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Abstract 7 

This study evaluated twelve sugar beet genotypes across five contrasting environments to 8 

identify high-yielding and relatively stable genotypes for root yield (RY) and sugar yield (SY). 9 

AMMI analysis revealed significant (p ≤ 0.001) effects of environment, genotype, and 10 

genotype × environment interaction (GEI) for both traits. GEI accounted for the largest 11 

proportion of variation in RY (32.7%), whereas environment contributed the largest proportion 12 

of variation in SY (29.4%). The first two interaction principal component axes explained 77.8% 13 

and 76.7% of the GEI variation for RY and SY, respectively. Root and sugar yields ranged 14 

from 56.7–79.9 and 9.3–13.5 t ha⁻¹, respectively. The stability indices consistently ranked G2 15 

(Arta) among the genotypes with the highest yield and favorable stability, followed by G10 16 

(Shokofa) and G12 (Tara). AMMI and GGE biplot analyses showed substantial agreement, 17 

identifying G2, G3, and G9 as genotypes with favorable yield performance and relatively broad 18 

adaptation across the tested environments, while G3 and G9 also showed evidence of specific 19 

adaptation. One mega-environment was identified for RY and two for SY. E4 (Mahidasht) 20 

showed high representativeness, whereas E3 (Zarghan) provided strong discrimination among 21 

genotypes. Overall, G2 (Arta) showed a favorable combination of high productivity and 22 

stability across the environments evaluated in this study. Further multi-year and multi-23 

environment testing is needed to confirm the consistency of these responses and their 24 

applicability to broader production environments. 25 

 26 
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Introduction 33 

Sugar beet (Beta vulgaris L.) is an important industrial crop that provides a large part of human 34 

sugar consumption [1]. Besides its vital role in sugar production, it sustains the agricultural 35 

economy by providing income to farmers and supporting rural employment. Its sugar content 36 

can reach more than 20% and is converted into several products, such as molasses and animal 37 

feed [2]. As the world’s sugar requirements are on the rise, more and more efforts are being 38 

made in breeding and agricultural technology to improve the production efficiency and 39 

sustainability of the sugar beet crop [3]. 40 

Increasing root yield and sugar content remains a major target in sugar beet breeding 41 

programs [4]. However, environmental conditions strongly influence genotype performance, 42 

and the selection of stable and high-yielding cultivars is complicated by genotype × 43 

environment interaction [5]. The key environmental parameters, such as soil type, moisture, 44 

and temperature, greatly influence yield and sugar accumulation [6]. Therefore, successful 45 

breeding programs should adopt a holistic approach that integrates both genetic and 46 

environmental data. Advanced techniques like marker-assisted selection contribute to the 47 

breeding process by identifying desirable traits at the molecular level and selecting genotypes 48 

with desirable responses to different environments before field trials. The integration of 49 

genomic information with phenotypic data results in more accurate predictions of cultivar 50 

performance [7,8]. 51 

In countries like Iran, where a wide range of climatic conditions exist, multi-environment 52 

trials (METs) are required to evaluate yield stability and genotypic adaptation [9]. Among the 53 

statistical methods employed for GEI analysis, the Additive Main Effects and Multiplicative 54 

Interaction (AMMI) model and the GGE biplot approach have gained popularity due to their 55 

capacity to visualize interaction patterns and identify mega-environments [10,11]. AMMI 56 

combines analysis of variance (ANOVA) with principal component analysis (PCA) to 57 
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differentiate main effects from interaction effects[12]. The GGE biplot, based on PCA of 58 

environment-centered data allows for the simultaneous identification of superior genotypes and 59 

ideal test environments [13]. When used in conjunction, these methods empower scientists to 60 

unravel complex interactions, identify high-performing cultivars, and define homogeneous 61 

environments. This will support breeders in decision making, better allocation of resources, 62 

and breeding for varieties specific to climatic and soil conditions, thereby improving the crop 63 

yield, stability, and food security under climate variability [14,15]. 64 

While several studies have been conducted on the yield stability in sugar beet all over the 65 

world, little information is available on the mega-environment identification for sugar beet 66 

production under the climatic conditions of Iran using both AMMI and GGE biplot methods 67 

simultaneously. The combined use of AMMI and GGE is a powerful tool for GEI analysis, 68 

identification of major environmental factors, and selection of genotypes with high yield 69 

potential and stability under diverse climatic conditions. Localized understanding of genotype 70 

adaptation in such regions as western Iran can greatly enhance varietal selection and agronomic 71 

practices. Therefore, the objectives of this study are to: (1) evaluate genotype × environment 72 

interaction for root yield and sugar content in a set of sugar beet genotypes; (2) identify mega 73 

environments existing in the tested locations using AMMI and GGE biplot analyses; and (3) 74 

identify high-yielding and stable genotypes (or specifically adapted genotypes) for 75 

recommendation under different growing conditions. 76 

Material and method  77 

Description of Study Area 78 

The field experiment was conducted during the primary growing season (2022–2023) across 79 

five distinct environments. These locations differed substantially in key edaphic and climatic 80 

attributes, including soil type, altitude, and mean annual rainfall. A detailed description of these 81 

environmental parameters is provided in Figure 1. Given the significant heterogeneity in these 82 
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factors, each site was considered a unique ecosystem and consequently treated as an individual 83 

environment for the purpose of this study (Fig 1). 84 

Experimental material  85 

Twelve sugar beet genotypes used in the study are displayed in Table 1. From the total 86 

genotypes, Agatella and Shokofa were controls. 87 

Experimental Design and Management 88 

The experiment was arranged in a randomized complete block design (RCBD) with six 89 

replications (i.e., six blocks). Each block contained 12 plots, resulting in a total of 72 plots. 90 

Individual plot dimensions were 3 m × 6 m, providing a gross plot area of 18 m². The spacing 91 

between rows within a plot was 50 cm, between plots within a block was 50 cm, and between 92 

blocks was 150 cm. Each plot consisted of six rows. 93 

Seeds of the experimental beet variety were sown via direct drilling into the soil. The 94 

seeding rate was calculated as 1.5 units ha⁻¹ per plot. Fertilizers were applied uniformly at a 95 

rate of 100 kg ha⁻¹ each for NPS and urea (46% N).  For yield assessment, the three central 96 

rows of each plot (excluding the two outer rows to minimize border effects) were harvested. 97 

Fresh beet root weight was recorded using a calibrated scale and subsequently converted to 98 

yield expressed in tons per hectare (t ha⁻¹). 99 

Data Analysis 100 

All statistical analyses were performed using R statistical software, version 4.2.1. Before 101 

analysis, the beet yield and sugar yield were tested for normality [16]. Because some variables 102 

deviated from normality, a log transformation was applied to satisfy the assumptions of 103 

analysis of variance (ANOVA). To evaluate the presence and magnitude of 104 

genotype-by-environment interaction, a combined ANOVA was conducted across 105 

environments. In this combined analysis, each combination of year and location was treated as 106 

https://www.mdpi.com/2223-7747/12/17/3064#table_body_display_plants-12-03064-t004
https://www.mdpi.com/2223-7747/12/17/3064#table_body_display_plants-12-03064-t005
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a distinct and autonomous environment. The combined ANOVA was based on the additive 107 

main effects and multiplicative interaction (AMMI) model, in which genotypes were treated 108 

as fixed factors and environments as random variables [17]. The AMMI model integrates the 109 

main (additive) effects of genotypes and environments with multiplicative interaction terms 110 

derived from principal component analysis (PCA), thereby providing a robust framework for 111 

interpreting GEI. The AMMI analysis was implemented using the Agricolae package in R. For 112 

graphical visualization of genotype and environment relationships, a GGE biplot (genotype + 113 

genotype-by-environment biplot) was constructed using the GGEBiplotGUI package. In the 114 

