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ARTICLE INFO ABSTRACT
Keywords: Frequent occurrence of drought, heat, low soil fertility and Striga infestation are the main stress
Drought factors reducing maize yield in the Sahel. Adoption of stable multiple stress tolerant maize cul-
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tivars in the region is crucial for achieving food security. However, selection of a stable high
yielding cultivar is complicated by genotype x environment interaction (GEI) due to differential
responses to growing conditions. Eleven extra-early maturing multiple-stress tolerant maize hy-
brids and two checks arranged in a randomized complete block design was evaluated across nine
locations for two years in Mali and Niger. The objectives of this study were to identify (i) stable
and high-yielding maize hybrids, and (ii) suitable test locations for selecting promising extra-
early maize hybrids. GGE biplot was used for graphical analysis. Significant genotype, location
and GEI effects were detected for grain yield and number of ears per plant. EEWQH-13 produced
the highest grain yield (3860 kg ha™') while EEYQH-1 had the poorest yield (2663 kg ha™*) with
trial mean of 3395 kg ha~! for all hybrids. GGE biplot explained 69.6 % of the total variation in
grain yield among the hybrids. The polygon view identified EEWQH-13 as the best hybrid across
six of the nine test locations. EEPVAH-58 was identified as the most stable high yielding hybrid
across the nine test locations followed by EEWQH-16 and EEWQH-13. The nine locations were
clustered under two mega-environments (ME1, ME2). Among the nine test locations, Tara and
Aderaoua clustered in ME1 were the most suitable ones for selecting promising extra-early maize
hybrids for wider adaptation. The three hybrids, EEPVAH-58, EEWQH-16, and EEWQH-13,
identified in this study could be recommended for on-farm evaluation to confirm the consis-
tency of their yield performance for possible release and commercialization in Mali and Niger.

1. Introduction

Maize (Zea mays L.) is a staple food crop cultivated and consumed by majority of the rural populations in West and Central Africa
(WCA). It has gained wider acceptability over other traditional cereal crops such as sorghum (Sorghum bicolor L.) and Pear millet
(Pennisetum glaucum (L.R. Br.) due to its high yield potential and wide adaptability to different agro-ecological zones. In addition to its
high yield potential, maize is more responsive to fertilizer application than the traditional staple cereal crops in the savanna
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agroecosystem [1] including the Sahel region. The Sahel, is a vast semi-arid region of West Africa separating the Sahara desert to the
north and the tropical savannas to the south. This region is faced with short duration of rainfall, poor soil fertility, frequent occurrence
of drought, heat stress as well as Striga hermonthica, which significantly reduce maize yield potentials in farmers’ fields [1-3].
Extra-early maturing maize cultivars with tolerance to multiple stresses can thus play an important role for food security in filling the
hunger gap in July, especially in Mali and Niger, when all food reserves are depleted after the long dry season. The earliness of
extra-early maize makes them drought-avoiding genotypes [1,3,4], fitting well in the short duration of rainfall conditions in the Sahel
region. The most important advantage of the extra-early maturing cultivars is that they provide farmers, in various maize growing
areas, with flexibility in the date of planting [1,5]. However, drought-avoiding character may not be sufficient to fit the arid and
semi-arid conditions, where drought and other stresses like heat that simultaneously occur in the farmer’s field at any of the crop’s
development stages. The newly developed extra-early maize hybrids used in this study have good levels of tolerance to drought and
heat stresses. Some of the hybrids have been improved for quality protein (lysine and tryptophan) and provitamin A, which are
important attributes for producing maize for food and nutritional security in the Sahel region.

