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Abstract 

The Mhlume (poor draining soils) and Simunye (good draining soils) variety testing sites 

represent the northern area of the Swaziland sugar industry. Sugarcane varieties are evaluated 

for yield performance in these sites at two harvesting seasons (early and late) over multiple 

ratoons/crop years. The genotype by environment interactions (GEI) and site discriminating 

abilities of the two sites and seasons are unclear, and were investigated in this study. Tons 

sucrose per ha (TSH), tons cane per ha (TCH) and sucrose content (Suc%) data of nine varieties 

collected from 20 environments (soil type x season x crop-year combinations) harvested 

between 2005 and 2010 were analysed using variance components, additive main effects and 

multiplicative interaction (AMMI) and genotype and genotype x environment (GGE) biplot 

analyses. Genotype (G) x location (L) was more important for TSH than genotype (G) x crop-

years (C); however, since both were highly significant, testing across years in many locations 

is recommended for this trait. Environments accounted for the majority of the variation in all 

the traits, namely: TSH (72.0%), TCH (76.4%), and Suc% (85.9%). Varietal differences were 

smaller than that explained by GEI for TSH and Suc%, but not for TCH. The GGE biplots 

showed that the environments tended to group according to harvesting seasons for Suc% and 

for TCH, the varieties showed stable performances across environments. However, for TSH, 

the GGE biplots showed no distinct and repeatable mega-environments. Based on these 

responses of the set of varieties tested, and the seasons experienced during the testing period, 

it is concluded that variety testing across sites (Mhlume and Simunye) and seasons (early and 

late) should continue in the northern area of the Swaziland sugar industry.  
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Introduction 

The presence of genotype x environment interactions (GEI) in plant breeding and agronomy 

experiments is expressed either as inconsistent responses of some genotypes relative to others 

due to genotypic rank change, or as changes in the absolute differences between genotypes 

without rank change (Crossa et al., 1991). These differential responses hinder plant breeders’ 

efforts, since the performance of a variety in one environment cannot be repeated in another 

environment. To account for this, plant breeders conduct multi-environment trials (MET) to 

evaluate the performance of potential commercial varieties under a range of different 

conditions (Ramburan and Zhou, 2011). METs play a pivotal role in plant breeding and 
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agronomic research and, as such, data from these trials have three main objectives: (a) to 

accurately estimate and predict yield based on limited experimental data, (b) to determine yield 

stability and the pattern of response of genotypes across environments and (c) to provide 

reliable guidance for selecting the best genotypes or agronomic treatments for planting in future 

years and at new sites (Crossa, 1990). METs also provide information on the nature of the 

target environments, and how they should be subdivided for further genotype selection and 

evaluation (Ramburan and Zhou, 2011). 

 

To accommodate the effects of GEI in the variety evaluation programme (VEP) of the 

Swaziland sugar industry (SSI), variety trials are conducted across different soil types and 

harvesting seasons over multiple ratoons/crop-years. Soil types are broadly grouped into good, 

moderate and poor draining soils, while harvesting seasons are classified into early, mid and 

late seasons. The early and late seasons are distinct (Zhou, 2015). The early season represents 

the period from April to June (three months), while the late season represents the period from 

October to December (three months). The mid-season represents the period from July to 

September (three months). The SSI variety trials in the northern area are conducted on two 

commercial estates (Simunye and Mhlume), representing good draining and poor draining 

soils, respectively. Testing in these sites has been conducted independently for over two 

decades despite their proximity. GEI and discriminating abilities of these sites and seasons 

have never been investigated, notwithstanding the availability of data and improved analytical 

methods. Yan and Tinker (2006) noted that, despite the availability of essential data provided 

by variety trials, these data are rarely utilised to their full capacity.   

 

Several statistical methods have been proposed and are being used to analyse GEI and 

phenotypic stability in many plant breeding and variety evaluation programmes. These include 

univariate methods such as Francis and Kanneberg (1978) coefficient of variability, Plaisted 

and Peterson’s (1959) mean variance component for pairwise GE interactions, Wricke’s (1962) 

ecovalence, Shukla’s (1972) stability variance, Finlay and Wilkinson’s (1963) regression 

coefficient, Perkins and Jinks’s (1968) regression coefficient, Eberhart and Russell’s (1966) 

joint regression analysis. Recently, two multivariate analytical techniques (biplot analysis), the 

AMMI biplot (the statistical model of additive main effect and multiplicative interaction 

(Gauch, 1988; Zobel et al., 1988) and the GGE biplot (genotype main effect plus genotype x 

environment interaction (Yan et al., 2000) have been introduced and are extensively used to 

visualize genotype x environment two-way data (Dehghani et al., 2006). 

