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Soil fertility plays a pivotal role in agricultural productivity, with its status largely 

determined by essential nutrients, including cation exchange capacity, base saturation, 

phosphorus, potassium, and soil organic matter. Insufficient nutrient supply often results 

in suboptimal agricultural productivity, particularly in agrarian nations. This study aimed 

to address this challenge by quantifying soil properties and fertility, with a case study 

from the Unda watershed in Bali Province, Indonesia. The objective was to analyze the 

soil's chemical properties to provide a foundation for assessing soil fertility status. The 

adopted methodology integrated spatial analysis with Geographic Information Systems 

(GIS), coupled with field-based soil surveys and laboratory analysis of soil samples. The 

findings revealed a range of soil fertility statuses within the Unda watershed, classified 

as low, medium, and high. A common limiting factor identified across these statuses was 

the low content of soil organic matter. To address this deficiency, it is recommended that 

balanced, location-specific fertilization strategies be implemented on agricultural land. 

Such an approach could ensure the effective and efficient availability of soil nutrients, 

thereby potentially enhancing agricultural productivity. 
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1. INTRODUCTION

Soil fertility is a critical determinant of agricultural 

productivity [1-3], and its maintenance is a priority for 

countries whose economies are predominantly reliant on 

agriculture, such as Indonesia [4, 5]. Indonesia, a global rice 

producer, depends heavily on its agricultural sector for 

livelihood and sustenance [6, 7]. While the country also 

cultivates a variety of plantation and horticultural commodities, 

these activities often face challenges related to fertilization [8, 

9]. 

Fertilizer is a principal production factor alongside land, 

labor, and capital, and plays a crucial role in enhancing 

agricultural yields [8, 9]. Fertilization supplements soil with 

nutrients to boost or maintain soil fertility. However, excessive 

fertilizer use can diminish fertilization efficacy and 

environmental quality. Thus, location-specific balanced 

fertilization, which ensures appropriate dosage, timing, and 

type of fertilizer based on soil fertility status, is vital for 

efficient agricultural production. 

Agricultural land use frequently encounters issues such as 

soil acidity, nutrient availability, and low soil organic matter 

content. These problems are compounded by the limited 

application of organic fertilizers and the rapid natural decrease 

of soil organic matter content in the tropics, which can reach 

30-60% within ten years [10]. Further, the excessive and

inappropriate use of fertilizers or chemicals to increase

production can lead to soil degradation, including a decrease

in soil fertility [11-14].

Soil fertility, defined as the soil's ability to provide essential 

nutrients for plant growth, influences the productivity of 

agricultural commodities [15, 16]. Soil testing, which 

evaluates soil fertility status based on parameters such as 

cation exchange capacity (CEC), base saturation, phosphorus, 

potassium, and soil organic matter, is crucial to implement 

site-specific balanced fertilization [17-19]. Previous studies 

have primarily focused on small-scale soil chemical properties 

and fertility measurements [3, 20, 21], which may not be 

representative of larger agricultural areas. 

Measuring soil chemical properties over expansive areas 

presents several challenges, including the need for a large 

number of samples, high laboratory analysis costs, potential 

non-representative results, and inefficiency [3, 20, 21]. The 

integration of Geographic Information Systems (GIS) can 

enhance the efficiency and effectiveness of soil property 

measurement. Prior to field soil sampling, base maps can be 

utilized to estimate the number of samples required and 

facilitate the determination of soil sample coordinates. This 

approach allows the integration of field data and laboratory 

soil analysis results into a single geospatial database, 

providing both attribute and spatial location information. 

This study focuses on the Unda watershed in Bali Province, 

an area characterized by complex agricultural activities and 

varied biophysical and hydrological conditions that greatly 

influence soil fertility. The aim is to analyze the soil's chemical 

properties, measure soil fertility status, and map its spatial 

distribution within the Unda watershed. 
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2. RESEARCH METHOD 

 

2.1 Research site 

 

The research was carried out in the Unda watershed of Bali 

Province, geographically located at 115°24'00"-8°16'00" in 

the north and 115°30'00"-8°30'00" in the south (Figure 1). The 

Unda watershed has the characteristics of an area with gentle 

to very steep slopes, with elevations ranging from 5-3000m 

above sea level. The Unda watershed has an area of 238.47km2 

administratively located in Klungkung, Dawan, Sidemen, 

Selat, Rendang, and Kintamani Districts. Based on the 

Oldemen climate classification, the Unda watershed has B, C, 

and D climate types. The Oldemen climate type represents the 

division of the consecutive wet months that occur in a year. 

