
Abstract
The present study was aimed to evaluate the G x E (genotype x environment) interaction using AMMI and GGE biplot analysis to identify 
sugarcane (Saccharum officinarum L.) genotypes that combine high yield and stability in multi-location trials. Twelve advanced clones 
generated in the sugarcane breeding programs along with three standards (Co 86032, CoC 671 and Co 09004) were evaluated for cane 
and sugar yield using randomized complete block design with three replicates over two plant crops and one ratoon during 2019 to 2021 
across two years and locations. Data was collected on yield traits and sugar quality characters. Stability parameters were determined. The 
data was also investigated using GGE biplot and the AMMI models. The results of combined analyses of variance exhibited significant 
differences among genotypes at the three test environments and when locations were combined. The GE interaction was also significant 
for all the traits, indicating inconsistency of performance of the genotypes over the locations and seasons. Pooled data analysis of 15 
genotypes indicated the superiority of Co 15017 and CoN 15071 for CCS yield across six environments. Two clones, Co 15017 and CoSnk 
15102 recorded higher mean cane yield as compared with three standards across the six experimental conditions. Multivariate (AMMI 
and GGE biplot) statistical analysis indicated that CoSnk 15102 exhibited higher and more stable commercial cane sugar yield and cane 
yield per hectare, indicating this genotype’s suitability across the test locations. The results of such multi-environmental trials with the 
elucidation of GE interaction using AMMI and GGE are of great significance in guiding the selection and recommendation of stable and 
superior varieties in sugarcane production zones. 
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Introduction
Sugarcane (Saccharum officinarum L.) is India’s and the 
world’s important cash and sugar crop. India is the world’s 
largest producer and consumer and the world’s second-
largest exporter of sugar in the world (Anonymous 2023). 
The sustainable supply of new sugarcane varieties adaptable 
to various agroclimatic conditions is vital to farmers and 
the sugar industry in the country. Breeders often use 
yield and its contributing traits as well as a phenotypic 
expression for selection of crop cultivars under mega 
environments. Temperature, humidity, soil texture and, 
fertility, precipitations play an important role in the yield 
fluctuation caused by genotypes in response to changing 
environments. Stability and adaptability are the main criteria 
for the selection of genotypes in any breeding program 
(Wolde et al. 2018). Estimation of stability of a new genotype 
for yield and quality traits is a pre-requisite in plant breeding 
program prior to its release for commercial planting. The 
stability of a genotype is greatly affected by the environment 
(E), genotype (G) and G x E interaction (GEI) that causes 

significant variation in cultivar performance across the 
different locations and seasons (Mohammad et al. 2007). 
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The observation and analysis of GEI in multi environment 
trials are very important for evaluating, selecting and 
recommending crop varieties (Mattos et al. 2013; Regis et 
al. 2018).

Breeders invariably encounter GEI while evaluating 
varieties over several environments that complicates 
response of the selection. A significant GEI for a quantitative 
trait such as yield can seriously limit the efforts to select 
superior genotypes for crop production and improved 
cultivar development. It is important to quantify GEI to 
design selection methods that can accurately recognize 
superior cultivars in the final selection stages and predict 
their potential performance in numerous environments. 
To determine the presence of GEI in a multi-environmental 
yield trial, analysis of variance (ANOVA) is executed. The 
ANOVA procedures highlighted differentiation in fixed and 
random effects such as genotype, replication, location, 
and environment. Nevertheless, the major bottleneck of 
ANOVA are the failure to distinguish genotype variances in 
a non-additive manner as GEI (Yusuff et al. 2017). A group of 
stability statistical measures was settled to analyze genotype 
stability that divulges several GEI features, resultant in 
detecting stable genotypes across environments. To better 
understand genotypic stability patterns, two separate 
techniques, univariate and multivariate stability analysis, 
are used (Yusuff et al. 2017). 