GGE biplot, the term G+GEG+GE (i.e., genotype main effect plus interaction) was subjected 115 

to singular value decomposition, and the first two principal components were retained for biplot 116 

generation. 117 

AMMI Analysis 118 

The AMMI model’s RY and SY were examined. AMMI stands for additive main effect and 119 

multiplicative interaction. Because in the validity test, the MS component of the RCBD design 120 

for the block within replication is less than the residual error across all sites, the analysis of 121 

variance was a combined analysis based on the RCBD. The main effects and AMMI model 122 

were applied to analyze both RY (t ha⁻¹) and SY (t ha⁻¹). The AMMI model combines a 123 

standard two-way analysis of variance (ANOVA) for the main (additive) effects of genotypes 124 

(G) and environments (E) with a principal component analysis (PCA) of the 125 

genotype-by-environment (GE) interaction residuals, thereby partitioning the multiplicative 126 

interaction into a series of orthogonal axes (interaction principal components, IPCs)[18]: 127 

Yij=μ+Gi+Ej+∑k=1nλkαikγjk+εij                                                                     (1)       128 

Yij=μ+Gi+Ej+λ1αi1γj1+λ2αi2γj2+εij                                                                   (2)           129 

where: Yij = mean yield of the ith genotype in the jth environment, μ = grand mean over all 130 
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genotypes and environments, Gi = deviation of the ith genotype from the grand mean (main 131 

additive effect of genotype), Ej = deviation of the jth environment from the grand mean (main 132 

additive effect of environment), λ1 and λ2 = singular values for the first and second interaction 133 

principal component axes (square roots of the corresponding eigenvalues of the interaction 134 

matrix), αi1,αi2= genotype principal component scores for IPC1 and IPC2, respectively, γj1, 135 

γj2= environment principal component scores for IPC1 and IPC2, respectively, εij = residual 136 

error term, assumed to be independently and normally distributed with mean zero and constant 137 

variance. 138 

AMMI stability value (ASV) for genotype ranking 139 

The standard AMMI analysis, while effective at partitioning GE interaction into interpretable 140 

principal components, does not provide a single quantitative measure for directly ranking 141 

genotypes by their stability across environments. To address this limitation, [19] proposed 142 

the AMMI stability value (ASV), which integrates the weighted scores of the first two 143 

interaction principal components (IPC1 and IPC2) into a single scalar index. The ASV 144 

quantifies the relative stability of each genotype: lower ASV values indicate greater stability, 145 

whereas higher ASV values indicate lower stability (i.e., stronger sensitivity to environmental 146 

changes). 147 

The ASV is calculated as the distance from the origin in a two-dimensional scatter plot of 148 

IPC1 versus IPC2 scores, with weighting applied to account for the proportion of the GE 149 

interaction sum of squares explained by each IPC axis. The formula, as described by [19] is: 150 

ASVi= √(SSIPC1SSIPC2 × IPC1i)2+(IPC2�)2
                                                                                        (3) 151 

where: ASVi= AMMI stability value for the ii-the genotype, SSIPC1 and SSIPC2 = the 152 

sum of squares explained by the first and second interaction principal components, respectively 153 

(obtained from the AMMI analysis output), IPC1i and IPC2i = the genotype scores (principal 154 
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component scores) on the first and second IPC axes, respectively, The ratio 
�����2�����1 serves as a 155 

weight, giving greater importance to IPC1 because it typically explains a larger proportion of 156 

the GE interaction variance. 157 

Genotype Selection Index (GSI) Analysis 158 

To simultaneously select genotypes based on both mean yield performance and stability across 159 

environments, the genotype selection index (GSI) was calculated following the method 160 

proposed by Farshadfar [20] The GSI combines two independent rankings into a single 161 

composite criterion, allowing for the identification of genotypes that exhibit both high yield 162 

and high stability. The GSI is computed as: 163 

GSIi=R(ASV)i+R(Y)i                                                                                                                                             (4) 164 

where: GSIi = genotype selection index for the ii-the genotype, R(ASV)i = rank of the ii-165 

the genotype based on its AMMI stability value (ASV), with genotypes ranked in ascending 166 

order (lowest ASV = rank 1), R(Y)i = rank of the ii-the genotype based on its mean yield (t 167 

ha⁻¹) across all environments, with genotypes ranked in descending order (highest yield = rank 168 

1). 169 

Gene Environment Biplot 170 

Based on the singular value decomposition (SVD) of the first two principal components, the 171 

model for a GGE biplot is expressed as Yan et al., [21].  172 

Yij−μ−Ej=λ1Ԑi1ηj1+λ2Ԑi2ηj2+εij                                                                                (5) 173 

where: Yij = mean yield of the ith genotype in the jth environment; μ = grand mean; Ej = 174 

main effect of the jth environment (deviation from μ), λ1 and λ2 = singular values for PC1 and 175 

PC2; Ԑi1, Ԑi2 = genotype scores for PC1 and PC2, respectively; ηj1,ηj2 = environment scores 176 

for PC1 and PC2, respectively; εij = residual error term. 177 
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Results  178 

1. AMMI 179 

1.1. AMMI ANOVA 180 

Application of the AMMI model to twelve sugar beet genotypes cultivated across five locations 181 

revealed that RY and SY (t ha⁻¹) were significantly influenced (p < 0.001) by the main effects 182 

of environment (E) and genotype (G), as well as their interaction. 183 

The AMMI-based analysis of variance (Table 2) revealed that the first interaction principal 184 

component (IPCA1) was highly significant (p < 0.001), confirming a pronounced GE 185 

interaction that substantially differentiated yield performance among the studied sugar beet 186 

genotypes. This significant interaction, in turn, suggests the feasibility of selecting either 187 

broadly stable genotypes or those specifically adapted to particular target environments. These 188 

findings are consistent with prior reports that have similarly emphasized the significant role of 189 

GE interactions in sugar beet. 190 

Based on the sum-of-squares partitioning (Table 2), the variance in RY was primarily 191 

attributed to the GE interaction (32.7%), followed by genotype (22.6%) and environment 192 

(12.0%). Conversely, for SY, the environment accounted for the largest proportion (29.4%), 193 

while the GE interaction and genotype contributed 25.6% and 19.3%, respectively. The 194 

substantially larger sum of squares for GEI relative to the genotype effect indicates marked 195 

differential genotypic responses across environments. Consequently, the prominent role of GE 196 

interaction in the total variance supports the targeted development of cultivars adapted to 197 

specific environments. The combined contributions of IPCA1 (57.0% and 44.7%) and IPCA2 198 

(20.8% and 32.0%) accounted for 77.8% and 76.7% of the total GEI sum of squares, with 199 

IPCA1 alone exceeding the genotype sum of squares.  200 

Average RY across genotypes ranged from 56.7 t ha⁻¹ (Homa, G6) to 79.8–79.9 t ha⁻¹ (Arta, 201 
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G2, and Arya, G3), whereas mean RY across environments varied from 62.9 t ha⁻¹ at 202 

E2(Torogh) to 81.3 t ha⁻¹ at E1 (Table 3). Genotype ranking orders differed among 203 

environments, indicating crossover-type GEI for several genotypes, except for G2 (Arta) and 204 

G3 (Arya), which maintained consistently higher yields across all conditions (Table 3). 205 

