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Abstract The purpose of the current study was to evaluate adaptability and phenotypic stability of 24 exotic advanced

sugarcane genotypes across three major sugarcane producing agro-ecologies of Ethiopia and identify ideal location for

genotype evaluation via GGE biplot analyses. The trials were conducted for 3 years involving three crop cycles or three

cuttings corresponding to plant cane and first and second ratoon crops representing nine environments (location-cut

combinations). Data for estimable recoverable sugar percent (ERS), cane yield (CY) (tons/ha), and sugar yield (SY) (tons/

ha) were collected from the trials and subjected to ANOVA and GGE [genotype (G) plus genotype-environment (GE)]

biplot analysis. ANOVA portrayed that genotype by environment interaction (GEI) accounted for 42.74%, 54.70% and

60.52% of the total variation for ERS, CY and SY, respectively, indicating GEI variation was a substantial proportion of

the total variation in all the traits. High broad sense heritability (H2) was recorded for ERS (79.28) whereas that of SY was

extremely low (2.90) showing difficulty of this trait to improve by simple phenotypic selection. GGE biplots for ERS, CY

and SY showed that the first two principal components (PCs) together explained 59.01%, 80.54% and 71.73% of the total

variation, respectively. GGE biplot analysis also revealed high positive correlations among crop cycles at all locations for

all measured traits implying evaluation of genotypes across locations could give reliable information on the performance of

the genotypes than testing for ratooning ability. The location Metehara, being both discriminating and representative, was

identified as ideal for genotype evaluation. Genotypes G1 (PSR-9784) and G7 (VMC95-252) having high mean perfor-

mance for cane yield (152 tons/ha and 142 tons/ha) and sugar yield (18 tons/ha and 18 tons/ha) and stability across

environments, were recommended as ideal genotypes. These genotypes could be commercially grown at the studied

locations or similar agro-ecologies.
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Introduction

Sugarcane (Saccharum spp.) is an important cash crop and

is cultivated in the tropical and subtropical regions of the

world. As is the case in many tropical countries sugarcane

is the main source of sugar production in Ethiopia. It is an

important crop widely cultivated for multiple purposes by

smallholder farmers in sub-Saharan Africa and also by

commercial farms. In Ethiopia sugarcane has been culti-

vated by smallholder farmers in the backyards and farmers’

fields since ancient times [8]. It was introduced to the

country during the Axumite Kingdom in the first to fourth

century period [20, 23].

In Ethiopia, sugarcane commercial cultivation com-

menced in 1951 and is currently expanded to every corner

of the country in various agro-ecologies and geographic

regions. It was started in the three old sugar estates starting

in 1951 at Wonji, in 1969 at Metehara and in 1998 at

Fincha. These three sugarcane growing agro-ecologies

represent varied rainfall, soil, and other environmental
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conditions and has been used to test sugarcane genotypes

since their inception. However, no systematic effort has

been made so far to study genotype by environment

interaction (GEI) in sugarcane and evaluate the test envi-

ronments for genotype selection.

The sustainability of cane production in Ethiopia

depends on productivity gains that could be achieved in

each agro-climatic region of the industry with the release of

new and high-yielding cultivars. This necessitates broadly

and specifically adapted cultivars with desired traits.

Although breeders consider many traits, such as disease

resistance, harvesting characteristics, and ratooning ability,

their top priority is to select for high sugar yield through its

component traits of cane tonnage and sugar content.

Ethiopia has been relying on the importation of sugar-

cane varieties for commercial production. Many collections

of clonal materials in different stages of breeding and

selection programs have been introduced and evaluated for

adaptation and yield performance. In this line, during 2012

advanced breeding clones have been imported from French

Agricultural Research Centre for International Develop-

ment (CIRAD), France. These new exotic clones needed to

be evaluated across target agro-ecologies to select high-

performing candidate varieties.

The development of sugarcane varieties that suit dif-

ferent agro-ecological and growing conditions involve

genotypic evaluation across locations and crop cycles. In

this process, the phenomena of GEI often complicate the

identification of superior genotypes by confounding the

effects of the environment and making it difficult to know

the true genetic values of genotypes. GEI may cause

changes in the relative ranking of genotypes across sites

and/or crop years in trials and complicate identification of

superior cultivars by confounding determination of true

genetic values.

