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ABSTRACT

Background: Enhancing maize grain yield in tropical regions faces significant
challenges due to variability in agroclimate, soil conditions, and agroecosystems.
Understanding genotype (G) by environment (E) interaction (GEI) in plant breeding
is crucial for selecting and developing high-yielding genotypes adapted to diverse
environments.

Methods: Ten maize hybrids, including eight candidates and two commercial
varieties, were evaluated across ten environments in Indonesia using a randomized
complete block design with three replications. The GEI effect and yield stability were
assessed using stability statistics, additive main effects and multiplicative interaction
model (AMMI), and genotype + genotype x environment (GGE) biplot methods.
Results and Discussion: Analysis of variance revealed a significant GEI effect,
indicating differences in hybrid responses for grain yield (GY), allowing for stability
analysis. GO1 showed the highest GY based on the best linear unbiased prediction
(BLUP) across environments. Correlation analysis indicated strong associations
between stability statistics (YS; and $©@) and GY, aiding in the selection of
high-yielding hybrids. The integration of AMMI with the BLUP method, and
weighted average of absolute scores (WAASB), enabled precise measurement of
genotype stability. Overall, GO1 (R0211), G04 (R0105), GO5 (R0118), and G07
(R0641) emerged as high-yielding, stable hybrids based on stability statistics, AMMI,
GGE biplot, and WAASB rankings. These hybrids offer promising candidates for
maize genetic improvement programs in tropical regions.

Subjects Agricultural Science, Genetics, Plant Science
Keywords Maize breeding, BLUP, WAASB, Genotype by environment, Grain yield, Stability
statistics, AMMI, GGE

INTRODUCTION

Maize (Zea mays L.) is a significant global food crop, playing a vital role in the
international agricultural system. It is primarily used for animal feed, human
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consumption, and various food products (Erenstein et al., 2022). Maize is the third most
consumed cereal for human food (FAOSTAT, 2022) and holds high economic value in
many Asian countries, including Indonesia (Agus et al., 2019). As an alternative food
source, maize is projected to contribute substantially to future cereal demand. Therefore,
innovations to increase maize productivity through genetic approaches, agronomic
practices, land management strategies, and other technologies are crucial to meet food
needs (Albahri et al., 2023). Sustainably increasing maize productivity requires a deep
understanding of the factors that affect grain yield (Rusinamhodzi et al., 2020; Kipkulei
et al., 2024).

Maize is influenced by various factors, including environmental conditions, growing
seasons, climatic elements, and agronomic management, all of which impact maize growth
and yield (Azrai et al., 2023; Petrovic et al., 2023; Zendrato, Suwarno ¢ Marwiyah, 2024).
Understanding maize hybrid performance under different environmental conditions is
essential for efficient selection (Yue et al., 2022; Ljubicic et al., 2023). However, selection
under varying climates and environmental conditions is complex due to
genotype-environment interaction (GEI). A hybrid that performs well in one environment
may not succeed in another. Awareness of genotype-environment (G x E) interactions
provides valuable insights for selecting maize hybrids that consistently deliver high yields
across diverse conditions, helping mitigate grain yield variability, a significant challenge for
farmers and breeders (Konate et al., 2023; Singamsetti et al., 2023).

Multi-environment trials (METs) are vital in breeding programs for analyzing
genotype-by-environment interaction and assessing genotypes’ adaptability and stability
(Lee et al., 2023; Kondombo et al., 2024). It is crucial to use statistical methods to evaluate
the yield stability of maize hybrids in diverse environments. Breeders use various statistical
models to select the best genotypes for commercial varieties, addressing GEI challenges
comprehensively (Gela et al., 2023; Karimizadeh et al., 2023). These models are especially
useful in specific agro-climatic regions, including tropical areas, where they allow for
in-depth genotype evaluation under diverse conditions (Azrai et al., 2022; Matongera et al.,
2023).

Statistical stability methods are categorized into parametric and nonparametric types.
Parametric methods, encompassing univariate and multivariate stability analyses, depend
on distribution assumptions, while nonparametric methods use response variable averages
and rankings to estimate values (Pour-Aboughadareh et al., 2019; Gela et al., 2023).
Multivariate analyses, such as the multiplicative interaction model (AMMI) (Gauch, 2013)
and the genotype + genotype x environment (GGE) biplot (Yan et al., 2000), interpret GEI
effects through principal component analysis (PCA) for graphical depiction. Olivoto et al.
(2019) introduced the weighted average of absolute scores (WAASB), which combines
AMMT’s graphical tools with the BLUP technique to identify high-yielding, stable
genotypes (Singamsetti et al., 2021; Yue et al., 2022). Each method has strengths and
weaknesses in addressing GEI phenomena. Relying on a single stability method to identify
stable, high-yielding genotypes is less reliable (Wicaksana et al., 2022). Integrating stability
statistics with graphical biplot methods provides a more comprehensive understanding of
GE]I, enabling the identification of maize hybrids with both high GY and stability in METs.
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This approach is appropriate for datasets with statistical assumptions, including
interaction effects with simple estimates based on ranked performance data, and it allows
for the visual identification of response patterns across mega-environments through a
graphical biplot. This study aimed to elucidate the response of maize hybrids in various
environments and determine the stable and adaptive hybrids using multiple stability
statistics in METs.

MATERIALS AND METHODS

Genetic material and experimental sites

The genetic material used in the multilocation test consisted of eight tested hybrids: R0211
(GO01), R0J020 (G02), R0654 (G03), R0105 (G04), R0118 (G05), R0498 (G06), R0641
(G07), and R0J016 (GO08), along with two commercial hybrids as checks, RSA002 (G09)
and NK7328 (G10). GO1 to GO8 were single maize crosses from selected inbred lines
developed by PT Restu Agropro Jayamas (RAJA), serving as candidates for a new superior
variety. RSA002 was released by PT RAJA in 2020, while NK7328 (or NK SUMO) is a
variety from Syngenta Indonesia that has been widely cultivated in tropical regions,
particularly Indonesia. METs were conducted from March to October 2023 at ten maize
centers in Indonesia (Table 1), including Klaten (E01), Bantul (E02), Tuban (E03), Boyolali
(E04), Nganjuk (E05), Blitar (E06), Kediri (E07), Jombang (E08), Malang (E09), and
Takalar (E10). Different climate types were categorized based on Oldeman’s classification
(C2, C3, D1, D2, D3), indicating agro-climatic variability in each environment. Annual
rainfall across the experimental sites ranged from 1,279 to 2,030 mm. The minimum
temperature was 19.17 °C in E10, while the maximum was 32.81 °C in E07. Rainfall and
climate data were gathered from meteorological stations near the experimental sites. The
ten locations differed in agro-ecologies, with a lowland zone (all locations except E09) at
altitudes between 55 and 217 m above sea level (masl) and a mid-altitude zone at 658 masl
(E09). This range of topographies and elevations offers a broad representation of the
region’s environmental conditions. The soil types found at the experimental locations
included grumosol, ultisol, alluvial, andosol, and inceptisol. Alluvial and grumosol were
predominated, with alluvial soils, formed from river deposits, being rich in minerals and
having a clay loam texture, while grumosol had a clay or clay loam texture. Other soils,
such as ultisol (E04) and inceptisol (E09), had clay textures, and andosol (E07) was notable
for its volcanic ash content and dark color, with a sandy loam texture. The soil pH ranged
from slightly acidic to nearly neutral. The differences in agroclimate and agro-ecology
underscore the importance of environmental factors in evaluating maize hybrid
performance, as these factors influence plant growth and development. The specific details
for each environment are presented in Table 1.

Experimental design and field management

This study was conducted using a randomized complete block design with three
replications at each experimental site. Field preparation began with full tillage using a
tractor to break up clumps, smooth the soil surface, and create furrows for planting. The
harvested plot size was four rows, each 5.0 m long (14 m?). Border rows were used at the
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Table 1 Description of the 10 environments used for maize hybrids evaluation in Indonesia.

