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The intensification of agricultural production has significantly reduced land
availability, necessitating continuous cropping cycles that degrade soil quality
and inhibit crop growth. While the short-term use of soilamendments has shown
significant potential for mitigating these challenges, few studies have explored
their long-term effects on acidified soils and heavy metal accumulation. Between
2013 and 2018, a field experiment was conducted in the peanut (Arachis
hypogaea L)-growing region of Jinxian County, Jiangxi Province, to investigate
the long-term effects of oyster shell powder applied to upland red soil. Before the
experiment, the soil properties were as follows: pH, 4.54, total soil cadmium (Cd)
content, 0.49 mg kg™*; and available Cd content, 0.25 mg kg™*. The experiment
included three treatments combining chemical fertilizers with oyster shell
powder at application rates of 750, 1500, and 2250 kg ha™! (L750, L1500,
L2250) and a control with only chemical fertilizer (LO). From 2013 to 2018,
peanut yield among all treatments was assessed at maturity. Soil pH was then
measured using a pH meter with a 2.5:1 water-to-soil ratio. Exchangeable
hydrogen and aluminum were determined using the potassium chloride
exchange-neutralization titration method. Meanwhile, available Cd content
was extracted using 0.1 M CaCl, and measured with a flame atomic absorption
spectrophotometer. While all treatments showed an annual decline in peanut
yield from 2013 to 2018, but oyster shell applications significantly reduced the
rate of crop yield decline. Compared to LO, the yields of L750, L1500, and L2250
treatments increased by 5.55%-19.42%, 8.64%-28.74%, and 15.43%-37.01%,
respectively. Soil pH values in the L750, L1500, and L2250 treatments were
higher than the LO treatment by 0.03-0.31, 0.16-0.48, and 0.28-0.65 units,
respectively. Their exchangeable hydrogen contents decreased by 10.17%-
24.24%, 16.67%-27.94%, and 23.40%-29.44%. In addition, exchangeable
aluminum contents decreased by 5.05%-26.09%, 23.23%-46.27%, and 39.73%-
66.97%. In contrast, soil available Cd contents in the L750, L1500, and L2250
treatments were lower than the LO treatment by 7.96%-19.29%, 9.56%-30.71%,
and 13.94%-34.65%, respectively. Correlation analysis revealed that soil pH was
positively associated with peanut yield and negatively correlated with
exchangeable hydrogen, exchangeable aluminum, and available Cd. For every
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0.1 unit increase in soil pH, peanut yields increased by 119.62-389.82 kg ha™,
while available Cd decreased by 0.06-0.12 mg kg™. Therefore, these findings
demonstrate the efficacy of continuous oyster shell powder application in
controlling soil acidification and reducing Cd levels in upland red soil.
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1 Introduction

Red soil is a key agricultural resource in China, accounting for
approximately 28% of the country’s total land area and 11% of the
hilly regions of southern China (Xu et al., 2022). Despite its critical
role in agriculture, red soils exhibits poor nutrient retention and a
naturally low pH, typically lower than 6.5. Over the past 30 years,
red soil drylands have experienced widespread degradation and
increased acidification, severely affecting sustainable agricultural
development (Guo et al., 2010). Soil acidification is directly reflected
by a decline in pH, with most acidic soils having a pH value below
5.5. The cultivated soil in Jiangxi Province of China is mostly acidic,
and the strongly acidic soil with pH <5.5 accounts for 81.05%. As
soil acidifies, base ions become scarce and decrease the soil’s
buffering capacity (Xie et al., 2023; Li et al., 2024), resulting in
environmental issues such as increased heavy metal activation that
further poisons the soil. At present, Jiangxi Province of China is
facing a severe situation of farmland soil heavy metal pollution
prevention and control, the average background cadmium (Cd) of
soil is 0.21 mg kg™, which poses a serious threat to the local
ecological environment, agricultural product safety and human
health. Therefore, it is necessary to use effective patterns for
addressing these problems and challenges.

Several methods have been developed to mitigate soil
acidification, such as rational fertilization and the addition of
alkaline substances. Numerous studies have shown that applying
lime can raise soil pH, neutralizing acidification and leading to
increased crop yields. However, excessive lime can cause soil
compaction, reduce microbial activity, disrupt the nutrient supply
balance, and negatively impact crop yields (Lombi et al., 2003;
Barbieri et al., 2015; Eduardo et al,, 2018). Recent efforts have
focused on developing soil conditioners as a safe, convenient, and
effective method of reducing soil acidification (Xu et al., 2006;
Bhardwaj et al., 2010). Previous studies have demonstrated that
calcium carbonate-based soil conditioners effectively improve soil
pH and increase crop yields (Li et al., 2024). Similarly, Zhang He
et al. showed that soil amendments derived from seafood waste such
as shrimp heads and crab shells improve the soil carbon-to-nitrogen
ratio, leading to enhanced crop yields (Zhang et al., 2021). While
these studies demonstrate the effects of soil conditioners over 1 to 3
years (Eduardo et al., 2018; Li et al., 2024), research on their long-
term effects remains limited.
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Oyster shell-based soil amendments offer a promising solution
for improving soil characteristics due to their high calcium carbonate
content (approximately 95% of total weight). Oysters, a major aquatic
product in China, are primarily distributed in coastal regions such as
Fujian and Shandong provinces, where discarded shells account for
70% of the mollusks™ total mass, contributing to environmental
pollution. Short-term studies have shown that applying oyster shell
powder in acidic soil improves pH and increases crop yield due to
the calcium boost. However, assessing the long-term impact of
these soil conditioners is essential for determining their practical
effects on soil ecosystems, crop growth cycles, and soil quality. This
study utilizes the calcium-loving crop peanuts to investigate the
effects of oyster shell-based soil conditioners in a typical red soil
region (Jiangxi Province) over five years. By controlling soil
acidification, these treatments are hypothesized to restore soil
productivity, ultimately increasing peanut yields. Our results have
significant implications for sustainable agricultural development in
the region, ensuring regional food security, recycling seafood by-
products, increasing farmers’ income, and restoring the degraded
ecological environment.