The stress factors constraining maize production and productivity in the Sahel region of WCA are well documented. Edmeades et al.
[6] reported an annual yield loss of 15 % in maize production due to drought in WCA. Maize yield loss due to the combination of
drought and heat stress could be much higher if this occurs during the flowering and grain filling stages. Infestation of farmers’ maize
fields by S. hermonthica is estimated to cause an annual yield loss ranging from 20 to 100 % [3,4], while soil nitrogen (low N) can
reduce maize yield by 10-50 % [4,5,7]. Thus, host plant resistance/tolerance to these multiple stress factors has been recommended as
the most economical and sustainable approach to mitigate their effects on maize yield in Sub-Saharan Africa (SSA). The Climate Smart
Agricultural Technologies (CSAT) project being implemented in Mali and Niger focus on incorporating several stress-tolerant adaptive
traits and nutritional values as well as complementary best agronomic practices for increased productivity in the farmer’s fields [8].
With the expansion of maize production into new frontiers and marginal areas like the Sahel region, introduction and extensive testing
of multiple stress tolerant maize hybrids in multiple environments (location x year) for release and commercialization is critical.
Adoption and utilization of the resilient maize hybrids would improve productivity and sustain maize production in the region.
Therefore, maize hybrids targeted for Sahel region should be tolerant to drought and low N as well as heat stress with good levels of
resistance to S. hermonthica. The International Institute of Tropical Agriculture (IITA) in collaboration with partners have developed
many stress resilient extra-early maturing maize hybrids being extensively tested in the Sahel region. Selection, release and
commercialization of promising resilient extra-early maize hybrids for this region would increase productivity and bridge the hunger
gap between the long dry season and the next harvest.

Improved maize varieties to be recommended for production in target environments should be evaluated in representative envi-
ronments to identify consistently high-yielding and stable varieties and areas of their specific adaptation [6,8,9]. Multi-environment
trials are being used by breeders to identify superior genotypes which are broadly adapted or those which are adapted to specific
environments [10-13]. The identification of extra-early multiple-stress tolerant maize hybrids that show high and stable performance
over a wide range of environmental conditions across years would be useful to farmers. Usually, the selection of stable and high
yielding genotypes is complicated by the occurrence of genotype by environment interaction (GEI). Several statistical tools including
the additive main effects and multiplicative interaction [14]) and the genotype, genotype by environment (GGE) interactions have
been used by breeders to reveal patterns of GEI in multilocation yield trials. It provides an easy and comprehensive solution to the
complex GEI data analysis [15], which has been a challenge to plant breeders. In this study, we used GGE biplot to identify stable high
yielding hybrids and suitable test environments that have implications for maize breeding in the Sahel, especially for Mali and Niger.
The objectives of this study were, therefore, to identify (i) high-yielding and stable maize hybrids for commercialization in the Sahel
region, and (ii) suitable environments for testing extra-early maize hybrids in the region.

Table 1

Extra-early maturing maize hybrids evaluated in Mali and Niger in 2019 and 2020.
N° Hybrid Name Type Grain colour Source
1 EEPVAH-67 Provitamine A maize Orange IITA
2 EEPVAH-58 Provitamine A maize Orange IITA
3 EEYQH-1 Quality protein maize Yellow IITA
4 EEYQH-2 Quality protein maize Yellow IITA
5 EEYH-42 Normal maize® Yellow IITA
6 EEYH-60 Normal maize Yellow IITA
7 EEYH-61 Normal maize Yellow IITA
8 EEWQH-13 Quality protein maize White IITA
9 EEWQH-16 Quality protein maize White IITA
10 EEWH-57 Normal maize White IITA
11 EEWH-75 Normal maize White IITA
12 LOCAL CHECK1 Normal maize White NARS
13 LOCAL CHECK2 Normal maize Yellow NARS

@ Normal maize is not biofortified.
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2. Materials and methods
2.1. Genetic materials and sites

Eleven extra-early maturing maize hybrids comprising of two provitamin A, four quality protein maize (QPM), three yellow and
four white normal maize hybrids developed at IITA (Table 1). These hybrids were selected from regional trials evaluated with partners
in West Africa in 2018. In this study, the 11 hybrids together with two local checks were evaluated for two years at 9 locations across
four diverse agro-ecologies in Mali and Niger (Table 2).