Env. Location Soil Soil Altitude Climate  Average annual Temperature (°C)
code type texture masl type” rainfall (mm)
Minimum Maximum
E01 Wonosari, Klaten, Central Java Grumusol Loam 217 C2 1,279 22.58 31.67
E02 Banguntapan, Bantul, Special Region of =~ Grumusol Clay loam 80 C3 1,275 2241 31.17
Yogyakarta

E03 Jenu, Tuban, East Java Grumusol Loam 116 D3 1,731 22.24 31.37
E04 Teras, Boyolali, Central Java Ultisol Clay 106 C2 1,832 19.97 29.42
E05 Ngronggot, Nganjuk, East Java Alluvial ~ Clay loam 55 D2 1,828 20.20 29.65
E06 Wonodadi, Blitar, East Java Alluvial ~ Clay loam 97 C3 1,742 19.62 30.14
E07 Plosoklaten, Kediri, East Java Andosol  Sandy loam 70 C3 1,330 22.16 32.81
E08 Bandar Kedungmulyo, Jombang, East Java Alluvial  Clay loam 148 C3 1,390 23.48 31.23
E09 Tumpang, Malang, East Java Inceptisol Clay 658 C3 1,697 21.70 31.56
E10 South Galesong, Takalar, South Sulawesi ~ Alluvial ~ Clay loam 56 D1 2,030 19.17 29.51

Note:
Oldeman’s classification of climate types.

edges of each field to minimize edge effects. The planting distance was 70 cm between rows
and 20 cm within rows. Two seeds were sown per hole, and seedlings were thinned to one
plant per hole 10 days after planting (DAP). Fertilization was applied twice, at 10-14 DAP
and 30-35 DAP, using NPK at 400 kg ha™ (15% N, 15% P, and 15% K) and urea at 350 kg
ha™" (46% N). Fertilizer was applied by making a furrow approximately 10 cm from the
row to ensure it was easily absorbed by the roots, minimizing leaching and evaporation. All
crop management practices were followed according to the Indonesian Ministry of
Agriculture’s technical guidelines at each site. Weeding involved clearing weeds around the
plants, and mulching was done by raising the mounds and loosening the soil for better
aeration. Mulching also helped prevent root and stem bending in the maize hybrids.
Irrigation was carried out during vegetative growth and flowering, up to early seed
formation, depending on soil conditions when rainfall was insufficient. Other practices,
such as ridging, pest control, and disease management, followed the technical protocol.
Harvesting was done at physiological maturity, indicated by the black layer at the grain’s
base. GY at 15% moisture content, the study’s main trait, was calculated using the
following formula:

10000 100 - MC EW

X X x SP
PS 100 — 15 1000

Yield (t ha_l) =

where PS is the harvested plot size (m?), MC is the actual moisture content at harvest, EW
is the ear yield per plot (kg), and SP is the shelling percentage.

Statistical analysis
A joint analysis of variance (ANOVA) was conducted to assess genotype-by-environment
interactions on GY, considering three factors: genotype (hybrids), environment, and
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Table 2 Stability parameters calculated in this study.

No Statistic Symbol References

Parametric

1 Coefficient of variation Ccv Francis & Kannenberg (1987)

2 Regression coefficient b; Finlay & Wilkinson (1963)

3 Deviation from regression S Eberhart & Russell (1966)

4 Shukla’stability variance e Shukla (1972)

5 Wricke’s ecovalence W2, Wricke (1962)

6 Average of the squared eigenvector values EV Sneller, Kilgore-Norquest ¢ Dombek (1997)
7 AMMI stability index ASI Jambhulkar et al. (2017)

8 AMMI stability value ASV Purchase, Hatting & Van Deventer (2000)
9 Sum of IPCs Scores SIPC Purchase, Hatting ¢» Van Deventer (2000)
10 Modified AMMI stability value MASV Adugna & Labuschagne (2002)

11 The absolute value of the relative contribution of IPCs to the interaction Za Zali et al. (2012)

12 Weighted average of absolute scores WAASB Olivoto et al. (2019)

Nonparametric

1 Kang’s rank sum YS; Kang (1988)

2 Huehn’s and Nassar and Huehn’s statistics §(1:2:36) Huehn (1990), Nassar ¢ Huhn (1987)

3 Thennarasu’s statistics NpU Thennarasu (1995)

replication, using a linear model with interaction effects. Genotype and genotype-by-

environment were treated as random effects. Heritability, variance components, and the

coefficient of variation were also calculated.

Stability analysis was applied when genotype-environment interactions significantly

affected GY. Fifteen stability statistics (Table 2), comprising both parametric and

nonparametric parameters, were used to evaluate the stability and ranking of each hybrid

across environments. Spearman’s rank correlation was used to analyze associations among
stability parameters. Additionally, multivariate analyses, including AMMI (AMMI I and
AMMI II) and GGE biplot (discriminativeness vs. representativeness, mean vs. stability,

genotype ranking, and which-won-where), were employed to assess hybrid stability and

adaptation to the test environments. AMMI was used to decompose GEIs into principal

components, with the analysis performed according to the following equation:

4
Vij = M+0<i+fj+z/1kaiktjk+mj+8ij

k=1

where, y;; is GY response of the i-th genotype in the j-th environment; . is grand mean;

a; and 7; represent genotype effect i-th and the environment effect j-th; Z£=1 Akiktik

+ pjj + &; is model of multiplicative genotype x environment interaction effect, which 7y is

singular value for the k-th interaction principal component axis (IPCA), aj is i-th

genotype eigenvector for axis k, tj is the j-th environment eigenvector for axis k; p;; stands

for the residual not explained by the IPCAs used in the model; and & is error relevant to

the model (Olivoto et al., 2019).

Supriadi et al. (2024), PeerdJ, DOI 10.7717/peerj.18624

5/25


http://dx.doi.org/10.7717/peerj.18624
https://peerj.com/

Peer/

Table 3 Joint analysis of variance for grain yield.

Source Df Sum Sq Mean Sq F value Pr (>F)
Environment (E) 9 161.10 17.91 36.04 0.000
Replication (R)/E 20 43.40 2.17 4.37 0.000
Hybrids (G) 9 143.30 15.92 32.04 0.000
GxE 81 145.10 1.79 3.61 0.000
Residuals 180 89.40 0.50
CV (%) 5.81

Note:

CV, coefficient of variation.

All statistical analyses were carried out in R software 4.4.1 using the “metan” package
(Olivoto & Liicio, 2020) for joint ANOVA, heritability, AMMI, GGE biplot, and
Spearman’s rank correlation of stability parameters. Stability statistics were estimated
using the web-based PBSTAT-GE 3.5 (www.pbstat.com) and the “metan” package. Violin
plot visualizations were created using the “ggpubr” package, while BLUP plotting for
hybrids was done using the “ggplot” package.

RESULTS

Joint analysis of variance and estimated variance components

The ANOVA for GY across individual environments showed significant genotype effects
(p < 0.05), except for E09 (Tumpang-Malang) (Table S1). The combined ANOVA
(Table 3) indicated a significant environment (E) effect, highlighting the diversity of the
tested environments, which included variations in soil type, altitude, climate, and other
factors influencing GY. Genotype (G) effects were also significant, suggesting that the
maize hybrids had different yield responses. The GEI effect on GY was significant

(p < 0.001), as seen in Table 4, based on the mixed-model likelihood ratio test. These
results show varying responses of each maize hybrid to different environments. Figure 1
further illustrates the variation in the GY values of 10 maize hybrids under 10
environments, thereby contributing to genotype-by-environment interactions. The large
interaction between genotype and environment enables the stability analysis of GY to
determine the potential of stable hybrids across environments or adaptive hybrids in
certain environments.

The estimated heritability for GY was divided into plot- and mean-based values
(Table 4). The plot-based heritability (h”) was 0.34% or 34%, while the mean-based
heritability (h’,,,) was 0.89% or 89%. The mean-based heritability was estimated by
calculating phenotypic variance (aﬁ,) dividing the environmental variance (a‘é) and GEI
variances (0';) by the number of environments and replications; this heritability was based
on the mean of the hybrids. Genotype selection accuracy, considering the correlation
between observed and predicted mean GY, was high (As = 0.94). However, the correlation
of genotypic values across environments (r,) was only 0.47, attributed to high CV, (%) and
residual variance (a‘é) relative to genotypic variance.
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Table 4 Estimated of the variance component of grain yield.

Statistic Likelihood ratio test
G GEI
x? 32.70 40.80
p-value 1.10E-08 1.03E-12
REML Estimation of variance components
Jfr 0.47 (33.65%)
age 0.43 (30.84%)
a2 0.50 (35.51%)
O-Izyplot basis 1.40
T pmean basis 0.53
B2 ptot basis 0.34
R, 0.31
H pnean basi 0.89
A 0.94
Tge 0.47
CV, (%) 5.66
CV, (%) 5.81
CVyCV;, ratio 0.97
SE 0.08
SD 1.39
Note:

Abbreviations: G, genotype; GEI, genotype x environment interaction; REML, restricted maximum likelihood; 6%,
genotypic variance; nge, genotype-by-environment interaction variance; &%, residual variance; UZP, phenotypic variance;
h?, broad-sense heritability; Rzgei, coefficient of determination of the interaction effects; hzgm, heritability of the genotypic
mean; A,, accuracy of selection; rg., genotype-environment correlation; CV, (%), genotypic coefficient of variation; CV,
(%), residual coefficient of variation; CV ratio, ratio between genotypic and residual coefficient of variation; SE, standard
error; SD, standard deviation.

