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Abstract. Suharto FF, Wijayanto N, Wasis B. 2025. Agroforestry for soil health in a tropical national park of Gunung Halimun Salak, 

Indonesia. Asian J For 9: 346-360. This study evaluated the Visual Evaluation of Soil Structure (VESS) method as a rapid assessment 

tool for soil health across six stand types in Gunung Halimun Salak National Park, Indonesia. The research employed a comparative 

design across natural forest, mixed stand, and four agroforestry systems (damar-cardamom, damar-coffee, damar-chili, damar-eggplant), 

with three replicate plots per stand. VESS assessment followed standardized protocols, evaluating aggregate size, porosity, root 

distribution, and structural strength in the 0-30 cm depth. Laboratory analyses quantified bulk density, porosity, moisture content, pH, 

organic carbon, and Cation Exchange Capacity (CEC). Statistical analyses included ANOVA, Duncan's test, Principal Component 

Analysis, and Spearman correlation. We linked VESS scores to vegetation composition and laboratory-measured soil properties. 

Vegetation analysis revealed distinct dominance patterns: natural forest by Macropanax dispermus (IVI=120.57%), agroforestry systems 

by Agathis dammara (IVI=158.05-300.00%), and mixed stand by Altingia excelsa (IVI=248.50%). VESS evaluation showed good soil 

structure (Sq=1.0-1.84) in natural forest and low-intensity agroforestry, with moderate degradation (Sq=2.5) in intensive systems. PCA 

confirmed VESS as an integrative indicator, with PC1 explaining 73.55% of variance along a soil structure gradient. Principal 

Component Analysis (PCA) and Spearman correlations revealed strong correlations emerged between VESS and bulk density 

(ρ=+0.85), porosity (ρ=-0.85), moisture content (ρ=-0.85), organic carbon (ρ=-0.86), and CEC (ρ=-0.77). VESS scores exhibited strong 

and significant correlations with key soil health indicators, showing they increased with compaction and decreased with porosity, 

moisture content, soil organic carbon, and cation exchange capacity. The findings support VESS as a practical field tool and are 

effective for detecting management-induced soil degradation. We recommend its integration into the park's regular monitoring protocols 

to support soil conservation efforts. Promoting complex agroforestry systems is also advised. Study limitations include single-observer 

assessment and unmeasured environmental covariates, suggesting the need for further validation.  
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INTRODUCTION  

Soil health is crucial for biodiversity and livelihoods in 

Gunung Halimun Salak National Park (GHSNP), one of 

Java's largest remaining montane rainforests (±87.699 ha), 

and a key conservation area in Indonesia (Balai Taman 

Nasional Gunung Halimun Salak 2018). Soil serves as the 

primary medium for plant growth, consisting of minerals, 

organic matter, water, and air (Arifin et al. 2019). The 

physical properties of soil influence water availability, 

aeration, root development, and nutrient uptake, 

contributing to ecosystem productivity (Cardone et al. 

2020; Hartanto et al. 2021). Local communities in GHSNP 

practice agroforestry systems that combine production with 

conservation functions. However, the quantitative effects of 

these systems on soil health require further assessment, 

presenting a knowledge gap for park management (Matos 

et al. 2020, 2022; Huera-Lucero et al. 2025). Conventional 

soil monitoring methods based on laboratory analyses are 

complex and costly, indicating a practical need for 

alternative assessment tools. 

Soil degradation resulting from deforestation and 

agricultural conversion affects these landscapes. 

Deforestation influences nutrient cycles by reducing tree 

cover that contributes to soil nutrient retention, potentially 

affecting ecosystem productivity (Wahyuni and Suranto 

2021). Agricultural intensification can alter soil physical 

properties by increasing bulk density and penetration 

resistance while decreasing aeration, aggregate stability, 

and water infiltration, which may elevate erosion risk 

(Hasannudin et al. 2022; Indriyati et al. 2024). Soil 

restoration following degradation is generally recognized 

as a lengthy process (Wahyunto and Dariah 2014; Sena et 

al. 2021). These concerns highlight the value of sustainable 

land management approaches. Agroforestry represents one 

strategy that may reduce degradation through ecological 

integration. The Visual Evaluation of Soil Structure 

(VESS) method provides one approach for assessing soil 

quality in these systems. 

Agroforestry integrates woody perennials with 

agricultural crops in spatial or temporal arrangements 

(Sardjono et al. 2003; Gunawan et al. 2019). Trees in these 

systems contribute to nutrient cycling through litterfall, 
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potentially enhancing soil organic matter and microbial 

activity (Dollinger and Jose 2018; Fahad et al. 2022). 

Agroforestry systems can diversify production while 

providing multiple benefits (Lehmann et al. 2020). Trees 

help maintain soil nutrients, reduce erosion, and conserve 

soil and water while yielding products (Sanchez 1995; 

Cardinael et al. 2020). Research indicates agroforestry can 

contribute to soil fertility, hydrological regulation, and 

biodiversity (Udawatta et al. 2019; Fahad et al. 2022). For 

example, rubber-based agroforestry increases soil porosity 

by 13.3% and aggregate diameter by 31.5% compared to 

monocultures (Ngaba et al. 2024). These characteristics 

suggest agroforestry may help maintain soil quality, while 

VESS offers a method to monitor soil structure. 

The Visual Evaluation of Soil Structure (VESS) method 

provides a field-based approach to soil quality assessment 

(Ball et al. 2007). This method combines observations of 

aggregate size, strength, porosity, and root presence into a 

single score (Guimarães et al. 2011). Research has 

documented VESS applications in agricultural and 

agroforestry contexts internationally (Ball et al. 2016; Silva 

et al. 2022) and in Indonesia (Aji et al. 2021; Briliawan et 

al. 2022; Purnama et al. 2022). VESS scores have 

demonstrated correlations with certain soil properties 

including bulk density, porosity, and organic carbon. 

However, limited research has examined VESS 

applications specifically in conservation areas (Thomas et 

al. 2024; Paltineanu et al. 2025). The relationship between 

VESS scores and comprehensive laboratory-measured soil 

properties in tropical montane conservation areas like 

GHSNP requires further investigation. Since soil structure 

affects water infiltration, root growth, and nutrient cycling 

(Novák and Hlaváčiková 2019), evaluating VESS in this 

context could provide park managers with a supplementary 

monitoring tool. 