2 Materials and methods
2.1 Experimental site

The experiment was conducted in Jinxian County, Jiangxi
Province (116°17°60”E, 28°3524”N), on red dryland soil derived
from Quaternary red clay. The experimental soil is classified as red
soil in the Chinese soil classification or as a typical Plinthosol in soil
taxonomy according World Reference Base for Soil Resources from
FAO, with weak water-holding capacity and medium to low fertility.
The region has an average annual temperature of 18.1°C, an
accumulated temperature >10°C of 6,480°C, and an annual rainfall
of 1,537 mm. Before the experiment, the soil properties were as
follows: pH, 4.54; exchangeable hydrogen, 4.61 mmol kg™;
exchangeable aluminum, 39.14 mmol kg™; organic matter, 21.13 g
kg™; total nitrogen, 1.21 g kg™; total phosphorus, 0.77 g kg™; total
potassium, 8.99 g kg™; alkaline hydrolyzable nitrogen, 57.50 mg kg™;
available phosphorus, 26.75 mg kg''; available potassium, 245.05 mg
kg'; total soil Cd content, 0.49 mg kg™; and available Cd content,
0.25 mg kg™
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2.2 Soil amendment

The soil amendment used in this experiment was oyster shell
powder, primarily derived from selected marine oysters and other
shells. It was processed through a protective roasting method. The
amendment was obtained from Mata (Fujian) Ecological
Technology Co., Ltd and features a micro-porous structure of 2-
10 pm. The roasting temperature is usually between 950°C and
1150°C, and the roasting time is generally 20 minutes to 50 minutes,
so that the organic matter in the oyster shell is decomposed, and the
oyster shell after roasting is crushed to obtain the oyster shell
powder. The oyster shell powder had a CaO content > 45% and a
pH range of 8.5-10.5.

2.3 Experimental design

The experiment was conducted over five consecutive years
(2013-2018) with four treatments: a chemical fertilizer control
with 1050 kg ha! compound fertilizer (N, P,0s, and K,O at 15%,
15% and 15%) (L0), and a chemical fertilizer combined with oyster
shell powder at rates of 750 kg ha™ (L750), 1500 kg ha™ (L1500),
and 2250 kg ha™ (L2250). Each treatment was repeated three times,
for a total of 12 plots. Plots measured 50 m* (5 x 10 m) and were
arranged in a randomized block design.

The peanut variety selected for the experiment was ‘Yueyou
256, sown at a rate of 300 kg ha™', with a plant spacing of 10 x 40
cm and two seeds per hole. Each year, peanuts were planted in early
May and harvested in late September. Chemical fertilizers were
uniformly applied across all treatments: 70% as a base application
and 30% after peanut emergence. The oyster shell powder was
applied entirely as basal fertilizers.

2.4 Measurement indicators

Peanut yield was assessed at maturity in late September each
year, with plots individually harvested and threshed. The harvested
peanuts were dried and weighed to calculate yield. After harvesting,
soil samples were collected from each plot to determine
acidification. Soil pH was measured using a pH meter with a 2.5:1
water-to-soil ratio. Exchangeable hydrogen and aluminum were
determined using the potassium chloride exchange-neutralization
titration method (Bao, 2022).

Soil samples were further evaluated for available Cd content. Cd
was extracted using 0.1 M CaCl, and its contents were measured
with a flame atomic absorption spectrophotometer (Ardestani
et al., 2013).

For initial soil, the soil pH, exchangeable hydrogen and
aluminum, available Cd contents were measured by above method
(Ardestani et al., 2013; Bao, 2022). Moreover, soil organic matter was
determined in triplicate using the wet oxidation method (Bao, 2022);
total nitrogen, total phosphorus, total potassium, alkaline
hydrolyzable nitrogen, available phosphorus, available potassium,
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contents were determined by the method described by book (Bao,
2022). Soil total Cd content was extracted by nitric acid, sulfuric acid
and perchloric acid and measured according the method of available
Cd (Ardestani et al,, 2013). The methods about CaO and pH in oyster
shell powder were also described by book (Bao, 2022).

2.5 Statistical analysis

All data were maintained using Microsoft Excel 2003. SPSS 16.0
was employed for variance analysis to determine the effects of soil
pH, exchangeable hydrogen, and exchangeable aluminum on
peanut yield and available Cd content. One-way analysis of
variance (ANOVA) was performed to test the significant
differences in all treatment for the same year. Tbales and figures
were generated using Microsoft Excel and Origin 8.1.

3 Results

3.1 Effect of oyster shell powder on
peanut yield

Although peanut yields in all treatments decreased annually
from 2013 to 2018 due to continuous cropping, the application of
oyster shell powder significantly slowed the rate of decline
(Figure 1). Compared to L0, peanut yields in L750, L1500, and
L2250 increased by 5.55%-19.42%, 8.64%-28.74%, and 15.43%-
37.01%, respectively, over the five-year period. This yield increase
became more pronounced with higher dosages of oyster shell
powder. The slope of the fitted equation (Table 1) indicates that
the continuous application of oyster shell powder was significantly
positively correlated with peanut yield (p < 0.05). In the first year,
each 1 kg ha™ increase in oyster shell powder raised peanut yields
by 0.39 kg ha™; however, after five years of continuous application,
the yield increase rate slowed to 0.35 kg ha™.

Different lowercase letters indicate significant differences
between treatments within the same year (P<0.05).