Environments

E06
E05
E04+

Hybrids

Figure 1 The difference response plot of grain yield contributing to genotype vs. environment of 10
maize hybrids in 10 locations. Full-size k&l DOI: 10.7717/peer;j.18624/fig-1
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Figure 2 Performance of grain yield. The violin plot of genotypes (A) and environments (B) showing
the distribution of grain yield performance. Full-size K&l DOI: 10.7717/peerj.18624/fig-2

Grain yield performance and predicted mean

Figure 2 presents the distribution of GY (t ha™") for 10 maize hybrids (Fig. 2A) and 10
environments (Fig. 2B). The violin plot highlights the degree of variation in GY based on
genotype and location. Mean GY values for each hybrid in each environment are shown in
Table S2. GO1 had the highest GY (13.19t ha™') across all environments, while G08 had the
lowest (10.95 t ha™"). Figure 2B shows that the lowest performance of all hybrids occurred
in environment E03 (10.47 t ha™'), while E01 had the highest mean GY, followed by E04
and E05. The coefficient of variation (CV) ranged from 4.14 to 9.16, with E10 showing the
highest CV, indicating strong hybrid response variation in this environment. Figure 3
shows predicted mean GY for each hybrid using the BLUP model, confirming GO1
(R0211) as the highest (13.07 t ha™') and G08 (R0J016) as the lowest (11.08 t ha™')
(Table S3). The observed and predicted mean GY values were similar, as reflected by high
genotypic selection accuracy (As = 0.942, Table 4). Six hybrids (G01, G03, G05, G02, G07,
and G04) had above-average yields, while four were below average.

Yield stability estimation using stability statistics

GY was the primary quantitative trait used to assess the stability of maize hybrids. Stability
analysis using both parametric and nonparametric parameters for all hybrids is shown in
Table 5 and Table S4. Based on the CV by Francis and Kannenberg, G07, G04, and G02
exhibited high yield performance with low variation. The regression model for stability,
using bi and $24;, shows that b; = 1 (not significant) and a low §24 score indicates a stable
hybrid. GO2 was the most stable based on bi, followed by G07 and G04, while GO1 was the
least stable. However, GO1 had the smallest S°;, indicating the highest stability by that
metric. The stability parameters 02,~ and WZ,- ranked GO1, GO5, G07, and G04 as the most
stable hybrids. EV identified G08 as the most stable, while ASI and ASV ranked G04 and
GO1 as the most stable. Other AMMI-based statistics (SIPC, MASV, and Za) also ranked
GO1 as the most stable, with varying rankings for the other hybrids. GO1 was the most
stable based on the WAASB stability score, followed by G04 and GO5.
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Figure 3 The predicted grain yield (GY) performance of the 10 maize hybrids was estimated using

best linear unbiased prediction (BLUP). The vertical dotted line indicates the grand mean, and the

horizontal error bars indicate the 95% confidence interval when considering the two-tailed ¢-test.
Full-size K&l DOT: 10.7717/peer;j.18624/fig-3

The Kang stability index (YS;) is a nonparametric index used to identify high yield,
stable genotypes. Based on this parameter, GO1 was the most stable hybrid, followed by
GO05 and GO3. Similar results were observed in the stability analysis using Huehn’s and
Nassar and Huehn’s statistics (Sm , S 83 and 8(6)), with GO1 consistently having the
smallest values, confirming its stability. However, G03, despite its high GY, was not
considered stable according to this parameter. Thennarasu’s NP statistics also ranked
GO1 as the most stable hybrid, but NP?, NP®, and NP® indicated that GO1 was unstable.

The association between mean GY and stability parameters of the maize hybrids was
assessed using Spearman’s rank correlation (Fig. 4A). GY showed a positive and significant
correlation (p < 0.05) with YS; and S, but a negative and significant correlation with NP
and NP®. This highlights that the hybrid with the highest GY does not necessarily exhibit

stability across environments, according to several stability statistics. The b; parameter did
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Table 5 Rank of the mean grain yield (GY) and stability statistics for the 10 maize hybrids.
Statistics Hybrids

GO1 G02 GO03 G04 GO5 GO06 G07 GO08 G09 G10

GY (tha™) 1 4 2 6 3 8 5 10 7 9
cv 6 3 10 2 4 7 1 5 8 9
b; 10 1 9 3 5 8 2 4 7 6
24 1 7 10 4 3 5 2 6 8 9
& 1 8 10 4 2 6 3 5 7 9
W2, 1 8 10 4 2 6 3 5 7 9
EV 2 9 8 7 5 6 3 1 4 10
ASI 2 8 10 1 3 4 5 7 9 6
ASV 2 8 10 1 3 4 5 7 9 6
SIPC 1 10 8 5 4 7 3 2 6 9
MASV 1 8 10 3 2 4 6 5 7 9
Za 1 8 10 2 4 5 6 3 7 9
WAASB 1 7 10 2 3 4 6 5 9 8
YS, 1 4 3 6 2 8 5 10 7 9
s 1 5 9 2 6 7 4 3 8 10
s@ 1 4 9 2 5 6.5 3 6.5 8 10
N 1 6 9 5 4 7 2 8 3 10
N 1 7 5 4 2 9 3 10 6 8
NP 1 6 9 2.5 4.5 8 2.5 4.5 7 10
NP®@ 9 5 10 7 8 2 6 1 3 4
NP® 10 6 9 5 8 2 7 1 3 4
NP@ 10 9 3 5 1.5 6 4 1.5 7 8
ASR 2.95 6.41 832 375 382 589  3.93 502 6.68 8.23
RS 1 7 10 2 3 6 4 5 8 9
Note:

Abbreviations: GY, grain yield; CV, Coefficient of variance; b;, Regression coefficient; S?4;, Deviation from regression; 0%,
Shukla’s stability variance; W%, Wricke’s ecovalence; EV, Average of the squared eigenvector values; ASI, AMMI stability
index; ASV, AMMI stability value; SIPC, Sum of the absolute value of the IPCA scores; MASV, Modified AMMI stability
value; WAASB, Weighted average of absolute scores; Za, Absolute value of the relative contribution of IPCAs to the

interaction; YS;, Kang’s rank sum; §-23: 6 1yehn’s and Nassar and Huehn'’s statistics; NP, Thennarasu’s statistics.

not significantly correlate with any stability statistic except for CV. NP® and NP®
displayed a negative correlation with statistical stability, suggesting that hybrid selection
based on these parameters differs. The associations between stability statistics are more
clearly illustrated in the PCA biplot (Fig. 4B), where three groups of stability parameters
were formed. GY, YS;, and S are in Group (G1), while b;, NP?, NP®, and NP are in
Group 3 (G3), with vectors opposite to G1. Other stability parameters fall in Group 2 (G2),
indicating similar hybrid selections. The summary ranking (Table 5) ranks stable hybrids
as GO1 > G04 > GO5 > GO7 > GO6 > G08 > GO2 > G09 > G10 > GO3.

AMMI analysis of grain yield
The AMMI model analysis for GY across 10 hybrids and 10 environments is presented in
Table 6, showing that GY was significantly (p < 0.001) affected by the environment,
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Table 2 for the stability statistics’ legends.

genotype, and GEL This indicates that hybrid responses are influenced by environmental
differences, requiring further stability analysis to understand the GEI effect. The GEI was

divided into nine interaction principal components (IPCs). Table S5 presents the

eigenvalues and proportions of each IPC, with total variance at 5.37. The first 5 IPCs were
significant, accounting for 96.20% of the GEI effect, with proportions of 42.20%, 21.90%,
13.50%, 10.80%, and 7.80% from IPC 1 to IPC 5, respectively. The AMMI biplot analysis
offers insights into hybrid stability under METs (Fig. 5). In the AMMII biplot (Fig. 5A),
the hybrid farthest to the right shows the highest GY. Hybrids distant from the abscissa
axis suggest stronger environmental impacts on yield, reducing stability. The AMMI2
biplot (Fig. 5B) illustrates the interaction between IPC1 and IPC2, with hybrids near the
origin (0.0) showing less influence from GEI and broader adaptability. GO1 and G04 being
closer to the abscissa axis demonstrated greater stability than other hybrids.

