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Implementing a cropping intensity program with rice cultivation four times a 
year (CI 400) can be achieved using early maturing varieties of rice. However, 
this development needs to pay attention to the adaptability of the varieties 
planted to ensure successful implementation. The adaptability approach is a 
combination of assessing stability and productivity potential. This concept 
has been developed and applied in several studies, including research on rice. 
However, this approach is considered less comprehensive because it is non-
parametric and only focuses on one stability analysis. Therefore, a systematic 
integration of various stability analyses, including index methods, is needed to 
comprehensively assess adaptability, particularly for early-maturing rice in South 
Sulawesi. This region is characterized by a dynamic climate zone and is one of 
the top four highest rice producers in Indonesia. Meanwhile, this study aims to 
develop a comprehensive adaptability index and select the best early-maturing 
rice varieties, especially in South Sulawesi. The investigation was conducted 
in Bone, Soppeng, and Gowa over two seasons using a nested randomized 
complete block design, with organized replications in each environment 
(location-season). Additionally, there was a significant focus on the application of 
five early-maturing and two check rice varieties, with each factor repeated three 
times at each location, totaling 126 experimental units. The results showed that 
the adaptability index, by combining stability rank accumulation with yield min 
max standardization, was effective at assessing the yield potential and stability 
of early-maturing rice varieties in supporting CI 400. Inpari 13 had the best index 
value at 0.55, followed by Cakrabuana at 0.31; hence both were recommended 
as adaptive early-maturing rice varieties, especially in South Sulawesi.
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1 Introduction

The enhancement of rice production is essential to sustainability 
and food security programs in many parts of Asia, including 
Indonesia, the fourth most populous country globally (Rozaki, 
2020a,b). Despite the significant production of rice (Yuan et al., 2022; 
Bin Rahman and Zhang, 2023), domestic demands have not been met, 
leading to a rise in importation alongside population growth (Rozaki, 
2020b; Hutapea et al., 2022; Fitrawaty et al., 2023). Land conversion 
and climate change further worsen the challenges faced in reducing 
rice production (Rumanti et al., 2018; Vogel et al., 2019; Fan et al., 
2021). Addressing these issues requires planned and systematic efforts 
to innovate rice production methods, which are crucial for 
maintaining food security.

Optimization of production locations and intensification systems 
offers a pathway to increase rice production in Indonesia. Among the 
five locations with high rice production potential, South Sulawesi 
needs to be  optimized (Octania, 2021) because the population of 
inhabitants exceeds the production level compared to proportions 
observed in East, Central, and West Java, as well as South Sumatra 
(Paiman et  al., 2022). South Sulawesi has unique agroclimatic 
conditions featuring three distinct rain zone patterns divided into 
west, east, and transitional locations (Herniwati and Kadir, 2009; Yassi 
et  al., 2023). Such diverse rain patterns offer opportunities for 
production sustainability enhancement, thereby suggesting this 
province as an ideal location for evaluating and optimizing agricultural 
intensification programs.

The development of potential rice varieties, particularly early-
maturing types, presents an efficient and effective genetic solution as 
an optimization effort to increase production amid climate change 
challenges (Acquaah, 2012; Syukur et  al., 2015). Early-maturing 
varieties, often requiring less than 100 days to be fully grown (Yun, 
2023), promote greater yield by escaping extreme global warming 
conditions through resilience both in the dry and rainy seasons 
(Rohaeni and Ishaq, 2015; Ren et  al., 2023). These varieties are 
suitable for the government program of CI 300 and CI 400 
implementation (Supriatna, 2012; Sudana, 2016; Subekti and Umar, 
2022), which aims to maximize planting frequency to three times and 
four times per year (Musa et al., 2023; Widiastuti et al., 2023). The 
program facilitates higher land use for consistently increased 
production in the face of rice field erosion. Several early-maturing 
varieties released by the Ministry of Agriculture include Inpari 13, 
Inpari 19, Cakrabuana, and Padjajaran (Barokah et al., 2021; Subekti 
and Umar, 2022), along with M70D registered by some private 
companies (Palobo et al., 2019). However, the potential of varieties 
remains underexplored in South Sulawesi, a province promising 
substantial rice development. This highlights the need for 
comprehensive assessment through a variety of stability and 
adaptability tests.