Climate type D is found in the Unda watershed’s downstream 

area, so it correlates with water availability and soil fertility 

conditions. Climate Type B has the characteristic of having 7-

9 consecutive wet months, Climate Type C has 5-6 

consecutive wet months, and Climate Type D has 3-4 

consecutive wet months. 

 
2.2 Land unit mapping 

 

In this preliminary study, we only utilized three variables 

for the mapping units (the basis for soil sampling in the field). 

We did not incorporate dynamic environmental variables such 

as temperature variations, rainfall patterns, humidity levels, 

and other related factors. These parameters tend to fluctuate 

on a monthly basis and are closely linked to atmospheric 

conditions. On the other hand, soil type and slope are land 

resource variables that undergo changes over hundreds of 

years. Soil type represents the geological and 

geomorphological conditions of a region, forming the basis for 

land formation. Therefore, the spatial information obtained at 

present can still be utilized as a guideline for future 

agricultural land management. The thematic maps used to 

determine the mapping units map of slope gradient (Figure 2a), 

soil type (Figure 2b), and land use (Figure 2c). Spatial analysis 

was performed with ArcGIS 10.8 software, which resulted in 

a total of 28 units. We used those 28 units to take soil samples 

in the field (Figure 2d and Table 1). 
 

 
 

Figure 1. Research location 

 

 
 

Figure 2. Spatial distribution of thematic maps: (a) slopes, (b) soil types, (c) land use and (d) unit mapping 

 

The slope data is derived from the generalization of the 

SRTM DEM with a spatial resolution of 30m. The slopes in 

the Unda watershed are dominated by the 8-15% class, 

followed by other classes successively, namely 25-40%, 0-8%, 

and > 40%. Soil type comes from secondary data on a regional 

scale for the Province of Bali, namely 1:250,000. The 

dominant soil type in the study area is regosol. Specifically, it 

is divided into five successively: gray regosol, gray-brown 

regosol, humus regosol, and yellowish-brown regosol. Forests 

and shrubs dominate land use in the upstream area. The middle 

area is mixed gardens and fields, while the downstream area is 

paddy fields. 

Each unit is assumed to have the same biophysical 

conditions and land characteristics as the basis for soil 
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sampling. Recent studies have used the mapping unit as a 

guide for surveying land characteristics and taking soil 

samples in the field [22-25]. Land characteristics play a crucial 

role in determining the agricultural potential of an area. To 

make informed decisions about land suitability, it is necessary 

to integrate the information obtained from soil analysis, slope 

evaluation, and land use assessment. By considering these 

parameters collectively, farmers and land managers can 

identify areas with favorable soil conditions, suitable slopes, 

and compatible land uses for optimal agricultural productivity. 

This integration allows for more sustainable land management 

practices, improved resource allocation, and enhanced 

agricultural sustainability. 

Each land unit has distinct spatial information compared to 

other land units. This difference is influenced by soil type, 

slope, and land use. For example, within land units of the same 

soil type (Table 1), differentiates them because there is a 

differentiating factor, which is the slope gradient. Areas with 

the same slope and soil type but different units are separated 

by land use types. For example, the upstream part of the 

watershed, in unit 2, is composed of a 25-40% slope, gray 

regosol soil type, and forest land use with a spatial distribution 

of 30.78 km2. We provide an example of the central part of the 

watershed in unit 13 with a slope of 8-15%, gray regosol soil 

type, and mixed garden land use with an area of 9.41 km2. In 

the downstream area, there are 13 units with yellowish brown 

regosol soil type, a slope of 0-8%, and the use of paddy fields 

of 5.84 km2. 