When GEI exist, its statistical significance and precise

characteristics must be investigated in detail to asses in

detail the relationships between environments and the

pattern of the response of genotypes across environments.

By the detail study of GIE it is also necessary to assess

implications for selection strategies and help optimize

resource allocation across locations and years. Further-

more, we should investigate the similarity of environments

and their ability to discriminate genotypes, identify

redundant sites or mega environments and analyze the

stability of the site response across genotypes, visualize the

performance rank and stability of genotypes across envi-

ronments for the purposes of decision-making regarding

release of new cultivars.

Genotype plus genotype x environment interaction

(GGE) biplot analysis is a very useful graphical tool to

investigate GIE and visualize the performance rank and

stability of genotypes across environments [35]. GGE

biplot can facilitate a better understanding of complex GEI

in multi-environment trials of breeding lines and agro-

nomic experiments. GGE biplot has been used to identify

the performance of crop cultivars under multiple environ-

ments, ideal cultivars, mega-environment, and core testing

sites [1]. It also has been successfully used in crop trials to

analyze multi environmental trials data to release new

varieties, including wheat [6], cotton [31], sunflower [28],

and sugarcane [13, 22, 27].

With these views in mind, the present study was con-

ducted to study the adaptability and phenotypic stability of

exotic sugarcane genotypes in major sugarcane-producing

agro-ecologies of Ethiopia and identify ideal location for

genotype evaluation via GGE biplot analyses.

Materials and Methods

Study Sites

The experiments were conducted at three main Sugar

Estates of Ethiopia during 2017/18 to 2019/20 (Fig. 1).

Wonji

Wonji Sugar Factory is located in Oromia Regional

Government State, Eastern Shewa Zone, Adama Woreda,

About 110 km from Addis Ababa and about 10 km south

of Adama Town with latitude 8� 310 N and longitude

39� 120 E with elevation of 1550 masl. The average annual

rainfall is 800 mm with maximum and minimum temper-

atures 26.9 �C and 15.3 �C respectively. The growth period

for plant cane is 18–24 months while 13–15 months for

ratoon crop. The plantation is covered by 95% of clay soils

and vertisols and irrigation water is applied as furrow

irrigation [8].

Fig. 1 Location map of the experimental sites representing three

major sugarcane producing agro-ecologies in Ethiopia
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Metehara

Metehara sugar factory is located in Oromia Regional

Government State, Eastern Shewa Zone about 200 km

from Addis Ababa and about 8 km south of Metehara

Town with latitude and longitude 8� 510 N and 39� 520 E
respectively and with elevation of 950 masl. Annual rain-

fall is 554 mm with temperature maximum and minimum

of 32.6 �C and 17.5 �C, respectively. The soils of the area

are mainly vertisols. Furrow irrigation is practiced in the

area. Harvesting age of sugarcane is 18–20 months for

plant cane and 13–15 months for ratoon cane fields [8].

Fincha

Finchaa Sugar Estate is located in the western part of

Oromia Reginal state at 9� 300 to 10� 000 N and 37� 150 to
37� 300 E. It is about 330 km North West of Addis Ababa

with an elevation between 1350 and 1650 m.a.s.l. The

average annual rainfall is 1280 mm with maximum and

minimum temperatures 30.7 �C and 14.8 �C, respectively.
The average length of the growing period of sugarcane in

the area is 20–22 months for plant cane while 14–

15 months for ratoon cane fields. The Estate practices

dominantly sprinkler irrigation which does not critically

require land forming operation. More than 95 percent of

the cultivated and irrigated land soils in Finchaa are

grouped in to Luvisols and Vertisols [8].

Plant Materials and Experimental Design

The experimental materials in this study involved 24 sug-

arcane genotypes. Twenty two of the materials were

advanced breeding clones introduced from CIRAD, France

and the remaining two were standard check varieties

commercially cultivated in the areas (Supplemental

Table 1). The experimental period lasts 3 years (2017/18,

2018/19 and 2019/20) involving three crop cycles or three

cuttings corresponding to plant cane and first and second

ratoon crops representing nine environments (location-cut

combinations).

The experimental design used was Randomized Com-

plete Block Design (RCBD) in three replications. The

experimental plots consisted of six rows of 5 m in length

and 1.45 m between rows with a plot area of 43.5 m2. The

two rows on each side of the plot served as guard rows and

the middle 4 rows were net experimental plots from which

data was collected. Irrigation water was applied as furrow

surface irrigation at Wonji and Metehara and using a

sprinkler at Fincha. Other cultural practices were applied as

recommended for the areas.