Specifically, G2 (Arta) ranked top at E2(Torogh) and E4 (Mahidasht), G3 (Arya) ranked top at 206 

E1(Kamal-Abad) and E5(Miandoab), and G9 (Nika) ranked top at E3(Zarghan) (Table 3). 207 

For SY, genotypic means ranged from 9.3 t ha⁻¹ (Homa, G6) to 13.5 t ha⁻¹ (Arta, G2), while 208 

environmental means ranged from 10.9 t ha⁻¹ at E4 (Mahidasht) to 13.4 t ha⁻¹ at E3(Zarghan) 209 

(Table 3). Crossover GEI was observed for several genotypes, except for G2(Arta) and G9 210 

(Nika), which exhibited the highest SY across environments and maintained stable rankings 211 

(Table 4). The top-ranking genotypes were G1(Agatella) at E1(Kamal-Abad), G9(Nika) at 212 

E2(Torogh) and E3(Zarghan), G12(Tara) at E4(Mahidasht), and G2(Arta) at E5(Miandoab) 213 

(Table 3). 214 

1.2. AMMI Biplot 215 

The AMMI1 biplot (Fig. 2) is divided into four quadrants, with high-yielding environments 216 

located in quadrants 2 and 3, and low-yielding ones in quadrants 1 and 4. The greater dispersion 217 

of genotype points relative to environment points indicates higher genotypic variability, 218 

corroborating the ANOVA results (Table 2). 219 

Genotypes with general adaptation are positioned near the IPCA = 0 axis (indicating 220 

negligible GE interaction) and to the right of the grand mean (indicating high mean 221 

performance). Accordingly, for RY, genotypes G12(Tara), G9(Nika), and G2(Arta), along with 222 

environments E3(Zarghan), E1(Kamal-Abad), and E5(Miandoab), were located to the right of 223 

the vertical axis (Fig. 2A).  224 

For SY, genotype G9 (Nika) and environment E3 occupied this region (Fig. 2B). Genotypes 225 
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G10(Shokofa) and G11(Sina) exhibited weak environmental sensitivity (lower interaction 226 

effects) for both traits. Conversely, genotypes G6(Homa), G1(Agatella), and G4(Asia) 227 

demonstrated strong environmental influence (higher interaction effects, Fig. 2). However, 228 

lower environmental sensitivity did not necessarily correspond to higher RY or SY. Genotypes 229 

G10(Shokofa) and G11(Sina), positioned closest to the IPCA = 0 axis, were identified as 230 

adaptable, high-yielding, and stable across the tested environments, making them favorable 231 

candidates. Similarly, G2(Arta), G3(Arya), and G9(Nika) achieved high RY and SY with broad 232 

adaptability across all environments. In contrast, G6(Homa), G1(Agatella), and G4(Asia), 233 

which were located farther from the IPCA = 0 axis, produced low RY and SY (Fig. 2). 234 

The contribution of individual environments to the GE interaction varied: E4 (Mahidasht) 235 

showed a modest contribution, E3(Zarghan) and E1(Kamal-Abad) a moderate contribution, 236 

and E2(Torogh) and E5(Miandoab) a significant contribution (Fig. 2). Environments 237 

E3(Zarghan), E1(Kamal-Abad) and E5(Miandoab) yielded mean RY and SY exceeding the 238 

overall means (75.7–81.3 t ha⁻¹ for RY and 11.9–13.4 t ha⁻¹ for SY), indicating that they were 239 

the most suitable locations for identifying high-yielding genotypes. The highest-potential 240 

environments (E1(Kamal-Abad) and E3(Zarghan)) exhibited differential genotypic responses 241 

for both traits and were characterized by strongly positive IPCA1 scores (Fig. 2). 242 

The AMMI2 biplot analysis of RY and SY accounted for 77.8% and 76.9% of the total GE 243 

interaction sum of squares, respectively, with the IPCA1 and IPCA2 explaining 44.7–57.0% 244 

and 20.8–32.0% of the variation. This model effectively delineated the specific adaptation 245 

patterns of the genotypes across the test environments. The AMMI 1 biplot links the variance 246 

of genotypes with the environmental effects, aiding in setting apart stable genotypes and 247 

selecting the best environment. AMMI 1 depicts the IPCA1score against the mean of RY and 248 

SY for both environments and the genotypes. The IPCA1 score for RY and SY was observed 249 

to be 57% and 44.7%, respectively (Fig. 2A, B). Genotypes G2 (Arta), G10 (Shokofa), G5 250 
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(Dena), and G7 (Hosna) for root yield and genotypes G11 (Sina), G10 (Shokofa), G5 (Dena), 251 

and G3 (Arya) for sugar yield were closer to the origin (zero IPC1 score), indicating that they 252 

recorded almost zero scores on the first IPC1. In contrast, genotypes such as G1 (Agatella), G6 253 

(Homa), and G8 (Kimya) were far from the origin. Furthermore, the mean performance of 254 

environments or genotypes in AMMI 1 falling on the same parallel line about the ordinate was 255 

similar. The genotypes placed on the right side (first and fourth coordinates) of the biplot 256 

exhibited higher yield, among which the highest ones were G3 (Arya) and G2 (Arta), for RY 257 

and SY, respectively. However, the genotypes placed on the left side of the center of the axis 258 

exhibited poor yield, among which the poorest ones were G6 (Homa) and G8 (Kimya).  259 

AMMI 2 biplot of pigeon pea genotypes is illustrated in Figure 2B. AMMI 2 denotes the 260 

genotype × environment interaction to understand the response of genotypes in each test 261 

environment. The first two IPCs (IPC1 and IPC2) explained 77.8% (57% and 20.8%, 262 

respectively) and 76.7% (44.7% and 32%, respectively) of the total variation for RY and SY, 263 

respectively.  Genotypes G1 (Agatella), G7 (Hosna), G4 (Asia), G9 (Nika), and G6 (Homa), in 264 

plot RY, and genotypes G5 (Dena), G2 (Arta), G1 (Agatella), G6 (Homa), and G8 (Kimya), in 265 

plot of SY were placed more distant from the origin and occupied the vertices of the polygon. 266 

Environment E2(Torogh) in root yield had the highest score on the IPC1, followed by 267 

E3(Zarghan), but the highest score on the IPC1 of RY was recorded by E3(Zarghan). However, 268 

the relatively lowest environmental score was observed for E4(Mahidasht). For the RY, it was 269 

observed that genotypes G3 (Arya), G7 (Hosna), and G1 (Agatella), specifically adapted to 270 

E1(Kamal-Abad), whereas G11 (Sina), G2 (Arta), G6(Homa) to E2 (Torogh), and G8(Kimya), 271 

G10(Shokofa) specifically adapted to E3(Zarghan) and G4 (Asia) specifically adapted to 272 

E5(Miandoab). For the SY, it was observed that genotypes G5 (Dena), and G2 (Arta), 273 

specifically adapted to E5(Miandoab), whereas G9 (Nika), G8 (Kimya), to E2 (Torogh) and 274 

G6 (Homa), G12(Tara) specifically adapted to E3(Zarghan) and E4(Mahidasht) and 275 
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G1(Agatella), G4(Asia) specifically adapted to E1(Kamal-Abad).  It was determined using 276 