Table 1. Unit mapping data in Unda watershed 

Unit Soil Types Slopes Land Use Area (km2) Area (%) 

1 Humus regosol 15-25% Forest 18.76 8.04 

2 Gray resol 25-40% Forest 30.78 13.19 

3 Yellowish brown regosol 8-15% Dryland farming 1.51 0.65 

4 Humus regosol 15-25% Dryland farming 6.70 2.87 

5 Humus regosol 8-15% Dryland farming 2.57 1.10 

6 Gray regosol 15-25% Dryland farming 14.96 6.41 

7 Gray regosol 25-40% Dryland farming 1.52 0.65 

8 Gray regosol 8-15% Dryland farming 8.72 3.74 

9 Reddish brown latosol and litosol 15-25% Dryland farming 1.23 0.53 

10 Reddish brown latosol and litosol 25-40% Dryland farming 1.66 0.71 

11 Yellowish brown regosol 25-40% Mixed dryland/plantation 4.84 2.07 

12 Yellowish brown regosol 8-15% Mixed dryland/plantation 9.76 4.18 

13 Gray regosol 8-15% Mixed dryland/plantation 9.40 4.03 

14 Gray regosol 15-25% Mixed dryland/plantation 6.77 2.90 

15 Gray regosol 8-15% Mixed dryland/plantation 12.79 5.48 

16 Reddish brown latosol and litosol 25-40% Mixed dryland/plantation 10.13 4.34 

17 Reddish brown latosol and litosol 8-15% Mixed dryland/plantation 9.63 4.13 

18 Gray brown regosol 0-8% Ricefield 1.40 0.60 

19 Yellowish brown regosol 0-8% Ricefield 5.84 2.50 

20 Yellowish brown regosol 25-40% Ricefield 1.84 0.79 

21 Yellowish brown regosol 8-15% Ricefield 6.90 2.96 

22 Gray regosol 0-8% Ricefield 2.13 0.91 

23 Gray regosol 8-15% Ricefield 16.24 6.96 

24 Reddish brown latosol and litosol 0-8% Ricefield 1.64 0.70 

25 Reddish brown latosol and litosol 8-15% Ricefield 3.63 1.56 

26 Humus regosol 15-25% Shrubs 3.46 1.48 

27 Gray regosol 8-15% Shrubs 1.61 0.69 

28 Reddish brown latosol and litosol 25-40% Shrubs 1.28 0.55 

Other 

Yellowish brown regosol 25-40% Settlement 30.39 13.02 

Yellowish brown regosol 25-40% Water body 3.27 1.40 

Gray regosol >40% Bare land 2.02 0.87 

2.3 Field survey 

Collecting data in the field was carried out in 28 locations 

from mapping units that had been analyzed previously. The 

field survey was carried out on 29-31 May 2022 in the Unda 

watershed area. The equipment used includes a belgi drill and 

a GPS Montana type 680. Field survey work can be seen in 

Figure 3a. Soil sampling was carried out in a composite 

manner at each observation unit. Composite soil samples are a 

mixture of several individual or combined soil samples from 

one soil sampling area. Soil samples were taken at a depth of 

0-30cm using a belgi drill (Figure 3b). The results of the soil

at that depth can be seen in Figure 3d. The soil sample that has

been taken is then brought to the laboratory for soil testing. At

the field survey stage, field conditions were observed based on

a map of the research location. Interviews with farmers who

know land use and land management were carried out so that

these data could be collected and adapted to the secondary data 

obtained. 

2.4 Laboratory analyst 

Before the soil samples were analyzed in the laboratory, we 

wind-dried the soil samples for two weeks (Figure 3d). We did 

this in order to reduce the water content in the soil, thereby 

facilitating the process of detecting chemicals contained in soil 

samples. Furthermore, the soil sample was sieved using 

granulometric equipment with a 0.5mm sieve size (Figure 3c). 

Work in the laboratory using chemicals as reagents for soil 

analysis carried out at the Laboratory of Soil and 

Environmental Sciences, Faculty of Agriculture, Udayana 

University. The materials used for analysis in the laboratory 

include 25% HCl, NH4OAc pH 7 1N, 80% alcohol, 50% 

NaOH, concentrated H2SO4, liquid paraffin, concentrated 
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H3PO4, K2Cr2O7, 1N FeSO4, DPA, Whatman 42 filter paper, 

indicator methyl red and distilled water. 

