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Abstract. To clarify the mechanisms of acid suppression and enhancement of soil quality, this study
investigated the interaction between calcium and carbon during soil acidification in karst arable land in
Hunan, China. Soil samples were categorized into four acidification grades: strong (pH < 4.5), weak
(4.5 <pH £ 6.5), neutral (6.5 < pH < 7.5), and alkaline (pH > 7.5). The relationship between soil calcium
speciation and acidification was examined. A sequential variation in calcium content was observed across
different speciation in the following order: exchangeable calcium, acid-soluble calcium, water-soluble
calcium, residual calcium, and organically bound calcium. Active calcium migration in the study area
reflected its bioavailability. Compared with alkaline conditions, soil calcium, carbon content, and carbon
storage decreased with increasing soil acidification (p < 0.05). The average soil organic carbon (SOC)
content declined from 44.4% to 34.3%, and the carbon stock decreased from 41.4% to 28.4%. A significant
correlation was found between the total soil calcium and organic carbon content (p < 0.05). Under strong
acidification, the calcium and carbon contents, as well as the carbon stocks, reached their lowest levels,
resulting in a 215-fold decrease in calcium effectiveness. The primary factors contributing to soil
acidification in this area were the soil calcium levels and morphology. Enhancing SOC content and
improving the activity of Ca?" in karst soils serve as mechanisms for acid suppression.
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Introduction

Agricultural land plays a pivotal role in sustaining human civilization (Fan et al.,
2020), serving multiple essential functions, including agricultural production, the
provision of spatial resources, and environmental conservation (Qiu et al., 2023). This
resource is fundamentally connected to national food security and social stability, while
also promoting sustainable economic development (Zhang and Qie, 2024). Acidic soil
conditions in agricultural areas represent a significant manifestation of global soil
degradation and are a pressing ecological concern, particularly in southwestern China.
Characterized by declining soil pH levels and increasing exchangeable acidity (Xu et al.,
2018), this phenomenon poses a substantial risk to agricultural yield security and the
sustainability of agricultural practices (Luo et al., 2018).

Karst habitats, primarily found in tropical and subtropical regions, are characterized
by the transformation of carbonate bedrock into limestone soils through dissolution and
weathering processes. This unique karst landscape promotes complex soil-formation
processes. Although the precise mechanisms of soil formation remain unclear, karst
dynamics have significantly influenced the development of limestone soils. These soils
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exhibit unique geochemical signatures, marked by elevated calcium levels and alkaline
properties, as extensively documented in geological literature (Cao et al., 2004).

Karst regions in China cover an area of 3.443 million square kilometers, accounting
for more than one-third of the country's total land area. The southwestern region
encompasses approximately 411,000 square kilometers and is characterized by distinctive
karst formations. This region is recognized as one of the world's three major centers for
karst distribution and is the largest continuous karst zone (Wang et al., 2018; Ma et al.,
2020). Karst landscapes are extremely fragile and highly sensitive to environmental
change. It has a limited capacity to support natural ecosystems, lacks resilience to
disasters, and suffers significant damage from human activities. Moreover, it is important
to note that this area is among the most severely affected locations in China in terms of
soil acidification, as demonstrated in previous studies (Li et al., 2005; Duan et al., 2016;
Tao et al., 2019). In karst hills and mountainous regions, plant growth is hindered by
complex and variable natural conditions, diverse soil compositions, infertile soils, and a
scattered distribution (Yi et al., 2025). The availability of land resources is highly uneven,
making arable land more valuable than that found in plains and exacerbating the inherent
tension between human needs and land availability.

