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ABSTRACT

Soil acidification is a critical factor leading to low soil fertility and continuous nutrient loss, severely affecting ag-
ricultural production. In this study, a typical acidic soil area in Sichuan, China, was selected as the research region.
Based on a systematic analysis of the physicochemical properties of the acidic soils, a compound soil amendment
consisting of Ca(OH),-modified biochar (CBC) and fermented chicken manure was prepared to improve soil
fertility and reduce nutrient leaching. Four application rates of CBC (0.5%, 1%, 2%, and 4.5%, based on dry soil
weight) were investigated through a soil column leaching experiment. The results showed that the majority of soils
were rather poor in fertility under acidic conditions, with several nutrients, including available phosphorus, being
insufficient. In addition, the combined application of CBC and fermented chicken manure effectively improved
soil fertility and reduced nutrient losses. Compared with the control, all amended treatments increased soil pH and
enhanced the contents of ammonium nitrogen, nitrate nitrogen, available phosphorus, available potassium, and
organic matter. Among them, the CBC(2%) treatment exhibited the highest available phosphorus content, while
the CBC(4.5%) treatment showed superior performance in improving available potassium and organic matter con-
tents. The lowest total nitrogen loss (139.42 mg/L) was observed in the CBC(2%) treatment, whereas the lowest
total phosphorus loss (0.90 mg/L) and organic matter loss (224.62 mg/L) were recorded in the CBC(4.5%) treat-
ment. These findings indicate that the combination of Ca(OH),-modified biochar and fermented chicken manure
can effectively enhance nutrient retention and improve the fertility of acidic farmland soils. The proposed amend-
ment provides a simple, low-cost, and sustainable approach for acidic soil remediation and nutrient management
in agricultural ecosystems.

Keywords: acidic soil, Ca(OH),-modified biochar, fermented chicken manure, soil amendment, nutrient leaching,
soil fertility.

INTRODUCTION

Soil acidification and nutrient depletion have
become major challenges restricting sustainable
agricultural development worldwide, especially in
subtropical regions with intensive cultivation and
abundant rainfall. In China, acidic soils are widely
distributed in southern provinces, among which
Sichuan Province represents a typical agricultural
area characterized by low soil fertility and severe
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nutrient losses. Excessive soil acidification can ac-
celerate the leaching of base cations such as Ca*",
K*, and Mg*, destroy soil aggregate structures,
and reduce the availability of essential nutrients,
thereby adversely affecting crop growth and pro-
ductivity (Liu et al., 2013). Furthermore, large-
scale land consolidation and intensive agricultural
practices often alter soil structure and accelerate
nutrient depletion, resulting in a decline in soil
quality and limiting the efficiency of agricultural
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production. Therefore, developing efficient and
sustainable approaches to improve acidic soils and
enhance nutrient retention has attracted increasing
attention (Guo et al., 2010; Zhao et al., 2009; Fenn
etal., 1998; Yuan et al., 2011).

Currently, the use of biochar (BC) to improve
soil quality is receiving increasing attention and
research from scholars. Jeffery has found that bio-
char can effectively enhance the soil’s pH buffer-
ing capacity and improve soil fertility (Jeffery et
al., 2011). Lehmann and colleagues discovered
that biochar contains a large amount of organic
anions, inorganic salts, and carbonates, making
it predominantly alkaline. The porous structure
of biochar, coupled with its surface oxygen-con-
taining functional groups, increases its adsorption
capacity for cations, thereby enhancing the cation
exchange capacity (CEC) of the soil. The key fac-
tor determining soil pH buffering is precisely the
CEC (Lehmann et al., 2015). Blanco-Canqui has
found that biochar contains numerous micropores,
mesopores, and macropores. This porous nature
endows biochar with strong adsorption capabili-
ties, enabling it to effectively adsorb nutrients and
moisture from the soil. Additionally, it can improve
soil structure, facilitating better air and moisture
circulation within the soil (Blanco-Canqui, 2017).