Data Collected

During harvest 50 stalk samples were taken randomly from

the middle 4 furrows and weighed and used to estimate

single cane weight. The number of the millable stalk was

counted from the whole net plot of 4 rows and used to

calculate cane yield per plot by multiplying single cane

weight by stalk number per plot and converted to tons of

cane yield per hectare (CY) confirming to the area of the

plot. From the 50 stalk samples, 15 stalks were used to

determine estimable recoverable sugar percent (ERS) using

the standard hydraulic press method [15]. Sugar yield ton

per hectare (SY) was calculated by multiplying cane yield

ton per hectare by ERS.

Data Analyses

Using the data for CY, ERS and SY, first analysis of

variance was performed for each location or production

environment and for each crop cycle that is plant cane, first

ratoon and second ratoon.

Data were combined over locations after checking the

homogeneity of error variance as in [14]. The combined

analysis of variance resulted in a highly significant

(p\ 0.01) genotype-by-environment interaction (GEI)

which paves the way to study the GEI and adaptability and

phenotypic stability of the genotypes using GGE biplot

analysis (Table 1).

The GGE biplot analysis was performed as in [34] using

the model:

Yij ¼
Xn

k¼1

kkaikcjkþ 2ij þli þ bj

where Yij is the performance of genotype i in environment

j, l is the grand mean, bj is the main effect of environment

j, k is the number of principal components (PC); kk is the

singular value of the kth PC; and aik and cjk are the scores

of ith genotype and jth environment, respectively for PCk;

2ij is the residual associated with genotype i in environ-

ment j. Analysis was done using the software GenStat 18th

edition [30].

To estimate the genotypic and phenotypic variance

components, the data was subjected to the VARCOMP

procedure of SAS statistical software V9 [28]. These

components were used to estimate broad-sense heritability

on genotype mean basis considering three replicates and

three locations [10, 16].

h2 ¼
r2g
r2p

¼
r2g

r2g þ
r2
gl

l þ r2e
rl
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where r2g = genotype, r2gl = genotype 9 location r2e-
= error variances, r = number of replications and

l = number of locations.

Results and Discussion

Analysis of Variance (ANOVA)

Combined analysis of variance for estimable recoverable

sugar (ERS), cane yield (CY) and sugar yield (SY) showed

highly significant (p\ 0.01) effects of the environment,

genotypes and GEI (Table 1). As can be observed from

Table 1, the percentage of the total sum of squares for

genotype in ERS and CY was higher than the environment.

On the other hand, the total sum of squares accounted for

the environment was greater than for genotypes in SY. This

showed that ERS and CY were less affected by specific

environments of locations i.e. cropping years or cropping

cycles i.e. plant cane and ratoon crops than SY. [22, 26]

found in multi-environment trials that SY was more

affected by environment than genotype. Unlike the present

study, many reports showed that the effect of environment

was more pronounced than the genotype effect in ERS and

CY [13, 22, 26]. This suggests that in the future, trials

involving more environments may be necessary to see the

effect of the environment on these traits. The ANOVA

portrayed that GEI accounted for 42.74%, 54.70% and

60.52% of the total variation for ERS, CY and SY,

respectively. Thus, GEI variation was a substantial pro-

portion of the total variation in all the traits studied thereby

indicating the inconsistent performance of genotypes

across environments.

The significant effect for GEI showed that the study was

carried out under variable agro-climatic conditions which

paves the way to study the specific adaptability and

phenotypic stability of genotypes. When GEI is significant,

we need to accurately sample the target environmental

conditions where the varieties will be grown after release,

using the trials planted at several locations. Because sug-

arcane is a perennial crop, these environments are made up

of locations and crop stages (plant, first, and subsequent

ratoon crops).

Sugarcane is usually characterized as a crop with low

fertility, high GEI and high heterozygosity. When GEI is

significant and high it leads to differential responses of

genotypes across growing locations and environments and

may limit selection response [13]. Variation among geno-

types in phenotypic sensitivity to the environment (GEI)

may necessitate the development of locally adapted vari-

eties [9].