3.2 Effect of oyster shell powder on
acidification control

Our results show that the application of oyster shell powder in
red soil drylands significantly reduced soil acidification (Figures 2-4).
Compared to L0, the soil pH in L750, L1500, and L2250 increased by
0.03-0.31, 0.16-0.48, and 0.28-0.65 units, respectively, over the five
years of treatment. Additionally, exchangeable hydrogen decreased
by 10.17%-24.24%, 16.67%-27.94%, and 23.40%-29.44%, and
exchangeable aluminum decreased by 5.05%-26.09%, 23.23%-
46.27%, and 39.73%-66.97%, respectively. The reduction in soil
acidification became more pronounced with each year of treatment.
The slope of the fitted equations (Tables 2-4) shows that continuous
application of oyster shell powder was significantly positively
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FIGURE 1

Changes in peanut yield with continuous oyster shell powder application.

correlated with soil pH, and negatively correlated with exchangeable
hydrogen and aluminum content (p < 0.05). After five years of
continuous peanut cropping, the average soil pH decreased from 4.49
to 4.40 in LO treatment. In the first year, each 1,000 kg ha! increase in
oyster shell powder raised soil pH by 0.1, reduced exchangeable
hydrogen content by 0.5 mmol kg”, and reduced exchangeable
aluminum content by 10 mmol kg'; after five years, the same
increase in oyster shell powder raised pH by 0.3, reduced
exchangeable hydrogen content by 0.4 mmol kg, and reduced
exchangeable aluminum content by 10 mmol kg™,

Different lowercase letters indicate significant differences
between treatments within the same year (P<0.05).

3.3 Effect of oyster shell powder on heavy
metal immobilization

Oyster shell powder applications in red soil drylands
significantly reduced available Cd content in the soil. Compared
to L0, the available Cd in L750, L1500, and L2250 treatments

TABLE 1 Fitted equations between oyster shell powder rate and
peanut yield.

Year Equation R? P
2013 y=5339.02 + 0.39x 0.9654 0.0174
2014 y=5132.45 + 0.47x 09767 0.0117
2015 y=4396.57 + 0.61x 09528 0.0239
2016 y=3661.16 + 0.53x 09421 0.0294
2017 y=2764.97 + 0.35x 0.9706 0.0148
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2015
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decreased by 7.96%-19.29%, 9.56%-30.71%, and 13.94%-34.65%,
respectively, over the five years (Figure 5). These reductions became
more pronounced with increasing amounts of oyster shell powder
and were further accentuated by application duration. The slope of
the fitted equation indicates a negative correlation between
continuous treatment and available soil Cd content (p < 0.05)
(Table 5). Across all five years, every 1,000 kg ha™ increase in
oyster shell powder reduced available Cd content by 0.01 mg kg

Different lowercase letters indicate significant differences
between treatments within the same year (p<0.05).

3.4 Correlation analysis of soil pH,
exchangeable hydrogen, and aluminum
with peanut yield and available Cd

Our soil analysis revealed that peanut yield was positively correlated
with soil pH, while it was negatively correlated with exchangeable
hydrogen and aluminum (Figure 6). Continuous cropping led to an
annual decrease in soil pH throughout our experiment. From 2015 to
2017 (Table 6), soil pH showed a significant positive correlation with
peanut yield (R2 =0.98, 0.96, 0.94, p < 0.05). In contrast, exchangeable
hydrogen exhibited a significant negative correlation with peanut yield
between 2013 and 2014 (R2 = 095, 0.98, p < 0.05), although this
correlation was not significant in later years (2015 to 2017).
Additionally, exchangeable aluminum was significantly correlated
with peanut yield in all years (p < 0.05), except for 2015 (p > 0.05).
The slope of the linear equation indicates that for every 0.1 unit increase
in pH, peanut yields increased by between 119.62 and 389.82 kg ha™’.
Additionally, for every 0.1 mmol kg increase in exchangeable
hydrogen, yields increased by 11.10 to 127.99 kg ha™, while each 0.01
mmol kg increase in exchangeable aluminum resulted in yield
increases of 3.06 to 5.41 kg ha™’.
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FIGURE 2
Changes in soil pH with continuous oyster shell powder application.

Soil pH, exchangeable hydrogen, and exchangeable aluminum
exhibited opposite trends in relation to available Cd (Figure 7).
Specifically, available Cd was negatively correlated with soil pH and
positively correlated with exchangeable hydrogen and aluminum. In
Table 7, for each 0.1 unit increase in pH, available Cd decreased by
0.06 to 0.12 mg kg'. Additionally, each 1 mmol kg™ increase in
exchangeable hydrogen reduced available Cd by 0.004 to 0.11 mg
kg™*, while each 1 mmol kg™ increase in exchangeable aluminum
decreased available Cd by 0.12 to 0.18 mg kg™
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4
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oY

4 Discussion

4.1 Effect of continuous oyster shell
powder applications on crop yield

Peanut is an economically significant crop in China, providing a
crucial source of both oil and protein. The annual peanut planting
area in China exceeds 4.5 million hectares, accounting for
approximately 35% of the total area sown for oil crops, with a
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FIGURE 3

Changes in exchangeable hydrogen with continuous oyster shell powder application.
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FIGURE 4

Changes in soil exchangeable aluminum with continuous oyster shell powder application.

production of over 17 million tons per year (Liu et al., 2020). In
recent years, large-scale agricultural development efforts have
improved and optimized peanut planting patterns, initiating a
trend of intensive peanut cultivation. This continuous cropping
has resulted in soil degradation and an overall decline in crop yields
(Wang et al.,, 2013), attributed to slowed growth and development,
impaired dry matter accumulation, reduced fruit setting rates, and
decreased filled pod rates. Furthermore, this cultivation strategy can
lower fertilizer utilization, impair nutrient absorption and
utilization, and exacerbate pest and disease occurrences, thereby
severely impacting both peanut yield and quality (Huang et al,
2013; Guo et al,, 2024). Previous studies have shown that soil
amendment applications can alleviate these obstacles, improving
declining yields and mitigating poor growth conditions (Charles
et al, 2022). In addition, it was shown that the contents of soil
alkaline hydrolyzable nitrogen, available phosphorus, and available
potassium did not change significantly under different rates of
oyster shell powder, but there was no significant change
(Supplementary Table S1, Supplementary Table S2, and
Supplementary Table S3). This may have been due to the soil
samples being collected after peanut harvesting. At this time, the

TABLE 2 Fitted equations between oyster shell powder rate and soil pH.