AMMI 2 that genotypes G12 (Tara), G5 (Dena), G10 (Shokofa), and G3(Arya) were grouped 277 

in proximity to the origin.  278 

The principal outcome derived from the WAAS index is illustrated in a two-way biplot, 279 

which incorporates both the index and yield, categorizing the examined genotypes and test 280 

conditions into four distinct sections. The first section (I) includes genotypes that have lower 281 

yield than average and contribute significantly to GEI. This quadrant also includes 282 

environments with high discriminatory ability. The second section (II) includes unstable, 283 

highly productive genotypes and environments that effectively discriminate between 284 

genotypes. The third section (III) includes low-yielding genotypes with broad adaptation; 285 

environments here have low discriminatory ability. The fourth section (IV) has the highest 286 

significance and features genotypes that have above-average productivity along with high 287 

stability. Nevertheless, the environments within this section are productive but possess low 288 

discriminatory power.  289 

 The result RY showed that genotype G6(Homa) and environments E2 (Torogh) were 290 

classified in the first quadrant. The second portion included genotypes G4(Asia), and 291 

G1(Agatella) in conjunction with environments E5(Miandoab), E3(Zarghan), and E1(Kamal-292 

Abad). Genotypes G6(Homa), G8(Kimya), and G11(Sina) were located in the third segment. 293 

The fourth segment included genotypes G2(Arta), G7(Hosna), G9(Nika), and G10(Shokofa). 294 

Genotype G3(Arya) was situated near the demarcation between the second and fourth portions 295 

(Fig. 3A). Also, the result SY showed that genotypes G6(Homa), G8(Kimya), and 296 

environments E2(Torogh), E1(Kamal-Abad), and E5(Miandoab) were classified in the first 297 

quadrant. The second portion included genotype G1(Agatella). Genotypes G5(Dena) and 298 

G12(Tara) were located in the third segment. The fourth segment included genotypes G2(Arta), 299 

G3(Arya), G7(Hosna), G9(Nika), and G10(Shokofa). Genotypes G4(Asia) and G12(Tara) 300 
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were situated near the demarcation between the second and fourth portions (Fig. 3B). 301 

For the simultaneous selection of genotypes with MPS, we used a unique integrated stability 302 

parameter based on WAASB that combines the features of both AMMI and BLUP models.  303 

Genotypes G2 (Arta), G10 (Shokofa), G12(Tara), G9 (Nika), G3(Arya), G7(Hosna), and G5 304 

(Dena) showcased the highest WAASBY values for RY (Fig. 3) and ranked as the most stable 305 

genotypes in the described order. Consequently, two of these G10(Shokofa), G3(Arya), 306 

G2(Arta), G7(Hosna), G9(Nika) and G11(Sina) also exhibited highest WAASB values for SY. 307 

This parameter is effective in identifying stable genotypes in METs.  308 

Ranged genotypes by IPAs heatmap in Fig 4. For RY, genotypes G2(Arta), G10(Shokofa), 309 

G12(Tara), and G5(Dena) had the lowest 1PCA scores, while genotypes G6(Homa), 310 

G1(Agatella), and G3(Arya) had the highest scores, and the remaining genotypes were in an 311 

intermediate category. In terms of SY, genotypes G11(Sina), G10(Shokofa), and G3(Arya) 312 

showed the lowest PCA scores, whereas, based on their heights, PCA scores of genotypes 313 

G6(Homa) and G9(Nika) were found to be the least performing (Fig. 4A, B). 314 

The WAASY index evaluated the genotypes according to their performance and stability. 315 

This technique assigns each genotype a yield performance ratio and a stability ratio, allowing 316 

for the selection of genotypes that score highest in both performance and stability as high-317 

yielding and stable genotypes. Figure 3 presents the ranking pattern for the examined 318 

genotypes. Accordingly, genotypes G2(Arta), G10(Shokofa), G12(Tara), G9(Nika), G3(Arya), 319 

and G7(Hosna) with a performance: stability ratio of 50:50 was identified as the best for RY. 320 

genotypes G3(Arya), G10(Shokofa), G2(Arta), G7(Hosna), and G12(Tara) with a 321 

performance: stability ratio of 50:50 was identified as the best for SY. Genotypes G2(Arta), 322 

G3(Arya), and G9(Nika) had higher values for some stability: performance ratios, indicating 323 

they may be more adapted to specific environments (Fig. 4, B, D). 324 
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AMMI nominal yield plots presented in Figure 5 show the stability of the 12 genotypes in 325 

five different environments (E1-E5). The nominal yield plots have a complementary advantage 326 

over AMMI stability indexes because they integrate and visualize information on productivity 327 

and stability. Genotypes G3(Arya) and G4(Asia) were the most productive as RY genotypes 328 

across environment E5. However, in terms of stability alone (without considering RY), 329 

G2(Arta) had a gentle slope and was observed to be the most stable across genotypes.  When 330 

the environments E2(Torogh), E3(Zarghan), and E4(Mahidasht) were evaluated, we still 331 

observed that G9(Nika) and G2(Arta) had the highest RY and gentle slopes showing higher 332 

stability (Fig. 5, A). Foremove G2(Arta) and G1 (Agatella) were the most productive as SY 333 

genotypes across environment E5. However, G11(Sina) and G4(Asia) had a gentle slope and 334 

were observed to be the most stable across genotypes. Under the environments E2(Torogh), 335 

E3(Zarghan), and E4(Mahidasht), G9(Nika) and G11(Sina) had the highest SY and gentle 336 

slopes showing higher stability (Fig. 5, B). 337 

1.3. AMMI Stability Value (ASV) 338 

An AMMI stability value was computed to determine the stability of the genotypes (Tables 4 339 

and 5). ASV is the distance from zero in a two-dimensional scatter graph comparing IPCA1 340 

scores to IPCA2 scores. The difference in stability measurements between the two primary 341 

components can be made up for using the proportional difference between the IPCAs (1:2), 342 

which can then be calculated using the Pythagorean theorem to account for the AMMI stability 343 

value. The AMMI stability value (ASV) quantifies and ranks genotypes based on their yield 344 

stability rather than providing a quantitative stability indicator. 345 

In this respect, greater ASV values are associated with unstable genotypes, whereas 346 

genotypes with lower ASV values are associated with more stable genotypes. The genotypes 347 

G1(Agatella), G4(Asia), and G6(Homa) were the most unstable in terms of RY, with ASV 348 

values of 8.05, 8.14, and 8.65, respectively (Table 3). Genotype G2 (Arta) was the most stable, 349 

https://www.mdpi.com/2223-7747/12/17/3064#table_body_display_plants-12-03064-t003
https://www.mdpi.com/2223-7747/12/17/3064#table_body_display_plants-12-03064-t003
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with an ASV value of 1.41, followed by genotype G10 (Shokofa), with an ASV value of 1.96, 350 

in RY. The genotypes G1(Agatella) and G6 (Homa) were the most unstable in terms of SY, 351 

with ASV values of 1.65 and 2.19, respectively (Table 4). Genotype G10 (Shokofa) was the 352 

most stable, with an ASV value of 0.29, followed by genotype G3 (Arya), with an ASV value 353 

of 0.61, in SY.  354 

Furthermore, the SI estimated for test genotypes across environments for RY ranged from 355 

very low (3%) for G2 (Arta) to high (24%) for G6 (Homa), and for SY ranged from very low 356 

(6%) for G2 (Arta) to high (24%) for G6 (Homa). Among all the best three genotypes with the 357 

lowest SI values, G2 (3% and 6%) had the lowest ASVs as well and performed higher than the 358 

trial means for RY and SY (Table 4, 5).  359 

The YSI was determined based on the rank of the mean yield of genotypes and the rank of 360 

the AMMI stability value (RASV) for test genotypes, and it was observed that the lowest YSI 361 

was observed for G2 (Arta) of approximately 3 and 6 for root and SY, respectively, and the 362 

highest for G6 (Homa) of approximately 24. The best genotypes identified based on the mean 363 

