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Article Info Abstract: Agrobiodiversity is critical to agroecosystem health, and a key source 
of agrobiodiversity is farmers’ varieties. Reintegration of these resources into 
agroecosystems requires improving their knowledge base, including the creation 
of crop models. One underutilized farmers’ variety is Loka Pere, a local banana 
(Musa spp.) found in Adolang and Adolang Dhua villages, Majene Regency, West 
Sulawesi. The purpose of this study was to create a simple growth model 
simulating Loka Pere’s growth response to soil macronutrient concentrations 
across three traditional growth environments. Soil samples were collected and 
analyzed for Ntot, Corg, C:N, pH, Pav, Kexc, Naexc, Caexc, Mgexc, and CEC. Plants 
were measured for pseudostem circumference at the plant base and 1 meter height, 
plant height, and hands per bunch at three growth phases. Principal component 
analysis was used to define a productivity index. Multiple linear regression 
models and non-linear generalized additive models were fit utilizing soil 
parameters as input variables and growth parameters individually as response 
variables. Growth models varied in goodness of fit (R2 = 0.11 to 0.69). The most 
important soil variables for Loka Pere growth were Ntot, Caexc, and CEC, and the 
most important soil variables for yield were pH, CEC, and Pav. The growth 
responses of Loka Pere to the availability of certain nutrients differed from 
responses found in studies on other varieties. 
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1. Introduction  

Crop diversity can contribute to improved farm income (LaFevor, 2022) and resilience (Mofya-
Mukuka and Hichaambwa, 2018). Increased intraspecific crop diversity in particular has been shown to 
generate higher relative yield and yield stability compared to monocultures (Reiss and Drinkwater, 
2018). However, in the last 60 years, global agriculture has shifted towards increasing homogeneity, 
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with crops bred to be ecological generalists supplanting localized crops (Pingali, 2019; Khoury et al., 
2022). From a global perspective, a relatively homogenous food supply has developed that is species-
poor and low in cultivated intraspecific diversity, leading to the risk of reduced nutritional and food 
security (Khoury et al., 2014). 

Yet there are still areas where historic crop diversity is preserved. Many smallholder farmers 
utilize a diversity of locally adapted crops and varieties in environmental niches for their agronomic 
characteristics, ecological function, or cultural value (Massawe et al., 2015; Pingali, 2019; Khoury et 
al., 2022). These crops and crop varieties are often called neglected and underutilized (NU) plants, 
landraces, or farmers’ varieties, and they represent a source for improved agricultural diversification 
(FAO, 2019, Mustafa et al., 2019).  

Many NU farmers’ varieties are nutrient dense, stress tolerant, and disease resistant (Ficiciyan 
et al., 2018; Tadele, 2019; Li et al., 2020). It is thought that the reincorporation and increased utilization 
of NU farmers’ varieties in agricultural systems can help improve nutrition, food security, and food 
sovereignty, increase climate and market resilience, and alleviate poverty (Mustafa et al., 2019; Padulosi 
et al., 2019; Li et al., 2020).  

Bananas and plantains (Musa spp.) are some of the most widely cultivated fruit crops (FAO, 
2023) and possess high intraspecific diversity, with over 1500 cultivars (Van den houwe et al., 2020). 
Musa spp. diversity has undergone similar shifts to other major crops, with modern varieties now 
dominating homogeneous cultivation systems (Chabi et al., 2018). More than 95% of bananas 
(excluding plantain) grown for export are of the AAA ‘Cavendish’ subgroup. However, this production 
only accounts for 50% of all banana production and about 15% of total Musa spp. production (CAB 
International, 2010a; FAO, 2023). Many smallholder farmers continue to cultivate farmers’ varieties of 
Musa spp. (Kilwinger et al., 2019).  

A center of origin for Musa spp. diversity is in Indonesia (Perrier et al., 2011), where 25 crop 
wild relatives and landraces of Musa spp. have been reported (Rahman et al., 2019). However, not all 
varieties of Musa spp. in Indonesia have been classified (Suryani and Owbel, 2019; Hapsari et al., 2022), 
so this diversity is likely higher. Sulawesi is a major area of banana and plantain production within 
Indonesia. Here, in the villages Adolang and Adolang Dhua of Pamboang District, Magene Regency, 
West Sulawesi, is found the endemic farmers’ variety Musa x paradisiaca Linn. cv “Loka Pere”, or 
Loka Pere. In the local language “Loka” means banana and “Pere” means crooked. Loka Pere has a 
unique phenology where the bunches face upwards and the fruits are bent with a pointy tip. (Sirappa et 
al., 2023). 

