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Determination of the adaptability and stability of soybean cultivars 
in different locations and at different sowing times in Paraná state 

using the AMMI and Eberhart and Russel methods
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em diferentes locais e épocas de semeadura no estado do Paraná 

usando os métodos AMMI e Eberhart e Russel
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Carlos André Bahry4*; Cássio Egídio Cavenaghi Prete5; Luan Cruz6

Abstract

This study aimed to evaluate the adaptability and phenotypic stability of 10 soybean genotypes in 12 
environments in Paraná state by using the additive main effects and multiplicative interaction analysis 
(AMMI) and Eberhart and Russell models. The assays were conducted in a randomized complete block 
design with three replicates, in the 2010/2011 season in four locations in Paraná state (Assaí, São Pedro 
do Ivaí, Cornélio Procópio, and Marilândia do Sul), and with three sowing dates (15/-20/10/10; 29/10-
03/11/10; 15/-20/11/10). The cultivars tested with Roundup Ready® technology included SYN 1049, 
SYN 1152, SYN 1059, SYN 3358, SYN 1163, SYN 1157, V-MAX, FT Campo Mourão, BMX Potência, 
and SYN 9070. The yield character was analyzed. Data were submitted to analysis of variance and 
the adaptability and stability were then analyzed. The results of the AMMI and Eberhart and Russell 
models were somewhat consistent for the stability parameter only. The AMMI analysis was able to 
capture 66% of the variance associated with residue no additives, of which 43.18% was retained in 
the first principal component of interaction and 23.58%, in the second component. This is sufficient 
to explain the genotype × environment interaction. The SYN 1059, SYN 1163, and VMAX genotypes 
are distinguished by their considerably higher yield and productive adaptation. In the AMMI analysis, 
the cultivar SYN 1163 showed commercial promise among the other cultivars for high grain yield 
performance, adaptation, and response predictability.
Key words: Biometric models. Predictability. Grain yield. Different environments.

Resumo

O objetivo do trabalho foi estudar a adaptabilidade e a estabilidade fenotípica de dez genótipos de soja 
em doze ambientes no Paraná com o uso dos modelos AMMI (Additive Main Effects and Multiplicative 
Interaction Analysis) e Eberhart e Russel. Os ensaios foram conduzidos em blocos completos 
casualizados com três repetições na safra 2010/2011 em quatro locais no Estado do Paraná (Assaí, 
São Pedro do Ivaí, Cornélio Procópio e Marilândia do Sul) e em três épocas de semeadura (15/10/10 
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– 20/10/10; 29/10/10 –03/11/10; 15/11/10 – 20/11/10). As cultivares testadas, todas com a tecnologia 
RR, foram: SYN 1049; SYN 1152; SYN 1059; SYN 3358; SYN 1163; SYN 1157; V-MAX; FT Campo 
Mourão; BMX Potência; e, SYN 9070. O caráter analisado foi rendimento de grãos. Os dados foram 
submetidos à análise de variância. Posteriormente realizou-se a análise de adaptabilidade e estabilidade. 
Os modelos AMMI e Eberhart e Russel foram parcialmente concordantes apenas para parâmetro de 
estabilidade. A análise AMMI foi capaz de capturar 66% da variação associada aos resíduos não aditivos, 
os quais 43,18% estavam retidos no primeiro componente principal de interação e 23,58% no segundo 
componente os quais são suficientes para explicar a interação G×E. Os genótipos SYN 1059, SYN 1163 
e V-MAX destacam-se pela produtividade consideravelmente superior e ampla adaptação produtiva. 
A cultivar SYN 1163, na análise AMMI, mostra-se promissora entre as demais cultivares lançadas 
comercialmente pelo alto desempenho de rendimento de grãos, adaptação e previsibilidade de resposta.
Palavras-chave: Modelos biométricos. Previsibilidade. Rendimento de grãos. Diferentes ambientes.

Introduction

Soybean crops occupy vast areas, which ensures 
differential responses of genotypes to environmental 
variations. Thus, the interaction between genotypes 
and environments is relevant for improving 
plant breeding. Understanding this interaction is 
essential for breeding programs in order to reduce 
the amplitude of the characteristics related to 
productivity due to the environmental variation 
(DUARTE; VENCOVSKY, 1999). The stability 
and specific adaptations of genotypes to different 
environments may indicate the difference between 
a good and an excellent cultivar (BRANQUINHO 
et al., 2014; GAUCH; ZOBEL, 1996).