Four of the nine locations were in Mali and five in Niger across four agro-ecologies of the Sahel region. The rainfall in these agro-
ecologies varied from 450 mm for dry Savanna in Niger to 1100 mm in the north-guinea Savanna in Mali. The minimum air tem-
peratures ranged from 18 °C to 23.5 °C while the maximum varied from 31.5 °C to 36.5 °C during the growing season (June to
October). Generally, the maximum temperatures were higher in Niger than in Mali.

2.2. Field layout and experimental management

The field trial was designed as single factor and laid out in a randomized complete block design with three replications. The trial
was evaluated during the rainy season in 2019 and 2020. Each entry was planted in a two-row plot of 5 m long with 0.75 m spacing
between rows and 0.40 m between hills within the rows. Three seeds were planted per hole and thinned to two plants per hill at two
weeks after planting (WAP) to give a final population density of 66,000 plants/ha. The trial received 100 kg ha™! of NPK (17-17-17)
chemical fertilizers with additional 50 kg ha™! of urea (46 %N) at planting. Additional N fertilizer was supplied by applying 100 kg
ha™! of urea as top dressing at four WAP. The weeds were controlled by hand-weeding at three and five WAP to keep the trial free of
weeds.

2.3. Data collection

Data were collected in each plot on grain yield and agronomic traits. Days to anthesis was recorded as the number of days from
planting to the time when 50 % of the plants had tassels shedding pollen grains, whereas days to silking were recorded as the number of
days from planting to the time when 50 % of plants had emerged silks. Anthesis-silking interval (ASI) was computed as the difference
between days to silking and anthesis. Plant aspect was scored based on the overall plant appeal considering plant height uniformity,
earl placement, disease reactions and lodging on a scale of 1-5, where 1 = excellent plant type with large and similar ears, low ear
placement, shorter plants, resistance to foliar diseases, and no or little stalk and root lodging, and 5 = plants with small and variable
ears, tall plants with high ear placement, susceptible to foliar diseases as well as stalk and root lodging. Ear aspect was scored
considering factors such as ear size, uniformity, disease and insect damage, on a scale of 1-5, where 1 = clean, uniform, large, and well-
filled ears, and 5 = rotten, variable, small, and partially filled ears. Number of ears per plant (EPP) was computed as the ratio of the
number of ears harvested to the number of plants harvested. Harvested ears were shelled, and a sample of grain was measured for
moisture content using a portable Dickey-John moisture tester. The grain weight and moisture content were used to compute grain
yield adjusted to 15 % moisture content.

2.4. Statical analysis

Analyses of variance (ANOVA) were performed across locations with general linear model procedure (PROC GLM) of Statistical
Analysis System (SAS) using RANDOM statement with the TEST option [16]. Locations (L), and replications were considered as
random factors while the genotypes were considered as fixed effects. Means were separated using the least significant difference (LSD)
and standard deviation (SD). The statistical model [17] presented in Equation (1) was used for the combined analysis.

Yijkg= u+Ei +Rj(i) + Bk(ij)+G g-+EGig+eijkg @

where Yijjkg is the observed measurement for the gth genotype grown in environment i, in block k in replicate j; u is the grand mean; E; is

Table 2

Description of the nine test locations used for evaluation of the extra-early maturing hybrids, 2019 and 2020.
Country Location Code Coordinates Agroecological zone Rainfall (mm) Temperature” (°C)
Mali Sotuba S1 12.66°N, 7.91° W Sudan-savanna 800 23.5-32.3
Mali Katibougou K 12.93°N, 7.53° W Sudan-savanna 700 23.5-33.4
Mali Bougouni Bl 11.42°N, 7.47° W South Sudan-savanna 1000 22.8-32.0
Mali Sikasso S2 13.41°N, 6.39° W North-guinea savanna 1100 22.6-31.5
Niger Aderaoua S3 14.88°N, 5.27° E Savanna 500 18.0-33.5
Niger Tama P 7.35°N, 8.61°E Savanna 450 19.0-35.0
Niger Bengou B2 11.59°N, 3.35° E South Sudan-Savana 1000 22.5-36.5
Niger Tara T 14.47°N, 0.80° E Sudan-Savanna 900 20.5-36.5
Niger Maradi M 13.50°N, 7.10° E Savanna 550 21.0-35.0