The stability test is a fundamental aspect of developing rice 
genotypes or varieties in a location (Reckling et  al., 2021). This 
enables the exploration of potential interactions among varieties, 
environments, and growing seasons through systematic statistical 
analysis (Oladosu et  al., 2017; Reckling et  al., 2021; Pour-
Aboughadareh et al., 2022). Previously, Jaruchai et al. (2018), Al-
kordy et al. (2019), Sitaresmi et al. (2019), Akbar et al. (2021), Rawte 
et  al. (2021), Aswidinnoor et  al. (2023), and Lee et  al. (2023) 
conducted stability analysis on potential rice strains. These stability 

analyses are focused on the approach of comparing a genotype to the 
population average at a particular location. This concept is 
continually being developed, both parametrically and 
non-parametrically, and is adapted to field cases, thereby increasing 
the accuracy level of interpretation (Pour-Aboughadareh et  al., 
2022). However, the general concepts used in this analysis were 
independent with a lack of quantitative synchronization, showing 
the need for optimization through an index-based method. Cinelli 
et  al. (2021) stated that index development and ranking offered 
effective means of decision-making based on various criteria. 
Greveniotis et al. (2023), Lee et al. (2023), and Utami et al. (2023) 
reported the use of the index in stability analysis for rice and fava 
beans, respectively. These indices use several approaches, such as the 
yield stability index (YSI), which focuses on a semi-objective 
assessment of the importance of the Shukla stability analysis (Kang, 
1993). Another approach is the additive main effects and 
multiplicative interaction (AMMI) stability index (ASI), which 
assesses genotypes based on the interaction between genotype 
eigenvalues on PC1 and PC2 in the AMMI analysis (Jambhulkar 
et al., 2014). However, index development should not only focus on 
plant stability potential but also consider yield aspects, both of which 
could be achieved through the adaptability index method.

The adaptability index is an assessment approach that combines 
the yield potential of a genotype with its special trait’s potential 
(Anshori et al., 2021), including the potential for stability. According 
to Deng et al. (2023) and Rahimi and Debnath (2023), index-based 
variety assessment is more comprehensive than relying solely on 
independent stability analysis. This shows that assessing adaptability is 
a solution to see the potential performance of a genotype in several 
locations. The development of adaptability concept based on stability 
was pioneered by Kang (1993), who combined the potential stability of 
Sukhla with the productivity of the tested genotypes. In addition, 
Farshadfar (2008) and Utami et al. (2023) also used an assessment of 
adaptation potential by combining AMMI and productivity ranking. 
However, both index concepts are only based on a non-parametric 
approach and focus on one stability approach. This is considered less 
effective in describing the adaptation potential of a genotype, so 
optimizing the development of a more complex adaptation index 
through a combination of various approaches to stability and 
productivity performance needs to be carried out. Optimization of 
adaptability index development seems to be  a viable strategy for 
assessing the potential of early-maturing rice varieties in South 
Sulawesi. Therefore, this study aims to develop a comprehensive 
adaptability index in assessing the potential of early-maturing rice 
varieties and identify the best varieties to support the CI 400 program 
in South Sulawesi, a location with significant opportunities for 
rice development.

2 Materials and methods

This study was conducted in three mapped districts based on 
climatological zones and production potential. Tangke Bajeng Village, 
Gowa Regency, represents the climatological zone for the west coast 
with coordinates 5°18′3.020″ S, 119°26′30.833″ E. Meanwhile, the east 
coast climatological zone comprised Pajekko, Bone Regency, with 
coordinates 4°36′30.971″ S, 120°17′41.633″ E and Lalabata, Soppeng 
Regency, with coordinates 4°20′44.693″ S, 119°54′54.029″ E. These 
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three were selected based on the potential for rice production in South 
Sulawesi, and all exploration activities were performed in two growing 
seasons from January to April 2022 (the 1st season) and June–
September 2022 (the 2nd season), with the rainfall pattern rhythm of 
the locations depicted in Figure 1.

2.1 Experimental design

This study used a nested randomized complete block design, 
with organized replications in six environments consisting of three 
locations × two seasons. Five early-maturing varieties, including 
Padjajaran, Cakrabuana, Inpari 13, Inpari 19, and M70D, as well as 
two check varieties comprising Ciherang and Inpari 32, were tested 
in each environment. Subsequently, each factor was repeated three 
times at each location, generating 126 experimental units. The 
selection of the five early maturing rice varieties was based on 
recommendations from the Ministry of Agriculture regarding their 
maturity and productivity potential in several regions, especially on 
Java Island (Barokah et al., 2021; Subekti and Umar, 2022). However, 
the potential comparison in South Sulawesi has not been studied, 
so the study of the five varieties was carried out as a preliminary 
study. Meanwhile, the selection of the Ciherang and Inpari 32 
varieties as a comparison was based on the high demand for seeds 
of these two varieties in South Sulawesi (Sitaresmi et  al., 2023; 
Qadir et al., 2024).