In this study, WAASB statistics were calculated based on mean GY and stability,
integrating AMMI analysis and the BLUP model to examine the GEI effect (Fig. 6). The
method is displayed graphically, with GY x WAASB divided into four quadrants grouping
genotypic means and stability in different environments (Fig. 6B). The predicted
WAASBY plot is shown in Fig. 6A. The most unstable hybrids, with a strong GEI influence
and high discrimination ability but below-average GY, were in the first quadrant, including
G08, G09, G10, E03, and E10. Hybrids in the second quadrant, such as G02, G03, and E07,
had high GY but were unstable due to their discrimination powers. The third quadrant
contained hybrids with better stability (widely adapted) but lower GY, such as G06 and
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Table 6 Analysis of variance for the additive main effects and multiplicative interaction model
(AMMI) of 10 maize hybrids.

Source df Sum Sq Mean Sq Proportion Accumulated
E 9 161.15 17.917%** - -

R(E) 20 43.44 2,17 - -

G 9 143.26 15.92%** - -
GxE 81 145.11 1.79%%* - -

PC1 17 61.21 3.607** 42.20 42.20
PC2 15 31.76 2,127 21.90 64.10
PC3 13 19.61 1.51%%* 13.50 77.60
PC4 11 15.70 1.43** 10.80 88.40
PC5 9 11.26 1.25% 7.80 96.20
PC6 7 391 0.56 ns 2.70 98.90
PC7 5 1.34 0.27 ns 0.90 99.80
PC8 3 0.30 0.10 ns 0.20 100.00
PC9 1 0.02 0.02 ns 0.00 100.00
Residuals 180 89.44 0.50 - -
Total 380 727.51 1.91 - -

Note:

Abbreviations: E, environment; R, replication; G, genotype; PC, principal component. *, **, and *** in the heatmap
indicate at the significant 0.05, 0.01, and 0.001 probability levels, respectively.
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Figure 5 Additive main effects and multiplicative interaction (AMMI). (A) The AMMILI. (B) AMMI2
biplots indicate genotype-by-environment interaction for 10 maize hybrids evaluated in 10 environ-
ments. Full-size K] DOT: 10.7717/peerj.18624/fig-5

GO08. Quadrant four, the best quadrant, included hybrids with high GY and strong stability
and adaptability, such as G01, GO5, G04, GO7, and environments E01, E02, E05, E06, E08,
and E09. These environments were highly productive but had low discrimination
capabilities.
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GGE biplot analysis

GGE biplot analysis was used as an alternative approach to evaluate and identify the ideal,
stable, and adaptive GY of maize hybrids across mega-environments. Four types of GGE
biplot analyses were applied in this study: discriminativeness vs. representativeness, mean
vs. stability, genotype ranking, and which-won-where (Fig. 7). The length of the
environment’s vector line from the biplot origin indicates the level of discriminating power
in each environment. A longer vector line signifies stronger discrimination in that
environment (Fig. 7A). The representativeness of an environment is determined by the
angle between the vector line and the average environment coordinate (AEC) axis, with the
smallest angle indicating greater representativeness. All environment vector lines exceeded
the concentric circles, indicating that all environments were discriminating. E10 had the
longest vector lines, meaning hybrids in this environment showed varying GYs.
Environments like E03, E05, E06, and E07 had relatively long vector lines, showing strong
discriminating power, while the other environments had shorter lines, suggesting similar
GYs. According to the AEC axis, E02 and E08 had the smallest angles, making them the
most representative environments.

Figures 7B and 7C display the ranking and mean vs. stability of the hybrids. Hybrids
near the AEC axis had higher mean GYs, while their vertical distances from the AEC axis
indicated the magnitude of genotype-by environment effects. GO1 had the highest GY,
followed by G02, G03, G04, G05, and GO07, all of which had above-average grain yields. In
the genotype ranking (Fig. 7B), hybrids closer to the center of the concentric circles were
ranked higher, with the order being G01 > G07 > G05 > G04 > G02 > G03 > G09 > G06 >
G10 > G08. Hybrids with minimal vertical distance from the AEC axis showed less
influence from GEI effects. Based on yield performance and stability (Fig. 7C), GO1 and
GO04 had the least deviation from the AEC axis, reflecting high stability across
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environments. GO5 and GO7 also exhibited excellent stability, demonstrating consistent
productivity among most test genotypes.

The which-won-where view of the GGE biplot (Fig. 7D) divides the environments and
hybrids into six distinct sectors or regions (marked with dotted lines), each containing
different environments, forming groups called mega-environments. Hybrids within each
mega-environment show a certain level of adaptation to the environments. Three sectors
in the GGE biplot contain environments. The first sector includes E03, E04, and E07; the
second sector includes E02, E05, E06, E08, and E09; and the third sector contains only E10.
The vertices of the polygon represent the hybrids with the best performance in each mega-
environment. G02 performed well and adapted specifically to E10, while G03 and G07
were suited to the first sector, including E01, E03, E04, and E07. GO1 and G04
demonstrated broader adaptation across five environments: E02, E05, E06, E08, and E09,
while other hybrids did not adapt well to any environment.

DISCUSSION

GEIl and performance mean of hybrids of maize

In this study, we investigated the GY performance and stability of ten maize hybrids using
multiple statistical models across ten different tropical environments. Grain yield, the most
important quantitative trait in maize for variety release, is expected to be high and broadly
adapted in METs. Genotype (G), environment (E), and GEI significantly influenced grain
yield in this study. ANOVA showed that the environment (E) had the largest effect on the
total sum of squares, indicating that grain yield is mainly driven by environmental factors.
Environmental variance accounted for 35.51% of the total variance, genotype contributed
33.65%, and 30.84% was due to the GEI. The strong environmental effect on maize GY is
attributed to abiotic factors arising from climatic and edaphic variations across growing
locations (Table 1). Various environmental factors such as agroecosystems, agroclimate,
altitude, and soil conditions can cause genotype-environment interactions, leading to
variations in hybrid response (yield and grain quality) in MET's (Mafouasson et al., 2018).

In terms, the heritability of GY reached 0.34 (34%), indicating that environmental
factors have a large influence on GY. However, genotypic heritability (mean basis) tended
to be high, reaching 0.89 (89%). Heritability of entry mean basis is defined as the ratio of
the genetic variance component to the phenotypic variance on a hybrid mean basis using
random effect using the best linear unbiased prediction (BLUP) method. The higher entry
mean basis heritability indicates a strong predictability of genotype performance across
diverse environments (Gela et al., 2023). However, many factors, including the significance
of GEI, can influence the magnitude of heritability, suggesting that these values should be
interpreted within the context of experimental conditions.

GO1 (R0211) had the highest mean GY performance in METs, reaching 13.19 t ha™',
followed by G03 (12.68 t ha™'), GO5 (12.53 t ha™"), G02 (12.51 t ha™'), and G07 (12.49 t
ha™"). BLUP predictions confirmed GO1 as having the highest mean GY, while G08 had the
lowest. The BLUP method is considered accurate for estimating GY, as it optimizes
predictions from random effects when mixed linear effects are present (Olivoto et al.,
2019). Similar results have been reported in studies predicting genotype performance and
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variance components in maize and other crops (Baretta et al., 2016; Gela et al., 2023;
Shobeiri, Pezeshkpour ¢ Naseri, 2024). GO1, G03, G05, G02, GO7, and G04 had mean GYs
above the overall average, with genotype accuracy (As) reaching 94.2%. E01 was the
environment with the highest mean grain yield across all hybrids, while E10 had the
highest CV. Most maize hybrid evaluations, including this study, focus on GEI
interactions. The importance of GEI in influencing GY highlights the need for
complementary stability analysis to clarify interactions, assess yield potential, and
determine stable hybrids adaptable to specific environments (Mafouasson et al., 2018;
Singamsetti et al., 2021; Engida et al., 2024).

Assessment of the grain yield stability under METs

In this study, various stability statistics and models, including parametric and
nonparametric analyses, were used to assess the GY stability of hybrids under METs. Using
multiple stability statistics simultaneously is considered more accurate and effective for
identifying stable hybrids than relying on a single stability measure. Other researchers have
also used different stability statistics to select stable, high-yielding crops, including maize
(Ruswandi et al., 2022; Wicaksana et al., 2022), chickpea (Karimizadeh et al., 2023), oats
(Kebede et al., 2023), and other crops. Each stability statistic has its own criteria and model
for determining a stable genotype, with strengths and weaknesses in each parameter (Gela
et al., 2023). The stability statistics used in this study represent the most important
methodologies for evaluating yield stability across environments, such as the regression
coefficient, Shukla’s stability, the AMMI stability index and value (ASI and ASV), Kang’s
rank sum, and newer methods like the weighted average of absolute scores (WAASB).
Evaluating the 10 hybrids in Indonesia’s tropical region using this comprehensive
approach provides breeders with advanced insights to make more informed decisions
when selecting hybrids for variety release based on their stability patterns.

