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Abstract  

Assessing durum wheat genotypes in varied environments is essential for evaluating yield stability and adaptability. This research 

evaluated the performance of 25 different durum wheat genotypes over three years (2020–2023) across 16 environments in Morocco. One 
objective was to evaluate how genotypes interact with varying environmental conditions (GEI) and to identify genotypes that combine 

high yield with stability across specific mega-environments. This analysis was conducted using a randomized complete block design with 
three replicates. The primary criteria for selection included grain yield, the AMMI Stability Value (ASV) and the Genotype Selection Index 

(GSI). Analysis revealed highly significant differences (P<0.0001) among genotypes, environments and their interactions (GEI). According to 
the AMMI analysis of variance, the total variation in yield was attributed to the environment (77.91 %), genotype (0.80 %) and GEI (5.93 %). 

Principal components (PC) 1 and 2 accounted for 51.9 % of the observed variation. Similarly, the GGE biplot demonstrated that PC1 and 
PC2 contributed 31.51 % and 18.67 % of the yield variation, respectively. Based on yield and ASV, G4, G16, G10, G23 and G5 demonstrated 

high performance, while G4, G9, G11 and G14 exhibited stability. According to the GSI, genotypes G4, G5, G23, G14 and G17 were most 
desirable. The findings highlight the substantial impact of GEI on yield variability, with genotype G16 emerging as optimal and G4, G5 and 

G17 being identified as favourable candidates for cultivation across five identified mega-environments, each suited to specific genotype 
adaptation. The identified high-performing genotypes can be integrated into Moroccan breeding programs to enhance durum wheat 

productivity and resilience to climate variability. 

Keywords: climatic resilience; genotype selection index; Morocco; multi-environmental trials; Triticum durum; yield stability   

Introduction 

Wheat (Triticum spp.) is among the most significant and widely 
consumed cereal crops worldwide, producing an average of 740 

million tons annually over the past decade. Wheat is the most 
commonly grown cereal crop worldwide, covering 
approximately 220 million hectares annually across diverse 

climates and geographical regions. Even if bread wheat 
represents more than 90 % of cultivated wheat, durum wheat 
(Triticum turgidum, subsp durum Desf, 2n = 4x = 28, AABB) 

spanning over 13.5 million hectares and contributing to a global 
yield of 33.8 million tons during the 2021 season (1-3). Durum 
wheat belongs to the Poaceae family, which includes other 

essential cereals such as rice, maize and barley. It is a tetraploid 
species   (2n = 4x= 28) derived from two significant domestication 
events in the fertile Crescent around 10000 years ago. The first 

event involved the transition from wild emmer (T. turgidum ssp. 
dicoccoides) to domesticated emmer (T. turgidum spp. 
Dicoccum), marked by the loss of spike fragility, which facilitated 

harvesting. The second event involved transitioning from 
cultivated emmer to durum with the appearance of naked 

kernels or free-threshing kernels (4, 5). 

 Durum wheat faces significant productivity challenges in 
arid regions, with climate change expected to exacerbate these 

issues. The combined pressures of climate change and increasing 
food demand from population growth highlight the need to 
boost durum wheat production (6, 7). In Morocco, Durum wheat 

is a key cereal crop with a long history of cultivation, occupying 
over one million hectares each year. It is grown mainly across 
rainfed areas experiencing both rainy and dry seasons associated 

with erratic rainfall distribution within seasons (8). 

 Abiotic stress, particularly high temperatures and 

drought, significantly constrain global crop production (9). In 

its fifth report, the Intergovernmental Panel on Climate Change 

projected a rise in the global average temperature of 3.7 °C by 

the century's end, which would significantly affect global 

agricultural production. The threat of climate change 

continues to have a detrimental effect on durum wheat yield 

and forecasts predict a decrease of up to 27 % by 2050 (10-12). 

Under Mediterranean and semi-arid climates, selecting wheat 

genotypes with high WUE has proven effective for sustaining 
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productivity under erratic rainfall patterns (13). Moreover, 

agronomic practices such as conservation tillage, deficit 

irrigation and precision agriculture enhance WUE by reducing 

soil evaporation and optimizing crop water availability (14).  

 Breeding is one of the most effective solutions for 

overcoming environmental stresses and reducing the adverse 

effects of climate change on agricultural production by 

developing new high-performing varieties that are resilient to a 

wide range of environmental conditions (15, 16). Improving the 

yield of durum wheat is a significant challenge for any breeding 

program in each country because current geopolitics means 

that each country must be self-sufficient by ensuring production 

that covers the needs of the local population. The long, laborious 

and expensive process of developing new varieties and 

evaluating existing varieties in more environments to identify a 

stable and high yield is a near-term solution to improve durum 

wheat production. 

 Genotype-by-environment interaction (GEI) describes 

the variability in genotype performance under various 

environmental conditions, often leading to reduced yield (17). 

Under prevailing climate change conditions, the GEI has 

become a great challenge for breeders, as it reduces selection 

efficiency and varietal recommendation accuracy. Therefore, it 

is necessary to properly assess the extent of the GEI on the trait 

of interest and address its drawbacks to select the best 

performance most effectively (1, 18). Multi-environment trials 

(METs) are essential for assessing genotypic stability, as the 

extent of GEI affects the mean performance of genotypes 

across environments (19). 

 Understanding GEI and crop stability is vital for decision

-making, particularly in the final stages of variety introduction. 

It offers critical insights into breeding line adaptation, aids in 

screening new varieties for release and identifies optimal 

recommendation zones (20). Focusing on environments with 

significant variance in breeding programs is more efficient than 

expanding the number of test sites (21). Several statistical 

methods have been proposed for this purpose, with the 

Genotype × Environment Interaction (GGE) model, the Additive 

Main Effect and Multiplicative Interaction (AMMI) model and 

the Genotype Main Effect being the most widely used. The 

AMMI model integrates variance and principal component 

analysis, focusing on fixed effects without requiring external 

data or additional environmental or genotypic structures. It 

serves three key functions: model diagnostics, clarifying GEI 

and improving the accuracy of yield predictions (22). 

 The Genotype main effect and Genotype × Environment 

interaction biplot is an effective tool for visualizing 

relationships between genotypes and environments, aiding in 

identifying genotypes with consistent performance across 

diverse conditions (18, 23, 24). It helps pinpoint mega-

environments with specifically adapted genotypes, assess 

yield and stability through the average environment 

coordinate approach and evaluate test environments (25). 

Various statistical methods are applied to interpret GEI, aiding 

in informed decisions for various recommendations (26). 

 In this context, the study aimed to (i) evaluate the 

performance of 25 durum wheat genotypes across diverse 

Moroccan environments, (ii) assess the impact of GEI on grain 

yield and (iii) identify the most productive and stable 

genotypes to recommend suitable varieties for specific mega-

environments.   

 

Materials and methods  

Field experiments and plant material         

The trials were conducted at seven experimental stations in 

Morocco: Sidi El Aydi (SEA), Marchouch (MCH), Annoceur (AN), 

Tassaout (TST), Jemaa Shaim (JSH), Sidi Allal Tazi (AT) and 

Douyet (DYT). These locations, managed by the National 

Institute of Agronomic Research (INRA), represent key durum 

wheat-growing areas. The study aimed to evaluate genotype 

performance and identify the top-performing varieties under 

varied environmental conditions over three consecutive crop 

seasons: 2020-21, 2021-22 and 2022-23.  