 

The AMMI model is used for statistical analysis of yield trials, clarifying GEI, and 

summarizing the patterns and relationships of genotypes and environments (Akbarpour et al., 

2014). The effectiveness of the AMMI procedure in sugarcane studies has been clearly 

demonstrated by various authors including Bissessur et al. (2001); Redshaw et al. (2002); 

Guerra et al. (2009); Rodríguez et al. (2010); Kumar et al. (2011); Da Silveira et al. (2013); 

Ramburan (2011) and Ramburan (2012). The GGE biplot method graphically portrays GEI 

patterns in a way that facilitates visual variety evaluation and mega-environment identification. 

GGE biplots have been successfully used in sugarcane research to characterise sugarcane 

varieties and testing sites (Rodríguez et al., 2010; Ramburan and Zhou, 2011; Sandhu et al., 

2012; Ramburan, 2012; Klomsa-ard et al., 2013; Luo et al., 2014). Variance component 

analyses are also widely used to evaluate the contributions of relevant terms to variability and 

to assess precision on trial networks to optimise resources (Ceretta and van Eewijk, 2008). The 

authors Rattey and Kimbeng (2001), Kimbeng et al. (2009), Ramburan and Zhou (2011), Zhou 

et al. (2011), Zhou et al. 2012) and Zhou (2015) used variance components to explain GEI in 

sugarcane studies. Despite the availability of these analytical techniques and their usage 

Dlamini NE and Ramburan S Proc S Afr Sug Technol Ass (2016) 89: 234-257

235



elsewhere, the same have not been used in the SSI VEP to refine the industry’s variety 

evaluation and recommendations procedures. 

 

The objectives of this study were to investigate the magnitude of GEIs on sucrose yield and its 

two main components - tons cane per ha (TCH) and sucrose content (Suc%), to evaluate 

variance components, and to identify mega-environments (MEs) within the northern area of 

the SSI utilising post-release variety trial data. 

 

 

Materials and Methods 

 

Trial design and datasets 

The data used in this study were collected from four variety trials planted in 2004 at two sites, 

namely Simunye and Mhlume. At each site, two trials were established, one early season and 

the other late season. Nine sugarcane varieties were planted in all the trials. All trials were laid 

out as a randomised complete block design replicated eight times. Particulars of the trials are 

shown in Table 1. The Simunye trials had gross plot and net plot sizes of 97.5 m2 (13.0 m row 

length) and 49.5 m2 (11.0 m row length), respectively, while the Mhlume trials had gross plot 

and net plot sizes of 114.0 m2 (19.0 m row length) and 51.0 m2 (17.0 m row length), 

respectively. In all the trials, plot spacing (distance between plots) ranged from 1.0 to 2.0 m 

while inter-row spacing was maintained at 1.5 m. A 1.0 m end of row effect was provided for 

in all plots.  

 
Table 1. General information on the four trials. 

Location 

code 
Varieties 

Harvesting 

season 

(month) 

Soil type Location 
Planting 

date 

SE 

NCo376 (check) 

R570 

M1176/77 

M1186/86 

M1246/84 

M1400/86 

M1551/80 

M695/69 

M96/82 

Early season 

(May) 

R-set 

(Hutton or 

Shortlands 

form) 

Simunye 12/02/2004 

ME 
Early season 

(May) 

Z-set 

(Sterkspruit 

form) 

Mhlume 19/02/2004 

SL 
Late season 

(Nov) 

R-set 

(Hutton or 

Shortlands 

form) 

Simunye 04/11/2004 

ML 
Late season 

(Oct) 

Z-set 

(Sterkspruit 

form) 

Mhlume 15/10/2004 

       R-variety – Reunion; M-varieties – Mauritius 

       Soil forms in brackets are South African equivalents (Nixon, 2006) 

 

Trial data collection 

Yield data were collected at harvesting (12 months cycle) on a per plot basis for five 

consecutive crops (plant plus four ratoon crops). To remove the extraneous matter, the cane 

was burnt a day prior to harvesting. On the harvesting day, the end-row effects were cut and 

removed from the net plots and placed in a windrow together with cane from the guard rows. 