This study aims to analyze vegetation composition 

across different stand types in GHSNP, assess soil 

structural quality using the VESS method, and examine 

relationships between VESS scores and laboratory-

measured soil properties. The research considers natural 

forest, mixed stands, and four agroforestry systems. We 

anticipate that VESS scores will correlate with measured 

soil properties and reflect differences among stand types. 

This investigation may contribute to developing 

agroforestry management practices that support 

conservation and livelihood objectives in the national park. 

MATERIALS AND METHODS  

Study area  

This study was conducted from November 2024 to June 

2025 within the Gunung Kendeng Resort area, part of the 

Gunung Halimun Salak National Park (GHSNP) in 

Indonesia (Figure 1). The research encompassed an 

elevational range of 800-1,300 meters above sea level 

(masl), corresponding to the moderate zone under 

Junghuhn's climate classification (600-1,500 masl). This 

zone was selected to ensure representation of typical 

ecosystem conditions within the study area. Data collection 

was performed across six distinct stand types: natural 

forest, mixed stand, and four agroforestry systems (Damar-

cardamom-lemongrass-pineapple, damar-coffee, damar-

chili pepper, and damar-eggplant). 

Stands description 

Natural forest 

This stand is located in the jungle zone at 1,004-1,006 

masl on andosol soil. Tree composition is dominated 

by Macropanax dispermus. The canopy is multi-layered. 

This stand is unmanaged with no human intervention. It 

functions as a buffer zone for the national park. 

Agroforestry stand: Damar-cardamom-lemongrass-pineapple 

This stand is located in the rehabilitation zone at 963-

964 masl on andosol soil. The tree layer is dominated 

by Agathis dammara with a multi-layered canopy. 

Management is organic, utilizing litter from the forest 

floor. Agricultural commodities are harvested. 

Agroforestry stand: Damar-coffee 

This stand is located in the rehabilitation zone at 951-

960 masl on andosol soil. The tree layer is dominated by A. 

dammara with a multi-layered canopy. Management is 

organic, utilizing litter from the forest floor. Coffee is 

harvested, and its seed dispersal is assisted by animals. 

Agroforestry stand: Damar-chili 

This stand is located in the rehabilitation zone at 868-

871 masl on andosol soil. The tree layer is dominated by A. 

dammara with a sparse canopy. Management follows 

intensive practices with quantified inputs: herbicides and 

pesticides applied at 140 cc. 20 m-2, Phonska fertilizer at 2 

kg. 5 m-2, and mechanical maintenance (weeding, tillage) 

every 30 days. Plastic mulch is used on 1-meter-wide beds. 

The Agathis canopy is thinned for livestock and 

agriculture, with production focused on chili. 

Agroforestry stand: Damar-eggplant 

This stand is located in the rehabilitation zone at 841-

842 masl on andosol soil. The tree layer is dominated by A. 

dammara with a sparse canopy. Management follows 

intensive practices with quantified inputs: herbicides and 

pesticides applied at 140 cc. 20 m-2, Phonska fertilizer at 2 

kg. 5 m-2, and mechanical maintenance (weeding, tillage) 

every 30 days. Plastic mulch is applied on 1-meter-wide 

beds. The Agathis canopy is thinned to support livestock 

and agricultural activities, with production focused on 

eggplant. 

Mixed stand 

This stand is located in the rehabilitation zone at 896-

901 masl on andosol soil. Altingia excelsa dominates tree 

composition with a multi-layered canopy. This stand is 

unmanaged. It resulted from rehabilitation efforts in the 

1950s. 
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Procedures 

Vegetation analysis and soil sampling 

This study used purposive sampling by creating three 

sample plots for each type of stand (Wasis et al. 2019). 

Vegetation and soil sampling were conducted using a 

nested plot design, with plot sizes adapted to different 

vegetation strata: 20×20 m for trees, 10×10 m for poles, 

5×5 m for saplings, and 2×2 m for seedlings. Within each 

main 20×20 m plot, comprehensive data collection was 

performed: (i) vegetation analysis, including recording all 

plant species, counting individuals, and measuring stem 

diameter and height for trees and poles; and (ii) soil 

sampling, collecting both disturbed and undisturbed 

samples from five systematically distributed points within 

each main plot to ensure spatial representation and 

comprehensive analysis. 

VESS procedure 

Soil structural quality was assessed using the Visual 

Evaluation of Soil Structure (VESS) method, following 

established guidelines from Ball et al. (2016). For each 

sampling point, a soil pit (30×30×30 cm) was excavated to 

extract an intact block sample (approximately 20×10×25 

cm). The evaluation procedure involved: (i) identifying 

distinct soil layers, (ii) gently crushing soil aggregates to 

1.5-2 cm to observe their internal structure, and (iii) 

visually assessing structural characteristics, including 

aggregate size, porosity, root distribution, and ease of 

fragmentation. These observations were synthesized into a 

VESS score (Sq) for each layer according to the 

standardized scoring chart, which integrates assessments of 

structural strength (resistance to fragmentation), aggregate 

morphology, porosity patterns, and root development into a 

single numerical value ranging from Sq1 (best structure—

friable, highly porous with abundant roots) to Sq5 (poorest 

structure—dense, massive with no roots). 

Data analysis 

Species composition 

Species identification was conducted using standard 

field guides and verified by a local botanist. Species 

composition was quantified using the Important Value 

Index (IVI), which synthesizes a species' relative density, 

relative frequency, and relative dominance to evaluate its 

ecological dominance within the community from 

Kusmana et al. (2022): IVI = RD + RF + RDo (poles and 

trees) and IVI = RD + RF (seedlings and saplings). Where:  

 

Density (D (ind. ha-1)) 

 
 

Density Relative (DR) (%) 

  
 

Frequency (F) 

 
 

Frequency Relative (FR) (%) 

 
 

Domination (Do) (m2. ha-1) for poles and trees 

 
 

Domination Relative (DoR) (%) 

 
 

Basal area of species (m2) 

 

 

 

 
 

Figure 1. Location of the six studied stand types within the Gunung Kendeng Resort area, Gunung Halimun Salak National Park, 

Indonesia  
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Formal definitions of vegetation parameters 

Vegetation analysis was conducted across six stands for 

each tree growth level. Chowdhury et al. (2019) defined 

each parameter. Density (D) refers to the number of 

individuals of a species per hectare, and Density Relative 

(DR) is the percentage of individuals of a species relative 

to the total individuals of all species. Frequency (F) is the 

number of sampling plots where a species is recorded. 