Alkali-modified biochar has also become a
mainstream trend, often used to study whether it
can effectively adsorb heavy metals in soil (Ah-
mad et al., 2013). Ca(OH), has the characteristics
of low cost, simple preparation, convenient trans-
portation, and strong alkalinity. Ca(OH), solution
can be quickly prepared by soaking CaO in water,
making it more convenient and efficient for ap-
plication in agricultural land. Moreover, CaO is
easy to obtain and cost-effective. The addition of
Ca(OH), can more efficiently reduce soil acidity,
replenish Ca” in the soil, and improve soil struc-
ture (Manuel et al., 2021).

The integrated farming and planting circular
agricultural model is an agricultural development
approach that achieves efficient resource utiliza-
tion and effective carbon emission control through
the mutual consumption of livestock manure and
crop straw, forming a complementary relation-
ship. This model operates based on the principles
of material circulation and energy flow in ecosys-
tems, viewing farming and planting as an organic
whole (Han et al., 2023). Livestock manure such as
chicken manure, which is relatively easy to obtain
in Sichuan’s farming industry, can serve as high-
quality fertilizer for planting. When fermented,

it can be used as organic fertilizer, reducing the
amount of chemical fertilizer applied and conse-
quently lowering carbon emissions during fertil-
izer production and use, while also increasing soil
organic matter (Moshe et al., 2015; Kumar et al.,
2013; An et al., 2023). On the other hand, corn
straw generated from planting can serve as raw
material for biochar, and also as a feed source for
the farming industry or used to make bedding for
livestock farming, achieving resource recycling.
Integrated farming and planting requires the coor-
dination of multiple technologies, including plant-
ing, farming, and waste disposal. However, there
is currently a lack of mature integrated farming
and planting technologies, making it difficult for
farmers to master. Additionally, the initial invest-
ment is large, and the benefits are slow to materi-
alize, which can increase the burden on migrant
workers and affect farmers’ enthusiasm (Shanmu-
gam et al. 2024; Qian et al., 2023).

The paper utilizes corn straw, a common
material in agricultural land, as the raw mate-
rial to prepare biochar. Furthermore, it employs
Ca(OH), for chemical modification and combines
it with chicken manure fermented organic fertiliz-
er to create a composite soil amendment. Through
material characterization and indoor soil column
experiments, the study explores the effects of
the composite soil amendment on soil physico-
chemical properties and compares and analyzes
the mechanism of modified biochar on soil im-
provement under different application rates. The
research aims to provide a low-cost and high-ef-
ficiency soil improvement method under the inte-
grated farming and breeding model.

MATERIALS AND METHODS

Study area

The study area (in Figure 1) was located in
Xiniu Village, Houba Town, Jiangyou City, Si-
chuan Province, China (105.03°E, 31.95°N).
The region belongs to the subtropical humid
monsoon climate zone, characterized by mild
temperatures, abundant precipitation, and dis-
tinct seasons. The annual precipitation ranges
from approximately 750 to 1350 mm, with most
rainfall occurring from June to September. The
mean annual temperature is about 16.5 °C, with
a maximum temperature of 37.5 °C and a mini-
mum temperature of -2.9 °C. The frost-free pe-
riod lasts approximately 280 days annually.
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The study area is situated in a hilly valley re-
gion with an average elevation of approximately
647 m above sea level. The dominant soil type is
loam, and dry farmland is the primary land-use
type. Major crops cultivated in the area include
maize and wheat, while rapeseed is the main oil
crop. Due to long-term cultivation and intensive
agricultural activities, some farmland soils in the
region have experienced acidification and nutri-
ent depletion, resulting in reduced soil fertility
and decreased agricultural productivity. There-
fore, this area was selected as a representative
region for investigating the effects of compound
soil amendments on acidic farmland soils.

Preparation of Ca(OH),-modified biochar

Maize straw collected from local farmland
was used as the feedstock for biochar production.
The biochar was prepared through pyrolysis under
oxygen-limited conditions using a tube furnace.
Prior to pyrolysis, helium gas was continuously
introduced into the furnace for 30 min at a flow
rate of 60 mL min™' to remove residual oxygen.
Subsequently, the air-dried maize straw (100 g)
was heated from room temperature to 500 °C at a
heating rate of 5 °C min™' and maintained at this
temperature for 4 h. After naturally cooling to
room temperature, the obtained product was col-
lected and designated as pristine biochar.