Spearman’s rank correlation coefficient was calculated for each pairwise comparison of
the stability parameters and mean GY. The study found that GY was strongly and
positively correlated with YS; and S, suggesting that high-yielding hybrids tend to be
stable according to these two stability statistics. However, GY showed no significant
correlation with most stability statistics, indicating that hybrids with high yields may not
necessarily perform stably under METs. GO3, with a high yield of 12.68 t ha™"
be sensitive to environmental changes, as indicated by its diverse yield values across

, was found to

environments. In contrast, G07 and G04, ranked fifth and sixth in mean yield
performance, were identified as stable hybrids based on the summary ranking of all
stability statistics. GO1, which had the highest GY, was consistently recognized as the most
stable hybrid across all stability statistics. According to the summary ranking, GO1, G04,
GO05, and GO7 were the stable hybrids.

Most of the stability statistics calculated in this study showed strong positive
correlations with each other, except for b, NP?, NP®, and NP, which predominantly
had negative correlations with GY and other stability statistics. The PCA biplot depicted
these parameters separately, suggesting that hybrids deemed stable based on these
measures were not typically high-yielding. The stability statistics were divided into three
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groups based on the PCA biplot and their characteristics in genotype ranking. Group I
(G1) included GY, YS,, and $©_ which, based on Spearman correlation, were significantly
and positively correlated, indicating that breeders or agronomists could simultaneously
select hybrids using YS;, and S for developing superior, consistently performing
genotypes. Group II (G2) contained the remaining stability statistics, while b, NP, NP,
and NP™ were grouped in G3. Stability methods are often classified into static and
dynamic concepts based on their relationship to GY performance. The static (or biological)
concept posits that a stable genotype maintains consistent yields despite environmental
variation, with yield performance close to zero across diverse environments. In contrast,
the dynamic (or agronomic) concept suggests that genotypes respond predictably to
environmental changes, following the same trend as the average genotype response, thus
accounting for GEI (Leon, 1985; Becker ¢» Leon, 1988). Static stability is more beneficial for
resource-limited farmers, who prioritize genotypes that yield consistently under minimal
inputs. Breeders and agronomists, however, prefer dynamic stability to identify genotypes
with high yield potential and strong responses to optimal management (Kebede et al.,
2023). Ultimately, the classification of stability, whether static or dynamic, depends on the
data and testing environments, which influence its relationship to yield performance
(Pour-Aboughadareh et al., 2022). Based on Spearman’s rank correlation and the PCA
biplot, G1 is classified as dynamic stability, while G2 and G3 represent static stability.

AMMI and graphical biplot analysis for the identification of stable and
adaptive genotypes

The AMMI model and GGE biplot are highly effective statistical tools widely used to
analyze GEI effects. The key difference between them is that GGE includes both the
genotype’s main effect and the G x E interaction, whereas AMMI focuses solely on the G x
E interaction (Li et al., 2023; Dang et al., 2024; Kona et al., 2024). In this study, the AMMI
model partitioned GEI effects into nine IPCs, with the first five IPCs being significant,
explaining a total of 96.20% of the GEI effect. These significant IPCs serve as a foundation
for further stability analysis in AMMI modelling (Gauch, 2013). Gauch & Zobel (1996)
demonstrated that projecting the AMMI model with the first two significant IPCs is
accurate, and in this study, the detection of two significant IPCs was sufficient to identify
the superior genotype. The total variance explained by IPC1 and IPC2 reached 64.1% in
the AMMI biplot model.

The AMMI model was developed to assess significant multiplicative interactions
between genotypes and environments, focusing on the AMMI1 and AMMI2 biplots. The
AMMII biplot is used to evaluate hybrids’ potential GY and stability under METs. In the
AMMII biplot the ordinate represents environmental effects, while the abscissa shows the
mean GY. Genotypes positioned farther from the abscissa axis are more influenced by
environmental factors (Azrai et al., 2023; Wang et al., 2023). Based on AMMI1, GO1,
located farthest to the right, had the highest GY, while G04 experienced less environmental
influence. The AMMI2 biplot explains the GEI through IPC1 and IPC2. The distance from
the origin indicates the extent of GEI effects on the genotype, with greater distance
reflecting stronger GEI influence (Habtegebriel, 2022). GO1 and G04 were identified as
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widely adapted, environmentally stable hybrids based on their GY performance, while
GO03, G09, and G10 had weaker stability due to their greater distance from the AMMI2
biplot origin.

Model diagnosis is crucial in selecting the best model for a dataset (Gauch, 2013). In this
study, the AMMI model was integrated with the BLUP model, which demonstrated the
best performance in predicting genotype response. By incorporating all IPCs from AMMI
into the BLUP method, we accurately measured genotype stability, leveraging the strengths
of both models using WAASB. This approach simultaneously assesses performance and
stability, providing valuable insights into genotype distribution and environmental effects
(Olivoto et al., 2019). Similar findings have been reported in studies on maize (Huang et al.,
2021), soybean (Nataraj et al., 2021), and faba bean (Gela et al., 2023). Based on WAASB,
GO01, G04, G05, and GO07 were identified as stable, high-yielding hybrids, aligning with the
ranking summary of all stability statistics.

The GGE biplot is a powerful and versatile tool for evaluating GEI and recommending
genotypes for specific environments (Yan ¢» Kang, 2003). This model combines genotype
main effects and GEI effects, with eigenvalue decomposition performed simultaneously for
both, emphasizing the principal component that explains the most variance (Bocci et al.,
2020; Dang et al., 2024). This study analyzed four types of GGE: discriminativeness vs.
representativeness, mean vs. stability, ranking genotypes, and which-won-where. The GGE
biplot identifies the environment with the greatest discrimination between genotypes
(marked by the longest vector line) and the most representative environment (marked by
the smallest angle with the AEC axis) (Esan et al., 2023). E10 had the longest vector,
indicating strong discriminating power, while E02 and E08 had the lowest angles, making
them the most representative environments. The variation in genotype responses at E10
(Talakar) could be due to its distinct agroecological and climatic conditions, with annual
rainfall reaching 2,030 mm and relatively low temperatures. Such environmental
differences pose challenges for stability studies. In contrast, E02 (Bantul) and E08
(Jombang) have more representative conditions, with rainfall between 1,200 and 1,400
mm, which are ideal for growth and achieving optimal results (Gyamerah et al., 2023).
Thus, E02, E08, and similar environments are suitable for selecting superior genotypes,
while E10 had a stronger ability to differentiate phenotypic expression in maize hybrids in
this study.

Genotype stability based on the GGE biplot was determined by the vertical distances of
the hybrids from the AEC axis. Hybrids with the smallest distance to the AEC axis were
considered stable across METs (Wang et al., 2023). Similar to the AMMI model, the GGE
biplot identified GO1 and G04 as the most stable hybrids across environments, followed by
GO05 and GO7. A key advantage of the GGE biplot is its ability to identify genotypes that are
specifically adaptive to particular environments using the “which-won-where”
perspective. This biplot divides environments into mega-environments, grouping
genotypes that are adaptive to a specific environment in the same sector (Hossain et al.,
2023). In this study, GO1, G04, and GO5 were widely adapted to five environments: E02,
E05, E06, E08, and E09. GO3 and G07 were suited to EO1, E03, E04, and E07, while G02
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adapted well to E10. However, the remaining hybrids (G06, G08, G09, and G10) had no
specific environment in which they performed well, indicating poor performance in some
or all test environments. Maize hybrids with high yield performance or those adapted to
specific environments can become superior in this region, which could significantly boost
the income of maize farmers by maximizing genotype potential in the appropriate
environment.

Comparison of the stable hybrids based on all the stability statistics
and graphical biplot

This study demonstrates that some hybrids exhibit stable GY performance according to
certain stability parameters, while appearing unstable according to others. This variability
is a common challenge in GEI and yield stability studies. Each statistical stability parameter
uses distinct criteria for selecting stable hybrids, offering valuable insights for genotype
selection. Choosing the best genotype based solely on the highest mean GY may not
provide sufficient information for selecting a stable hybrid. For instance, G03 (R0654)
ranked second in mean GY (12.68 t ha™"), but several stability parameters classified it as
unstable due to its high variability across test environments. Grouping stability parameters
helps breeders and agronomists select hybrids tailored to the specific requirements of each
stability method. Stability parameters correlated with GY support the selection of both
superior and consistently performing genotypes. Additionally, the AMMI and GGE biplots
offer advanced insights into the stability and adaptability of each hybrid across test
environments, providing a broader perspective for selecting hybrids suited to specific
environments.

