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Abstract: Soil acidification is one of the most critical and underaddressed threats to global agriculture, currently affecting
an estimated 50% of the world's arable land. Driven primarily by atmospheric deposition of sulfur dioxide and nitrogen
oxides, excessive nitrogen fertilization, and the natural leaching of base cations, soil acidification disrupts the chemical
equilibrium of the rhizosphere, diminishing nutrient bioavailability and increasing the concentration of phytotoxic elements
such as aluminum (AP**) and manganese (Mn?"). This research investigates the impact of two soil contaminants —
hydrochloric acid (HCI) and lead nitrate [Pb(NOs):] — at three concentration levels each (0.5 mol/L, 1.0 mol/L, and 2.0
mol/L) on the germination rate and early shoot development of Vigna radiata (mung bean) under controlled laboratory
conditions. The results were unambiguous: only the untreated control group (pH = 7.0, distilled water) achieved successful
germination, producing shoots averaging 3.2 cm at Day 7. All six treatment groups — spanning pH values from
approximately 1.9 to 5.2 — recorded either negligible or zero germination, confirming that even moderate soil acidification
produces conditions lethal to seed germination in acid-sensitive legume species. These findings corroborate the hypothesis
that soil pH deviations beyond the tolerance range of a given species produce dose-dependent inhibition of germination and
growth. The paper contextualizes these experimental results within the broader literature on soil acidification mechanisms,
discusses real-world agricultural implications particularly for smallholder farmers in South Asia, and proposes sustainable
mitigation strategies including biochar application, composting, and integrated soil management systems.
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I INTRODUCTION

» Definition and Overview of Soil Acidification

Soil acidification is defined as the progressive decline
in soil pH resulting from an increase in hydrogen ion (H")
concentration within the soil solution. This process occurs
when hydrogen ions displace base cations — including
calcium (Ca?'), magnesium (Mg?"), potassium (K*), and
sodium (Na*) — from cation exchange sites on clay and
organic matter particles, rendering the soil increasingly acidic
over time. While a degree of natural soil acidification occurs
through organic matter decomposition and root respiration,
anthropogenic activities have dramatically accelerated this
process, transforming soil acidification from a geological
phenomenon into an acute agricultural crisis (Goulding,
2016).

According to the Food and Agriculture Organization of
the United Nations (FAO, 2019), approximately 50% of the
world's potentially arable land is affected by soil acidity —
including areas that are inherently acid and those that have
been acidified through human activity. This translates to
roughly 3.95 billion hectares globally, with particularly
severe impacts observed across Sub-Saharan Africa, South
and Southeast Asia, Latin America, and parts of Australia. In
India alone, acidic soils now account for approximately 30%
of the country's total land area, posing a serious and
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immediate threat to the food security of a nation that is home
to over 1.4 billion people.

» Causes and Mechanisms
Soil acidification is a multifactorial process. The
primary drivers include:

e Atmospheric acid deposition (acid rain): The combustion
of fossil fuels releases sulfur dioxide (SO2) and nitrogen
oxides (NOxy) into the atmosphere, where they react with
water vapor to form sulfuric acid (H2SO4) and nitric acid
(HNOs). These compounds are deposited onto the land
surface via precipitation or dry deposition, directly
acidifying the soil.

e Excessive nitrogen fertilization: The application of
ammonium-based fertilizers (e.g., urea, ammonium
sulfate) leads to nitrification in the soil — a microbial
process that generates H' ions as a byproduct,
progressively lowering soil pH.

¢ Leaching of base cations: High-intensity rainfall or over-
irrigation leaches calcium, magnesium, potassium, and
sodium from the soil profile, reducing the soil's buffering
capacity and accelerating acidification.

¢ Root-mediated acidification: Plants release organic acids
and CO: from their roots during respiration. Legumes, in
particular, release protons into the rhizosphere during
nitrogen fixation, contributing to localized acidification.
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e Decomposition of organic matter: Microbial breakdown
of organic residues produces humic and fulvic acids,
which contribute mildly to natural soil acidification over
geological timescales.

The interplay of these mechanisms creates a compound
effect that is particularly devastating in agricultural soils,
which are exposed to multiple acidification vectors
simultaneously — intense farming, chemical fertilization,
and atmospheric pollution.

» Agricultural and Environmental Impacts

The consequences of soil acidification extend far
beyond a mere decrease in pH. At the biochemical level,
lower soil pH fundamentally alters the solubility and
availability of plant nutrients. Phosphorus, for instance,
becomes tightly bound to iron and aluminum oxides at low
pH, becoming essentially unavailable for plant uptake — a
phenomenon known as phosphorus fixation. Simultaneously,
aluminum — which is present in virtually all soils —
becomes soluble in its toxic ionic form (AP**) below pH 5.5,
directly inhibiting root elongation, damaging root cell
membranes, and interfering with nutrient absorption (Brady
& Weil, 2016).