Loka Pere has been managed locally for generations, but in 2016 was under threat of extinction 
(BPTP, 2016). However, it has high cultural value and a variety of beneficial characteristics such as 
disease resistance, long shelf life, and tolerance for dry conditions (BPTP, 2016; Nurhafsah et al., 
2022a). A nutritional analysis of Loka Pere has revealed its potential as a functional food. (Nurhafsah 
et al., 2022b). Local conservation projects were initiated for Loka Pere in 2017, and in 2018 it was 
registered at the Center for Plant Variety Protection as a local genetic resource (PPVT, 2018). In 2022 
it was registered at the West Sulawesi Institute for Implementation of Agricultural Instrument Standards 
and the Ministry of Law and Human Rights as communal intellectual property (Dir. Kerjasama dan 
Pemberdayaan KI, 2022).  

Because of the above characteristics, increased utilization of Loka Pere may have a positive 
impact on livelihood (Padulosi et al., 2018 and 2019). One of the challenges to achieving the 
reintegration of NU crops is limited knowledge systems (Mustafa et al., 2019; Borelli et al., 2020). 
Sustainable conservation and utilization of a farmers’ variety requires the development of its knowledge 
base, including agro-botanic assessments (FAO, 2019; Brown et al., 2020). Crop growth models can be 
helpful tools in shrinking knowledge gaps related to agronomic and performance information 
(Karunaratne et al., 2015a and 2015b; Chimonyo et al., 2022).  

However, most major crop models are designed for particular modern cultivars (Wimalasiri et 
al., 2021), and NU crop models are sparse (Chimonyo et al., 2022). Farmers' varieties are a result of 
selection by local communities and often have undergone adaptation to ecological niches within an 
agricultural landscape (Hufford et al., 2019; Cortinovis et al., 2020). A consequence of the genetic 
diversity within landraces is that different varieties of a crop potentially have different responses to 
environmental variables (Ahumuza et al., 2015; Kissel et al., 2015; Blomme et al., 2020). For example, 
Depingy et al. (2016) modeled the growth, development, and yield of 7 plantain varieties, showing that 
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agronomic data and model parameter data differed between varieties. Another feature of many crop 
models that may hinder their effective application to varieties is that they assume homogeneity of soil 
variables across a region (Lopez-Jimenez et al., 2021) and rely on databases instead of observed data 
(Wimalasiri et al., 2020).  

So, although process based growth models exist for Musa spp. (Tixier et al., 2004 and 2008; 
Damour et al., 2012), they were developed for Musa sp. AAA cv Cavendish ‘Grande Naine’ under close 
to ideal growth conditions and have been criticized for being complex and costly (Jayasinghe et al., 
2022). Mathematical models represent a different approach to addressing these knowledge gaps. One 
common approach to mathematical modeling for Musa spp. is multiple linear regression (MLR), which 
has shown a high degree of accuracy and agronomic relevance (Jayasinghe et al., 2022). The most 
common input variables for Musa spp. models are bioclimatic (Blomme et al., 2020), however, soil 
variables can produce effective models (Taulya, 2013; Olivares et al., 2022). Biotic interactions also 
influence Musa spp. growth (Ortas et al., 2017; Maues et al., 2022), but are outside of the scope of this 
study. 

The purpose of the present research is to develop the knowledge base of Musa x paradisiaca 
Linn. cv ‘Loka Pere’ in order to support its conservation and utilization by the local community. 
Specifically, regression models were created simulating the plant’s growth response to soil 
macronutrient concentrations across three traditional growth environments.  

2. Material and Methods  

2.1. Study area 

The study was conducted in the villages of Adolang and Adolang Dhua (Figure 1). These 
villages are located at the geographical position 2o 40’ 26” S, 118o 54’ 26” E with an elevation of 79-
113 m above sea level (Sirappa et al., 2023). Study area maps were created using QGIS (QGIS, 2023). 
The climate of the region is dry (Ritung et al., 2016). Soil types in Majene Regency include aquic 
eutrudepts, lithic eutrudepts, typic eutrudepts, and vertic and typic Endoaquepts (Ritung et al., 2016; 
Nurhafsah et al., 2022a).  