The material cycle in karst systems is predominantly characterized by the C-H>0-Ca
cycle, which results in the formation of a geochemical environment rich in calcium and
alkaline in nature. Calcium is the primary biological component of karst habitats. The
enrichment and migration of substances are closely connected to the soil quality of karst
arable land, which significantly affects soil acidity, alkalinity, and organic carbon
accumulation (Nava et al., 2020; Yang et al., 2021). Maintaining soil quality in karst
arable soils depends heavily on the acid-base equilibrium, which is regulated by the
presence of calcium and organic carbon within these ecosystems. Numerous studies have
investigated the importance of calcium in karst ecosystems. The primary focus of these
studies was to assess the effects of calcium on heavy metal adsorption, microbial
communities, plant life, and other species (Wei et al., 2004; Hen et al., 2014; Wei et al.,
2017; Liu et al., 2021). In addition, these investigations explored the influence of
environmental conditions on the calcium distribution (Li et al., 2012, 2016; Yang et al.,
2015; Huang et al., 2024). Studies on karst arable land have primarily focused on
evaluating soil quality, particularly in terms of soil nutrients, microorganisms, bacterial
activity (Gao et al., 2023), resistance to soil erosion (Xiao et al., 2019), overall soil quality
(Zhang et al., 2021), and ecological safety (Jiang et al., 2022; Wu et al., 2023). However,
there has been limited research on the mechanisms and effects of calcium and carbon in
mitigating acidification in karst farmland soils.

Soil acidification in Hunan Province has intensified owing to irrational agricultural
practices, excessive cultivation, and heavy use of agrochemicals. During the second soil
census, the average pH value of arable soils decreased from 6.5 to the current 6.0.
Although limestone weathering materials originate from alkaline parent rocks, and the
karst soils formed from them exhibit neutral to alkaline characteristics, the widespread
acidification of soils in Hunan significantly undermines the capacity of the province to
produce grains (Wen et al., 2013). The acidity levels in karst soils are increasing. Both
the natural environment and human agricultural activities exacerbate soil acidity in karst
arable lands. Further research is necessary to investigate the imbalance in the calcium
components in karst soils (Zhang et al., 2022; Lin, 2022).

This study determined the distribution locations, ranges, and areas of karst areas in
Hunan province using geological, topographic, land-use status, karst geomorphology
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zoning, and matrix zoning maps. Key data regarding the distribution locations, ranges,
and areas of karst regions in Hunan were collected. Soil profile sampling points were
established in primary karst distribution areas based on field surveys. This study
investigated the response and interaction between calcium and carbon in karst soils under
varying acidification conditions using soil pH acidification grading. This study aims to
provide a scientific foundation for the conservation of karst arable land quality and food
security in Hunan Province.

Materials and methods
Study area and soil sampling

The specimens were collected from the characteristic spatial distribution region of the
karst parent materials in Hunan Province (Figure I). Situated in the northern subtropics,
Hunan Province experiences a humid subtropical monsoon climate, characterized by an
average annual temperature ranging from 16°C to 18°C and an average annual
precipitation of 1200-1800 mm. This region is renowned for its humid climate, four
distinct seasons, and intense rainfall.
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Figure 1. Distribution of soil sampling points in karst cultivated land in Hunan Province

The total area of the karst region in Hunan Province is 5.4964 million hectares,
accounting for 25.95% of the province’s total land area (Zhou et al., 2020). These karst
regions are primarily concentrated in Zhangjiajie, Shaoyang, Chenzhou, and other areas
in northwestern, central-western, and southern Hunan Provinces. The three major areas
represent distinct karst geomorphological types: hill-peak-to-solution basin and solution
depression in canyon-mountain plateau areas, hill-peak-to-solution depression and
solution basin in low mountain and hilly areas, and hill-peak-to-peak forest to solution
basin and solution depression in hilly plain areas.
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This study involved the selection of karst soils with varying pH levels from
representative karst regions in the Hunan Province. These soils were categorized into four
groups for spot sampling: extremely acidified (pH < 4.5), weakly to moderately acidified
(4.5 <pH <£6.5), neutral (6.5 <pH <7.5), and alkaline (pH > 7.5). Fig. I and Table A1
show the distributions of the selected soil sampling sites. Appropriate sampling locations
in representative karst regions were selected based on the criteria established for the soil
field investigation. The soil profiles were excavated to a depth of 150 cm below the
surface or until the paralithic contact surface or lower boundary of the diagnostic
subsurface horizon was reached. The morphological features of each horizon were
meticulously documented in accordance with the field soil description and sampling
criteria outlined in the Chinese soil systematics. Based on the physical characteristics of
the profile, the soil horizons were categorized, and soil samples weighing 1.5 to 2.0 kg
were collected for laboratory analysis from the bottom to the top of each horizon. Soil
bulk density, moisture content, and porosity were analyzed by collecting undisturbed soil
samples from top to bottom using the ring-knife technique. The soil horizon samples were
naturally air-dried, pulverized, and sieved using 10-mesh, 60-mesh, and 100-mesh sieves.
They were then blended, labeled, and stored for quantitative analysis of fundamental
physical and chemical characteristics as well as various forms of calcium content.