The cultivar superiority index and stability measurements 
(Huehn 1990; Lin and Binns 1988) are the indices used 
for identification of stable genotypes across multiple 
environments. Biplots are widely used to graphically show 
the interrelationships between genotypes (G), environments 
(E), and GEIs, as well as to demonstrate interaction 
patterns and identify comparably stable genotypes across 
environments (Yusuff et al. 2017).  There are two widely 
used biplot models of multivariate approaches: AMMI 
biplot (Gauch et al. 2006; Gauch et al. 2008) and GGE biplot 
(Yan et al. 2000; Yan and Tinker 2006). The GGE-biplot and 
AMMI models support the stability and superiority indices 
in recognizing varieties with both specific and broad 
adaptation (Kaya 2006). AMMI can detect and display GEI in 
a multi-dimensional environment using a biplot. AMMI 
Biplot’s graphic analysis provides relatively simple analysis 
for breeding researchers and allows conclusions to be drawn 
concerning phenotypic stability, genotype behavior, genetic 
divergence between genotypes, and environments with 
optimal performance.

GGE biplots analysis, on the other hand complements 
AMMI Biplot ’s environmental stratif ication and aid 
researchers in better understanding complicated GE 
interactions in multi-environment breeding line trials using 
mega environment analysis (“Which Won-Where” pattern), 
evaluation of genotype (ranking biplot) and environment 
(comparison biplot), which provides discriminating power 
and representation of the environments. GGE Biplot analysis 

is regarded as a useful statistical technique for producing 
phenotypically stable and superior cultivars, identifying 
stable genotypes across several environments, and 
achieving crop yield stability across multiple locations. Multi-
environment trials are important for properly ranking 
candidate cultivars and recognizing representative selection 
or production environments (Yan et al. 2007). This could 
accelerate breeding efficiency (Yan and Holland 2010) 
and strengthen the competitiveness of yield production 
(Gauch and Zobel 1997). Therefore, the present study aimed 
to determine the productivity and stability of advanced 
sugarcane clones evaluated across six test environments 
and identify new stable genotypes with high cane and sugar 
yield using AMMI and GGE-biplot stability models.

Materials and methods

Experimental design and trials
The experimental material, comprising of 12 advanced 
sugarcane clones derived from different sugarcane research 
centers of All India Co-ordinated Research Project on 
Sugarcane for peninsular zone were evaluated along with 
three checks (Co 86032, CoC 671 and Co 09004) in two 
locations, Sameerwadi (voluntary center) and Sankeshwar 
(regular center) representing two different agro climatic 
zones, Northern dry zone and Northern transitional zone 
of Karnataka. This study was aimed for estimating GEI for 
various yield and quality traits. The experimental material 
was planted in a randomized, complete-block design with 
three replications in 2020-2021 and 2021-2022 plant crops 
and a ratoon crop in 2021-2022. The seed rate was 12 buds 
per meter in six rows of six-meter-long plots, with a row-
to-row spacing of 120 cm and plot size of 43.2 m2 under 
irrigated conditions.

Observations recorded
Data was collected on six quantitative traits viz., single 
cane weight (kg), brix (%), sucrose (%), Commercial Cane 
Sugar (CCS%), cane yield and CCS yield. A sample of five 
canes was randomly taken from each plot and weighed to 
calculate single cane weight and expressed as kgs. CCS (t/
ha) was computed as per the standard formula. The clarified 
juice was analyzed with a polarimeter and refractometer for 
sucrose percent. Four rows were harvested at 12 months 
after planting for measuring cane yield in net plot across 
replications and were expressed as tons per hectare.

Statistical analysis 
The data collected on six quantitative traits was subjected 
to analyses of variance (ANOVA) for yield and quality 
parameters to estimate the existence of variations among 
the genotypes, locations, seasons, and interactions using 
OPSTAT software for individual and pooled analysis across 
the seasons. The general mean for each genotype pooled 
across six environments is the trait value across the crop 
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cycle. Treatment means were compared using the Fisher’s 
protected least significant difference (LSD) test at 5% 
probability. The phenotypic stability was performed for CCS 
yield and cane yield as per method outlined by Eberhart 
and Russell (1966). In this model of analysis sum of square 
due to G×E were partitioned into individual genotypes (X-i) 
regression of environmental mean (bi) and deviation from 
regression (S2di). The regression coefficient (bi) and mean 
square deviation from (S2di) were used to define genotypic 
stability. 