Year Equation R? P
2013 y=4.49 + 0.0001x 0.9527 0.0242
2014 y=447 + 0.0001x 0.9557 0.0224
2015 y=447 + 0.0002x 0.9613 0.0195
2016 y=4.46 + 0.0003x 0.9682 0.0160
2017 y=4.40 + 0.0003x 0.9658 00114

Different lowercase letters indicate significant differences between treatments within the same
year (p<0.05).
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application of oyster shell powder was more than 4 months away,
and the absorption of nitrogen, phosphorus and potassium by the
crops was added, the effect of the oyster shell powder on alkaline
hydrolyzable nitrogen, available phosphorus, available potassium
after peanut harvesting was negligible. Therefore, it was
hypothesized that the contents of soil alkaline hydrolyzable
nitrogen, available phosphorus, and available potassium could be
increased following the application of oyster shell powder, as it is
believed that oyster shell powder promotes the activation of soil
nitrogen, phosphorus, and potassium.

4.2 Effect of continuous oyster shell
powder applications on
acidification control

Soil acidification in red soil drylands has become increasingly
severe, likely due to continuous cropping and long-term chemical
fertilizer applications. For instance, repetitive soybean cropping
increases the release of organic acids, while nitrogen fixation

TABLE 3 Fitted equations between oyster shell powder rate and soil
exchangeable hydrogen.

Year Equation R? P
2013 y=4.56-0.0005x 09761 0.0120
2014 y=4.40-0.0004x 0.9297 0.0358
2015 y=4.35-0.0006x 0.8119 0.0989
2016 y=4.50-0.0007x 0.8726 0.0659
2017 ¥=3.86-0.0004x 0.5244 0.2758

Different lowercase letters indicate significant differences between treatments within the same
year (p<0.05).
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TABLE 4 Fitted equations between oyster shell powder rate and soil
exchangeable aluminum.

10.3389/fpls.2025.1506733

TABLE 5 Fitted equations between oyster shell powder rate and soil
available Cd.

Year Equation R? P Year Equation R? P
2013 y=40.37-0.01x 0.9634 0.0185 2013 ¥=0.25-0.00001x 0.9160 0.0429
2014 y=40.33-0.01x 0.9606 0.0199 2014 ¥=0.25-0.00003x 0.9270 0.0372
2015 y=39.02-0.01x 0.9869 0.0066 2015 ¥=0.25-0.00004x 09631 0.0186
2016 y=37.88-0.01x 0.9988 5.9294 2016 ¥=0.24-0.00003x 0.9643 0.0180
2017 y=37.95-001x 0.9965 0.0018 2017 ¥=0.24-0.00004x 0.9342 0.0335

results in greater absorption of cations than anions, leading to H"
secretion that acidifies the root zone soil, lowers nutrient utilization,
and slows crop growth (Raven et al., 1990; Hinsinger et al., 2003).
Moreover, the continuous application of chemical fertilizers,
particularly nitrogen fertilizers, exacerbates soil acidification by
promoting nitrate leaching and the depletion of base cations
(Zhang et al.,, 2008; Cytryn et al, 2012).The experimental study
showed that the pH of red soil dryland could be increased by 0.03-
0.65 units by applying oyster shell powder, and the effect was more
obvious with the increase of oyster shell powder dosage. The main
reason is that oyster shell powder, which is deeply processed and
mainly contains nutrients such as CO5°~ and exchangable calcium,
is easy to neutralize and react with H+ in soil solution and produce

1** in soil, soil

CO,. By reducing the concentration of H" and A
acidity can be improved and acidification of red soil dryland can be
controlled (Holland et al.,, 2018). Secondly, after the application of
oyster shell powder, more cation exchange sites such as Ca** were

13+ position, AP lost its

provided, and Ca** occupied the original A
charge, and AI’* and H" in the soil were reduced, thereby increasing
the soil pH. This was consistent with the findings of Hati et al (Hati
etal, 2008). The research results of Zhang et al (Zhang et al., 2018).

showed that base ions adsorbed on colloids of acidic soil, such as

NH,", K', Ca®* and Mg>*, were mostly replaced by H" and AI**
into soil solution and leaching was lost. The application of oyster
shell powder could increase the cation content that could be used
for exchange, thus effectively repairing acidified soil.

4.3 Effect of Continuous Oyster Shell
Powder Applications on
Cadmium Immobilization

Heavy metals are common soil pollutants. Soil can also adsorb a
certain amount of heavy metals (Yang et al., 2024). and the long-
term use of pesticides containing these metals has been reported to
elevate their concentrations in dryland soils beyond risk thresholds
(Liang et al., 2017). The duration of dryland cultivation was
significantly positively correlated with the accumulation of certain
heavy metals (Jing et al., 2023). Since heavy metals are not easily
degraded by soil microorganisms, their accumulation negatively
affects crop quality and poses numerous health risks to humans,
including both acute and chronic poisoning, as well as irreversible
damage (Horiguchi et al., 2013; Nishijo et al., 2018). The
experimental study showed that long-term application of soil
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FIGURE 6

Correlation between peanut yield and soil pH, exchangeable hydrogen, and exchangeable aluminum.

oyster shell powder could reduce soil effective Cd by 7.96%-34.65%,
and the effect became more obvious with the increase of the amount
of soil oyster shell powder. In the treatment of heavy metal
pollution, passivation restoration of soil by applying soil
conditioner is a common method (Saengwilai et al, 2020; Li

et al, 2023). The soil conditioner of oyster shell powder used in
this study contains exchangeable calcium, which can improve soil
pH, increase the negative charge carried by soil colloids, and
increase the adsorption of heavy metal ions (Shaneen et al,, 2013).
As a result, the soil structure improves, the formation of aggregate

TABLE 6 Fitted equations between peanut yield and soil pH, exchangeable hydrogen, and exchangeable aluminum.