RY and SY, ASVs, and YSI are presented in Table 5.  364 

1.4. Genotype Selection Index Analysis 365 

Genotype Selection Index (GSI), as a single selection index, combines the rank of ASV and 366 

the rank of mean yield. The lowest GSI value, with a high mean yield, is regarded as the most 367 

stable.  The smallest GSI is considered the most stable (Table 4, 5); in that regard, the most 368 

stable genotypes with the highest RY and SY were G2(Arta), which had the lowest GSI values 369 

of 3. These genotypes were followed by G10(Shokofa) and G12(Tara), which had GSI values 370 

of 8 and 7, respectively, suggesting that they were stable and high-yielding.  371 

https://www.mdpi.com/2223-7747/12/17/3064#table_body_display_plants-12-03064-t003
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2. GGE Biplot 372 

2.1. Mean performance vs. stability 373 

The average environment (tester) coordinate (AEC) methods were used in the GGE biplot to 374 

determine mean RY and genotype stability (Fig. 6). The average PC1 and PC2 scores across 375 

all environments are used to define the average environmental (tester) coordinate (AEC). The 376 

mean root yield performance axis of genotypes is indicated by the AEC X axis (PC1) line that 377 

goes through the biplot’s origin and has an arrow pointing in the direction of the positive end. 378 

The stability of genotypes (PC2) is measured using the line that runs through the origin and is 379 

perpendicular to the average environmental axis. Stable genotypes had PC2 scores that were 380 

practically zero, were close to AEC (PC1), and had the lowest number of perpendicular lines. 381 

Away from the biplot origin, however, any direction on the axis denotes a greater GE 382 

interaction and a lower level of stability. The best genotypes for selection criteria are those 383 

with both high mean yield and high stability. In this regard, in the present study, the single 384 

arrowed line pointed to a higher yield across environments. Therefore, genotype G2(Arta) had 385 

the highest mean root yield, followed by G3(Arya). They were the most stable, while 386 

G1(Agatella), G4(Asia), and G6(Homa) were highly unstable, and among them, G6(Homa) 387 

performed poorly. Genotypes G2(Arta) and G7(Hosna) had the highest mean sugar yield and 388 

were the most stable (Fig. 6). 389 

2.2. Which-won-Where 390 

Use of a polygon view of “which-won-where” biplot is a key component of the GGE, which 391 

helps to visualize the interaction patterns between genotypes and environments, to show the 392 

presence of crossover GEI, mega environment differentiation, and specific adaptation. Figure 393 

6 illustrates the polygon view of the GGE biplot pattern of RY and SY. The IPCA1 and PCA2 394 

of G + GE biplot accounted for 76.6% and 78.6% of the total variation for RY and SY, 395 

respectively.  396 

https://www.mdpi.com/2223-7747/12/17/3064#fig_body_display_plants-12-03064-f006
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The test environments fell into one of the five sectors and two of the six sectors, outlined on 397 

the polygon view for RY and SY, respectively. The RY has one mega environment including 398 

E5(Miandoab), E1(Kamal-Abad), and E4(Mahidasht), two mega-environments for SY with 399 

E1(Kamal-Abad), E4(Mahidasht) grouped together in a mega-environment, while 400 

E5(Miandoab) and E3(Zarghan) are in the second mega-environment. G9(Nika), G2(Arta), 401 

G3(Arya), and G1(Agatella) are the vertex genotypes identified for RY, and they are the most 402 

responsive to environmental interaction. The most responsive genotypes forming the vertices 403 

of SY were G1(Agatella), for the first mega environment, with one mega environment G2(Arta) 404 

and G9(Nika), for the second mega-environment. Some vertex genotypes fell into sectors 405 

having no test environment, for instance, G6(Homa), G8(Kimya), G11(Sina), G5(Dena), and 406 

G10(Shokofa). 407 

2.3. Discriminativeness vs. representativeness 408 

Selection of an optimal test environment is of utmost importance in the implementation of a 409 

successful breeding strategy that results in the identification and cultivation of superior 410 

genotypes. Figure 7 depicts the ‘Discriminativeness vs. representativeness’ view of GGE 411 

biplots for four traits being investigated, denoted as patterns A and B. The vector length 412 

associated with each environment provided insight into the discriminatory capacity of the 413 

environment, while the angle produced by each vector with the abscissa indicated the level of 414 

representativeness. Environments characterized by longer vectors demonstrate a greater 415 

propensity for classifying genotypes in comparison to environments characterized by shorter 416 

vectors.   417 

The vector with the smallest magnitude among the patterns was E4(Mahidasht) and 418 

E3(Zarghan) for RY and SY, respectively, whereas the vector with the largest magnitude was 419 

seen for E5(Miandoab). The measurements of angles formed by the environment in relation to 420 

the abscissa line were also documented. In the context of RY and SY, it was observed that the 421 
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angle formed by E4(Mahidasht) and E3(Zarghan) was the shortest, while the angles formed by 422 

E2 (Torogh) were found to be the longest. Nevertheless, an environment characterized by a 423 

longer vector that creates a smaller angle with the AEC abscissa line is considered optimal for 424 

the identification and selection of superior genotypes. Among the various patterns, it was 425 

observed that E4 (Mahidasht) and E3 (Zarghan) exhibited a tiny angle in conjunction with a 426 

lengthy vector, where the AEC abscissa indicated that the test environment was both 427 

representative and capable of distinguishing itself from other settings. The biplot analysis 428 

revealed that the E1(Kamal-Abad) environment exhibited the highest proximity to the AEC 429 

across all the attributes examined (Fig. 7).  430 

2.4. Ranking genotypes 431 

The application of a biplot enabled the determination of the optimal and most desirable 432 

genotype from a set of 12 genotypes that were assessed. The ideal genotype is consistently 433 

located within the middle region and in close proximity to the peak of the arrow within the 434 

circular band, as illustrated in Figure 7. In the instance of RY, it was noted that genotype 435 

G2(Arta) was located within the inner circle and considered to be optimal. The genotypes that 436 

exhibited close spatial closeness to the inner circle were G8(Kimya) and G1(Agatella). In 437 

contrast, it was seen that G6(Homa) exhibited the greatest distance from the arrowhead in the 438 

plot, whereas G7(Hosna) followed suit in terms of their proximity to the arrowhead. In the 439 

specific instance of SY (Fig. 7 B), it was observed that the genotype G7(Hosna) demonstrated 440 

the closest proximity to the ideal genotype, followed by G3(Arya) and G2(Arta). Conversely, 441 

genotypes G10(Shokofa) and G9(Nika) were situated further away from the innermost circle. 442 

Discussion 443 

  Genotype × environment interaction can substantially affect sugar beet yield and complicate 444 

the identification and recommendation of consistently performing genotypes [3,22]. Although 445 
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agronomic practices such as irrigation scheduling and nitrogen management can alleviate some 446 

environmental stresses [23], the evaluation of genotypes across multiple environments remains 447 

important for identifying materials with stable and/or specifically adapted performance [24]. 448 

The considerable variation observed among the 12 genotypes for RY (56.7–79.9 t ha⁻¹) and 449 

SY (9.3–13.5 t ha⁻¹) indicates substantial differences in yield performance among the evaluated 450 

genotypes and is consistent with previous reports of genetic variation in commercial and pre-451 

breeding sugar beet germplasm [25,26]. The AMMI-based ANOVA indicated that GEI 452 

accounted for a greater proportion of the total variation in RY than the genotypic main effect 453 