To enable the cultivation of late-season corn in 
Paraná, soy is sown early (MEOTTI et al., 2012). 
Sowing time is directly related to the success of the 
crop due to environmental changes such variation 
in water levels, temperature, and solar radiation 
available to plants (BARBOSA et al., 2013; SUBEDI 
et al., 2007). Delayed sowing and/or the timing 
of the late season may cause significant losses of 
30-70% compared with the recommended sowing 
period (BRACCINI et al., 2004; RODRIGUES 
et al., 2008; STÜLP et al., 2009). This led to the 
adoption of sowing dates that are associated with 
climatic conditions similar to those required by 
the plants, which is extremely important for good 
productive performance of crops (PEIXOTO et al., 
2000; RIBEIRO et al., 2000). 

When considering the magnitude of the 
environment’s influence on genotype expression, 

analysis of the genotype × environment (G×E) 
interaction is critical for evaluating cultivars in 
different environments (MEOTTI et al., 2012). 
When the G×E interaction reveals significant effects, 
the behavior of genotypes under different growing 
conditions varies. Cruz and Carneiro (2003) have 
suggested that the nature of the interaction can be 
simple, given the variability between the genotypes 
is contrasting and complex as the characteristics of 
genotypes are superior under certain conditions and 
do not express superiority in other environmental 
situations. Evaluation of the G×E interaction 
becomes very important in crop breeding because 
when it exists, it is possible that the best genotype 
in one environment is not the best in another. 
This influences the selection gain and hinders the 
recommendation of cultivars with wide adaptability. 
Given the importance of this interaction, it is 
the breeder’s discretion to assess its magnitude 
and significance, quantify its effects on breeding 
techniques and technology dissemination strategies, 
and provide subsidies that enable procedures to 
be adopted that minimize the effects and/or their 
exploitation (CRUZ et al., 2012).

Several theories have been proposed to evaluate 
the adaptability and stability of cultivars. The most 
commonly used methods are based on the analysis 
of variance, analysis of regression, bisegmented 
regression analysis, non-parametric methods of 
analysis, visual analysis, multivariate analysis, and 
analysis of key factors and their main components 
(CARVALHO et al., 2014; MIRANDA et al., 
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2008). Among these methods are those based on 
regression, including the additive main effects 
and multiplicative interaction (AMMI) analysis 
models for G×E and GGE (genotype and genotype 
× environment interactions) with the aid of biplot 
analyses, based on their efficiency (CAMARGO-
BUITRAGO et al., 2011; PACHECO et al., 2009). 

The AMMI and GGE biplot methods are 
efficient at analyzing the adaptability and stability 
of cultivars, when assessed at different locations and 
times of sowing, as they facilitate the interpretation 
of the interaction in more than one dimension 
(DUARTE; VENCOVSKY, 1999; MEOTTI et al., 
2012; OLIVEIRA et al., 2003). Furthermore, the 
AMMI and GGE analysis enables the graphical 
representation of genotypes and environments in a 
multivariate scattergram (biplot). These diagrams 
provide information on the stability and phenotypic 
adaptability, and permit the agronomic zoning and 
choice of specific environments for the evaluation 

and selection of cultivars, as they have been used 
in studies of this nature in soybean (MEOTTI et 
al., 2012; STÜLP et al., 2009; YOKOMIZO et al., 
2013) and in other cultures (MIRANDA et al., 2008; 
SCHMILDT et al., 2011; SUBEDI et al., 2007). 

Therefore, this study aimed to investigate the 
adaptability and phenotypic stability of 10 soybean 
genotypes in 12 environments in Paraná using the 
AMMI and Eberhart and Russell models.

Material and Methods

The tests were conducted in the 2010/2011 season 
in four different locations in the state of Paraná 
(Table 1). The tested cultivars, all with Roudup 
Ready® technology, used in the adaptability and 
stability tests, were: SYN 1049 (1), SYN 1152 (2), 
SYN 1059 (3), SYN 3358 (4), SYN 1163 (5), SYN 
1157 (6), V-MAX (7), FT Campo Mourão (8), BMX 
Potency (9), and SYN 9070 (10). 