Laboratory equipment includes an oven, pH meter, 

erlenmeyer, pipette, burette, Kjeldahl flask, and Kjeldahl 

distiller device. One example of laboratory activities is the 

titration of chemical solutions (Figure 3d) and the distillation 

of soil CEC (Figure 3e). Laboratory work to collect parameters 

for soil chemical properties following the guidelines in Table 

2. Evaluation of the accuracy status is determined based on the 

chemical properties of the soil matched with the criteria of soil 

fertility status of the Center for Soil Research in Indonesia. 

The concept of this method is to combine the parameters of the 

chemical properties of the soil, so that the status of soil fertility 

is obtained. Recent research uses this method to measure the 

fertility of paddy soil [25, 26]. 

 

Table 2. Laboratory method for soil chemical analyst 

 
No. Parameters Method 

1 Cation exchange capacity (CEC) Determined by saturating with 1 N ammonium acetate pH 7.0 (standard) 

2 Base saturation Calculated based on the number of bases divided by CEC multiplied by 100 

3 Total phosphorus (P2O5) Total phosphate (mg/100g) was determined using 25% HCl extraction 

4 Total potassium (K2O) Total potassium was determined using 25% HCl extraction 

5 
Organic carbon 

(C org) 

Determined using wet digestion using potassium chromate and sulfuric acid according to the 

walkley and black method [27] 

 

 
 

Figure 3. The work of collecting data in the field (a, b, c) and in the soil laboratory (d, e, f, g) 

 

 

3. RESULT AND DISCUSSION 

 

Based on the criteria for assessing soil fertility status and 

the results of soil analysis in the laboratory on the parameters 

of cation exchange capacity (CEC), base saturation, C-organic, 

P-total and K-total, the status of soil fertility in the Unda 

watershed was obtained. The status of soil fertility in each 

mapping unit in the Unda watershed is presented in Table 3. 

 

3.1 Cation exchange capacity (CEC) 

 

Cation exchange capacity is one of the determining 

indicators of soil fertility status that can exchange cations in 

soil colloids. Soil CEC is the amount of negative charge in the 

soil, originating from the surface of inorganic colloids (clay) 

and organic colloids (humus), which are a place for the 

exchange of cations [21, 28]. Besides that, CEC is also closely 

related to the availability of nutrients for plants and as an 

indicator of soil fertility. Soils with high CEC can trap and 

provide nutrients better than soils with low CEC. The CEC 

value indicates that the CEC is classified as moderate, namely 

23.55 me/100g to very high, 50.15 me/100g. The lowest CEC 

value is found in Unit 15, and this is because this location is 

classified as gray regosol soil. This soil type has poor physical 

properties such as crumbly structure, high porosity, low water 

holding capacity, and low C-organic content. This is due to the 

low organic acids produced, affecting the soil’s CEC content. 

This is supported by the low C-organic and clay content, so the 

CEC is also low. 

 

3.2 Base saturation 

 

Base saturation is the ratio between the number of base 

cations and the sum of all cations (acids and bases) present in 
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the soil adsorption complex. These basic cations include: Ca2+, 

Mg2+, K+, Na+, and acidic cations, namely H+ and Al3+ [29]. 

Soils with low base saturation content mean that soils with 

more soil adsorption complexes are filled with acid cations. 

Alkaline cations are generally the nutrients needed for plant 

growth and development [30]. Based on data from the 

chemical analysis of soil samples at the study site, the base 

saturation values are low to very high. The lowest base 

saturation value is 21.78%, and the highest is 97.30% (Table 

4). The lowest base saturation value is found in Unit 15, and 

the highest base saturation value is found in Unit 4. Soils with 

low base saturation are soils with more soil adsorption 

complexes filled with acidic cation Al3+ and H+. 

Besides that, the low base saturation is caused by the parent 

material of the soil in the research location, including the 

regosol soil type. The high base saturation value in Unit 4 was 

due to the high CEC at the study site and the moderate C-

organic content, thus affecting the high Base Saturation value 

because many base cations were adsorbed on soil colloids and 

were not easily leached. Recent studies [31, 32] found that 

CEC reflects the soil’s ability to exchange cations or provide 

nutrients for plants and the percentage of base saturation. The 

higher the two soil chemical properties, the better the soil 

fertility level. The high content of base saturation in soil 

indicates the availability of sufficient base cations for plant 

needs in terms of soil nutrients. 