Genotypes showed a larger contribution to GEI than the

E component of the variance for estimable recoverable

sugar (ERS) and cane yield (CY) determined through

analysis of variance, indicating that their performance was

differentially modified by environmental factors. The

inconsistent performance of some genotypes across years

(crop cycles) in the same location emphasized that G and

GEI must be considered together to make meaningful

selection decisions rather than G alone [17], especially

when crossover GE interactions are abundant [18].

The mean ERS of each test genotype and the checks in

each environment is presented in Supplemental Table 2.

The genotypes G4 (CPOO-1527) and G24 (FGO4-798)

showed superior performance in terms of ERS. G2 (CPOO-

1301) and G15 (FGO4-896) also had arguably the good

performance of this trait. These genotypes could be used as

potential parents in future crossing programs to improve

sugar content. The genotype G13 (VNC-9655) scored the

highest cane yield (Supplemental Table 3) whereas the

genotypes with the highest sugar yield were G1 (PSR-

9784), G7 (VMC95-252) and one of the check variety G9

Table 1 Combined analysis of variance for the variables estimable recoverable sugar (ERS), cane yield ton ha-1 (CY) and sugar yield ton ha-1

(SY) in 24 sugarcane genotypes evaluated across 9 environments

Source d.f.1 ERS CY SY Sum of squares (%)

ERS CY SY

Blocks/environments 18 0.5959 4097.3808** 64.1569**

Genotypes (G) 23 20.3875** 13214.1762** 131.2088** 31.22 27.00 16.02

Environments (E) 8 48.8930** 25741.9558** 552.5198** 26.04 18.30 23.46

G 9 E (GEI) 184 3.4887** 3345.6417** 61.9570** 42.74 54.70 60.52

Error 414 0.9886 716.0100 12.5722

CV (%) – 8.23 21.66 23.75

Average – 12.08 123.52 14.93

1df, degrees of freedom. **Significant by the F test, at 1% probability
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(NCO-334) (Supplemental Table 4). These genotypes

scored the highest sugar yield than G13 because of rela-

tively higher performance in their ERS as sugar yield is the

product of cane yield and ERS.

The Which-Won-Where Pattern

The GGE biplot shows the which-won-where pattern in a

genotype-by-environment dataset and its graphical pre-

sentation addresses important concepts [35]. The sym-

metric scaling of genotype and environment scores in GGE

biplots allows direct visualization of the magnitude of

genotypic and environmental variations in the same units

for both PC1 and PC2 [33]. Figure 2a presents GGE biplots

for ERS based on symmetric scaling where the first two

principal components (PCs) together explained 59.01% of

the total variation with PC1 and PC2 explaining 43.98%

and 15.03% of the variation, respectively. The two com-

ponents PC1 and PC2 approximated less efficiently the

GGE data of ERS. For ERS, data variability can be rep-

resented sufficiently when taking into account the addi-

tional contribution of its PC3 (12.96%). In contrast to the

present finding, Guilly et al. [13] reported a GGE biplot

represented by both PC1 and PC2 adequately approxi-

mating (71.55%) of the GGE data for ERS. The variation

with the current finding could be they have used more

genotypes and environments in their study.

By connecting vertex genotypes that are further away

from the biplot origin, a polygon was formed. A line drawn

originating from the biplot origin and intersecting the sides

of the polygon at right angle divided the biplot into dif-

ferent sectors (Fig. 2a). The vector genotypes had the lar-

gest vector in their respective direction which showed the

extent of the response of the genotypes to the tested

environments. Genotypes contained within the polygon in a

respective sector show less response or interaction to the

environments contained in that sector. Accordingly, three

mega environments were identified contained in three

sectors. One of the mega environments contained only one

environment E3 (Wonji during 2019/20). Genotypes G2

and G24 were the highest performers in this environment.

The second mega environment contained environments E1

(Wonji in 2017/18), E4 (Metehara in 2017/18), E7 (Fincha

in 2017/18) and E8 (Fincha in 2018/19). G24 being closest

to this mega environment was the best performer in this

group of environments (Fig. 2a and Supplemental

Table 3). Genotype G4 had the longest vector in the sector

containing the third mega environment with environments

E2 (Wonji in 2018/19), E5 (Metehara in 2018/19), E6

(Metehara in 2019/20), and E9 (Fincha in 2019/20) and

was favorable for these group of environments (Fig. 2a and

Supplemental Table 3).