Table 1. List of locations, altitudes, and sowing seasons of 10 soybean cultivars, obtained during the 2010/2011 
harvest in Paraná.

Location Municipality Altitude (m)
Sowing season

Season 1 Season 2 Season 3
15-20 Oct 29 Oct-03 Nov 15-20 Nov

L1 Assaí 635 15 Oct  03 Nov 17 Nov
L2 São Pedro do Ivaí 450 19 Oct 29 Oct 19 Nov
L3 Cornélio Procópio 650 20 Oct 29 Oct 17 Nov
L4 Marilândia do Sul 700 15 Oct  03 Nov 17 Nov

The testing sites had similar physicochemical 
characteristics to minimize the effect of the terrain on 
the performance of genotypes, and were considered 
to be areas of high fertility based on chemical 
analyses. The soil of the four sites is characterized 
as red latosol. Basic fertilization consisted of the 
application of approximately 300 kg ha-1 of the 
NPK 02-20-20 formulation in all areas, given their 
similarities.

Seed treatment was standardized across all 
environments and consisted of 200 mL Cruizer + 

Maxim for 100 kg-1 seeds for each product. Aerial 
management was carried out to control pests by 
applying Curyom (300 mL ha-¹), for soybean 
caterpillar control, and Engeo Full (200 ml h-1) for 
bug control. The fungicide Priori Extra was applied 
at a dose of 300 mL ha-1 to control fungi.

The experimental design consisted of complete 
blocks randomized with three replications. Each 
experimental unit was 20-m long and 10-m wide, 
with an area of 200 m². Across all environments, the 
seed rate was 300,000 ha-¹ plants, with 0.45-m row 
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spacing. The character analyzed was grain yield 
obtained by harvesting 100 m² of experimental units 
and extrapolated to kg ha-¹ after moisture correction 
to 12%.

Data were submitted to analysis of variance 
individually to verify the homogeneity of variance. 
After the joint analysis of all local and sowing 
times was carried out and the G×E interaction was 
verified, we proceeded to analyze adaptability and 
stability using the methods described by Eberhart 
and Russell (1966) and AMMI. To determine the 
number of main axes to be retained to explain and 
graphically represent the standard relation to the 
G×E interaction, the criteria employed by Gauch and 
Zobel (1996) were adopted. The FGollob significance 
test was used as an end point that determines the 
selection of the model in the family of the AMMI 
models for successive terms of interaction. It also 
meets other terms not retained on the selected 
template in complementary portions of SG G×E, 
according to the Cornelius F test (CORNELIUS et 
al., 1992; PIEPHO, 1995).

The computer program GENES was used for 
all statistical analyses (CRUZ, 2013). Adaptability 
and stability were analyzed via AMMI by GLM and 

IML procedures of the computer application SAS 
(SAS Institute, Cary, NC, USA), described in detail 
by Duarte and Vencovsky (1999).

Results and Discussion

Analysis of variance revealed significant effects 
for all sources of variation (growth environment, 
cultivar, and G×E interaction) for the character 
grain yield (Table 2). The interaction between 
genotype and environment indicates that the 
genotypes do not have to be a constant for all 
evaluation environments; in this way, it is important 
to determine the G×E interaction. Most quantitative 
traits, such as productivity, are of polygenic nature 
and are influenced by the environment where 
the G×E interaction exerts great influence on the 
expression of quantitative traits (SCHMILDT 
et al., 2011). According to Barros et al. (2010a), 
confirmed interactions are problematic for breeding 
programs for both the selection phase and for the 
recommendation of cultivars. However, in order 
to mitigate the effects of the interaction, the use of 
cultivars with wide adaptability and good stability 
is appropriate.

Table 2. Analysis of variation in soybean yield, in kg ha-¹, involving 10 genotypes of soybean, 12 environments, and 
two repetitions.