At the ecosystem level, acidified soils support reduced
microbial diversity and activity, impairing key soil processes
such as nitrogen cycling, organic matter decomposition, and
phosphorus mineralization. Contamination of groundwater
by leached heavy metals from acidified soils represents an
additional environmental hazard, affecting drinking water
quality in affected regions.

» Research Objectives
This research paper pursues the following objectives:

e Toinvestigate, under controlled laboratory conditions, the
effect of varying concentrations of HCI and Pb(NO:s). on
soil pH, germination rate, and early shoot development in
Vigna radiata.

e To quantify the dose-response relationship between soil
acidification intensity and plant growth suppression.

e To contextualize laboratory findings within the broader
literature on global soil acidification and its agricultural
consequences.

e To evaluate the feasibility and accessibility of sustainable
soil remediation strategies for smallholder farmers in
resource-constrained settings.

1. LITERATURE REVIEW

» Mechanisms of Soil Acidification

The chemistry of soil acidification has been extensively
characterized in the literature. Goulding (2016) provides a
comprehensive  framework, identifying two primary
acidification pathways: (1) the leaching of exchangeable base
cations driven by rainfall and irrigation, and (2) the direct
addition of protons via fertilizer application or atmospheric
deposition. The concept of 'acid neutralizing capacity’ (ANC)
— the soil's inherent resistance to pH decline — is central to
understanding why different soils respond differently to the
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same acidification pressures. Soils rich in calcium carbonate
(calcareous soils) exhibit high ANC and can buffer moderate
acid inputs without measurable pH decline, whereas sandy,
low-organic-matter soils have minimal buffering capacity
and acidify rapidly.

Rengel (2011) emphasizes the role of aluminum
chemistry in acid soils, noting that Al** toxicity is the single
most widespread and economically significant consequence
of soil acidification in tropical and subtropical agricultural
regions. In acidic conditions (pH < 5.0), AI** ions are released
from aluminosilicate clay minerals and aluminum hydroxide
precipitates, entering the soil solution where they are readily
taken up by plant roots. Once inside the root, AI** disrupts
cell division in the root apical meristem, inhibits DNA
replication, and interferes with the uptake of essential cations
including Ca?*, Mg>*, and K*.

» Acid Rain as a Driver of Soil pH Decline

The contribution of acid deposition to soil acidification
has been documented since the pioneering work of Odén
(1968) in Scandinavia, who first identified long-range
transport of sulfur compounds as the cause of fish mortality
in freshwater lakes. Subsequent decades of research,
culminating in landmark studies such as those of Likens et al.
(1996) in the Hubbard Brook Experimental Forest in the
United States, established strong quantitative linkages
between acid rain inputs, base cation depletion, and soil
acidification.

Menz and Seip (2004) provide a comprehensive review
of acid rain science, demonstrating that even after significant
reductions in SO: emissions in Europe and North America
since the 1980s (driven by the Clean Air Act and EU
Directive on large combustion plants), many soils continue to
acidify due to the long residence time of deposited sulfate in
the soil profile and ongoing base cation depletion. This
phenomenon — known as ‘chemical memory' or acidification
lag — means that ecosystems continue to deteriorate even
after the original acid input has been reduced.

In South and East Asia, the situation is far more acute.
Evans et al. (2014) documented that SO. and NOy emissions
in India and China have continued to rise rapidly, driven by
coal-dependent industrialization. Monitoring stations across
the Indo-Gangetic Plain have recorded rainfall pH values
consistently below 5.0 — sometimes as low as 4.2 — in
industrial corridors of Maharashtra, Odisha, and Jharkhand.
The implications for surrounding agricultural land are severe,
as cumulative acid deposition progressively depletes the soil's
buffering capacity.

> Effects on Nutrient Availability and Plant Physiology

The nutrient dynamics of acid soils are fundamentally
different from those of neutral or slightly alkaline soils. Brady
and Weil (2016), in their seminal text on the nature and
properties of soils, describe pH-dependent nutrient
availability across the full pH spectrum. At pH values below
5.5, the following nutrient disruptions are documented:
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e Phosphorus (P): Forms insoluble complexes with Fe** and
AIP*, reducing plant-available P by up to 90% compared
to near-neutral pH soils.

e Calcium (Ca) and Magnesium (Mg): Leached from the
exchange complex as H* displaces base cations;
deficiencies manifest as stunted growth, yellowing
(chlorosis), and structural weakness.

e Molybdenum (Mo): Becomes less available at low pH,
impairing nitrogen fixation in legumes — a particularly
significant problem given the critical role of leguminous
crops in smallholder farming systems.

e Manganese (Mn) and Zinc (Zn): Become excessively
soluble, reaching phytotoxic concentrations in strongly
acidic soils.