@ Temperature means during the growing season from June to October.
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the main effect of the environment; Ry is the effect of the replicate nested within the environment; Bkg;) is the effect of the block
nested within the replicate j by environment i; Gy is the effect of genotypes (hybrids and checks); EGig is the interaction effect between
genotype and environment, and gj;g the error term.

Out of all the observations recorded in our experiment, this paper focused more on yield stability. Grain yield data was further
analyzed using the GGE biplot to identify stable and high-yielding hybrids across test locations as well as identify mega-environments/
locations for testing extra-early maize hybrids in the semi-arid Sahel region. The GGE biplot model for graphical analysis according to
Ref. [18] is presented in Equation (2) as shown below:

Yij—B; :O‘IEilnjl + aZEizan +E; (2)

where Yj; is the average yield of genotype i in environment j, a; and a; are singular values for PC1 and PC2, respectively, E;; and E;; are
the PCland PC2 scores, respectively, for genotype i, nj; and nj, are PC1 and PC2 scores, respectively, for environment j, E; is the
residual of the model associated with the genotype i in environment j.

The analyses were performed using GGE biplot, a Windows application, that fully automates biplot analysis [18]. The GGE biplot is
the single most informative tool for both genotype and environment evaluation [14], allowing visualization of any crossover GEI,
which is usually essential to a breeding program [15].

3. Results
3.1. Performance of the hybrids across environment

The combined analysis of variance across test locations (Equation (1)) showed significant G, E, and GEI mean squares for grain yield
and EPP (Table 3). Also, significant G and E mean squares were detected among the hybrids for plant aspect, days to 50 % silking, ASI,
and ear aspect scores.

The hybrids showed highly significant (P < 0.001) differences and wide range of yield performance across the test locations. The
mean grain yield of hybrids was 3395 kg ha~! with the best hybrid, EEWQH-13 producing grain yield of 3860 kg ha~! while the lowest-
yielding hybrid, EEYQH-2 produced grain yield of 2663 kg ha™! (Table 3). The grain yield of the best local check (Check 1) was 2776
kg ha~!. Six of the eleven multiple-stress tolerant hybrids (EEWQH-13, EEPVAH-58, EEWQH-16, EEYH-42, EEWH-75, EEYH-60)
produced grain yield which were above the average trial mean of 3395 kg ha™!. These hybrids outyielded the best local check by
24-39 %. The top performing hybrids were EEWQH-13, EEPVAH-58, and EEWQH-16 which produced high grain yields of 3860, 3726
and 3627 kg ha™!, respectively. The best hybrid combining high grain yield performance with good plant (2.4) and ear aspect (2.3) was
EEPVAH-58, and EEWQH-13 combined high grain yield excellent ear aspect (2.1) demonstrating their adaptation to the test locations.

3.2. Hybrids adaptation to test location

The results of the GGE biplot analysis showed that the two principal components (PC1 and PC2) together accounted for 69.6 % of
the total variation in the sum of squares of grain yield of multiple stress extra-early hybrids, indicating that the two principal

Table 3
Yield performance and other agronomic traits of extra-early maturing maize hybrids evaluated across nine locations in Mali and Niger, 2019 and
2020.