Indexes Year Equation R? P

2013 y=-6287.19 + 2610.95x 0.8847 0.0594

2014 y=-8594.90 + 3089.67x 0.8550 0.0754

pH 2015 y=-13181.26 + 3898.21x 0.9879 0.0061

2016 y=-7958.19 + 2588.32x 0.9656 0.0174

2017 y=-2521.32 + 1196.20x 0.9355 0.0328

2013 v¥=9205.93-851.84x 0.9572 0.0216

2014 y=10524.97-1273.85x 0.9810 0.0096

Exchangeable hydrogen 2015 y=9165.05-110.99x 0.8182 0.0955
2016 y=7205.81-810.17x 0.8529 0.0765

2017 y=-4772.60-450.59x 0.7045 0.1606

2013 y=7335.70-47.25x 0.9540 0.0233

2014 y=6558.37-54.11x 0.9606 0.0199

Exchangeable aluminum 2015 y=6767.91-37.46x 0.8849 0.0593
2016 y=5491.67-48.06x 0.9244 0.0386

2017 y=3939.16-30.61x 0.9645 0.0179
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FIGURE 7

Correlation between soil available Cd and soil pH, exchangeable hydrogen, and exchangeable aluminum.

structure accelerates, the availability of heavy metals in soil is
reduced by improving the physical and chemical properties of the
soil, and the water and fertilizer retention capacity of the soil is
enhanced. Additionally, the growth environment of crop roots is
improved, and the nutrient absorption capacity of roots increases

TABLE 7 Fitted equations between soil available Cd and soil pH, exchangeable hydrogen, and exchangeable aluminum.

(Shin et al., 2023). Furthermore, as peanut production gradually
decreases, this may lead to a decrease in effective Cd content
through conversion to non-absorbable Cd or absorption by
peanuts. Therefore, future studies will focus on analyzing the Cd
content in peanuts to better understand the long-term effects.

Indexes Year Equation R? P

2013 y=-0.09 + 0.64x 0.74958 0.13422
2014 y=-0.21 + 1.21x 0.80607 0.10219
pH 2015 y=-0.22 + 1.23x 0.93911 0.03092
2016 y=-0.16 + 0.95x 0.98976 0.00513
2017 y=-0.13 + 0.84x 0.98356 0.00825
2013 y=0.03 + 0.11x 0.96517 0.01757
2014 y=0.03-0.03x 0.99609 0.00196

Exchangeable hydrogen 2015 y=0.06 + 0.01x 0.82992 0.089
2016 y=0.05 + 0.004x 0.82562 0.09136
2017 y=0.06-0.03x 0.93655 0.03225
2013 y=0.002 + 0.18x 0.77054 0.12219
2014 y=0.003 + 0.14x 0.86271 0.07118
Exchangeable aluminum 2015 y=0.003 + 0.12x 0.90081 0.05089
2016 y=0.003 + 0.14x 0.96109 0.01965
2017 y=0.003 + 0.12x 0.95722 0.02162
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4.4 Relationship between acidification
indicators, yield, and Cd with continuous
oyster shell powder applications

Throughout our experiment, soil pH decreased annually due to
continuous cropping. Oyster shell powder applications are known
to effectively increase soil pH, enhancing the availability of nutrients
such as phosphorus and potassium, promoting root development,
and improving nutrient absorption (Fang et al., 2024). Our results
demonstrated a negative correlation between soil exchangeable
hydrogen, exchangeable aluminum, and pH, which was consistent
with the findings of Huang et al (Huang et al., 2024). In upland red
soil, peanut yield was positively correlated with pH but negatively
correlated with soil exchangeable hydrogen and exchangeable
aluminum. These results reflect the findings of Liao et al (Liao
et al,, 2018), which indicated that increasing pH promotes crop
growth and yield in acidified soils. Conversely, Zeng et al (Zeng
et al,, 2017). reported that yield increases in acidified soils were
dependent on the initial pH, with the greatest increase—up to 99%
—occurring at a pH of 4.3 and decreasing as pH exceeds 5.8. Yield
increases in acidified soils may also be related to crop variety.

After five consecutive years of oyster shell applications, soil
available Cd showed a significant negative correlation with soil pH,
exchangeable hydrogen, and exchangeable aluminum. This is
consistent with the findings of Lin et al (Lin et al., 2023), which
demonstrated that available soil Cd content decreased by 0.25%-
18.8% when the pH of acidified soil increased by 1.17-1.69 units.
Opyster shell powder applications play a key role in increasing soil
pH, directly affecting available Cd content. This alteration
significantly influences the speciation, mobility, and bioavailability
of heavy metals in the soil. Acidic soils typically exhibit high
solubility and bioavailability of Cd, as the metal is readily released
from the solid phase into the soil solution under acidic conditions,
elevating the risk of plant uptake and accumulation (Lian et al,
2022). The continuous application of oyster shell powder raises soil
pH, reducing the concentration of available Cd by prompting its
binding to soil particles and formation of insoluble compounds
(Chen et al,, 2021). Moreover, the rise in soil pH may also enhance
the hydrolysis of other elements, such as iron, aluminum, and
manganese, whose precipitation with Cd further reduces its bio-
availability. Through the correct use of oyster shell powder, it can
effectively improve the pH value of soil, reduce the harm of harmful
elements such as AI’" and Cd, improve acidic soil, and promote the
healthy growth of crops. However, overapplication of oyster shell
powder may lead to soil alkalization, which could affect crop
growth. So, further research on the long-term effects of oyster
shell application is essential, as potential improvements to soil
quality could address the challenges of farmland degradation. In
addition, it was known that soil microorganisms would be changed
under long-term oyster shell powder applications, and key
microbial communities may be involved in the migration and
transformation of soil Cd. In the future, the changes of soil
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microbial communities in long-term application of oyster shell
powder rates should be analyzed.