 
Table 3. Results of soil chemical analysis in the laboratory and measurement of soil fertility status 

 

Unit 
CEC Base Saturation C-Organic P-Total K-Total 

Soil Fertility Status 
(me/100g) (%) (%) (me/100g) (me/100g) 

1 36.82(H) 96.92(VH) 3.21(H) 16.00(L) 10.71(L) M 

2 31.06(H) 96.73(VH) 0.40(VL) 10.37(L) 6.62(VL) L 

3 47.05(VH) 90.83(VH) 2.44(M) 31.27(M) 20.39(M) H 

4 35.87(H) 97.30(VH) 2.82(M) 41.68(H) 7.23(VL) M 

5 40.00(H) 48.49(M) 2.01(M) 25.99(M) 7.73(VL) M 

6 34.88(H) 89.41(VH) 2.00(M) 29.68(M) 12.46(L) M 

7 35.44(H) 78.11(VH) 1.23(L) 25.72(M) 6.73(VL) L 

8 38.04(H) 71.85(VH) 1.59(L) 38.81(M) 7.03(VL) L 

9 25.48(H) 90.00(VH) 3.35(H) 11.27(L) 22.76(M) M 

10 31.67(H) 84.35(VH) 3.45(H) 10.79(L) 10.81(L) M 

11 28.72(H) 78.20(VH) 1.26(L) 20.53(M) 14.88(L) L 

12 42.01(VH) 84.66(VH) 2.60(M) 19.01(L) 9.95(VL) L 

13 47.08(VH) 58.41(H) 2.84(M) 77.04(VH) 24.10(M) H 

14 44.19(VH) 80.00(VH) 2.46(M) 41.18(H) 10.03(L) M 

15 23.55(M) 21.78(L) 1.64(L) 34.47(M) 8.84(VL) L 

16 34.44(H) 83.95(VH) 2.07(M) 28.30(M) 48.05(H) H 

17 39.60(H) 62.83(H) 1.62(L) 25.22(M) 30.50(M) M 

18 50.15(VH) 53.78(H) 2.05(M) 20.25(M) 23.12(M) H 

19 47.37(VH) 46.22(M) 2.05(M) 10.33(L) 15.07(L) L 

20 32.04(H) 95.24(VH) 2.97(M) 3.17(VL) 10.81(L) L 

21 28.13(H) 60.15(H) 2.47(M) 16.20(L) 22.92(M) M 

22 33.56(H) 82.0(VH) 2.10(M) 19.28(L) 20.82(M) M 

23 41.68(VH) 64.00(H) 2.84(M) 12.52(L) 8.18(VL) L 

24 28.86(H) 91.85(VH) 2.50(M) 43.76(H) 22.44(M) H 

25 29.81(H) 81.16(VH) 1.26(L) 29.95(M) 22.51(M) M 

26 38.22(H) 36.56(M) 3.60(H) 22.53(L) 6.31(VL) L 

27 23.99(M) 50.00(M) 1.25(L) 51.06(H) 6.90(VL) L 

28 46.53(VH) 85.85(VH) 2.90(M) 27.86(M) 29.29(M) H 
Note: very low (VL); low (L); moderate (M); high (H); very high (VH). 

 
Table 4. Soil chemical properties assessment criteria 

 
Soil Chemical Very Low Low Moderate High Very High 

CEC (me/100g) <5 5-15 17-24 25-40 >40 

Base saturation (%) <20 20-35 36-50 51-70 >70 

P2O5 (HCl 25%) 

(mg/100g) 
<10 10-20 21-40 41-60 >60 

K2O (HCl 25%) 

(mg/100g) 
<10 10-20 21-40 41-60 >60 

C-organic (%) <1.00 1.00-2.00 2.01-3.00 3.01-5.00 >5.00 

 
3.3 C-organic 

 

