 scale);
TLB, turcicum leaf blight (1 to 9 scale); LSD, least significant difference; PYA: Percentage of yield advantage over the average of recent check

Hybrids such as 3XH2000090 (3XH10) and
3XH2000110 (3XH14) had higher grain yields of 10.2 and
10.1 t/ha, respectively, which shows superior performance
over the check hybrid (9.1 t ha™). Hybrids 3XH2000090,
3XH2000110, SXH1800174, and 3XH2000035 gave a
significant grain yield advantage of 16.5, 10.6, 9.9, and 7.5
percent, respectively, over the recent check. Promoting
these hybrids for on-farm verification and release for the
end users could contribute to sustainable agricultural
production and productivity enhancement. Consistent with
these findings, Tulu et al. (2021b), Tulu et al. (2022), and

Mekasha and Chere (2022) have identified maize hybrids
that performed better than checks. Mean anthesis and
silking occurred at 95.2 and 98.4 days, respectively,
denoting moderate maturity. The earliest hybrids (DA:
91.6 days; DS: 94.6 days) may be suitable for intermediate-
maturity systems when compared with the recent check
(DA: 93.9; DS: 96.9). Hybrids such as SXH2001722
(3XH22), SXH2001901 (3XH27), SXH2001821 (3XH24),
and 3XH2000027 (3XHO01) were intermediate maturing. In
contrast, Tulu et al. (2021a) reported late-maturing
highland maize hybrids that showed a higher number of
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days to anthesis and silking. The Maturity period may
influence maize adaptation, yield potential, and stress
resilience in a range of agro-ecological conditions.
Intermediate types balance biomass accumulation with
stress escape in moderate season areas, while late types
provide higher yield and strong combining ability for key
traits, though they are more vulnerable to terminal drought
(Abate et al., 2015; Akintunde et al., 2025; Luz et al.,
2024). Breeding strategies that combine both genotype
groups, while taking into account the local agro-ecological
environment, can increase productivity and food security.

Plant height (PH) and ear height (EH) averaged 247.5
cm and 134.9 cm, respectively, with tall plants typical of
highland maize varieties. The maximum values for PH
(274.3 cm) and EH (163.3 cm) were observed in the check
variety BH661. The two higher-yielding hybrids,
3XH200090 (3XH10) and 3XH2000110 (3XH14), had
higher plant height and ear height. This finding concurs
with earlier reports by Tulu et al. (2018), Tulu et al.
(2021b), and Zhao et al. (2022). This finding aligns with
the observation of Zhao et al. (2022), who reported higher
grain yield in taller hybrids, attributing it to greater
accumulation of photosynthesis over extended grain-filling
periods. However, Wang et al. (2020) and Stubbs et al.
(2023) reported that taller maize plants are more prone to
lodging, reducing yield, especially under strong highland
winds. Regarding the ear aspect, our data analysis showed
generally good ear characteristics of maize hybrids, with a
3.4 mean on a 1-9 rating scale (1 = best, 9 = worst).
Specifically, hybrid SXH200182 (3XH24) exhibited a poor
ear aspect (4.2), while hybrids SXH1800174 (3XH21),
SXH2001800 (3XH23), and BH661 had better ear aspects
of 2.9. This demonstrates that while most hybrids cluster
around the "good" range, there are still notable differences
in ear aspect quality among individual hybrids.

The mean score for TLB disease was 3.8 across maize
hybrids, with values ranging from 2.3 to 5.2 on the scale of
1 to 9 (Table 4). All the evaluated highland maize hybrids
were tolerant to TLB disease, while 3XH2000090
(3XH10) and BH661 were moderately tolerant under
optimal disease pressure. According to Yousuf et al.
(2018), for TLB disease, genotypes with scores < 3.0 were
resistant, and 3.1 to 5.0 were moderately resistant. Rijal et
al. (2016), Abebe (2023), and Razzaq et al. (2019) have
identified maize genotypes with TLB disease resistance
and higher grain yield traits and suggested the potential for
improving the maize for resistance and higher grain yield
through breeding. Overall, the current study found
numerous hybrids that combine high yield, acceptable
maturity, and higher TLB disease tolerance, making them
potential candidates for future advancement and
commercialization in highland maize-growing locations.