Frequency Relative (FR) is the percentage frequency of a 

species relative to the total frequency of all species. 

Domination (Do) is the basal area of a species for all its 

individuals, a parameter applied to both poles and trees. 

Domination Relative (DoR) is the percentage domination 

of a species relative to the total domination of all species. 

Basal area is the total cross-sectional area of tree stems at 

breast height per hectare. 

Index biodiversity 

Vegetation diversity was analyzed using three 

ecological indices: the Shannon-Wiener Diversity Index 

(H'), species richness (DMg), and Pielou’s Evenness Index 

(E). The formulas and references for calculating these 

indices are provided in Table 1. These indices were 

calculated for each vegetation growth level (seedlings, 

saplings, poles, and trees) within every stand type. 

Formal definitions of index biodiversity 

Vegetation diversity was assessed using three 

complementary indices. The Shannon-Wiener Index (H') 

quantifies overall diversity by incorporating both species 

richness and their relative abundance, where higher values 

indicate greater diversity and community balance (Peng et 

al. 2018; Sheng et al. 2024). The Margalef Richness Index 

(DMg) specifically evaluates species richness by 

accounting for the number of species present relative to the 

total individual count, providing a standardized measure for 

cross-community comparisons (Death 2008; Meng et al. 

2023). The Pielou Evenness Index (E) assesses the 

distribution uniformity of individuals among species, with 

values approaching 1.0 indicating more equitable 

distribution patterns (Cui et al. 2022; Kumar et al. 2022). 

These indices collectively provide comprehensive insights 

into different aspects of vegetation community structure 

across the studied stand types. 

VESS calculation 

The VESS score was assigned to each observed soil 

layer based on its structural characteristics. The VESS 

score for the soil profile was then calculated using a 

weighted average formula based on layer thickness 

Guimarães et al. (2011), as follows: 

  

Where: VESS Sqscore: VESS score, Sqi: VESS score a 

thickness to i, Ti: soil sample thickness to i, TT: total 

thickness of the whole soil. 

The resulting overall VESS score was categorized into 

soil structural quality classes, which indicate the urgency of 

management intervention needed (Ball et al. 2007). The 

classification criteria are presented in Table 2. 

Other soil properties measurement 

Soil chemical analyses were performed on composited 

samples from the 0-30 cm depth, representing the 

biologically active zone most responsive to management 

practices. While the VESS assessment evaluated soil 

structure throughout the profile, chemical analysis focused 

on this surface layer (0-30 cm) due to its direct relevance to 

vegetation growth and management impacts. Samples were 

analyzed in triplicate (n=3) for each stand to ensure 

statistical reliability. Analytical precision was maintained 

through instrument calibration before each analysis batch 

and verification using standard reference materials. All 

methods followed established laboratory protocols with 

appropriate quality control measures. All parameters and 

their corresponding analytical methods are detailed in 

Table 3. 

Statistical test 

All statistical analyses were performed using RStudio. 

Data normality and homogeneity of variance were tested 

prior to ANOVA. The data met the assumptions for 

parametric testing. The effect of different stand types on 

soil parameters (VESS score, bulk density, porosity, 

moisture content, pH, organic carbon, and CEC) was 

analyzed using one-way Analysis of Variance (ANOVA) at 

a significance level of α = 0.05. For parameters that 

showed significant differences in the ANOVA results, 

Duncan's Multiple Range Test (DMRT) was applied as a 

post-hoc analysis to determine specific differences between 

mean values of the stand types. 
 

 

Table 1. Methods for calculating biodiversity indices: Shannon-Wiener (H'), Margalef (DMg), and Pielou (E) 

 

Indices Methods  References 

Shannon-Wiener 

Diversity Index (H') 

 
 

Where: H': Shannon-Wiener Diversity Index 

value, pi: Proportion of each species (ni/N), ni: 

Number of individuals of species I, N: Total 

number of individuals 

(Pretzsch 2009; 

Utami and Putra 

2020) 

Margalef richness index 

(DMg)  
 

Where: DMg: Margalef’s Richness Index value, 

S: Number of species found, ln: Natural 

logarithm, N: Total number of individuals 

(Magurran 1988; 

Utami and Putra 

2020) 

Pielou’s Evenness 

Index (E)  
 

Where: E: Pielou’s Evenness Index value, H': 

Shannon-Wiener Diversity Index value, ln: 

Natural logarithm, S: Number of species found 

(Magurran 1988; 

Utami and Putra 

2020) 
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Principal Component Analysis (PCA) was employed as 

a multivariate approach to explore the integrated 

relationships among all soil parameters and their variations 

across different stand types. The PCA was performed using 

the correlation matrix of standardized soil variables. 

The relationships between VESS scores and other soil 

parameters were examined using Spearman's rank 

correlation coefficient. Spearman correlation analysis was 

conducted at a 95% confidence level, with statistical 

significance determined at α = 0.05. 

RESULTS AND DISCUSSION 

Ecological dominance and management implications  

The Important Value Index (IVI) quantifies ecological 

structure and species dominance (Hidayat 2018; Gao et al. 

2021). Table 4 shows distinct species compositions and 

dominance patterns among stand types. The natural forest 

had high species diversity, with no single species 

dominating all strata. A species shift occurs from 

Lithocarpus sp. in seedlings to M. dispermus in trees. 

Macropanax dispermus had a high IVI (120.57%) in tree 

strata, consistent with its known role in mature forests 

(Balandier et al. 2006; Ali et al. 2020; Sun et al. 2023). The 

low advancement of dominant lower-strata species suggests 

possible competition or environmental filters. Agroforestry 

systems were dominated by A. dammara in the canopy 

(IVI: 158.05-300.00%), with understories containing 

introduced species. This structure aligns with managed 

systems designed for economic and ecological outputs 

(Houehanou et al. 2011; Herrero-Jáuregui et al. 2013). 

Altingia excelsa dominated the mixed stand at the tree level 

(IVI: 248.50%). The high dominance of a single species 

may indicate lower resilience, as noted in other studies 

(Tovar et al. 2019; Katembo et al. 2020). Management 

should consider enhancing species diversity for long-term 

stability (Aerts and Honnay 2011; Hua et al. 2022). 