To explain the G×E interaction, the multivariate stability 
analysis was performed graphically using PBTools software 
(PBtools for windows 2014, Version 1.4, http://bbi.irri.org/
products) and R (R CoreTeam, 2012), with a user-friendly 
graphical interface developed at IRRI (IRRI, 2002). The 
performance of clones was assessed using two stability 
models, Additive Main effects and Multiplicative Interaction 
(AMMI) (Gauch and Zobel 1997) and GGE Biplot or Site 
Regression model (Yan and Kang, 2003). In GGE biplot 
analysis both the genotypic effect (G) and its interaction 
with the environment (GEI) are used for the analysis, while 
in AMMI model only interaction component (GEI) is used. 
AMMI first analyzes the genotypes and environment’s 
main effects (additive) using analysis of variance (ANOVA) 
and then analyzes the residual (namely the interaction) 
using principal components analysis (PCA). The GGE 
biplot which is based on the site regression linear (SREG) 
bilinear model (Crossa and Cornelius, 1997; Crossa et al. 
2002) displays both genotype and genotype environment 
variation (Kang 1993). The graph generated is based on 
multi environment evaluation (which-won-where pattern), 
genotype evaluation (mean versus stability), and tested 
environment raking (discriminative versus representative). 
The ranking of genotypes was allocated in increasing order 
of each stability parameter. Performance consistency or 
stability of each genotype was determined after testing the 
significance of the genotype by environment interaction.

Results and discussion 

Analysis of variance 
Analysis of variance of 15 cultivars evaluated for single cane 
weight, brix, sucrose, CCS%, CCS yield and cane yield across 
two locations and three seasons (two plants and one ratoon 
crop) is presented in Table 1. The genotypic difference 
was found to be significant (p < 0.01) for each of the six 
environments. The differences among the environments 
were evident between years. The combined analysis of 
variance for cane and sugar yield revealed that genotypes 
and GEI contributed to significant variation for CCS yield 
and cane yield and genotype x environment interaction 
for all the traits except CCS yield (Table 1). The results 
indicated that genotypes responded differently across the 
six environments and the importance of testing genotypes 

in different locations rather than generations as against 
the current practice in order to maintain the high levels of 
genotype stability and wide adaptability. 

The mean values of test genotypes and the checks for six 
traits across six environments indicate that the genotypes 
varied significantly for all the traits. CoN15071 and CoSnk 
15102 genotypes recorded very high single cane weight 
compared to standards in all experiments except ratoon trial 
in Sankeshwar. On the contrary, PI 15131 recorded high single 
cane weight across the six experimental conditions except 
in ratoon crop of Sameerwadi. This indicated the superiority 
of these genotypes for single cane weight and differences 
in performance of genotypes in plant and ratoon crops 
over locations. For Brix% and Sucrose%, Co 11015 recorded 
highest values in each experiment and pooled across the 
six environments (24.53 and 22.48%) which was numerically 
higher than two best standards CoC 671 (24.27 and 22.26%) 
and Co 09004 (24.12 and 21.97%) indicating the potential of 
this variety for sugar quality. Similarly for CCS%, a derived 
parameter of brix and sucrose, Co 11015 recorded higher 
values in individual plant seasons over two locations and 
pooled across the seasons. 