The genotype main effect (G) and genotype-by-
environment interaction (GE) sources of variation have
been determined using the GGE biplot model (Belay,
2024). Superior hybrids in a group of environments, the
discriminating and representative environments, were
identified (Lv et al., 2024). Figure 1 illustrates
environmental discriminative and representativeness and
identifies test sites that are simultaneously discriminative
and representative. On the biplot, the concentric circles
illustrate the length of environment vectors, proportional to
the standard deviation for the respective environments

(Yan & Kang, 2002). A very short vector of the test
environment indicates all genotypes perform similarly.
Test sites are ideal for selecting superior genotypes when
they exhibit longer vectors and small angles to average
environment coordination (AEC) abscissa (Yan & Tinker,
20006). In contrast, long vectors and large angles indicate
an inability to select superior hybrids but are useful in
discarding unstable hybrids.

The study locations, such as Adet (AD), Jimma (JM),
and Holeta (HL), demonstrated longer vector lengths and
smaller angles on the GGE biplot, indicating their high
discriminative ability and representativeness. Such
environments are ideal for differentiating among
genotypes and are crucial for identifying broadly adapted
hybrids. This finding confirms their inclusion as principal
sites in future hybrid evaluations to enhance selection
efficiency. Haramaya (HU), Ambo (AB), and Kulumsa
(KU) had shorter vectors and smaller angles, suggesting
they were more representative (Figure 1). These results
agree with those reported by Liu et al. (2022) and Shojaei
et al. (2022), who also used GGE biplot analysis to identify
optimal testing environments used to select genotypes with
either wide or specific adaptation.

Genotype main effects and genotype-by-environment
interaction (GEI) for grain yield were investigated using
the polygon (“which-won-where) view of the GGE biplot
(Figure 1). This approach effectively visualizes crossover
GEI and facilitates the delineation of mega-environments
by identifying hybrids that perform the best in specific
groups environments (Pour-Aboughadareh et al., 2022).

The GGE biplot formed a polygon by connecting the
outermost hybrids with perpendicular rays dividing the
graph into sectors (Figure 1). Of these, three sectors
contained the test environments, indicating the presence of
three mega-environments. Environments that fall within
the same sector share a common winning hybrid,
suggesting similar genotype responses and the existence of
meaningful GEI (Olanrewaju et al., 2021; Supriadi et al.,
2024). This pattern confirms that hybrid performance was
not consistent across environments, highlighting the
importance of environment specific selection. Several
author’s, Yousaf et al. (2021), Ma et al. (2024), and Kaya
(2022) pointed out that grouping of environments into
separate sectors suggests that specific hybrids excel in each
sector and highlights genotype-by-environment interaction
and the need for location specific breeding strategies.

Which hybrid won where patterns were visualized
based on GEI utilizing a polygon view of the GGE biplot,
as indicated by Pour-Aboughadareh et al. (2022). The
biplot displays a polygon formed by connecting the
outermost hybrids with perpendicular lines (rays) dividing
the graph into different sectors (Figure 2). Each sector
represents a potential mega-environment, and the hybrid
located at the vertex in each sector is the best-performing
within that set of environments. Dia et al. (2016) described
that the categorization of environments into separate
sectors suggests that specific hybrids excel in each sector
and highlights genotype-by-environment interaction. The
GGE biplot analysis provided a polygon divided into six
sectors, but the six environments fall into three of the
sectors (Figure 2).

As a result, hybrids 3XH2000090 (3XH10) and
3XH2000110 (3XH14) were the winning hybrids at HU,
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AB, and KU, while SXH2001722 (3XH22) was
the victorious hybrid at JM. The third mega-environment
was AD and HL, with no winning hybrids. These findings
agree with various researchers’ findings, including Dia et
al. (2016), Zaid et al. (2022), and Thapa and Rawal (2024),
who used the “Which Won Where” approach to investigate
outstanding hybrids in specific environments.