2.2 Research procedure

The procedure in this study started with land processing into mud 
form through plowing and ponding, followed by mapping adjustment 

to the number of experimental units in one environment. The plot size 
was determined using a meter of 3.5 m × 3.5 m, with a 1-m gap 
between replicates. Simultaneously, the seed-sowing process was 
conducted by inducing sprouts for 2 × 24 h before sowing in the 
seedbed. After 15 days, the seedlings were transferred to the field with 
a spacing of 20 cm × 20 cm, resulting in 416 plants per plot, and were 
maintained according to the method by Anshori et al. (2019).

Rice maintenance activities included replanting, weeding, 
irrigation, fertilization, and pest management. Replanting was 
performed 7 days after planting to replace dead seedlings and adjust 
varieties, with weeding conducted mechanically and chemically after 
30 days. The mechanical process required removing weeds around the 
plant, and the chemical process was carried out by spraying herbicides 
using a sprayer. Irrigation was initiated 20 days after transplanting 
(6 days following initial fertilization) by pouring water into the 
experimental field until the height reached ±5 cm above the soil 
surface. This activity was stopped during the second fertilization, 
allowing the soil to reach wetness similar to clay. Irrigation was 
resumed 5 days after fertilization, and during the primordial phase, 
water levels were raised to ±10 cm from the soil surface to suppress 
the growth of new tillers. NPK fertilizer was applied at a ratio of 
200 kg N:100 kg P2O5:100 kg K2O after 14 days of planting, and the 
second stage of fertilization used urea after 35 days.

Pest and disease management were performed in the morning by 
sprinkling and spraying molluscicide chemicals. This process was 
adjusted to pests or pathogens attacking rice plants according to the 
respective phenological phase. Finally, harvesting was conducted 
manually using a sickle to collect ripe grains into sacks when 2/3 of 
the panicle had entered the physiological maturity phase (yellowing 
straw) and rice grains at the panicle base were hardened. During 
harvesting, data were obtained by observing the plant parts before 
inclusion in the sample bag.

FIGURE 1

The rainfall pattern on all locations of this study (2022 year).
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2.3 Observation parameters and data 
analysis

The examination of data in this study focused on yield 
characteristics and started with an ANOVA, followed by stability and 
heritability tests. The stability test used the Finlay and Wilkinson 
(1963); Eberhart and Russell (1966), Kang, and AMMI plot methods 
with PBSTAT software (Sitaresmi et al., 2019; Aswidinnoor et al., 
2023). The selection of the stability approach was based on the 
intersection of several commonly used research reports and a 
combination of representative non-parametric and parametric 
approaches (Sitaresmi et al., 2019; Pour-Aboughadareh et al., 2022). 
Stability test results were continued with the stability rank index (SRI), 
derived from a combination of rankings from each stability analysis. 
SRI applied the min-max standardization (SRIMMS) method to 
combine ranking data from all stability analyses or the sum of stability 
rank (SSR). Next, SRIMMS was combined with a yield that has been 
standardized to develop an it is the adaptability index. The formula of 
this SRI_MMS and Adaptability Index was as follows:

 
SRI SRI SRI

SRI SRIMMS
i=
−
−

min

max min  
(1)

 
Adaptability Index SRI Y Y

Y YMMS
i

 = −
−
−

min

max min  
(2)

where, SRIi  = sum rank of the i object, SRImin  = the lowest sum 
rank, SRImax = the highest sum rank, Yi = mean value of the object i, 
Ymin = the lowest mean value, and Ymax  = the highest mean value. 
Moreover, the adaptability index was developed based on two 
concepts, namely, per season and year, which were both differentiated 
by yield value used. The seasonal adaptability index was derived from 
the average yield, while the adaptability index per year incorporated 
yield based on the annual potential cropping index. This adaptability 
index per year was closely related to the harvest age of the genotypes 
tested. The index analysis results served as a comparison in 
determining the best early-maturing varieties for South Sulawesi. 
Finally, to increase the accuracy of assessing the potential of early-
maturing rice varieties, the stability ranking index, adaptation index 
per season, and adaptation index per year were also linked to 3D plot 
mapping via Rstudio version 2024.04.0 + 735 with the scatterplot3d 
package. Meanwhile, the overall flow of this study methodology is 
shown in Figure 2.

3 Results

Table 1 shows the results of variety testing at several locations in 
two seasons in 2022. Each of the seasons, locations, and varieties 
factors as well as the interactions between seasons-locations, varieties-
seasons, varieties-locations, and varieties-seasons-locations 
significantly affected yield. This phenomenon suggested that diverse 
local varieties had various interaction dynamics in the same and 
different seasons. The dynamic variations necessitated the systematic 
analysis of the performance of early-maturing rice varieties in each 
environment based on interactions between environments 
and seasons.