Analyses of soil physiochemical properties

The fundamental physicochemical properties of the soil were assessed using
conventional analytical methods as previously described (Dong et al., 2019). The soil pH
was measured using the potassium chloride extraction potentiometric method. The soil
organic matter content was quantified using the potassium dichromate—sulfuric acid
digestion method. The soil moisture content was determined using a drying method. Soil
bulk density was assessed using the core sampling technique. The mechanical
composition was analyzed using the pipette method. Soil cation exchange capacity (CEC)
was measured using the 1 mol/L ammonium acetate extraction method. The speciation of
calcium in the soil was determined using the modified BCR sequential extraction method
(Yu et al., 2007), which categorizes soil calcium into five species: water-soluble calcium
(WSC), exchangeable calcium (EC), acid-soluble calcium (ASC), organically bound
calcium (OBC), and residual calcium (RC). The specific operational steps are listed in
Table A2.

Data analyses

The soil organic carbon (SOC) density of soil layer 1 was calculated as
SOCD; = SOCC;-BD; -H; / 100 (Eq.1)

where SOCDi is SOC density (kg m2) in layer i, SOCCi is organic carbon content (g kg™)
in layer 1, BDi1 is soil bulk density (g cm™) in layer 1, and Hi is the thickness of soil in
layer i (cm).

SOC storage (SOCS) in the profile was calculated as:

S0CS(kgm=2) = BD; - H; / 100 (Eq.2)
where n is the number of layers in the soil profile.
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All data are presented as mean + standard deviation computed using Origin 2018 and
Microsoft Excel 2010 software. One-way analysis of variance and the least significant
difference test (p < 0.05) were conducted using SPSS V21 to assess the variations among
the treatments. Path analysis for structural equation modeling was performed using R
version 4.4.0 (Dion et al., 2021), whereas redundancy analysis (RDA) was performed
using Canoco 5 software.

Results
Changes in SOC
Characteristics of soil tillage layer

As shown in Figure 2 and Table 1, the content and stock of soil organic carbon in the
plough layer were lowest under weakly to moderately acidic conditions. Total nitrogen
(TN), total potassium (TK), cation exchange capacity (CEC), and the contents of sand
and silt exhibited trends consistent with those of soil organic carbon, declining in neutral
to weakly acidic regions, with TN and TK showing significant changes (p < 0.05). The
reductions in SOC content and storage were 31.6% and 37.84%, respectively. In addition,
the TN, TK, and CEC decreased by 30.8%, 14.2%, and 22.2%, respectively, whereas the
sand and silt fractions in the soil's mechanical composition decreased by 21.5% and
0.53%, respectively. Consequently, the nitrogen content and soil fertility retention
capacity of the cultivated layer in the karst farmland of Hunan Province significantly
diminished owing to acidification.

50 - Soil organic carbon
- Soil organic carbon stock
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Figure 2. Relationships between organic carbon content, soil tillage storage, and pH under
different acidification conditions. NO: Distinct capital letters indicate significant (p < 0.05)
differences in organic carbon and stocks across various acid-base categories, whereas distinct
lowercase letters denote differences in organic carbon and stocks within the same acid-base
classifications (p < 0.05)
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Table 1. Analysis of basic physicochemical properties of tillage soil under different soil acidity
and alkalinity classifications

sidifiton | sdificstion | Newmal | Alkaline
(n=8) (n=5) (n=5) (n=2)

