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Soil acidification strongly influences agricultural productivity and watershed resilience
in tropical volcanic landscapes. This study examined the spatial distribution and
geochemical controls of soil pH in the Sumani Watershed, West Sumatra, Indonesia. The
mean soil pH was 5.51 (SD = 0.42), with significant correlations to erosion drivers—
positively with the USLE R factor (r = 0.17*) and negatively with the LS factor (r = —
0.21**). Exchangeable Ca, Mg, K, Na, and available Si were positively associated with
higher pH values. USLE modeling indicated moderate to severe erosion in upland areas,
contributing to persistent acidification, while depositional zones showed slightly acidic
soils. The lowest pH (4.64) was found in intensively cultivated vegetable fields, where
frequent nitrogen fertilization and pesticide use increased exchangeable acidity. In
contrast, irrigated rice paddies maintained higher pH (mean = 5.61), supported by
irrigation water and volcanic ash inputs. These results emphasize long-term acidification
trends and highlight the need for integrated management combining liming, silicon
supplementation, balanced NPK fertilization, and erosion control to sustain rice yields

above 10 t ha™! and ensure watershed sustainability.

1. INTRODUCTION

Soil pH is a fundamental parameter that affects nutrient
availability, microbial activity, and crop productivity,
particularly in paddy fields. Despite its importance, soil pH is
often overlooked in rice field management, and systematic
monitoring remains limited in Indonesia. In many rice-
producing regions, stagnant yields may be linked to increasing
soil acidity [1]. Long-term studies have shown that continuous
rice cultivation can gradually lower soil pH, reducing soil
fertility and plant health [2]. For example, studies [3, 4]
reported a 4.2% decline in soil pH over 30 years of rice
farming. These results highlight the need for improved soil
monitoring and management strategies, especially in areas
with intensive rice cultivation. Because erosion may
redistribute substances that affect pH, this needs to be
quantified.

One major challenge in managing soil health is soil erosion,
which is influenced by land use, slope, rainfall, and vegetation
cover. Erosion can reduce land productivity by degrading
topsoil and altering soil chemical properties. However, direct
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measurement of erosion across large areas is difficult due to
logistical constraints. As a result, erosion modeling has
become an essential tool for assessing soil loss and planning
conservation practices. Among these models, the Universal
Soil Loss Equation (USLE) is widely used because of its
simplicity and adaptability to various environmental settings
[5, 6]. Recent studies have used USLE to estimate not only
erosion risk but also the movement of soil nutrients and
minerals, such as plant-available silicon (Si) [7]. While model
choice depends on the research focus and site characteristics,
USLE remains a practical option for erosion assessment in
Indonesian watersheds [8, 9].

In the Sumani Watershed (SW), West Sumatra, soil pH
variability is likely affected by both natural and human factors.
These include fertilizer inputs, volcanic ash, irrigation water
quality, and land use changes. Topography and erosion may
also play roles in redistributing soil particles and nutrients,
leading to spatial differences in soil pH. Generally, upland
soils, especially those formed from volcanic materials, tend to
have higher pH due to limited weathering and the presence of
fresh base-rich minerals [7, 10, 11]. In contrast, lowland paddy
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soils often exhibit lower pH due to flooding, leaching, and
long-term rice cultivation. Volcanic ash contributes essential
elements like Ca, Mg, and Si, which help regulate soil acidity
[7, 10, 12].

Soil pH is further influenced by the availability of
exchangeable cations such as Ca, Mg, K, and Na, along with
Fe and Al concentrations. Organic matter and total carbon
(TC) also affect pH buffering capacity. In some cases,
irrigation water from volcanic areas may bring in neutral or
slightly alkaline minerals, temporarily balancing soil acidity.
However, the effectiveness of these natural buffering
processes appears to be declining. Studies [3, 4] observed that
despite increasing signs of soil acidification, policy and
management responses have been slow. Many farmers assume
that rice can still grow well on acidic soils and see no urgent
need for liming [13]. This perception has resulted in minimal
interventions, even in areas showing declining soil pH. Land
use change in the Sumani Watershed, particularly the
conversion of forested uplands to agricultural land, has
intensified erosion. Eroded sediments from uplands may carry
base-rich materials that, when deposited in downstream
paddies or sawah, could temporarily raise soil pH. This
suggests a potentially positive, though limited, role of erosion
in buffering soil acidity [7]. Nonetheless, such effects are
likely short-term and do not replace the need for long-term soil
management.

Nutrient distribution across landscapes is also influenced by
erosion and land use. Elements such as total nitrogen (TN),
total phosphorus (TP), Si, and TC show spatial variability
associated with erosion intensity and land cover types [14, 15].
Mapping these spatial patterns can help inform sustainable
land use strategies and improve soil fertility management.
Despite this, the relationship between soil erosion and pH
distribution remains understudied, especially in tropical
volcanic watersheds like Sumani. While some research has
linked erosion to nutrient redistribution, its role in shaping soil
acidity, particularly in paddy sawah, has not been clearly
examined.

We propose that soil erosion may contribute to the spatial
variability of soil pH in the Sumani Watershed, particularly by
transporting base-rich sediments from uplands to lowland
paddies sawah. This challenges the common perception that
erosion is only harmful, suggesting that, under specific
conditions, it may temporarily help regulate soil acidity. This
study aims to analyze the spatial variation of soil pH in the
Sumani Watershed and identify the main soil properties and
environmental factors that influence it. Specifically, we
examine the role of available Si, TC, exchangeable cations
(Ca, Mg, K, Na), and metals (Fe, Al) under different land use
types. We also explore how erosion may redistribute these
elements across the landscape using USLE modeling. By
integrating soil chemical analysis with land use and erosion
data, this study seeks to advance our understanding of soil pH
dynamics in volcanic rice-growing regions. The results are
expected to support more effective and site-specific soil
management practices in Indonesia’s agricultural watersheds.

2. METHOD
2.1 Study area and sampling strategy

This study was conducted in the Sumani Watershed (SW),
Solok Regency, West Sumatra, Indonesia (00° 36’ 08" to 10°
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44" 08" S and 100° 24’ 11" to 101° 15’ 48" E). The area
includes Mount Talang (2,500 m asl), extending from the
uplands to Lake Singkarak (300 m asl). The region has a
humid tropical climate with annual rainfall of 1,669-3,230
mm and temperatures ranging from 19°C to 30°C, depending
on elevation [7]. Relative humidity ranges between 78.1% and
89.4%. The watershed was selected due to (1) availability of
erosion data, (2) diverse land use types including paddy fields,
forests, plantations, vegetables, and shrubs (Figure 1), and (3)
its role as a major rice production area. Sampling points are
shown in Figure 1, with blue and red markers indicating soil
and sediment samples. Soil samples were collected at depths
of 0-20 cm and 20-40 cm, with deeper cores up to 100 cm
taken for vertical analysis. Sediment samples were collected
from six river sites across different altitudes. The watershed
includes eight geological formations, such as volcanic breccia,
tuff, lava, and shale (Tuhur Formation). SW is divided into
five sub-watersheds: Sumani (S1), Lembang (S2), Gawan
(S3), Aripan (S4), and Imang (S5) [7]. Mount Talang's
eruptions influence soil fertility. The 2005 eruption deposited
ash layers up to 5 cm near the summit. Volcanic ash had pH
H20 7.26, Bray 2 P at 68.02 mg/kg, and high total P (498.12
mg/kg) [7]. The CEC was 5.75 cmolc(+)/kg; exchangeable
cations included Ca (11.14), Mg (2.18), K (0.09), Na (0.12)
cmolc(+)/kg. Volcanic glass and labradorite were dominant
ash components. Active Al and Fe were 0.60% and 1.99%,
respectively.