The cut cane was topped according to estate practice, which is usually below the natural 
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breaking point. Cane from the net rows was also cut and placed in heaps manageable by a grab 

which was mounted on a tractor carrying the digital scale for measuring cane weight. After 

weighing, a total of 16 stalks per plot were sampled at random from within each heap to 

determine sucrose content (%) at the laboratory using a polarimeter. The collected data were 

then transformed and expressed on a per hectare basis as follows: 

 

Tons cane per ha (TCH) = weight of cane (kg) ÷ net plot are (m2) x 10                      (1)  

Tons sucrose per ha (TSH) = tons cane per hectare x sucrose content (%)                  (2) 

 

Data analysis 

 

Variance components 

All data in this study were analysed using the GenStat® 17th Edition statistical software (VSN 

International, 2015). The data were subjected to analysis of variance (ANOVA) using the 

statistical mixed model where all variables were considered random (Kimbeng et al., 2009; 

Zhou et al., 2011): 

 

Yijkl = μ + Ll + R(L)kl + Gi + GLil + GR(L)ikl + Cj + LCjl + CR(L)jkl + GCij + GLCijl + Eijkl   (3) 

 

where, Yijkl = observation for genotype i, in crop-year j, in rep k nested within location l; μ = 

overall mean; Ll = the effect of the l th location; R(L) kl = the effect of the kth rep nested within 

the lth location (Error 1); Gi = the effect of the ith genotype; GLil = the interaction effect 

between the ith genotype and lth location; GR(L)ikl = interaction effect between the ith genotype 

and the kth rep nested within the lth location (Error 2); Cj = effect of the jth crop-year; LCjl = 

interaction effect between the lth location with the jth crop-year; CR(L)jkl = interaction effect 

between the jth crop-year and the kth rep nested within the lth location (Error 3); GCij = 

interaction effect between the ith genotype and jth crop-year; GLCijl = interaction effect between 

the ith genotype, lth location and jth crop-year; and Eijkl = the residual term (Error 4). All 

significant differences were evaluated at P≤0.05. Location in this analysis constituted both trial 

site and harvesting season, hence there were four locations (trials). For all practical purposes, 

the terms variety and genotype (and their plurals) are used interchangeably in this study.  

 

AMMI analysis 

To explain GEI, the data were subjected to an AMMI ANOVA. In the AMMI ANOVA, the 

combination of location (trial site x season) and crop-years (ratoons) were considered to 

constitute environments as shown in Table 2. The AMMI model equation shown below was 

used for this analysis:  

 

        Yij = μ + Gi + Ej + Σλk αik δjk + Rij + ε                                         (4) 

 

Where, Yij is the value of the ith genotype in the jth environment; μ is the grand mean; Gi is the 

deviation of the ith genotype from the grand mean; Ej is the deviation of the jth environment 

from the grand mean; λk is the singular value for principal component (PC) axis k; αik and δjk 

are the PC scores for axis k of the ith genotype and jth environment, respectively; Rij is the 

residual and ε is the error term (Gauch, 1992). 

 
Table 2. Trial sites, seasons and crop-years making up environments. 

No. Trial site Season Location code Crop-year 
Environment 

code 
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1 

Mhlume Early ME 

0 ME0 

2 1 ME1 

3 2 ME2 

4 3 ME3 

5 4 ME4 

6 

Mhlume Late ML 

0 ML0 

7 1 ML1 

8 2 ML2 

9 3 ML3 

10 4 ML4 

11 

Simunye Early SE 

0 SE0 

12 1 SE1 

13 2 SE2 

14 3 SE3 

15 4 SE4 

16 

Simunye Late SL 

0 SL0 

17 1 SL1 

18 2 SL2 

19 3 SL3 

20 4 SL4 

 

 

GGE biplot analysis 

To graphically explain the GEI and adaptation of the varieties to the different environments, 

the data for TCH, Suc (%) and TSH were analysed using the GGE biplot technique nested 

within the Meta-analysis of GenStat® 17th Edition statistical software (VSN International, 

2015). The GGE biplot is constructed by plotting the first two principal components (PC1 and 

PC2, primary and secondary effects, respectively) derived from singular value decomposition 

(SVD) of environment-centered data (Yan et al., 2001). In the GGE biplots, a polygon is then 

drawn by connecting genotypes that are located furthest away from the biplot origin. A 

perpendicular line is drawn from each side of the polygon through the biplot origin such that 

the biplot is divided into sectors here called mega-environments (MGEs). Environments within 

the same sector share the same winning genotype, and environments in different sectors have 

different winning genotypes. Thus, the polygon view indicates the presence or absence of 

crossover GEI, and is suggestive of the existence or absence of different MGEs among the test 

sites (Yan and Rajcan, 2002). In this study, to enhance visibility of varieties and environments, 

biplot analyses were done on per crop-year for each trait, hence environments were constituted 

by the combination of trial site and season. For example, Mhlume site x early season formed 

Mhlume-Early location coded ME (Table 2).  