Entry Hybrids Grain Yield Ears per Plant Plant aspect (1-5) Days to silking Anthesis-silking interval Ear aspect (1-5)
8 EEWQH-13 3860 1 2.9 55 2 2.1
2 EEPVAH-58 3726 1 2.4 55 2 2.3
9 EEWQH-16 3627 1 3.0 55 2 2.5
6 EEYH-60 3518 1 2.9 53 2 2.2
11 EEWH-75 3478 1 3.0 53 1 2.4
5 EEYH-42 3441 1 2.9 53 2 2.2
1 EEPVAH-67 3375 1 2.1 55 2 2.3
10 EEWH-57 3348 1 2.6 54 2 2.5
7 EEYH-61 3008 1 3.4 53 2 2.5
4 EEYQH-2 2881 1 3.0 57 3 2.5
12 LOCAL CHECK1 2776 1 3.4 53 2 3.6
13 LOCAL CHECK2 2664 1 3.5 54 2 3.5
3 EEYQH-1 2663 1 3.2 57 3 2.9
Means 3395 1 2.9 54.3 2 2.5
Ccv 27.2 13 36.9 5.0 85 76.2
LSD 430.3 0.1 0.5 1.3 1 0.0
SD 422.6 0.04 0.4 1.4 0.4 0.5
Genotype (P<) ek ek dedke Sk Sk *
Location (P<) o ok
Gen x Loc (P<) * * NS NS NS NS

*,** Significant F-test at probability levels of 0.05, 0.01, respectively. NS = not significant.
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components adequately approximated the multiple-location data of yield performance. The GGE biplot polygon view “which won
where” grouped the genotypes into five sectors (Fig. 1).

The vertex genotype in each sector is the best genotype in location whose markers fell into the respective sectors, while the ge-
notypes within the polygon were less responsive to location than the corner genotypes. Based on this principle, hybrid EEWQH-13 was
the highest yielding hybrid across six locations, S1 (Sotuba), S2 (Sikasso), and K (Katibougou) in Mali; S3 (Aderaoua), T (Tara), and B2
(Bengou) in Niger, indicating its broad adaptation. Hybrid EEYH-42 was the highest yielding multiple stress tolerant extra-early hybrid
at M (Maradi) in Niger and B1 (Bougouni) in Mali, while EEWH-75 was the highest yielding hybrid at P (Tama) in Niger, suggesting
that these hybrids are adapted to specific locations. The two other corner cultivars (EEYQH-1, Local check 2) were located far away
from the markers of all locations suggesting that they had poor grain yield across the nine test locations.

3.3. Mean performance vs. stability

In the GGE biplot, the single arrowed line is the average environment coordination (AEC) axis and points in the direction of higher
mean grain yield, while the other line without an arrow represents the stability of the genotypes. The line without an arrow separates
the hybrids with below-average mean grain yield from those with above-average mean grain yield (Fig. 2).

The average grain yield of the hybrids is approximated by the projection of their markers on the average axis. The stability of the
hybrids is measured by their projections onto the average-tester coordinate axis single-row line. EEWQH-13 was the highest-yielding
hybrid and produced a higher grain yield than the mean grain yield while EEYQH-1 produced the lowest grain yield. Although
EEWQH-13 had the highest mean grain yield, it was less stable compared to EEPVAH-58 and EEWQH-16. Considering the yield
performance and stability of the hybrids, EEPVAH-58 was high yielding and stable followed by EEWQH-16.

3.4. Ranking of ideal genotypes

An ideal genotype, which is located at the center of concentric circle, has both high mean grain yield and stability. Our results of
ranking the 11 hybrids by mean grain yield and stability showed that EEPVAH-58 was the most ideal hybrid followed by EEWQH-16
(Fig. 3).

Although EEWQH-13 was the highest yielding hybrid it was in the third concentric circle and can be considered as relatively stable,
suggesting that it is adapted to most of the test locations across the two countries. EEYQH-1 and the two local checks (1 and 2) were
located out of the concentric circles indicating that they were the most unstable genotypes across the test locations.