 The experimental material included 25 durum wheat 

genotypes comprising 23 Moroccan varieties and two elite 

lines from INRA Morocco (Table 1). The elite lines were chosen 

from advanced yield trials for their high yield potential and 

favourable agronomic and quality traits. 

Experimental design and data collection         

The investigation was undertaken using a randomized complete 

block design (RCBD) with three replicates. Every plot comprised 

six rows, each 5 m long and spaced 0.2 m apart, resulting in a 

total planted area of 6 m². The seeding rate was set at 300 seeds 

per m². Agronomic practices were aligned with local 

recommendations specific to each environment, with weed 

control implemented manually and chemically. Grain yield (GY) 

data were collected at maturity across all environments and 

seasons, measured over 6 m² and standardized to metric tons 

per hectare (t.ha-1). 

Statistical analysis         

Analysis of variance  

A two-way analysis of variance (ANOVA) was performed to 

evaluate the effects of genotype, environment and their 

interaction on yield across all environments studied. 

Additive main effects and multiplicative interaction (AMMI) 

and genotype main effect and genotype-by-environment 

interaction (GGE)          

The "metan" package (27) was utilized for AMMI analysis as per 

standard procedure (28, 29). AMMI biplot analysis evaluated 

the adaptability and variation in durum wheat genotypes due 

to genotypic and environmental factors. Additionally, the AMMI 

Stability Value (ASV) (30) and Genotype Selection Index (GSI) 

(31) were calculated to identify the most stable genotypes, 

complementing the AMMI analysis. 

 The GGE biplot was introduced to identify stable, high-
yield genotypes capable of adapting to diverse environments 
(32). The GGE biplot model formulated was used in this study 
and the biplot analysis, including the basic biplot, the which-
won-were, the mean vs. stability, the ranking genotypes and 
the ranking environments, were performed to assess the grain 
yield of twenty-five durum wheat genotypes (33). The R 
software and ggeplot2 package were used to create All of the 
AMMI and GGE biplots.    
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Results  

Analyze variance, location description and 
characterization of grain yield          

A high level of variability was observed across the 16 
environments (Table 2), with the combined analysis of 
variance (ANOVA) revealing highly significant differences 
among genotypes, environments and GEI effects (P < 0.0001). 
The environments JSH (E3) and TST (E5) represent arid zones 
with and without irrigation input, respectively. SEA (E7, E12 
and E16) represents a semi-arid zone. Allal Tazi (E1, E11 and 
E14) belong to the humid agroecological zone. The favourable 
zone was represented by two locations: Marchouch (E4, E10 
and E13) and Douyet (E2, E8 and E15). The mountain zone is 
defined by Annoceur (E6 and E9). 

 The mean grain yield was 2.14 t.ha-1, ranging from 0.31 
t.ha-1 in E16 (SEA23) to 5.78 t.ha-1 in E2 (DYT20). Soil textures 
varied by location, with limestone clay in DYT and AT, vertisol 
in MCH, vertisol and limestone in JSH, clay loam in SEA, a 
combination of clay loam and limestone in AN and stony soil in 
TST. Based on mean yield, environments can be divided into 
three groups: environments with high yields (>4 t.ha-1) are 
represented by E2 and E4, whereas those with low yields (< 2 
t.ha-1) are represented by E1, E3, E8, E10, E11, E13, E15 and E16. 
Environments E5, E6, E7, E9, E12 and E14 represented 
moderate-yielding environments (2 < t.ha-1 < 4). 

 Rainfall data for each environment are presented in 
Table 2. Rainfall across the 16 environments varied 
significantly, from a low of 78 mm in AN22 during the 2021-22 
season to a high of 457.7 mm in AT21 during the 2020-21 
season, with an average of 206.9 mm. Nine of the 
environments received below-average rainfall, while six 
received above-average rainfall. During the 2020-21 season, all 
locations except JSH21 and SEA21, in arid and semi-arid 
regions, received precipitation above the average. In contrast, 

all locations experienced below-average rainfall in the 2021-22 
season. The 2022-23 season followed a similar trend, except for 
MCH23 and AT23, in favourable, humid areas. These findings 
classify the 2020-21 season as wet and 2021-22 and 2022-23 
seasons as dry. 

AMMI analysis           

AMMI analysis of variance for grain yield 

As shown in the AMMI ANOVA results (Table 3), grain yield 
among the 25 durum wheat genotypes was significantly 
affected by genotype (G), environment (E) and their interaction 
(GEI), with all effects being highly significant at p < 0.001. The 
environmental effects accounted for 77.91 % of the total mean 
square, followed by GEI effects (5.93 %) and genotypic effects 
(0.80 %). Additionally, AMMI analysis revealed that GEI can be 
divided into three main multiplicative terms, namely PC1, PC2 
and PC3, which account for 63.5 % of the variation. This 
indicates that these three principal components significantly 
impacted the grain yield (Table 3). The high percentage of 
environmental effects was confirmed by the variation in the 
yield of the tested genotypes among the changing 
environments (Fig. 1). The yield varied from 0.11 t.ha-1  in E16 to 
7.09 t.ha-1 in E2. In the same genotype, the yield ranged from 
one environment to another, i.e., for G1, the yield ranged from 
1.24 t.ha-1 in E1 to 6.68, 0.71 and 4.13 t.ha-1 in E2, E3 and E4, 
respectively. The trend was the same in the other genotypes 
and the environment. 

AMMI1 and AMMI2 biplot 

Fig. 2a of the AMMI1 biplot (mean GY vs PC1) illustrates the 
discrete behaviour of the environment. The vertical line for this 
biplot represents the grand mean value (2.14 t.ha-1). Four 
classes (I to IV) can be used to explain the AMMI1 biplot (34). 

According to this classification, genotypes and environments 
with high (positive) interaction and high yield fall into class I; 
those with low (negative) interaction but high yield are in class 

No Code Genotype Origin/ year of release Mean yield (t ha-1) 

1 G1 Amjad INRA-Morocco /1995 2.16 

2 G2 Amria INRA-Morocco /2003 1.88 

3 G3 Anouar INRA-Morocco /1993 1.96 

4 G4 Boniduro SEMILLAS BATTLE-Spain/2012 2.45 

5 G5 Carioca SERASEM-France/2005 2.33 

6 G6 Chaoui INRA-Morocco /2003 2.07 

7 G8 Faraj INRA-Morocco /2007 2.19 

8 G9 Ginseng FLORIMOND DESPEREZ-France/2009 2.25 

9 G10 Irden INRA-Morocco /2003 1.99 

10 G10 Itri INRA-Morocco /2016 2.35 

11 G11 Hamadi INRA-Maroc/2017 2.03 

12 G12 Jabal BENCHAIB-Morocco /2021  2.28 

13 G13 Karim INRA-Morocco /1985 2.15 

14 G14 Kanakis FLORIMOND DESPEREZ-France/2009 2.11 

15 G15 Louisa INRA-Morocco /2011 2.03 

16 G16 LP4 INRA-Morocco / 2.42 

17 G17 LP5 INRA-Morocco / 2.19 

18 G18 Marouan INRA-Morocco /2003 1.92 

19 G19 Marzak INRA-Morocco /1984 2.12 

20 G20 Nachit INRA-Morocco /2018 2.23 

21 G21 Nassira INRA-Morocco /2003 2.09 

22 G22 Ourgh INRA-Morocco /1995 2.03 

23 G23 Prospero FLORIMOND DESPEREZ-France/2007 2.34 

24 G24 Tarek INRA-Morocco /1995 1.91 

25 G25 Tomouh INRA-Morocco /1997 2.05 

Table 1. Name, origin and mean yield of the 25 durum wheat genotypes used in this study 
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II. Low interaction with low yield is represented in class III. Class 
IV includes genotypes with high interactions and low yield. In 
the AMMI1 biplot, high-yielding genotypes are displayed on the 

right side of the axis. 