 

Results 

 

Variance components 

The estimates of variance components for TCH, Suc% and TSH are presented in Table 3. The 

genotype (G), genotype x location (GxL) and genotype x crop-year (GxC) variance 

components were significant (p<0.01) for all three traits (TCH, Suc% and TSH), with the G 

variance component being larger than the GEI (GxL + GxC + GxLxC) for TCH and TSH. The 

genotype x location x crop-year (GxLxC) variance component was only significant (p<0.01) 

for sucrose content. The error term variance component was generally the largest for all the 

traits. 
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Table 3. Variance components (± standard errors) for cane yield per ha (TCH),  

sucrose content (%) and sucrose yield per ha (TSH). 

Trait G GxL GxC GxLxC Error 

TCH 50.00±29.60** 13.60±5.40** 16.90±5.90**    9.20±3.90ns 274.20±11.30 

Suc% 0.19±0.12** 0.05±0.03** 0.08±0.04** 0.10±0.03** 1.05±0.04 

TSH 0.90±0.58** 0.41±0.17** 0.37±0.15**    0.11±0.11ns 7.16±0.30 

      G = genotype; GxL = genotype x location interaction; GxC = genotype x crop-year interaction;  

      GxLxC = genotype x location x crop-year interaction. 

      ** = significant at P<0.01; ns = not significant 

 

Table 4 shows the proportion of the combined GEI (GxL + GxC + GxLxC) variance to the 

variance of the genotype main effect. GEI was proportionately higher for sucrose content (1.21) 

than TCH (0.79) and TSH (0.99). Ranking of the GEI variance components showed that GxC 

(43%) was the most important source of variation for TCH followed by GxL (34%), and 

GxLxC (23%) was the least. For sucrose content, GxLxC (44%) was the largest source of GEI 

variance followed by GxC (35%), and GxL (21%) was the least. For the secondary trait TSH, 

GxL (46%) accounted for a larger portion of the GEI variance than GxC (41%) and GxLxC 

(12%).  

 
Table 4: Variance components as a proportion of the genotype main effect for cane yield per ha 

(TCH), sucrose content (Suc%) and sucrose yield per ha (TSH). Values are expressed as a ratio 

(and percentage in parenthesis). 

Trait GxE GxE:G GxL:G GxC:G GxLxC:G GxE ranking 

TCH 39.70 0.79 (100) 0.27 (0.34) 0.34 (0.43) 0.18 (0.23) GxC>GxL>GxLxC 

Sucrose (%)   0.23 1.21 (100) 0.26 (0.21) 0.42 (0.35) 0.53 (0.44) GxLxC>GxC>GxL 

TSH   0.89 0.99 (100) 0.46 (0.46) 0.41 (0.41) 0.12 (0.12) GxL>GxC>GxLxC 

G = genotype; GxL = genotype x location interaction; GxC = genotype x crop-year interaction;  

GxLxC = genotype x location x crop-year interaction. 

 

AMMI analysis 

Tables 5, 6 and 7 present the AMMI ANOVA for TCH, Suc% and TSH for the nine varieties 

grown across 20 environments (four locations [two sites x two seasons] x five crop-years). 

Table 5 showed that G, environment (E) and GEI were highly significant (p<0.001) for cane 

yield. The E accounted for the largest portion (76.4%) of the treatments sum of squares (SS), 

while G and GEI accounted for 13.1% and 10.5%, respectively. The first two interaction 

principal components axes, IPCA 1 and IPCA 2 were also significant (IPCA 1: p<0.001; 

IPCA 2: p<0.05) explaining 49.2% and 15.2% of the total GEI SS, respectively, giving a pooled 

total of 64.4%. This demonstrated the existence of GEI for TCH. 
 

For sucrose content, the analysis indicated that G, E and GEI had highly significant (p<0.001) 

effect, explaining 6.0%, 85.9% and 8.1% of the treatment SS, respectively (Table 6). Even for 

Suc%, the environment accounted for a very large portion of the treatment SS. Unlike TCH, 

the GEI accounted for more variation than the G main effect for sucrose content. The IPCA 1 

and IPCA 2 were also highly significant (p<0.001), explaining 35.0% and 24.0% of the GEI 

SS, respectively, with a combined total of 59.0%. The residuals were also highly significant 

(p<0.001) for this trait. This was an indication of the presence of GEI for sucrose content. 
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The analysis showed that TSH was significantly (p<0.001) influenced by G, E and GEI 

explaining 12.9%, 72.0% and 15.2% of the treatments SS, respectively, E being the largest 

(Table 7). Similar to sucrose content, the interaction (GEI) effect was higher than the G main 

effect. The IPCA 1 and IPCA 2 of the AMMI model were also highly significant (p<0.001) 

explaining 45.2% and 20.9% of the total GEI SS, respectively. These IPCAs together accounted 

for 66.1% of the total GEI SS, suggesting the existence of GEI for this trait (TSH). 

