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1. Introduction

Soil pH represents one of the most critical chemical properties influencing agricultural productivity and ecosystem functioning
(1.2 Defined as the negative logarithm of hydrogen ion concentration, soil pH directly affects nutrient solubility, microbial
activity, and root development Bl. The pH scale ranges from 0 to 14, with values below 7 indicating acidic conditions, 7
representing neutrality, and values above 7 indicating alkaline conditions ™I,

The significance of soil pH in agriculture cannot be overstated, as it serves as a master variable controlling numerous soil
chemical processes 1. Nutrient availability, which determines plant growth and crop yield, is intrinsically linked to soil pH
through complex mechanisms involving ion exchange, precipitation-dissolution equilibria, and adsorption-desorption processes
6. 71, Understanding these relationships is crucial for developing sustainable agricultural practices and optimizing fertilizer
management strategies.

Acidic soils, characterized by pH values below 6.5, cover approximately 30% of the world's arable land . These soils are
typically associated with high rainfall regions where intensive leaching removes basic cations and concentrates acidic
components I, In contrast, alkaline soils with pH values above 7.5 are commonly found in arid and semi-arid regions where
limited precipitation restricts leaching processes [*1. Both acidic and alkaline conditions present unique challenges for nutrient
management and crop production.

The relationship between soil pH and nutrient availability is complex and varies significantly among different nutrients 4,
Macronutrients such as nitrogen, phosphorus, and potassium exhibit distinct availability patterns across the pH spectrum, while
micronutrients including iron, manganese, zinc, and copper show even more pronounced pH-dependent behavior 2 31, These
variations have profound implications for fertilizer recommendations, soil amendment strategies, and overall agricultural
sustainability.
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Previous research has established general trends in nutrient
availability across different pH ranges [ %1 However,
comprehensive studies examining the detailed mechanisms
and quantitative relationships between soil pH and multiple
nutrients simultaneously remain limited 61, Furthermore, the
increasing prevalence of soil acidification due to intensive
agriculture and the expansion of cultivation into marginal
lands necessitates updated understanding of pH-nutrient
interactions [*7: 181,

This study aims to provide a comprehensive analysis of soil
pH effects on nutrient availability across acidic and alkaline
soil conditions. The specific objectives include: (1)
quantifying the relationship between soil pH and the
availability of major macro and micronutrients, (2)
identifying critical pH thresholds for optimal nutrient
availability, (3) examining the mechanisms underlying pH-
dependent nutrient transformations, and (4) developing
practical recommendations for pH management in
agricultural systems.

2. Materials and Methods

2.1 Study Sites and Soil Sampling

Soil samples were collected from 150 locations across
diverse agricultural regions representing a wide range of pH
conditions (4.2-8.9). Sampling sites were selected to
encompass major soil types including Mollisols, Alfisols,
Ultisols, and Aridisols*19”. Each sampling location covered
a 1-hectare area with five sub-samples collected from the 0-
20 cm depth using a systematic grid pattern. Sub-samples
were composited to obtain a representative sample for each
location.

All soil samples were air-dried, ground to pass through a 2-
mm sieve, and stored in sealed containers at room
temperature until analysis. Soil sampling was conducted
during the post-harvest period to minimize the influence of
recent fertilizer applications and crop residue decomposition.

2.2 Soil pH Determination

Soil pH was measured using a calibrated pH meter (Hanna
Instruments HI-2020) in both water (1:2.5 soil:water ratio)
and 0.01 M CaCl. solution (1:2.5 soil:solution ratio)
following standard procedures"20”. The pH measurements
were conducted after 30 minutes of equilibration with
continuous stirring. All pH determinations were performed in
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triplicate, and the mean values were used for analysis.

2.3 Nutrient Availability Analysis

Available nutrient concentrations were determined using
established extraction methods. Extractable phosphorus was
determined using the Mehlich-3 extraction method"21",
while exchangeable cations (K*, Ca*", Mg?") were extracted
using 1 M ammonium acetate at pH 7.0722". Micronutrient
availability (Fe, Mn, Zn, Cu) was assessed using DTPA
(diethylenetriaminepentaacetic acid) extraction23".
Plant-available  nitrogen ~ was  estimated  through
determination of nitrate-N and ammonium-N using 2 M KCl
extraction followed by colorimetric analysis"24”. All
extractions were performed in duplicate, and nutrient
concentrations were determined using inductively coupled
plasma optical emission spectrometry (ICP-OES).

2.4 Soil Chemical Properties

Additional soil chemical properties were analyzed to support
interpretation of nutrient availability data. Organic matter
content was determined using the Walkley-Black
method”25”. Cation exchange capacity (CEC) was measured
using the ammonium acetate saturation method"26”.
Electrical conductivity was measured in a 1:2 soil:water
extract using a conductivity meter.

2.5 Statistical Analysis

Data analysis was performed using R statistical software
(version 4.3.0). Relationships between soil pH and nutrient
availability were examined using correlation analysis and
polynomial regression models. Analysis of variance
(ANOVA) was used to compare nutrient availability among
different pH categories (acidic: pH < 6.5, neutral: pH 6.5-7.5,
alkaline: pH > 7.5). Statistical significance was determined at
p < 0.05 level.