Mean performance of genotypes for CCS yield indicated 
that two varieties, Co 15017(17.50 t/ha) and CoN 15071 (17.14 
t/ha) recorded very high pooled mean CCS yield across 
six environments. Co 15006 clone recorded high pooled 
mean CCS yield (16.70 t/ha). Mean CCS yield among two 
locations across three seasons revealed no much difference 
for genotypic performance between Sankeshwar and 
Sameerwadi. Co 15009 performed better in plant crops 
in both locations in individual experiments but recorded 
poor CCS yield in ratoon crop in both Sameerwadi and 
Sankeshwar. These results of poor performance in ratoon 
crop is in accordance with Mehareb et al. (2016) reporting 
general tendency of ratoon crops to yield 10–30% lesser 
than the plant crop of sugarcane that can be attributed 
to low and differential ratooning potential of genotypes, 
increased disease and insect infestation, poor crop 
husbandry practices and inherent genetic make-up of the 
cultivars. For cane yield, Co 15009 (125.46 t/ha) recorded 
highest mean cane yield values across six experiments, 
which is numerically higher when compared to all three 
standards. Two clones, namely, Co 15017 (122.96 t/ha) and 
CoSnk 15102 (122.59 t/ha) recorded higher mean cane yield 
as compared to three standards across the six experimental 
conditions. Mean cane yield of sugarcane was higher in 
Sameerwadi as compared with Sankeshwar, indicating that 
it is more suitable for the cultivation of sugarcane which 
could be attributed to soils, climate and many other factors 
contributing for higher yields in Sameerwadi region.

Stability parameters, regression coefficients, and 
deviation from regression indicated that CoSnk 15102 ranked 
first for CCS yield and was found to be highly stable across 
the six environments as revealed from regression values 
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and deviation from the regression followed by Co 15009. For 
cane yield, Co 15009 found to be highly stable. Finlay and 
Wilkinson (1963) and Eberhart and Russell (1966) considered 
genotypes with high mean yield, coefficients of regression 
equivalent to unity (bi=1) and deviation from regression 
proximate zero (S2di=0) to be stable. Although, Co 15017 
and CoN 15071 have recorded very high CCS and cane yield 
across the six environments, they found to be unstable due 
to very high S2di values. Similar results of poor stability of 
high yielding sugarcane genotypes have been reported 
earlier (Tahir et al. 2013; Guddadamath et al. 2014) for cane 
yield. This could be due to the wide differences in both 
edaphic and climatic conditions prevailed at two locations 
of the experiment. However, the unstable high yielding 
genotypes, Co 15017 and CoN 15071, have higher yields than 
the other stable genotypes at two locations. This indicates 
that stability analysis alone is insufficient to decide which 

genotypes to recommend in certain locations without 
considering the average performance of such genotypes 
(Ali et al. 2020). 

Biplot analysis for Determination of Environmental 
Influence
AMMI incorporates ANOVA and PCA into a single model, 
enabling a simple visual interpretation of the GE interaction. 
It enables the clustering of genotypes based on the similarity 
of response characteristics and identifying potential trends 
across environments (Bocianowski et al. 2019). AMMI 
model for CCS yield and cane yield showing the means of 
genotypes (G) and environments (E) against their respective 
IPCA scores are presented in Table 2. The AMMI model for 
CCS yield and cane yield extracted six significant (p<0.001) 
IPCAs from the interaction component. These six IPCAs 
accounted a total 100 and 99.9% of the interaction sum 

Table 1. Analysis of variance for cane yield and quality traits in different Seasons