Data collection spanned three land use types: (1) Loka Pere cultivation plots (Production plot), 
(2) plots where Loka Pere is a secondary crop (Integrated plot), and (3) areas with Loka Pere growing 
on marginal land (Marginal plot). In both villages, three of each site type were selected via purposive 
snowball sampling and documented via georeferencing (Table 1).  

 
Figure 1. Study area map. 
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Table 1. Sample site locations  

Site  Coordinates Village Site Type 
1 -3.428196, 118.887569 Adolang Dhua Productive  
2 -3.428251, 118.887902 Adolang Dhua Productive  
3 -3.428017, 118.887671 Adolang Dhua Productive  
4 -3.425444, 118.885887 Adolang Dhua Integrated  
5 -3.42545, 118.885644 Adolang Dhua Integrated  
6 -3.4259, 118.885747 Adolang Dhua Integrated  
7 -3.431059, 118.890879 Adolang Dhua Marginal  
8 -3.43074, 118.89077 Adolang Dhua Marginal  
9 -3.4307495, 118.8908343 Adolang Dhua Marginal 
10 -3.44543, 118.894594 Adolang Productive  
11 -3.445748, 118.894556 Adolang Productive  
12 -3.446009, 118.894333 Adolang Productive  
13 -3.444901, 118.89338 Adolang Marginal  
14 -3.444898, 118.893461 Adolang Marginal  
15 -3.444947, 118.893314 Adolang Marginal  
16 -3.444245, 118.896309 Adolang Integrated  
17 -3.444264, 118.89632 Adolang Integrated  
18 -3.444282, 118.89633 Adolang Integrated  

2.2. Data collection 

In each plot, nine soil sample points were selected using a simple random sampling design. Soil 
samples were collected using a soil core probe to rooting depth (40 cm). Samples from each site were 
composited and analyzed for total nitrogen (Ntot), soil organic carbon (Corg), carbon-nitrogen ratio (C:N), 
pH by H2O (pH), available phosphorus (Pav), exchangeable potassium (Kexc), exchangeable sodium 
(Naexc), exchangeable calcium (Caexc), exchangeable magnesium (Mgexc), and cation exchange capacity 
(CEC) at the Brawijaya University Faculty of Agriculture Soil Labs.  

Plants were measured at three growth stages, namely: (1) vegetative independent, (2) vegetative 
reproductive, and (3) bunch emergence. Growth measurements included: pseudostem circumference at 
base (BC), pseudostem circumference at 1 meter height (CBH), pseudostem height (HT), and hands per 
bunch (HPB). At each site, three Loka Pere plants from each growth stage were selected via stratified 
random sampling and measured for growth parameters.  

2.3. Data analysis 

Data analysis and modeling were done using R in RStudio (Posit Team, 2023). A Shapiro-Wilk 
test was used to evaluate data normality for each variable. Data uniformity was evaluated using single 
sample Kolmogorov-Smirnov tests.  

The differences within soil and growth variables between each site type were analyzed using a 
one-way analysis of variance (ANOVA). ANOVA results were checked via normality of residuals, 
Shapiro tests, eta squared, Levene tests, and post-hoc pairwise t-tests. Kruskal-Wallis rank sum tests 
were utilized to evaluate variables that violated the parameters of ANOVA.  

Principal component analysis (PCA) was used to combine plant growth variables and define a 
“productivity index” (PI) (Olivares et al., 2020). The eigenvalues for each canonical function were 
recorded, along with percent variance and standard deviation.  

2.4. Regression modelling 

Regression modeling was used to model Loka Pere growth based on soil nutrient availability 
(Figure 2). Multiple linear regression (MLR) models were fit utilizing soil parameters as input variables 
and growth parameters as individual response variables. When MLR models were insufficient, non-
linear generalized additive models (GAM) were utilized. Degrees of freedom for GAM models were 
limited to 3 or 4.  
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Figure 2. Regression modeling process. 

Input variables for each model were optimized by checking for multiple collinearities and using 
stepwise reduction. Performance was evaluated by calculating AIC, RMSE, R2, NSE, and MAE. The 
best performing models were stabilized via bootstrapping and reevaluated for performance metrics. 
Bootstrapping the models allowed the limitations of the relatively small sample size to be minimized. 