2.2 Paddy sawah systems

Paddy sawah refers to irrigated, leveled rice fields. In SW,
rice is grown three times annually in lowlands and twice in
uplands, with vegetable rotation in the latter. Since 1974, lime
has not been applied to lowland fields, though uplands receive
annual lime inputs. Fertilizers include urea, SP-36, and KCl or
compound fertilizers, applied at 46—184 kg N/ha, 3672 kg
P2Os/ha, and 6.3-63 kg K.O/ha. However, KCl is often
omitted due to perceived low benefits. Farmers typically burn
rice straw post-harvest to facilitate preparation and pest
control [7]. Lime application is generally avoided because
farmers depend on the natural fertility of volcanic ash soils and
receive limited technical support from agricultural extension
services.

2.3 Sample collection

A total of 146 soil samples were collected across land use
types and topographies. Six sediment samples were taken for
pH analysis (H20, 1:2.5). Samples were air-dried, sieved (< 2
mm), and plant species were recorded at sampling points.
Water samples were collected monthly (August—February)
from five river sites along an upstream—downstream gradient
for pH measurement. Fieldwork was supported by local
farmers, Politeknik Pertanian Negeri Payakumbuh, and
Andalas University.

2.4 Soil and water analysis

From the total samples, 146 were analyzed for chemical
properties (Figure 1). pH H2O (1:2.5) was measured using a
glass electrode and an ICP spectrometer (Shimadzu
ICPS2000). Total carbon (TC) was determined via dry
combustion using a CN Corder (Yanaco MT-700) following
[7]. Base cations (Ca, Mg, K, Na) were extracted with 1 M



ammonium acetate [4] and measured via ICP or AAS
(Shimadzu AS 680). Exchangeable acidity was analyzed using
1 M KCl and titration with NaOH. Available Fe was extracted
with 0.1 M HCI. Available Si was extracted using acetate
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Figure 1. (A) Spatial distribution of soil pH in the Sumani Watershed (SW), influenced by natural factors (e.g., topography, soil
properties) and anthropogenic activities (e.g., fertilizer application, irrigation), (B) Sampling locations, (C) Land use types, paddy
fields, forests, mixed gardens, vegetable farms, shrublands, tea plantations, river sediments, and erosion-affected areas are
indicated

2.5 Soil erosion assessment using USLE

Soil erosion was estimated using the Universal Soil Loss
Equation (USLE) [5]:
E=RxKXLx§xCxP (1)
where, E is erosion (t/ha/year), R is rainfall erosivity, K is soil
erodibility, L is slope length, S is slope steepness, C is cover
management, and P is conservation practice. SW was divided
into 39,312 grid cells (125 x 125 m), each with data on land
use, rainfall, elevation, and soil properties. Kriging
interpolation was used; negative values were excluded. USLE

was chosen due to its simplicity and suitability for regional
data [7].

2.5.1 The rainfall erosivity factor (R) and soil erodibility factor
(KI){ainfall erosivity (R) was calculated using:

R = 6.19(RY)"*! (Rn)*47 (Rm)"3 2)
where, Rf is the total monthly rainfall, Rn is the number of
rainy days, and Rm is the 24-h maximum rainfall [7]. Rainfall

varied by year, with no distinct dry season. Kriging was
applied where data were missing [16-18].
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A clearly defined dry season was absent in the Sumani
Watershed, leading to the absence of a consistent seasonal
cycle in both monthly rainfall and the rainfall erosivity factor
(R). The analysis indicated substantial interannual variability
in seasonal rainfall distribution. Precipitation data were
obtained from four climatological stations located within the
watershed, namely Sumani, Sanding Baka, and Sukarami
stations, which provided the primary basis for rainfall erosivity
estimation.

Soil erodibility (K) was calculated as:

100K=2.713 M (10 -4) (12-a) +3.25(b-2) 3)
+2.5(c-3)

where, M = [(St— Svf)/100] — Cf; St = silt, Svf= very fine sand,
Cf = clay; a = organic matter (%), b = structure class, ¢ =
permeability class [7]. Soil data were systematically collected
through field surveys and are presented in Tables 1 and 2. The
accuracy and reliability of the model largely depend on the
rainfall erosivity factor (R) and the soil erodibility factor (K),
both of which are essential indicators of local environmental
conditions and therefore require thorough evaluation.
Nevertheless, several grid cells lacked adequate rainfall
records and/or soil analytical data necessary for the direct
calculation of these factors. To address this limitation, an
interpolation procedure was applied using the nearest neighbor



kriging method, in which values were assigned from the
closest grid cell containing complete soil analysis data. This
geostatistical approach has been widely acknowledged as
effective for handling spatial data gaps and has demonstrated
robust performance in producing reliable estimates, as also
highlighted in previous research.

2.5.2 Slope length and steepness factor (LS)

Slope length and steepness (LS) were estimated using two
equations [8]:

For slopes < 20%:

LS = (L/22)" (65.41 sin 2 X —4.56 sin X + 0.065) “4)
For slopes > 20%:
LS = (L/22)"7 (6.432 sin (X 0.79) cos (X)) (5)

where, L is slope length (m), X is slope angle (°), and m varies
with gradient (Table 1 and Table 2). In this study, each grid
cell was considered as an independent slope unit for the
estimation of topographic influence on soil erosion. The LS-
factor, which integrates slope length (L) and slope steepness
(S), was calculated using the standard equation described
above. Previous findings have indicated that the slope length
exponent within this equation does not vary significantly when
the slope gradient increases from 3% to 17%. However,
variations were observed for slopes with gradients less than
3%, where the relationship between slope length and erosion
potential becomes nonlinear. To address these differences, two
distinct formulations were employed based on slope classes:
Eq. (4) was applied to slopes with gradients < 20%, while Eq.
(5) was used for slopes exceeding 20%. This stratified

approach ensured a more accurate representation of
topographic effects across varying slope conditions and
minimized potential biases in erosion factor estimation.