 Genotypes and environments closer to the biplots’ origin 

were stable and contributed minimally to the GEI. Conversely, 
genotypes and environments positioned farther from the origin 

significantly influenced the GEI. Twelve genotypes with a mean 
grain yield (GY) higher than the grand mean were identified: G1, 
G4, G5, G7, G8, G10, G12, G13, G16, G17, G20 and G23, with yield 

values of 2.16, 2.45, 2.33, 2.19, 2.25, 2.35, 2.28, 2.15, 2.42, 2.19, 
2.23 and 2.34 t.ha-1, respectively. G4, G17, G13 and G23 were 
more stable due to their proximity to the origin. 

 The lowest mean GY was observed in G2, G24, G18, G3 

and G9 genotypes with 1.88, 1.91, 1.92, 1.96 and 1.99 t.ha-1, 
respectively. The same trend was observed among the 
environments E2, E4, E9, E5 and E6, which showed the highest 

yield values of 5.77, 4.75, 3.67, 2.88 and 2.84 t.ha-1, respectively. 

Meanwhile, E16, E10, E11, E8 and E15 showed the lowest mean 
yield, 0.31, 0.42, 0.74, 0.76 and 0.79 t.ha-1, respectively.  

 The AMMI2 biplot uses the scores of the first two principal 
components, clearly depicting the GEI pattern  (Fig. 2b). 

Genotypes with a significant PC1 score, indicating a high mean 
yield and small absolute PC2 scores are regarded as ideal 
genotypes. In contrast, genotypes with PC1 scores close to zero 

are considered stable (35). 

 The AMMI2 biplot aids in identifying genotypes adapted 

to specific environments within this study. It revealed that 
genotypes G16, G23, G24, G8, G3, G7, G18 and G6, positioned at 

the polygons’ vertices, are the least stable due to their distance 
from the origin. In contrast, genotypes closer to the centre of the 
polygon are considered more stable. Additionally, environments 

E2, E4 and E12 showed the most extended vectors, indicating a 
strong discriminatory ability and a significant contribution to 
GEI. 

 

Environment 
(code) Location 

Cropping 
season 

Longitude 
(E) 

Latitude 
(N) Altitude (m) Soil type 

Agroecological 
zone 

Annual 
rainfall 
(mm) 

Mean 
yield            

(t ha-1) 

E1 (AT21) Sidi Allal Tazi 2020-21 34° 31′ 6° 19′ 10,5 limestone clay 
Humid irrigated 

areas 457,7 1.36 

E2 (DYT21) Douyet 2020-21 5°07 34°02 416 Clay limestone 
Favorable rainfed 

areas 381.5 5.77 

E3 (JSH21) Jemaa Shaim 2020-21 10° 0′ 32° 40′ 170 
limestone, 

vertisol Arid Areas 196 0.83 

E4 (MCH21) Marchouch 2020-21 6°71 33°60' 410 vertisol Favorable rainfed 
areas 367.30 4.75 

E5 (TST21) Tassaout 2020-21 7°24' 32°03' 465 stony Arid irrigated 
areas ** 2.88 

E6 (AN21) Annoceur 2020-21 4°51 33°41' 1350 clay loamy, 
limestone Mountain area 213* 2.84 

E7(SEA21) Sidi el Aidi 2020-21 7°37' 33°07' 240 Clay loam Semi-Arid Areas 101.2 2.36 

E8 (DYT22) Douyet 2021-22 5°07 34°02 416 Clay limestone 
Favorable rainfed 

areas 197.2 0.76 

E9(AN22) Annoceur 2021-22 4°51 33°41' 1350 
clay loamy, 
limestone Mountain area 78* 3.67 

E10 (MCH22) Marchouch 2021-22 6°71 33°60’ 410 Vertisol   
Favorable rainfed 

areas 107,90 0.42 

E11 (AT22) Sidi Allal Tazi 2021-22 34° 31′ 6° 19′ 10,5 limestone clay Humid irrigated 
areas 144.6 0.74 

E12 (SEA22) Sidi el Aidi 2021-22 7°37' 33°07' 240 Clay loam Semi-Arid Areas 112.4* 2.59 

E13 (MCH23) Marchouch 2022-23 6°71 33°60’ 410 vertisol  Favorable rainfed 
areas 213,3 1.74 

E14 (AT23) Sidi Allal Tazi 2022-23 34° 31′ 6° 19′ 10,5 limestone clay Humid irrigated 
areas 304,5 2.45 

E15 (DYT23) Douyet 2022-23 5°07 34°02 416 Clay limestone Favorable rainfed 
areas 112,7 0.79 

E16 (SEA23) Sidi el Aidi 2022-23 7°37' 33°07' 240 Clay loam Semi-Arid Areas 117* 0.31 

Table 2. Mean environment yield, location description and soil traits of the experimental sites  

** fully irrigated; * partially irrigated 

Source Df Sum Sq Mean Sq F value Pr(>F) Proportion ( %) 

ENV 15 2856.42 190.43 107.79 0*** 77.91 

REP(ENV) 32 56.53 1.77 4.71 1.74E-15*** 1.54 

GEN 24 29.65 1.24 3.29 2.4E-07*** 0.80 

GEN: ENV 360 217.52 0.60 1.61 3.21E-08*** 5.93 

PC1 38 69.58 1.83 4.88 0*** 32 

PC2 36 43.30 1.20 3.20 0*** 51.9 

PC3 34 25.19 0.74 1.97 0.0009*** 63.5 

Residuals 768 288.37 0.38       

Total 1559 3666.02 2.35       

Table 3. AMMI Analysis of variance for grain yield of 25 durum wheat genotypes in 16 environments 

 ***: highly significant at p < 0.001. Df :degree of freedom; Sq :square; ENV: environment; REP: replication; GEN :genotypes; PC: principal 
component  
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GGE and mean vs. stability biplots       

The utilization of the GGE biplot technique, as proposed by 

Bocianowski et al, 2019 (32), facilitates the identification from 
different environments, the suitable genotypes based on their 
rank performance and evaluates test locations for 

representativeness. The sum of the two first principal 
components accounted for 51.41 %. 

 The genotypes closest to the lines’ arrow indicated the 
highest average GY according to the GGE and mean vs. stability 

biplot. G16 showed the highest average yield among these 
genotypes, whereas G18 showed the lowest average. Based on 
this study, the mean stability biplot demonstrates that 

genotypes G16, G4, G5, G23, G17, G10 and G13 exhibited high 
mean GY. In contrast, genotypes G18, G7, G3 and G24 showed 
the lowest mean GY. The stability of genotypes was evaluated 

Fig. 1. Heat map showing environmental mean yield of 25 durum wheat genotypes across sixteen locations during three consecutive growing 
seasons to visually assess G × E interaction. G1 to G25 corresponds to the genotype listed in Table 1.; E1: AT21; E2: DYT21; E3: JSH21; E4: 
MCH21; E5: TST21; E6: AN21; E7: SEA21; E8: DYT22; E9: AN22; E10: MCH22, E11: AT21; E12: SEA22; E13: MCH23; E14: AT23; E15: DYT23; E16: 

SEA23.  