Seasons Source of 
Variation

DF Mean Sum of Squares for different traits

Single cane 
weight Brix Sucrose% CCS% CCS yield Cane yield

I Plant
Sameerwadi 

Replication 2 0.029 0.301 0.253 0.334 1.107 0.837

Treatment 14 0.151** 2.746** 2.759** 2.719** 3.107** 2.378*

Error 28 0.043 1.000 1.000 1.000 1.000 1.000

II Plant
Sameerwadi

Replication 2 0.030 0.611 0.121 0.051 4.586 4.308

Treatment 14 0.108** 254.238** 209.795** 141.885** 3.915** 4.048**

Error 28 0.019 1.003 1.009 1.005 1.000 1.000

Ratoon
Sameerwadi

Replication 2 0.014 0.060 0.054 0.080 0.574 0.489

Treatment 14 0.127** 284.331** 363.674** 222.160** 5.280** 5.654**

Error 28 0.018 0.999 1.003 0.996 1.000 1.000

I Plant
Sankeshwar

Replication 2 0.043 4.422 4.410 3.153 0.933 0.315

Treatment 14 0.235** 9.599** 10.291** 7.513** 3.299** 5.374**

Error 28 0.036 1.000 1.000 1.000 1.000 1.000

II Plant
Sankeshwar

Replication 2 0.004 0.371 2.657 3.298 1.676 0.230

Treatment 14 0.214** 5.573 4.649** 4.168** 2.475* 2.373*

Error 28 0.045 1.001 1.000 1.000 1.000 1.000

Ratoon
Sankeshwar

Replication 2 0.080 0.704 3.743 7.860 6.697 12.449

Treatment 14 0.183** 3.520** 4.664** 4.505** 10.993** 13.146**

Error 28 0.028 0.999 1.000 1.000 1.000 1.000

Combined 
Analysis of 
Variance for 
pooled data

Seasons 5 1.301** 241,698** 196,512** 1,01,894** 356.12** 444.21**

Replications 
within seasons 12 0.033 1.07 1.873 2.46 2.59 3.10

Treatments 14 0.397** 213.77** 219.96** 146.15** 7.17** 11.07**

Genotype x 
Environment 70 3.960** 69.24** 75.17** 47.35** 4.37NS 4.38**

Pooled error 168 0.031 1.000 1.002 1.000 1.000 1.000
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of squares. The extracted IPCAs are capable of providing 
information on the interaction effect, although their degree 
decreases from the first to the last IPCAs. However, the first 
two IPCAs could best explain the interaction sum of squares 
(Zobel et al. 1988). Accordingly, the first two IPCA’s (IPCA1 
and IPCA2) were highly significant and accounted for 77.9% 
(53.1 and 24.8%) and 77.8% (50.9 and 26.9%) of variance. The 
AMMI methods are commonly used in a breeding program 
of sugarcane (Mehareb et al. 2022).

Genotype adaptability and stability 
AMMI biplot for CCS yield drawn using PC Vs CCS yield 
(Fig. 1a) and PC1 Vs PC2 (Fig. 1b) indicated E4 and E5 as the 
favorable environments, whereas E1, E2, E3, and E4 as poor 
environments. Similarly, G11, G13 and G15 are rated as the 
better performer genotypes for the trait, while G14, G9 and 
G1 are rated as the poor performer genotypes. Genotypes 
G13, G14, and G10 are located near the origin in the PC1 Vs 
PC2 biplot and are stable performers for CCS yield. Hence 
they have better adaptation across the environments. 
AMMI biplot for cane yield using PC1 Vs cane yield (Fig. 2a) 
and PC1 Vs PC2 (Fig. 2b) indicated E2, E3, E4 and E5 as 

the favorable environments, whereas E1 and E6 as poor 
environments. G11, G13 and G15 are rated as the better 
performer genotypes for the cane yield, while G9 and G1 are 
rated as the poor performer genotypes. Genotypes G10, G14 
and G13 are located near the origin in the PC1 Vs PC2 biplot 
and are stable performers with better adaptation across the 
environments for cane yield 

Table 2. AMMI model for CCS yield and Cane yield showing the means of genotypes (G) and environments (E) against their respective IPCA1 
scores

S.No Genotype Mean CCS yield AMMI PC scores for CCS yield Mean Cane yield AMMI PC scores for Cane yield