3.5. Discriminativeness vs. representativeness of test environments

GGE biplot determines the relationships between test environments by both the length of their vectors and the cosine of the angle
between them. Accordingly, the angle between Sikasso and Tama is > 90° suggesting the lack of relationship between the two test
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Fig. 1. A “which won where” based on genotype x environment yield data of 13 extra-early maturing hybrids evaluated across nine environments in
Mali and Niger. S1=Sotuba, S2= Sikasso, S3 = Aderaoua, T = Tara, K= Katibougou, B1= Bougouni, B2= Bengou, M = Maradi, P= Tama.
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Fig. 2. The “mean vs. stability” view of genotype x environment interaction of 13 extra-early maturing maize hybrids evaluated under multiple
stress environments in 2019 and 2020 in Mali and Niger. S1=Sotuba, S2= Sikasso, S3 = Aderaoua, T = Tara, K= Katibougou, B1= Bougouni, B2=

Bengou, M = Maradi, P= Tama.
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Fig. 3. Ranking of 13 extra-early maturing maize hybrids relative to an ideal genotype. S1=Sotuba, S2= Sikasso, S3 = Aderaoua, T = Tara, K=
Katibougou, B1= Bougouni, B2= Bengou, M = Maradi, P= Tama.
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Fig. 4. The environmental vector view of the GGE biplot showing similarities among test environments for extra-early maize hybrids tested at nine
locations. S1=Sotuba, S2= Sikasso, S3 = Aderaoua, T = Tara, K= Katibougou, B1= Bougouni, B2= Bengou, M = Maradi, P= Tama.

environments (Fig. 4).
Six test locations (Sotuba, Sikasso, Aderaoua, Bougouni, Katibougou, Tara) had <90° between them, indicating that these locations

were strongly correlated and constitute a mega-environment (ME1). The second group of locations which comprised Bengou, Maradi
and Tama had <90° between them and constituted another mega-environment (ME2). Considering the length of environment vector,
Bougouni and Katibougou in ME1 and Maradi in ME2 had short vectors, suggesting that they had little discriminative power and are
not as such helpful in selecting stable and high yielding hybrids. While Bengou and Tama in ME2 were only discriminative and useful
for culling unstable genotypes; Sotuba, Sikasso, Aderaoua, and Tara (all in ME1) were both discriminative and representative test
environments. These results suggested that testing the extra-early maize hybrids in few locations in ME1 would be sufficient for
identifying the best hybrids that could be recommended for production within ME1 in Niger and Mali.
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Fig. 5. GGE-biplot view for comparison of environments with the ideal environment. S1=Sotuba, S2= Sikasso, S3 = Aderaoua, T = Tara, K=
Katibougou, B1= Bougouni, B2= Bengou, M = Maradi, P= Tama.
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3.6. Ideal environments for testing extra-early hybrids

The GGE biplot graphical analysis showed that rankings based on the discriminating ability and representativeness of the test
environments revealed that Tara and Aderaoua in Niger were closest to the ideal test environment (Fig. 5).

While Katibougou in Mali and Tama in Niger could also be considered as favorable environments for selection. However, Bengou
and Maradi in Niger and Bougouni, Sotuba and Sikasso in Mali were poor locations for selecting extra-early maize hybrids for stable
and high grain yield. The two ideal sites (Tara and Aderaoua) for selection of extra-early maize hybrids in this study have significant
differences in terms of rainfall and agro-ecologies. Tara is located in Sudan-Savanna with annual rainfall of while 900 mm while
Aderaoua is in Savanna agro-ecology receiving average annual rainfall of 500 mm (Table 2).

4. Discussion

Climate change is expected to increase the frequency and severity of drought, pest and disease outbreaks as well as the geographical
distribution of parasitic weeds in the Sahel region [8]. Based on this projection, the CSAT project being implemented in Mali and Niger
has been testing maize cultivars combining tolerance to heat and drought stress with resistance to S. hermonthica to increase the
resilience of the production systems of smallholder farmers. The 11 extra-early maize hybrids reported in this study were part of the
multiple stress tolerant maize hybrids being evaluated in this project.