(32.7% vs. 22.6%). This finding highlights the importance of environmental conditions in 454 

determining the expression of genetic differences for root yield. Such responses are expected 455 

in root crops because biomass accumulation can be influenced by temperature, soil moisture, 456 

and other environmental factors [23]. For SY, environment accounted for the largest proportion 457 

of the total variation (29.4%), indicating a substantial environmental influence on sucrose 458 

accumulation. This result is consistent with previous reports indicating that sugar accumulation 459 

in sugar beet can be affected by temperature and other environmental conditions during the 460 

later stages of crop development [27]. The significance of IPCA1 indicated a significant 461 

component of GEI and was reflected in changes in genotype rankings across environments. For 462 

example, G9 (Nika) ranked highly at E3 (Zarghan) but did not show the same relative 463 

performance at E2 (Torogh). Such crossover interactions indicate that the relative performance 464 

of genotypes can change according to environmental conditions. Similar GEI patterns have 465 

been reported in sugar beet and other crops [28,29]. Consequently, both broadly adapted 466 

genotypes and genotypes with specific adaptation may be useful depending on the objectives 467 

of cultivar selection and the target environments. 468 

The AMMI1 biplot provided a useful visualization of genotype performance and interaction 469 

patterns. For RY, G2 (Arta), G9 (Nika), and G12 (Tara) were positioned to the right of the 470 
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grand mean and relatively close to the IPCA = 0 axis, indicating above-average yield with 471 

comparatively small interaction effects. Such a position is generally associated with relatively 472 

broad adaptation and stable performance across the environments evaluated [30]. The 473 

genotypes G2 (Arta), G9 (Nika), and G12 (Tara) were placed to the right of the grand mean 474 

and near the IPCA = 0 axis, indicating high RY and low interaction, a feature of wide 475 

adaptability. G9 (Nika) did well in this region for SY as well. These findings are in line with 476 

previous findings in sugar beet (Pandey et al., 2016) and other root crops [31], where genotypes 477 

closer to the origin of AMMI1 are desirable for commercial deployment. However, G10 478 

(Shokofa) and G11 (Sina) had very low IPCA values but moderate yields, which implies they 479 

could be used as stable donors in breeding programs even if they were not the highest-yielding 480 

varieties. Importantly, the AMMI2 biplot further analysis of specific adaptation patterns 481 

showed that G3 (Arya), G7 (Hosna), and G1 (Agatella) were specifically adapted to E1 482 

(Kamal-Abad) for RY, while G9 (Nika) and G8 (Kimya) performed best at E2 (Torogh) for 483 

SY. Such environment-specific superiority is often attributed to local edaphic or climatic 484 

factors, as shown by Cattivelli et al [32] in cereal systems, and indicates the need for 485 

decentralized selection. 486 

The WAASBY index, which integrates the WAASB stability parameter with yield 487 

performance [33], provided an additional criterion for simultaneous assessment of productivity 488 

and stability. For RY, G2 (Arta), G7 (Hosna), G9 (Nika), and G10 (Shokofa) were located in 489 

the desirable quadrant characterized by relatively high yield and stability. For SY, G2 (Arta), 490 

G3 (Arya), G7 (Hosna), and G9 (Nika) also showed favorable combinations of yield and 491 

stability. The WAASBY results were generally consistent with the ASV results, with G2 (Arta) 492 

showing low ASV values for both RY (1.41) and SY (0.29), as well as favorable YSI and GSI 493 

rankings. The agreement among several stability measures increases confidence that G2 494 

performed favorably across the environments evaluated. However, these results should be 495 
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interpreted as evidence of favorable performance within the tested environments rather than as 496 

proof that G2 is universally superior or an intrinsically ideal genotype. Similar studies have 497 

emphasized the value of combining multiple stability measures to obtain a more comprehensive 498 

assessment of genotype performance [34,35].  499 

The GGE biplot "which-won-where" polygon revealed the existence of distinct mega-500 

environments. For RY, a single mega-environment comprising E5 (Miandoab), E1 (Kamal-501 

Abad), and E4 (Mahidasht) was identified, with G3 (Arya) and G9 (Nika) as winning 502 

genotypes. For SY, however, two mega-environments emerged: the first (E1 and E4) won by 503 

G1 (Agatella), and the second (E5 and E3) won by G2 (Arta) and G9 (Nika). Such 504 

differentiation is common in crops with a broad geographic distribution [36] and underscores 505 

the importance of environment-specific breeding. Notably, vertex genotypes that fell into 506 

sectors devoid of test environments (e.g., G6/Homa, G8/Kimya) indicate unpredictable 507 

responses and should be viewed cautiously, as they may possess undesirable instability traits. 508 

The identification of mega-environments enables breeders to streamline testing networks and 509 

allocate resources more efficiently; a strategy successfully applied in sorghum [37] and 510 

chickpea [38]. 511 

The discriminativeness versus representativeness view of the GGE biplot identified E4 512 

(Mahidasht) as a highly representative environment for RY and E3 (Zarghan) as a strongly 513 

discriminating environment for SY. These characteristics suggest that E4 may provide useful 514 

information about genotype performance under the set of environments evaluated for RY, 515 

whereas E3 may be particularly useful for differentiating genotypes for SY. E1 (Kamal-Abad) 516 

showed relatively high representativeness but moderate discrimination, indicating that it may 517 

provide useful information for assessing genotype performance while offering less 518 

differentiation among genotypes than the more discriminating environments. Nevertheless, the 519 

usefulness of these environments as representative or discriminating testing sites should be 520 
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confirmed through additional years and environments. The ranking biplot further confirmed 521 

G2 (Arta) as the genotype closest to the ideal genotype for RY, while G7 (Hosna) took that 522 

position for SY, echoing earlier findings that different traits may be governed by distinct 523 

genetic architectures [39]. 524 

The physiological and genetic mechanisms underlying the observed stability patterns were 525 

not directly investigated in the present study and therefore remain hypothetical. The favorable 526 

performance of G2 (Arta) across the tested environments could potentially be associated with 527 

physiological or morphological characteristics such as root architecture, assimilate 528 

partitioning, sucrose transport, or osmotic adjustment; however, these mechanisms require 529 

direct physiological and genetic investigation before causal relationships can be established. 530 

Similarly, the relatively favorable performance of G9 (Nika) in particular environments may 531 

reflect responses to local climatic or edaphic conditions, but the specific mechanisms 532 

responsible cannot be determined from the present dataset. Therefore, these possible 533 

explanations should be considered hypotheses for future research rather than direct conclusions 534 

from this study. 535 

The integration of AMMI, GGE biplot, and WAASB-based approaches provided 536 

complementary information on genotype performance and GEI. AMMI was useful for 537 

quantifying GEI and visualizing interaction patterns, GGE biplot analysis facilitated the 538 

assessment of genotype-environment associations and environmental differentiation, and 539 