3. Results 

3.1. Soil nutrient evaluation 

The results of the soil analysis are listed in Table 2. Data for soil variables were normally 
distributed except for Kexc (W = 0.61, p-value = 0.00). The data for each soil variable was not uniform 
compared to a random normal distribution. For Corg, C:N, pH, Pav, Kexc, Caexc, Mgexc, and CEC values 
between site types were not significantly different.  

ANOVA revealed that there was a difference in Ntot between some land use types (F = 4.33, p 
= 0.03) (Figure 3). Production plots had the highest average Ntot, significantly different than Integrated 
and Marginal plots. There was not a statistically significant difference in Ntot between Marginal and 
Integrated plots. Eta-squared indicated a weak to moderate effect of site type on Ntot. 

Kexc showed statistically significant differences between site types using a Kruskal-Wallis test 
(chi-squared = 8.89, p = 0.01) (Figure 3). Production plots had the highest average Kexc, significantly 
different than Integrated and Marginal plots. There was not a statistically significant difference in Kexc 
between Integrated and Marginal plots. Eta-squared indicated a weak effect of site type on Kexc. 

Table 2. Soil analysis results  

Parameter1 Unit Production Integrated Marginal p-value2 eta-squared 
pH  6.533 ± 0.41 6.150 ± 0.35 6.150 ± 0.46 0.66 0.04 
Ntot % 0.112 ± 0.01 0.073 ± 0.01 0.075 ± 0.01 0.03* 0.37 
Corg % 1.482 ± 0.15 1.100 ± 0.10 1.157 ± 0.14 0.13 0.24 
C:N  13.44 ± 1.01 16.09 ± 1.72 15.47 ± 1.24  0.38 0.12 
Pav ppm 33.88 ± 8.03 45.37 ± 6.22 30.05 ± 6.22 0.13 0.15 
Kexc me 100g-1 2.572 ± 0.88 0.983 ± 0.09 1.153 ± 0.20 0.01* 0.27 
Caexc me 100g-1 17.50 ± 2.04 13.93 ± 2.33 18.66 ± 3.19 0.31 0.11 
Mgexc me 100g-1 0.390 ± 0.11 0.543 ± 0.12 0.587 ± 0.11 0.45 0.10 
CEC me 100g-1 40.27 ± 1.68 35.45 ± 3.56 43.17 ± 3.41 0.22 0.18 

1 Analysis method: Electronomy for pH; Kjeldahl for N; Walkley & Black for C; HCl 0.1N for P; NH4OAC 1N pH 7 for K, Ca, Mg, and CEC. 
2 Variance of pH, P, K, and Ca were analyzed with Kruskal-Wallis tests, and other soil characteristics were analyzed using ANOVA. 
* statistically significant at p < 0.05. 

Repeat for each parameter 
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Figure 3. Boxplots showing observed values of Ntot (%) and Kexc (me 100g-1) by site type (* indicates 

outliers).  

3.2. Measuring plant growth 

The results of the plant growth measurements are recorded in Table 3. Data for plant growth 
variables had normal distributions but were not uniformly distributed when compared to random normal 
distributions. ANOVA and Kruskal Wallis tests revealed significant differences between land use types 
for all growth variables (Figure 4). For all these differences, eta-squared indicates weak to moderate 
effects of site type on growth variables.  

Production plots had the highest average BC1, significantly higher than Integrated or Marginal 
plots. The difference between Integrated and Marginal plots was not statistically significant for 
BC1. Marginal plots had the lowest BC2, significantly different from Production or Integrated plots. 
There was not a statistically significant difference in BC2 between Production and Integrated plots. 
Production plots had higher average BC3 than Integrated plots, but the differences between Marginal 
plots and Production plots or Integrated plots were not statistically significant. 

CBH2 was similar for Production plots and Integrated plots and was significantly lower in 
Marginal plots. Production plots had a higher average CBH3 than Integrated plots, but differences 
between Marginal plots and both Production and Integrated plots were not statistically significant. 