C-organic soil is part of soil organic matter, which is 

essential in determining soil’s physical, chemical, and 

biological properties [33]. Land with dominant sand texture 

generally has low productivity. The low productivity of sandy 

land is caused by limiting factors such as the low ability to 

hold and store water, high infiltration, and evaporation, very 

low fertility and organic matter, and water use efficiency [34-

37]. C-organic soil at the study site is included in the very low 

criteria, namely 0.40% too high, 3.60%. The lowest C-organic 

value was found in Unit 2, and the highest C-organic was 

found in Unit 26. The C-organic content of the soil was 

relatively low at the study site because the research location 

was in a hilly and undulating topography with a slope of 25-

40% (steep-very steep). 
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Land with steep to very steep slopes generally have 

tremendous erosion [38-40], which causes the drift of nutrients 

and organic matter carried by erosion and surface runoff so 

that the C-organic content of the soil becomes low [41, 42]. 

Besides that, the research location has a type of gray regosol 

soil that is sensitive to erosion because it has unfavorable 

physical properties, such as the dominant texture of sand. The 

soil is porous and has low water-holding capacity and high 

evaporation, thus accelerating the drying and oxidation of 

organic matter. Agricultural activities influenced the high C-

organic content in Unit 26 by returning crop residues to the 

soil. Adding organic matter to the soil will add nutrients that 

plants can utilize. Therefore, the organic matter content in the 

soil at the study site increased with increasing post-harvest 

time due to the increasingly active process of decomposition 

of crop residues both above and below the soil surface. Tisdall 

and Oades [33] state that the soil organic matter is fundamental 

to maintaining soil productivity in a sustainable manner. 

 

3.4 Phosphorus 

 

Phosphorus is the second macronutrient after nitrogen 

needed by plants. This element is essential in the process of 

cell division, formation of fat, albumin, root development, and 

formation of fruit and seeds. The physical and chemical 

properties of the soil determine the availability of phosphate 

in the soil. Plants in the form of primary and secondary 

orthophosphate ions absorb phosphorus (H2PO4
- and HPO4

2-) 

[20, 43, 44]. Phosphorus values are classified as very low to 

very high. The lowest Phosphorus-Total content was found in 

Unit 19 of 3.17 me/100g. The low phosphorus content at the 

study site was caused by the influence of the yellowish-brown 

regosol soil dominated by sand texture. If it rains, the nutrients 

will be easily washed away and carried away by erosion. The 

high content of P-total in the study area, based on interviews 

with farmers at the study sites, indicated that farmers always 

use SP36 fertilizer to fertilize their plants. This causes the P-

Total content in the soil to be high. Soil P levels are classified 

as very high due to residual effects due to the continuous use 

of Phosphate fertilizer (SP 36), so many P elements are still 

present in the soil but cannot be fully utilized by plants. Soil 

P-Total content, which is relatively high, especially in paddy 

fields, can be reused by dry land plants after rice plants. 

Therefore, when cultivating dry land crops after rice, there is 

no need to apply P fertilization. Regosol soil has a neutral pH, 

but from a chemical aspect, it is relatively poor in nutrients. 

This is because the soil colloids and nutrients are easily lost 

through leaching. Generally, this soil has a sandy texture, 

loose structure, low water holding capacity, and nutrients. 

 

3.5 Potassium 

 

Potassium is absorbed by plants, usually in the form of 

soluble K (K+). The availability of Potassium for plants 

depends on aspects of soil, plants, and climate variables [45-

47]. Soil aspects include the amount and type of clay minerals, 

CEC, soil buffering capacity against K, moisture, temperature, 

aeration, and soil pH. The availability of K in the soil depends 

on the processes and dynamics of Potassium in the soil, 

especially the adsorption and release processes. Suppose the 

concentration of nutrients in the soil solution increases (for 

example, due to the application of fertilizers). In that case, the 

nutrients are immediately absorbed by the soil into a form that 

is not available (temporarily). This process is referred to as 

adsorption. 