IPCAg1 IPCAg2 IPCAg1 IPCAg2

G1 Co 11015 15.86 -1.488 0.101 101.46 -3.233 0.442

G2 Co 14005 16.27 1.340 -0.712 113.52 1.961 -1.763

G3 Co 15005 14.53 0.931 -1.227 98.95 1.434 -3.226

G4 Co 15006 16.57 -1.427 -1.547 117.17 -2.233 -3.225

G5 Co 15007 15.89 0.815 0.200 107.11 2.321 0.314

G6 Co 15009 16.70 -0.812 0.523 125.46 -3.205 0.341

G7 Co 15010 14.53 0.543 0.280 109.13 1.692 0.179

G8 Co 15017 17.50 -1.448 0.226 122.96 -5.492 1.123

G9 Co 15021 13.96 -0.659 0.476 97.00 -0.821 1.750

G10 CoSNK 15102 16.75 -0.238 0.259 122.59 -0.727 0.887

G11 CoN 15071 17.14 0.713 1.785 121.98 2.872 5.257

G12 PI 15131 15.40 1.087 -0.174 111.72 2.174 -1.371

G13 Co 86032 16.82 0.243 0.353 118.73 1.455 0.416

G14 CoC 671 15.53 -0.068 0.121 99.55 0.533 0.918

G15 Co 09004 17.79 0.468 -0.664 115.44 1.269 -2.043

E1 I Plant (Sameerwadi) 13.49 -0.593 -1.032 106.65 -1.616 -2.429

E2 II Plant (Sameerwadi) 17.77 -2.337 -0.824 130.99 -7.000 -1.761

E3 Ratoon (Sameerwadi) 16.03 -1.189 2.228 116.55 -1.413 6.781

E4 I Plant (Sankeshwar) 17.97 1.726 0.755 113.34 4.175 0.966

E5 II Plant (Sankeshwar) 16.55 1.090 -1.283 114.52 3.076 -2.760

E6 Ratoon (Sankeshwar) 14.67 1.304 0.157 91.05 2.778 -0.797

  (a)     (b)

Fig. 1. (a) AMMI biplot PC1 Vs CCS yield); (b) AMMI Biplot PC1 Vs PC2 
for CCS yield. G = Genotypes (1–15) and E = Environments (1–6). The 
genotypes are shown as G1-G15 and environments as E1-E6 and their 
full names are displayed in Table 3
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GGE Biplot analysis for CCS yield and cane yield
The GGE biplot analysis is a very useful statistical tool in 
examining the aggression of the genotype by environment 
(GE) interaction as well as identifying mega environments 
and superior genotypes. GGE biplot tools (Yan and Tinker 
2006) were used to evaluate the sugarcane MET for 
identifying the most promising candidate genotypes. It is 
a scatter plot that graphically shows both the genotypes 
and environments of two-way data for picturing the mega 
environments, ranking the genotypes, and identifying stable 
environments (Yan 2002). The main effect of genotype (G) 
and G×E interactions is the principal source of variation in 
the assessment of the genotypes under multi environment 
trials (MET) (Yan et al. 2000). GGE-biplot model for cane 
yield and CCS yield showing the means of genotypes (G) 
and environments (E) against their respective IPCA scores 
are presented in Table 3. GGE analysis for CCS yield revealed 
significant proportion of variation explained by first two 
principal components (41.91 and 24.7%) with accumulated 
variance of 66.61%. For cane yield, first (42.5%) and second 
(28.6%) principal components revealed major variation with 
an accumulated variance of 71.1%. These values indicate that 

the variability due to GEI is adequately represented, implying 
differential response of genotypes to environments 
(Elbasyoni  2018) and analysis of G × E interaction in different 
environments is very informative for selecting, evaluating, 
and recommending crop varieties. 

GGE biplot Pattern of mean vs stability for ideal 
genotype assessment
The ‘Mean vs. stability’ view helps to simplify the genotype 
assessment based on the mean performance and stability 

Table 3. GGE model for CCS yield and cane yield showing the means of genotypes (G) and environments (E) against their respective IPCA1 
scores

S.No Genotype Mean CCS yield GGE PC scores for CCS yield Mean cane yield GGE PC scores for Cane yield