The which-won-where feature of the GGE biplot

revealed the polygon view of cane yield where the first two

principal components (PCs) represented 80.54% of the

total variation with the first and second PCs explaining

53.66% and 26.88%, respectively (Fig. 2b). This was

congruent with previous reports [25, 29]. This GGE biplot

revealed four mega environments where the check variety

NCO-334 (G9) and G22 were the winners in environments

E4, E5 and E6 (Metehara); G13 in E1, E2, E7 and E8

(Wonji and Fincha); G1 in E2, E3, E7 and E8 (Wonji and

Fincha) and G14 in E8 and E9 (Fincha).

For the sugar yield GGE biplot (Fig. 2c) the first two

PCs together captured 71.73% of the total observed vari-

ation quite sufficient to explain the variation and allow us

to draw concrete conclusions. Nine environments fell into

four sectors. G22, G17 and one of the checks G9 were the

winner genotypes in environments E4 and E5 (Metehara);

G14 in E8 and E9 (Fincha); G1 in E1, E2 and E3 (Wonji)

and E7, E8 and E9 (Fincha) revealing their specific adap-

tation to these locations.

The mean performance of genotypes for the three traits

across environments (Supplemental Tables 2, 3 and 4) was

similar to the results for winning genotypes based on the

‘which-won-where pattern’ of respective biplots (Fig. 2).

For cane and sugar yield biplots (Fig. 2b, c), the inter-

esting feature of these view of the GGE biplots is that the

genotypes on the vertex for each sector had the highest

cane yield and sugar yield values in all environments that

fall in the sector, providing that the percentage of GGE

data explained by the biplot is high enough to accurately

reflect the original data. The reliability of the which-won-

where pattern revealed in these biplots by vertex genotypes

depends on (i) the cumulated weights of PC1 and PC2 axes,

(80.54% for cane yield) and (71.73% for sugar yield), and

(ii) the narrowness of the angles that encompass all the

vectors of environments falling in each sector of interest.

The angles between environments in respective sectors for

cane and sugar yield were acute which can also be evi-

denced from Fig. 4b, c.

Mean Performance and Stability of Genotypes

Figure 3 showed the rank performance of the genotypes

and stability for the three traits. The average environment

coordination (AEC) abscissa, has one direction, with the

arrow pointing to the greater genotype main effect. In the

AEC ordinate moving either direction away from the biplot

origin indicates a greater GEI effect and reduced stability.

The genotypes were ranked according to their projections

on the AEC ordinate. Yan and Hunt [32] studied the per-

formance and stability of genotypes for yield via the AEC

method. The AEC ordinate separates genotypes with

below-average means from those with above-average
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means. Hence, for ERS (Fig. 3a), G4 being close to the tip

of the arrowhead on the AEC abscissa was the best geno-

type followed by G24, G15 and G2. Both the check

genotypes G9 and G10 had below-average performance,

though, nearest to the average value (Fig. 3a and Supple-

mental Table 2). G13 had the lowest mean ERS. Moreover,

in terms of stability, the genotype G15 with relatively short

projection on the AEC ordinate and with consistent per-

formance across environments was the most stable.

Genotype G2 was the most unstable because it had the

largest projection. It had above-average performance in

most of the environments and one of the lowest perfor-

mance in environment E6 and below-average performance

in E9 (Fig. 3a and Supplemental Table 2).

Similarly, the AEC showed that G13 followed by G9

(one of the checks), G1 and G7 were the genotypes with the

highest cane yield performance (Fig. 3b). Likewise, the

highest sugar yield performance was observed for geno-

types G9 and G1 followed by G7 and G4 (Fig. 3c).

Genotypes G24 and G15 had the lowest cane yield and

(a)  ERS (b) CY 

(c)  SY

Fig. 2 GGE biplot scatter plot based on symmetric scaling for

estimable recoverable sugar, ERS (a), cane yield ton per hectare, CY

(b) and sugar yield ton per hectare, SY (c). Genotype (G1–G24) and

environment (E1–E9) codes are as described in Supplemental

Tables 1 and 2, respectively
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sugar yield, respectively. A similar pattern of rank per-

formance of genotypes for cane yield and sugar yield in

this regard was expected as sugar yield is the product of

cane yield and estimable recoverable sugar percent (ERS).