Hybrids, such as 3XH2010040 (3XH19), 3XH2010025
(3XH17), and 3XH2000045 (3XHO05), located on the other
three corners, were the poorest-yielding at each location, as
they were located far away from all the test locations. The
result is consistent with that of Thapa and Rawal (2024),
who observed that two genotypes performed badly in all
environments. Zaid et al. (2022) and Bishwas et al. (2021)
also reported that genotypes located at the vertices of the
polygon that lack close environmental indicators perform
poorly and are not recommended for cultivation in any of
the sites. In addition, hybrids within the polygon responded
less to location than genotypes at the corners.

Generally, the polygon view of GGE biplot effectively
revealed mega-environment structure and identified
hybrids with specific adaptation, providing valuable
guidance for targeted hybrid deployment and future
breeding decisions.

A genotype is considered stable based on a near-unity
regression coefficient (bi = 1) and low deviation from
regression (S2di =~ 0), following the model of Eberhart and
Russell (1966) explanations. A regression coefficient
greater than one indicated the responsiveness of the hybrid
to favorable environments, while a regression coefficient
less than one indicated better performance of the hybrid
under stressful environments. Conversely, a high Sdi
value suggests instability across environments. The GGE
biplot presented in Figure 3 complements this analysis by
graphically displaying hybrid performance and stability.

Among hybrids, 3XH2000058 (3XHO07) exhibited
moderate mean yield and high adaptability and stability,
making it a strong candidate for wider adaptability with
consistent performance across environments. This result is

Discrimitiveness vs. representativenss

AXIS2 18.46 %

10 -5 0 5
AXIS162.5%
Figure 1. GGE biplot-based hybrids’ discriminative and
representativeness of environments

corroborated by the work of Seyoum and Azmach (2022),
Daemo et al. (2024), and Akintunde et al. (2025), who
discovered superior and broadly adapted genotypes using
GGE biplot and proposed wide adaptability breeding.
Hybrids such as 3XH10, 3XH03, SXH21, 3XH14, and
3XH16 were highly adapted to favorable environments but
lacked stability, indicating the hybrids' optimal grain yield
performance only under specific environments. The
remaining hybrids showed limited stability and
adaptability, though some may still be suitable where
specific traits are targeted. This observation is consistent
with previous studies (Beyene et al., 2016; Mafouasson et
al., 2018; Shojaei et al., 2022), which highlighted that some
genotypes exhibit excellent performance only in high-input
or favorable environments but are unstable or poorly
adapted across variable or stress-prone conditions.
Furthermore, the GGE biplot (Figure 1) revealed that the
first two principal components (PC1 and PC2) accounted
for 80.96% of the total GEI variation, with PCl
contributing 62.5% and PC2 18.46%. This is consistent
with several findings where the first two axes (PC1 and
PC2) of the GGE biplot analysis typically explained 60-
85% of GEI variation (Beyene et al., 2016; Shojaei et al.,
2022; Supriadi et al., 2024).

Sixteen hybrids positioned on the left side of the
ordinate (y-axis) indicated grain yield performance above
the grand mean (Figure 3). In contrast, the other fourteen
hybrids were positioned to the right of the ordinate and
yielded below the grand mean. Regarding stability, hybrids
such as 3XH22, 3XH29, 3XH10, 3XH03, 3XH21,3XH19,
3XH17, 3XH30, 3XH12, 3XH24, and 3XHO05 were high-
yielding and had high sensitivity to environmental
variation and potential suitability under optimal
environments. In contrast, hybrids like 3XH2000051
(3XHO06), 3XH2000058 (3XH07), 3XH2000091 (3XH11),
and 3XH2000097 (3XH13) showed relatively high grain
yield and stability, indicating both high stability and broad
adaptability.

