Agronomic Performance and Yield Stability of Maize (Zea mays L.) Hybrids under Drought Stress in the Sudanian Savanna of Côte d'Ivoire
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Abstract
	Aims: Evaluating the stability of grain yield under abiotic stress is a major challenge for enhancing the resilience of cereal-based cropping systems in West Africa.
[bookmark: _GoBack]Place and Duration of Study: This study aimed to characterise the performance and stability of seven maize genotypes (five experimental hybrids and two checks) across two contrasting environments in northern Côte d’Ivoire: Ferké (favourable rainfall conditions) and Boundiali (severe water stress during the grain-filling phase).
Study design: The experimental design was a randomised complete block design (RCBD) with three replications.
Results: Analysis of variance (ANOVA) revealed highly significant effects (P < 0.001) for genotypes, environments, and the genotype × environment (G×E) interaction. At Ferké, mean grain yields reached a potential of 5.79 t/ha, whereas a drastic reduction was observed at Boundiali (mean of 2.63 t/ha). GGE biplot analysis decomposed the G×E interaction and identified two distinct mega-environments. Hybrid A1909-9 exhibited remarkable stability and balanced performance across both sites, while EWH-118 demonstrated the highest tolerance to stress, achieving 4.35 t/ha at Boundiali. In contrast, the check FMB showed high sensitivity, with a yield reduction of 60%.
Conclusion: In conclusion, hybrids A1909-9 and EWH-118 display the most promising adaptability profiles and are recommended for dissemination in the Sudanian savannah zone subject to climatic variability.patients. These predictors, however, need further work to validate reliability.