Sandhu et al. [27] also observed similar results where

averaged over environments and relative to average sugar

recovery, genotypes with higher cane yield also gave high

sugar yield. G3 and G5 were the most stable for cane yield

performance whereas G7 and G13 had stable sugar yield

performance. Among the two checks G9 although scored

the highest cane and sugar yield was unstable.

Similarly, in the other check G10 was also unstable with

an above-average mean of cane and sugar yield.

In sugarcane, the final aim is to get high sugar yield

which is the function of both cane yield and quality trait

estimable recoverable sugar percent and with best envi-

ronmental stability. Therefore, the ideal genotype should

have high sugar yield performance and high genotypic

stability. In the current study, the genotypes (G7) and (G1)

(a)  ERS (b) CY 

(c)  SY

Fig. 3 GGE ranking biplot for ERS (a), CY (b) and SY (c) based on environment-focused scaling. Genotype (G1–G24) and environment (E1–

E9) codes are as described in Supplemental Tables 1 and 2
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were the ideal genotypes for the studied environments

(Fig. 3c). These genotypes had also sugar yields compa-

rable with the highest performing check variety G9 (Sup-

plemental Table 4). Such genotypes possessing wide

adaptability and high mean performance of cane yield and

sugar yield can be commercially utilized for all studied

locations and similar agro-ecologies.

Generally, based on the GGE ranking biplots (Fig. 3 and

Supplemental Tables 2, 3 and 4) it was noted that most of

(90%) the French-Guyana (FG) genotypes (G15–G24)

except G19 had above-average performance in ERS while

most had below average performance in CY and SY. These

genotypes could be utilized in breeding programs to

improve ERS. The other genotypes (G1–14) which also

included the two check varieties NCO-334 and B52-298

performed better in CY and SY in the present studied

environments. In contrast to the present study, an investi-

gation conducted in similar environments involving FG

genotypes reported that these genotypes had more cane

yield performance whereas their estimable recoverable

sugar percent was relatively low [11].

These materials had been selected for cane yield in the

source country where imported. This might also give a hint

on the difficulty to improve both cane yield and sugar

quality traits simultaneously. The report by [4, 19] showed

the negative correlation of pol percent and recoverable

sugar percent with cane yield is one of the major con-

straints in the improvement of sugarcane. In a given pop-

ulation, the adaptability of genotypes follows the

environmental variation and the particular selection pres-

sure to which they are exposed [3]. Therefore the obser-

vations of this study gives a clue as to how our import

strategy of sugarcane genotypes in the future should be

geared on, importing breeding lines selected specifically

for the traits of interest.

Evaluation of Environments

Relationship among Test Environments

The relationship among test environments based on the

mean performance of the genotypes for the three traits is

depicted in the GGE biplots in Fig. 4. As described by [33]

in biplot analysis an acute angle between two environ-

mental vectors indicates a positive correlation, an obtuse

angle a negative correlation, and a right angle deduces no

correlation. Moreover, a small acute angle between the

vectors of two environments strongly suggests that the two

environments, being similar, would discriminate among

genotypes similarly [21].

The vector view of the GGE biplot for ERS, CY and SY

in Fig. 4a–c showed that the vectors representing the three

crop seasons plant cane, first ratoon and second ratoon

(environments E1, E2 and E3 at Wonji; E4, E5 and E6 at

Metehara and E7, E8 and E9 at Fincha) at all three loca-

tions showed similar positive correlations amongst them, as

the angle among the environmental vectors were acute

angles.

The insinuations of the results of this study regarding the

relationship of test environments for the three economic

traits showed that evaluation of genotypes in either one of

the cropping cycles or seasons should suffice to imply that

testing of multi-location trials involving only plant cane

crops (one season or one crop cycle) could give us a clear

picture of the performance of the genotypes regarding the

traits considered. A similar study in sugarcane [13, 25]

showed the same trend for ERS, cane and sugar yield and

recommended testing only for one crop season in multi-

location trials giving sound results for the traits evaluation.

Therefore, evaluation of genotypes across locations could

give reliable information on the performance of the geno-

types than testing for ratooning ability.

Discriminating Ability and Representativeness

of Environments

For ERS, among the nine environments, E6 (Metehara in

2019/20, second ratoon crop) was the most discriminating

(informative) as depicted by the longest vector, whereas E2

(Wonji in 2018/19, first ratoon crop) was the least dis-

criminating, having the shortest vector (Fig. 4a). Environ-

ment E6 was also the most representative whereas E4, E7

and E8 were the least representatives. For cane yield and

sugar yield, Metehara in all three cropping seasons or crop

cycles (E4, E5 and E6) was the location with the most

discriminating ability of the genotypes, whereas Fincha at

plant cane crop (E7) was the least discriminating envi-

ronment (Fig. 4b, c).