2.5.3 The cover management factor (C) and conservation
practice factor (P)

The cover management factor (C) and conservation practice
factor (P) values were derived from land use types in the
Sumani Watershed, which were analyzed using Landsat TM
imagery (2023) and Google Earth images (2023). These
datasets were further verified through direct field surveys
conducted in the watershed in August 2023 and cross-checked
with land use maps compiled from aerial photographs in 2003.
Both the C and P factors represent land use characteristics that
are relatively consistent across regions, yet they differ
according to specific land use types. Each land use class was
assigned a distinct C-factor value, with forest areas
consistently exhibiting the lowest, while vegetable gardens
recorded the highest, except for settlement areas. Dominant
soil conservation practices observed in the Sumani Watershed
included ground cover with grasses or shrubs in vegetable,
mixed, and coconut gardens, as well as terracing in irrigated
paddy fields (Figure 1). The P-factor, defined as the erosion
ratio associated with a specific conservation technique, was
assigned to each land use category. Since farmers in the
watershed generally apply similar conservation practices
within the same land use type, the P-factor values were
determined based on standardized recommendations from the
USLE framework. This combination of remote sensing, field
validation, and established parameterization ensured a robust
and spatially consistent representation of C and P values for
subsequent erosion modeling.

Table 1. Soil pH H20 (1:2.5) and erosion factor analysis at sampling sites in the Sumani Watershed

pH pH H20

Sub . L. Erosion .
Watershed Land Use Statistic R K LS C P Ton/haly (:){-22(())) Stast(l:isl in
Meanisp 3019+ 01545 054+ 008902 977+ ss7+ "
_ 827.39 +0.09 0.99 0.112 021 18.85 0.28
Sumani gafggf};;“?(‘;‘gst Average  3501.93 0.15 054 009  0.52 7.77 5.57 sla
i)us}; > Mz}x 4005.10 0.30 3.61 0.40 1.00 97.88 6.15 n
Min 2175.40 0.02 0.001 0.001 0.40 0.003 4.98 ea
SD 827.39 0.09 0.99 0.112 0.21 18.85 0.28
N 40
0.47
MeantSD 3406288+ 029+ 0.61+ 0.09+ N 9.83 + 536+ ma
Sawah, mixed 866.44 0.81 1.01 0.11 0.14 29.39 0.44
Lembang garden, Average 3406.29 0.29 0.61 0.09 0.47 9.83 5.36 ma
vegetables, forest, Max 4005.10 6.10 3.40 0.40 1.00 156.36 6.21 n
bush Min 2175.39 0.001 0.001 0.001 0.40 0.001 4.42 ea
SD 866.44 0.81 1.01 0.11 0.14 29.39 0.44
N 55
0.54
Mean+SD 3333.10 + 0.20 + 052+ 0.10+ N 40.33 + 5.85+ sla
920.17 0.10 1.12 0.13 0.26 89.94 0.30
Imang Sawah, mixed Average 3333.10 0.20 0.52 0.10 0.54 40.33 5.85 sla
garden, bush Max 4005.10 0.30 2.51 0.29 1.00 201.22 6.13 n
Min 2325.10 0.10 0.001 0.01 0.40 0.001 5.37 ma
SD 920.17 0.10 1.12 0.13 0.26 89.94 0.30
N 5
. 40051+ 027+ 081+ 009+ 9% 3406+ 558+
Gawan Sawah, mixed  Mean+SD 0.0 008 105 o010 - 86.74 0.21 ma
garden, forest 0.25
Average 4005.10 0.27 0.81 0.09 0.59 34.06 5.58 ma
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Max 4005.10 0.30
Min 4005.10 0.090
SD 0.00 0.08
N 12
3708.63 + 0.22 +
MeantSD = 65008 0.13
Sawah, mixed
. Average 3708.63 0.22
Aripan garden, forest, Max 4005.10 0.48
bush Min 2325.10 0.09
SD 650.08 0.13
N 34

2.51 020  1.00 301.82 585 sla
0.001  0.001  0.40 0.0004 5.26 ma
1.05 010 025 86.74 0.21

037+ 014+ °f9 8878+  5.61 + N
0.76 023 o, 269.55 0.55 s
037 0.4 049 88.78 5.61 sla
214 095 100  1191.96 7.2 n
0.001  0.001  0.40 0.001 4.18 ca
076 023  0.17 269.55 0.55

where, ea = extremely acidic (pH 3.5-4.4); sa = strongly acidic (pH 4.5-5.0); ma = moderately acidic (pH 5.1-5.5); sla = slightly acidic (pH 5.6—6.0); n = neutral
(pH 6.1-7.3); ), according to the USDA-NRCS soil reaction classification [19].

2.6 3D mapping and data processing

Data were processed using Surfer® 9 and 11, incorporating
USLE results, DEMs, and soil and land use maps. Block
kriging produced smoothed maps of pH, erosion, and land use.
Surfer® is widely used in environmental studies, though rarely
documented in literature [7]. Universal kriging assumes
constant unknowns. Steep, inaccessible areas were excluded.
Cross-validation assessed kriging accuracy (Figure 1). We
used Pearson’s correlation to test the relationships between
soil pH and key physicochemical and erosion-related variables
(texture, bulk density, organic matter, exchangeable cations,
acidity, available Si, extractable Fe, total carbon, and USLE
factors). Significance was evaluated at p < 0.05 and p < 0.01.
All analyses were carried out in Microsoft Excel.

3. RESULT AND DISCUSSION
3.1 Description of soil physical and chemical properties

The soils showed a texture dominated by silt (59.1%), with
relatively low sand (14.1%) and moderate clay (26.8%).
Texture plays a central role in regulating soil chemical
behavior, as it controls surface area, cation exchange capacity
(CEC), and the ability of soils to retain or release H' and base
cations. Although higher clay content generally enhances ion
retention and pH buffering, this capacity depends strongly on
mineralogy. High-activity clays, such as montmorillonite and
illite, provide much greater buffering than low-activity
kaolinite, which is common in highly weathered tropical soils.
Thus, even with a moderate clay content, the buffering
capacity in these soils may be limited. The high silt fraction
also suggests abundant fine particles that hold water and
organic matter, influencing leaching and nutrient mobility, and
ultimately shaping soil pH dynamics in the watershed (Tables
1 and 2).

High rainfall erosivity (R), soil erodibility (K), and steep
slopes (LS) contribute to erosion risk. Crop cover (C) is low,
while conservation practices (P) are relatively effective.
According to study [5], high R and K values elevate erosion
potential. Soil erosion is also influenced by physical, chemical,
and biological factors. Soils are moderately acidic, with a
mean pH H20 of 5.61 and low available silicon (Si). Total
carbon (TC) and exchangeable acidity are high. Among base
cations, calcium (Ca) and magnesium (Mg) are dominant,
while potassium (K) and sodium (Na) are present in moderate
levels (Table 2). Soil pH classification at 0—20 cm shows that
91% of paddy fields are acidic: 1% extremely, 18% strongly,
38% moderately, and 40% slightly acidic. Based on the report
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[17], FAO (1976) standards, 49% of soils are classified as
highly suitable (S1: pH 5.5-7.8), 38% as moderately suitable
(S2: 5.2-5.5), and 18% marginally suitable (S3: < 5.2).
However, when low Si is considered a limiting factor, 99% fall
under S3. Since the 1974 Green Revolution, Indonesia has
emphasized NPK fertilizers and pesticides, but not liming.
Consequently, soil acidity continues to increase. According to
Liebig’s Law, crop production is limited by the most deficient
element [18]. In this case, low pH and Si restrict rice yield.
Unfortunately, Si and lime applications remain uncommon in
the region [7].