Biodiversity analysis reveals distinct structural patterns 

across stand types (Table 5). The natural forest exhibits 

consistently high Shannon-Wiener index values across all 

vegetation levels, demonstrating a stable species 

distribution characteristic of mature ecosystems 

(Chaturvedi and Raghubanshi 2014; Fagua et al. 2021). In 

contrast, managed agroforestry systems show reduced 

diversity in upper strata due to economic species 

dominance. The damar-coffee system maintains moderate 

understory diversity but experiences sharp declines at the 

tree level from A. dammara dominance, reflecting farmer 

preference for high-value species (Valencia et al. 2015; 

Hartoyo et al. 2024). Intensive systems like damar-chili 

show more severe impacts, with completely absent seedling 

layers and zero tree diversity, indicating regeneration 

failure (Koelemeijer et al. 2021). 

The mixed stand presents a conservation paradox with 

good lower-strata diversity but extreme A. excelsa 

dominance at the tree level, potentially compromising 

ecosystem resilience (Draper et al. 2019). Overall, the 

biodiversity gradient from natural forest to intensive 

agroforestry clearly reflects management intensity (Scales 

and Marsden 2008). While complex multi-strata 

agroforestry maintains moderate understory diversity, no 

system fully replicates the structural complexity of natural 

forests (Udawatta et al. 2019; Santos et al. 2022). 

VESS as an early warning system for soil management 

The Visual Evaluation of Soil Structure (VESS) 

provides a rapid field assessment of soil structure quality. It 

uses a Sq score based on aggregate size, porosity, and root 

distribution. This method suits remote areas with limited 

lab access (Franco et al. 2019; Aji et al. 2021; Silva et al. 

2022). We focused on the upper soil layer (0-30 cm). This 

zone is biologically active and sensitive to management 

(Ball et al. 2007; Emmet-Booth et al. 2019). VESS scores 

involve observer subjectivity. Our study used a single 

observer, but we did not test inter-observer reliability. Our 

VESS results should be interpreted with the consideration 

that a single observer conducted assessments. While this 

approach ensured internal consistency for comparative 

purposes across our plots, it does not account for potential 

inter-observer variability. Future studies would benefit 

from inter-observer reliability testing to enhance the 

method's robustness in similar contexts. 

 

 
 

Table 2. Soil structural quality classes based on the scoring VESS 

score 

 

Sq score Soil structural quality Management needs 

1-2 Good No changes needed 

2.1-3 Fair Long-term improvements 

3.1-5 Poor Short-term improvements 

 

 

 

Table 3. Soil properties and analytical methods used in the study 

 

Parameter Methods References 

Bulk density Core Method (Walter et al. 2016; Al-Shammary et al. 2018) 

Porosity Calculation of bulk density & particle density 

(2.65 g. cm-3 for mineral soil) 

(Robinson et al. 2022; Bryk and Kołodziej 

2023) 

Moisture content Gravimetric Oven-Drying Method (ASTM International 2019) 

pH soil pH H2O (IUSS Working Group WRB 2022) 

Organic carbon Walkley and Black (IUSS Working Group WRB 2022) 

Cation Exchange Capacity 

(CEC) 

Leaching (Ammonium acetate 1 N pH 7)  (IUSS Working Group WRB 2022) 
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Table 4. Ecological dominance patterns revealed by the Important Value Index (IVI) of the most influential species at different growth 

levels in each stand type 

 

Stands Level Species IVI (%) 

Natural forest Seedling Lithocarpus sp. 100.00 

Sapling Macaranga rhizinoides (Blume) Müll.Arg. 70.00 

Pole Macropanax dispermus (Blume) Kuntze 110.38 

Tree Macropanax dispermus (Blume) Kuntze 120.57 

Agroforestry damar-

cardamom, pineapple, 

lemongrass 

Seedling Calliandra calothyrsus Meisn. 141.67 

Sapling Persea americana Mill. 200.00 

Pole Artocarpus heterophyllus Lam. 127.56 

Tree Agathis dammara (Lamb.) Rich. & A.Rich. 205.41 

Agroforestry damar-coffee Seedling Coffea arabica L. 78.33 

Sapling Coffea arabica L. 101.90 

Pole Syzygium jambos (L.) Alston 113.90 

Tree Agathis dammara (Lamb.) Rich. & A.Rich. 244.21 

Agroforestry damar-chili 

pepper 

Seedling No seedlings found No seedlings found 

Sapling Durio zibethinus Murray 100.00 

Pole Maesopsis eminii Engl. 127.22 

Tree Agathis dammara (Lamb.) Rich. & A.Rich. 300.00 

Agroforestry damar-

eggplant 

Seedling Coffea canephora Pierre ex A.Froehner 133.33 

Sapling Garcinia mangostana L. 100.00 

Pole Syzygium aromaticum (L.) Merr. & L.M.Perry 94.37 

Tree Agathis dammara (Lamb.) Rich. & A.Rich. 158.05 

Mixed Seedling Acer laurinum Hassk. 50.00 

 Sapling Acer laurinum Hassk. 105.68 

 Pole Acer laurinum Hassk. 132.28 

 Tree Altingia excelsa Noronha 248.50 

 

 

Table 5. Biodiversity indices across vegetation with different growth levels in each stand type 

 

Stands Level S N H' DMg E 

Natural forest Seedling 3 6 1.01 1.12 0.92  
Sapling 4 10 1.31 1.30 0.95  
Pole 4 5 1.34 1.86 0.96  
Tree 7 20 1.61 2.00 0.83 

Agroforestry damar-cardamom, 

pineapple, lemongrass 

Seedling 2 4 0.56 0.72 0.81 

Sapling 1 1 0.00 Cannot be calculated Cannot be calculated 

Pole 4 7 1.28 1.54 0.92 

Tree 3 8 0.61 0.60 0.56 

Agroforestry damar-coffee Seedling 9 30 1.59 2.35 0.72  
Sapling 6 35 1.05 1.40 0.58  
Pole 4 11 1.34 1.25 0.97  
Tree 3 31 0.38 0.58 0.35 

Agroforestry damar-chili pepper Seedling 0 0 No species found No species found No species found  
Sapling 2 2 0.69 1.44 1.00  
Pole 4 5 1.33 1.86 0.96  
Tree 1 19 0.00 Cannot be calculated Cannot be calculated 

Agroforestry damar-eggplant Seedling 2 3 0.64 0.91 0.92  
Sapling 2 4 0.69 0.72 1.00  
Pole 4 6 1.24 1.67 0.90  
Tree 4 10 1.08 1.30 0.79 

Mixed Seedling 5 10 1.56 1.73 0.97  
Sapling 6 22 1.12 1.62 0.62  
Pole 7 23 1.43 1.91 0.73  
Tree 3 20 0.40 0.67 0.36 

Note: S: Number of species that found, N: Total individual on that level, H’: Shannon-Wiener Diversity Index, DMg: Margalef Richness 

Index, E: Pielou’s Evenness Index. Biodiversity indices were not calculated for stands with only one species 

 

 

Figure 2 shows variation in soil layer thickness and 

VESS scores across stands. This variation reflects land-use 

effects. Natural forest, damar-coffee, damar-cardamom, 

and mixed stands had good Sq scores (1.0-1.84). These 

scores indicate maintained soil structure. These scores align 

with the aggregate sizes and forms documented in Table 6. 