WAASB-based measures enabled simultaneous consideration of stability and yield 540 

performance [30,33].  The general agreement among these approaches, particularly regarding 541 

the favorable performance of G2 (Arta), provides convergent evidence that G2 performed well 542 

across the environments included in this study. However, the results should not be interpreted 543 

as demonstrating that G2 is unequivocally superior under all environments or production 544 
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conditions. Differences among methods and traits also indicate that genotype selection may 545 

depend on the specific breeding objective and target environment. 546 

The observed differences between yield potential and stability among some genotypes may 547 

also have practical implications for breeding. For example, a genotype showing high 548 

performance in a particular environment but greater GEI may still be useful as breeding 549 

material if its specific adaptation or other desirable traits are of interest. However, the value of 550 

such genotypes as parents cannot be determined from yield and stability data alone and would 551 

require additional information on combining ability, disease resistance, quality traits, and other 552 

agronomic characteristics [40,41]. 553 

A number of limitations should be considered when interpreting these findings. First, the 554 

study included 12 genotypes and five environments, and therefore the identified patterns of 555 

adaptation and mega-environment differentiation represent the environmental conditions 556 

sampled in this experiment and should not be generalized directly to all sugar beet production 557 

environments in Iran. Second, additional years and environments would be useful for 558 

determining whether the observed genotype rankings and stability patterns remain consistent 559 

under different climatic conditions. Third, the present study focused primarily on yield-related 560 

traits and stability parameters; physiological, disease-resistance, quality, and other agronomic 561 

characteristics were not incorporated into the selection criteria. Finally, although the agreement 562 

among AMMI, GGE, and stability-based methods provides useful evidence, validation through 563 

independent multi-year and multi-environment trials is necessary before making broad 564 

recommendations for cultivar deployment. Within these limitations, G2 (Arta) can be 565 

considered a promising genotype for further evaluation because it combined high yield with 566 

favorable stability across the environments tested in this study. 567 
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Conclusions 568 

In conclusion, the combined AMMI and GGE biplot analyses demonstrated that genotype × 569 

environment interaction (GEI) substantially influenced sugar beet performance across the 570 

tested environments, highlighting the importance of considering both yield potential and 571 

stability when evaluating genotypes. Among the evaluated genotypes, G2 (Arta) showed the 572 

highest mean performance and favorable stability based on the combined results of ASV, 573 

WAASB, GSI, and GGE biplot analyses. These results indicate that G2 (Arta) has promising 574 

performance and relatively broad adaptation across the environments evaluated in this study. 575 

Genotypes G10 (Shokofa), G9 (Nika), and G3 (Arya) also showed favorable combinations of 576 

yield performance and stability, while G9 and G1 exhibited adaptation to specific environments 577 

or mega-environments. Among the test environments, E4 (Mahidasht) showed high 578 

representativeness, whereas E1 (Kamal-Abad), E3 (Zarghan), and E5 (Miandoab) provided 579 

useful discrimination among genotypes and may therefore be valuable for genotype evaluation. 580 

Overall, the findings suggest that G2 (Arta), together with genotypes showing specific 581 

adaptation to target environments, could be considered promising material for sugar beet 582 

production and breeding programs under environments similar to those evaluated in this study. 583 

However, further multi-year and multi-environment testing is required to confirm the stability, 584 

adaptability, and consistency of these genotypic responses before making broader 585 

recommendations for commercial cultivation across Iran. 586 
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Figure legends 703 

Fig.  1 Test environments, geographical location, and description in this study in Iran. 704 

 Fig.2 AMMI1 and AMMI2 biplots for root and sugar yield of sugar beet genotypes evaluated 705 

across environments. A: AMMI1 for RY, B: AMMI1 for SY; C: AMMI2 for RY; D: 706 

AMMI2 for SY. 707 

Fig. 3 Plot view of GY x WAAS and WAASBY biplots of test genotypes of Sugar beet. A: 708 

GY x WAAS for RY, B: AMMI1 GY x WAAS for SY, C: WAASBY for RY, D: WAASBY 709 

for SY.  710 

Fig. 4.  Plot the heat map graphics of Ranks of Sugar beet genotypes depending on the number 711 

of PCAs used to estimate the WAAS and the WAAS/GY ratio.  A: PCA used to estimate 712 

the WAAS for RY, B: WAAS/GY ratio for RY, C: PCA used to estimate the WAAS for 713 

SY, D: WAAS/GY ratio for SY. 714 

Fig. 5 Plot view of nominal yield and environment biplots of test genotypes for RY and SY of 715 

Sugar beet.  A: RY, B: SY. 716 

Fig. 6 Plot view of ranking genotypes by means. stability (A, B) and ranking genotypes based 717 

on which-won-where (C, D) of sugar beet based on PC1 and PC2, showing G × E 718 

interactions of the 12 groundnut accessions under five locations. A: RY means. stability, B: 719 

SY means. stability, C: RY which-won-where, D: SY which-won-where. 720 

Fig. 7 Plot view of ranking genotypes by Discriminativeness vs. representativeness (A, B) and 721 

ranking genotypes based on optimal genotype (C, D) of sugar beet based on PC1 and PC2, 722 

showing G × E interactions of the 12 groundnut accessions under five locations. A: RY 723 

discriminativeness vs. representativeness, B: SY discriminativeness vs. representativeness, 724 

C: RY ranking genotypes, D: SY ranking genotypes. 725 
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 751 
Table 1 Description of Sugar beet (Beta vulgaris) genotypes used for the study 752 

No 
Genotype 

name 

Genotype 

code 
Status Company  

1 Agatella G1 Hs KWS  

2 Arta G2 Rh+ Hs SBSI  
3 Arya G3 Rh+ Hs SBSI  

4 Asia G4 Rh+ Hs SBSI  

5 Dena G5 Rh+Rs SBSI  
6 Homa G6 B +Cb SBSI  

7 Hosna G7 Rh+ Hs SBSI  

8 Kimya G8 Rh SBSI  

9 Nika G9 Rh+ Hs SBSI  

10 Shokofa G10 Rh+ Hs SBSI  

11 Sina G11 Rh+Rs SBSI  

12 Tara G12 Rh+ Hs SBSI  

Rh: Rhizomania, Hs; Heterodera schachii, Rs; Rhizoctonia solani, B; Bolting, Cb; Cercospora beticola 753 
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 770 

Table 2 Combined analysis of variance from the AMMI model for Root yield and Sugar yield of Sugar 771 

beet genotypes. 772 

Source Df 

RY  SY 

S. S M.S. 
(%) SS 

Explained 
 S. S M.S. 

(%) SS  

Explained 

Environments 4 21421.5 5355.4** 12.0  239.79 59.95** 29.4 

Block 25 2929.5 117.2** -  107.70 4.31 - 

Genotypes 11 14084.6 1280.4** 22.6  452.02 41.09** 19.3 

Interactions 44 18646.1 423.8** 32.7  656.23 14.91** 25.6 

IPCA 1 14 10627.6 759.1** 57  293.64 20.97** 44.7 

IPCA 2 12 3882.7 323.6** 20.8  209.73 17.48** 32.0 

IPCA 3 10 2579.1 257.9** 13.8  111.01 11.10** 16.9 

IPCA 4 8 1556.7 194.6** 8.3  41.86 5.23** 6.4 

Residuals 275 17570.9 63.9 -  557.86 2.03 - 

Total 403 93298.7 231.5 -  2669.84 6.62 - 

Key: *** p ≤ 0.001 and ** p ≤ 0.05. 773 
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 788 

Table 3 Combined analysis of variance for root yield and sugar yield across testing locations.  789 

Genotypes 
RY (t/ha) 