Soil properties in the Sumani Watershed revealed complex
interactions with pH. Organic matter and total carbon were
negatively correlated with pH, suggesting that sites rich in
humus or soluble organic acids tended to be more acidic. In
contrast, base cations (Ca?*, Mg?*, K*, Na*) were positively
related to pH, while exchangeable acidity (Al**, H") strongly
reduced it, confirming the central role of base saturation in soil
buffering. Available Si also showed a positive link with pH,
likely reflecting Si-rich parent materials that release base
cations. Low bulk density and variable extractable Fe
indicated high porosity and redox-driven shifts influencing
acidity. Finally, erosion factors highlighted that steep slopes
enhance topsoil loss and acidity, whereas depositional areas
may retain higher pH due to sediment or volcanic inputs.

3.2 Soil pH H:O and related physicochemical factors

Table 3 confirms that paddy fields and adjacent lands
(forests, tea plantations) have slightly acidic soils (mean pH
H.0 = 5.61), while vegetable plots are more acidic. Yields >
5.6 t/ha are typically obtained at neutral pH (> 6.1). Optimal
productivity occurs at pH 5.6-7.0 (S1 class). Soil pH is
buffered by surface water (pH 6.9-9.0), sediment deposition
(pH 5.43-6.10), and topsoil pH (4.18-7.22). Despite abundant
base cations, soils remain acidic due to high exchangeable
acidity from H+ and Al ions. Al hydrolysis contributes to H+
release, lowering pH. Intensive cropping and post-harvest
burning also reduce pH over time [3, 4]. To raise productivity
(> 6-10 t/ha), soil pH must increase to 6.1-7.3. Lime
application using local limestone is recommended. The
required lime (ton/ha) = (target pH — actual pH) x 3. For
example, raising pH from 4.18 to 7.3 would require 9.4 tons
CaCOs/ha. Table 4 compares SW pH values with Java and
Bangladesh. SW soils are more acidic, likely due to long-term
urea and ammonium sulfate use, along with pesticides. In Java,
pH declined from 6.7-7.1 in the 1970s to 5.8-5.9 in 2003. In
Bangladesh, pH fell from 6.67 (1967) to 5.9 (1995). Similar
trends are observed in SW, despite volcanic ash inputs.



Table 2. General physicochemical properties of soils in the Sumani Watershed

Soil Physicochemical Mean Criteria (Range) SD r

Sand 0.05-2 mm(%) 14.07 1 (2.0-59.4) 10.78 -0.038

Silt 0.02-0.002 mm(%) 59.11 h (17.1-85.4) 16.56 0.03
Clay < 0.002 mm(%) 26.82 m (9.2-80.16) 17.76 -0.009
Organic matter (g/kg) 48.82 m (4.99-260.94) 43.18 -0.24**

Bulk density (g/ cm?) 0.84 1 (0.505-1.27) 0.20 0.12
Erosivity factor (R-factor) 2231.90 h (1288-2452) 387.10 0.17*

Soil Erodibility (K-factor) 0.23 m (0.001-6.1) 0.50 0.09
Topography factor (LS-factor) 0.55 1 (0.001-3.61) 0.95 -0.21%*

Crop factor (C-factor) 0.10 1 (0.001-0.95) 0.15 0.04

Conservation practices (P-factor) 0.50 h 0.4-1) 0.18 0.04
Total Carbon (g/kg) 28.32 h (2.9-151.36) 25.05 -0.24%*
Exchangeable Ca (cmolc (+)/ kg) 10.72 h (0.023-29.70) 5.61 0.43%*
Exchangeable Mg (cmolc (+)/ kg) 4.32 h (0.093-15.65) 2.99 0.48**
Exchangeable K (cmolc (+)/ kg) 0.39 m (0.041-1.85) 0.35 0.22%%*
Exchangeable Na(cmolc (+)/ kg) 0.85 m (0.002-3.73) 0.60 0.45%*
Exc. Acidity (cmolc (+)/ kg) 5.26 h (4.15-7.88) 1.14 -0.72%*
Available Si Ofg()’ em (mg Si0:/ 299.80 I (89.36-1115.36) 17721 0.23%*
Extractable Fe (mg/kg) 204.20 h (0.02-1500.6) 289.00 -0.005

Soil pH H20 1:2.5 5.51 ma (4.18-7.22) 0.43

** P-value < 0.01; *, P-value < 0.05. SD = standard deviation; r = correlation; h = high; m = medium; | = low; ma = moderately acidic; ea = extremely; sa =
strongly acidic; ma = moderately acidic; sla = slightly acidic; n = neutral. Soil pH H-O classification follows USDA NRCS [19]; Available Si classification
follows studies [20, 21]; exchangeable acidity criteria follow study [22]; exchangeable Ca, Mg, K, and Na classifications and criteria for R, K, LS, C, P factors,
and TC are based on study [23].

Table 3. Mean soil pH H20 (1:2.5) and major physicochemical properties in the Sumani Watershed

Exchangable Exchangable Exchangable Exchangable  Available TC Extractable  Exchangable
. Na K Mg Ca Si Fe Acidity
Site S0 pH
(cmolc/ kg) (m/gkg) 2 (g /kg) (mg /kg) (cmolc/ kg)
River 15.72
Sediment (n = 1.13 (h) 0.66 (h) 8.65 (h) 1398 (h)  535.25 (m) 0 50.81 (h) 4.59 (h) 5.81 (sla)
6)
Bush (n = 7) 0.39 (m) 0.53 (m) 3.16 (h) 1217 (h)  355.05 (m) 3(25)3 191.05 (h) 5.55 (h) 5.62(sla)
Forest (n=8) 0.4 (m) 0.44 (m) 3.13 (h) 1091 (h)  319.15 (m) 4(9&9)8 16.2 (h) 497 (h) 5.50(sla)
Tea (n=2) 0.25 (1) 0.22 (1) 0.87 (m) 6.07 (h) 27236 (1) 12&')89 16.28 (h) 4.39 (h) 5.25(ma)
Veg"fg)‘es (n 0.28 (1) 1.28 (vh) 1.21 (h) 7.33 (h) 153.11 (1) 22;16)8 15479 (h) 433 (h) 4.64(sa)
M‘Z‘:‘ig“agfe“ 0.62 (m) 0.47 (m) 4.62 (h) 11.35 (h) 386.26 (m) 2(3&9)5 112.83 (h) 5.32 (h) 5.51(ma)
Sawah (n=77) 1.2 (h) 033 (1) 4.57 (h) 11.76 (h) 254.98 (1) 2(;9)6 292.1 (h) 5.28 (h) 5.61(sla)

where, h = high; m = medium; | = low; ma = moderately acidic; ma = moderately acidic; ea = extremely; sa = strongly acidic; ma = moderately acidic ; sla =
slightly acidic; n = neutral.