HT1 average was highest in Production plots, significantly higher than both Integrated and 
Marginal plots. The difference between HT1 in Integrated and Marginal plots was not statistically 
significant. Marginal plots had the lowest average HT2, and the difference between Integrated and 
Production plots was not statistically significant. Production plots had the highest average HT3, 
significantly higher than both Integrated and Marginal plots. The difference in HT3 between Integrated 
and Marginal plots was not statistically significant.  

Average HBP was highest in Integrated plots, significantly higher than Marginal plots but not 
significantly higher than Production plots.  
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Table 3. Plant growth measurement results 

Growth 
variable Unit Production Integrated Marginal p-value1 eta-squared 

BC1 cm 30.72 ± 1.18 22.78 ± 0.81 25.89 ± 1.91 0.001** 0.26 
BC2 cm 62.39 ± 1.65 61.17 ± 3.69 46.83 ± 1.87 < 0.001*** 0.31 
BC3 cm 74.44 ± 1.82 67.06 ± 2.22 68.83 ± 2.18 0.04* 0.12 
CBH2 cm 37.17 ± 1.19 39.17 ± 2.80 30.61 ± 1.15 0.01* 0.18 
CBH3 cm 50.11 ± 1.43 44.00 ± 1.58 45.83 ± 1.79 0.03* 0.13 
HT1 cm 97.67 ± 4.16 72.39 ± 2.86 76.61 ± 5.25 < 0.001*** 0.29 
HT2 cm 223.7 ± 10.6 201.4 ± 16.07 164.1 ± 8.21 0.003** 0.20 
HT3 cm 337.7 ± 17.5 264.3 ± 9.27 275.9 ± 11.59 < 0.001*** 0.26 
HPB hands 4.39 ± 0.24 4.89 ± 0.23 4.06 ± 0.19 0.03* 0.12  

1 Variance of BC1, BC2, CBH2, and HT2 were analyzed with Kruskal-Wallis tests, and other growth variables were analyzed using ANOVA. 
* statistically significant at p < 0.05. 
** statistically significant at p < 0.01. 
*** statistically significant at p < 0.001. 

 
Figure 4. Density plots of measured growth parameters by site type. 

3.3. Productivity index  

The first principal component (PC) accounted for 68.78% of total variance and the second PC 
accounted for 26.89% (Table 4). HT3 (62.26%) and CBH2 (30.64%) had the largest contributions to 
PC1, and the next largest contribution was from HT1 (4.31%). The values of the first PC were used as 
the PI. 

When data was plotted along the first 2 PCs, site types showed differentiation along PC1 (Figure 
5), with Integrated plot data points grouped separately from Production or Marginal plots. Data for 
villages did not form distinct groups.  
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Table 4. PCA of Loka Pere growth variables  

Principal Component Standard 
Deviation 

Proportion of 
Variance (%) 

Cumulative 
Variance (%) Eigenvalue 

PC1 74.13 68.78 68.78 5495.40 
PC2 46.36 26.89 95.67 2148.86 
PC3 14.78 2.73 98.41 218.44 
PC4 7.92 0.79 99.19 62.77 
PC5 6.49 0.53 99.72 42.17 
PC6 3.34 0.14 99.86 11.15 
PC7 2.58 0.08 99.94 6.64 
PC8 2.16 0.06 100 4.66 

 
Figure 5. (A) vectors showing the contribution of each parameter and (B) the distribution of data 

points along PCs 1 and 2, separated by site type and village.  

3.4. Regression modelling 

Regression models of Loka Pere growth variables in response to soil properties varied in fit, 
with R2 values ranging from 0.11 (HPB based on PI) to 0.69 (HT3) (Table 5). Growth variables with 
models that were statistically significant for all coefficients included BC1, BC2, CBH2, CBH3, HT1, 
and PI.  

The best model for BC1 used MLR, and BC1 showed positive relationships with Ntot and Caexc. 
GAM was the best performing method for BC2, and BC2 displayed a positive linear relationship to Ntot 
and an asymmetrical convex smooth curve in response to CEC. The best model of BC3 was a GAM 
model, where BC3 showed a positive linear relationship to Ntot, a negative linear relationship to Pav and 
Mgexc, and asymmetric convex curves in response to Corg (not statistically significant) and CEC (not 
statistically significant) (Figure 6).  

The best model for CBH2 was a GAM with asymmetrical convex smooth curves in response to 
CEC and pH. CBH3 was modeled using MLR and showed a positive relationship to Ntot and a negative 
relationships to Corg, Pav, and Mgexc (Figure 7). 