Variation Factor GL Mean Square 
Block/Environment 12 57354.15
Environments (AMB) 11 2641780.95**

Cultivar (CULT) 9 761579.02**

CULT × ENV 99 259968.25**

Residual 108 99077.48
Total 239
CV (%) 8.25
R² 0.85
General average 3811.82

** Significant at 1% of error probability by the F test.
ns Not significant by the F test.
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Regarding the adaptability analysis assessed 
by the ß1 component through the Eberhart and 
Russell model, the cultivar SYN 9070 was highly 
responsive to environmental improvements, as well 

as all other cultivars with wide adaptability (Table 
3). It was also considered to be highly responsive to 
environmental improvements, i.e., farming can be 
adapted to favorable environments. 

Table 3. Estimates of adaptability and stability generated by the model of Eberhart and Russell (1966) and AMMI1 
for yield in 10 soybean cultivars grown in four locations and in three sowing season in Paraná.

Genotype Eberhart and Russell AMMI
 Mean ß1 S²d R²(%) CP/Axis IPCA

SYN 1049 3,537.24 1.05 299601.06 ** 31.437 1 0.4318
SYN 1152 3,779.52 1.10 22723.23 ns 71.052 2 0.2358
SYN 1059 3,993.00 0.83 -6790.81 ns 70.336 3 0.1304
SYN 3358 3,576.78 0.72 5795.17 ns 57.377 4 0.1108
SYN 1163 3,928.26 0.98 71178.53 * 53684 5 0.0356
SYN 1157 4,117.74 1.08 114341.58 ** 50.912 6 0.0228
V-MAX 3,859.26 0.81 82094.58 ** 42.214 7 0.0208

FT – C. Mourão 3,707.28 0.88 86,156.85 ** 45.477 8 0.0079
BMX POTÊNCIA 3,790.50 0.92 885.92 ns 71.065 9 0.0041

SYN 9070 3,828.75 1.61* 34,497.45 ns 81.795 10
 (ß1) *, ** Significantly different from one, by the t-test, at 5 and 1% error of probability.
(S²d) *, ** Significantly different from one, by the F test, at 5 and 1% error of probability.
(ß1) Regression coefficient. S²d, variance of deviation from the regression, R²(%), determination coefficient.

Soybean cultivars SYN 1049, SYN 1152, SYN 
1059, SYN 3358, SYN 1163, SYN 1157, V-MAX, 
FT – C. Mourão, and BMX POTENCY showed 
the component ß1 = 1, indicating they are cultivars 
with wide adaptability to environmental conditions 
(Table 3). Genotypes characterized as having 
general or wide adaptability, respond satisfactorily 
to environmental improvements and may maintain 
their income when environmental conditions are 
adverse and/or less favorable (CRUZ et al., 2012).

Analysis of stability assessed by deviations from 
regression (S²d) using the methodology described 
by Eberhart and Russell showed that soybean 
cultivars SYN 1152, SYN 1059, SYN 3358, 
BMX Potency, and, SYN 9070 did not deviate 
significantly, and are therefore, stable under these 
environmental conditions (Table 3). Cultivars 
showing predictability to the environment, either 
by changes in the number of hours of light, 
temperature, precipitation, and management, can 

identify changes and acclimatize to them faster, 
resulting in larger yields when subjected to different 
conditions. However, analysis of stability permits the 
recommendation of cultivars and does not consider 
their adaptation and/or average productivity. 
Stability is considered as the ability of genotypes 
to exhibit a steady performance, depending on 
variations in the environmental quality (CRUZ et 
al., 2012; RAMALHO et al., 2012).

Thus, the cultivars SYN 1152, SYN 1059, SYN 
3358, BMX POTENCY, and SYN 9070 showed wide 
adaptability and stability to the 12 environmental 
conditions in which they were assessed by the 
Eberhart and Russell method. To overcome the 
effects of significant G×E interaction, procedures 
adopted to overcome and minimize the magnitude 
of the interaction include the recommendation of 
cultivars with wide adaptability and high phenotypic 
stability (BARROS et al., 2010b).
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The coefficient of determination (R2) described 
by Cruz et al. (1989) classifies values higher 
than 80% as strong, which are genotypes that act 
predictably to environmental changes. Among the 
10 cultivars, SYN 9070 was notable, and generated 
a higher yield in the environments evaluated. 
However, the coefficient of determination values 
obtained for the cultivars, except for SYN 9070, 
were considerably lower, thus justifying the use 
of adaptability analysis methods and more refined 
stability for decomposition of the G×E interaction.