Table 4. Average soil pH H20 (0-20 cm depth) in paddy fields of the SW region, other Indonesian watersheds, and international

sites
Area pH H:O in Soil
Study (Reference) Location 5 Number of Soil Samples (0-20 cm)
(km?)
Depth
Sumani subwatershed (S1), sawah Sumatera Island 176.7 19 5.63 (sla)
Lembang subwatershed (S2), sawah Sumatera Island 191.8 34 5.37 (ma)
Gawan subwatershed (S3), sawah Sumatera Island 80.4 5 5.64 (sla)
Aripan subwatershed (S4), sawah Sumatera Island 70.4 16 5.62 (sla)
Imang subwatershed (S5), sawah Sumatera Island 64 3 5.81 (sla)
Sumani Watershed, sawah Sumatera Island 583.3 77 5.61 (sla)
Citarum Watershed, sawah [13] Java Island 6949 30 6.4 (n)
Kaligarang Watershed, sawah [13] Java Island 210 19 6.13 (n)
Java, sawah in the year 1970 [3, 4] Java Island 46 6.9 (n)
Java, sawah in the year 2003 [3, 4] Java Island 46 5.84 (sla)
Java, Sawah Seedfarm in the year 1970 [3, 4] Java Island 18 7.13 (n)
Java, Sawah Seedfarm in the year 2003 [3, 4] Java Island 18 5.88 (sla)
Java, sawah Non-Seedfarm in the year 1970 [3, 4] Java Island 18 6.7 (n)
Java, sawah Non-Seedfarm in the year 2003 [3, 4] Java Island 18 5.81 (sla)
Bangladesh, sawah in the year 1967 [24] Bangladesh 6.16 (n)
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Bangladesh, sawah in the year 1995 [24] Bangladesh 5.9 (sla)
Thailand, Mango, Troplc:é 5s;;mdy soil in the year 2004 Thailand 5.2 (ma)
Thailand, Sugarcane, Tropical sandy soil in the year .

2004 [25] Thailand 5.7 (sla)
Thailand, Paddy soil, in the year 2010 [26] Thailand 65 5.77 (sla)
Thailand, Paddy soil, in the year 1960 [26] Thailand 65 5.17 (ma)
Philippines, Paddy soil, in the year 2010 [26] Philippines 37 6.62 (n)
Philippines, Paddy soil, in the year 1960 [26] Philippines 37 6.39 (n)
Malaysia, Paddy soil, in the year 2017 [26] Malaysia 40 5.7 (sla)
Malaysia, Paddy soil, in the year 1965 [26] Malaysia 40 4.7 (sa)

Soil pH changes in paddy fields are clearly heterogeneous
across Southeast Asia (Table 4). Some regions, such as Java
and Bangladesh, exhibit notable acidification: in Java, pH
dropped from ~6.9 in 1970 to ~5.84 in 2003 due to intensive
cultivation, repeated mineral fertilization, and insufficient
liming [4], while in Bangladesh, paddy soil pH declined from
6.16 in 1967 to 5.90 in 1995 [24]. In contrast, parts of the
Philippines maintained near-neutral pH (~6.4—6.6) over five
decades, and Malaysia even showed a pH increase from 4.7 in
1965 to 5.7 in 2017, highlighting the influence of local
management practices, fertilization regimes, and parent
material characteristics [26].

3.3 Correlation between soil chemistry and pH H.O
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Figure 2. Correlations between soil pH H20 (1:2.5) and
selected chemical properties, including: (a) available Si, (b)
total carbon, (c) exchangeable Ca, (d) exchangeable Mg, (¢)

exchangeable K, (f) exchangeable Na, (g) exchangeable

acidity, and (h) extractable Fe

As shown in Figure 2, pH H:O is positively correlated with
exchangeable Ca, Mg, K, Na, and available Si. These
nutrients, derived from Mount Talang’s volcanic ash [27],
support pH stability. Volcanic ash contains Ca (11.14
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cmolc(+)/kg), Mg (2.18), K (0.09), Na (0.12), and amorphous
Si (11.15%). Conversely, pH H20 negatively correlates with
TC and exchangeable acidity. This reflects increased soil
acidity due to nitrogen fertilizers and continuous rice
cultivation. Volcanic ash also contributes to Al, increasing
acidity. Fe shows no clear effect on pH, possibly due to
weathering [27]. The volcanic ash itself has a pH HzO of 7.26
and a KCl pH of 7.12, with active Al at 0.60% and Fe at 1.99%.
Volcanic ash weathers rapidly, releasing base cations and Si
that displace H+ and neutralize acidity. However, Al and Fe
released from ash can counteract this effect. Thus, while
volcanic ash helps mitigate acidification, it cannot fully offset
the long-term impacts of intensive chemical input and
cropping. The erosion and transport of these volcanic materials
from highland areas to lower elevations in the SW region
contribute to their enrichment in the soil.

3.4 Spatial distribution of soil erosion and pH H:O (1:2.5)

Figure 3(a) shows the 3D distribution of soil pH H-0 (1:2.5)
in the Sumani Watershed (SW). Highland areas near Mount
Talang (S1, S2) have moderately acidic soils (pH 5.1-5.5),
while the eastern highlands above Lake Diateh are more acidic
(pH 4.5-5.0). Western regions (S1, S3, S5) show both
moderately (5.1-5.5) and slightly acidic soils (5.6-6.0),
especially in sediment-rich lowlands (S3, S5). Figures 3(a, b)
suggest moderate to high erosion on both watershed flanks,
contributing to consistent soil pH H20 in the moderately acidic
range. Despite the volcanic ash input from Mount Talang, pH
remains unchanged due to erosion-driven redistribution of ash
and soil particles, which contributes to acidification. In the
eastern highlands, erosion levels range from low to moderate
(0-5 tons/ha/year). Frequent nitrogen fertilization and
pesticide use in vegetable terraces further reduce pH (4.5-5.0).
In S4, where erosion is high, the pH ranges from strongly to
moderately acidic. Conversely, lowland deposition zones (S3,
S5) with minimal erosion show slightly acidic pH. These
patterns underscore the role of erosion and agricultural inputs
in controlling soil pH.
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Figure 3. (a) 3D soil erosion, (b) spatial distribution of soil
pH H20

3.5 Vertical and sediment-related pH changes

Figure 4(a) displays vertical pH H20 profiles across
topography. Surface soils are more acidic than subsoils, likely
due to nitrogen inputs, pesticides, high TC, and aluminum
accumulation from erosion and farming. Erosion emerges as a
primary factor in this vertical stratification. Erosion and
sedimentation are estimated at 4473 Gg/year and 469.7
Gg/year, respectively, compared to 27 Gg/year of crop
production. Sediment pH averages 5.81, slightly higher than
the mean soil pH (5.51), while river water pH ranges from 6.9
to 9.04. Sediments contain higher exchangeable Ca, Mg, K,
Na, and available Si than original soils (Table 3), indicating
nutrient loss and redistribution via erosion. Thus, erosion
impacts not only surface but also subsurface soil chemistry,
leading to overall acidification under current land-use trends
[7]. Figure 4(b) visualizes erosion vectors, indicating transport
from uplands (S1-S5) to lowlands (S3, S5), where higher-pH
sediments accumulate. This may explain the slightly acidic
soils and elevated water pH downstream.