The scores indicate maintained soil structure. Easily 

crumbled aggregates suggest good stability. Soil organic 
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matter and biological activity govern this stability (Kumar 

et al. 2021). Multi-strata systems mimic natural forests. 

They ensure continuous litter input, reduce erosion, and 

foster stable aggregates (Kuyah et al. 2019; Fahad et al. 

2022). Soil organic matter and soil biota interact 

synergistically. Microbes produce binding agents sustained 

by organic matter (Lehmann et al. 2017; Guhra et al. 2022). 

Damar-eggplant agroforestry had a higher Sq score 

(2.50). This score suggests early structural degradation. 

Intensive practices like weeding and chemical fertilization 

are associate with this system. These practices reduce 

organic inputs and disrupt soil biota (Sullivan et al. 2021). 

Similar declines occur in intensive vegetable systems 

(Çelik et al. 2020). The score difference was not 

statistically significant. System variability and VESS 

sensitivity limits in good soils explain the lack of 

significance (Guimarães et al. 2011; Franco et al. 2019). 

The numerical pattern serves as an early warning. 

Intensification might initiate degradation, potentially 

masked by A. dammara dominance (Fauziyah et al. 2022). 

The numerical gradient in Sq scores has ecological 

meaning. Scores range from best in natural forest (Sq 1.0) 

to worst in damar-eggplant (Sq 2.5). This pattern links to 

management intensity. Correlations with other soil 

properties support this (Table 11). VESS serves as a 

practical tool for proactive management (Mora-Motta et al. 

2024). Stands with good scores (1-2) should maintain 

practices. Stands with moderate degradation need long-

term strategies. Use crop diversification to boost residue 

inputs. Apply organic amendments like compost or 

manure. These actions enhance soil organic matter, 

aggregate stability, porosity, and erosion resistance (Cen et 

al. 2021; Kumar et al. 2021; Vanino et al. 2022; Matisic et 

al. 2024). For park managers, VESS offers a cost-effective 

early warning system. It enables targeted interventions to 

prevent severe degradation and support conservation and 

livelihoods. 
 

 

 
 

 
 

Figure 2. Soil characteristics across stand types: A. Mean soil depth and B. Mean Visual Evaluation of Soil Structure (VESS) score. 

Higher VESS scores indicate poorer soil structural quality 

A 

B 
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Management intensity alters soil physical properties: 

Early warnings and solutions 

All physical soil parameters met the assumptions of 

normality and homogeneity of variance (Table 7). Soil 

physical properties are fundamental to ecosystem functions 

like water infiltration, aeration, and root growth (Faucon et 

al. 2017; Blanco-Canqui and Ruis 2020). As presented in 

Table 8, our analysis revealed significant differences in 

bulk density, porosity, and moisture content among stand 

types (ANOVA, p<0.05). The superscript letters in the 

table denote statistical groupings based on Duncan's 

Multiple Range Test (DMRT) at p<0.05, where values 

within the same column sharing a common letter are not 

significantly different. 

For bulk density, values ranged from 0.40 g.cm-3 in the 

mixed stand to 0.72 g.cm-3 in the damar-eggplant system. 

The statistical grouping shows that the natural forest (0.42 

g.cm-3) and mixed stand (0.40 g.cm-3) both share the letter 

'a', indicating no significant difference between them, and 

they have the lowest bulk densities among all stands. In 

contrast, intensive agroforestry systems like damar-chili 

pepper (0.69 g.cm-3) and damar-eggplant (0.72 g.cm-3) also 

share the letter 'a', but are significantly higher than the 

damar-coffee system (0.52 g.cm-3, denoted 'b'). This pattern 

reflects a management-intensity gradient, where minimal 

disturbance in natural and mixed stands maintains lower 

bulk density, while frequent tillage and reduced organic 

inputs in intensive systems lead to compaction. 

Porosity exhibited an inverse relationship with bulk 

density. The natural forest (84.29%) and mixed stand 

(84.93%) both had high porosity (shared 'a'), indicating 

well-structured soils with ample pore space. The damar-

coffee system (80.44%, 'b') showed intermediate porosity, 

while intensive systems like damar-chili pepper (73.89%) 

and damar-eggplant (72.72%) shared 'a' but had lower 

porosity, aligning with increased compaction. This suggests 

that management practices reducing soil organic matter 

may contribute to soil structure degradation, limiting 

aeration and water movement (Qiu et al. 2015; Zhao et al. 

2021). 

Moisture content varied significantly, with the natural 

forest (59.14%) having the highest value ('a'), followed by 

the mixed stand (56.80%, 'ab'). The damar-coffee system 

(52.97%, 'b') retained moderate moisture, while intensive 

systems like damar-chili pepper (41.45%) and damar-

eggplant (41.35%) had the lowest values ('a'), indicating 

poor water retention due to compaction and reduced SOM. 

These trends highlight how intensive management 

diminishes the soil's ability to hold water, affecting plant 

growth and ecosystem resilience. 

The observed gradients provide a crucial early warning, 

quantifying initial degradation trends in intensive systems 

and aligning with our VESS assessment. The strong 

positive correlation between VESS scores and bulk density 

(ρ=+0.85) and very strong negative correlation with 

moisture content (ρ=-0.85) provides statistical support for 

VESS, linking visual assessment to measurable physical 

degradation. This gradient appears to be associated with 

differential SOM management, underscored by the strong 

VESS-organic carbon correlation (ρ=-0.86). Natural forest 

and mixed stands maintain high SOM via diverse litter 

input and minimal disturbance, fostering stable aggregates 

that resist compaction and retain water (Meurer et al. 2020; 

Li et al. 2024). In contrast, intensive systems (e.g., damar-

eggplant) experience frequent tillage, weed removal, and 

low litter input, accelerating SOM decomposition, 

disrupting aggregates, and increasing compaction 

(Bonifacio et al. 2024). 
 