Fig. 2. a) The AMMI1 biplot between mean yield (t ha-1) and PC1 represents the distribution of environments and genotypes based on 
interaction and additive effects. b) AMMI2, PC1 and PC2 plotted to obtain a polygon view. The genotypes in the centre of the polygon are the 
stable ones. YLD: Yield; G1 to G25 correspond to the genotypes listed in Table 1.; E1: AT21; E2: DYT21; E3: JSH21; E4: MCH21; E5: TST21; E6: 

AN21; E7: SEA21; E8: DYT22; E9: AN22; E10: MCH22, E11: AT21; E12: SEA22; E13: MCH23; E14: AT23; E15: DYT23; E16: SEA23; Gen: genotypes; 
Env: environment; PC: principal component.  
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by observing the vector length (dotted line) between the 
average environment axis and each genotypes’ position. 

According to this order idea, G4, G5, G16, G17 and G13 were 
identified to be the most stable genotypes, whereas G18, G7 
and G3 were the least stable (Fig. 3b). Based on GY 

performance across all environments, the genotypes ranked as 
follows: G16 > G4 > G5 > G23 > G17 > G10 > G13 > G12 > G20 > G6 
= G22 > G19 > G11 = G14 > G8 > G9 = G21 > G15 = G1 > G2 = G25 > 

G24 > G3 > G7 > G18.Genotypes G16, G4 and G23 exhibited a 
high-yielding genotype, although they demonstrated 
instability compared to genotypes G5, G17 and G13. 

Ranking genotypes, which-won-where view of the GGE 

biplot and identification of mega-environments        

The central position of the concentric circles is designated by a 

small arrow, indicating the ideal genotype. According to this 
concept, the genotype located in the centre is considered ideal 

and most suitable (36). In this case, G16 is closest to the centre. 
Consequently, this genotype was ideal. In contrast, G18 and G7 
are located far from the circles’ centre and are not ideal 

genotypes (Fig. 4a). 

 The which-won-where biplot identifies top-performing 

genotypes within specific environments (18). Based on the GY 
Which-Who-where analysis, the GGE biplot indicated that the 

genotypes G16, G23, G8, G24, G3, G7, G18 and G6 were 
positioned at the vertex of the six sectors. Among these 
genotypes, G16 was the most representative in 11 environments 

within the same sector, demonstrating its superior performance 
across various environments. This sector included genotypes G4, 
G5, G10, G12, G13 and G17, suggesting that these genotypes 
could perform similarly to G16. The genotypes G7, G6 and G18 
located at the vertex have similar performance with G20, G22, 
G9, G11 and G21 in 1 environment. G4, G1 and G14 showed a 

best performance in 2 environments and G8, G19, G3, G2, G15 
and G25 were also performed in 1 environment. Each of the six 

sectors identified in the biplot represents a mega-environment, 
respectively (Fig. 4b). 

Ranking and identification of ideal Environment        

A ranking environments biplot was created to identify the ideal 

environment for grain yield (GY), as shown in Fig. 5. This 

environment-focused biplot displays the Average Environment 

Axis (AEA), Average Environment Coordinate (AEC) and concentric 

circles. The ideal environment is located closest to the centre of 

the concentric circles. In this study, environment E4 emerged as 

ideal for GY, as it was closest to the centre and had the smallest 

angle with the AEA, allowing genotypes to express their genetic 

potential fully. This finding supports E4 as an optimal 

environment for developing and evaluating durum wheat 

varieties. The other environments were ranked by their proximity 

to the ideal, following this order: E4 > E5 > E7 > E6 > E13 > E14 > E9 

= E16 > E15 > E3 > E8 > E1 = E10 > E11 > E12 > E2 (Fig. 5a). 

Selection of superior genotypes         

Table 4 represents the ranking of the 25 durum wheat 

genotypes based on their mean GY, ASV value and GSI. 
Genotypes with an ASV value closer to zero are considered 
more stable, while those farther from zero are less stable. 

According to the ranking based on ASV, the first four positions 
are occupied respectively by G14, G9, G11 and G4, while the 
last four stable genotypes were G16, G8, G3 and G7 due to their 

highest AS value. Additionally, based on GY making, G4, G16, 
G10 and G5 occupied the first four places. The GSI was 
calculated according to ASV and GY rankings, identifying 

genotypes with the lowest GSI values as the most stable and 
high-yielding. Based on GSI, the top five genotypes were G4, 
G5, G23, G14 and G17, while the lowest-ranked genotypes with 

the highest GSI value were G24, G3, G18, G2 and G6.  

 

 

Fig. 3. a) Basic GGE plot between PC1 and PC2 showing the stability view and grouping of genotypes and environments between classes I–IV 
of the biplot. b) "Mean vs. Stability" view of GGE biplot considering mean yield of twenty-five durum wheat genotypes across sixteen different 
environments over three cropping seasons. G1 to G25 corresponds to the genotypes listed in Table 1.; E1: AT21; E2: DYT21; E3: JSH21; E4: 

MCH21; E5: TST21; E6: AN21; E7: SEA21; E8: DYT22; E9: AN22; E10: MCH22, E11: AT21; E12: SEA22; E13: MCH23; E14: AT23; E15: DYT23; E16: 
SEA23; Gen: genotypes; Env: environment; PC: principal component.  
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Fig. 5. a) Ranking of environments view of GGE biplot based on a hypothetical ideal environment in the centre of concentric circles. b) 
Relationship between environments GGE biplot shows the test environments' correlation. E1: AT21; E2: DYT21; E3: JSH21; E4: MCH21; E5: 
TST21; E6: AN21; E7: SEA21; E8: DYT22; E9: AN22; E10: MCH22, E11: AT21; E12: SEA22; E13: MCH23; E14: AT23; E15: DYT23; E16: SEA23; PC: 

principal component.  

Fig. 4. a) Ranking of genotypes view of GGE biplot based on a hypothetical ideal genotype in the centre of concentric circles. b) Which-won-
where GGE biplot showing 25 genotypes and 16 environments, the genotypes sharing the same sector with an environment are the most 
suitable genotypes for that specific environment in the same sector. G1 to G25 corresponds to a genotype in Table 1.; E1: AT21; E2: DYT21; E3: 

JSH21; E4: MCH21; E5: TST21; E6: AN21; E7: SEA21;     E8: DYT22; E9: AN22; E10: MCH22, E11: AT21; E12: SEA22; E13: MCH23; E14: AT23; E15: 
DYT23; E16: SEA23; Gen: genotype; Env: environment; PC: principal component. 
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Discussions 

Identifying high-yielding and stable genotypes across diverse 
environments is essential for any breeding program, particularly 

in the face of climate change, to support global food security. 
This study aimed to assess the performance of durum wheat 
genotypes across varied environmental conditions representing 

Moroccos’ primary durum wheat-growing regions. The objective 
was to identify genotypes that produce high yields and maintain 
stability, enabling the recommendation of suitable varieties for 

each environment and mega-environment. Thus, analyzing and 
observing GEI in multi-environment trials is crucial for 
evaluating, selecting and recommending optimal genotypes 

(37). 