Through the analysis of AMMI, the main axis 
(IPCA1), corresponded to 43.18% of the variation 
for SQG×E (Table 3). The proportion of variation 
observed for this component lies within the range 
of 36-45%; this is similar to values previously 
reported in soybean by Maia et al. (2006) (39.85%); 
Pereira and Costa (1998) (44.6%), and Yokomizo 
et al. (2013) (44%). Based on those results, it 
is possible to state that for grain yield, under the 
conditions evaluated, about half of the variation 
related to additive deviations of the main effects 
(genotypes and environments) can be captured by 
the first main component of interaction (DUARTE; 
VENCOVSKY, 1999). It is also important to 
note that very low proportions of SQG×E indicate 
contamination of the array by unique interactions 
of unpredictable factors, depreciating the quality of 
their estimates ( )ij. Thus, it can be inferred that, 
under such situations, traditional methods may 
provide inadequate yield predictions that are of 
inferior quality compared to those provided by the 
AMMI model (OLIVEIRA et al., 2003).

Regarding the other axes, the contribution 
of another IPCA2 component was considered 
significant, representing 23.58% of the variation 
of SQG×E (Table 3). Thus, the first two components 
explain 66.76% of the SQG×E. The magnitude of 
variation captured by these two components can 
be considered as the “standard” level associated 
with the G×E interaction, to the set of data-model 

assessed. Thus, the other major components were 
excluded from the analysis because they were 
mainly composed of “noise” (SILVA; BENIN, 2012; 
YOKOMIZO et al., 2013.). The sum of the first two 
components is consistent with the findings of other 
studies on soybean with the AMMI biplot, where 
the first two components explained 61 to 88% of the 
SQG×E and were significant (CAMPBELL; JONES, 
2005; KAYA et al., 2006; TARAKANOVAS; 
SPRAINAITIS, 2005).

The soybean cultivars, or environments with 
points laying closer to the origin of the biplot chart 
coordinate system, are considered more stable 
(DUARTE; VENCOVSKY, 1999); therefore, in the 
AMMI1 (Figure 1) and AMM2 (Figure 1 b) graphs, 
most genotypes revealed considerable dispersion, 
indicating interaction with the environments 
(specific adaptations). In the AMM1 (IPCA1 vs. 
means) biplot, the most stable genotypes, which 
contributed less to the interaction, were captured by 
IPCA1 and were the cultivars SYN 1163, SYN 1157, 
SYN 9070, and SYN 1059 (VMAX). Therefore, 
these cultivars can be considered stable, due to 
their small contribution to the G×E interaction. 
Among those cultivars, SYN 1157, SYN 1059, and 
SYN 1163 can be considered as those with the best 
average yield due to their presence in the quadrants 
to the right of the biplot graph. Cultivars SYN 1059, 
SYN 1163, and V-MAX also have a tendency for 
specific adaptability to Assai-PR (A1 season 1), São 
Pedro do Ivaí-PR (A5 season 2), and Cornelius-PR 
(A7 season 1, A8 season 2). This statement can be 
verified by the proximity of graphical representations 
of cultivars with four environments in the upper 
right quadrant of Figure 1a. The SYN 1157 and 
SYN 9070 cultivars revealed adaptive specificity to 
the A2, A7, A8, A10, and A11 environments, which 
are Assai, season 2, Cornelius seasons 1 and 2, and 
South Marilândia season 1 (Figure 1a). 
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Figure 1. (a) AMMI analysis biplot (productivity vs. IPCA1) (a) and (b) AMMI2 biplot (IPCA1 vs. IPCA2) of grain 
productivity of 10 soybean cultivars (G1-G10) SYN 1049 (G1), SYN 1152 (G2), SYN 1059 (G3), SYN 3358 (G4), 
SYN 1163 (G5), SYN 1157 (G6), V-MAX (G7), FT Campo Mourão (G8), BMX Potência (G9), and, SYN 9070 (G10) 
evaluated in 12 environments (A1-A12) [local Assaí-PR (A1 season 1, A2 season 2, A3 season 30)], [locality of São 
Pedro do Ivaí-PR (A4 season 1, A5 season 2, A6 season 3)], [Cornélio Procópio-PR (A7 season 1, A8 season 2, A9 
season 3)], and [Marilândia do Sul-PR (A10 season 1, A11 season 2, A12 season 3)]. 
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The AMMI2 biplot (Figure 1b) confirmed 
the genotypic behavior observed in the previous 
analysis; therefore, ICPA1 captured much of 
the standard G×E interaction of the character 
studied, but the second IPCA2 component was 
also significant. Thus, the information captured 
by the latter can correct possible distortions in the 
interpretation produced under a single dimension 
(SILVA; BENIN, 2012; YOKOMIZO et al., 2013). 
Moreover, stable behavior is thus confirmed along 
with the productive performance of the genotypes 
SYN 1163, SYN 1059, and V-MAX. Moreover, 
the cultivars SYN 9070 and SYN 1157, which 
were initially stable (IPCA vs. Medium) during 
the analysis of only one interaction axis, were 
found to contribute to the G×E interaction that was 
captured on the second main axis (IPCA2), which 
contradicts their productive stabilities, not being 
indicated to evaluate the phenotypic predictability 
of productivity only by ICPA1. According to 
Yokomizo et al. (2013), factors related to the G×E 