 

 

Table 6. Soil aggregate size and form for natural forest to mixed stands. A scale bar (e.g., 1 cm) is included in the image for reference 

 

Stands Natural forest Damar-cardamom Damar-coffee 

Size (cm) 2.3 2.1 1.7 

Form Granular Granular Granular 

Documentation 

   

    

Stands Damar-chilli pepper Damar-eggplant Mixed stand 

Size (cm) 1.6 1.9 1.4 

Form Granular Granular Granular 

Documentation 
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Based on these results, we recommend considering the 

following management strategies: enrich agroforestry with 

tree diversity to mimic natural ecosystems; for annual crop 

systems, adopt minimum tillage, cover crops, and organic 

mulch to reduce erosion, compaction, and conserve SOM 

(Koudahe et al. 2022; Van Dung et al. 2023). Informed 

species selection is key the better condition of damar-

coffee, suggesting deep-rooted perennials enhance 

sustainability without sacrificing economic output (Jezeer 

et al. 2018; Soratto et al. 2022). In conclusion, the 

significant physical properties gradient serves as a 

quantitative early warning. The strong VESS-analytical 

correlations validate its use for rapid assessment. 

Prioritizing SOM-conserving practices (litter mulch, cover 

crops, minimized tillage) and adopting complex, natural-

like agroforestry models could contribute to long-term 

productivity and resilience in the national park. 

Management intensity drives soil chemical gradients 

All chemical soil parameters met the assumptions of 

normality and homogeneity of variance (Table 9). Soil 

chemical properties are critical indicators of nutrient 

retention and availability. Our analysis revealed significant 

variations in pH, Organic Carbon (OC), and Cation 

Exchange Capacity (CEC) across stand types (Table 10), 

mirroring physical property patterns. The superscript letters 

in Table 9 denote statistical groupings based on Duncan's 

Multiple Range Test (DMRT) at p<0.05, where values 

within the same column sharing a common letter are not 

significantly different. 
 

 

 

Table 7. Results of normality tests (Shapiro-Wilk), variance homogeneity (Levene), and Analysis of Variance (ANOVA) for soil 

physical parameters (bulk density, porosity, and moisture content) 

 

Parameter Normality test Homogeneity test ANOVA 

Bulk density W=0.980, p=0.946 F(5,12)=0.302, p=0.902 F(5,12)=23.98, p<0.001 

Porosity W=0.980, p=0.946 F(5,12)=0.302, p=0.902 F(5,12)=23.98, p<0.001 

Moisture content W=0.936, p=0.251 F(5,12)=1.329, p=0.317 F(5,12)=28.04, p<0.001 

 

 

Table 8. Mean bulk density, porosity, and moisture content in different stand types within Gunung Halimun Salak National Park, 

Indonesia. Values in the same column followed by different superscript letters are significantly different (p<0.05, DMRT) 

 

Stands 
Bulk density 

(g.cm-3) * 
Porosity (%) * 

Moisture content 

(%) * 

Natural forest 0.42±0.045c 84.29±1.71a 59.14±0.85a 

Agroforestry damar-cardamom, pineapple, lemongrass 0.64±0.062a 75.86±2.36c 46.34±5.14c 

Agroforestry damar-coffee 0.52±0.023b 80.44±0.88b 52.97±1.69b 

Agroforestry damar-chili pepper 0.69±0.069a 73.89±2.59c 41.45±0.79d 

Agroforestry damar-eggplant 0.72±0.056a 72.72±2.10c 41.35±2.56d 

Mixed 0.40±0.021c 84.93±0.80a 56.80±1.13ab 

Note: *: Significantly different at the 95% confidence level 

 

 

Table 9. Results of normality tests (Shapiro-Wilk), variance homogeneity (Levene), and Analysis of Variance (ANOVA) for soil 

chemical characteristics (pH, organic carbon, and Cation Exchange Capacity - CEC) 

 

Parameter Normality test Homogeneity test ANOVA 

pH W=0.951, p=0.434 F(5,12)=0.199, p=0.957 F(5,12)=30.9, p<0.001 

Organic carbon W=0.959, p=0.591 F(5,12)=1.049, p=0.434 F(5,12)=9.86, p=0.001 

CEC W=0.947, p=0.387 F(5,12)=0.656, p=0.663 F(5,12)=6.317, p=0.004 

 

 

Table 10. Soil chemical characteristics (pH, organic carbon, and Cation Exchange Capacity - CEC) across different stand types within 

Gunung Halimun Salak National Park. Values in the same column followed by different superscript letters are significantly different 

(p<0.05, DMRT) 

 

Stands pH * Organic carbon (%) * CEC (cmol(+). kg-1) * 

Natural forest 5.52±0.14b 10.04±2.30a 33.53±6.95a 

Agroforestry damar-cardamom, pineapple, lemongrass 5.84±0.07a 5.69±1.53bcd 20.10±6.04bc 

Agroforestry damar-coffee 5.61±0.13b 6.58±0.70bc 23.10±3.44bc 

Agroforestry damar-chili pepper 5.21±0.11c 4.47±1.17cd 23.48±1.29bc 

Agroforestry damar-eggplant 5.14±0.03c 3.58±0.34d 15.66±2.18c 

Mixed 4.90±0.10d 7.48±0.19b 27.05±1.69ab 

Note: *: Significantly different at the 95% confidence level 
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The damar-cardamom system showed the highest pH 

(5.84, 'a'), significantly higher than natural forest (5.52, 'b'), 

damar-coffee (5.61, 'b'), and substantially higher than 

intensive systems like damar-chili (5.21, 'c'), damar-

eggplant (5.14, 'c'), and mixed stand (4.90, 'd'). This pattern 

suggests that specific agroforestry management, 

particularly with organic residues from cardamom and 

lemongrass, may buffer soil acidity more effectively than 

natural forest or intensive annual cropping systems. 

The statistical groupings reveal a clear degradation 

gradient. Natural forest maintained the highest OC 

(10.04%, 'a'), significantly greater than all other stands. 