 
Table 5. Additive main effects and multiplicative interaction (AMMI) 

analysis of variance for cane yield per ha (TCH) 

of nine varieties tested across 20 environments. 

Source of 

variation 
df SS %SS 

Explained 

% of 

interaction 

MS P-value 

Total 1439 945644   657  

Treatments 179 578813   3234  <0.001 

Genotypes 8 75687 13.1%  9461  <0.001 

Environments 19 442255 76.4%  23277  <0.001 

Block 140 123058   879  <0.001 

Interactions 152 60871 10.5%  400  <0.001 

IPCA 1  26 29977 5.2% 49.2% 1153  <0.001 

IPCA 2  24 9236 1.6% 15.2% 385 0.013 

Residuals  102 21658   212 0.551 

Error 1120 243774   218  

            df = degrees of freedom;  SS = sum of squares;  MS = mean squares 

            IPCA = interaction principal components axis 

 
Table 6. Additive main effects and multiplicative interaction AMMI 

analysis of variance for sucrose content (%) 

of nine varieties tested across 20 environments. 

Source of 

variation 
df SS %SS 

Explained 

% of 

interaction 

MS P-value 

Total 1439 6398   4.45   

Treatments 179 5034   28.12  <0.001 

Genotypes 8 302 6.0%  37.77  <0.001 

Environments 19 4323 85.9%  227.53  <0.001 

Block 140 282   2.02  <0.001 

Interactions 152 409 8.1%  2.69  <0.001 

IPCA 1  26 143 2.8% 35.0% 5.51  <0.001 

IPCA 2  24 98 1.9% 24.0% 4.07  <0.001 

Residuals  102 168   1.65  <0.001 

Error 1120 1081     0.97   

            df = degrees of freedom;  SS = sum of squares;  MS = mean squares 

            IPCA = interaction principal components axis 

Table 7. Additive main effects and multiplicative interaction (AMMI) 

analysis of variance for sucrose yield per ha (TSH) 

of nine varieties tested across 20 environments. 
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Source of 

variation 
df SS %SS 

Explained 

% of 

interaction 

MS P-value 

Total 1439 21077   14.65   

Treatments 179 11442   63.92  <0.001 

Genotypes 8 1473 12.9%  184.09  <0.001 

Environments 19 8235 72.0%  433.43  <0.001 

Block 140 3048   21.77  <0.001 

Interactions 152 1735 15.2%  11.41  <0.001 

IPCA 1  26 785 6.9% 45.2% 30.18  <0.001 

IPCA 2  24 363 3.2% 20.9% 15.11  <0.001 

Residuals  102 587   5.76 0.541 

Error 1120 6586     5.88   

             df = degrees of freedom;  SS = sum of squares;  MS = mean squares 

             IPCA = interaction principal components axis 

 

 

 

GGE biplot analysis 

One of the most intriguing features of the GGE biplots is the ability to show the ‘which-won-

where’ pattern of a GEI dataset (Yan and Tinker, 2006). Figures 1, 2 and 3 show the polygon 

view of GGE biplots for TCH, Suc% and TSH, respectively. To achieve this, a polygon was 

first drawn on varieties that are furthest (vertex varieties) from the biplot origin so that all other 

varieties were contained within the polygon. The vertex varieties were the best or poorest 

varieties in some or all of the environments. Thereafter, perpendicular lines were drawn on 

each side of the polygon starting from the point of origin such that sectors representing different 

mega-environments (MGEs) were formed. The winning variety for each MGE is the one 

located on the respective vertex (Yan and Tinker, 2006). By definition, a MGE is a location or 

group of locations that consistently share the best set of varieties across years (Yan and Rajcan, 

2002). Environments within the same MGE have similar effects on the performance of 

varieties, hence they should be considered as a homogenous group (Ramburan and Zhou, 

2011). Similarly, varieties located within the same MGE have similar responses to that 

particular sector. 