5 Conclusion

Our five-year field trial demonstrated that the application of
oyster shell powder to red soil drylands significantly increased peanut
yields and improved soil acidification. Compared to the control,
applications of 750-2250 kg ha™ of the amendment increased yields
by 5.55%-37.01% and raised soil pH by 0.03-0.65 units. Continuous
application of oyster shell powder showed that for every 0.1 unit
increase in soil pH, peanut yields increased by 119.62-389.82 kg ha™,
while available Cd content in the soil decreased by 0.06-0.12 mg kg™

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

KL: Data curation, Funding acquisition, Investigation, Methodology,
Project administration, Supervision, Writing — review & editing. HL:
Data curation, Investigation, Writing — original draft. YW: Data
curation, Methodology, Writing — review & editing. JL: Methodology,
Writing - review & editing. TH: Project administration, Writing —
review & editing. SH: Project administration, Writing — review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the National Key Research and Development Plan
of China (No. 2023YFD1900205-04), the Jinggang Shan
Agricultural Hi-tech District Project of Jiangxi province, China
(No. 20222-051261), the Natural Science Foundation of Jiangxi
Province, China (No. 20224BAB203033), and the Jiangxi Province
Key Laboratory of Arable Land Improvement and Quality
Enhancement, China (No. 2024SSY04221).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1506733
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

Ardestani, M. M., Van, G., and Cornelis, A. M. (2013). Using a toxicokinetics
approach to explain the effect of soil pH on cadmium bioavailability to Folsomia
candida. Environ. Pollution. 180, 122-130. doi: 10.1016/j.envpol.2013.05.024

Bao, S. D. (2022). Soil and agro-chemistry analytical methods (Bei Jing: China
Agriculture Press).

Barbieri, P. A., Echeverria, H. E., Sainz Rozas, H. R., and Martinez, J. P. (2015).
Soybean and wheat response to lime in no-till Argentinean mollisols. Soil Tillage Res.
152, 29-38. doi: 10.1016/j.5till.2015.03.013

Bhardwaj, A. K., Mclaughlin, R. A., and Levy, G. J. (2010). Depositional seals in
polyacrylamide-amended soils of varying clay mineralogy and texture. J. Soils
Sediments. 10, 494-504. doi: 10.1007/s11368-010-0198-2

Charles, W. W., Wang, Y. C,, Nj, J. ], and So, P. S. (2022). Effects of phosphorus-
modified biochar as a soil amendment on the growth and quality of Pseudostellaria
heterophylla. Sci. Rep. 12. 7268 doi: 10.1038/s41598-022-11170-3

Chen, J. L., Zheng, C., Ruan, J. Z., Zhang, C. H,, and Ge, Y. (2021). Cadmium
bioavailability and accumulation in rice grain are controlled by pH and ca in paddy
soils with high geological background of transportation and deposition. Bull. Environ.
Contamination Toxicology. 106, 92-98. doi: 10.1007/s00128-020-03067-6

Cytryn, E., Levkovitch, I, Negreanu, Y., Dowd, S., Frenk, S., and Silber, A. (2012).
Impact of short-term acidification on nitrification and nitrifying bacterial community
dynamics in soilless cultivation media. Appl. Ertvironment Microbiol. 78, 6576-6582.
doi: 10.1128/AEM.01545-12

Eduardo, B., Jerez, O., Parada, F., Baltierra, L., Hernandez, C., Araneda, E., et al.
(2018). Neutralization and co-precipitation of heavy metals by lime addition to effluent
from acid plant in a copper smelter. Minerals Engineering. 122, 122-129. doi: 10.1016/
j-mineng.2018.03.028

Fang, Y. H., Huang, H. Y., Wang, X. P, Zhao, Y., Gao, Y., and Cui, X. J. (2024).
Effects of composite soil conditioner on soil properties and corn yield in a saline-alkali
soil. Soil Use Manage. 40, €13095. doi: 10.1111/sum.13095

Guo, J. H,, Liu, X. J., Zhang, Y., Shen, J. L., Han, W. X,, Zhang, W. F,, et al. (2010).
Significant acidification in major Chinese croplands. Science. 327, 1008-1010.
doi: 10.1126/science.1182570

Guo, J. W., Mohamad, O. A. A., Wang, X, Egamberdieva, D., and Tian, B. Y. (2024).
Editorial: Microbiome associated with plant pathogens, pathogenesis, and their
applications in developing sustainable agriculture. Front. Microbiol. 15. doi: 10.3389/
fmicb.2024.1423961

Hati, K. M., Swarup, A., Mishra, B., Manna, M. C., Wanjari, R. H., and Mandal, K. G.
(2008). Impact of long-term application of fertilizer,manure and lime under intensive
cropping on physical properties and organic carbon content of an Alfisol. Geoderma
148, 173-179. doi: 10.1016/j.geoderma.2008.09.015

Hinsinger, P., Plassard, C., Tang, C., and Jaillard, B. (2003). Origins of root-mediated
pH changes in the rhizosphere and their responses to the environment constraints: a
review. Plant Soil. 248, 43-59. doi: 10.1023/A:1022371130939

Holland, J. E., Bennett, A. E., Newton, A. C., White, P. ., McKenzie, B. M., George, T.
S., et al. (2018). Liming impacts on soils, crops and biodiversity in the UK: a review. Sci.
Total Environment. 610, 316-332. doi: 10.1016/j.scitotenv.2017.08.020

Horiguchi, H., Oguma, E., Sasaki, S., Okubo, H., Murakami, K., Miyamoto, K., et al.
(2013). Age-relevant renal effects of cadmium exposure thropgh consumption of
home-harvested rice infemale Japanese farmers. Environ. Int. 56, 1-9. doi: 10.1016/
j.envint.2013.03.001

Huang, J. F.,, Wu, T. F,, Ye, F., Zhang, M., Pang, Y. W,, Wu, Z. Y., et al. (2024). Effect
of combined application of organic fertilizer and lime on acid soil improvement in
South China. J. Agric. Resour. Environment. 41, 606-613. doi: 10.13254/j.jare.2023.0473