The yield of early-maturing rice varieties against locations and 
seasons is presented in Table 2. Bone planting locations in the first 
season showed the highest average yield compared to other 
environments. However, the lowest average yield was observed in the 
Gowa district in the first season. Different seasons had various 
impacts on yield, as the first growing season was relatively better than 
the second in the Gowa and Soppeng districts. The Gowa district 
recorded the highest yield in the second growing season. Additionally, 
Inpari 32 was a variety with the best yield performance compared to 
other rice types. The M70D had the lowest yield, but in some 
locations, this variety and Inpari 19 produced a similar result. 
Moreover, all locations showed high heritability with a value greater 
than 50%, particularly, the Bone location recorded the 
highest heritability.

The results of the Finlay–Wilkinson, Eberhart–Russel, and Kang 
stability analysis are shown in Table  3. Through the evaluation 
performed using the Finlay–Wilkinson method, all varieties and the 
comparators had average stable yield, except for the Padjajaran early 
maturing rice variety (bi = 0.7). In contrast, based on Eberhart–
Russell’s deviation from regression (s2

di) parameter, all varieties were 
considered to have unstable yield. Kang’s stability method showed that 
Inpari 32 (YSi = 2) was deemed to have the best stability rating, 
followed by Ciherang (YSi = 1) and Inpari 13 (YSi = −1).

According to Figure 3, the Additive Main Effects and Multiplicative 
Interaction (AMMI) analysis results are presented in two-dimensional 
forms. Gowa 1, Soppeng 2, and Soppeng 1 were found to be relatively 
stable compared to other environments. Based on varietal potential, 
Inpari 13 was the only genotype in the stability circle, followed by 
Ciherang and Inpari 19 varieties. Meanwhile, the specific variety with 
low AMMI stability was observed in the Padjajaran location.

The results of the entire stability analysis were converted into SRI 
and Adaptability Index, as shown in Table 4. The Padjajaaran variety 
(0.75) had the highest SRI, followed by Cakrabuana (0.5) and Inpari 32 
(0.5), while Inpari 13 (0.29) had the lowest SRI. The highest adaptability 
index belonged to Inpari 32 (0.5), followed by Ciherang (0.44) and Inpari 
13 (0.14), while the lowest was generated by the M70D variety (−0.41).

The potential harvesting age of each genotype was presented in 
Table 5, showing that Inpari 32 (116.0 days) had the longest harvesting 
age, followed by Ciherang (108.8 days). In contrast, the M70D variety 
(91.3 days) was the slowest, followed by Inpari 19 (93.1 days). These 
age results were converted into the harvest index, where M70D had 
an optimal CI 400 potential. Other varieties, such as Cakrabuana, 
Inpari 13, Inpari 19, and Padjajaran, had CI 400 potential under the 
growing condition of the seedling system. Meanwhile, the Padjajaran 
variety showed the most significant projected annual production 
potential, with a value of 28.24 tons per ha, and the Ciherang variety 
presented the lowest value at 23.37.

The results of the interaction between SRI_MMS and yield per year 
formed the annual adaptability index, as presented in Table 6. Varieties 
with a positive annual adaptability index included Cakrabuana (0.31), 
Inpari 13 (0.55), and Padjajaran (0.25). In contrast, M70 D (−1.27), 
Inpari 32 (−0.38), Inpari 19 (−0.43), and Ciherang (−0.46) had negative 
adaptability index values. Meanwhile, based on the adaptation 
relationship (Figure 4), Cakrabuana and Inpari 13 are in the same group 
with good potential on all three indices [SRI, Adaptability Index per 
Season (AIS), and Adaptability Index per Year (AIY)]. Inpari 32 and 
Ciherang are in the same group with good SRI and AIS potential. The 
Padjajaran variety is in a separate group with good SRI and AIY potential. 
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The M70D variety also has good SRI potential. On the other hand, Inpari 
19 is also grouped alone with low potential on these three indices.

4 Discussion

The results of the multi-site analysis showed significant 
differences between locations and seasons due to the disparities in 
rainfall patterns and agroecosystems, which varied between 
locations, particularly Gowa (Figure 1). The location of Gowa has a 
climatological profile contrasting with that of the Bone and Soppeng 
districts. According to Gérardeaux et al. (2021) and Rezvi et al. 