 

For TCH, the biplots did not show any distinct pattern over the five crop-years (Figure 1). The 

plant crop had the four environments grouping according to harvest season (Figure 1a). The 

early season environments (ME and SE) were located in one MGE and the winning variety in 

this MGE was M1176/77 while the late season environments fell in one MGE and the winning 

variety was M1551/80. The first (Figure 1b) and second (Figure 1c) ratoon crops had one large 

MGE each and the winning variety was M1176/77. The third (Figure 1d) and fourth (Figure 

1e) ratoon crops had three environments falling in one MGE whereas the other environment 

fell in another MGE. With the third ratoon, environments ME, SE and SZ were located in one 

MGE and the winning variety was M1176/77. The ML environment fell in one MGE and the 

winning variety was M96/82. For the fourth ratoon, the environments ME, SE and ML were 

located within the same MGE and the winning variety was M1176/77. The first two principal 

components (PCs) in these TCH biplots explained 85 to 95% of total variation of the 

environment-centered GEI table. 
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For Suc%, in three (ratoons 1, 2 and 4) out of five crops the environments tended to group 

according to harvest season. In these three crops (Figure 2b, c and e), variety M695/96 was the 

winner in the early season environments while in the late season environments M1400/86 was 

the winning variety in the first ratoon (Figure 2b) and variety M1551/80 was the winner in the 

second (Figure 2c) and fourth (Figure 2e) ratoon crops. With the plant crop (Figure 2a), three 

environments (SL, SE and ML) were located in one MGE and M1400/86 was the winning 

variety in this MGE, while ME environment fell in another MGE where NCo376 was the 

winner. On the third ratoon (Figure 1d), the test environments grouped according to soil type, 

and variety M1400/86 was the winner on Mhlume soils while M1551/80 was the winning 

variety on Simunye soils. The first two PCs in these Suc% biplots accounted for 79 to 93% of 

the total variation due to GEI. 

 

Similar to TCH, the TSH biplots showed no distinct pattern or repeatable MGEs across the 

crop-years (Figure 3). With the first four crops, the test environments fell in two non-repeatable 

MGEs. On the plant crop (Figure 3a), the ME environment fell in one MGE where NCo376 

was the winning variety and environments SL, ML and SE were located in another MGE where 

variety M1400/86 was the winner. For the first ratoon (Figure 3b), the SE environment fell in 

one MGE where NCo376 was the winner and ME, SL and ML environments fell in another 

MGE where M1400/86 was the winning variety. On the second ratoon (Figure 3c), the 

environments grouped according to soil type, a similar pattern to that observed for Suc% for 

the same crop. This repetition indicates that Suc% had a much stronger effect on TSH than 

TCH on the second ratoon crop. Variety M96/82 was the winner on the Mhlume soils while 

M1176/77 was the winning variety on Simunye soils. On the third ratoon (Figure 3d), SL, ME 

and SE environments were located in one MGE where M1176/77 was the winning variety, and 

ML fell on another MGE where variety M96/82 was the winner. On the fourth ratoon (Figure 

3e), the environments fell on three MGE, environment ME falling on NCo376 MGE while SE 

and ML, and SL were placed in sectors with no winning varieties. The first two PCs in the five 

TSH biplots accounted for 82 to 95% of the total variation due to GEI. 
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Figure 1. Genotype and genotype x environment (GGE) biplot showing mega-environments for 

four test environments and performance of nine varieties on cane yield (tons cane/ha, TCH) for 

the individual crop years (plant crop [a], first ratoon [b], second ratoon [c], third ratoon [d] and 

fourth ratoon [e]). The percentage variance accounted for by each principal component (PC) 

axis is shown with the PC. 

e 
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Figure 2. Genotype and genotype x environment (GGE) biplot showing mega-environments for 

four test environments and performance of nine varieties on sucrose content (Suc%) for the 

individual crop years (plant crop [a], first ratoon [b], second ratoon [c], third ratoon [d] and 

fourth ratoon [e]). The percentage variance accounted for by each principal component (PC) 

axis is indicated with the PC. 
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Figure 3. Genotype and genotype x environment (GGE) biplot showing mega-environments for 

four test environments and performance of nine varieties on sucrose yield (tons sucrose/ha, 

TSH) for the individual crop years (plant crop [a], first ratoon [b], second ratoon [c], third 

ratoon [d] and fourth ratoon [e]). The percentage variance accounted for by each principal 

component (PC) axis is indicated with the PC. 

 

 

Discussion 

 

The results of this study were very useful as they provided valuable information on the nature 

and quantity of GEI in the variety testing sites of the northern area of the Swaziland sugar 

industry. The findings of the study revealed the existence of GEI across trials (soil type x 

harvest season) and over ratoon crops for sucrose yield and its components (sucrose content 

and cane yield). This emphasised the need to continue testing imported varieties across 

different soil types, seasons and multiple crop-years.  