Huang, L. F,, Song, L. X,, Xia, X. J., Mao, W. H,, Shi, K., Zhou, Y. H,, et al. (2013).
Plant-soil feedbacks and soil sickness: From mechanisms to application in agriculture.
J. Chem. Ecology. 39, 232-242. doi: 10.1007/s10886-013-0244-9

Frontiers in Plant Science

11

10.3389/fpls.2025.1506733

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/{pls.2025.1506733/

full#supplementary-material

Jing, G. H., Wang, W. X,, Chen, Z. H. K,, Huang, B, Li, Y. M., Zhang, Y. X,, et al.
(2023). Ecological risks of heavy metals in soil under different cultivation systems in
Northwest China. Agric. Ecosyst. Environment. 30, 2586-2597. doi: 10.1016/
j.agee.2023.108428

Li, L. X, Chai, W, Kang, J., Liu, J. X, Xing, ], Li, G. L., et al. (2024). Utilization of
graphite tailings and coal gangue in the preparation of foamed ceramics. Int. J. Appl.
Ceramic Technology. doi: 10.1111/ijac.15012

Li, L. X, Han, J. Z,, Huang, X. H,, Qiu, S., Liu, X. H,, Liu, L. L., et al. (2023). Organic
pollutants removal from aqueous solutions using metal-organic frameworks (MOFs) as
adsorbents: A review. J. Environ. Chem. Engineering. 11, 111217. doi: 10.1016/
jjece.2023.111217

Li, Y. P, Hu, H. Y, Li, Z.],, Kong, Q. B., Dai, C. S., and Zhang, Y. Q. (2024). Effects of
soil conditioner on red soil pH and yield and quality of water spinach. Soil Fertilizer Sci.
China. 6, 21-26. doi: 10.11838/sfsc.20140604

Lian, M. H,, Ma, Y. Y., Li, J. H,, Sun, J. C,, and Zeng, X. F. (2022). Influence of pH on
the particulate-bound cd speciation and uptake by plants. Polish J. Environ. Stud. 31,
5511-2217. doi: 10.15244/pjoes/152224

Liang, J., Feng, C. T., Zeng, G. M., Gao, X., Zhong, M. Z,, Li, X. D, et al. (2017).
Spatial distribution and source identification of heavy metals in surface soils in a typical
coal mine city, Lianyuan, China. Environ. Pollution. 225, 681-690. doi: 10.1016/
j.envpol.2017.03.057

Liao, P, Huang, S., Van, G. N,, Zeng, Y. ], Wu, Z. M., and Groenigen, K. J. V. (2018).
Liming and straw retention interact to increase nitrogen uptake and grain yield in a double
rice-cropping system. Field Crops Res. 216, 217-224. doi: 10.1016/j.fcr.2017.11.026

Lin, X. B.,, Guo, N. J., Lei, L. W.,, Chen, G. J., Hu, Q. P, Wan, C. Y., et al.
(2023). Remediation of mineral conditioners on acid cadmium contaminated
paddy farmland in southern China. Soils Crops. 12, 439-447. doi: 10.11689/
5¢.2023020901

Liu, F,, Zhang,, and Wang, J. J. (2020). Progress on production and technology
development of high-oleic acid peanut in China. Chin. J. Oil Crop Sci. 42, 956-959.
doi: 10.19802/j.issn.1007-9084.2020215

Lombi, E., Hamon, R. E., MeGrath, S. P., and McLaughlin, M. J. (2003). Lability of
Cd, Cu, and Zn in polluted soils treated with lime, beringite, and red mud and
identification of a non-labile colloidal fraction of metals using isotopie techniques.
Environ. Sci. Technology. 37, 979-984. doi: 10.1021/es026083w

Nishijo, M., Nakagawa, H., Suwazono, Y., Nogawa, K., Sakurai, M., Ishizaki, M., et al.
(2018). Cancer mortality in residents of the cadmium-polluted Jinzu river basin in
Toyama, Japan. Toxics. 6, 26-30. doi: 10.3390/toxics6020023

Raven, J. A, Franco, A. A,, Jesus, E. L., and Jacob-neto, J. (1990). H"extrusion and
organic-acid synthes is in N’-fixing symbioes involving vascular plants. New
Phytologist. 114, 369-389. doi: 10.1111/j.1469-8137.1990.tb00405.x

Saengwilai, P., Meeinkuirt, W., Phusantisampan, T., and Pichtel, J. (2020).
Immobilization of cadmium in contaminated soil using organic amendments and its
effects on rice growth performance. Exposure Health 12, 295-306. doi: 10.1007/s12403-
019-00312-0

Shaneen, S. M., Eissa, F. I, Ghanem, K. M,, Ei-Din, H. M. G,, and Anany, F. S. A.
(2013). Heavy metals removal from aqueous solutions and wastewaters by using
various by products. J. Environ. Management. 128, 514-521. doi: 10.1016/j.jenvman

Shin, H. J., Cho, H. U,, and Park, J. M. (2023). Alginate as a soil conditioner:
properties, mechanisms, and agricultural applications. Biotechnol. Bioprocess. 28, 734—
749. doi: 10.1007/s12257-023-0206-1

Wang, X. X, Zhang, T. L., and Dai, C. C. (2010). Advance in mechanism and
countermeasures of peanut succession monocropping obstacles. Soils. 42, 505-512.
doi: 10.13758/j.cnki.tr.2010.04.021

Xie, J., Li, F.,, Liu, Z. B, Jiang, G. J., and Zhang, Q. (2023). Acidification
characteristics and its influencing factors of red paddy soil derived from four parent