interaction ICPA1 and ICPA2 axes are independent; 
thus, there should be no loss of generality in cases 
involving more selected axes, where these factors 
cannot be disregarded in interpretations where 
significant effects are indicated. The refinement of 
the analysis using two axes can correct or refine 
the adaptive behavior of the cultivars, and BMX 
Potency, SYN 3358, and FT Campo Mourão 
have superior productivity performance, and high 
phenotypic stability. The cultivar that showed 
the highest indicators of phenotypic instability 
was SYN 1049, as determined through the biplot 
analysis (Figure 1a and 1b), and thus contributes 
more to the G×E interaction.

Analysis of the environments showed that 
these were more likely to contribute to the G×E 
interaction than the cultivars. This can be observed 
by the greater dispersion of the vectors associated 
with the environments in both biplots (Figure 
1a and 1b). This behavior has been observed in 
other studies, and it is important to examine the 
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positive effects of the interaction more efficiently 
(MARTINS et al., 2012; MEOTTI et al., 2012; 
YOKOMIZO et al., 2013). Regarding the influence 
of the environment to the interaction noted in the 
biplot analysis, it contrasts in the dispersion show 
that the three sowing dates in Assai (A1, A2, and 
A3) contributed to the G×E interaction; similarly, 
the three sowing seasons in São Pedro do Ivaí (A4, 
A5, and A6), Marilândia do Sul (A10, A11, and 
A12) were essential for the G×E interaction to 
reveal significance. These results suggest that the 
sowing season is directly related to the agronomic 
performance of the cultivars presented in this study, 
given the contrasts in the dispersion of the sowing 
dates shown in Figures 1a and 1b. As reported in the 
literature, losses of 30-70% can occur (BRACCINI 
et al., 2004; RODRIGUES et al., 2008; STÜLP et 
al., 2009). Therefore, these findings confirm that 
cultivars have different yield performance gains 
according to the season of sowing. Significant losses 
indicate that the adoption of an appropriate seeding 
season is of the utmost importance to obtain a high 
grain yield (PEIXOTO et al., 2000; RIBEIRO et al., 
2000).

The Eberhart and Russell (1966) and 
AMMI biplot models partially agree in terms 
of the phenotypic stability parameter. Given the 
advantages of AMMI models over the traditional 
models, decision making and inferences based on 
the AMMI method become more accurate by finely 
adjusting the effects of the SQG×E.

Conclusions

The Eberhart and Russell model is partially 
consistent with the phenotypic stability parameter 
of the cultivars studied here.

The Eberhart and Russell analysis showed that 
cultivar SYN 9070 is responsive to environmental 
improvement, has high predictability, is stable 
under 12 environmental conditions, and generates 
income that is higher than the overall average of the 
cultivars.

On the other hand, cultivars SYN 1059, SYN 
1163, and VMAX stand out for their considerably 
higher productivity performance and the broad 
productive adaptation of local and sowing dates.

Based on the AMMI analysis, the cultivar SYN 
1163 shows commercial promise among other 
cultivars in terms of high performance grain yield, 
adaptation to regions and sowing times, and by the 
predictability of the response.
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