 

The larger genotype main effect variance component than the individual GEI (GxL, GxC and 

GxLxC) variance components indicated the presence of genotypic differences among the set 

of varieties tested and the possibility of genetic improvement for all the three traits studied for 

location, crop-years and location by crop-year adaptation (Table 3). High genotype main effect 

variance components provide ideal opportunity to identify genotypes that excel in traits of 

interest (Zhou et al., 2011), and the success of a variety improvement programme depends 

largely on the amount of genetic variability (Jamoza et al., 2014). Similar findings of larger 

genotype variance component than GEI variance components in sugarcane breeding and 

selection trials were reported by Kimbeng et al. (2009) and Zhou et al. (2011). 

 

e 
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The order of importance of GEI variance components for cane yield was GxC>GxL>GxLxC 

indicating that testing across years (ratooning ability) was more important for TCH than across 

location (soil type x harvest season). This suggested that varieties with different ratooning 

abilities could be identified among the varieties tested. Rattey and Kimbeng (2001) reported 

similar results, emphasising that substantial selection gains on TCH were possible from 

increasing the number of crop-years than locations over which genotypes were tested. The 

highly significant GxL interactions for TCH was an indication that testing across locations was 

important as well. The non-significance of the higher order interaction (GxLxC) variance 

component for this trait highlighted that ratooning ability of these varieties was not location 

specific.  

 

For sucrose content, GxLxC>GxC>GxL was the order of importance indicating that the 

performance of varieties across years (ratoons) was location specific. This may be attributed to 

that locations in this study comprised of a combination of soil type and harvest season. 

Harvesting seasons are known to largely influence the accumulation of sucrose on cane stalks. 

Zhou (2015) reported that genotype sucrose content was more unstable across seasons than 

genotype cane yield for the irrigated region. Generally, early season trials produce lower 

sucrose content than late season trials. Early season climatic conditions (high temperatures and 

rainfall) favour active cane growth, hence more photosynthates are allocated for vegetative 

growth than sucrose accumulation on cane stalks, and the reverse is true for late season. The 

tendency of environments to group according to harvest seasons on the sucrose content GGE 

biplot (Figure 2) supported this conclusion. The proportionately higher variance components 

ratio of GEI to G (Table 4) for sucrose content than TCH and TSH also emphasized this point 

suggesting the difficulty associated with achieving genetic gains across seasons for this trait. 

These results differ from those reported by Kimbeng et al. (2009) that GEI was proportionately 

higher for TCH and TSH than sucrose content. The reason for this difference is that these 

workers did not test across different harvest seasons, hence there was no seasonal effect. The 

greater GxC effect that than GxL effect for sucrose content was an indication that testing across 

years was more important than across locations. However, since both GxC and GxL were 

highly significant, this suggests that testing varieties across locations for multiple years was 

recommended for this trait.  

 

For sucrose yield, GxL>GxC>GxLxC was the order of importance, a reverse of the sucrose 

content order of importance. However, it was still not similar to that of cane yield. This may 

be attributed to the secondary nature of this trait, that is being a product of the primary yield 

traits (sucrose content and cane yield). The greater importance of GxL than GxC for this trait 

suggested that testing across location was more important than testing across crop-years. 

Authors Milligan et al. (1990), Jackson and Hogarth (1992), Mirzawan et al. (1994), Parfitt 

(2000) and Ramburan and Zhou (2011) also reported that testing across locations was more 

beneficial than testing across years within a location for sucrose yield. However, since GxC 

was also highly significant for this trait, testing across years was also recommended. Hence, to 

identify high sucrose yielding varieties, testing in many locations across multiple years was 

highly recommended. This was contrary to the findings of Zhou et al. (2011) and Zhou (2015) 

that testing for ratooning ability was not important for the irrigated region. Similar to cane 

yield, the higher order interaction (GxLxC) variance component was not significant for sucrose 

yield implying that the ratooning ability of varieties for this trait was not location specific. 

Similar findings were reported by Khan et al. (2004). 

 

Another general observation on the variance components analysis was that the error variance 

had the largest variance component for all the studied traits (Table 3). This was an indication 
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that the statistical model used for this analysis was not adequately accounting for the variability 

explaining the complexity associated with GEI. Zhou et al. (2011) highlighted that 

experimental designs could also be the cause of high error variances. Similar observations were 

reported by Swallow and Wehner (1989), Milligan et al. (1990), Kimbeng et al. (2009) and 

Zhou et al. (2011). Hence, there is a need to relook at experimental designs for future variety 

evaluation trials.  