Mixed stand (7.48%, 'b') and damar-coffee (6.58%, 'bc') 

formed an intermediate group, while intensive systems 

showed progressive OC decline: damar-cardamom (5.69%, 

'bcd'), damar-chili (4.47%, 'cd'), and damar-eggplant 

(3.58%, 'd'). This demonstrates that management intensity 

directly influences soil carbon stocks, with perennial 

systems conserving more OC than annual cropping 

systems. 

CEC values followed the OC gradient closely. Natural 

forest had the highest CEC (33.53 cmol(+). kg-1, 'a'), with 

mixed stand (27.05 cmol(+). kg-1, 'ab') not significantly 

different. The damar-coffee (23.10 cmol(+). kg-1, 'bc'), 

damar-chili (23.48 cmol(+). kg-1, 'bc'), and damar-

cardamom (20.10 cmol(+). kg-1, 'bc') formed a 

homogeneous intermediate group, while damar-eggplant 

showed the lowest CEC (15.66 cmol(+). kg-1, 'c'), 

indicating severely compromised nutrient retention 

capacity. 

The conversion of natural forests to managed systems 

consistently reduces soil organic carbon and fertility 

(Bakhshandeh et al. 2019; Miju et al. 2025). All soils were 

acidic (pH 4.90-5.84), characteristic of humid tropical 

uplands (Wei et al. 2022), but the statistical groupings 

reveal a clear management-intensity gradient. 

The most striking finding was the dramatic decline in 

soil organic carbon from natural forest (10.04%) to 

intensive damar-eggplant systems (3.58%). This OC loss 

appears to be a key factor associated with overall soil 

degradation (Assunção et al. 2019; Su et al. 2021), is the 

appears to be a major factor associated with soil 

degradation. The data suggest OC loss may contribute to 

deterioration in other parameters: loss of organic binding 

agents leads to poorer soil structure (higher VESS scores), 

increased compaction, and reduced water retention. This is 

strongly supported by our correlation analysis, which 

revealed a very strong negative correlation between VESS 

scores and OC (ρ=-0.86), highlighting OC's role as a 

primary regulator of soil physical health (Meurer et al. 

2020). In contrast, relatively high OC in damar-coffee 

(6.58%) and mixed (7.48%) stands demonstrates their 

effectiveness as carbon conservation systems, where 

perennial vegetation provides continuous litter input and 

minimal tillage reduces decomposition. 

CEC values (15.66-33.53 cmol⁺ kg⁻¹) closely followed 

the OC gradient, as expected, since organic matter provides 

negative charges for cation retention in acidic tropical soils 

(Kaiser et al. 2008; Ramos et al. 2018). The strong negative 

VESS-CEC correlation (ρ=-0.77) provides evidence 

suggesting that degraded structure may reduce nutrient 

retention capacity, potentially increasing leaching risks in 

low-OC systems (Burakova and Bakšiene 2021). 

Interestingly, the damar-cardamom-pineapple-

lemongrass system exhibited the highest pH (5.84), 

suggesting active amelioration through organic residues 

and possibly lemongrass allelopathy influencing microbial 

communities and nitrification (Khamare et al. 2022; Tazi et 

al. 2024), indicating understory species composition 

critically influences soil chemistry. These findings 

underscore that soil organic carbon is the central factor 

controlling chemical fertility and overall soil health (Gerke 

2022). We therefore recommend: promoting complex, 

multi-strata agroforestry models (e.g., damar-coffee) that 

conserve organic matter; implementing organic 

amendments in intensive systems; considering species-

specific effects in management; and establishing long-term 

soil carbon monitoring. The clear chemical gradients 

highlight the vulnerability of intensive systems, 

necessitating critical evaluation and mitigation practices to 

ensure long-term soil fertility in this conservation area. 

VESS as an integrative indicator of soil physical and 

chemical quality 

Principal Component Analysis (PCA) reduced seven 

soil variables into two principal components that 

collectively explained 89.24% of the total variance. The 

first component (PC1), accounting for 73.55% of variance, 

was strongly correlated with soil physical properties. High 

positive loadings for bulk density (+0.42) and VESS score 

(+0.39), coupled with a strong negative loading for porosity 

(-0.42), established PC1 as a gradient from compacted, 

poorly-structured soils to well-structured, porous soils (Ball 

et al. 2007; Guimarães et al. 2011). The inverse 

relationship between bulk density and porosity reflects 

reduced pore space in compacted soils, limiting water 

retention and aeration essential for root growth and 

microbial activity (Li et al. 2019; Toková et al. 2020). 

The second component (PC2) explained 15.89% of 

variance and was predominantly influenced by soil pH, 

shown by its strong negative loading (-0.94). These 

relationships are visualized in the PCA biplot (Figure 3). 

Sample distribution in the biplot revealed distinct 

clustering related to land management intensity. Natural 

forest and multi-strata agroforestry (damar-cardamom) 

grouped in the left quadrant with low PC1 scores, 

indicating favorable soil structure with high porosity and 

low VESS scores. These agroforestry systems maintained 

soil physical quality comparable to natural forest, with no 

significant differences in VESS, bulk density, and porosity 

(Stöcker et al. 2020; Aji et al. 2021; Purnama et al. 2022), 

while consistently enhancing soil organic carbon and cation 

exchange capacity above monoculture systems (Gusli et al. 

2020; Souza et al. 2025). 

Intensive agroforestry systems (damar-chili and damar-

eggplant) clustered in the right quadrant with high PC1 

values, indicating degraded soil conditions with higher 

compaction and poorer structure. This pattern aligns with 

documented effects of agricultural intensification, where 

management practices increase bulk density while reducing 
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porosity, water infiltration, and aggregate stability 

(Bogunovic et al. 2020; Kumar et al. 2021; Cárceles 

Rodríguez et al. 2022). Comparative studies confirm that 

intensively managed lands consistently exhibit poorer soil 

physical conditions than natural forests and complex 

agroforestry systems (Akinde et al. 2020; Bogunovic et al. 

2020). The antagonistic relationship between bulk density 

and both porosity and organic matter in the biplot 

reinforces evidence that declining soil organic content 

contributes to increased compaction and structural 

degradation (Lehmann et al. 2020). 

VESS demonstrates integrative characteristics by 

combining key physical soil attributes—such as aggregate 

size, porosity, and root distribution into a single practical 

numerical score (Guimarães et al. 2011; Ball et al. 2016). 