Which Won Where/What

AXIS2 18.46 %

-10 -5 0 5

AXIS1 62.5 %
Figure 2. GGE biplot with symmetrical scaling for the
which-won-where pattern of hybrids
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Figure 3. GGE-based adaptable and stable hybrids across environments

This finding is in agreement with Supriadi et al. (2024)
and Thapa and Rawal (2024), who reported high-yielding
and stable genotypes clustered on the left side of the biplot.
Moreover, hybrids such as SXH2001722 (3XH22), BH661
(3XH29), 3XH2000090 (3XH10), 3XH2000035 (3XHO03),
and SXHI1800174 (3XH21) were identified as high-
yielding but environmentally sensitive. This agrees with
previous reports by Mafouasson et al. (2018), Shojaei et al.
(2022), and Dosho et al. (2022), who found that genotypes
perform well in specific conditions but are less stable,
indicating a trade-off between yield potential and stability.
Consequently, hybrids with high yields and high
environmental sensitivity are better suited for targeted or
high-input environments than for broad adaptation.

AMMI Grain Yield Variance, Interaction Principal
Component, And Stability Index

AMMI analysis for grain yield showed highly
significant variations (p < 0.001) (Table 5). The
environment accounted for the majority of overall variation
(68.2%), followed by  genotype-by-environment
interaction (GEI, 16.6%) and genotype (15.1%). The
substantial environmental variation indicates that the test
locations were highly diverse and strongly influenced
hybrid performance. The significant variation of genotypes
also highlights the difference in hybrid grain yield across
the tested environments. Several research studies indicated
that the maize grain yield is modified by genotype,
environment, and GEI (Bedasa et al., 2022; Benard &
Charles, 2020; Dang et al., 2024; Jan et al., 2024; Ma et al.,
2024;  Yipu et al, 2023). However, the
relative contribution of environmental variance in this
study was significantly more than that reported by Supriadi
et al. (2024), who found a stronger genotypic influence,
implying that site-specific conditions might significantly
affect the balance of factors determining yield.

The GEI was highly significant and partitioned into
IPCI1 and IPC2, which together explained 68.2% of the
total variation (IPC1: 42.0%, IPC2: 26.18%). Benard and
Charles (2020) similarly reported that the first two IPCs
explained 88.4% of GEI, with IPC1 alone accounting for

the majority of 66.02%. Several researchers, such as Wang
et al. (2019), Verma and Singh (2022), Mandalapu et al.
(2025), and Mukri et al. (2024) have also reported that the
first two IPCs explained more than 65% of the total
variation. Hybrids with low IPC1 scores were considered
stable because itindicates minimal genotype-by-
environment interaction, implying consistent performance
across environments and highlighting the importance of
developing high-yielding maize hybrids adapted to diverse
conditions (Arunkumar et al., 2020; Omar et al., 2022;
Supriadi et al., 2024). Hybrids such as 3XH2000091,
SXH2001901, 3XH2000051, 3XH2000035,
3XH2000036, and 3XH2000045 had small IPCI1 scores,
indicating that they were stable hybrids. In contrast,
although not high, hybrids such as 3XH2010028,
3XH2010040, SXH2001863, and SXH2001800 had
relatively larger IPC1 scores, suggesting that they were less
stable. These findings are consistent with the observations
of Shojaei et al. (2021), Omar et al. (2022), Wicaksana et
al. (2022), and Supriadi et al. (2024), who have reported
hybrids with low IPC scores as stable and suggested them
for broad adaptation.