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1506733/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1506733/full#supplementary-material
https://doi.org/10.1016/j.envpol.2013.05.024
https://doi.org/10.1016/j.still.2015.03.013
https://doi.org/10.1007/s11368-010-0198-2
https://doi.org/10.1038/s41598-022-11170-3
https://doi.org/10.1007/s00128-020-03067-6
https://doi.org/10.1128/AEM.01545-12
https://doi.org/10.1016/j.mineng.2018.03.028
https://doi.org/10.1016/j.mineng.2018.03.028
https://doi.org/10.1111/sum.13095
https://doi.org/10.1126/science.1182570
https://doi.org/10.3389/fmicb.2024.1423961
https://doi.org/10.3389/fmicb.2024.1423961
https://doi.org/10.1016/j.geoderma.2008.09.015
https://doi.org/10.1023/A:1022371130939
https://doi.org/10.1016/j.scitotenv.2017.08.020
https://doi.org/10.1016/j.envint.2013.03.001
https://doi.org/10.1016/j.envint.2013.03.001
https://doi.org/10.13254/j.jare.2023.0473
https://doi.org/10.1007/s10886-013-0244-9
https://doi.org/10.1016/j.agee.2023.108428
https://doi.org/10.1016/j.agee.2023.108428
https://doi.org/10.1111/ijac.15012
https://doi.org/10.1016/j.jece.2023.111217
https://doi.org/10.1016/j.jece.2023.111217
https://doi.org/10.11838/sfsc.20140604
https://doi.org/10.15244/pjoes/152224
https://doi.org/10.1016/j.envpol.2017.03.057
https://doi.org/10.1016/j.envpol.2017.03.057
https://doi.org/10.1016/j.fcr.2017.11.026
https://doi.org/10.11689/sc.2023020901
https://doi.org/10.11689/sc.2023020901
https://doi.org/10.19802/j.issn.1007-9084.2020215
https://doi.org/10.1021/es026083w
https://doi.org/10.3390/toxics6020023
https://doi.org/10.1111/j.1469-8137.1990.tb00405.x
https://doi.org/10.1007/s12403-019-00312-0
https://doi.org/10.1007/s12403-019-00312-0
https://doi.org/10.1016/j.jenvman
https://doi.org/10.1007/s12257-023-0206-1
https://doi.org/10.13758/j.cnki.tr.2010.04.021
https://doi.org/10.3389/fpls.2025.1506733
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

materials in Southeast of China. Geoderma Regional. 34, e00673. doi: 10.1016/
j.geodrs.2023.e00673

Xu, H. F, Li, S. J, Li, N,, and Huang, G. Q. (2022). Development situation
and recent advance of multiple cropping in upland red soils under hilly
regions of south China. Ecol. Science. 41, 213-221. doi: 10.14108/j.cnki.1008-
8873.2022.01.024

Xu, J. M, Tang, C., and Chen, Z. L. (2006). The role of plant residues in pH change of
acid soils differing in initial pH. Soil Biol. Biochemistey. 38, 709-719. doi: 10.1016/
j.s0ilbio.2005.06.022

Yang, D. S, Liu, Z. C,, Zhao, W. Q,, Du, T., Fan, S. Y, Xiong, Z., et al. (2024).
Determination of arsenic and cadmium uptake by rice from topsoil. Modern
Agriculture. 2, e25. doi: 10.1002/moda.25

Frontiers in Plant Science

12

10.3389/fpls.2025.1506733

Zeng, T. T., Cai, Z. J., Wang, X. L, Liang, W. ., Zhou, S. W., and Xu, M. G. (2017).
Integrated analysis of lime application in acidic soil to improve crop yield. Scientia
Agricultura Sinica. 50, 2519-2527. doi: 10.3864/j.issn.0578-1752.2017.13.011

Zhang, Y., Deng, X. H,, Yang, L. L,, Li, Y. H,, Zhou, M. L,, Tian, F,, et al. (2018).
Effects of different amendments application on remediation of acidic soils. J. Soil Water
Conserv. 32, 330-334. doi: 10.13870/j.cnki.stbcxb.2018.05.051

Zhang, H. M., Wang, B. R,, and Xu, M. G. (2008). Effects of inorganic fertilizer inputs on
grain yields and soil properties in a long-term wheat-corn cropping system in south China.
Commun. Soil Sci. Plant Analysis. 39, 1583-1599. doi: 10.1080/00103620802071721

Zhang, H,, Yang, J., Zhou, J. X,, Li, G. H., and Zhang, J. F. (2021). Effects of organic
and inorganic amendments on aggregation and crop yields in sandy fluvo-aquic soil. J.
Plant Nutr. Fertilizers. 27, 791-801. doi: 10.11674/zwyf.20576

frontiersin.org


https://doi.org/10.1016/j.geodrs.2023.e00673
https://doi.org/10.1016/j.geodrs.2023.e00673
https://doi.org/10.14108/j.cnki.1008-8873.2022.01.024
https://doi.org/10.14108/j.cnki.1008-8873.2022.01.024
https://doi.org/10.1016/j.soilbio.2005.06.022
https://doi.org/10.1016/j.soilbio.2005.06.022
https://doi.org/10.1002/moda.25
https://doi.org/10.3864/j.issn.0578-1752.2017.13.011
https://doi.org/10.13870/j.cnki.stbcxb.2018.05.051
https://doi.org/10.1080/00103620802071721
https://doi.org/10.11674/zwyf.20576
https://doi.org/10.3389/fpls.2025.1506733
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Long-term oyster shell powder applications increase crop yields and control soil acidity and cadmium in red soil drylands
	1 Introduction
	2 Materials and methods
	2.1 Experimental site
	2.2 Soil amendment
	2.3 Experimental design
	2.4 Measurement indicators
	2.5 Statistical analysis

	3 Results
	3.1 Effect of oyster shell powder on peanut yield
	3.2 Effect of oyster shell powder on acidification control
	3.3 Effect of oyster shell powder on heavy metal immobilization
	3.4 Correlation analysis of soil pH, exchangeable hydrogen, and aluminum with peanut yield and available Cd

	4 Discussion
	4.1 Effect of continuous oyster shell powder applications on crop yield
	4.2 Effect of continuous oyster shell powder applications on acidification control
	4.3 Effect of Continuous Oyster Shell Powder Applications on Cadmium Immobilization
	4.4 Relationship between acidification indicators, yield, and Cd with continuous oyster shell powder applications

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