Soil pH 3.92+0.33d 5.20 + 0.47¢ 6.96+0.18b | 7.56+0.08a
SOC (g kg) 20.41 + 16.89a 20.07+6.73a 29.35+11.668a | 24.45+18.08a
CEC (cmol (+) kg?)| 19.32 % 6.62a 16.38 + 5.6a 21.04+336a | 15.15+1.34a
Sand grains (%) | 68+53.32a 73 + 48.69a 93+63.49a | 361+274.35a
Silt grains (%) | 357+154.02a 5632+5898a | 566.2+110.45a | 402+270.11a
Clay particles (%) | 574.75+188a 363.8+25.87ab | 340.2+127.94b | 237 +4.24b
TN (g kg) 1.46 + 0.93a 1.57 + 0.37ab 227+0.75b | 229+1.67b

TP (g kg) 0.44 +0.16b 1.03+0.42a 0.78+0.19ab | 0.49+0.26b
TK (g kg) 14.55 + 3.77a 12.45 + 3.75ab 1451+32a | 7.72+2.19%

NO: Different letters in the same column indicate significant differences (p < 0.05) in various
physicochemical properties between acidification conditions

Soil profiles characteristics

Table 2 and Figure 3 illustrate that the TN concentration in the soil, along with the
trends in sand and silt particle composition, reflected a significant declining trend in SOC
(p < 0.05). The mean organic carbon concentration throughout the entire profile of the
karst agricultural soil in Hunan was 13.08 g kg!. Throughout the soil profile, SOC content
and stock exhibited their minimum values under strongly acidic conditions. Comparing
with medium alkaline conditions, the average SOC content and storage decreased by
44.4% to 34.3% and 41.4% to 28.4%, respectively. The observed decline in SOC content
and storage within the profile of karst-cultivated soils in Hunan indicates that strong
acidification has a more pronounced effect than weak neutral acidification.

Table 2. Analysis of basic physicochemical properties of profiled soils under different
acidification conditions

tron Weak neutral
Soil pH level acicslifiocafion acei:difice:ition Neutral Alkaline
(n=33) (n=25) (n=24) (n=9)

Soil pH 3.94+0.24d 5.57 +0.45¢ 6.92 +0.26b 7.77 +0.15a
SOC (g kg?) 9.30 +10.85a 12.12+691a 16.74 £10.01.a 14.16 £ 10.19a

CEC (cmol(+) kg?)| 19.35+6.83a 14.13 £ 3.69b 18.94 £ 3.79a 11.75 + 5.69b
Sand grains (%) 73.97+63.13b | 117.44 +67.46ab | 95.47 + 68.93b 157.28 £ 27.78a
Silt grains (%) | 300.94 +140.42b | 570.28 £100.09a | 542.12 +126.43a | 620.86 +38.55a
Clay particles (%) | 625.06 +176.98a | 312.20+73.28bc | 362.41+129.72b | 221.71+25.38c

TN (g kg™) 0.93+0.57b 0.96 + 0.42b 1.41+0.67a 1.42 £0.87a

TP (g kg™) 0.41+0.13b 0..80 £ 0.46a 0.55+0.19ab 0.38+0.11b

TK (g kg?) 16.46 £ 5.83a 13.30 £+ 4.55ab 15.65 £ 3.92b 10.94 +2.52b

NO: Different letters in the same column indicate significant differences (p < 0.05) in various
physicochemical properties between acidification conditions
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Figure 3. Relationships between SOC content and storage, density, and pH in profiles under
different acidification conditions. NO: Distinct uppercase letters denote significant differences
(p < 0.05) in organic carbon density and stocks across varying acidity and alkalinity classes,
whereas distinct lowercase letters indicate significant differences (p < 0.05) in organic carbon
density and stocks within the same acidity and alkalinity class. Distinct uppercase letters denote
substantial differences (p < 0.05) in organic carbon density and stocks across various acid-base
classifications, whereas distinct lowercase letters indicate variances (p < 0.05) in organic
carbon density and stocks within the same acid-base classification

Changes in calcium speciation

In the cultivated karst soils of Hunan, calcium predominantly existed in exchangeable
forms, accounting for approximately 94% of the total calcium species. The average
concentrations were 13.4 g kg™' in whole profiles and 29.02 g kg™ in tillage layers. OBC
constituted the smallest fraction, at 0.14% and 0.05%, respectively. The hierarchy of
calcium speciation was as follows: EC > ASC > WSC > RC > OBC. Neutral to alkaline
conditions increased calcium concentrations, demonstrating a strong pH dependence for
WSC (p < 0.05). Soil acidification progressively reduced the WSC, EC, and ASC content,
with EC showing a significant correlation with pH (p < 0.05). The transition from alkaline
to acidic conditions resulted in a 215-fold decrease in calcium availability in the profiles
and a 314-fold decrease in the tillage layers (Tables 3,4 and Figures 4,5).