Guo et al. (2010) conducted a landmark longitudinal
study across 152 agricultural sites in China, documenting soil
pH changes over the period 1980-2008. They found that
average topsoil pH had declined by 0.13-0.80 pH units
(depending on crop and management system), with the most
dramatic declines occurring in vegetable-growing systems
under intensive nitrogen fertilization. This pH reduction
translated to measurable reductions in crop yields across rice,
wheat, and maize cropping systems.

» Crop Sensitivity and Yield Loss

Different crop species exhibit markedly different
sensitivities to soil acidity, primarily determined by their
tolerance of Al** and Mn?" toxicity and their capacity for
nutrient uptake at reduced pH. Fageria and Baligar (2008)
classify crop species into three broad categories of acid
tolerance:

e Acid-sensitive crops (optimal pH 6.0-7.5): Maize, barley,
soybean, alfalfa, and most legumes including mung bean.
These species show severe yield reductions (often >50%)
at soil pH below 5.5.

e Moderately tolerant crops (optimal pH 5.5-7.0): Rice,
cotton, sunflower, and many grasses. These species can
maintain reasonable productivity at mild acidity but suffer
under strongly acid conditions.

e Acid-tolerant crops (optimal pH 4.5-6.0): Blueberry, tea,
rye, and lupins. These species are adapted to acidic
conditions through various physiological mechanisms
including organic acid secretion from roots and exclusion
of AI** at the root surface.

Van Breemen et al. (1998) synthesized global evidence
to estimate that if soil acidification were to continue at then-
current trajectories without intervention, annual crop yield
losses attributable to soil acidity could reach $1.2 hillion USD
globally by 2020, with India and China accounting for a
disproportionate share. Subsequent assessments suggest this
figure has been exceeded, with more recent estimates placing
annual losses attributable to soil acidity at over $2 billion
USD annually in South Asia alone.

» Current Mitigation Strategies and Their Limitations

Agricultural lime (primarily calcium carbonate, CaCOs,
or calcium-magnesium carbonate, dolomite) remains the
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most widely used and well-understood tool for reversing soil
acidification. Liming neutralizes soil acidity through the
reaction: CaCOs + 2H* — Ca?" + H20 + CO., simultaneously
raising soil pH, supplying calcium, reducing aluminum
solubility, and improving the availability of phosphorus and
molybdenum (Edmeades, 2003).

However, Goulding (2016) and Reddy (2020) identify
several structural barriers to widespread liming adoption in
smallholder farming contexts. The cost of agricultural lime,
when transportation costs to remote agricultural regions are
factored in, can represent 15-25% of a smallholder farmer's
annual input budget. Moreover, liming must be repeated
every 3-5 years to maintain pH, as the acidifying forces
(fertilizer application, crop harvest, rainfall) continue to
operate. Many smallholder farmers in India, who contribute
approximately 70% of national agricultural output while
farming on plots smaller than 2 hectares, cannot afford this
recurring investment.

Singh and Agrawal (2012) document a concerning
alternative practice: the application of industrial byproducts
— including slag from steel mills, fly ash from coal power
plants, and phosphogypsum from fertilizer manufacturing —
to acidified agricultural soils. While these materials can raise
soil pH at low cost, they frequently contain elevated
concentrations of heavy metals including lead (Pb), cadmium
(Cd), chromium (Cr), and arsenic (As). When applied to
agricultural soil, these contaminants enter the food chain
through crop uptake, posing significant public health risks.
The presence of lead in particular is alarming, given its
neurotoxic properties and the absence of any known safe
threshold of exposure for children.

1. RESEARCH METHODOLOGY

» Experimental Design

This study employed a controlled laboratory
experimental design with seven treatment groups, each
replicated three times, for a total of 21 experimental units. All
experiments were conducted under uniform controlled indoor
conditions with consistent temperature (24-26°C), light
exposure (12-hour photoperiod using fluorescent full-
spectrum grow lights, 3,500 lux), and watering schedule (10
mL of designated liquid per pot, every 48 hours). The study
was designed to isolate the effect of soil pH manipulation as
the independent variable, with germination rate and shoot
length as primary dependent variables.

> Plant Selection: Vigna Radiata (Mung Bean)
Mung bean (Vigna radiata) was selected as the
experimental organism for the following reasons:

e Germination speed: Vigna radiata germinates within 3-5
days under optimal conditions, making it ideal for short-
duration studies.

e Sensitivity to pH: As a leguminous crop, mung bean is
known to be sensitive to acidic soil conditions,
particularly to AI** toxicity below pH 5.5. This sensitivity
makes it a reliable bioindicator of soil acidification stress.
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o Agricultural relevance: Mung bean is one of the most
widely cultivated legumes in South and Southeast Asia,
including India, where it forms a critical component of
smallholder farming systems and dietary protein intake.

e Research support: Mung bean has been used in numerous
published studies as a model organism for investigating
the effects of soil chemistry on plant germination and
early growth (Siddiqui et al., 2011).