On the other hand, if the concentration in the soil solution 

drops (e.g., due to nutrients being absorbed by plants or being 

washed away), the absorbed nutrients are immediately 

released into the solution so that they can be absorbed by 

plants (desorption). The soil analysis results in the laboratory 

showed that the K-Total content of the soil at the study site 

was classified as very low (6.31 me/100g) to high (48.05 

me/100g). The lowest K-total content was in Unit 26, and the 

highest total K-value was in Unit 16. The K-total content was 

very low at the study site because farmers rarely used KCl 

fertilizer to fertilize their crops. The high value of K-Total at 

the research location was caused by several factors. Namely, 

the CEC was classified as high, the base saturation was 

classified as very high. The CEC value can affect the soil 

solution to release Potassium slowly and reduce the potential 

for Potassium leaching in the soil. If the CEC value is high, 

then the amount of K+ base cations adsorbed on the soil colloid 

is high. Conversely, if the CEC value is low, the K+ base 

cations adsorbed on the soil colloid are small. 

 

3.6 Soil fertility status 

 

Soil fertility evaluation is the process of diagnosing nutrient 

problems in the soil and making fertilization recommendations 

[48, 49]. One way that is often used in assessing the fertility of 

the soil is through an approach to soil analysis or soil testing. 

Determination of soil fertility status is carried out through two 

stages; namely, the first stage begins with an assessment of the 

measurement of each soil fertility parameter, including CEC, 

base saturation, P-total, K-total, and C-organic. 

 

 
 

Figure 4. Spatial distribution of soil fertility status 

in Unda watershed 

 

The results of the evaluation between the chemical 

properties of the soil and the criteria for soil fertility status will 

get the soil fertility status. Based on the soil fertility status 

assessment results in the Unda watershed research location, 

soil fertility status was classified as low, medium, and high. 
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Low soil fertility status was found in Units 2, 7, 8, 11, 12, 15, 

19, 20, 23, 26, and 27, respectively. This unit’s lower soil 

fertility status is caused by soil types, namely gray regosol, 

yellowish brown regosol, and humus regosol, whose texture is 

dominated by sandy loam. As a result, in this type of soil, the 

organic matter content is low, with this type of soil drying 

quickly and oxidation of organic matter occurs. Moderate soil 

fertility status was found in Units 1, 4, 5, 6, 9, 10, 14, 17, 21, 

22, and 25, respectively. Spatially, relatively low soil fertility 

dominates the Unda watershed (Figure 4). 

Moderate soil fertility status because one of the parameters 

determining soil fertility status is classified as low/very low. 

High soil fertility status was found successively in Units 3, 13, 

16, 18, 24, and 28. The Unda watershed research location 

showed high soil fertility status due to the high value of cation 

exchange capacity, base saturation, C-organic, P-total, and K-

total. This is because this location has a high ability to 

exchange cations, so a high CEC causes more availability of 

nutrients needed by plants. Data on the percentage distribution 

of soil fertility status in the Unda watershed the research 

location is classified as low as 39.29%, with moderate soil 

fertility status is spread as much as 39.29%, and high soil 

fertility status is as much as 21.43%. 

Generally, the research area is dominated by low soil 

fertility status, which is caused by the soil type in the region, 

namely regosol. Regosol soils are shallow and often lack well-

defined horizons. They are typically found on steep slopes and 

are characterized by limited water and nutrient-holding 

capacity. Due to their inherent limitations, regosol soils 

require careful management to support optimal crop growth 

and productivity. Slope gradient plays a significant role in the 

development and erosion susceptibility of regosol soils. 

Steeper slopes are more prone to soil erosion, leading to the 

loss of topsoil, organic matter, and essential nutrients. Soil 

erosion on slopes can significantly impact soil fertility, 

reducing the productive capacity of agricultural lands. 

Regosol soils often exhibit low nutrient content and poor 

cation exchange capacity (CEC). Their shallow depth limits 

the accumulation of organic matter and nutrient reserves [50]. 

Consequently, the soil chemical properties, including pH, 

nutrient availability, and soil fertility, are directly influenced. 

Proper management practices, such as the addition of organic 

amendments and targeted nutrient application, are essential to 

enhance soil fertility and support crop growth in regosol soils. 

Regosol soil types are characterized by soil fraction 

composition dominated by the sand fraction. 

The texture of the soil, particularly its sand content, 

influences the availability of water and nutrients to plants. 