3. Results

3.1 Soil pH Distribution and Characteristics

The soil samples exhibited a wide pH range from 4.2 to 8.9,
with a mean pH of 6.8 + 1.2 (Table 1). Approximately 38%
of samples were classified as acidic (pH < 6.5), 35% as
neutral (pH 6.5-7.5), and 27% as alkaline (pH > 7.5). The
distribution of samples across pH categories provided
adequate representation for comparative analysis.

Table 1: Distribution of soil samples across pH categories and basic soil properties

pH Category n pH Range Mean pH OM (%) CEC (cmol/kg) EC (dS/m)
Acidic 57 4.2-6.4 5.6+0.8 3.2+1.1 18.4+6.2 0.8+0.4
Neutral 53 6.5-7.4 6.9+0.3 2.840.9 22.145.8 1.2+0.6
Alkaline 40 7.5-8.9 8.1+0.4 2.1+0.7 25.647.1 2.3£1.2

OM = Organic Matter, CEC = Cation Exchange Capacity, EC = Electrical Conductivity

3.2 Macronutrient Availability Across pH Gradient

Phosphorus availability showed a distinct optimum curve
with maximum availability in the pH range of 6.0-7.0 (Figure
1). In acidic soils (pH < 6.0), available P decreased
significantly due to fixation by aluminum and iron oxides 7,
The mean available P in acidic soils was 18.4 + 8.2 mg/kg
compared to 45.6 + 12.1 mg/kg in neutral soils. In alkaline
conditions (pH > 7.5), P availability declined due to
precipitation with calcium, resulting in mean available P of

22.1 + 9.7 mg/kg.

Exchangeable potassium showed relatively stable availability
across the pH gradient, with slight increases in alkaline soils
due to reduced leaching losses. Mean K availability ranged
from 156 + 45 mg/kg in acidic soils to 189 + 52 mg/kg in
alkaline soils. Calcium and magnesium availability increased
significantly with pH, reflecting the dominance of these
cations in alkaline soil environments 21,
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Table 2: Macronutrient availability across pH categories
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Nutrient Acidic Soils Neutral Soils Alkaline Soils F-value P-value

P (mg/kg) 18.4+8.2° 45.6+12.12 22.1+9.7° 89.3 <0.001
K (mg/kg) 156:+45b 175438 189452 6.8 0.003
Ca (mg/kg) 892+234¢ 1456+4120 2134+678 45.2 <0.001
Mg (mg/kg) 98+32° 156+48° 245+89 321 <0.001

Different letters indicate significant differences (p < 0.05)

3.3 Micronutrient Availability Patterns

Micronutrient

availability = demonstrated

strong pH

as hydroxides and oxides under alkaline conditions.

dependencies, with most micronutrients showing decreased
availability as pH increased (Figure 2). Iron availability was
particularly sensitive to pH changes, decreasing from 45.8 +
15.2 mg/kg in acidic soils to 8.9 £ 3.4 mg/kg in alkaline soils
291 This dramatic reduction reflects the precipitation of iron

Manganese availability followed a similar pattern, with
highest concentrations in acidic soils (28.6 + 9.8 mg/kg) and
lowest in alkaline soils (4.2 £ 2.1 mg/kg). Zinc and copper
availability also decreased significantly with increasing pH,
though the magnitude of change was less pronounced than for
iron and manganese [,

Table 3: Micronutrient availability across pH categories

Nutrient Acidic Soils Neutral Soils Alkaline Soils F-value | P-value
Fe (mg/kg) 45.8+15.22 22.4+8.9° 8.9+3.4° 124.7 <0.001
Mn (mg/kg) 28.6+9.8 15.246.1° 4.2+2.1¢ 98.5 <0.001
Zn (mg/kg) 3.8+1.20 2.4+0.8° 1.1+0.4° 67.9 <0.001
Cu (mg/kg) 2.1+0.7° 1.60.5b 0.940.3¢ 346 <0.001

Different letters indicate significant differences (p < 0.05)

3.4 Correlation Analysis

Correlation analysis revealed significant relationships
between soil pH and nutrient availability (Table 4).
Phosphorus showed a quadratic relationship with pH (r2 =
0.73), confirming the optimum availability in neutral pH

range. Micronutrients exhibited strong negative correlations
with pH, with iron showing the strongest relationship (r = -
0.87). Calcium and magnesium demonstrated strong positive
correlations with pH, reflecting their abundance in alkaline
soil conditions.