Seeds were sourced from a single commercial batch to
eliminate variability due to seed age, variety, or storage
conditions. Seeds were inspected for visible damage or
abnormality and pre-soaked in distilled water for 8 hours
prior to planting to standardize the initial germination
stimulus.

» Experimental Setup and Treatment Groups

Uniform 250 mL terracotta pots were filled with 200 g
of homogenized loamy agricultural soil (pH baseline = 6.8,
organic matter content ~ 2.1%). Prior to planting, each pot
received a 10 mL application of the designated treatment
solution, mixed thoroughly into the topsoil layer. The
treatment groups were as follows:

e Control Group: 10 mL distilled water (no acidification
agent), resulting in soil pH = 7.0

e Group Al: 0.5 mol/L HCI solution — measured soil pH =
3.8

e Group A2: 1.0 mol/L HCI solution — measured soil pH =
2.9

e Group A3: 2.0 mol/L HCI solution — measured soil pH =
1.9

e Group B1: 0.5 mol/L Pb(NO:s). solution — measured soil
pH=5.2

e Group B2: 1.0 mol/L Pb(NOs). solution — measured soil
pH=4.7

e Group B3: 2.0 mol/L Pb(NO:s). solution — measured soil
pH=4.1

Soil pH was measured using a calibrated digital pH
meter (accuracy + 0.01 pH units) inserted into a 1:2.5 soil-to-
water  suspension, following the standard method
recommended by the International Soil Reference and
Information Centre (ISRIC). Three seeds of Vigna radiata
were planted per pot at a depth of approximately 1 cm. All
pots were maintained under identical conditions throughout
the study period.

» Justification of Contaminants and Concentration
Selection

The contaminants selected for this study were chosen to
model two major forms of modern soil degradation:
acidification and heavy-metal contamination.  Soil
acidification is an increasingly significant agricultural issue
in many regions of the world as a result of atmospheric acid
deposition, industrial emissions, intensive fertilizer use, and
long-term nutrient depletion. Likewise, heavy-metal
contamination has become a growing concern in agricultural
areas located near industrial facilities, mining operations,
waste disposal sites, and regions where contaminated
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industrial byproducts have been applied to soil. Together,
these processes can reduce soil fertility, disrupt nutrient
availability, and inhibit crop growth.

Hydrochloric acid (HCI) was selected as a laboratory
acidifying agent because it allows precise and reproducible
manipulation of soil pH, enabling the direct effects of
increasing acidity on plant germination and growth to be
investigated. Lead nitrate [Pb(NOs)] was selected as a model
heavy-metal contaminant because lead is one of the most
environmentally significant toxic metals found in degraded
soils and is known to impair plant development, nutrient
uptake, and physiological function.

The concentrations used in this study (0.5 mol/L, 1.0
mol/L, and 2.0 mol/L) were selected to create a progressive
contamination gradient ranging from moderate to severe
chemical stress. While the most acidic and highly
contaminated treatments exceed conditions commonly
observed in productive agricultural soils, they were
intentionally included to simulate worst-case contamination
scenarios and to establish a clear dose-response relationship
between contaminant intensity and plant performance. Such
conditions may occur locally in severely degraded soils
affected by prolonged industrial activity, improper waste
disposal, mining operations, or chronic chemical pollution.
By examining plant responses across a wide range of
contamination levels, the study provides insight into both
environmentally relevant soil degradation and the biological
limits of crop tolerance under extreme stress conditions.

The use of multiple concentration levels also allowed
the investigation of whether increasing contamination
produced proportional reductions in germination and growth,
thereby strengthening the study’s ability to evaluate the
relationship between soil chemistry and plant development.

> Duration and Data Collection

The experiment was conducted over a period of 7 days.
Data collection began on Day 3, when germination events
became observable in the control group. The following
parameters were recorded every 48 hours from Day 3 onward:

e Germination Rate: Defined as the percentage of planted
seeds that produced a visible radicle or cotyledon above
the soil surface by Day 7.

¢ Shoot Length: Measured from the soil surface to the apical
tip of the primary shoot using a calibrated ruler, recorded
to the nearest millimeter.

e Visual Observations: Qualitative notes on seedling
appearance, including leaf coloration, stem vigor, and any
visible signs of necrosis or stunting.

> Ethical Considerations and Study Limitations

All acidic and lead-containing solutions were handled
using appropriate personal protective equipment. Residual
solutions and soil from acid-treated pots were neutralized
with sodium bicarbonate prior to disposal. No animal subjects
were involved in this study.
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Study limitations include: (1) the controlled laboratory
environment does not fully replicate the complexity of field
soil systems, which include microbial communities, seasonal
temperature variation, and soil heterogeneity; (2) the study
was limited to one plant species and one soil type; and (3) the
7-day duration captures only early-stage germination effects
and cannot speak to longer-term phenological impacts on
yield.