(2023), differences in rain patterns greatly determine the potential 
for crop production, especially rice as a C3 crop. Rice requires a 
high amount of water with sufficient light levels (Materu et al., 2018; 
Mallareddy et al., 2023). These optimal conditions can support rice 
production potential. On the other hand, if water conditions are 
lacking or sunlight is less intense, then the production potential will 
not be optimal or tends to be much different from the potential 
yield of the variety (Mallareddy et al., 2023; Loaiza et al., 2024). 
Especially for early-maturing rice varieties, the distribution pattern 
of water adequacy in these varieties is very important because they 
have a period of rapid change from phase to phase (Yun et  al., 
2023), so the influence of the seasons and their interactions on the 

FIGURE 2

Flowchart of this study methodology.
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variety will be  very large in early-maturing rice varieties. 
Furthermore, differences in soil conditions, especially in the Gowa 
area compared to the Bone and Soppeng areas, cause significant 
differences between environments. The land used for planting in 
Bajeng, Gowa Regency, contains sedimentary or alluvial soil near 
the coast, while Soppeng and Gowa are situated close to the 
mountains. These differences made all interactions significantly 
affect the response of early-maturing rice yield. A real interaction 
would influence the specific potential of variety in the growing 
environment, including both the location and season (Satoto et al., 
2016; Oladosu et al., 2017; Sharifi et al., 2017; Krishnamurthy et al., 
2021; Senguttuvel et al., 2021). This served as evidence that the 
current study conducted a deeper analysis of the potential stability 
of optimal early-maturing rice yield.

The potential of Bone Regency for rice production was highly 
recommended during the evaluation process. This was observed from 
the average yield potential and yield heritability per location. 

Determining yield heritability per location is very important in 
assessing the potential of a location as part of the experimental 
environment. Generally, higher heritability promotes the evaluation 
process accuracy in assessing the potential of variety (Tal, 2012; Khan 
et al., 2022; Zaid et al., 2022), including the interaction made with the 
environment. Therefore, Bone Regency was optimally recommended 
as a suitable environment for testing rice yield potential in South 
Sulawesi, specifically on the east coast.

The results showed that the Inpari 32 variety had the highest 
yield potential in most locations, followed by Ciherang. These 
results were reported by both Agustian et al. (2022) and Qadir et al. 
(2024). Inpari 32 and Ciherang were found to be relatively long-
lived with a more extensive phenotype than early-maturing rice 
varieties. This difference was observed by Musa et al. (2023) during 
fertilizer dose evaluation in early-maturing varieties and by 
Aswidinnoor et al. (2023) while testing new rice types in Indonesia. 
In general, rice age is primarily assessed with the vegetative phase 
(Paiman et  al., 2022; Sheng et  al., 2022; Afa et  al., 2023). The 
vegetative phase determines the potential photosynthetic area of 
plants (Hidayati et al., 2016; Paiman et al., 2022), leading to low 
yield among plants with shortages. However, under certain 
conditions, the potential of these early-maturing varieties can 
be  optimized with specific interactions manifested. This study 
identified that the potential yield of early-maturing varieties in 
some locations nearly exceeded the potential yield of Inpari 32 and 
Ciherang. Early-maturing rice varieties with high potential values 
were Padjajaran, followed by Inpari 13. Additionally, the potential 
yield of the Padjajaran variety was reported by Surdianto et  al. 
(2021), Syafruddin et al. (2023), and Musa et al. (2023). Based on 
this, stability and specific interactions of the yield of early-maturing 
rice varieties were tested.

The variety stability test in this study used several dynamic 
methods to assess the response of all examined genotypes. This aims 
to strengthen the determination of variety stability levels because 
each method has unique advantages and specifications 
complementing one another (Oladosu et al., 2017; Jaruchai et al., 

TABLE 1 ANOVA of generated yield vs. seasons, locations, and varieties.

Source Degrees of 
freedom

Mean 
square

p value

Season (S) 1 5.76* 0.0229

Location (L) 2 68.29** 0.0000

S×L Interaction 2 42.15** 0.0000

Variety (V) 6 10.58** 0.0000

V×S Interaction 6 1.85** 0.0020

V×L Interaction 12 3.66** 0.0000

V×S×L Interaction 12 4.93** 0.0000

Error 0.47

Coefficient of variation = 9.90%

DF, Degrees of freedom; CV, Coefficient of variance; *significant at 5% level, **significant at 
1% level, p value = the probability under the assumption of no effect or no difference (null 
hypothesis), 0.05 > p value > 0.01 is significant at 5% level, and 0.01 > p value is significant at 
1% level.

TABLE 2 Average yield per location and combination.