 The combined analysis of variance showed a significant 

difference among genotypes, environments and GEI at p < 
0.0001. This revelation allows us to deduce that all components 

govern the yield. Still, the environmental effect controls the 
major part of variation, with 77.91 % of variation versus 0.80 % 
for genotypic variation. GEI contributes 5.4 % to this variation, 

suggesting that ecological and climatic conditions are the limits 
of yield. The large percentage of the environmental effect (77.91 
%) indicated the diversity of these environments, causing the 

greatest variation in grain yield among durum wheat genotypes. 
According to previous research, the diversity of these 
environments caused the most significant variation in the grain 

yield of durum wheat genotypes (38, 39). These findings are 
supported by previous research, which indicates that the high 

percentage of the sum of squares attributed to the environment 
suggests that the test environments were highly diverse, 
significantly impacting yield performance and contributing to 

most of the variation in grain yield (40, 41). Unpredictable 
environmental conditions are a significant constraint for 
breeding superior and widely adapted durum wheat genotypes. 

 The average yield was 3.21 t.ha-1 in the first year, 1.86 t.         

ha-1 in the second year and 1.32 t.ha-1 in the third year, reflecting 
variations in climatic conditions. This is due to favourable or 
unfavourable environmental conditions during the three years, 

mainly drought and poor rainfall distribution during the plants’ 
development cycle. The high yields in environments with good 
rainfall (4.73 t.ha-1 in MCH21) and low yields in environments 

with low rainfall (0.42 t.ha-1 in MCH22 and 1.73 t.ha-1 in MCH23) 
demonstrated that rainfall is a determining factor for the GY of 
the durum wheat genotypes. From this perspective, research 

reported that the variation in wheat yield strongly depends on 
environmental conditions (4). Our studys’ significant correlation 
between rainfall and yield confirmed these hypotheses. In the 

same order, research reported that the distribution of 
precipitation is determined during the growth stages (42-44). 
Therefore, it is necessary to optimize the sowing dates to benefit 

as much as possible from rainfall and ensure a good distribution 
of water resources by providing additional efficient irrigation. 
Sowing date is a crucial factor affecting crop growth and yield, 

with an optimal sowing date positively influencing grain yield 
through improved adaptation to physiological, phenological 
and environmental conditions. Proper management of sowing 
date, variety and environmental factors can increase wheat yield 
by 10 to 80 % (38, 39). 

 The AMMI model combines variance and principal 
component analysis with fixed effects without relying on 

external data or additional structure for environments and 
genotypes. It helps identify genotypes that perform consistently 
across diverse environments and environments that significantly 

impact specific genotypes. The AMMI model can also reveal 
genotype-by-environment interaction patterns and assess 
genotype stability across various environments (45, 46). 

 The results of the AMMI analysis demonstrated that the 

GEI and environment accounted for the majority, with 83.3 % 
of the variation. This result aligns with the findings of (47-49), 
who utilized the AMMI model to analyze the GEI and reported 

that the GEI explained 84.3 and 82.9 % of the total variation in 
yield, respectively. 

 PC1 reflects the adaptability of genotypes and is 
strongly correlated with performance, while PC2 represents 

stability (20). When such interactions occur, PC1 and PC2 
account for at least 50 % of the total variation (50). In this 
study, the two PCs explain 51.9 % of the total variation, 

suggesting that other factors, including drought, rainfall 
distribution during the stage of the plant cycle and sowing 
date, may also impact the yield. 

 The GGE biplot analysis enables visualization of the 

relationship between genotypes and environments, identifying 
genotypes that perform well across various environments. 
Combining two key sources of variation genotype and G × E the 

GGE biplot facilitates the analysis of mega environments, 

Genotypes 
Mean yield           

(t ha-1) 
YLD-R ASV ASV-R GSI GSI-R 

G1 2.16 11 0.88 18 29 13 

G2 1.88 25 0.68 11 36 15 

G3 1.96 22 1.22 23 45 17 

G4 2.45 1 0.37 4 5 1 

G5 2.33 5 0.56 8 13 2 

G6 2.07 16 1.01 20 36 15 

G7 2.19 9 1.22 22 31 14 

G8 2.25 7 1.23 24 31 14 

G9 1.99 21 0.14 2 23 9 

G10 2.35 3 0.72 15 18 7 

G11 2.03 19 0.31 3 22 8 

G12 2.28 6 0.72 16 22 8 

G13 2.15 12 0.48 5 17 6 

G14 2.11 14 0.13 1 15 4 

G15 2.03 18 0.54 7 25 10 

G16 2.42 2 1.35 25 27 11 

G17 2.19 10 0.51 6 16 5 

G18 1.92 23 0.97 19 42 16 

G19 2.12 13 0.72 14 27 11 

G20 2.23 8 0.81 17 25 10 

G21 2.09 15 0.71 13 28 12 

G22 2.03 20 0.67 9 29 13 

G23 2.34 4 0.67 10 14 3 

G24 1.91 24 1.13 21 45 17 

G25 2.05 17 0.71 12 29 13 

Table 4. Ranking of 25 durum wheat genotypes based on yield, ASV 
and GSI across 16 environments 

YLD yield; YLD-R yield-based ranks; ASV AMMI-stability-value;      
ASV-R ASV-based ranks; GSI genotype selection index; GSI-R GSI-
based ranks  
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evaluation of genotypes and discrimination of environments in 
graphical form. This information guides breeding and selection 

decisions to develop cultivars suited to diverse environments 
(18, 19). 

 Identifying mega-environments is the optimal 
approach to selecting genotypes with stable performance, as it 
enhances understanding complex genotype by environment 
interactions within a specific region. Additionally, breeding 
genotypes specifically adapted to distinct mega environments 

helps develop environment specific cultivars (51). Research 
indicates mega environments as locations yield similar and 
repeatable genotype responses over time (37). In this study, 

five distinct mega environments were identified. The largest, 
Mega environment I, included eleven locations (E3, E4, E5, E6, 
E7, E9, E12, E13, E14, E15 and E16), followed by Mega 

environment II, which comprised two locations (E2 and E10). 
Environments E1, E11 and E8 correspond to Mega 
environments III, IV and V, respectively. 

 The generation by the Which-Won-Where polygon GGE 

biplot of the five mega-environments may be explained by the 
difference in cropping season conditions. A more significant 
environmental effect generates more mega-environments 

and, therefore, widely distributed varieties among the mega-
environments. What must be raised is that the recent varieties, 
unlike the old ones, perform well, which can be attributed to 

the selection progress. Mediterranean environments are 
generally known to be associated with droughts and high 
temperatures. Research suggests that selection strategies 

implemented in recent decades have effectively reduced the 
GEI effect, facilitating the selection of genotypes with more 
excellent stability. As a result, newer varieties exhibit better 

adaptability to environmental conditions than older ones (52). 
Yield stability refers to a genotypes’ ability to maintain a 
consistent yield across varying environments, a key trait for 

breeding programs. Genotypes with high, stable yields are 
ideal for cultivar selection or as parents in breeding crosses 
(53).  