(@) pHH20 (1:25) pH H20 (1:2.5)

45 55 6.5 45 55 65

0 T 0
E B
S € 2
£ 20 ¢ g 2
g $
= 40 F = 40
o o
w w

Upland
60 60

$1: Sumani-sw
o™ %:,bnwan-sw
7
=" S5: Imang-sw
<
.:\", S2: Lembang-sw
“‘_\-34: Aripan-sw
ement  sw! Subwatershed

(2%)m6.1-7.3
(7%) 1 6.6 - 6.0
(20%)!_161-55
(17%) M 45 .50
(48%)il 3.5-4.4
(6%)M30-36: . = -

=L River channeI““»M arial m

Figure 4. (a) Vertical distribution of soil pH H20 in upland
and lowland areas, (b) material movement in the SW region

3.6 River and irrigation water pH

Figure 5(a) shows the river and irrigation water pH from
August 2006 to February 2007, ranging from 7.48 to 7.75.
Upland waters are more alkaline, possibly due to ash
deposition, sediment transport, and liming. Volcanic ash from
Mount Talang has a pH H20 of 7.26 and pH KCl of 7.12 [27].
These findings suggest erosion and inputs modify water
chemistry.

The pH range of irrigation and river waters in the Sumani
Watershed (6.9-9.04) indicates predominantly neutral to
moderately alkaline conditions, with some locations
exhibiting notably higher values than comparable regional
rivers (e.g., Malaysia 5.23-8.40; Brunei 6.31-7.70;
Philippines ~7.0-8.5). These differences are consistent with
local heterogeneity in geology (notably the presence of
volcanic tephra and buffering minerals), hydrological
characteristics, and land-use/ agricultural management
practices. Leaching experiments conducted on recent tephra
deposits (e.g., Talang Volcano, West Sumatra) demonstrate
that initial leachates may produce a rapid drop in pH during
early stages; however, subsequent release of basic cations
from volcanic materials can confer medium- to long-term
buffering effects. Consequently, tropical volcanic watersheds
tend to display pronounced pH dynamics, but the direction and
magnitude of change are not globally uniform. Therefore, the
pH shifts observed in Sumani are more plausibly attributed to
a combination of regional controls (tephra geology coupled
with local agricultural practices) rather than to a single
universal mechanism.
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3.7 Interpolation and map validation

Figure 5(b) summarizes pH H>O drivers: parent material
(USDA-NRCS, 2016), buffering capacity, microbial activity
[28-36], organic matter, and farming practices. Erosion
removes nutrient-rich topsoil, reduces fertility, and shifts
acidity [37]. Redistribution creates spatial pH variation [38].
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Organic amendments and conservation tillage are
recommended [39]. Model validation, focusing on bias
reduction [7]. Kriging interpolation showed the lowest errors
(ME, MAE, RMSE) among the four tested methods (Figure
6(a, b)). Figure 6(c) indicates predicted values align with lab
data, while Figure 6(d) confirms unbiased error distribution,
validating the mapping approach.
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Figure 6. (a) Spatial interpolation of soil pH H-O using Kriging, IDP, TLI, and LP, (b) Validation statistics (ME, MAE, RMSE)
for the interpolation methods, (c) Relationship between measured and estimated soil pH H-O, (d) Relationship between estimated
soil pH H-O and prediction error

3.8 Discussion

According to FAO [17], optimal soil pH (H20) for rice falls
within 5.5-7.8 (S1—Highly Suitable), with slightly reduced
suitability at 5.2-5.5 or 7.8-8.2 (S2—Moderately Suitable),
and marginal suitability below 5.2 or above 8.2 (S3). Values
outside S1 impair rice productivity due to suboptimal nutrient
availability and potential toxicity. In the Sumani Watershed
(SW), paddy fields generally show slightly acidic pH H.O
(mean 5.61), placing them within the S1 range, favorable for
rice cultivation. In contrast, uplands and vegetable plots often
register moderately acidic pH (average 5.1), fitting into the S2
category. This differentiation aligns with land-use intensity,
where paddy fields tend to be more intensively managed and
supported with irrigation, while non-paddy lands are more
exposed to erosion and nutrient loss. Erosion patterns further
explain this variation. Using the USLE model, the C factor,
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which reflects vegetation cover and land management, is
lowest in paddy fields, suggesting minimal erosion due to
stable surface cover. Conversely, erosion in SW is largely
driven by high rainfall erosivity (R), erodible soils (K), and
topography (LS). To mitigate erosion and its effects on soil
properties, attention should be given to improving vegetation
cover (C) and conservation practices (P).

Soil pH in SW ranges from extremely acidic (4.18) to
neutral (7.22). The minimal erosion in rice fields appears to
have little influence on soil pH, pointing instead to the more
dominant roles of fertilizer inputs, liming, and irrigation
sources. Analysis of 77 surface soil samples (0—20 cm) shows
that 74% are slightly to moderately acidic, 15.6% are strongly
to extremely acidic, and only 10.4% are neutral. Spatially,
extremely acidic soils (0.9%) are clustered in Aripan sub-
watershed (S4), while strongly acidic areas are found in
Lembang (S2) and Aripan (S4). Neutral soils are also



concentrated in Aripan (S4), while slightly to moderately
acidic soils are widely distributed across Lembang (S2),
Sumani (S1), Aripan (S4), Imang (S5), and Gawan (S3). Given
these acidity levels, lime application (e.g., CaCOs or CaO) is
necessary to increase rice yields from approximately 6 to 10
tons/ha, as shown by research [7]. The most acidic pH values
(as low as 4.64) were observed in vegetable gardens,
especially in S1 and S4. This is likely due to intensive fertilizer
use, high erosion, and elevated exchangeable acidity. Tea
plantations and mixed gardens generally exhibit moderately
acidic conditions (5.25-5.51), while slightly acidic soils are
more common in forests, bushlands, and riverine sediments,
which are less disturbed. These findings are consistent with
previous studies [7, 27] linking soil pH to land-use types,
management practices, and underlying soil characteristics.
Paddy sawah tends to have higher pH compared to uplands,
likely due to elevated levels of exchangeable Ca, Mg, and Na,
contributions from volcanic ash (notably from Mount Talang),
and neutral irrigation water. The presence of volcanic
materials—including CaO, Si, Ca, Mg, K, and Na—from
Mount Talang and hot springs in the highlands further supports
this buffering effect [40].