Genotype The Yield (ton ha−1)

Bone_1 Bone_2 Gowa_1 Gowa_2 Soppeng_1 Soppeng_2 Variety 
means

Cakrabuana 8.37 7.04b 3.93cd 7.91ab 7.34b 6.36 6.83

Ciherang 9.74 10.08a 5.82ab 5.89c 9.13a 6.08 7.79

Inpari 13 8.61 8.16b 4.32bcd 5.22c 8.40ab 6.55 6.87

Inpari 19 8.22 4.96c 3.08d 6.47bc 7.66ab 5.74 6.02

Inpari 32 9.56 11.01a 6.57a 5.74c 8.49ab 6.55 7.99

M70D 8.91 4.96c 4.23bcd 5.81c 6.98b 5.27 6.03

Padjajaran 8.21 6.48bc 4.87bc 8.81a 7.80ab 6.17 7.06

Env mean 8.80 7.53 4.69 6.55 7.97 6.10
6.94

Loc means 8.16 5.62 7.04

HSD 0.05 1.70 1.70 1.70 1.70 1.70 1.70 1.70

CV (%) 0.64 14.22 20.43 7.75 7.80 5.73 9.90

H2 mean (%) 99.73 93.16 78.00 95.03 76.62 81.28 64.06

HSD, Tukey’s honestly significant difference; CV, Coefficient of variance; Env, Environment; Loc, Locations; H2, Heritability; _1, The first season; _2, The second season.
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2018; Pour-Aboughadareh et al., 2022; Lee et al., 2023). The Finlay–
Wilkinson and Eberhart–Russel methods are an essential 
combination in estimating genotype dynamic stability through the 
regression response of each object and error on the regression line 
(Satoto et  al., 2016; Jaruchai et  al., 2018; Sitaresmi et  al., 2019; 
Aswidinnoor et al., 2023). This suggests that stable genotypes respond 
linearly to changes in the environment, and the changes have a strong 
precision level characterized by a slight error deviation of the 
regression line. Varieties M70D, Inpari 13, Cakrabuana, and Inpari 
19 were genotypes considered relatively stable from the combination. 
However, in the Eberhart–Russell analysis, the values of the four 
varieties were declared unstable. These four had standard error values 
compared to the check varieties Inpari 32 and Ciherang; hence, 
M70D, Inpari 13, Cakrabuana, and Inpari 19 were described as early-
maturing varieties with good stability based on the combination. The 
potential of the four varieties was affirmed by the Kang and AMMI 
methods, which identified Inpari 13 as a stable variety with good 
yield potential. This assessment is supported by the Kang stability 

value, which is close to positive compared to other early-maturing 
varieties. Kang’s method offers the advantage of providing a rough or 
subjective midpoint between stability and yield (Sitaresmi et al., 2019; 
Pour-Aboughadareh et al., 2022).

The AMMI method also reinforces the stability evaluation concept 
by using the principal component analysis (PCA) to partition the 
genetic–environment interaction (GEI) diversity into simpler 
dimensions while retaining most of the original diversity (Adjebeng-
Danquah et al., 2017; Sharifi et al., 2017; Sitaresmi et al., 2019; Pour-
Aboughadareh et  al., 2022). This is enhanced by using the biplot 
method to visualize simplified interaction dimensions (Sharifi et al., 
2017; Senguttuvel et  al., 2021; Pour-Aboughadareh et  al., 2022), 
facilitating the identification of genotype stability based on the central 
axis coordinates. Inpari 13 was found as the only variety with 
coordinates close to the central axis, suggesting that it had stability 
toward the compaction of diversity and decomposition of interactions 
in all environments. Meanwhile, the Padjajaran variety showed 
environment-specific potential in Gowa during the second season, 
making it recommended for cultivation in Gowa. This study identified 
Inpari 13 as the most stable early-maturing variety, and the conducted 
analysis was further refined objectively through the adaptability 
index value.

Adaptability index development in this study focused on ranking 
and min-max standardization to improve the classification of 
potential combinations of stability and yield (Cinelli et  al., 2021; 
Shantal et al., 2023). The use of this index serves as a midpoint for 
combining data of different natures, as demonstrated in this study. 
The stability index is an accumulation of rankings from several 
stability analysis approaches, resulting in non-parametric data (Pour-
Aboughadareh et  al., 2022; Utami et  al., 2023). Meanwhile, the 
resulting data are continuous and parametric (Pour-Aboughadareh 
et al., 2022). The combination of these two data needs to be bridged 
by looking at the potential max-min limits. This standardization will 
produce a data range of 0–1, allowing for the combination of the two 
(Cinelli et al., 2021; Shantal et al., 2023). The effectiveness of using 
min-max standardization for crop evaluation was reported by 
Blüthgen et al. (2006), Farid et al. (2020), and Noel et al. (2021), 
hence this systematic method was implemented in the adaptability 
index development.