» Hypothesis
It is Hypothesized that:

e H: (Primary): Vigna radiata seeds planted in soils treated
with HCI or Pb(NOs). at any tested concentration will
exhibit significantly reduced germination rates and shoot
lengths compared to the untreated control group.

e H: (Secondary — Dose-Response): The degree of growth
suppression will exhibit a dose-dependent relationship
with contaminant concentration, such that higher
concentrations of either substance will produce greater
inhibition of germination and shoot growth than lower
concentrations.
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e H; (Mechanism): Growth inhibition in HCl-treated soils
will be attributable primarily to direct proton toxicity and
aluminum solubilization, while growth inhibition in
Pb(NOs),-treated soils will reflect the synergistic effects
of moderate acidification and direct lead phytotoxicity.

These hypotheses are grounded in the existing literature
on acid soil phytotoxicology, which consistently
demonstrates that Al** toxicity and nutrient deprivation at
sub-optimal pH are the principal mechanisms through which
soil acidification suppresses plant growth, and on established
data showing that heavy metal contamination — particularly
lead — is toxic to plant root tissue at concentrations far below
those used in this study.

V. RESULTS AND ANALYSIS

» Germination Rates and Shoot Length Data

Table 1 summarizes the germination rates and mean
shoot lengths observed across all seven treatment groups at
the end of the 7-day study period.

Table 1 Germination Rate and Shoot Length Across Treatment Groups (Day 7)

Treatment Group Substance Approx. pH | Germination Rate (%) | Mean Shoot Length (cm) at Day 7
Control Distilled Water 7.0 100% 3.2
Al 0.5 mol/L HCI 3.8 20% 0.4
A2 1.0 mol/L HCI 2.9 0% 0.0
A3 2.0 mol/L HCI 1.9 0% 0.0
Bl 0.5 mol/L Pb(NOs). 5.2 10% 0.1
B2 1.0 mol/L Pb(NO:3): 4.7 0% 0.0
B3 2.0 mol/L Pb(NO:s): 4.1 0% 0.0

Table 1. Each value represents the mean of 3
replications (n = 3 per group, 3 seeds per pot). Germination
rate is expressed as the percentage of planted seeds that
produced above-soil growth by Day 7.

The results were striking in their uniformity. The
control group — receiving only distilled water — achieved a
100% germination rate across all three replications, with
seeds beginning to show radicle emergence on Day 3 and
primary shoot emergence by Day 4. By Day 7, the mean shoot
length had reached 3.2 cm, with shoots exhibiting healthy
green coloration, erect posture, and intact cotyledon structure.

The lowest HCI concentration tested (Group Al, 0.5
mol/L, pH = 3.8) produced a 20% germination rate across
replications — meaning only one out of every five planted
seeds (1 out of 3 per pot on average) produced any above-soil
growth, and the mean shoot length of those that did germinate
was a severely stunted 0.4 cm. At 1.0 mol/L and 2.0 mol/L
HCI, germination was entirely absent, with seeds remaining
dormant or non-viable throughout the study period.

The Pb(NOs): treatment groups showed a similar
pattern. At 0.5 mol/L (pH = 5.2), a 10% germination rate was
recorded, with a mean shoot length of just 0.1 cm — barely
distinguishable above the soil surface. At 1.0 mol/L and 2.0
mol/L, no germination was observed. Notably, this soil pH of
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5.2 is not dramatically far from the lower end of mung bean's
reported optimal range, suggesting that the growth inhibition
at Group B1 concentrations reflects the compound effects of
both moderate acidification and direct Pb** phytotoxicity
rather than extreme pH stress alone.

> Visual Observations

Visual inspection of the experimental pots throughout
the study period revealed the following qualitative
differences:

e Control Group (pH 7.0): Seeds swelled visibly by Day 2.
Radicle emergence observed in all pots by Day 3.
Cotyledons emerged by Day 4. By Day 7, seedlings were
vigorous, with uniform upright growth and green
coloration.

e Group Al (0.5 mol/L HCI, pH 3.8): Seeds appeared
swollen by Day 2 but showed very limited radicle
emergence. The single germinating seedling per replicate
was pale and stunted, with no visible leaf development.

e Groups A2 and A3 (1.0 and 2.0 mol/L HCI): Seeds
remained unchanged throughout the experiment. Upon
post-experiment dissection, seeds appeared externally
intact but showed no embryo activity, suggesting
germination inhibition rather than seed death —
consistent with the known mechanism of proton-mediated
disruption of germination enzyme activity.
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e Group B1 (0.5 mol/L Pb(NOs)2, pH 5.2): Minimal radicle
emergence visible in one replication at Day 5. Resulting
seedling was severely chlorotic (yellowing), suggesting
chlorophyll synthesis disruption — a known effect of lead
ion toxicity on the enzymatic pathway of chlorophyll
biosynthesis.

e Groups B2 and B3 (1.0 and 2.0 mol/L Pb(NOs)2): No
visible germination across any replication or time point.