In addition, the AMMI model effectively explained the
GEI component and facilitated the ranking of genotypes
based on their AMMI Stability Value (ASV) scores. The
ASV and ASI provide additional information on the
variation among the hybrids, where lower ASV scores
denote greater stability (Abate, 2020; Bocianowski,
Waligéra, et al., 2024; Yipu et al., 2023). The stability
terms emphasize the performance of hybrids across
different environments, which mainly indicates the stress
adaptability plasticity of the hybrid for the specific trait
(Garudapalya et al., 2025). Based on the AMMI stability
value (Table 6), hybrids SXH2001901, 3XH2000091,
3XH2000051, 3XH2000090, and 3XH2000036 were
identified as the five most stable across environments,
whereas SXH2001863, SXH2001800, 3XH2010040, and
3XH2010025 were the most unstable. Similarly, the yield
stability index (YSI) revealed high-yielding and stable
hybrids, such as  3XH2000090, 3XH2000091,
3XH2000051, 3XH2000035, and SXH1800174, as well as
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low-yielding and  unstable  hybrids, including
3XH2010028, 3XH2010040, SXH2001863, and
3XH2010025. Several scholars, including Chandel et al.
(2019), Abate (2020), Hailemariam Habtegebriel (2022),
Bocianowski, Nowosad, et al. (2024), and Ma et al. (2024),
reported hybrids that exhibited both high yield with
stability and high yield with low stability, as determined
using stability indices such as the yield stability index and
AMMI stability value.

IPCA1 and IPCA2, the first and second interaction
principal components; SD, standard deviation; Bi, slope of
linear regression; S,di, deviation from regression; R?,
coefficient of determination; ASV, AMMI stability value;

RASYV, rank of AMMI stability value; RY, rank of grain
yield; YSI, grain yield stability index; and RYSI, rank of
grain yield stability index.

Conclusion and Recommendations

The present study revealed significant effects of
environment, genotype, and genotype-by-environment
interactions on most of the measured traits. This implies
variations in testing locations and genotypes, as well as
inconsistencies in genotypic performance across locations,
highlighting the significance of multi-environmental
testing.

Table 5. AMMI-based analysis of variance for grain yield of 30 maize hybrids across locations

SV DF SS MS % of SS explained Cumulative %
Environments 5 2167.30 433.46** 68.20 68.20
Genotypes 29 480.83 16.58** 15.13 83.33
ENV*GEN 145 529.75 3.65%* 16.67 100
PC1 33 197.38 5.98%* 41.96 41.96
PC2 31 123.17 3.97** 26.18 68.15
PC3 29 51.80 1.79%** 11.01 79.16
PC4 27 48.13 1.78ns 10.23 89.39
PC5 25 38.60 1.54ns 8.21 97.60
PC6 23 11.30 0.49ns 2.40 100
Residuals 359 524.19 1.46

SV, source of variation; DF, degree of freedom; SS, sum-square; MS, mean square; PC, principal component; ***, highly significantly different at
p<0.001; ns, not significantly different

Table 6. Interaction principal components, AMMI stability values, yield stability index, and regressions of 30 maize
hybrids across six environments