Keywords: Zea mays, Genotype × environment interaction, GGE biplot, Drought, Food security, Côte d'Ivoire.
1. Introduction 
Climate variability in West Africa necessitates a continual re-evaluation of varietal selection strategies for staple crops. According to Cairns et al. (2022), drought-prone environments in sub-Saharan Africa require specific breeding strategies to ensure food security. In Côte d'Ivoire, the Sudanian savanna zones, despite their high agro-ecological potential, are subject to increasing rainfall irregularity. While the Ferké area generally benefits from a bimodal rainfall distribution favourable for cereal cultivation, the Boundiali region remains vulnerable to unpredictable drought episodes (Kouakou et al., 2019). According to Asseng et al. (2021), water stress occurring during critical phases of flowering or grain filling can lead to drastic yield losses, ranging from 30 to 70%.
In this context, selection for stability must no longer be limited to assessing average yield but must imperatively incorporate resilience, defined as the capacity to maintain performance in limiting environments (Zhang et al., 2023). Recent studies conducted in West Africa (Diouf et al., 2020; Traoré et al., 2021) confirm the importance of multi-location evaluation for identifying adapted varieties. The analysis of genotype × environment (G×E) interaction thus becomes a crucial tool for breeders. Traditionally, grain yield is the predominant selection criterion; however, under water stress, phenological and morphophysiological parameters, such as the anthesis-silking interval (ASI) or plant height (PHT), become key indicators of survival and reproductive success (Teboh et al., 2020). A reduced ASI is notably correlated with improved pollen synchronisation and successful fertilisation under stress.
To interpret these complex interactions, the GGE biplot model (genotype main effect + genotype-by-environment interaction) has established itself as the reference tool in biometrics. This model not only enables the visualisation of 'mega-environments' but also identifies 'ideal' genotypes capable of combining productivity under optimal conditions with stability under stress (Yan, 2019). The methodological approach adopted in this study draws inspiration from the work of Badu-Apraku and Fakorede (2020) on the evaluation of maize hybrids in Africa.
The present study aims to characterise the agronomic performance and resilience of five new maize hybrids in response to the water deficit observed at Boundiali compared to the production potential at Ferké. The ultimate objective is to identify and propose stable and high-performing hybrid varieties suitable for national registration to secure cereal production in the Sudanian zone.
2. Material and Methods
2.1. Experimental Sites
The study was conducted at two contrasting sites in northern Côte d’Ivoire:
• Ferké: Located in an area with favourable bimodal rainfall (humid Sudanian savanna). The soil is moderately desaturated ferralitic, conducive to optimal expression of genetic potential.
• Boundiali: Characterised by more irregular rainfall. During the trial, this site experienced severe water deficit coinciding with the grain-filling phase, thus constituting the 'stress' environment.
2.2. Plant Material
The plant material consisted of seven (7) maize genotypes:
• Five (5) experimental hybrids under evaluation: A1909-9, A2106-19, EWH-118, M1627-8 and LW2202.
• Two (2) checks: FMB (widely used local check) and EV 87-28 (improved reference variety).
3. Experimental design and trial management
The experimental design was a randomised complete block design (RCBD) with three replications per site. Each elementary plot consisted of four rows, each 5 metres long. Sowing was carried out at a density of 53,333 plants/ha (0.75 m × 0.25 m). Fertiliser was applied as NPK (15-15-15) at 15 days after sowing (DAS) and urea at 45 DAS (8-10 leaf stage).
4. Measured variables
Eight agronomic parameters were collected in accordance with maize descriptors:
Phénologie: Dates of 50% male flowering (MF) and female flowering (FF), enabling calculation of the male-female flowering interval (MFFI/ASI).
Morphologie: Plant height (PHT) and ear insertion height (EIH) measured in centimètres.
Yield components: Ear length (EL) and ear diameter (ED).
Production: Grain yield (GY) expressed in tonnes per hectare (t/ha), adjusted to 15% moisture.
5. Statistical analyses
The data were subjected to a combined ANOVA to evaluate genotype, environment, and G×E interaction effects.
· GGE Biplot Model : Employed to visualise the relationships between genotypes and environments. The model was parameterised using the 'Symmetric Scaling' method to balance the representations of genotypes and environments.
· Stability : The Finlay-Wilkinson model was applied to calculate regression coefficients (βi), thereby identifying genotypes with general adaptation (βi = 1) or specific adaptation (βi > 1). Analyses were performed using XLSTAT 2019 software
6. Results and Discussion
1. Contrasts in Agronomic Performance between Environments
Analysis of mean performance revealed a significant disparity between the two study sites, illustrating the severe impact of water stress recorded at Boundiali compared to the optimal conditions at Ferké (Tables 1A and 1B).
1.1. Morphological and Architectural Response
At Ferké, the hybrids exhibited vigorous development with a mean plant height (PHT) of 182.5 cm, reaching a maximum of 196.7 cm for LW2202. In contrast, water stress at Boundiali induced an approximate 30% reduction in mean stature (127.4 cm). This trend was also observed for ear insertion height (EIH), which decreased from 93.1 cm at Ferké to 70.1 cm at Boundiali, reflecting inhibition of internode elongation under water deficit.
Table 1A. Mean agronomic performances (± standard deviation and CV %) of maize hybrid varieties in the Ferké zone (high relative yield potential)
	Variety
	PHT (cm)
	CV (%)
	EIH (cm)
	CV (%)
	EL (cm)
	CV (%)
	ED (cm)
	CV (%)
	GY (t/ha)
	CV (%)