IPCAg1 IPCAg1 IPCAg1 IPCAg2

G1 Co 11015 15.86 -4.846 -2.327 101.46 1.978 -39.215

G2 Co 14005 16.27 4.478 1.252 113.52 9.613 14.344

G3 Co 15005 14.53 4.601 -3.475 98.95 37.408 -14.830

G4 Co 15006 16.57 -5.086 -2.298 117.17 -19.489 -14.578

G5 Co 15007 15.89 2.852 1.047 107.11 21.567 11.803

G6 Co 15009 16.70 -3.328 0.860 125.46 -44.996 -2.934

G7 Co 15010 14.53 3.131 -2.461 109.13 16.539 7.020

G8 Co 15017 17.50 -6.183 1.795 122.96 -53.888 -22.361

G9 Co 15021 13.96 -0.513 -4.880 97.00 22.226 -24.524

G10 CoSNK 15102 16.75 -1.418 1.531 122.59 -23.752 9.750

G11 CoN 15071 17.14 1.403 4.656 121.98 -7.459 44.456

G12 PI 15131 15.40 4.270 -0.279 111.72 16.786 10.545

G13 Co 86032 16.82 0.061 2.775 118.73 -7.837 24.863

G14 CoC 671 15.53 0.339 -1.717 99.55 27.914 -14.538

G15 Co 09004 17.79 0.239 3.520 115.44 3.389 10.196

E1 I Plant (Sameerwadi) 13.49 -0.260 0.083 106.65 -0.271 -0.100

E2 II Plant (Sameerwadi) 17.77 -0.759 0.159 130.99 -0.816 -0.312

E3 Ratoon (Sameerwadi) 16.03 -0.458 0.421 116.55 -0.480 0.264

E4 I Plant (Sankeshwar) 17.97 0.279 0.699 113.34 -0.151 0.720

E5 II Plant (Sankeshwar) 16.55 0.171 0.251 114.52 -0.053 0.400

E6 Ratoon (Sankeshwar) 14.67 0.199 0.489 91.05 -0.065 0.381

  (a)   (b)

Fig. 2. (a). AMMI biplot PC1 Vs cane yield; (b). AMMI Biplot PC1 Vs 
PC2 for cane yield (t ha−1); Where G = Genotypes (G1-G15) and E = 
Environments (E1-E6). 
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under a wide range of environments. In present investigation, 
the ‘mean vs. stability’ pattern of GGE biplot for CCS yield 
(Fig. 3a) revealed that the Average Environment Co-ordinate 
(AEC) abscissa line directed the ranking of genotypes in 
increasing order with a greater value of traits evaluated. 
Co 15010 (G7) was identified as ideal genotype with higher 
mean and good stability followed by Co 15021 (G9) across 
the six locations for CCS yield. Co 15017 (G8) genotype 
with high mean grain yield falling out of the concentric 
circle and lengthy direction from the AEC abscissa found 
relatively unstable across locations. For cane yield (Fig. 
3b) CoSnk 15102 (G10) was identified as stable genotype 
across six experimental conditions followed by standard 
variety Co 86032 (G13). However, Co 15017 (G8) with high 
cane yield found to be unstable across locations due to 
lengthier directions from AEC abscissa and falling out of 
concentric circle. Yan (2014) reported that high yielding 
but less stable genotypes may be mistakenly discarded if 
too much weight is given to instability during selection. 
Assessment of genotypes under different environments 
is essential to study the quantitative traits and to measure 
the stability and adaptability. Yield is a very complex trait 
which is highly influenced by environments. Further, to 
evaluate multi-environment data effective use of both 
models is recommended by Gauch and Zobel (1988). 
Although GGE biplot procedure has been used in stability 
studies of several annual crops, GGE the procedure has been 
used in stability studies of several annual crops including 
peanut (Lal et al. 2021) and pearl millet (Reddy et al. 2022), 
it has been used in limited occasions for perennials like 
sugarcane. The discrimination and representativeness 
view of the GGE biplot to show the discriminating ability 
and representativeness of the test environments has been 
studied in perennial crop like tea (Kottawa-Arachchi et al. 
2022). Verma et al. (2023) carried out an experiment on 24 
sugarcane (Saccharum officinarum L.) varieties to ascertain 
the Gene × Environment interaction (GEI), yield stability 
and adaptability of across three locations through AMMI 
and GGE biplot analysis. AMMI analyses revealed significant 
(P < 0.01) genotype and environmental effects as well as G 