Test environments, which were consistently non-dis-

criminating (non-informative), provided little information

on the genotypes and, therefore, can be omitted as test

locations. In the current study, for cane and sugar yield the

three crop seasons/crop cycles (plant cane and first and

second ratoon crop) at Metehara (E4, E5 and E6) were

found to be most discriminating and correlated where the

correlation between plant cane and first ratoon crop was

positive and strong. Therefore, testing of the sugarcane

genotypes at plant cane only at Metehara should be infor-

mative, and testing at Wonji and Fincha can be dropped as

environments as these locations were found to be the least

discriminating. Similarly, Metehara (E4, E5 and E6) is the

most representative location for both cane and sugar yield

as the environmental vectors of E4, E5 and E6 had smaller

angle with average environment axis (AEC) (Figs. 3b, c,

4b, c). Blanche and Myers [5] used the GGE biplot method

to identify test locations that optimized genotype selection
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based on their discriminating ability and representative-

ness. Rea et al. [25] also used this methodology to identify

environments which are discriminating and representative

of cane yield and sugar quality traits. According to [13]

cane yield and ERS traits revealed significant GEI, always

higher than the genotype x crop year (GC) interaction,

indicating that testing genotypes across locations is more

important than testing for ratooning ability.

As described in [33], the ideal test environment should

be the most discriminating (informative) and also most

representative of all test environments. Therefore, Mete-

hara being the most discriminating and representative

location for both cane and sugar yield, it is the ideal

environment for genotype evaluation. Thus, testing of

sugarcane genotypes at Metehara would be appropriate for

selecting high-yielding genotypes having wide adaptabil-

ity. This would reduce cost and saves time.

(a)  ERS (b) CY 

(c)  SY

Fig. 4 GGE Biplot for environment testers used to test the mean performance of sugarcane genotypes for the three traits: estimable recoverable

sugar percent (a), cane yield (b) and sugar yield (c)
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Genotypic and Phenotypic Variance Components

and Broad Sense Heritability

The genotypic and phenotypic variance components and

broad sense heritability of the traits are summarized in

Table 2. The genetic variance was somehow lower than

phenotypic variance indicating the role played by the

environment in the variability of the genotypes for these

traits. Similar to the findings of this study, Alam et al. [2],

Chaudhary [7] found genotypic variance lower than the

phenotypic variance for the traits studied. With regard to

heritability, relatively high broad sense heritability was

recorded for ERS and moderate value was observed for CY

and extremely less strong for SY.

High heritability values in traits suggest good repeata-

bility for the traits across environments and is a reliable

way to practice simple selection based on phenotypic

performance (Gravois and Milligan [12]). The very low

heritability for SY indicated low repeatability of this trait

and the difficulty for the improvement of this trait by

simple phenotypic selection. Chaudhary and Pandey et al.

[7, 24] found similar result for sugar yield.

Conclusions

The results indicated that the performance of sugarcane

genotypes for the traits estimable recoverable sugar, cane

yield and sugar yield was highly influenced by genotype by

environment interaction (GEI) effects. The GEI variation

was a substantial proportion of the total variation in all the

three traits studied. The very low heritability for sugar

yield indicated low repeatability of this trait and the diffi-

culty for the improvement of this trait by simple pheno-

typic selection. The GGE biplot analysis indicated that

testing genotypes across locations gives more reliable

information than testing for ratoonng ability. Metehara

being the most discriminating and representative location

for both cane and sugar yield is preferred as the ideal

environment for genotype evaluation. In the future, more

number of multi environment trials involving the current

studied locations should be performed to validate the ideal

environment. With their higher performance in terms of

cane and sugar yield and stable across the test locations,

genotypes G1 (PSR-9784) and G7 (VMC95-252) were

found to be the ideal genotypes. The GGE biplot also

identified specifically adapted genotypes for cane and sugar

yield; accordingly, G22 (FGO6-750) and G14 (VMC-9647)

found to be specifically adapted at Metehara and Fincha,

respectively. These genotypes could be commercially

grown at the studied locations or similar agro-ecologies.
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