Table S. Average pH H:O of irrigation and river water from
the Sumani Watershed and other countries

pH H20 in
Study Location Area River and
(Reference) (km?) Irrigation
Water
Irrigation water in Sumatera
the Sumani Island 176.7 6.9-8.91
Watershed (SW)
River water in the Sumatera
Sumani Watershed Island 191.8 6.9 -9.04
(W)
Semenyih River, 137-
Selangor, Malaysia 35 57 523-84
Malaysia [29] ’
Brunei River, Brunei
Brunei Darussalam 5765 6.31-7.7
Darussalam [30]
Pasig River in the
City of Manila,  Philippines 211 L‘m 7.0-8.5
Philippines [31] g
\Ifitﬁlm"e[r;zn] Vietnam 156,451 79-85
“ézl;fg‘(iﬁ[‘ggg Camboja 186,356  6.03 - 8.94
River water
quality conditions Jepang 377,944 7.2-794
in Japan [34]
Han River basin. g0 iy Korea 26,219 7.0 - 8.4

South Korea [35]

Enhancing productivity beyond 10 tons/ha requires not only
increasing soil pH toward neutrality but also improving soil
silicon (Si) levels. Lime alone is insufficient due to limited
natural Si input from irrigation water, sediment, ash, or soil
parent materials. As supported by Table 2 and Table 5, the
recommended strategy is to apply 2.0-2.7 tons/ha of lime in
conjunction with 165 kg SiOz/ha to reach ideal soil conditions
for rice [7]. This need is heightened by ongoing land-use
change and population pressures, with many paddy areas being
converted to non-agricultural uses. Table 3 highlights that
most land uses in SW exhibit pH H20 below 6.1, classified as
acidic by study [19] and marginally suitable by study [17].
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Soils are mostly moderately to strongly acidic, with low Si
availability, contributing to stagnant yields and susceptibility
to rice diseases.

Different land-use systems exhibit unique soil chemical
profiles. Tea plantations show high total carbon (TC), while
vegetable gardens have low pH but high exchangeable K and
Mg. Paddy soils are typically characterized by slightly acidic
pH, low K and Si availability, and high exchangeable acidity.
This condition stems from prolonged cultivation without
adequate liming or Si inputs and is exacerbated by leaching
under high rainfall. Although volcanic ash deposits from
Mount Talang are frequent, their contribution is insufficient to
counteract the pH decline. The pattern of pH decline in SW
parallels findings from Java, where studies [3, 4] reported a
4.2% pH drop in paddy fields after three decades of intensive
cultivation. Acidic soils (Figure 2) tend to have high
exchangeable acidity, further accelerating acidification.
Conversely, slightly acidic soils have more exchangeable
bases and available Si, contributing to pH stabilization. This
gradient in soil properties likely persists across various SW
sub-watersheds. Aluminum (Al) hydrolysis is another key
factor in soil acidification. In humid tropical regions like SW,
high rainfall promotes Al hydrolysis, releasing hydrogen ions
and lowering pH. Unlike base cations that leach easily, Al
remains bound to soil colloids and continues to hydrolyze,
sustaining soil acidity. In such contexts, liming with CaCOs is
crucial, as it forms stable Al-Ca complexes, effectively
neutralizing Al toxicity [41].

The contrasting land-use systems within the Sumani
Watershed exhibit distinct soil chemical profiles that reflect
the combined influence of geochemical processes, ecological
dynamics, and long-term management practices. For example,
tea plantations tend to accumulate relatively high total carbon,
while vegetable fields are characterized by strongly acidic pH
yet elevated levels of exchangeable K and Mg. In contrast,
paddy soils typically maintain moderately acidic conditions
but display low availability of K and Si along with high
exchangeable acidity, a pattern consistent with decades of
continuous cultivation under high rainfall without adequate
liming or Si amendments.

One striking observation is that recurrent volcanic ash
deposition from Mount Talang does not translate into a
sustained increase in soil pH across the watershed. Although
volcanic ash often contains mineral phases that can release
base cations, several mechanisms explain its limited effect.
First, the chemical composition of ash varies, and in many
cases, the material is dominated by silicate glass rather than
readily soluble Ca-bearing minerals. Such phases release bases
slowly and provide little neutralization capacity in the short
term. Second, under the region’s intense rainfall regime, the
small amounts of soluble bases released are rapidly leached
beyond the rooting zone, particularly on sloping uplands
where erosion further accelerates topsoil loss. Third, in highly
weathered tropical soils rich in low-activity clays and Fe/Al
oxides, released cations are quickly adsorbed or fixed, which
diminishes their contribution to exchangeable base saturation.
Finally, the acidifying pressure of continuous nitrogen
fertilization—through nitrification and proton release—can
offset or even surpass the neutralizing contribution of ash
inputs. Similar outcomes have been reported from other
volcanic regions of Indonesia, where ash deposition provides
only transient pH improvements [3, 4].

The central role of aluminum chemistry further reinforces
the persistence of acidity. When AI** is mobilized from clay



minerals or oxides, it undergoes hydrolysis reactions that
release protons, for example: AI** + H.O = AI(OH)** + H*.
Through successive hydrolysis steps, each mole of Al** can
liberate multiple protons, thereby sustaining low pH
conditions. At pH values below ~5.5, AI** is the dominant
species, contributing not only to soil acidity but also to root
toxicity. This explains the strong negative correlation
observed between soil pH and exchangeable acidity in the
Sumani Watershed. In contrast, soils that retain higher levels
of exchangeable base cations (Ca?, Mg?*, K*, Na') and
available Si exhibit greater buffering capacity, which helps
stabilize pH within the slightly acidic range.

Taken together, these findings highlight the complex
interplay between geochemical weathering, land management,
and ecological processes in regulating soil acidity. They also
suggest that pH recovery in the watershed cannot rely on
volcanic ash inputs alone. Instead, integrated management
strategies are needed, including targeted liming to neutralize
exchangeable Al, controlled use of nitrogen fertilizers, and
supplementation with stabilized organic matter and Si-rich
amendments. Such interventions, when combined with erosion
control to conserve topsoil, are likely to provide more durable
improvements in soil chemical resilience and crop
productivity.

Moreover, the long-term use of nitrogen fertilizers,
herbicides, and pesticides contributes to ongoing acidification
[42]. Long-term applications of nitrogenous fertilizers
contribute to soil acidification, with cumulative changes in soil
solution chemistry accelerating pH decline over time [43].
Without soil amendments such as lime or silicon fertilizers,
acidification will worsen, reducing soil fertility, increasing
disease risks, and limiting crop productivity. In sum, the
interplay between land use, erosion, nutrient dynamics, and
volcanic activity shapes the current soil pH patterns in the SW.
While natural factors like volcanic ash and rainfall play a role,
human-induced factors, especially unsustainable farming and
inadequate soil amendments, exert a stronger influence on pH
and soil quality. Sustainable rice production in this region thus
depends on strategic interventions: regular lime and silicon
applications, improved conservation practices to reduce
erosion, and land-use planning to curb soil degradation.