Sandy soils drain quickly, which can lead to water stress for 

crops, especially during dry periods. These soils also have a 

lower ability to retain nutrients, requiring more frequent 

fertilization [51, 52]. However, certain agricultural 

commodities, such as root vegetables and some fruit crops, can 

thrive in well-drained sandy soils. 

The preliminary study in this research did not include 

climate variables in the creation of land units, resulting in the 

omission of impacts for climate variability in soil fertility 

estimation. This is a limitation of the study that needs to be 

addressed for future researchers. Previous researchers [53-56] 

state that climate variability can alter the pH levels of soil, 

impacting nutrient availability and microbial activity. 

Increased rainfall can cause leaching of basic cations, leading 

to soil acidification. 

Subsequent researchers should develop a model with more 

complex thematic maps that incorporate climate, 

anthropogenic factors, geology, geomorphology, soil types, 

and existing field management as the basis for land unit 

mapping. As a consequence, more detailed data would be 

generated, allowing for implementation in specific regions 

(small scale). 

Maintaining soil fertility is critical for achieving sustainable 

agricultural production in high land farming [57]. Adequate 

nutrient availability and balanced soil chemical properties are 

essential for supporting plant growth, maximizing yields, and 

minimizing environmental impacts [58-61]. Implementing soil 

conservation measures, erosion control techniques, and 

appropriate nutrient management strategies are vital to 

ensuring long-term soil fertility and agricultural sustainability 

in high land farming areas [62, 63]. To optimize agricultural 

productivity in regosol soils on high land, a holistic approach 

to soil management is required. This includes conservation 

practices such as contour plowing, terracing, and mulching to 

prevent soil erosion. Additionally, soil fertility can be 

enhanced through organic matter incorporation, cover 

cropping, and precision nutrient management to improve 

nutrient retention and availability. 

 

 

4. CONCLUSIONS 

 

GIS technology enables the integration of soil sample data 

with geospatial information, including soil types, slopes, and 

land cover data. Through geo-referencing soil samples, 

researchers can effectively visualize and analyze soil 

properties across large areas, providing valuable insights for 

land management decisions. Utilizing GIS, soil samples can 

be utilized to create detailed land unit maps, delineating areas 

with similar soil properties. This aids land managers in 

comprehending and addressing variations in soil fertility 

within the landscape. Moreover, GIS applications facilitate the 

ongoing monitoring and evaluation of soil fertility 

management practices. By comparing historical soil sample 

data and tracking changes in soil chemical properties, the 

efficacy of various management interventions can be assessed. 

This empowers the implementation of adaptive management 

strategies, ensuring continual enhancement of soil fertility and 

sustainable land use. 

However, a limitation of the preliminary study lies in the 

utilization of only three thematic maps as the foundation for 

mapping units, disregarding the consideration of climate 

variability. Consequently, the study’s representativeness may 

be compromised when applied in regions with dynamic 

climates. To address this limitation, future researchers should 

develop comprehensive models incorporating additional 

thematic maps encompassing climate, anthropogenic factors, 

geology, geomorphology, soil types, and existing field 

management. By incorporating these factors, more detailed 

and comprehensive data can be generated, enabling 

implementation at smaller scales. 

Safeguarding soil fertility is paramount for achieving 

sustainable agricultural production, particularly in high land 

farming areas. Ensuring adequate nutrient availability and 

balanced soil chemical properties are crucial for supporting 

plant growth, optimizing yields, and mitigating environmental 

impacts. Implementing soil conservation measures, erosion 

control techniques, and appropriate nutrient management 

strategies are indispensable for ensuring long-term soil fertility 

and promoting agricultural sustainability in these regions. To 
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optimize agricultural productivity in high land areas with 

regosol soils, a holistic approach to soil management is 

imperative. This entails implementing conservation practices 

such as contour plowing, terracing, and mulching to prevent 

soil erosion. Furthermore, soil fertility can be enhanced 

through organic matter incorporation, cover cropping, and 

precision nutrient management to ameliorate nutrient retention 

and availability. By adopting these practices, farmers can 

improve soil fertility and maximize agricultural productivity 

in high land farming areas. 
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