Changes in calcium/carbon ratio

This study demonstrated a significant progressive decline in the ratios of WSC, EC,
ASC, and total calcium to organic carbon with increasing acidification, reaching
minimum reductions of 98.95, 99.29, 96.03, and 98.82%, respectively, under severe
acidification. Conversely, the proportions of RC and OBC relative to organic carbon
progressively increased. Acidification significantly affects the availability of calcium and
carbon in the karst farmland soils of Hunan Province, and the synergistic interaction
between available calcium and organic carbon provides a scientific basis for mitigating
acidification in karst ecosystems (Figure 6).
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Table 3. Speciation profiling of calcium forms in tillage horizon soils across acidification

gradient
. Water-Soluble | Exchangeable |Acid-Soluble Bound Residual
Soil pH level
Ca/(g-kg?) Ca/(g-kg?) Ca/(g-kg?) Ca/(g-kg?) Ca/(g-kg?)
Strong
acidification |0.0611+0.313b| 0.26 £0.231b |0.059 + 0.048b|0.0168 + 0.014a | 0.068 + 0.859a
(n=8)
Weak neutral
acidification | 0.102 +0.513b | 0.502 + 0.225b |0.126 + 0.067b|0.0178 + 0.015a| 0.064 + 0.077a
(n=5)
Neutral 0.0136 +
(n=5) 0.521 +0.433a | 26.32 +28.71b [1.398 + 0.998b| 0.0164 + 0.01a 0.008ab
Agjlzl;le 0.6433 +0.383a [89.036 + 100.5a | 4.17 +4.61a | 0.016 +0.016a | 0.077 + 0.005b

NO: Different lowercase letters in the same column indicate statistically significant differences (p < 0.05)
in calcium content across different acidification conditions

Table 4. Speciation profiling of calcium in soil profiles across acidification gradients

Soil pH level s‘(,)\;itlflre Exchangeable | Acid soluble Bound Residual
Callgkg?) Ca/(g-kg™) Ca/(g-kg™) Ca/(g-kg™) Ca/(g'kg™)
Strong
acidification  |0.034 £ 0.026c| 0.178 + 0.245c | 0.045 + 0.05b | 0.020 + 0.016a | 0.055 + 0.069a
(n=33)
Weak neutral
acidification  |0.073 £ 0.038c| 0.591 +£0.234c | 0.114 + 0.05b | 0.021 + 0.015a | 0.062 + 0.063a
(n=25)
Neutral 0.37£0.33b | 20.69 +£26.73b | 1.030 + 1.02a | 0.021 = 0.013a |{0.026 + 0.017ab
(n=24)
Alkaline 0.183 £ 0.262a| 32.17+13.1a | 1.280+0.41a | 0.016 + 0.009a | 0.012 + 0.006b
(n=9)

NO: Different lowercase letters in the same column indicate statistically significant differences (p < 0.05)
in calcium content across different acidification conditions
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Figure 4. Speciation composition of calcium in tillage horizon soils across acidification
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Figure 5. Speciation composition of calcium in soil profiles across acidification gradients
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Figure 6. Proportions of calcium species to organic carbon under diverse acidification
conditions. NO: Different capital letters indicate significant differences (p < 0.05) in the
calcium-to-carbon ratio across varying degrees of acidification