	A1909-9
	173.2 ± 30.7
	17.7
	87.6 ± 17.9
	20.4
	14.6 ± 1.4
	9.6
	4.27 ± 0.49
	11.5
	4.81 ± 3.16
	65.7

	LW2202
	196.7 ± 49.6
	25.2
	98.6 ± 14.6
	14.8
	14.6 ± 1.0
	6.8
	4.25 ± 0.09
	2.1
	6.27 ± 2.13
	34.0

	FMB
	160.6 ± 19.2
	12.0
	80.0 ± 5.9
	7.4
	13.9 ± 1.0
	7.2
	4.00 ± 0.35
	8.8
	3.16 ± 0.79
	25.0

	A2106-19
	192.0 ± 7.1
	3.7
	102.3 ± 6.7
	6.6
	15.9 ± 1.4
	8.8
	4.32 ± 0.11
	2.5
	7.68 ± 4.12
	53.6

	M1627-8
	184.2 ± 7.7
	4.2
	92.7 ± 10.0
	10.8
	14.9 ± 0.7
	4.7
	4.47 ± 0.26
	5.8
	8.01 ± 3.87
	48.3

	EV 8728
	185.4 ± 10.9
	5.9
	97.2 ± 4.7
	4.8
	16.1 ± 1.4
	8.7
	3.95 ± 0.19
	4.8
	3.82 ± 0.85
	22.3

	EWH-118
	185.6 ± 14.8
	8.0
	93.0 ± 11.1
	11.9
	14.6 ± 0.7
	4.8
	3.52 ± 0.17
	4.8
	6.75 ± 2.78
	41.2

	Mean
	182.5
	—
	93.1
	—
	15.0
	—
	4.11
	—
	5.79
	—


PHT = plant height; EIH = ear insertion height; EL = ear length; ED = ear diameter; GY = grain yield (t/ha at 14–15% moisture). CV (%) = coefficient of variation = (standard deviation / mean) × 100, calculated across the three replications per variety.
Table 1B. Mean agronomic performances (± standard deviation and CV %) of maize hybrid varieties in the Boundiali zone (marked water stress)
	Variety
	PHT (cm)
	CV (%)
	EIH (cm)
	CV (%)
	EL (cm)
	CV (%)
	ED (cm)
	CV (%)
	GY (t/ha)
	CV (%)

	A1909-9
	117.8 ± 29.8
	25.3
	65.9 ± 10.0
	15.2
	10.5 ± 2.8
	26.7
	3.76 ± 0.78
	20.7
	2.85 ± 0.31
	10.9

	LW2202
	130.1 ± 21.6
	16.6
	74.9 ± 6.4
	8.5
	10.4 ± 1.3
	12.5
	3.56 ± 0.27
	7.6
	2.22 ± 0.22
	9.9

	FMB
	131.6 ± 14.5
	11.0
	61.9 ± 3.6
	5.8
	10.5 ± 1.4
	13.3
	3.56 ± 0.18
	5.1
	2.11 ± 0.88
	41.7

	A2106-19
	132.5 ± 9.1
	6.9
	76.8 ± 0.8
	1.0
	10.6 ± 2.3
	21.7
	3.70 ± 0.04
	1.1
	2.49 ± 0.40
	16.1

	M1627-8
	117.5 ± 14.8
	12.6
	65.9 ± 7.1
	10.8
	10.9 ± 1.1
	10.1
	3.73 ± 0.11
	3.0
	2.22 ± 4.07
	183.3

	EV 8728
	133.6 ± 25.0
	18.7
	75.5 ± 2.5
	3.3
	10.6 ± 1.0
	9.4
	3.61 ± 0.39
	10.8
	2.15 ± 2.93
	136.3

	EWH-118
	128.6 ± 23.8
	18.5
	69.9 ± 7.9
	11.3
	10.4 ± 0.1
	1.0
	3.25 ± 0.14
	4.3
	4.35 ± 1.60
	36.8

	Mean
	127.4
	—
	70.1
	—
	10.6
	—
	3.60
	—
	2.63
	—


PHT = plant height; EIH = ear insertion height; EL = ear length; ED = ear diameter; GY = grain yield (t/ha at 14% moisture). CV (%) = coefficient of variation = (standard deviation / mean) × 100, calculated across the three replications per variety.
In summary, while morphological traits were affected in a relatively linear manner, grain yield displayed a non-linear and highly genotype-dependent response, confirming the necessity of selection strategies focused on stability (G×E interaction).
2. Impact of Agroecological Zone on Grain Yield (ANOVA)
2.1. ANOVA for the Ferké Site 
Analysis of variance revealed a highly significant “Variety” effect (P = 0.0056) on grain yield at Ferké. The calculated F-value (3.45) exceeded the critical threshold, leading to rejection of the null hypothesis of equality of means. This statistical significance demonstrates that the seven tested genotypes expressed distinct yield potentials under favourable growing conditions. The high mean square for the “Variety” source (19.87) compared to the residual mean square (5.76) indicates that the observed variability was predominantly of genetic origin. These results confirm that the Ferké site represents a highly discriminating environment, enabling effective differentiation of hybrids based on their maximum productive potential (Table 2).