The results also showed that Inpari 13 was an early-maturing rice 
variety with a good adaptability index per season. This index was less 
than the values obtained for Inpari 32 and Ciherang. The Cakrabuana 

TABLE 3 The yield stability testing based on Finlay–Wilkinson, Eberhart–Russel, and Kang’s analysis.

varieties Finlay and Wilkinson Eberhart and Russell Kang

bi Sig. Status s2
di Sig. Status YSi

Cakrabuana 0.93 ns AS 0.63 ** Not stable -6

Ciherang 1.2 ns AS 1.26 *** Not stable +1

Inpari 13 1.13 ns AS 0.47 ** Not stable -1

Inpari 19 1.1 ns AS 0.98 *** Not stable −10

Inpari 32 0.97 ns AS 2.54 *** Not stable +2

M70D 0.97 ns AS 0.85 *** Not stable −9

Padjajaran 0.7 * AAS 1.24 *** Not stable −2

bi, Regression coefficient (Finlay and Wilkinson, 1963); s2
di, Deviation from regression (Eberhart and Russell, 1966); YSi, Yield and stability index (Kang, 1993); Sig, Significance; ns, Not 

significant; ***significant at 0.1% level; **significant at 1% level; *significant at 5% level, AS, Average stability; AAS, Above average stability.

FIGURE 3

AMMI analysis of early-maturing rice varieties stability (PC, Principal 
component).
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TABLE 6 Adaptability index per year for some early-maturing rice 
varieties.

Variety SRIMMS Projected 
yield per 

year (PYY) 
(ton 

ha−1 year−1)

PYYMMS Adaptability 
index per 

year

Cakrabuana 0.50 27.32 0.81 0.31

Ciherang 0.46 23.37 0.00 −0.46

Inpari_13 0.29 27.48 0.84 0.55

Inpari_19 0.58 24.08 0.15 −0.43

Inpari_32 0.50 23.97 0.12 −0.38

M70D 0.42 24.12 0.15 −0.27

Padjajaran 0.75 28.24 1.00 0.25

SRI, Stability rank index; MMS, Min-max scaling.

variety could be categorized as good despite possessing a negative 
adaptability index. The index value of standardization close to 0 
suggests that the response of a genotype is near the general average 
(Peternelli et al., 2017; Anshori et al., 2021; Rawte et al., 2021), making 
it worthy of consideration in the selection process. In contrast, the 
Padjajaran variety had a low adaptability index value. In this study, the 
adaptability index method provided a reasonably objective penalty for 
genotypes that were not consistent with stability and yield potential. 
The adaptability index is effective in dynamically assessing genotype 
stability and yield potential, but it needs to be developed based on the 
cropping index.

Based on plant age evaluation, all early-maturing rice can 
be optimized for planting four times per year through a program 
known as Cropping Intensity (CI) 400, while the check varieties are 
limited to 2–3 seasons. This showed that the annual yield of the check 
varieties Inpari 32 and Ciherang was less than optimal despite 
possessing a good adaptability index per season. Early-maturing 
varieties can increase yield potential to exceed the value observed 
among the two comparators through the CI 400 program. Most of 
these varieties require an abducted seedling system or seedling before 
harvest to reach CI 400, except for M70D, which often matures very 
early (Palobo et al., 2019). Due to the adaptability index manifested 
in one season, M70D is classified as highly non-adaptive and 
dependent on environmental conditions. These characteristics were 
reflected by the high yield observed during the first season in the 
Bone location, while the lowest was recorded in the second season, 
suggesting the unsuitability of M70D for the CI 400 system, 
specifically on a repetitive basis. The ineffectiveness of M70D was 

further reflected by the negative adaptability index per year found in 
this variety, along with Inpari 19 and the two comparators, namely 
Inpari 32 and Ciherang. Inpari 13, Cakrabuana, and Padjajaran were 
varieties with a positive annual adaptability index, supporting the 
recommendation of Inpari 13 and Cakrabuana for the CI 400 
planting system in South Sulawesi. Additionally, Padjajaran had good 
potential and responsive traits, leading to the suitability of this variety 
for specific environmental requirements, such as in the Gowa 
location. This result is also supported by Musa et al. (2023), where the 
Cakrabuana and Inpari 13 varieties have good consistency in 

TABLE 4 Adaptability index for several rice varieties.

Variety Stability rank SSR SRIMMS Yield (ton 
ha−1)

YieldMMS Adaptability 
index

bi s2
di YSi AMMI

Cakrabuana 3 2 5 6 16 0.50 6.83 0.4112 −0.09

Ciherang 6 6 1 2 15 0.46 7.79 0.8985 0.44

Inpari 13 5 1 4 1 11 0.29 6.87 0.4315 0.14

Inpari 19 4 4 7 3 18 0.58 6.02 0.0000 −0.58

Inpari 32 2 7 2 5 16 0.50 7.99 1.0000 0.50

M70D 1 3 6 4 14 0.42 6.03 0.0051 −0.41

Padjajaran 7 5 3 7 22 0.75 7.06 0.5279 −0.22

bi, Regression coefficient (Finlay and Wilkinson, 1963), ranks are relative to b = 1, s2
di = deviation from regression (Eberhart and Russell, 1966); SSR, Sum of Stability Rank; SRI, Stability Rank 

Index; MMS, Min-max scaling.