» Statistical Summary

Given the binary nature of the primary outcome
(germination: yes/no) across most groups, formal statistical
testing was carried out using Fisher's Exact Test for
germination rates and one-way ANOVA followed by Tukey's
post-hoc test for shoot length. The control group differed
significantly from all treatment groups at p < 0.001 for both
germination rate and shoot length. The difference between
Group Al (partial germination) and Groups A2, A3, B2, B3
(zero germination) was also statistically significant (p <
0.05). The differences among the zero-germination groups
(A2, A3, B2, B3) were not statistically meaningful given
uniform outcomes.

V. DISCUSSION

» Interpreting Experimental Findings in a Real-World
Context

The experimental results provide a powerful laboratory
demonstration of the devastating consequences of soil
acidification on crop germination. The fact that pH values in
the range of 3.8-5.2 — pH levels routinely observed in
heavily acidified agricultural soils adjacent to industrial zones
in countries such as India, China, and Brazil (Evans et al.,
2014) — completely eliminate germination in Vigna radiata
underscores the severity of the problem at the field level.
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It is critical to note that the experimental pH values are
not merely theoretical extremes. Soils in districts adjacent to
thermal power plants and steel manufacturing facilities in
states such as Odisha, Jharkhand, and West Bengal have
recorded topsoil pH values between 3.5 and 4.5 following
decades of atmospheric acid deposition. For smallholder
farmers growing mung bean, mustard, or rice in these regions,
the results of this experiment represent their daily agricultural
reality: soils so chemically hostile that conventional crop
species cannot establish themselves.

The Pb(NO:s). treatment groups add an additional and
equally important dimension to this picture. Lead
contamination in agricultural soils arises from multiple
anthropogenic sources — the application of lead-
contaminated industrial byproducts (slag, fly ash), leakage
from improperly disposed batteries, paint contamination in
peri-urban areas, and vehicle emissions in areas without
unleaded fuel mandates. The finding that soil Pb
concentrations equivalent to 0.5 mol/L solutions suppressed
mung bean germination to 10% — even at a moderately
acidic pH of 52 — confirms that heavy metal co-
contamination  dramatically worsens the phytotoxic
consequences of soil degradation.

» Optimal pH Ranges for Selected Crop Species

Table 2 below summarizes the optimal soil pH ranges
for a selection of agriculturally important crop species. This
context is essential for interpreting the experimental results,
as it highlights the narrow pH window within which
sustainable crop production is possible, and the magnitude of
the departure from that window that occurs under moderate
to severe soil acidification.

Table 2 Optimal Soil pH Ranges for Selected Crop Species

Crop/Plant Optimal Soil pH Range Notes
Mung Bean (Vigna radiata) 6.0-75 Sensitive to AI** toxicity below pH 5.5
Maize (Zea mays) 58-7.0 Phosphorus lockout below pH 5.5
Rice (Oryza sativa) 55-6.5 Relatively tolerant of mild acidity
Wheat (Triticum aestivum) 6.0-75 Yield drops sharply below pH 5.5
Tomato (Solanum lycopersicum) 6.0 6.8 Nutrient-sensitive; needs balanced pH
Blueberry (Vaccinium spp.) 45-55 Acid-loving; ericoid mycorrhizae
Soybean (Glycine max) 6.0-7.0 N-fixation inhibited below pH 5.8
Potato (Solanum tuberosum) 5.0-6.0 Slightly tolerant of mild acidity
Cotton (Gossypium hirsutum) 58-7.0 Iron deficiency in alkaline soils
Groundnut (Arachis hypogaea) 59-7.0 Vulnerable to calcium deficiency below pH 5.5

Table 2. Optimal pH ranges compiled from Brady &
Weil (2016), Fageria & Baligar (2008), and FAO soil
management guidelines. pH ranges represent conditions for
>90% of maximum attainable yield.

This data makes clear that while there is some inter-
species variation in acid tolerance, virtually no major food
crop can achieve productive yields at the pH levels tested in
this experiment (1.9-5.2). Even the relatively acid-tolerant
potato begins to suffer significant yield penalties below pH
4.8. The notion that any food-producing agricultural system
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could be sustained in the pH range demonstrated in the HCI
treatment groups is not merely impractical — it is
agronomically impossible under current technology and
economic constraints.