Factor determinant evaluation and SEM projection analysis

We conducted RDA, a form of constrained principal component analysis, to identify
the factors influencing calcium migration and transformation in the soils. This study
examined SOC, essential physicochemical properties, and calcium speciation across
systematically classified acidification gradients. This analytical method quantitatively
assessed the correlations between environmental variables such as soil pH, organic
carbon, CEC, particle size distribution, and multivariate calcium speciation data
(Sanchez-Rodriguez et al., 2022; Gu et al., 2023). The RDA ordination plot (Figure 7)
indicated that the acute angles between the arrows representing the environmental factors
and ordination axes reflect stronger correlations. In addition, various forms of calcium
demonstrated distinct responsiveness to specific soil parameters under different
acidification conditions (Li et al., 2015).
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Comparative studies revealed various correlation patterns under different pH
conditions (Figure 8). In soils with weak to moderate acidification (pH 4.5-6.5), positive
correlations were identified between soil pH and three critical parameters: SOC
concentration, SOC storage capacity, and calcium-to-carbon (Ca/C) ratio. SOC
measurements exhibited bidirectional links, demonstrating positive correlations with
OBC and significant relationships with TN fertility (p < 0.05). Particle size analysis
revealed significant discrepancies: strong positive relationships with silt fractions
(p < 0.01), contrasted with considerable negative correlations with clay content (p < 0.01).
Furthermore, the Ca/C ratio showed notable sensitivity to labile calcium forms, exhibiting

the most significant correlation with EC and ASC fractions (p < 0.01).
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Under strongly acidic soil conditions (pH < 4.5), the statistical analysis identified
significant correlations among the key parameters (p < 0.05). Trivariate association
analysis revealed that SOC concentration, SOCS, and Ca/C ratio exhibited distinct
patterns in TP availability and CEC levels. Both SOC and SOCS showed significant
positive correlations with TP and CEC (p < 0.05), in contrast to the negative correlations
observed for the Ca/C ratio (p < 0.05). Multivariate analysis indicated that calcium
speciation played a regulatory role, with OBC and WSC fractions significantly
influencing SOC storage dynamics and calcium-carbon equilibrium (p < 0.05).
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Structural equation modeling results demonstrated that soil acidification dynamics in
Hunan karst cultivated lands enhanced carbon storage through two primary mechanisms:
increased concentrations of TN, TP, TK, and SOC in soil nutrients and elevated levels of
WSC, EC, and OBC in calcium forms (Figure 9). Concurrently, modifications in textural
composition positively influenced carbon stocks by increasing TN, TP, TK, SOC, and the
ratio of RC to ASC while decreasing CEC and the concentrations of WSC, EC, and OBC.
A comprehensive analysis revealed that changes in acidification and soil texture exert
both direct and pathway-mediated effects on carbon storage. The intensity of acidification
indirectly influenced carbon storage by positively modulating calcium forms and nutrient
profiles, whereas textural characteristics mediated these effects through nutrient
enhancement and the suppression of calcium forms. Importantly, acidification-driven
transformations in calcium speciation and nutrient dynamics were identified as critical
predictors of variability in carbon storage in karst agroecosystems.

() (b)

0.176 Sand

a |
Soil machinery ORI R — | 0.5+
| composition

cay |
. -
f - ~ " ?‘y"-.
g
- ~
-

| ¥,
| oan ™ oY ~Liog wc

0034 ™® - Soil 2C: | G886
. ~ S calcium
0207 X Soil nutrients 4 ok ASC | -0.6029
2 speciation

OBC | 0.5040°*

0.544%%r

0.6812° "~

0.392¢ 0¢ RC_| 0104

! 2,
1 I, o¥ £ o
I s o s - - - - - - - _ ]

0.1

Standardized total effects from SEM

carbon stocks 0.0

Soi Soil machinery  Soil nutri Soil calcium
Fisher'C=0.565; P=0.452; df=1 ol = Soll nutrieats e
composition speciation

AIC=29.525 ;BIC=64.677
R*=0.58
Figure 9. Modeling karst soil responses: SEM approach to calcium speciation and organic
carbon behavior under acidification in Hunan cultivated lands