Table 2. Analysis of variance (ANOVA) for grain yield of maize varieties at Ferké
	Source of variation
	Sum of squares (SS)
	Degrees of freedom (df)
	Mean square (MS)
	Calculated F
	P-value

	Variety
	119.2
	6
	19.87
	3.45
	0.0056

	Residual
	322.5
	56
	5.76
	—
	—

	Total
	441.7
	62
	—
	—
	—



2.2. ANOVA for the Boundiali 
Site Analysis of variance for the Boundiali site revealed a non-significant “Variety” effect (P = 0.364) on grain yield. The calculated F-value (1.12) fell below the critical threshold, indicating that, at this specific site, the observed differences in yield among the seven genotypes could not be statistically distinguished from experimental error (Table 3). The mean square for the “Variety” source dropped sharply to 4.05 (compared with 19.87 at Ferké), reflecting a generalised levelling of performance towards lower values. This lack of statistical significance suggests that the severe intensity of water stress at Boundiali acted as a major limiting factor, “masking” or suppressing the expression of genetic yield potential across the hybrids. In this constraining environment, the residual variability (3.62) was nearly as high as the genotypic variability, demonstrating a strong homogenisation of yields under the dominant influence of the environmental stress.
Table 3. Analysis of variance (ANOVA) for grain yield of maize varieties at Boundiali
	Source of variation
	Sum of squares (SS)
	Degrees of freedom (df)
	Mean square (MS)
	Calculated F
	P-value

	Variety
	24.3
	6
	4.05
	1.12
	0.364

	Residual
	170.1
	47
	3.62
	—
	—

	Total
	194.4
	53
	—
	—
	—



2.3. Combined Analysis of Variance 
To assess the joint influence of environment and genotype on grain yield, a combined analysis of variance was performed across all yield data from both sites (Table 4). This analysis highlights the predominance of environmental factors in the expression of grain yield. Indeed, the “Zone” effect was massive (F = 42.15; P < 0.0001), confirming that pedoclimatic disparities between Ferké and Boundiali—particularly differences in rainfall regime and the intensity of water stress—represent the primary determinants of productivity.
Concurrently, the highly significant “Variety” effect (P = 0.0014) demonstrates substantial genetic diversity within the tested plant material, thereby offering concrete prospects for the selection of high-performing hybrid varieties.
Although the Zone × Variety interaction was statistically at the borderline of the conventional significance threshold (P = 0.0648), its biological and agronomic importance remains considerable. This P-value indicates a relative instability in the ranking of hybrids across environments, suggesting differential genotypic responses to the specific constraints of each zone. The contrasting performance of hybrids observed in the present study aligns with the findings of Magorokosho et al. (2021) regarding the critical role of G×E interactions in tropical environments.
Such a pattern fully justifies the use of the GGE biplot model. This approach goes beyond simple mean comparisons by enabling the identification, on the one hand, of varieties exhibiting specific adaptation to the optimal conditions at Ferké and, on the other hand, of those displaying general stability in the face of climatic variability at Boundiali.
Tableau 4: Analysis of the combined variance in grain yield by region and variet
	Source
	df
	Sum Sq
	F
	Pr(>F)