The differences in stable hybrids across various stability parameters can be addressed
using the average summary ranking (ASR), where a lower ASR value indicates greater
stability. Our findings identified four hybrids—G01 (R0211), G04 (R0105), GO5 (R0118),
and GO7 (R0641) as the most stable based on the ASR, as well as through multivariate
analysis (AMMI and GGE biplot) and the superiority index WAASBY. However, this
study focused solely on GY performance. Exploring multiple traits that align with the
preferences of farmers, seed producers, and consumers is a valuable consideration for
future breeding strategies (Dermail et al., 2022). High GY performance and stability,
aligned with breeding goals and cultivar recommendations, provide these hybrids with the
potential to become superior varieties of tropical maize in Indonesia. GO1, G04, G05, and
GO7 are new superior hybrid candidates released by PT. RAJA and are currently being
proposed as new varieties at the Center for Plant Varieties Protection and Agricultural
License (PVTPP), Ministry of Agriculture, Indonesia. The development of these hybrids
began in 2018, using cross populations of commercial hybrid varieties commonly grown in
Indonesia (BISI 18, NK212, DK95, ADV777, and others), and they were carefully selected
to produce new hybrids. In addition to their high and stable yields, these four hybrids also
demonstrated strong agronomic performance, disease resistance, and high-quality yield
content. Overall, they could be promising genetic resources for improving and stabilizing
maize hybrid grain yields in tropical regions.
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CONCLUSIONS

The environment, genotype, and GEI effects significantly contributed to the overall
variance in the GY performance of maize hybrids in the METs. Stability analysis,
combining stability statistics and multivariate methods (AMMI and GGE biplots), proved
more accurate in predicting and identifying stable and adaptive hybrids. The BLUP
prediction identified GO1 as having the highest GY. Four hybrids—GO01 (R0211), G04
(R0105), GO5 (R0118), and GO7 (R0641)—were the most stable across all stability
parameters used in this study. Therefore, they can be recommended as new superior
varieties and valuable genetic resources for maize development programs in tropical
regions of Indonesia.

ACKNOWLEDGEMENTS

The authors thank the research and development team of PT Restu Agropro Jayamas
(RAJA), Indonesia for providing plant material and for technicians at the experimental
stations for helping with the experiments.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This study was supported by PT Restu Agropro Jayamas-RAJA, Indonesia. The research
and development team of PT Restu Agropro Jayamas (RAJA), Indonesia provided plant
material and the technicians at the experimental stations helped with the experiments. The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
PT Restu Agropro Jayamas-RAJA, Indonesia.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

¢ Dedy Supriadi conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.

e Yusuf Mufti Bimantara conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

¢ Yuniel Melvanolo Zendrato conceived and designed the experiments, analyzed the data,
prepared figures and/or tables, authored or reviewed drafts of the article, and approved
the final draft.

» Eko Widaryanto conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

Supriadi et al. (2024), Peerd, DOI 10.7717/peerj.18624 20/25


http://dx.doi.org/10.7717/peerj.18624
https://peerj.com/

Peer/

» Kuswanto Kuswanto conceived and designed the experiments, authored or reviewed
drafts of the article, and approved the final draft.

 Budi Waluyo conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
The raw measurements are available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.18624#supplemental-information.

REFERENCES

Adugna W, Labuschagne MT. 2002. Genotype-environment interactions and phenotypic stability
analyses of linseed in Ethiopia. Plant Breeding 121(1):66-71
DOI 10.1046/j.1439-0523.2002.00670.x.

Agus F, Andrade JF, Rattalino Edreira JI, Deng N, Purwantomo DKG, Agustiani N, Aristya VE,
Batubara SF, Herniwati, Hosang EY. 2019. Yield gaps in intensive rice-maize cropping
sequences in the humid tropics of Indonesia. Field Crops Research 237(1):12-22
DOI 10.1016/j.fcr.2019.04.006.

Albahri G, Alyamani AA, Badran A, Hijazi A, Nasser M, Maresca M, Baydoun E. 2023.
Enhancing essential grains yield for sustainable food security and bio-safe agriculture through
latest innovative approaches. Agronomy 13(7):1709 DOI 10.3390/agronomy13071709.

Azrai M, Aqil M, Efendi R, Andayani NN, Makkulawu AT, Iriany RN, Yasin M, Zainuddin B,
Sitaresmi T, Suwarno WB. 2023. A comparative study on single and multiple trait selections of
equatorial grown maize hybrids. Frontiers in Sustainable Food Systems 7:1185102
DOI 10.3389/fsufs.2023.1185102.

Azrai M, Efendi R, Muliadi A, Aqil M, Suwarti, Zainuddin B, Syam A, Junaedi, Syah UT,
Dermail A, Marwiyah S, Suwarno WB. 2022. Genotype by environment interactionon tropical
maize hybrids undernormal irrigation and waterlogging conditions. Frontiers in Sustainable
Food Systems 6:913211 DOI 10.3389/fsufs.2022.913211.

Baretta D, Nardino M, Carvalho IR, Oliveira AD, Souza VD, Maia LD. 2016. Performance of
maize genotypes of rio grande do sul using mixed models. Cientifica 44(3):403-411
DOI 10.15361/1984-5529.2016v44n3p403-411.

Becker HC, Leon J. 1988. Stability analysis in plant breeding. Plant Breeding 101(1):1-23
DOI 10.1111/j.1439-0523.1988.tb00261 .x.

Bocci R, Bussi B, Petitti M, Franciolini R, Altavilla V, Galluzzi G, Di Luzio P, Migliorini P,
Spagnolo S, Floriddia R, Rosi GL, Petacciato M, Battezzato V, Albino A, Faggio G,
Arcostanzo C, Ceccarelli S. 2020. Yield, yield stability and farmers’ preferences of evolutionary
populations of bread wheat: a dynamic solution to climate change. European Journal of
Agronomy 121(2):126156 DOI 10.1016/j.€ja.2020.126156.

Dang X, HuX, MaY, Li Y, Kan W, Dong X. 2024. AMMI and GGE biplot analysis for genotype x
environment interactions affecting the yield and quality characteristics of sugar beet. Peer]
12(3):e16882 DOI 10.7717/peerj.16882.

Supriadi et al. (2024), PeerdJ, DOI 10.7717/peerj.18624 21/25


http://dx.doi.org/10.7717/peerj.18624#supplemental-information
http://dx.doi.org/10.7717/peerj.18624#supplemental-information
http://dx.doi.org/10.7717/peerj.18624#supplemental-information
http://dx.doi.org/10.1046/j.1439-0523.2002.00670.x
http://dx.doi.org/10.1016/j.fcr.2019.04.006
http://dx.doi.org/10.3390/agronomy13071709
http://dx.doi.org/10.3389/fsufs.2023.1185102
http://dx.doi.org/10.3389/fsufs.2022.913211
http://dx.doi.org/10.15361/1984-5529.2016v44n3p403-411
http://dx.doi.org/10.1111/j.1439-0523.1988.tb00261.x
http://dx.doi.org/10.1016/j.eja.2020.126156
http://dx.doi.org/10.7717/peerj.16882
http://dx.doi.org/10.7717/peerj.18624
https://peerj.com/

Peer/

Dermail A, Fuengtee A, Lertrat K, Suwarno WB, Liibberstedt T, Suriharn K. 2022.
Simultaneous selection of sweet-waxy corn ideotypes appealing to hybrid seed producers,
growers, and consumers in Thailand. Agronomy 12(1):87 DOI 10.3390/agronomy12010087.

Eberhart SA, Russell WA. 1966. Stability parameters for comparing varieties. Crop Science
6(1):36-40 DOI 10.2135/cropscil966.0011183X00060001001 1x.

Engida BT, Tarekegne A, Wegary D, Van Biljon A, Labuschagne MT. 2024. Genotype x
environment interaction and grain yield stability of quality protein maize hybrids under stress
and non-stress environments. Cogent Food and Agriculture 10(1):2324537
DOI 10.1080/23311932.2024.2324537.

Erenstein O, Jaleta M, Sonder K, Mottaleb K, Prasanna BM. 2022. Global maize production,
consumption and trade: trends and R&D implications. Food Security 14(5):1295-1319
DOI 10.1007/s12571-022-01288-7.

Esan VI, Oke GO, Ogunbode TO, Obisesan IA. 2023. AMMI and GGE biplot analyses of
bambara groundnut Vigna subterranea (L.) Verdc. for agronomic performances under three
environmental conditions. Frontiers in Plant Science 13:997429 DOI 10.3389/fpls.2022.997429.