HT1 showed a nearly linear, positive relationship with Ntot and Caexc in the selected GAM model. 
HT2 was modeled using MLR and showed a positive relationship to Corg and pH and a negative 
relationship to Kexc, CEC, and C:N. HT3 was modeled using MLR and showed positive relationships to 
Ntot and Caexc and negative relationships to Pav (not statistically significant) and CEC (Figure 8).  

HPB, when modeled based on soil variables using MLR, showed a positive relationship to Pav 
(not statistically significant), CEC (not statistically significant), and pH and a negative relationship to 
Corg, Caexc, and Mgexc. When modeled using GAM based on PI, HPB had an asymmetric concave smooth 
response (not statistically significant). The selected model for PI utilized MLR and showed a positive 
relationship with Corg, Pav, and Mgexc, and a negative relationship with Ntot (Figure 9).  
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Table 5. Loka Pere growth models  

Output Method Input Coefficients p-value R2 RMSE MAE 

BC1 MLR Ntot+Caexc 

Inta = 6.44. 

Ntot = 111.60*** 
Caexc = 0.61*** 

0.082 

<0.001 
<0.001 

0.43 4.98 4.17 

BC2 GAM Ntot+CEC (knots = 3) 
Int = 56.78*** 
Ntot = 1.00*** 

CEC = 1.89*** 

<0.001 
<0.001 
<0.001 

0.46 9.11 7.25 

BC3 GAM Ntot+Corg+Pav+Mgexc+CEC 
(knots = 4) 

Int = 72.75*** 
Ntot = 27.04* 
Corg = -10.95 
Pav = -11.43 . 

Mgexc = -8.61 . 
CEC = -10.65 

<0.001 
0.046 
0.304 
0.067 
0.067 
0.101 

0.38 7.19 5.96 

CBH2 GAM CEC+pH (knots = 3) 
Int = 35.69*** 
CEC = 1.95*** 
pH = 1.87*** 

<0.001 
<0.001 
<0.001 

0.56 5.48 4.61 

CBH3 MLR Ntot+Corg+Pav+Mgexc 

Int = 52.32*** 
Ntot = 230.93*** 
Corg = -12.67*** 

Pav = -0.17** 
Mgexc = -6.92* 

<0.001 
<0.001 
<0.001 
0.002 
0.025 

0.35 5.71 4.92 

HT1 GAM Ntot+Caexc (knots = 3) 
Int = 82.17*** 
Ntot = 1.52*** 

Caexc = 1.52*** 

<0.001 
<0.001 
<0.001 

0.55 13.41 10.82 

HT2 MLR Corg+Kexc+CEC+pH+C:N 

Int = 47.10 
Corg = 129.34* 
Kexc = -23.18 . 

CEC = -3.63*** 
pH = 43.48* 

C:N = -6.88** 

0.432 
0.018 
0.098  

<0.001 
0.030 
0.008 

0.51 38.31 31.25 

HT3 MLR Ntot+Pav+Caexc+cec 

Int = 167.13*** 
Ntot = 1631.03*** 

Pav = -0.61 
Caexc = 7.64*** 
CEC = -3.11** 

<0.001 
<0.001 
0.116 

<0.001 
0.008 

0.69 35.47 28.67 

HPB MLR Corg+Pav+Caexc+Mgexc 

+CEC+pH 

Int = 3.62 . 
Corg = -1.37** 

Pav = 0.01 
Caexc = -0.15 . 
Mgexc = -1.28* 

CEC = 0.05 
pH = 0.54 . 

0.057 

0.005 
0.128 
0.052 

0.018 
0.108 
0.096 

0.33 0.80 0.66 

PI MLR Ntot+Corg+Pav+Mgexc 

Int = 47.22 . 
Ntot = -2643.40*** 

Corg = 82.53** 
Pav = 1.06* 

Mgexc = 74.16** 

0.098 

<0.001 
0.007 
0.026 
0.003 

0.56 48.53 40.91 

HPB GAM PI (knots = 4) Int = 4.33***  
PI = 0.96 

<0.001 
0.118 0.11 0.92 0.77 

a Int = y intercept. 
. statistically significant at p < 0.1. 
* statistically significant at p < 0.05. 
** statistically significant at p < 0.01. 
*** statistically significant at p < 0.001. 
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Figure 6. Model response curves for (A) BC1, (B) BC2, and (C) BC3.  
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Figure 7. Model response curves for (A) CBH2 and (B) CBH3.  
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Figure 8. Model response curves for (A) HT1, (B) HT2, and (C) HT3.  