 Genotype performance and stability fall into three 

categories: [1] genotypes that are broadly adapted, with high 
and stable yields; [2] genotypes that are specifically adapted, 
showing high mean yield but low stability; and [3] genotypes 

that are poorly adapted, with low yield and stability (21). Based 
on the analyses, G16 was identified as "ideal," while G4, G5, 
G14, G17 and G23 were deemed "desirable" due to their 

consistent performance, low environmental interaction and 
relative stability.  

 

Conclusion  

Durum wheat is one of the oldest cereal crops cultivated in the 

Mediterranean Basin, especially in Morocco. The variance 
analysis displayed highly significant differences between 

genotypes, environments and GEI, with AMMI analysis indicating 
that environmental factors accounted for most of the yield 
variation. Based on G × E analysis, genotypes G16, G4, G5, G14, 

G17 and G23 were identified as high-yielding and stable across 
different environments. Identifying mega environments with 
optimal genotypes can significantly enhance production in each 

area, promote food security and increase farmers' revenue. Yield 

improvements of up to 40-50 % can be achieved by identifying 
stable, high-yielding genotypes. Additionally, accelerating the 

identification and use of genes linked to grain yield can speed up 
the development of new cultivars with enhanced yield potential 
and other desirable traits.   

 

Acknowledgements  

We gratefully acknowledge the technical staff of all 
experimental stations and the wheat breeding laboratory for 
their support.   

 

Authors' contributions 

MMH conceptualized the research, contributed to 
methodology and validation, assisted in experimentation and 
data analysis, curated data and led the writing, review and 
editing of the manuscript. SB was involved in research 
conceptualization, methodology development, validation and 
supervision. GD contributed to the research concept, 
methodology and supervision. MT participated in 
conceptualizing the study, developing methodology, 
validating results and supervising the research. FG assisted in 
data analysis. MAA contributed to the experimental work. RH 
supervised the research. All authors read and approved the 
final version of the manuscript.  

 

Compliance with ethical standards 

Conflict of interest: The authors declare no conflicts of 
interest.  

Ethical issues: None  

 

References 

1. Boussakouran A, El Yamani M, Sakar EH, Rharrabti Y. Genetic 

advance and grain yield stability of Moroccan durum wheat 
grown under rainfed and irrigated conditions. Intl J Agron. 
2021;2021:5571501. https://doi.org/10.1155/2021/5571501    

2. Moreno FM, Ammar K, Solís I. Global changes in cultivated area 

and breeding activities of durum wheat from 1800 to date: a 
historical review. Agron. 2022;12:1135. https://doi.org/10.3390/
agronomy12051135  

3. Shiferaw B, Smale M, Braun HJ, Duveiller E, Reynolds M, Muricho 

G. Crops that feed the world 10. Past successes and future 
challenges to the role played by wheat in global food security. 
Food Security. 2013;5:291–317. https://doi.org/10.1007/s12571-
013-0263-y   

4. Alemu A, Feyissa T, Letta T, Abeyo B. Genetic diversity and 

population structure analysis based on the high-density SNP 
markers in Ethiopian durum wheat (Triticum turgidum ssp. 
durum). BMC Gene. 2020;21:18. https://doi.org/10.1186/s12863-
020-0825-x  

5. Mazzucotelli E, Sciara G, Mastrangelo AM, Desiderio F, Xu SS, Faris 
J, et al. The Global durum wheat panel (gdp): an international 
platform to identify and exchange beneficial alleles. Front Plant 
Sci. 2020;11:569905. https://doi.org/10.3389/fpls.2020.569905  

6. Al-Sayaydeh R, Shtaya MJ, Qubbaj T, Al-Rifaee MK, Alabdallah MA, 
Migdadi O, et al. Performance and stability analysis of selected 
durum wheat genotypes differing in their kernel characteristics. 
Plants. 2023;12:2664.  https://doi.org/10.3390/plants12142664    

7. Ayed S, Othmani A, Bouhaouel I, Teixeira da Silva JA. Multi-

https://doi.org/10.1155/2021/5571501
https://doi.org/10.3390/agronomy12051135
https://doi.org/10.3390/agronomy12051135
https://doi.org/10.1007/s12571-013-0263-y
https://doi.org/10.1007/s12571-013-0263-y
https://doi.org/10.1186/s12863-020-0825-x
https://doi.org/10.1186/s12863-020-0825-x
https://doi.org/10.3389/fpls.2020.569905
https://doi.org/10.3390/plants12142664


MACKAYE ET AL  10     

https://plantsciencetoday.online 

environment screening of durum wheat genotypes for drought 
tolerance in changing climatic events. Agron. 2021;11:875. https://
doi.org/10.3390/agronomy11050875   

8. Taghouti M, Nsarellah N, Gaboun F, Rochdi A. Multi-environment 
assessment of the impact of genetic improvement on agronomic 
performance and on grain quality traits in Moroccan durum 
wheat varieties of 1949 to 2017. Gl J Pl Breed Gene. 2017;4(7):394 
–404 

9. Bocianowski J, Prazak R. Genotype by year interaction for 
selected quantitative traits in hybrid lines of Triticum aestivum L. 
with Aegilops kotschyi Boiss. and Ae. variabilis Eig. using the 
additive main effects and multiplicative interaction model. 
Euphytica. 2022;218:11. https://doi.org/10.1007/s10681-022-
02967-4   

10. Dowla MNU, Edwards I, O'Hara G, Islam S, Ma W. Developing 
wheat for improved yield and adaptation under a changing 
climate: optimization of a few key genes. Engineering. 2018;4
(4):514–22.  https://doi.org/10.1016/j.eng.2018.06.005  

11. Blum A. Effective use of water (EUW) and not water-use efficiency 
(WUE) is the target of crop yield improvement under drought 
stress. Field Crop Res. 2009;112:2–3;119–23. https://
doi.org/10.1016/j.fcr.2009.03.009 

12. Vadez V, Kholova J, Medina S, Kakkera A,  Anderberg H. 
Transpiration efficiency: new insights into an old story. J Exp Bot. 
2014;656141–6153, https://doi.org/10.1093/jxb/eru040     

13. Passioura J. Increasing crop productivity when water is scarce-
from breeding to field management. Agric Water Manage. 
2006;80:1–3. https://doi.org/10.1016/j.agwat.2005.07.012  

14. Sadras VO, Richards RA. Improvement of crop yield in dry 
environments: benchmarks, levels of organization and the role of 
nitrogen. J Exp Bot. 65:8;1981–95. https://doi.org/10.1093/jxb/
eru061   

15. Bennani S, Birouk A, Naserelhaq N, Jlibene M, Ouabbou H. 
Efficiency of selection indices in screening bread wheat lines 
combining drought tolerance and high yield potential. J Plant 
Breed Crop Sci. 2016;8(5):72–86. https://doi.org/10.5897/
JPBCS2016.0561  

16. Alizadeh B, Rezaizad A, Yazdandoost HM, Shiresmaeili H, 
Nasserghadimi F, Khademhamzeh HR, et al. Genotype x 
environment interactions and simultaneous selection for high 
seed yield and stability in winter rapeseed (Brassica napus) Multi-
Environment Trials. Agric Res. 2021;11:185–96. https://
doi.org/10.1007/s40003-021-00565-9  

17. Walli MH, Al-Jubouri Z, Madumarov MU, Myrnenko M, aldibe AAA. 
Genetic and environment diversity to improve wheat (Triticum 
spp.) productivity: A review. Research on Crop. 2022;23(2):295–
306. https://doi.org/10.31830/2348-7542.2022.041   