Environments Genotypic 

Means 
Rank 

Code Name E1 E2 E3 E4 E5 

G1 Agatella 87.8 53.3 65.4 66.2 90.1 72.6 7 

G2 Arta 86.0 75.1 75.2 76.9 86.0 79.8 2 

G3 Arya 99.3 64.1 74.9 69.3 91.8 79.9 1 

G4 Asia 82.8 46.1 82.0 62.1 92.7 73.1 5 

G5 Dena 71.0 58.9 70.1 58.7 83.9 68.5 9 

G6 Homa 64.6 55.2 63.8 57.0 42.9 56.7 10 

G7 Hosna 91.2 64.9 68.8 59.0 81.0 73.0 6 

G8 Kimya 68.0 61.1 77.2 55.1 62.2 64.7 11 

G9 Nika 77.9 73.2 91.4 63.8 82.9 77.8 3 

G10 Shokofa 84.1 64.5 83.0 59.0 75.0 73.1 5 

G11 Sina 81.2 75.4 74.4 54.8 72.1 71.6 8 

G12 Tara 81.2 63.2 82.3 74.0 74.4 75.0 4 

Environmental Mean 81.3(1) 62.9(4) 75.7(3) 63.0(4) 77.9(2) 72.2  

LSD (5%) 10.1 7.6 6.9 8.5 11.5   

CV (%) 11.0 10.7 8.0 11.9 13.0   

F value ** ** ** ** **   

Genotypes 
SY (t/ha) 

Environments Genotypic 

Means 
Rank 

Code Name E1 E2 E3 E4 E5 

G1 Agatella 15.1 10.2 13.7 12.4 13.2 12.9 3 

G2 Arta 13.6 13.8 12.5 12.6 15.1 13.5 1 

G3 Arya 13.5 11.7 13.4 12.0 12.6 12.6 5 

G4 Asia 12.3 8.7 14.5 10.8 14.0 12.1 6 

G5 Dena 9.4 11.9 12.8 9.6 13.9 11.5 9 

G6 Homa 8.8 9.8 12.3 9.9 5.8 9.3 11 

G7 Hosna 14.6 12.7 12.3 10.9 13.2 12.7 4 

G8 Kimya 8.5 11.8 13.6 9.3 9.2 10.5 10 

G9 Nika 11.7 14.5 15.6 10.9 12.9 13.1 2 

G10 Shokofa 11.6 11.4 14.1 10.1 11.3 11.7 8 

G11 Sina 12.3 13.4 12.7 9.1 12.6 12.0 7 

G12 Tara 11.8 11.5 13.5 13.0 10.1 12.0 7 

Environmental Mean 11.9(3) 11.8(4) 13.4(1) 10.9(5) 12.0(2) 12.0  

LSD (5%) 1.58 1.65 1.44 1.39 1.97   

CV (%) 11.7 12.3 9.5 11.2 14.4   

F value ** ** * ** **   
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 793 

Table 4 Grand mean root yield, RY, ASV, RASV, GSI, YSI, SI, IPCA1, and IPCA2 of 12 Sugar beet 794 

genotypes across environments.  795 

Genotype 
Mean RY ASV RASV GSI YSI SI % IPCA1 IPCA2 

code name 

G1 Agatella 73 8 8.05 10 18 18 18 -2.92 0.99 

G2 Arta 80 2 1.41 1 3 3 3 0.11 1.38 

G3 Arya 80 1 5.96 9 10 10 10 -2.11 1.46 

G4 Asia 73 5 8.14 11 16 16 16 -2.81 -2.69 

G5 Dena 69 10 2.65 4 14 14 14 -0.91 -0.88 

G6 Homa 57 12 8.65 12 24 24 24 3.13 1.13 

G7 Hosna 73 7 3.25 5 12 12 12 -0.97 1.87 

G8 Kimya 65 11 5.78 8 19 19 19 2.07 -1.10 

G9 Nika 78 3 4.17 6 9 9 9 1.31 -2.14 

G10 Shokofa 73 6 1.96 2 8 8 8 0.67 -0.66 

G11 Sina 72 9 4.36 7 16 16 16 1.54 1.10 

G12 Tara 75 4 2.47 3 7 7 7 0.89 -0.47 

RY: rank of yield; ASV: AMMI stability value; RASV: rank of AMMI stability value, SI: stability index; GSI: Genotype 796 

Selection Index, YSI: yield stability index. 797 
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 819 

Table 5 Grand mean sugar yield, RY, ASV, RASV, GSI, YSI, SI, IPCA1, and IPCA2 of 12 Sugar beet 820 

genotypes across environments.  821 

Genotype 
Mean RY ASV RASV GSI YSI SI % IPCA1 IPCA2 

Code name 

G1 Agatella 12.9 3 1.65 11 14 14 14 -0.90 -1.07 

G2 Arta 13.5 1 1.10 5 6 6 6 -0.74 0.40 

G3 Arya 12.6 5 0.61 2 7 7 7 -0.32 -0.42 

G4 Asia 12.0 6 1.29 9 15 15 15 -0.87 -0.41 

G5 Dena 11.5 10 1.22 8 18 18 18 -0.28 1.15 

G6 Homa 9.3 12 2.19 12 24 24 24 1.45 -0.83 

G7 Hosna 12.7 4 1.02 4 8 8 8 -0.73 -0.04 

G8 Kimya 10.4 11 1.64 10 21 21 21 1.13 0.45 

G9 Nika 13.1 2 1.17 6 8 8 8 0.61 0.80 

G10 Shokofa 11.7 9 0.29 1 10 10 10 0.21 -0.02 

G11 Sina 12.0 7 0.86 3 10 10 10 -0.17 0.82 

G12 Tara 11.9 8 1.20 7 15 15 15 0.60 -0.85 

RY: rank of yield; ASV: AMMI stability value; RASV: rank of AMMI stability value, SI: stability index; GSI: Genotype 822 

Selection Index, YSI: yield stability index. 823 
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 828 

Fig.  1 Test environments, geographical location, and description in this study in Iran. 829 
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 830 

 Fig.2 AMMI1 and AMMI2 biplots for root and sugar yield of sugar beet genotypes evaluated across 831 

environments. A: AMMI1 for RY, B: AMMI1 for SY; C: AMMI2 for RY; D: AMMI2 for SY. 832 
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 833 
Fig. 3 Plot view of GY x WAAS and WAASBY biplots of test genotypes of Sugar beet. A: GY x 834 

WAAS for RY, B: AMMI1 GY x WAAS for SY, C: WAASBY for RY, D: WAASBY for SY.  835 
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 837 

Fig. 4.  Plot the heat map graphics of Ranks of Sugar beet genotypes depending on the number of PCAs 838 

used to estimate the WAAS and the WAAS/GY ratio.  A: PCA used to estimate the WAAS for RY, B: 839 

WAAS/GY ratio for RY, C: PCA used to estimate the WAAS for SY, D: WAAS/GY ratio for SY. 840 
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 848 
Fig. 5 Plot view of nominal yield and environment biplots of test genotypes for RY and SY of Sugar 849 

beet.  A: RY, B: SY. 850 
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 856 
Fig. 6 Plot view of ranking genotypes by means. stability (A, B) and ranking genotypes based on which-857 

won-where (C, D) of sugar beet based on PC1 and PC2, showing G × E interactions of the 12 groundnut 858 

accessions under five locations. A: RY means. stability, B: SY means. stability, C: RY which-won-859 

where, D: SY which-won-where. 860 
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 862 
Fig. 7 Plot view of ranking genotypes by Discriminativeness vs. representativeness (A, B) and ranking 863 

genotypes based on optimal genotype (C, D) of sugar beet based on PC1 and PC2, showing G × E 864 

interactions of the 12 groundnut accessions under five locations. A: RY discriminativeness vs. 865 

representativeness, B: SY discriminativeness vs. representativeness, C: RY ranking genotypes, D: SY 866 

ranking genotypes. 867 
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