A 

B 

C 



YYU J AGR SCI 34 (4): 629-648 
Prayogo et al. / Modeling Growth and Yield of the Endemic “Loka Pere” Banana Based on Soil Macronutrient Availability 

641 

 

 

 

Figure 9. Model response curves of (A) HPB based on soil variables, (B) HPB based on PI and (C) PI.  
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4. Discussion  

The only soil variables with statistically significant differences between site types were Ntot and 
Kexc, indicating that site type had a weak effect on soil nutrient properties in Loka Pere cultivation areas.  

Production plots tended to have the highest average growth variables, followed by Integrated 
plots, indicating that site type impacts Loke Pere's growth. This is likely due to differences in several 
factors, such as management, microclimate, and soil quality. However, there were exceptions to this 
trend. Integrated plots had the highest average HPB, although this was not significantly different from 
Production plots. Marginal plots were not significantly different from Production plots for BC3 and 
CBH3. NU plants can be well suited to marginal environments (Mustafa et al., 2019; Li et al., 2020), 
and sometimes even show better quality in these environments than under controlled conditions 
(Guijarro-Real et al., 2019). However, growth and yield are generally expected to improve under better 
management conditions.  

The PI for Loka Pere was influenced by HT3 (62.26%) and CBH2 (30.64%). A PI developed 
for the ‘Gran Nain’ banana was explained by CBH and HPB (Olivares et al., 2020). Integrated plot data 
formed a significant grouping apart from Production and Marginal plots concerning PI, indicating that 
productivity is distinct in Integrated plots compared to Production or Marginal plots. However, PI was 
not strongly linked to yield (R2 = 0.11). Soil variables explained HPB better than PI (R2 = 0.33) and 
showed better significance.  

pH showed a parabolic relationship to CBH2 (p = 0.001), and positive relationships with HT2 
(p = 0.030) and HPB (p = 0.096). Nyombi (2020) reports that the ideal pH range for banana production 
is 5.5 to 8.0, roughly the same as the study area. Yield variables of other banana varieties have shown a 
correlation to soil pH (Hu et al., 2021). This suggests the impact of soil pH on Loka Pere yield is similar 
to other varieties.  

Ntot showed a positive relationship to BC1 (p = 0.001), BC2 (p = 0.001), BC3 (p = 0.046), CBH3 
(p = 0.001), HT1 (p = 0.001), and HT3 (p = 0.001), and a negative relationship to PI (p = 0.001). Ntot 
had an outsized influence on PI, likely due to its strong influence on HT3 which is the main contributor 
to PI. Nitrogen is considered a key element for Musa spp., showing a strong link to total dry matter 
production (CAB International, 2010b). Some banana cultivars, including landraces and hybrids, have 
shown increased height, pseudostem diameter, and yield with increased availability of N (Aba et al., 
2015; Nomura et al., 2016; Meya et al., 2023). Similar to these other varieties, Ntot seems to be crucial 
for Loka Pere's growth.  

Corg showed a positive relationship to HT2 (p = 0.018) and PI (p = 0.007) and a negative 
relationship to BC3 (p = 0.304), CBH3 (p = 0.001) and HPB (p = 0.005). It showed a strong influence 
on HT2 and HPB. Studies of other varieties have also shown a connection between plant height and soil 
organic matter (Hu et al., 2021). C:N was only included in the model for HT2, where it had a negative 
relationship (p = 0.008). For the ‘Williams’ banana Perez and Torres-Bazurto (2020) concluded that 
increased C:N tended to improve production. These findings suggest that the influences of Corg and C:N 
in Loka Pere may differ from other Musa spp. varieties.  

Pav had positive relationships with HPB (p = 0.128) and PI (p = 0.026), and negative 
relationships with BC3 (p = 0.067), CBH3 (p = 0.002), and HT3 (0.116). P is generally considered 
important for Musa spp. fruit formation (Nyombi, 2020), and Pav have shown a correlation to yield 
variables in other varieties as well (Leonel et al., 2020; Sun et al., 2020; Hu et al., 2021).  