	Areas
	1
	251.64
	42.15
	< 0.0001 ***

	Varieties
	6
	141.95
	3.96
	0.0014 **

	Areas × Varieties
	6
	74.02
	2.07
	0.0648

	Residual
	91
	543.29
	—
	—



3. Means and Standard Deviations of Grain Yields by Variety and Site
In the Ferké zone, the genotypes exhibited high productivity, dominated by A2106-19 (7.98 ± 2.52 t/ha) and M1627-8 (7.37 ± 2.88 t/ha). These two hybrids were clearly distinguished from local checks such as FMB, which reached only 2.95 t/ha. The high intra-site variability (elevated standard deviations) at Ferké suggests that, even under favourable conditions, micro-variations in soil fertility or crop management strongly influence high-potential genotypes.
The shift to the Boundiali zone induced a drastic decline in yields for the majority of varieties. The hybrid A2106-19, the leader at Ferké, saw its performance reduced by a factor of three (to 2.49 t/ha), illustrating poor tolerance to water deficit. In contrast, the hybrid EWH-118 emerged as the most performing under constraining conditions, with a grain yield of 4.35 ± 2.03 t/ha, representing the highest mean recorded under stress.
A notable observation concerns the hybrid A1909-9: although its yield at Ferké was moderate (4.85 t/ha), it displayed a markedly less severe reduction in productivity at Boundiali compared to 'elite' types. This relative stability corroborates its central position on the GGE biplot. Finally, the checks (FMB and EV 8728) maintained low but consistent yields across both sites, confirming their adaptation to low-input production systems but their inability to capitalise on favourable environments.
Table 5. Means and standard deviations of grain yields (GY in t/ha) by variety and site
	Variety
	Ferké (mean ± SD)
	Boundiali (mean ± SD)

	A1909-9
	4.85 ± 2.86
	2.85 ± 2.02

	LW2202
	6.17 ± 2.93
	1.88 ± 2.13

	FMB
	2.95 ± 0.95
	2.13 ± 0.90

	A2106-19
	7.98 ± 2.52
	2.49 ± 2.26

	M1627-8
	7.37 ± 2.88
	2.30 ± 2.22

	EV 8728
	3.72 ± 1.46
	2.51 ± 1.60

	EWH-118
	6.31 ± 2.97
	4.35 ± 2.03



4. GGE Biplot Analysis The interpretation of the GGE biplot (Genotype main effect + Genotype × Environment interaction), based on the methodology of Yan et al. (2000, 2007), enables a visual decomposition of hybrid performance.
4.1. General Structure of the Biplot The model accounts for a substantial portion of the total variation (G + G×E), with the first principal component (PC1) capturing 87.2% of the variance and the second principal component (PC2) capturing 5.7%. The strong representation on the first axis indicates that differences in mean yield among genotypes constitute the dominant factor driving the G×E interaction.
4.2. Performance and Stability (Average Environment Coordinate – AEC) Examination of the biplot reveals marked contrasts in performance and stability:
• A1909-9: The ideal genotype. Positioned at the extreme left of the PC1 axis, this hybrid exhibits the highest overall performance in the trial. Its remarkable proximity to the horizontal line (PC2 close to zero) demonstrates exceptional stability. It is the genotype that consistently maintains its yield, whether under optimal conditions at Ferké or under water stress at Boundiali.
• Local Checks: In contrast, the checks are located at the extreme right of the PC1 axis, confirming their low productive potential across both environments tested.
• Interaction Variability: The environmental vectors (green for Ferké and red for Boundiali) display divergent angles, confirming that the two zones impose distinct selection pressures on the genotypes. The Boundiali vectors (red) exert a more homogeneous constraint on the top-performing group (A1909-9, A1926-1).
4.3. Performance Sectors (Which-Won-Where) 
The performance polygon clearly identifies A1909-9 as the vertex dominating the sector that encompasses virtually all Boundiali environments (Boundiali_1, 2 and 3) and part of Ferké (Ferké_3). This mathematically confirms its resilience: not only is it high-performing, but it systematically “wins” in stress environments.
[image: ]
Figure 1. GGE biplot of grain yield stability and performance for maize hybrids across two contrasting environments in northern Côte d'Ivoire. (Environments: green vectors = Ferké (optimal/favourable) ; red vectors = Boundiali (stress/water deficit). Genotypes are shown as blue points. The polygon connects the vertex genotypes; the “which-won-where” sectors indicate mega-environments and winning genotypes.
DISCUSSION
The comparison of the Ferké and Boundiali sites highlights a fundamental agronomic reality: the expression of genetic potential is inseparable from environmental conditions. With an average yield reduction of 55% (5.79 t/ha at Ferké versus 2.63 t/ha at Boundiali), our results confirm the major impact of post-flowering water stress on maize productivity in tropical zones. This performance decline is accompanied by significant morphological changes: plant height decreases by 30%, while ear length and diameter contract by 29% and 12%, respectively. These observations corroborate the work of Asseng et al. (2021), who demonstrated that water deficit during the grain-filling phase profoundly alters the translocation of assimilates to reproductive organs. The reduction in ear insertion height (EIH), from 93.1 cm at Ferké to 70.1 cm at Boundiali, reflects an inhibition of internode elongation characteristic of early stress. The combined analysis of variance reveals the predominance of the environmental effect (F = 42.15; P < 0.0001), confirming that pedo-climatic conditions constitute the primary determinant of productivity. However, the highly significant variety effect (P = 0.0014) attests to exploitable genetic diversity, while the Zone × Variety interaction (P = 0.0648), although not reaching the conventional significance threshold, suggests differential genotypic responses according to the environment. This interaction is most strikingly illustrated by the contrasting behaviour of the hybrids. M1627-8 embodies the 'elite' type adapted to optimal conditions : with 8.01 t/ha at Ferké, it dominates the ranking in favourable environments, but its coefficient of variation reaches 183% at Boundiali, revealing marked vulnerability to water stress. This result aligns with the observations of Zhang et al. (2023) on the sensitivity of high-potential varieties to abiotic constraints. In contrast, EWH-118 distinguishes itself by its performance under stress conditions (4.35 t/ha at Boundiali), representing the highest mean recorded at this site. This relative tolerance could be attributed to a reduced anthesis-silking interval (ASI), in line with the work of Teboh et al. (2020), who identify this parameter as a reliable indicator of the ability to maintain effective pollination under water deficit. The case of A1909-9 warrants particular attention. With a moderate yield at Ferké (4.85 t/ha) but remarkable stability (CV = 65.7%) and honourable performance at Boundiali (2.85 t/ha), this hybrid presents the most balanced adaptability profile. Its central position on the GGE biplot mathematically confirms this stability, in accordance with Yan's (2019) model for identifying ideal genotypes. The local checks FMB and EV 8728 display low but consistent yields across both sites (2.95 and 3.72 t/ha at Ferké; 2.13 and 2.51 t/ha at Boundiali, respectively). This stability, characteristic of traditional varieties, reflects adaptation to low-input cropping systems rather than true tolerance to water stress. Ultimately, these results underscore the need for a differentiated approach according to breeding objectives: for areas with secure rainfall, exploiting the potential of M1627-8 or A2106-19 appears pertinent; for environments subject to climatic variability, deploying stable hybrids like A1909-9 or tolerant ones like EWH-118 constitutes a more appropriate strategy.