The significant genotype and environment mean squares observed for grain yield and other agronomic traits indicated the presence
of adequate genetic variance among the extra-early hybrids to facilitate progress from selection for the measured traits under the
contrasting research environments. Similar results were reported by several researchers [12,19,20]. The lack of significant GEI for
plant and ear aspect, day to silking and ASI indicated that these traits were stable and not significantly affected by the hybrids x
environments interaction effects. In contrast, significant mean squares of GEI detected for grain yield and EPP indicated that the
ranking of the extra-early maize hybrids varied in terms of grain yield performance and EPP across the environments in Mali and Niger.
This result confirmed that GEI had a remarkable effect on hybrid performance across different environments [21-23]. This justified the
need for the deployment of GGE biplot for further analysis of grain yield to identify high yielding and stable hybrids and the
mega-environments for selecting productive extra-early maturing maize hybrids [3,18,24] in the Sahel region.

The results of ANOVA for individual years (2019 and 2020) consistently ranked EEWQH-13 and EEWQH-16 as the top two hybrids
followed by EEPVAH-58. However, in the combined ANOVA EEPVAH-58 ranked second to EEWQH-13 in terms of yield performance.
The superior performance of the top three hybrids (EEWQH-13, EEPVAH-58, and EEWQH-16) across environments in the two
countries indicated the effectiveness of the breeding method used to incorporate favorable alleles for high yield and multiple-stress
tolerance traits. These results showed that the three hybrids selected based on the per se performance in the regional trials in West
Africa are adapted to several locations in Mali and Niger. With the yield advantages of 30-39 % over the best check, these hybrids can
be of major interest to farmers growing maize under stressful environments in the Sahel region. Our results agreed with Badu-Apraku
etal. [3,24] who identified several tropical early-maturing maize hybrids in WCA for areas where drought, Striga, and low soil nutrient
deficiencies are common in farmers’ fields.

Decomposition of the GEI using GGE biplot is important for identifying genotypes with broad or specific adaptation to test envi-
ronments. The polygon view of the “which-won-where” clearly identified EEWQH-13 as the highest yielding hybrid across six locations
(Sikasso, Sotuba, Katibougou, Aderaoua, Tara, and Bengou), suggesting that it is the best performing hybrid across locations in Mali
and Niger. These locations fall into the Sudan-savanna, South Sudan-savanna and North guinea-savanna agroecological zones which
are prone to multiple stress factors present in the Sahel region. Thus, these results should encourage maize breeders in L’Institut
d’Economie Rurale (IER) in Mali and Institut National de la Recherche Agronomique (INRAN) in Niger to promote the release and
commercialization of EEWQH-13 in the two countries. Our findings agree with Yan et al. [25] who reported that the vertex genotype in
each mega-environment represents the highest-yielding genotype in the locations that fall within the polygon. Similar results were
reported in other studies [24,26-28].

The results of the GGE biplot analysis for average grain yield performance and stability identified EEPVAH-58 as the most stable
hybrid followed by EEWQH-13 and EEWQH-16 in that order. Although EEWQH-13 was the best hybrid across six of the nine test
locations, it was relatively stable in the remaining three locations limiting its outstanding performance to those six locations across
Mali and Niger. The consistent ranking of EEPVAH-58 across environments suggested a crossover type of GEI for general adaptation
[29,30], confirming its wide adaptability across Mali and Niger. In addition to tolerance to multiple stress, this hybrid combined high
yield performance with good plant (2.4) and ear aspect (2.3) which are desirable agronomic traits. It ranked second to EEWQH-13, in
terms of average grain yield performance across diverse environments, further demonstrating its potential to tolerate multiple stress
factors in farmers’ fields. EEWQH-13 and EEWQH-16 also displayed high yield potential but were relatively stable than EEPVAH-58
across the test locations. The two hybrids demonstrated good adaptation across six of the nine test locations (polygon view
“which-won-where”) and could be targeted for release for major maize production areas of Sikasso, Sotuba, and Katibougou in Mali,
and Aderaoua, Tara, and Bengou in Niger. Because these hybrids have additional nice-to-have attributes of high-quality proteins
(EEWQH-13, EEWQH-16) and enhanced provitamin A (EEPVAH-58), they should be recommended for release to contribute to food
and nutrition security in the Sahel. Konate et al. [31] reported that food security and malnutrition are common among the rural
populations in the Sahel region. Because of the unique attributes of these hybrids, they are most likely to be adopted by farmers to
mitigate the adverse effects of climate change [24,25,32,33] and malnutrition in the Sahel.