Discussion

Calcareous soils, formed by the weathering of carbonate rocks in karst ecosystems,
inherently exhibit elevated calcium concentrations under undisturbed natural conditions
(Li et al., 2019). Our experimental results demonstrated that acidic environments
significantly reduce both calcium and organic carbon content compared with neutral-
alkaline conditions. A decline in pH impairs calcium bioavailability, structural stability,
and hydrological function. The pH-dependent competitive behavior of Ca*" ions is
primarily influenced by several geochemical processes, including the dissolution
dynamics of sparingly soluble compounds, hydrolysis of metal-chelate complexes, redox
transformations, and surface adsorption-desorption equilibria. Notably, calcium
demonstrates superior capacity for ligand competition in neutral-to-alkaline soils
(pH > 7), where pH predominantly regulates its speciation (Yang et al., 2017). The
observed accumulation of SOC in alkaline calcareous soils aligns with the well-
documented carbonate-enhanced stabilization mechanisms (Fernandez-Ugalde et al.,
2011). The sequential distribution of the calcium fractions across the acidification
gradients was as follows: EC > ASC > WSC > RC > OBC. Progressive acidification leads
to substantial reductions in WSC, EC, and ASC pools. EC showed a significant positive
correlation with soil pH (p < 0.05), underscoring the critical role of pH in controlling
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calcium speciation. This pH-dependent biogeochemical behavior highlights the
vulnerability of karst agricultural systems to acidification-induced calcium depletion and
its subsequent ecological impacts. Yang et al. (2017) established through initial
investigations in Guilin's Yaji karst region that soil pH demonstrates positive correlations
with reducible calcium, ASC, and RC fractions while exhibiting a negative correlation
with oxidizable calcium. This relationship was subsequently confirmed by Huang et al.
(2015) who observed significant pH-calcium correlations across diverse land-use patterns
in karst areas. This was further validated through comprehensive analyses of the fault
basin ecosystems conducted by Li et al. (2019). The predominance of EC in limestone-
derived agricultural soils results from an inherent abundance of carbonates and prolonged
agricultural practices. In contrast to the limited organo-calcium complexes associated
with residual fractions, this bioavailable calcium exhibits high geochemical mobility and
biological accessibility (Huang et al., 2023). These phenomena likely arise from
simplified ecosystem structures, low humus content, and intensive leaching processes,
which are characteristic of karst environments. Comprehensive studies have shown that
in addition to pH, essential soil attributes such as organic carbon content, CEC, and
particle size distribution (sand, silt, and clay) significantly influence calcium distribution
patterns in terrestrial ecosystems (Cardoso et al., 2020; Razzaghi et al., 2021).
Comparative analyses revealed stronger associations between organic matter and both
acid-soluble and complexed calcium forms in acidic environments than in neutral-
alkaline environments (Robert et al., 2004). Calcium enrichment enhances the synthesis
of humic acids in soil organic matrices, facilitating the formation of insoluble metallic
ions (Ca-Fe-Mg), which improves ionic nutrient retention and carbon stabilization (Wang
et al.,, 2018). This connection illustrates a bidirectional regulatory relationship with
organic carbon levels that simultaneously influences calcium dynamics through intricate
biogeochemical feedback mechanisms. In karst ecosystems, soil colloids preferentially
adsorb Ca** and Mg?*. Acidic conditions facilitate the release of ASC into active forms
that transition to exchangeable states, thereby enhancing the adsorption capacity of
colloidal Ca** (Li et al., 2019). This mechanism is supported by our observation of a
positive correlation between the CEC and ASC under low pH conditions. Notably, clay
content exhibited an inverse relationship with all forms of calcium in acidic soils, a
phenomenon that may be attributed to the intensive leaching processes characteristic of
the subtropical monsoon climate in Hunan. The region's high levels of precipitation and
temperature promote soil acidification through the depletion of base cations, resulting in
colloidal surfaces dominated by acid-forming ions, rather than nutrient cations.

Global research indicates a positive correlation between EC in clay minerals and SOC
levels in slightly acidic to alkaline soils (Rasmussen et al., 2018; Rowley et al., 2021).
This mechanistic understanding is supported by field data from Hunan's karst agricultural
regions, where increasing soil acidification has led to significant declines in organic
carbon content, storage capacity, and Ca/C ratios, reaching minimal levels under severe
acidification. Statistical analysis revealed a significant association (p < 0.05) between
total calcium levels and variations in SOC. Calcium facilitates physicochemical
interactions at organic-mineral interfaces through processes, such as adsorption,
coprecipitation, complexation, and aggregation occlusion. These mechanisms reduce the
bioavailability of SOC while enhancing its persistence and SOCS (Shabtai et al., 2023).
Understanding the dynamics of calcium pools during acidification is crucial for managing
organic carbon reservoirs and improving the soil quality in Hunan's karst agricultural
systems.
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Conclusion