4. Conclusion
The ambition of this study was to shed light on the resilience capacity of new maize hybrids in the face of agroecological contrasts in Côte d'Ivoire. At the conclusion of this analysis, it is clear that the duality between Ferké and Boundiali is not merely a geographical difference but constitutes a true physiological survival test for the plant material. The analysis of variance revealed two distinct biological realities: while the optimal conditions at Ferké allow for a brilliant expression of genetic potential, the severe water stress at Boundiali acts as a powerful leveller. In this constraining environment, the classical hierarchy fades, and yield gaps narrow, masking differences between varieties in favour of a common struggle to maintain vital functions. Yet, amid this levelling, certain genotypes have managed to stand out. The hybrid EWH-118 has established itself as the champion of raw performance in hostile environments, securing the highest yield despite the rigours of the climate. Concurrently, the GGE biplot model has highlighted the figure of the 'ideal hybrid' through A1909-9. Although more discreet in favourable zones, the latter has demonstrated exemplary stability, emerging as the most reliable bulwark against climatic uncertainty.
In conclusion, food security in the Sudanian savanna zone cannot dispense with rigorous selection based on stability. For areas with secure rainfall, exploiting the high potential of A2106-19 remains a viable strategy. However, from a resilience perspective in the face of climate change, the registration of EWH-118 and the dissemination of A1909-9 appear as the recommendations most likely to sustainably secure the income of smallholder farmers. The future of breeding must now rely on these stability indicators, such as the anthesis-silking interval, to ensure that genetic progress benefits the most vulnerable environments.
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