18. Mohammadi R, Farshadfar E, Amri A. Interpreting genotype× 
environment interactions for grain yield of rainfed durum wheat 
in Iran.  Crop J. 2015;3(6):526–35.   https://doi.org/10.1016/
j.cj.2015.08.003  

19. Gupta V, Kumar M, Singh V, Chaudhary L, Yashveer S, Sheoran R, 
et al. Genotype by Environment Interaction Analysis for Grain 
Yield of Wheat (Triticum aestivum (L.) em.Thell) Genotypes. Agric. 
2022;12:1002. https://doi.org/10.3390/agriculture12071002  

20. Mulugeta B, Kassahun T, Geleta M, Johanson E, Haileselassie T, 
Hammenhag C, et al. Multivariate analyses of Ethiopian durum 
wheat revealed stable and high-yielding genotypes. Plos ONE. 
2022;17:8. https://doi.org/10.1371/journal.pone.0273008   

21. Yan W, Kang MS GGE biplot analysis: a graphical tool for breeders, 
geneticists and agronomists. CRC press; 2002. https://
doi.org/10.1201/9781420040371 

22. Hilmarsson HS, Rio S, Sánchez JI. Genotype by Environment 
Interaction Analysis of Agronomic Spring Barley Traits in Iceland 
Using AMMI, Factorial Regression Model and Linear Mixed Model. 

Agron. 2021;11:499. https://doi.org/10.3390/agronomy11030499  

23. Crossa, J. Statistical analyses of multi-location trials. Adv Agron. 

1990;44:55–85. https://doi.org/10.1016/S0065-2113(08)60818-4 

24. Ahakpaz F, Abdi H, Neyestani E, Hesami A, Behrouz, M, Kourosh 

NM, et al. Genotype-by-environment interaction analysis for grain 
yield of barley genotypes under dryland conditions and the role of 
monthly rainfall. Agric Water Manage. 2021;245:106665.  https://
doi.org/10.1016/j.agwat.2020.106665   

25. Enyew M, Feyissa T, Geleta M, Tesfaye K, Hammenhag C, Carlsson 

AS. Genotype by environment interaction, correlation, AMMI, GGE 
biplot and cluster analysis for grain yield and other agronomic 
traits in sorghum (Sorghum bicolor L. Moench). PLoS one. 2021;16
(10). https://doi.org/10.1371/journal.pone.0258211  

26. Werkissa Y. Review on Effect of Genotype × Environment 

Interaction and Yield Stability Among Sorghum (Sorghum bicolor 
(L.) Moench.) Genotypes. International J Gene Genom. 2022;10
(1):12–20. https://doi.org/10.11648/j.ijgg.20221001.13      

27. Sharifi P, Aminpanah H, Erfani R, Mohaddesi A, Abouzar Abbasian 

A. Evaluation of Genotype × Environment Interaction in Rice 
Based on AMMI Model in Iran. Rice Sci. 2017;24(3):173–80. https://
doi.org/10.1016/j.rsci.2017.02.001   

28. Olivoto T, Lucio ADC. metan: An R package for multi-environment 

trial analysis Methods. Ecol Evol. 2020;11:783–89. https://
doi.org/10.1111/2041-210X.13384   

29. Gauch HG, Zobel RW. Predictive and postdictive success of 

statistical analyses of yield trials. Theoret Appl Genes. 1988;76:1–
10. https://doi.org/10.1007/BF00288824      

30. Gauch, HG. Prediction, parsimony and noise. American scientist. 

1993; 81(5).468–78. 

31. Purchase J, Hatting H, Van Deventer C. Genotype× environment 
interaction of winter wheat (Triticum aestivum L.) in South Africa: 

II. Stability analysis of yield performance. S Afr J Pl Soil. 2000;17
(3):101–07. https://doi.org/10.1080/02571862.2000.10634878   

32. Bocianowski K, Warzecha T, Nowosad K, Bathelt R. Genotype by 
environment interaction using AMMI model and estimation of 

additive and epistasis gene effects for 1000-kernel weight in 
spring barley (Hordeum vulgare L.). J Appl Gene. 2019;60(2): 127–
35. https://doi.org/10.1007/s13353-019-00490-2   

33. Yan W, Hunt LA, Sheng Q, Szlavnics Z. Cultivar evaluation and mega-

environment investigation based on the GGE biplot. Crop Sci. 
2000;40:597–605 https://doi.org/10.2135/cropsci2000.403597x  

34. Gauch HG Jr. Statistical analysis of yield trials by AMMI and GGE. 
Crop Sci. 2006;46:1488-1500. https://doi.org/10.2135/

cropsci2005.07-0193 

35. Olivoto T, Lucio AD, da Silva JA, Marchioro VS, de Souza VQ, Jost 
E. Mean performance and stability in multi-environment trials I: 
combining features of AMMI and BLUP techniques. Agronomy J. 

2019;111:2949–60. https://doi.org/10.2134/agronj2019.03.0220  

36. Yan W, Rajcan I. Biplot analysis of test sites and trait relations of 
soybean in Ontario. Crop Science. 2002;42:11–20. https://
doi.org/10.2135/cropsci2002.1100 

37. Yan W, Tinker NA. Biplot analysis of multi environmental trial 
data: Principles and application. Can J Pl Scie. 2006;86:623–45. 
https://doi.org/10.4141/P05-169 

38. Seife A, Tena E. Genotype x environment interaction and yield 
stability analysis of sugarcane (Saccharum officinarum L.) 
genotypes. Int J Adv Res Biol Sci. 2020; 7(1):14–26  

39. Mohammadi R, Jafarzadeh J, Armion M, Poursiahbidi MM, 
Hatamzade H, Khalizadeh GR. Mega-environment investigation in 
durum wheat yield trials in Iran. Euphytica. 2023;219:18. https://
doi.org/10.1007/s10681-022-03138-1  

40. Roostaei M, Jafarzadeh J, Roohi E, Nazary H, Rajabi R, 
Mohammadi R, et al. Genotype × environment interaction and 
stability analyses of grain yield in rainfed winter bread wheat. Exp 