FAOSTAT. 2022. Agricultural production statistics 2000-2022. Available at https://www.fao.org/
statistics/highlights-archive/highlights-detail/agricultural-production-statistics-(2000-2022)/en
(accessed 10 July 2024).

Finlay KW, Wilkinson GN. 1963. Adaptation in a plant breeding programme. Australian Journal
of Agricultural Research 14(6):742-754.

Francis TR, Kannenberg LW. 1987. Yield stability studies in short-season maize: I. A descriptive
method for grouping genotypes. Canadian Journal of Plant Science 58(4):1029-1034
DOI 10.4141/cjps78-157.

Gauch HG Jr. 2013. A simple protocol for AMMI analysis of yield trials. Crop Science
53(5):1860-1869 DOI 10.2135/cropsci2013.04.0241.

Gauch HG Jr, Zobel RW. 1996. In: Kang MS, Gauch HG Jr, eds. AMMI Analysis of Yield Trials, in
Genotype by Environment Interaction. Boca Raton, United States: CRC Press.

Gela TS, Khazaei H, Podder R, Vandenberg A. 2023. Dissection of genotype-by-environment
interaction and simultaneous selection for grain yield and stability in faba bean (Vicia faba L.).
Agronomy Journal 115(2):474-488 DOI 10.1002/agj2.21268.

Gyamerah SA, Asare C, Mintah D, Appiah B, Kayode FA. 2023. Exploring the optimal climate
conditions for a maximum maize production in Ghana: implication for food security. Smart
Agricultural Technology 6:100370 DOI 10.1016/j.atech.2023.100370.

Habtegebriel MH. 2022. Adaptability and stability for soybean yield by AMMI and GGE models in
Ethiopia. Frontiers in Plant Science 13:950922 DOI 10.3389/fpls.2022.950992.

Hossain MA, Sarker U, Azam MG, Kobir MS, Roychowdhury R, Ercisli S, Ali D, Oba S,
Golokhvast KS. 2023. Integrating BLUP, AMMI, and GGE models to explore GE interactions
for adaptability and stability of winter lentils (Lens culinaris Medik.). Plants 12(11):2079
DOI 10.3390/plants12112079.

Huang X, Jang SU, Kim B, Piao Z, Redona E, Koh H]J. 2021. Evaluating genotype x environment
interactions of yield traits and adaptability in rice cultivars grown under temperate, subtropical
and tropical environments. Agriculture 11(6):558 DOI 10.3390/agriculture11060558.

Huehn M. 1990. Non-parametric measures of phenotypic stability. Part 1: theory. Euphytica
47(3):189-194 DOI 10.1007/BF00024241.

Jambhulkar NN, Rath NC, Bose LK, Subudhi HN, Biswajit M, Lipi D, Meher J. 2017. Stability
analysis for grain yield in rice in demonstrations conducted during rabi season in India. Oryza
54(2):236-240 DOI 10.5958/2249-5266.2017.00030.3.

Supriadi et al. (2024), PeerdJ, DOI 10.7717/peerj.18624 22/25


http://dx.doi.org/10.3390/agronomy12010087
http://dx.doi.org/10.2135/cropsci1966.0011183X000600010011x
http://dx.doi.org/10.1080/23311932.2024.2324537
http://dx.doi.org/10.1007/s12571-022-01288-7
http://dx.doi.org/10.3389/fpls.2022.997429
https://www.fao.org/statistics/highlights-archive/highlights-detail/agricultural-production-statistics-(2000-2022)/en
https://www.fao.org/statistics/highlights-archive/highlights-detail/agricultural-production-statistics-(2000-2022)/en
http://dx.doi.org/10.4141/cjps78-157
http://dx.doi.org/10.2135/cropsci2013.04.0241
http://dx.doi.org/10.1002/agj2.21268
http://dx.doi.org/10.1016/j.atech.2023.100370
http://dx.doi.org/10.3389/fpls.2022.950992
http://dx.doi.org/10.3390/plants12112079
http://dx.doi.org/10.3390/agriculture11060558
http://dx.doi.org/10.1007/BF00024241
http://dx.doi.org/10.5958/2249-5266.2017.00030.3
http://dx.doi.org/10.7717/peerj.18624
https://peerj.com/

Peer/

Kang MS. 1988. A rank-sum method for selecting high yielding, stable corn genotypes. Cereal
Research Communications 16:113-115.

Karimizadeh R, Pezeshkpour P, Mirzaee A, Barzali M, Sharifi P, Motlagh MRS. 2023. Stability
analysis for seed yield of chickpea (Cicer arietinum L.) genotypes by experimental and biological
approaches. Vavilov Journal of Genetics and Breeding 27(2):135-145
DOI 10.18699/V]GB-23-19.

Kebede G, Worku W, Jifar H, Feyissa F. 2023. Grain yield stability analysis using parametric and
nonparametric statistics in oat (Avena sativa L.) genotypes in Ethiopia. Grassland Research
2(3):182-196 DOI 10.1002/glr2.12056196.

Kipkulei HK, Bellingrath-Kimura SD, Lana M, Ghazaryan G, Baatz R, Matavel C, Boitt M,
Chisanga CB, Rotich B, Moreira RM, Sieber S. 2024. Agronomic management response in
maize (Zea mays L.) production across three agroecological zones of Kenya. Agrosystems
Geosciences and Environment 7(1):20478 DOI 10.1002/agg2.20478.

Kona P, Ajay BC, Gangadhara G, Kumar N, Choudhary RM, Mahatma MK, Singh S, Reddy KK,
Bera SK, Sangh C, Rani K, Chavada Z, Solanki KD. 2024. AMMI and GGE biplot analysis of
genotype by environment interaction for yield and yield contributing traits in confectionery
groundnut. Scientific Reports 14(1):2943 DOI 10.1038/s41598-024-52938-z.

Konate L, Badu-Apraku B, Coulibaly M, Menkir A, Laouali N, Meseka S, Mengesha W. 2023.
Agronomic performance and yield stability of extra-early maturing maize hybrids in multiple
environments in the Sahel. Heliyon 9(11):e216559 DOI 10.1016/j.heliyon.2023.e21659.

Kondombo CP, Kabore P, Kambou D, Ouedraogo I. 2024. Assessing yield performance and
stability of local sorghum genotypes: a methodological framework combining
multi-environment trials and participatory multi-trait evaluation. Heliyon 10(4):e25114
DOI 10.1016/j.heliyon.2024.e25114.

Lee SY, Lee HS, Lee CM, Ha SK, Park HM, Lee SM, Kwon Y, Jeung JU, Mo Y. 2023. Multi-
environment trials and stability analysis for yield-related traits of commercial rice cultivars.
Agriculture 13(2):256 DOI 10.3390/agriculture13020256.

Leon J. 1985. Contributions to the measurement of phenotypic stability. Kiel, Germany: Christian-
Albrecht University of Kiel (in German).

Li Y, Bao H, Xu Z, Hu S, Sun J, Wang Z, Yu X, Gao J. 2023. AMMI and GGE biplot analysis of
grain yield for drought-tolerant hybrid selection in Inner Mongolia. Scientific Reports
13(1):18800 DOIT 10.1038/s41598-023-46167-2.

Ljubici¢ N, Popovi¢ V, Kosti¢ M, Paji¢ M, Buden M, Gligorevi¢ K, Drazi¢ M, Bizi¢ M,
Crnojevi¢ V. 2023. Multivariate interaction analysis of Zea mays L. genotypes growth
productivity in different environmental conditions. Plants 12(11):2165
DOI 10.3390/plants12112165.

Mafouasson HNA, Gracen V, Yeboah MA, Ntsomboh-Ntsefong G, Tandzi LN, Mutengwa CS.
2018. Genotype-by-environment interaction and yield stability of maize single cross hybrids
developed from tropical inbred lines. Agronomy 8(5):62 DOI 10.3390/agronomy8050062.

Matongera N, Ndhlela T, Van Biljon A, Labuschagne M. 2023. Genotype X environment
interaction and yield stability of optimum and biofortified maize inbred lines in stress and
non-stress environments. Cogent Food and Agriculture 9(1):2163868
DOI 10.1080/23311932.2022.2163868.

Nassar R, Huhn M. 1987. Studies on estimation of phenotypic stability: tests of significance for
nonparametric measures of phenotypic stability. Biometrics 43(1):45-53 DOI 10.2307/2531947.