× E with respect to cane yield. GGE-biplot model showed 
that the three environments belonged to three mega-
environments as an obtuse angle was observed between 
the environments. The analysis facilitated the select the 
most productive varieties with stable yield from specific test 
environments. A good strategy to improve the selection is 
simultaneous selection for yield and stability (Orlando et al. 
2023). Genotypes and Genotype x Environment interaction 
studies help to assess and make recommendations on 
potential new cultivars depending on their yield potential 
and stability (Luo et al. 2015).

GGE biplot (‘which‑won‑where’ pattern)
Which-won-where GGE-biplot polygon is an important 
component of GGE analysis. These figures are separated 
by an equality line into sectors in which dissimilar mega 
environments can be noticed (Yan and Tinker 2005; Yan and 
Tinker 2006). Fig. 4 illustrates the which-won-where’ pattern 
of GGE biplot for CCS yield (4a) and cane yield per hectare 
(4b). The vertex clones are the extreme genotypes in GGE 
biplot, signifying the best performers in all or some of the 
environments (Tollo et al.  2020). The Which-won-where 
graph shown in Fig. 4a shows that the three locations fall 
into first mega environment (E1-E3) and next three locations 
fall into second mega environment (E4-E6). The genotype 
Co 15017(G8) on the vertex of the polygon containing first 
three environments of Sameerwadi performed best for CCS 
yield and was the winning genotype in Sameerwadi. While, 
CoN 15071 (G11) on the polygon vertex containing next 
three mega environments were the winning genotype at 
Sankeshwar across two plant and a ratoon crop. Similarly for 
cane yield, two clones Co 15017 (G8) and Co 15009 (G6) were 
winning genotypes for cane yield per hectare at Sameerwadi 
over two plant and ratoon crop. CoN 15071 (G11) was winning 
genotype at Sankeshwar for cane yield across two plant and 
one ratoon crop. Co 15005 (G3) genotype that is linked with 
polygon vertex where no environment indicator drops in 
the sector indicated that this genotype is poorly performed 
across the three crops in both Sameerwadi and Sankeshwar. 
The detection of different sugarcane genotype winners in 

Fig. 4. Which-won-where view of 15 sugarcane genotypes for CCS 
yield (a) and cane yield (b) over two locations and three crop cycles. 
The genotypes are shown as G1-G15 and environments as E1-E6 and 
their full names are displayed in Table 3

Fig. 3. Mean versus stability assessment of GGE biplot showing the 
rank of 15 sugarcane genotypes for CCS yield (a) and cane yield (b). 
The genotypes are shown as G1-G15 and environments as E1-E6 and 
their full names are displayed in Table 3

          (a)   (b)
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the mega-environments indicated the presence of crossover 
as revealed by differential yield ranking and stability across 
environments (Mattos et al. 2013; Xu et al. 2014; Orlando 
et al. 2023). Hence, selection strategy to be firstly oriented 
toward selecting genotypes adapted to specifically targeted 
environments to enhance the mean productivity rather than 
selecting for broad adaptation (Xu et al. 2014; Akhter et al. 
2015; Guilly et al. 2017; Muhammad et al. 2019).

Sugarcane clones, Co 15017 and CoN 15071 were highly 
productive with high CCS and cane yield but relatively 
unstable across six environments. AMMI and GGE biplot 
indicated that two clones, Co 15010 and Co 15021 were 
highly stable for CCS yield and CoSnk 15102 and Co 86032 
were highly stable for cane yield across six experimental 
conditions. The results of these multi environmental trials 
with the elucidation of genotype and environmental 
interaction using AMMI and GGE are of significance in 
guiding the selection and recommendation of stable and 
superior sugarcane varieties in sugarcane production zones. 
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