The moderately acidic to neutral soil pH observed in the
southwestern (SW) region can be attributed to two key
processes. First, volcanic ash from Mount Talang’s historical
eruptions has altered soil characteristics in the highlands.
Second, erosion in the uplands followed by deposition in the
lowlands has led to pH differences across the landscape. In
uplands, volcanic ash decomposes more rapidly due to the
presence of hydrogen ions from organic acid release and minor
volcanic activity. This process releases essential cations—Ca,
Mg, K, Na, and Si—that react with Al, reducing its solubility
and its contribution to soil acidity. This buffering mechanism
helps maintain or increase soil pH [7, 27]. Higher
concentrations of Ca, Mg, K, Na, and Si are positively linked
to rising pH (H20). On the other hand, extractable Fe does not
significantly affect soil acidity in this region. This may be due
to the long history of rice farming—many fields have been
cultivated for more than 350 years. Over time, Fe becomes less
soluble under such conditions, reducing its toxicity to rice. In
contrast, newly established fields often face Fe toxicity due to
high Fe solubility, which inhibits plant growth. Generally, Fe
becomes more soluble at lower pH levels. Furthermore, low
pH restricts the availability of key nutrients such as Ca, K, and
Si. The Fe(III) solubility peaks between pH 4-5, while Fe(II)
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and Al are more soluble at pH below 3.5. This emphasizes how
crucial pH is in determining nutrient dynamics and plant
health. Long-term nitrogen fertilization acidifies soils and can
reduce nutrient availability [43]. Total carbon (TC) is another
important factor related to soil pH. A negative correlation
between TC and pH was found, especially in intensively
managed paddy fields. Long-term rice cultivation results in TC
accumulation. A 30-year study in Java revealed that TC in
paddy fields rose by 13.7% due to continuous cropping [3, 4].
These gains are supported by frequent harvests, nitrogen
fertilizer use, and application of herbicides and pesticides. In
many cases, straw is burned to prepare the land, which adds
organic material. However, high-temperature burning
combined with pesticide residues and limited lime use can
reduce soil microbial populations. These combined effects
have led to a national decline in soil pH, especially after the
Green Revolution [4, 42].

In upland areas away from Mount Talang, erosion has been
linked to lower soil pH. Areas with high erosion intensity, such
as sites S2, S4, and S5, exhibit more acidic soil conditions. In
contrast, lowland zones with lower erosion rates, like sites S1
to S5, tend to have neutral pH levels. Vegetables are often
grown in the uplands, which experience intense erosion. This
process removes the topsoil layer rich in nutrients and with a
higher pH, thereby exposing more acidic subsoils. Conversely,
paddy fields in the lowlands benefit from deposited sediments
that are more fertile and have higher pH levels due to material
accumulation from upland erosion [7]. Eroded soil particles
are transported from upland farms to lowland paddy fields
through surface runoff, leading to the buildup of fertile
sediments. Local farmers observed that upland erosion
contributes to the accumulation of soil in lowland fields.
Geological analysis confirms that these deposits mainly
consist of colluvial materials, particularly basaltic andesite
derived from Mount Talang. Over time, this sedimentation has
significantly influenced soil profile development and soil
chemistry in the lowlands. The mineral content in these
sediments helps regulate acidity and improve physical soil
structure [27].

To manage soil acidity in paddy fields and achieve potential
yields of 6-10 t/ha, the application of lime combined with
balanced NPK fertilization is recommended. Based on Table 3
and Figures 3(a, b), lime requirements were calculated using
the formula from studies [44, 45], which includes a texture
factor of 3 for clay soils: CaCOs (ton/ha) = (Target pH —
Current pH) x 3. For instance, with an initial pH H>O of 4.18,
the lime requirement is: (6.1 —4.18) x 3 =15.76 tons CaCOs/ha.
If the initial pH is 7.3, no lime is needed, as the soil is already
near-neutral. Hence, recommended lime application rates vary
from 0 to 5.76 tons/ha, depending on current pH levels. A
more detailed lime recommendation was developed based on
the 3D spatial soil pH H,O map (Figure 3(b)), providing
precise guidance for site-specific management: pH 3.0-3.5:
9.3-7.8 tons CaCOs/ha: 300 — 350 kg Urea/ha: 100—125 kg SP-
36/ha: 50-75 kg KCl/ha. pH 3.6-4.4: 7.5-5.1 tons CaCOs/ha:
275-325 kg Urea/ha: 100 — 125 kg SP-36/ha: 50-75 kg
KCl/ha. pH 4.5-5.0: 4.8-3.3 tons CaCOs/ha: 250-300 kg
Urea/ha: 75-100 kg SP-36/ha: 50-75 kg KCl/ha. pH 5.1-5.5:
3.0-1.8 tons CaCOs/ha: 225-275 kg Urea/ha: 75-100 kg SP-
36/ha: 5075 kg KCl/ha. pH 5.6-6.0: 1.5-0.3 tons CaCOs/ha:
200-250 kg Urea/ha: 50-75 kg SP-36/ha: 50-75 kg KCl/ha.
pH 6.1-7.3: 0 tons CaCOs/ha: 200-250 kg Urea/ha: 50-75 kg
SP-36/ha: 50-75 kg KCl/ha.

This method promotes efficient lime use, targeting only



areas with significant acidity, while avoiding over-application
in near-neutral soils. To sustain soil pH improvements,
combining lime application with silicon-based fertilizers is
recommended. Yet, this strategy must also include effective
erosion control in upland zones, where vegetable farming and
agroforestry dominate (Figure 4). These areas are erosion
hotspots, leading to lime leaching and reduced soil amendment
effectiveness. The erosion map (Figure 3(a)) is a valuable
reference for directing conservation efforts in high-risk zones.
Previous studies advocate contour planting, agroforestry, and
terracing to curb erosion and preserve soil quality [7].
Additionally, 3D integration of soil pH, erosion risk, irrigation
water pH, and sediment acidity enhances land management
planning. Such spatial tools support precision agriculture by
offering location-specific strategies for improving soil fertility
and environmental resilience. This research underscores the
interconnected roles of volcanic parent material, erosion
dynamics, land use, and human interventions in determining
soil pH. Lime application, when guided by detailed spatial data
and reinforced by erosion control, can substantially improve
soil health and productivity in the SW watershed. Broadly, this
integrated approach aligns with national goals for sustainable
land use and climate adaptation at the watershed scale.

4. CONCLUSIONS

Soil pH (H2O 1:2.5) in the SW region is influenced by both
natural factors and human activities, particularly within the 0—
20 cm surface layer. Key factors include irrigation water,
sediment movement, volcanic ash, fertilizers, pesticides, total
carbon, and exchangeable acidity. Soil erosion significantly
affects pH distribution: upland erosion removes topsoil rich in
nutrients and results in acidic soils, while the eroded material
settles in lowlands, raising pH in paddy sawah. Although river
water pH remains neutral, the slightly acidic sediments
deposited in the lowlands contribute to mildly acidic soil
conditions. In upland soils, low pH correlates with high
exchangeable acidity and total carbon. In contrast, higher
levels of Ca, Mg, K, Na, and available Si are associated with
higher pH values. Strongly acidic paddy soils often show low
exchangeable K and available Si, combined with high
exchangeable acidity, reducing rice yield and increasing
disease risk. Soils near Lake Diatas, exposed to intensive
vegetable farming and chemical inputs, exhibit the lowest pH.
Conversely, soils near Mount Talang benefit from volcanic
ash, which supports moderate pH and better rice productivity
due to higher exchangeable Ca. Applying agricultural lime
(CaCQ:s) at 2.7 tons/ha: 225-275 kg Urea/ha: 75-100 kg SP-
36/ha: 50-75 kg KCl/ha suggests a potential strategy,
supported by abundant limestone resources in Indonesia, to
improve soil pH and promote sustainable watershed
management.
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