Nataraj V, Bhartiya A, Singh CP, Devi HN, Deshmukh MP, Verghese P, Singh K, Mehtre SP,
Kumari V, Maranna S, Kumawat G, Ratnaparkhe MB, Satpute GK, Rajesh V, Chandra S,

Supriadi et al. (2024), PeerdJ, DOI 10.7717/peerj.18624 23/25


http://dx.doi.org/10.18699/VJGB-23-19
http://dx.doi.org/10.1002/glr2.12056196
http://dx.doi.org/10.1002/agg2.20478
http://dx.doi.org/10.1038/s41598-024-52938-z
http://dx.doi.org/10.1016/j.heliyon.2023.e21659
http://dx.doi.org/10.1016/j.heliyon.2024.e25114
http://dx.doi.org/10.3390/agriculture13020256
http://dx.doi.org/10.1038/s41598-023-46167-z
http://dx.doi.org/10.3390/plants12112165
http://dx.doi.org/10.3390/agronomy8050062
http://dx.doi.org/10.1080/23311932.2022.2163868
http://dx.doi.org/10.2307/2531947
http://dx.doi.org/10.7717/peerj.18624
https://peerj.com/

Peer/

Ramteke R, Khandekar N, Gupta S. 2021. WAASB-based stability analysis and simultaneous
selection for grain yield and early maturity in soybean. Agronomy Journal 113(4):3089-3099
DOI 10.1002/agj2.20750.

Olivoto T, Lucio AD. 2020. Metan: an R package for multi-environment trial analysis. Methods in
Ecology and Evolution 11(6):783-789 DOI 10.1111/2041-210X.13384.

Olivoto T, Lucio ADC, Silva JAG, Marchioro VS, Souza VQ, Jost E. 2019. Mean performance
and stability in multi-environment trials I: combining features of AMMI and BLUP techniques.
Agronomy Journal 111(6):2949-2960 DOI 10.2134/agronj2019.03.0220.

Petrovi¢ G, Ivanovi¢ T, Knezevi¢ D, Radosavac A, Obhodas I, Brzakovi¢ T, Goli¢ Z, Dragicevi¢
Radicevi¢ T. 2023. Assessment of climate change impact on maize production in Serbia.
Atmosphere 14(1):110 DOI 10.3390/atmos14010110.

Pour-Aboughadareh A, Khalili M, Poczai P, Olivoto T. 2022. Stability indices to deciphering the
genotype-by-environment interaction (GEI) effect: an applicable review for use in plant
breeding programs. Plants 1(3):414 DOI 10.3390/plants11030414.

Pour-Aboughadareh A, Yousefian M, Moradkhani H, Poczai P, Siddique KHM. 2019.
STABILITYSOFT: a new online program to calculate parametric and nonparametric stability
statistics for crop traits. Applications in Plant Sciences 7(1):¢01211 DOI 10.1002/aps3.1211.

Purchase JL, Hatting H, Van Deventer CS. 2000. Genotype x environment interaction of winter
wheat in South Africa: II. Stability analysis of yield performance. South African Journal of Plant
and Soil 17(3):101-107 DOI 10.1080/02571862.2000.10634878.

Rusinamhodzi L, Makumbi D, Njeru JM, Kanampiu F. 2020. Performance of elite maize
genotypes under selected sustainable intensification options in Kenya. Field Crops Research
249:107738 DOI 10.1016/j.fcr.2020.107738.

Ruswandi D, Syafii M, Wicaksana N, Maulana H, Ariyanti M, Indriani NP, Suryadi E,
Supriatna J. 2022. Evaluation of high-yielding maize hybrids based on combined stability
analysis, sustainability index, and GGE biplot. BioMed Research International 2022(13):3963850
DOI 10.1155/2022/3963850.

Shobeiri SS, Pezeshkpour P, Naseri B. 2024. Evaluation of seed yield stability of lentil genotypes
by linear mixed-effects models and multitrait stability index. Legume Science 6(3):e245
DOI 10.1002/1eg3.245.

Shukla GK. 1972. Some statistical aspects of partitioning genotype environmental components of
variability. Heredity 28(2):237-245 DOI 10.1038/hdy.1972.87.

Singamsetti A, Shahi JP, Zaidi PH, Seetharam K, Vinayan MT, Kumar M, Singla S, Shikha K,
Madankar K. 2021. Genotype x environment interaction and selection of maize (Zea mays L.)
hybrids across moisture regimes. Field Crops Research 270(2):108224
DOI 10.1016/j.fcr.2021.108224.

Singamsetti A, Zaidi PH, Seetharam K, Vinayan MT, Olivoto T, Mahato A, Madankar K,
Kumar M, Shikha K. 2023. Genetic gains in tropical maize hybrids across moisture regimes
with multi-trait-based index selection. Frontiers in Plant Science 14:1147424
DOI 10.3389/fpls.2023.1147424.

Sneller CH, Kilgore-Norquest L, Dombek D. 1997. Repeatability of yield stability statistics in
soybean. Crop Science 27(2):383-390 DOI 10.2135/cropscil997.0011183X003700020013x.

Thennarasu K. 1995. On certain non-parametric procedures for studying genotype-environment
interactions and yield stability. D. Phil. Thesis, India PJ School, Indian Agricultural Research
Institute.

Supriadi et al. (2024), PeerdJ, DOI 10.7717/peerj.18624 24/25


http://dx.doi.org/10.1002/agj2.20750
http://dx.doi.org/10.1111/2041-210X.13384
http://dx.doi.org/10.2134/agronj2019.03.0220
http://dx.doi.org/10.3390/atmos14010110
http://dx.doi.org/10.3390/plants11030414
http://dx.doi.org/10.1002/aps3.1211
http://dx.doi.org/10.1080/02571862.2000.10634878
http://dx.doi.org/10.1016/j.fcr.2020.107738
http://dx.doi.org/10.1155/2022/3963850
http://dx.doi.org/10.1002/leg3.245
http://dx.doi.org/10.1038/hdy.1972.87
http://dx.doi.org/10.1016/j.fcr.2021.108224
http://dx.doi.org/10.3389/fpls.2023.1147424
http://dx.doi.org/10.2135/cropsci1997.0011183X003700020013x
http://dx.doi.org/10.7717/peerj.18624
https://peerj.com/

Peer/

Wang R, Wang H, Huang S, Zhao Y, Chen E, Li F, Qin L, Yang Y, Guan Y, Liu B, Zhang H.
2023. Assessment of yield performances for grain sorghum varieties by AMMI and GGE biplot
analyses. Frontiers in Plant Science 14:1261323 DOI 10.3389/fpls.2023.1261323.

Wicaksana N, Maulana H, Yuwariah Y, Ismail A, Ruswandi YAR, Ruswandi D. 2022. Selection
of high yield and stable maize hybrids in mega environments of Java Island, Indonesia.
Agronomy 12(12):2923 DOI 10.3390/agronomy12122923.

Wricke G. 1962. About a method for recording the ecological range in field tests. Plant Breeding
Magazine 47:92-96 (In German).

Yan WK, Hunt LA, Sheng QL, Szlavnics Z. 2000. Cultivar evaluation and mega-environment
investigation based on the GGE biplot. Crop Science 40(3):597-605
DOI 10.2135/cropsci2000.403597x.

Yan W, Kang MS. 2003. GGE biplot analysis: a graphical tool for breeders, geneticists, and
agronomists. Boca Raton, United States: CRC Press DOI 10.1201/9781420040371.

Yue H, Gauch HG, Wei ], Xie J, Chen S, Peng H, Bu J, Jiang X. 2022. Genotype by environment
interaction analysis for grain yield and yield components of summer maize hybrids across the
Huanghuaihai region in China. Agriculture 12(5):602 DOI 10.3390/agriculture12050602.

Zali H, Farshadfar E, Sabaghpour SH, Karimizadeh R. 2012. Evaluation of genotype x
environment interaction in chickpea using measures of stability from AMMI model. Annals of
Biological Research 3:3126-3136.

Zendrato YM, Suwarno WB, Marwiyah S. 2024. Multi-trait selection of tropical maize genotypes
under optimum and acidic soil conditions. Sabrao Journal of Breeding and Genetics
56(1):142-155 DOI 10.54910/sabrao2024.56.1.13.

Supriadi et al. (2024), PeerdJ, DOI 10.7717/peerj.18624 25/25


http://dx.doi.org/10.3389/fpls.2023.1261323
http://dx.doi.org/10.3390/agronomy12122923
http://dx.doi.org/10.2135/cropsci2000.403597x
http://dx.doi.org/10.1201/9781420040371
http://dx.doi.org/10.3390/agriculture12050602
http://dx.doi.org/10.54910/sabrao2024.56.1.13
http://dx.doi.org/10.7717/peerj.18624
https://peerj.com/

	Assessment of genotype by environment and yield performance of tropical maize hybrids using stability statistics and graphical biplots ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