In this study, correlations between VESS scores and 

laboratory-measured parameters (bulk density, porosity) 

and chemical properties (soil organic matter, cation 

exchange capacity), identified through PCA, support its 

role as an indicator reflecting both physical and related 

chemical soil conditions (Aji et al. 2021; Silva et al. 2022). 

However, this interpretation requires careful consideration, 

as the indirect relationship between VESS and biological 

processes such as microbial activity necessitates further 

investigation through specific biological measurements 

(Lehmann et al. 2020). The application of VESS in tropical 

conservation landscapes such as Gunung Halimun Salak 

National Park also requires validation across broader 

spatial and temporal scales before it can be adopted as a 

standard monitoring tool (Moncada et al. 2014). These 

findings indicate the potential utility of VESS as a 

supportive tool in evaluating agroforestry practices, 

although its integration with soil chemical and biological 

data remains essential for a comprehensive soil health 

assessment (Purnama et al. 2022; Olivares et al. 2023). 

The Spearman correlation analysis reveals significant 

relationships between physical and chemical soil 

properties, with the Visual Evaluation of Soil Structure 

(VESS) score showing consistent associations with key soil 

parameters. These findings align with validation studies of 

VESS across diverse environments (Becker et al. 2024; 

Leal et al. 2025). The correlation patterns suggest that soil 

structural quality, as indicated by VESS scores, relates to 

both physical-hydrological and chemical-biological soil 

functions. This supports VESS as a practical tool for 

detecting management-related changes in soil quality 

(Mora-Motta et al. 2024). All correlations were tested for 

significance at the 95% confidence level (p<0.05). 
 

 

 

 
 

Figure 3. Principal Component Analysis (PCA) biplot of soil physical and chemical properties across different stands 

 

 

 

Table 11. Spearman's rank correlation coefficients (ρ) between the Visual Evaluation of Soil Structure (VESS) scores and soil properties 

 

Other soil properties VESS Description p-value 

Bulk density +0.85 Very strong correlation p<0.001 (9.035×10-6) 

Porosity -0.85 Very strong correlation p<0.001 (9.035×10-6) 

Moisture content -0.85 Very strong correlation p<0.001 (1.009×10-5) 

pH -0.18 Very weak correlation p>0.05 (4.686×10-1) 

Organic carbon -0.86 Very strong correlation p<0.001 (5.704×10-6) 

CEC -0.77 Very strong correlation p<0.001 (1.834×10-4) 
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VESS scores showed strong positive correlation with 

bulk density (ρ=+0.85; p<0.001) and strong negative 

correlations with porosity (ρ=-0.85; p<0.001) and moisture 

content (ρ=-0.85; p<0.001). These relationships indicate 

that visual assessment of soil structure corresponds with 

measurable physical properties, including compaction, pore 

space, and water retention capacity (Çelik et al. 2020; Aji 

et al. 2021). The correlation with moisture content suggests 

VESS assessment may reflect changes in soil hydrology, 

with potential implications for water management (Silva et 

al. 2022). 

VESS scores also correlated negatively with organic 

carbon (ρ=-0.86; p<0.001) and cation exchange capacity 

(ρ=-0.77; p<0.001). These relationships are consistent with 

the established understanding that soil organic matter 

contributes to stable soil aggregates (Witzgall et al. 2021), 

while soil structure influences decomposition environments 

(Meurer et al. 2020). However, we note that unmeasured 

environmental factors such as slope, aspect, and parent 

material may also influence these relationships. The weak, 

non-significant correlation with pH (ρ=-0.18) suggests soil 

reaction operates independently of structural differences in 

this context, possibly influenced by factors like fertilizer 

inputs or soil biota activity (Purnama et al. 2022; Olivares 

et al. 2023). 

This study represents a single-case investigation in a 

specific geographical context. The correlations reported, 

while statistically significant, do not establish causation 

due to the observational nature of the study. Environmental 

covariates, including slope, aspect, rainfall variation, and 

parent material, were not systematically controlled and may 

confound the observed relationships. Management 

recommendations should therefore be interpreted as 

suggestive rather than definitive, requiring validation 

through experimental studies and long-term monitoring. 

In conclusion, this study demonstrates that the Visual 

Evaluation of Soil Structure (VESS) method effectively 

differentiates soil structural quality across a management 

intensity gradient in Gunung Halimun Salak National Park. 

The three research objectives were successfully addressed. 

Vegetation composition analysis revealed distinct 

dominance patterns, with natural forest dominated by M. 

dispermus (IVI: 120.57%), agroforestry systems by A. 

dammara (IVI: 158.05-300.00%), and mixed stand by A. 

excelsa (IVI: 248.50%). VESS evaluation showed good 

soil structure (Sq 1.0-1.84) in natural forest and low-

intensity agroforestry, with moderate degradation (Sq 2.5) 

in intensive systems. Principal Component Analysis 

confirmed VESS as an integrative indicator, with PC1 

explaining 73.55% of variance along a soil structure 

gradient. Statistical analysis revealed strong correlations 

between VESS scores and laboratory-measured properties: 

bulk density (ρ=+0.85; p<0.001), porosity (ρ=-0.85; 

p<0.001), moisture content (ρ=-0.85; p<0.001), organic 

carbon (ρ=-0.86; p<0.001), and CEC (ρ=-0.77; p<0.001).  

We recommend park managers consider adopting 

VESS as a practical monitoring tool for early detection of 

soil structural degradation, particularly in remote park areas 

with limited laboratory access. Sustainable agroforestry 

models, especially complex multi-strata systems like 

damar-coffee, should be promoted to maintain soil quality 

while supporting local livelihoods. Management should 

prioritize soil organic matter conservation through organic 

amendments and reduced tillage, alongside strategic 

species diversification to enhance ecosystem resilience. 

Training programs for field staff and community farmers 

should be developed to standardize VESS assessment and 

interpretation.  

This study has limitations. The assessment relied on a 

single observer for VESS scoring, and it did not measure 

environmental covariates such as microclimate or 

topography that could influence soil properties. Future 

research should address these limitations. Direct efforts 

should include inter-observer reliability testing for VESS to 

validate its consistency. Long-term monitoring is needed to 

incorporate environmental covariates and validate these 

findings across broader spatial and temporal scales within 

the national park. Future research should also focus on 

developing and validating a region-specific Soil Quality 

Index that integrates physical, chemical, and biological 

indicators to provide a more comprehensive assessment of 

soil health in tropical montane ecosystems. 
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