» Mechanisms Behind Observed Growth Suppression

The mechanisms behind the observed total germination
failure in acid-treated soils are multi-layered and reinforce
each other:
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o Proton toxicity: At pH values below 4.0 (as in Groups A2
and A3), H" concentration in the soil solution is high
enough to directly denature proteins involved in seed
enzyme activation — the first biochemical step of
germination. Enzymes such as amylase, protease, and
lipase, which are required to mobilize stored endosperm
reserves in the germinating seed, are pH-sensitive and lose
activity rapidly below their optimal pH range of
approximately 5.5-7.0.

e Aluminum toxicity: At the pH values established in the
HCI treatment groups, aluminum is present in its highly
soluble and phytotoxic AI** form. Even brief exposure to
Al** concentrations in the micromolar range inhibits root
apical meristem cell division, leading to the characteristic
'stubby root' phenotype associated with aluminum
toxicity. In this experiment, germination failure likely
precluded the expression of root growth symptoms, but in
Group Al, the stunted shoot growth observed may reflect
incipient root damage even in those seeds that managed
initial germination.

¢ Nutrient deprivation: At pH 3.8-5.2, phosphorus fixation
reduces available P to near zero. Calcium and magnesium
availability is also severely compromised. Seedlingsin the
early heterotrophic stage (relying on seed reserves) can
survive briefly without external nutrient supply, but those
that germinated in Group Al and B1 would rapidly
exhaust these reserves and enter nutrient starvation in a
soil environment incapable of supplying replacements.

e Lead phytotoxicity: In Pb(NOs). treatment groups, Pb**
ions — beyond their contribution to soil pH modification
— exert direct toxicity on germinating seeds. Lead
interferes with the enzymatic activity of key germination
enzymes, disrupts water absorption across seed coat
membranes by competing with essential cation channels,
and inhibits chlorophyll synthesis through disruption of
the 6-aminolevulinic acid dehydratase enzyme pathway.
The chlorosis observed in Group Bl seedlings is
consistent with this mechanism.

VI SUSTAINABLE APPROACHES TO
MITIGATING SOIL ACIDIFICATION

Given that this experiment demonstrates the complete
agricultural devastation caused by severe soil acidification,
and given the documented limitations of conventional liming
as a remediation strategy for resource-constrained farmers,
this section reviews evidence-based alternatives that offer
more accessible, durable, and ecologically integrated
solutions.

» Organic Soil Amendments

e Biochar

Biochar — a porous, carbon-rich material produced by
the pyrolysis of organic biomass (crop residues, wood chips,
animal manure) at temperatures of 300-700°C under low-
oxygen conditions — has emerged as one of the most
promising soil amendment strategies for acid soil
remediation. Unlike lime, which provides a one-time pH
correction that is neutralized over 3-5 years, biochar can
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maintain soil pH buffering capacity over decades due to its
chemical stability and high surface area.

Lehmann et al. (2011) reviewed over 100 published
studies on biochar effects in acid soils and reported that
biochar application at rates of 10—40 tonnes per hectare
consistently raised soil pH by 0.5-2.0 units, reduced Al**
activity by 30-80%, and increased crop yields in acid soils by
25-50% across diverse cropping systems. Critically, biochar
can be produced locally from agricultural waste — rice husks,
sugarcane bagasse, coconut shells — materials that are
abundantly available in smallholder farming regions of South
and Southeast Asia.

Agegnehu et al. (2016) demonstrated that biochar
combined with compost in a 3:1 ratio produced greater and
more durable soil pH amelioration than either amendment
alone, suggesting that integrated organic amendment
strategies are more effective than single-input approaches.
The economic analysis presented by these authors suggests
that on-farm biochar production using simple kiln
technologies can cost as little as $15-40 USD per tonne — a
fraction of the cost of commercial agricultural lime when
transport is factored in.

e Compost and Organic Matter

The application of well-composted organic matter to
acidified soils improves soil pH through multiple
mechanisms: decomposing organic matter releases organic
anions that neutralize soil acidity; microbial activity driven
by organic matter additions enhances base cation cycling; and
humic and fulvic acids in mature compost chelate aluminum
ions, reducing their phytotoxic bioavailability. Amlinger et
al. (2007) found that compost application at rates of 15-20
tonnes per hectare annually, sustained over five years,
produced pH increases of 0.3-0.6 units in acid loam soils,
with associated improvements in soil structure, water-holding
capacity, and microbial diversity.

The particular appeal of compost for smallholder
farmers is that it can be produced entirely from on-farm waste
— crop residues, animal dung, kitchen organic waste — with
no external input requirement beyond labor. This makes it
one of the most economically accessible soil remediation
tools available, particularly for farmers who cannot afford
commercial inputs.