The karst-cultivated soils in Hunan Province exhibited an average SOC concentration
of 13.08 g kg™, with statistically significant differences in SOC storage (p < 0.05). Both
SOC measures peaked under neutral conditions and showed a gradual decline as acidity
increased. In highly acidic environments, calcium and carbon metrics reached their lowest
levels, with reductions of 34.3-44.4% in SOC content and 28.4-41.4% in storage
compared with neutral-alkaline conditions. The results of the calcium speciation analysis
revealed that the exchangeable form predominated at 13.4 g kg™, indicating considerable
mobility. The forms were arranged in the following order: EC > ASC > WSC > RC >
OBC. Notably, the competitiveness of Ca?*" decreased by a factor of 215, along the
acidification gradient. Soil acidification was the primary factor influencing calcium
conversion and nutrient dynamics and served as a crucial predictor of carbon storage.
Enhancing strategic SOC management is essential for activating the acid-buffering
potential of Ca** in karst agroecosystems.
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APPENDIX

Table Al. Details of sampling points and related information

) i :
501' Samp '1ng Elevations| Latitude |Longitude Land use patterns Vegetation
profile | Location coverage
7Jj02 Cili 284m | 1109E | 293N Farmland to shrubland 40-80%
conversion
ZJJ03 | Yongding | 510m 1104 E 29.0 N | Paddy-to-dryland conversion 40%
F 1 1
XX04 |Longshan| 123m | 1093E | 288N armland to grassland >80%
conversion
Farml hrubl
XX05 | Baojing | 365m | 1094E | 288N armland to shrubland >80%
conversion
XX09 Jishou 606 m 109.5 E 283N Paddy field >80%
XX12 | Longshan 550 m 1094 E 293N Paddy field >80%
CZ04 | Linwu | 404m | 1125E | 255N Farmland to shrubland >70%
conversion
CZ05 | Jiahe 255m | 1125E | 256N Farmland to shrubland 60%
conversion
CZ11 | Guiyang 205 m 112.7E 25.8 N Paddy field >80%
Farmland to shrubland
SY04 Chengbu 462 m 1103 E 264N . >80%
conversion
SY11 |Shaodong| 254m 111.7E 272N Paddy field 40-80%
SY13 |Shanyang| 259m 1112 E 26.8 N Paddy field >80%
YZ08 Xintian 380 m 112.1 E 25.8 N Forest land >70%
Y710 | Qiyang | 117m | 1118E | 267N Paddy field >80%
YZ11 Lingling 131 m 1115E 26.1 N Paddy field >80%
LD01 | Lianyuan 174 m 111.7E 27.7N | Farmland to forest conversion | 40-80%
LDO05 Louxing 146 m 1119 E 277N Paddy field 40-80%
LD02 Xintian 440 m 1115E 279N | Farmland to forest conversion | 40-80%
7705 | Yanling | 263m | 1137E | 264N Farmland to shrubland 30%
conversion
HY02 |Changning 92 m 1126 E 26.4N | Farmland to forest conversion | 40-80%
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Table A2. Methods of calcium speciation extraction

Speciation of

calcium in soil Extractant Operating procedure
Oscillation at 200 times/min for 2 hours, centrifugation
WSC Distilled water at 3000 rpm for 30 min, and determination using AAS
method
Oscillation at 200 times/min for 2 hours, centrifugation
EC 1 mol/L AlClssolution | at 3000 rpm for 30 min, and determination using AAS
method
Shaking in a constant temperature water bath at 80°C
ASC 3 mol/L HClI solution |for 2 hours, centrifugation at 3000 rpm for 30 min, and
determination using AAS method
Shaking at 200 times/min for 2 hours, standing for 24
OBC 0.5 mol/L 'Nast4 hour;g, centrifugation at 3000 rpm for 30 ming, and
solution I .
determination using AAS method
RC HNOs + HF solution Drying, regrinding, digestion with HNOs and HF, and

determination using AAS method
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