Only the model for HT2 included Kexc as an input variable, showing a negative relationship (p 
= 0.098). K is generally one of the most essential nutrients for Musa spp. across growth stages (Nomura 
et al., 2016; Hu et al., 2021). In one study, the banana varieties ‘PITA 24’ and ‘Agbagda’ showed 
increased height and pseudostem girth as K supply increased (Aba et al., 2015). The hill banana 
‘Sirumalai’ had increased height, pseudostem girth, and HBP with increased K application (Sathappan 
et al., 2019). This suggests that the influence of Kexc on Loka Pere may differ from other varieties.  

Caexc showed a positive relationship to BC1 (p = 0.001), HT1 (p = 0.001), and HT3 (0.001) and 
a negative relationship to HPB (0.052). Ca imbalance can impact the quality of fruit, causing peels to 
split (Nyombi, 2020) which was reported for Loka Pere (Nurhafsah et al., 2022b).  

Mgexc had a positive relationship to PI (p = 0.003), coinciding with the findings of Olivares et 
al. (2020) who also related PI and Mg for the ‘Gran Nain’ banana. Mgexc also showed a negative 
relationship with BC3 (p = 0.067), CBH3 (p = 0.025), and HPB (p = 0.018). This contrasts the findings 
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of He et al. (2022) who found that Mg application in Musa sp. AAA cv ‘Baxijaio’ improved plant 
growth. Mg supply has also shown a positive impact on the growth and yield of ‘Williams B6’ banana 
(Zhang et al., 2020). This suggests the specific influence of Mg on Loka Pere growth may differ from 
other varieties.  

CEC had a positive relationship to BC2 (p = 0.001) and HPB (p = 0.108), a negative relationship 
to BC3 (p = 0.101), HT2 (p = 0.001) and HT3 (p = 0.008), and a parabolic relationship with CBH2 (p = 
0.001). Cation balances are viewed as an important component of soil fertility for Musa spp., and the 
plants can be very sensitive to imbalances (CAB International, 2010c). The optimal balances may be 
variable across varieties.  

One possible reason for differences in the physiological responses of Loka Pere to nutrient 
availability in this study compared to findings for other varieties may be genotype differences. Genotype 
has been shown to lead to variability in the nutrient budgets for different parts of Musa spp. plants (Hu 
et al., 2021), nutrient use efficiencies (Aba et al., 2015), tolerance ranges to soil properties (Santana 
Junior et al., 2020), and response to nutrient deficiency (He et al., 2021). For example, particular genetic 
pathways influence the uptake and utilization of K by Musa spp. plants. Xiong et al. (2021) report that 
expression of the gene MaCBL2 plays a role in Musa spp. potassium shortage resistance. Genetic 
diversity between Loka Pere and other Musa spp. varieties may lead to differences in soil K tolerance 
ranges and in the impact of K on plant development.  

Conclusion 

This study set out to create a simple growth model of Loka Pere based on soil macronutrient 
concentrations across three traditional growth environments. The most important soil variables for Loka 
Pere growth were Ntot, Caexc, and CEC. The most important soil variables for yield (HPB) were pH, 
CEC, and Pav. The growth responses of Loka Pere to the availability of certain nutrients differed from 
responses found in studies on other varieties.  

These findings shed light on the agronomic performance of Loka Pere and the physiological 
differences between Loka Pere and other Musa spp. varieties. The models can help farmers and other 
stakeholders identify suitable areas for Loka Pere cultivation, make management decisions, and pursue 
higher yields. The existence of NU variety specific models means Loka Pere producers and future 
researchers will not have to rely on crop models calibrated to modern cultivars. 

This study had a few limitations. The growth of Loka Pere was modeled in traditional cultivation 
environments that were rain-fed and had minimal nutrient input. These models simulate the growth of 
Loka Pere across the nutrient gradients found naturally within the study area, not under optimal 
conditions. These models focused on a handful of soil chemical properties, but other factors are known 
to impact Musa spp. development, including climate, topography, and biotic interactions. 

Continued investigation of the impact of land use and management on Loka Pere growth and of 
Loka Pere nutrient dynamics and growth responses is recommended to better understand the agronomic 
characteristics of the plant. The modeling of Loka Pere will improve via the inclusion of other model 
variables and parameters.  
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