The mega-environment is a group of environments that consistently share the best set of genotypes across years [33-35]. In this
study, ME1 that comprised six of the nine test locations (Sotuba, Sikasso, Aderaoua, Bougouni, Katibougou and Tara) cut across the
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four major agro-ecologies of the Sahel region. Considering selection of stable high yielding extra-early hybrids in ME1, one or a few test
locations would be sufficient to identify the best hybrid that can be recommended for production within ME1 in Niger and Mali. We
observed that most of the high yielding hybrids including EEWQH-13, EEPVAH-58 and EEWQH-16 were found in this
mega-environment, confirming their adaptation and suitability for the Sahel region. While in ME2, Bengou and Maradi were
discriminative and useful for selecting against unstable hybrids, whereas Tama (in Niger) provided little information on the differences
among the hybrids is not useful for selecting stable high yielding extra-early maize hybrids [1,3,4,24,35,36]. Our results agree with
other researchers [34,37] who proposed that the best way to achieve reliable selection of the broadly adopted high yielding genotypes
is to conduct multiple location trials.

In multiple location trials, some testing locations may be better than others for hybrid evaluation, suggesting that the genotypes
may be evaluated at fewer but in better and representative locations [20,34-37]. In our study, the ranking based on discriminating
ability and representativeness of the test locations revealed that Tara and Aderaoua (all in Niger) were closest to the ideal test
environment. The two locations could be considered as the best test locations based on their suitability and presence in ME1 for testing
extra-early maturing maize hybrids. Katibougou and Tama also have good potential for selecting extra-early maize hybrids in Mali and
Niger. Interestingly, Tara and Katibougou are located in the Sudan-Savanna while Tama and Aderaoua are in the savanna agroeco-
logical zones of the Sahel region. However, the number of locations and hybrids tested in this study were few to provide full picture of
suitable testing locations for selecting stable high yielding extra-early maize hybrids in the Sahel region. Further studies would be
needed to evaluate a significant number of hybrids in increased number of locations to recommend suitable test sites in the Sahel
region.

5. Conclusion

The results of this study have demonstrated that GEI had significant effect on yield performance of extra-early maturing maize
hybrids tested across nine locations in Mali and Niger. The GGE biplot explained 69.6 % of the total variability for grain yield. The
polygon view “which-win-where” identified EEWQH-13 as the winning hybrid with wider adaptation across six locations (Sikasso,
Sotuba, Katibougou, Aderaoua, Tara, and Bengou) cutting across Mali and Niger. While EEYH-42 was specifically adapted to Maradi in
Niger and Bougouni in Mali, EEWH-75 was adapted to Tama in Niger. The mean vs stability analysis ranked EEPVAH-58 as the most
stable and high yielding hybrid followed by EEWQH-16 and EEWQH-13. Our study identified two mega-environments, ME1 and ME2;
ME1 provided more information on hybrid performance than ME2. We found Tara and Aderaoua within ME1 as the suitable locations
for selecting promising stable extra-early maize hybrids for wider adaptation. The three hybrids, EEPVAH-58, EEWQH-16, and
EEWQH-13 identified in this study have shown resilience to stress factors common in farmers’ maize fields. They could be recom-
mended for on-farm evaluation to confirm the consistency of their yield performance for commercialization in Mali and Niger. Further
evaluation of the resilient maize cultivars in multiple locations would be needed to identify more suitable test locations for selecting
productive maize hybrids for the Sahel region.
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