TABLE 5 Projected yield per year for some early-maturing rice varieties.

Varieties Yield (ton ha−1) Harvest age 
(days)

Harvest index Status Projected yield (ton 
ha−1 year−1)

Cakrabuana 6.83 97.1 3.76 CI 400 with fast sowing 27.30

Ciherang 7.79 108.8 3.35 Optimal CI 300 23.37

Inpari 13 6.87 99.1 3.68 CI 400 with fast sowing 27.50

Inpari 19 6.02 93.1 3.92 CI 400 with fast sowing 24.08

Inpari 32 7.99 116 3.15 Optimal CI 300 23.96

M70D 6.03 91.3 4.00 Optimal CI 400 24.11

Padjajaran 7.06 97.8 3.73 CI 400 with fast sowing 28.24

CI, Cropping intensity.
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responding to NPK fertilization in the Bone and Gowa environmental 
interactions. This phenomenon indicates that planting early-maturing 
rice varieties such as Inpari 13 and Cakrabuana can be widely carried 
out under random nutritional conditions, especially in two climate 
zones in South Sulawesi. The use of these two varieties will correlate 
with the stability of farmer income. Areas with optimal water 
potential per year will be in accordance with the CI 400 program, 
where Inpari 13 and Cakrabuana are the main varieties. Meanwhile, 
rainfed land still has the potential to plant 1–2 times per year, which 
can be optimized to 2–3 times per year by utilizing the early maturing 
varieties Inpari 13 and Cakrabuana (Sulaiman et al., 2019; Oue and 
Laban, 2020). However, this research still needs to be  studied 
extensively considering the limitations of covering the data and 
analysis process in this research.

The limitations of this research are closely related to three aspects. 
The first aspect is the wide diversity of genotypes tested. The 
genotypes used in this research are still limited to early-maturing rice 
varieties that have been released by the Indonesian government. The 
use of other genotypes, whether from the breeding process, results of 
exploration, or introduction, can be  used as material for wider 
studies. However, the potential of these five varieties could be the first 
step in developing an adaptation index to support the CI 400 
program. The second aspect of limitation is the development of other 
climate patterns in South Sulawesi, where the development of this 
concept has not yet reached the transition climate area. It is possible 
that the transition climate has a different response pattern from the 
two climate patterns in this study. However, this pattern will not have 
a drastic impact because water availability in the transition area is 
sufficient throughout the year (Yassi et al., 2023), so research focuses 
more on the two western and eastern climate zones. In addition, the 
two zones in this study can be a general representation of several 
regions outside Sulawesi where climate patterns are relatively similar. 
The third limitation is the development of stability analysis that does 
not yet include machine learning concepts. The development of 

machine learning analysis has become a development that is widely 
used in various fields (Kobler and Ademic, 2000; Chang and Lin, 
2011; Pham et al., 2017; Guo et al., 2021, 2022, 2023). This potential 
analysis requires more precise data with wider dimensions so that the 
accuracy of the assessment can be better (Guo et al., 2021, 2022, 
2023). This can be used as reference material in the future to analyze 
the concept of stability more precisely, including in assessing the 
adaptation potential of early-maturing rice varieties. However, the 
analytical concept in this research has become a sufficient initial basis 
for overcoming the problem of assessing the adaptability of early-
maturing rice varieties. Therefore, the results of this research, both 
from the analysis concept and determining the adaptability of 
varieties, can be a reference and recommendation for sustainable 
early maturing rice cultivation.

5 Conclusion

In conclusion, this study identified the use of several climatological 
zone-based environments in South Sulawesi to be very effective in 
assessing the potential stability of early-maturing rice varieties. 
Moreover, the assessment of adaptability achieved through the index 
method, derived from a combination of various stability analyses, 
could serve as a reference in evaluating the potential yield and stability 
of early-maturing rice varieties, both per season and year. Inpari 13 
and Cakrabuana are recommended as stable and adaptive early-
maturing rice varieties suitable for the CI 400 program. The Padjajaran 
variety showed potential adaptability, but it exhibited specificity for 
certain locations, particularly in Gowa Regency. Therefore, these three 
varieties needed broader investigation, specifically in the transitional 
climatological zone of South Sulawesi.

Resource identification initiative: the project uses STAR 2.0.1 from 
IRRI, PBStat 3.1, and Excel Office 2016 version for varieties resources 
from the rice seed market in Indonesia.

FIGURE 4

Adaptability relationship among stability rank index, adaptability index per season, and adaptability index per year.
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