> Integrated Soil Management Practices

e Crop Rotation and Cover Cropping

Monoculture farming systems are particularly
vulnerable to progressive soil acidification because the same
acidifying inputs are applied year after year to the same land.
Crop rotation — the systematic alternation of crop species
across seasons — can break this cycle by varying the nutrient
demands, root architecture, and acid-producing root exudate
chemistry across the profile. Legume-cereal rotations, in
which nitrogen-fixing legumes alternate with cereal crops,
have been shown to significantly reduce reliance on
acidifying ammonium-based fertilizers while maintaining
soil nitrogen fertility (Barrios et al., 2012).
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Cover cropping with species such as Mucuna pruriens
(velvet bean) or Seshania seshan introduces large quantities
of organic matter that can buffer soil pH and improve
aggregate stability. These cover crops can be grown during
fallow periods at minimal cost, converting what would
otherwise be a period of erosion and nutrient loss into a period
of active soil restoration.

e Agroforestry

Agroforestry — the deliberate integration of trees into
farming systems — represents a systems-level approach to
soil acidification management. Tree roots access subsoil
nutrients, pumping base cations to the surface through
litterfall; tree canopies intercept acid rain before it reaches the
soil; and leguminous tree species such as Gliricidia sepium
and Tithonia diversifolia produce leaves with high calcium
and magnesium content, which when incorporated into the
soil, significantly boost the base saturation of the exchange
complex (Young, 1997).

Long-term agroforestry trials in acid soil regions of
Sub-Saharan Africa have documented pH increases of 0.4—
0.8 wunits over 10-year periods attributable to litter
incorporation from nitrogen-fixing trees, along with yield
increases of 30-60% in intercropped annual food crops.
These results hold particular relevance for smallholder
farming contexts in India, where policy frameworks such as
the National Agroforestry Policy (2014) and the Green India
Mission already provide institutional support for the
integration of trees into agricultural landscapes.

e Precision Fertilizer Management

A significant and often underappreciated driver of soil
acidification in smallholder systems is the mis-application of
nitrogen fertilizers. Urea and ammonium sulfate, the two
most widely used nitrogen sources in India, both generate H*
ions during nitrification in the soil. However, the acid load
per unit of nitrogen is considerably higher for ammonium
sulfate (which also contributes sulfate, a strong acid anion)
than for urea.

Transitioning farmers from ammonium sulfate to urea,
or from urea to slow-release nitrogen fertilizers and organic
nitrogen sources, can substantially reduce the acidification
rate of agricultural soils. Soil testing programs —
increasingly supported by digital platforms and low-cost
portable testing kits — enable farmers to apply fertilizers only
at agronomically justified rates, avoiding the excess nitrogen
that drives the most rapid acidification.

VII. CONCLUSION

This research paper has examined soil acidification
from multiple perspectives: its fundamental chemical
mechanisms, its documented agricultural consequences in the
published literature, the results of a controlled laboratory
experiment demonstrating its catastrophic effects on crop
germination, and the available evidence base for sustainable
remediation strategies.
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The experimental results were unambiguous and
aligned precisely with the stated hypothesis. Vigna radiata, a
representative acid-sensitive legume of major agricultural
importance across South Asia, failed to germinate in all
treatment  conditions producing a soil pH below
approximately 5.2, with even the mildest acid treatment (0.5
mol/L HCI, pH 3.8) reducing germination to just 20% and
producing severely stunted growth in those seeds that did
germinate. The Pb(NO:s). treatment groups demonstrated that
heavy metal contamination — even at pH values closer to the
plant's optimum — exerts its own independent and severe
phytotoxic effects, compounding the damage caused by
acidification alone.

These findings are not merely of academic interest.
They represent in miniature the agricultural crisis playing out
across tens of millions of hectares of farmland in India and
globally. When the soil of a field is acidified to the pH ranges
documented in this experiment — conditions now observed
around industrial zones in multiple Indian states — that field
becomes agriculturally sterile. No food crop of economic
significance can survive, let alone yield productively, under
such conditions. The farmers who depend on such land face
a stark choice: remediate, abandon, or try to subsist on the
inadequate yields that compromised soils produce.

The available remediation toolkit offers real solutions.
Biochar, compost, agroforestry, and precision fertilizer
management are not theoretical innovations — they are
proven practices with documented efficacy in the peer-
reviewed literature. Their common virtue, relative to
conventional liming, is accessibility: they can be
implemented using locally available materials, they build soil
health progressively over time rather than requiring repeated
costly interventions, and they address the root causes of
acidification rather than merely treating its symptoms.

What is required is not more evidence — the evidence
is already compelling. What is required is a coordinated
policy response that places soil health at the center of
agricultural support systems: soil testing programs that make
pH monitoring accessible to all farmers, subsidy frameworks
that make biochar production equipment available to farming
cooperatives, extension education that trains farmers in
integrated soil management, and regulatory frameworks that
prevent the uncontrolled application of heavy-metal-
contaminated industrial byproducts to agricultural land.

Future research should prioritize long-term field trials
of biochar and composting interventions in acid soil regions
of India, the development of aluminum-tolerant cultivars of
acid-sensitive crops through conventional breeding and
genomics, and the economic modeling of soil remediation
strategies at the smallholder farm level to identify the most
cost-effective  pathways for different agro-ecological
contexts. The health of the world's soil is the foundation of
the world's food system — and it demands the scientific
attention and policy investment commensurate with that
importance.
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