Table 4: Correlation coefficients between soil pH and nutrient availability

Nutrient Correlation Coefficient (r) | Relationship Type | P-value
Phosphorus | 0.12 (linear), 0.73 (quadratic) Quadratic <0.001
Potassium 0.28 Positive linear 0.002
Calcium 0.79 Positive linear <0.001
Magnesium 0.71 Positive linear <0.001
Iron -0.87 Negative linear <0.001
Manganese -0.82 Negative linear <0.001
Zinc -0.74 Negative linear <0.001
Copper -0.68 Negative linear <0.001

4. Discussion

4.1 pH-Dependent Nutrient Availability Mechanisms
The results confirm that soil pH serves as a master variable
controlling  nutrient  availability  through  multiple
mechanisms. The quadratic relationship observed for
phosphorus availability reflects the complex chemistry
governing P solubility across the pH spectrum B4, In acidic
conditions, phosphorus forms insoluble complexes with
aluminum and iron, while in alkaline conditions, precipitation
with calcium limits P availability 2. The optimal pH range
of 6.0-7.0 for phosphorus availability aligns with previous
findings and represents a compromise between these
competing fixation mechanisms.

The strong negative correlations between pH and
micronutrient availability primarily result from precipitation
and hydroxide formation under alkaline conditions 31, Iron
deficiency in alkaline soils is a well-documented
phenomenon attributed to the formation of insoluble iron
hydroxides and oxides 34, The dramatic decrease in iron
availability from acidic to alkaline soils (>80% reduction)
highlights the critical importance of pH management for
preventing iron chlorosis in sensitive crops.

Manganese availability patterns reflect similar precipitation

mechanisms, with Mn?" being the primary bioavailable form
under acidic conditions [, As pH increases, manganese
undergoes oxidation and precipitation, reducing plant uptake.
The strong pH dependency of manganese availability has
important implications for crop nutrition, particularly for
acid-loving plants that require adequate manganese supply.

4.2 Practical Implications for Agricultural Management

The findings have significant implications for fertilizer
management and soil amendment strategies. In acidic soils,
liming programs should be carefully designed to raise pH to
the optimal range (6.0-7.0) while avoiding over-liming that
could induce micronutrient deficiencies (8. The concurrent
improvement in phosphorus availability and calcium supply
through liming provides multiple benefits for crop nutrition.

For alkaline soils, management strategies should focus on
maintaining adequate micronutrient supply through targeted
fertilization or soil amendments F7. The use of chelated
micronutrients or acidifying amendments can help overcome
the reduced availability of iron, zinc, and manganese in high
pH soils. Organic matter additions can also improve
micronutrient availability through chelation and pH buffering
effects [,
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4.3 Regional and Crop-Specific Considerations

The distribution of pH conditions across the study sites
reflects global patterns of soil acidification and alkalinization
B9 Acidic soils dominate in high-rainfall regions where
intensive agriculture has accelerated acidification processes
through nitrogen fertilization and crop removal %, These
soils require sustained management attention to prevent
further acidification and maintain productive capacity.
Alkaline soils, prevalent in arid and semi-arid regions,
present different challenges related to micronutrient
deficiencies and salt accumulation “%. The higher electrical
conductivity observed in alkaline soils indicates potential
salinity issues that compound nutrient availability problems.
Integrated management approaches addressing both pH and
salinity are essential for optimizing crop production in these
environments.

4.4 Environmental and Sustainability Considerations
Soil pH management has important environmental
implications beyond crop production 2, Acidic soils are
associated with aluminum toxicity and increased potential for
heavy metal mobility, while alkaline soils may contribute to
nitrous oxide emissions and nutrient losses [*3. Sustainable
pH management strategies must balance production goals
with environmental protection objectives.

The increasing recognition of soil health as a comprehensive
indicator of agricultural sustainability emphasizes the
importance of maintaining optimal pH ranges . Healthy
soils with appropriate pH support diverse microbial
communities, efficient nutrient cycling, and resilient crop
production systems %1,

5. Conclusion
This comprehensive study demonstrates the critical role of
soil pH in controlling nutrient availability across acidic and
alkaline soil conditions. The research provides quantitative
evidence for pH-dependent nutrient availability patterns and
identifies optimal pH ranges for maximizing nutrient supply
to crops. Key findings include:

1. Optimal pH Range: The pH range of 6.0-7.0 provides
the most favorable conditions for overall nutrient
availability, balancing macronutrient supply with
micronutrient accessibility.

2. Phosphorus Availability: Phosphorus shows a distinct
optimum curve with maximum availability in neutral pH
conditions, declining significantly in both acidic and
alkaline soils due to different fixation mechanisms.

3. Micronutrient Dependencies: lron, manganese, zinc,
and copper availability decrease dramatically with
increasing pH, requiring targeted management strategies
in alkaline soils.

4. Management Implications: Acidic soils benefit from
carefully managed liming programs, while alkaline soils
require  micronutrient  supplementation and pH
modification strategies.

The results provide a scientific foundation for developing
site-specific nutrient management recommendations and pH
modification strategies. Future research should focus on
investigating the temporal dynamics of pH-nutrient
interactions and developing predictive models for nutrient
availability under changing environmental conditions.
Understanding these relationships is essential for maintaining
agricultural productivity while promoting environmental
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sustainability in diverse soil conditions.

Effective soil pH management represents a fundamental
component of sustainable agriculture, influencing not only
current crop production but also long-term soil health and
ecosystem functioning. The integration of pH management
with precision agriculture technologies offers promising
opportunities for optimizing nutrient use efficiency and
reducing environmental impacts of agricultural systems.
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