 

Environments in the AMMI analysis of this study were constituted by the combination of soil 

type x harvest season x crop-years. For all the three investigated traits, environments accounted 

for the largest portion of the variance (TCH, 76.1%; Suc%, 85.9%; TSH, 72.0%) than the 

effects of varieties and GEI. These findings were close to Gauch and Zobel’s (1996) assertion 

that in normal multi-environmental trials, the environment accounts for 80% of the total yield 

variation, while genotypes and GEI together account for the remaining 20%. Similar results 

where the environment accounted for the largest variability were reported by Quemé et al. 

(2001), Sandhu et al. (2012), Klomsa-ard et al. (2013) and Luo et al. (2014) on sugarcane (TSH 

and TCH); Badu-Apraku et al. (2003), Tarakanovas and Ruzgas (2006), Muungani et al. (2007) 

and Anley et al. (2013) on maize grain yield; Akbarpour et al. (2014) on barley; Rashidi et al. 

(2013), Tolessa et al. (2013) and Fikere et al. (2014) on peas; Kaya et al. (2006) and 

Farshardfar et al. (2013) on wheat.  

 

The larger genotype variance than total interactions for cane yield (Table 5) suggested that 

genetic influence was more pronounced than GEI, hence varieties were more stable for this 

trait. This implied that the cane yield of the varieties tested in this study could be predicted 

from one environment to another with a relatively high accuracy. According to (Kamutando et 

al., 2013) stable varieties should perform more or less the same across a wide range of 

environments. This stability was further explained by the tendency of test environments to 

cluster in one mega-environment on the TCH GGE biplots, and the consistent appearance of 

one variety (M1176/77) as the winner in these environments (Figure 1). The lower GEI to G 

ratio (0.79) shown in Table 4 emphasised the larger varietal effect compared to GEI effect on 

cane yield in this study. 

 

For sucrose content and yield, the total interactions (GEI) were larger than genotype main 

effect, indicating that sucrose content and subsequently the secondary trait (TSH), were 

influenced to a larger extent by GEI than the genotype main effect. This was consistent with 

the larger ratio of GEI to genotype (1.21) and the highly significant GxLxC variance 

component for sucrose content explained above. Kimbeng et al. (2009) revealed that higher 

order interactions such as GxLxC are by nature difficult to interpret and model, hence 

presenting challenges when an attempt is made to select genotypes for use as parents based on 

performance for a primary trait such as sucrose content. The highly significant residual term 

for sucrose content (and not for TCH and TSH) indicated that the first two IPCAs did not 

adequately capture most of the interaction effect. This is explained by the lower pooled total 

for these two IPCAs for sucrose content (59.0%) compared to cane (64.4%) and sucrose 

(66.1%) yields indicating the complex GEI for sucrose content in this study. 

 

While sucrose content was largely affected by harvest seasons, and cane yield appeared to be 

stable, as demonstrated by the tendency of environments to cluster in one mega-environment 

(as discussed above), the GGE biplots for sucrose yields (Figure 3) did not exhibit any distinct 

and repeatable mega-environments. This further explains the challenge of breeding for sucrose 

yield. Sucrose yield is a function of cane yield and sucrose content, and these two traits are 

negatively correlated. Generally, high cane yielding varieties are known to have relatively 
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lower sucrose content, whereas high sucrose content varieties have relatively lower cane yield. 

To identify high sucrose yielding varieties, these findings emphasised, therefore, that testing 

across soil types, seasons and crop-years will have to continue irrespective of the proximity of 

the test sites. If one testing site were to be eliminated from the network, results obtained from 

the remaining site would be irrelevant for growers represented by the eliminated site due to 

differential responses of varieties to the different conditions across the sites.  

 

 

Conclusions 

 

The results of this study showed that significant GEI exists within the northern area of the 

Swaziland sugar industry; therefore, testing across different soil types, seasons and crop-years 

was justified. This study did highlight that soil type x season interactions affect the performance 

of sugarcane varieties. Sucrose content proved to be a complex trait in this study compared to 

cane yield largely due to seasonal effect. On the other hand, for cane yield, testing for ratooning 

ability was most essential. As a result, the importance of testing across different soil types, 

seasons and crop-years to identify high sucrose yielding varieties was confirmed in this study. 

The absence of distinct and repeatable mega-environments on the sucrose yield biplots 

indicated that testing should continue across the two sites. 
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