https://plantsciencetoday.online
https://doi.org/10.3390/agronomy11050875
https://doi.org/10.3390/agronomy11050875
https://doi.org/10.1007/s10681-022-02967-4
https://doi.org/10.1007/s10681-022-02967-4
https://doi.org/10.1016/j.eng.2018.06.005
https://www.sciencedirect.com/journal/field-crops-research/vol/112/issue/2
https://doi.org/10.1016/j.fcr.2009.03.009
https://doi.org/10.1016/j.fcr.2009.03.009
https://doi.org/10.1093/jxb/eru040
https://doi.org/10.1016/j.agwat.2005.07.012
https://doi.org/10.1093/jxb/eru061
https://doi.org/10.1093/jxb/eru061
https://doi.org/10.5897/JPBCS2016.0561
https://doi.org/10.5897/JPBCS2016.0561
https://doi.org/10.1007/s40003-021-00565-9
https://doi.org/10.1007/s40003-021-00565-9
https://doi.org/10.31830/2348-7542.2022.041
http://dx.doi.org/10.31830/2348-7542.2022.041
https://doi.org/10.1016/j.cj.2015.08.003
https://doi.org/10.1016/j.cj.2015.08.003
https://doi.org/10.3390/agriculture12071002
https://doi.org/10.1371/journal.pone.0273008
https://doi.org/10.1201/9781420040371
https://doi.org/10.1201/9781420040371
https://doi.org/10.3390/agronomy11030499
https://doi.org/10.1016/S0065-2113(08)60818-4
https://doi.org/10.1016/j.agwat.2020.106665
https://doi.org/10.1016/j.agwat.2020.106665
https://doi.org/10.1371/journal.pone.0258211
https://doi.org/10.11648/j.ijgg.20221001.13
https://doi.org/10.1016/j.rsci.2017.02.001
https://doi.org/10.1016/j.rsci.2017.02.001
https://doi.org/10.1111/2041-210X.13384
https://doi.org/10.1111/2041-210X.13384
https://doi.org/10.1007/BF00288824
https://doi.org/10.1080/02571862.2000.10634878
https://doi.org/10.1007/s13353-019-00490-2
https://doi.org/10.2135/cropsci2000.403597x
https://doi.org/10.2135/cropsci2005.07-0193
https://doi.org/10.2135/cropsci2005.07-0193
https://doi.org/10.2134/agronj2019.03.0220
https://doi.org/10.2135/cropsci2002.1100
https://doi.org/10.2135/cropsci2002.1100
https://doi.org/10.4141/P05-169
https://doi.org/10.1007/s10681-022-03138-1
https://doi.org/10.1007/s10681-022-03138-1


11 

Plant Science Today, ISSN 2348-1900 (online) 

Agric. 2022;58:E37. https://doi.org/10.1017/S0014479722000345  

41. Gadisa A, Alemu D, Nagesh G, Ruth D, Tafesse S, Habtemariam Z, 

et al. Genotype × Environment Interaction and Selection of High 
Yielding Wheat Genotypes for Different Wheat-growing Areas of 
Ethiopia. Am J BioSci. 2021;9(2):63–71. https://
doi.org/10.23910/1.2023.3570 

42. Abd EL-Ghany FIM, Attia MAEH, Nour AE, Nawar A, Dessouky AM, 

Shaalan AM. Genotype by environment interaction and yield 
stability in bread wheat cultivars under rainfed conditions. Scienti 
J Agric Sci. 2021;3(1):56–65. https://doi.org/10.21608/
SJAS.2021.50086.1060 

43. Bennani S, Nsarellah N, Jlibene M, Tadesse, W, Birouk A, Ouabbou 
H. Efficiency of drought tolerance indices under different stress 
severities for bread wheat selection. Aust J Crop Sci. 2017;11
(04):395–405.  https://doi.org/10.21475/ajcs.17.11.04.pne272 

44. Tafes Desta B, Meseret Gezahegn A, Eshetu S, Abuhay T. 
Optimizing sowing date for the productivity of durum wheat 
(Triticum turgidum L. var. Durum) in Central Highland of Ethiopia. 
Agric Forest Fisheries. 2020;9(2):28–32. https://doi.org/10.11648/
J.AFF.20200902.12 

45. Silva RR, Benin G, Almeida JL, Fonseca ICB, Zucareli C. Grain yield 
and baking quality of wheat under different sowing dates. Acta 
Scientiarum Agronomy. 2014;36(2):201–10. https://
doi.org/10.4025/actasciagron.v36i2.16180   

46. Dias C, Santos CA, Borges I, Mexica JT. Identification of adapted 
and stable cultivar, using the AMMI Model and linear regression 
technique. Emer Issu Agric Sci. 2023;4. https://doi.org/10.9734/
bpi/eias/v4/5419c    

47. Jedzura S, Bocianowski J, Marysik P. The AMMI model application 
to analyze the genotype-environmental interaction of spring 
grain yield for the breeding program purposes. Cereal Res Comm. 
2022;51:1197–205 https://doi.org/10.1007/s42976-022-00296-9  

48. Mohammadi R, Armion M, Zadhasan E, Ahmadi MM, Amri A. The 
use of AMMI model for interpreting genotype × environment 
interaction in durum wheat. Exp Agric. 2018;54(5):670–83. https://
doi.org/10.1017/S0014479717000308  

49. Rodrigues PC, Monteiro A, Lourenço VM. A robust AMMI model for 
the analysis of genotype-by-environment data. Bioinformatics, 

2016;32(1):58–66.  https://doi.org/10.1093/bioinformatics/btv533    

50. Crossa J, Cornelius PL. Sites regression and shifted multiplicative 

model clustering of cultivar trial sites under heterogeneity of error 
variances. Crop Science. 1997;37:406–15. https://doi.org/10.2135/
cropsci1997.0011183X003700020017x 

51. Yan W, Pageau D, Fregeau-Reid J, Durand J. Assessing the 

representativeness and repeatability of test locations for genotype 
evaluation. Crop Sci. 2011;51:1603–10. https://doi.org/10.2135/
cropsci2011.01.0016  

52. Chairi F, Aparicio N, Serret MD, Araus JL. Breeding effects on the 

genotype× environment interaction for yield of durum wheat 
grown after the Green Revolution: The case of Spain. The Crop J. 
2020;8(4):623-34.  https://doi.org/10.1002/csc2.20643  

53. Banyai J, Kiss T, Gizaw SA, Mayer M, Spitkó T, Tóth V, et al,. 

Identification of superior spring durum wheat genotypes under 
irrigated and rain-fed conditions. Cereal Res Comm. 2020;48:355–
64. https://doi.org/10.1007/s42976-020-00034-z  

 

Additional information 

Peer review: Publisher  thanks Sectional Editor and the other anonymous 
reviewers for their contribution to the peer review of this work. 

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy 

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations. 

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is 
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics, 
NAAS, UGC Care, etc 
See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting 

Copyright: © The Author(s). This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution and reproduction in any medium, provided the 
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/) 

Publisher information:  Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited, 
Thiruvananthapuram, India. 

https://doi.org/10.1017/S0014479722000345
https://doi.org/10.23910/1.2023.3570
https://doi.org/10.23910/1.2023.3570
https://doi.org/10.21608/SJAS.2021.50086.1060
https://doi.org/10.21608/SJAS.2021.50086.1060
https://doi.org/10.21475/ajcs.17.11.04.pne272
https://doi.org/10.11648/J.AFF.20200902.12
https://doi.org/10.11648/J.AFF.20200902.12
https://doi.org/10.4025/actasciagron.v36i2.16180
https://doi.org/10.4025/actasciagron.v36i2.16180
https://doi.org/10.9734/bpi/eias/v4/5419c
https://doi.org/10.9734/bpi/eias/v4/5419c
https://doi.org/10.1007/s42976-022-00296-9
file:///C:/Users/user/Downloads/Exp%20Agric.%202018;54(5):670-83
https://doi.org/10.1017/S0014479717000308
https://doi.org/10.1017/S0014479717000308
https://doi.org/10.1093/bioinformatics/btv533
https://doi.org/10.2135/cropsci1997.0011183X003700020017x
https://doi.org/10.2135/cropsci1997.0011183X003700020017x
https://doi.org/10.2135/cropsci2011.01.0016
https://doi.org/10.2135/cropsci2011.01.0016
https://doi.org/10.1002/csc2.20643
https://doi.org/10.1007/s42976-020-00034-z
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