Hvbrid Code Mean IPCl1 IPC2 SD bi S R2  ASV._RASV _RY YSI RYSI
3XH2000027 | 3XHO1 8.1 -0.11 -0.11 177 0.79 -0.29 097 0.19 10 22 32 16
3XH2000028 | 3XHO02 7.6 -0.16 -0.16 2.19 088 0.87 0.78 0.30 17 27 44 26
3XH2000035 | 3XHO03 9.8 0.09 0.09 332 144 084 091 0.17 9 4 13 4
3XH2000036 | 3XH04 8.2 -0.07 -0.07 2.62 1.17 -0.13 0.97 0.12 6 21 27 12
3XH2000045 | 3XHO05 7.9 0.08 0.08 1.78 0.63 1.12  0.61 0.15 7 24 31 13
3XH2000051 | 3XHO06 9.6 -0.04 -004 243 105 022 091 0.07 4 6 10 3
3XH2000058 | 3XHO07 9.3 0.14 0.14 281 127 -0.37 099 0.27 16 7 23 8
3XH2000066 | 3XHO0S8 8.8 0.22 022 248 1.09 0.14 0093 04 18 15 33 18
3XH2000085 | 3XHO09 8.3 0.14 0.14 242 1.09 -0.31 098 0.26 15 19 34 19
3XH2000090 | 3XH10 10.6 -0.06 -0.06 3.53 155 049 094 0.11 5 1 6 1
3XH2000091 | 3XHI11 9.3 -0.03 -0.03 243 1.01 0.84 0.83 0.06 2 7 9 2
3XH2000092 | 3XH12 8.4 0.08 0.08 1.52 0.61 0.20 0.79 0.15 8 18 26 9
3XH2000097 | 3XH13 9 0.36 036 265 1.14 044 090 0.66 23 13 36 22
3XH2000110 | 3XH14 10.1 0.41 041 294 130 024 094 0.76 24 2 26 10
3XH2000145 | 3XH15 9.2 0.47 047 272 1.15 087 086 0.87 25 11 36 23
3XH2000210 | 3XH16 9.3 0.13 0.13 266 1.19 -0.22 098 0.23 13 7 20 7
SXH2001722 | 3XH22 9.7 0.50 0.50 243 0.93 1.77 0.70 0.91 26 5 31 14
SXH2001800 | 3XH23 9.3 0.57 0.57 3.11 125 221 078 1.04 28 7 35 20
SXH2001821 | 3XH24 8.3 0.23 0.23 1.80 0.71 0.64 0.74 042 19 19 38 24
SXH2001863 | 3XH25 7.4 -0.53 -0.53 194 075 087 0.72 0.98 27 29 56 29
SXH2001869 | 3XH26 7.6 -0.12 -0.12 227 094 065 0.83 0.23 11 27 38 25
SXH2001901 | 3XH27 8.8 0.03 0.03 205 092 -0.28 097 0.05 1 15 16 6
SXH1800174 | 3XH21 10 -0.13 -0.13 293 130 0.13 095 0.23 12 3 15 5
3XH2010025 | 3XH17 7.2 -1.00 -1.00 2.54 069 476 036 1.84 30 30 60 30
3XH2010028 | 3XHI18 7.7 -0.33 -0.33 223 099 -0.11 0.95 0.62 22 25 47 27
3XH2010040 | 3XH19 7.7 -0.89 -0.89 2.54 0.71 4.64 037 1.63 29 25 54 28
3XH2010056 | 3XH20 8.9 -0.33 -0.33 2.18 092 037 0.87 0.60 21 14 35 21
Ambo 3XH28 9.1 0.26 026 215 092 026 0.88 047 20 12 32 17
Huluka 3XH30 8 -0.04 -0.04 1.62 071 -024 094 0.07 3 23 26 11
BH661 3XH29 8.7 0.14 0.14 216 091 038 086 0.26 14 17 31 15
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Despite this, certain traits such as silking date, plant
height, and ear aspect exhibited non-significant GxE
interactions, suggesting greater stability and predictability
across environments. Hybrids such as 3XH2000090 and
3XH2000110 yielded better grain than the recent check,
with a yield advantage of over 10%. However, GGE biplot
analysis identified genotypes such as 3XH2000051,
3XH2000058, 3XH2000091, and 3XH2000097 with
relatively high grain yield and stability across
environments. The AMMI analysis further confirmed this
result, identifying hybrids 3XH2000051, 3XH2000091,
3XH2000090, 3XH2000035, and SXH1800174 as high-
yielding and stable across environments. On the other
hand, SXH2001722, BH661, 3XH2000090, 3XH2000035,
and SXH1800174 hybrids were identified as high-yielding
for specific adaptation. The biplot analysis also discovered
highly discriminating and representative testing locations
(Adet, Jimma, and Holeta) capable of distinguishing
genotypes, as well as outlining mega-environments
(Ambo, Kulumsa, and Haramaya), and identified specific
hybrids that excel in specific locations. Generally, the
identified high-yielding and stable highland maize hybrids
should be verified and released for large-scale utilization
across the highland agroecologies of Ethiopia. The mega-
environments identified using GGE biplot and AMMI
analysis should be considered to test, select, and release
superior highland maize hybrids.
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