:l Sichuan Province
|:I Jiangyou City

To prepare Ca(OH),-modified biochar, 25 g
of BC wrapped in nylon gauze was immersed in
1 L of saturated Ca(OH), solution for 24 h. The
treated biochar was then removed and dried in an
oven at 30 °C until a constant weight was reached.
The resulting material was denoted as Ca(OH),-
modified biochar (CBC) (Cheng et al., 2023).

Fermented chicken manure used in this study
was supplied by a local livestock farm. Fresh
chicken manure was subjected to high-temper-
ature composting and windrow fermentation to
eliminate pathogens and stabilize organic matter.
The fermented product was subsequently used as
the organic fertilizer component in the compound
soil amendment (Petric et al., 2012).

Experimental design

A soil column leaching experiment was con-
ducted to evaluate the effects of different appli-
cation rates of Ca(OH),-modified biochar com-
bined with fermented chicken manure on nutrient
retention and soil fertility. Transparent polyvinyl
chloride (PVC) columns with a height of 30 cm
and an inner diameter of 10 cm were used. Prior
to filling, a thin layer of petroleum jelly was ap-
plied to the inner wall of each column to mini-
mize preferential flow along the column wall. A
20-cm soil layer (approximately 1.5 kg air-dried
soil) was packed in the middle section of each
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Figure 1. Geographical location of the research area
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column, and a 1-cm quartz sand layer was placed
both above and below the soil layer. Nylon mesh
was installed at the bottom outlet and at the in-
terfaces between soil and quartz sand to prevent
particle loss during leaching.

Five treatments were established in this study.
The control treatment (CK) consisted of 1.5 kg
of air-dried soil without any amendment. In the
amended treatments, a constant amount of 20 g
fermented chicken manure was added together
with different amounts of CBC, corresponding to
0.5%, 1%, 2%, and 4.5% of the dry soil weight.
Specifically, treatment S, contained 7.5 g CBC,
treatment S1 contained 15 g CBC, treatment S,
contained 30 g CBC, and treatment S, ; contained
67.5 g CBC (He et al., 2022; Ute et al., 2014; Jeb-
arathanam et al., 2019; Major et al., 2012).

Before the leaching experiment, approximate-
ly 450 mL of deionized water was added to each
soil column to achieve an initial soil moisture
content corresponding to about 80% saturation.
The columns were then equilibrated at room tem-
perature for 24 h to establish a relatively stable
soil environment (Xiao et al., 2016). During the
experimental period, 150 mL of deionized water
was applied to each column every two days, and
a total of seven leaching events were performed
over 14 days. Soil moisture was maintained at
approximately 70% of the field water-holding ca-
pacity throughout the experiment.

Leachate samples were collected every two
days through a plastic tube connected to the outlet
at the bottom of each column. After filtration, the
concentrations of total nitrogen (TN), total phos-
phorus (TP), total potassium (TK), and total organ-
ic carbon (TOC) in the leachates were determined
to assess nutrient losses (Jebarathanam et al., 2019).

At the end of the experiment, the soil columns
were destructively sampled at 10-cm intervals.
Two soil samples were obtained from each col-
umn, resulting in a total of ten samples. The col-
lected soil samples were air-dried, homogenized,
and analyzed for ammonium nitrogen (NH,"-N),
nitrate nitrogen (NO,-N), available phosphorus
(AP), available potassium (AK), and soil organic
matter (SOM) contents to evaluate the effects of
different treatments on soil fertility.

Characterization and analytical methods

The morphological characteristics of BC
and CBC were observed using a field emission
scanning electron microscope (SEM; Sigma 300,

ZEISS, Germany). The surface morphology and
pore structures of the biochar samples were ana-
lyzed at different magnifications to evaluate the
effects of alkali modification on the physical
structure of biochar.

The pore characteristics of BC and CBC were
determined by nitrogen adsorption—desorption
measurements using a Brunauer—Emmett—Teller
(BET) surface area analyzer (BELSORP MINI
X, MicrotracBEL, Japan). Prior to analysis, the
samples were degassed under vacuum to remove
moisture and impurities. The specific surface
area, pore volume, and average pore diameter
were calculated from the adsorption—desorption
isotherms. In addition, the Barrett-Joyner—Ha-
lenda (BJH) method was employed to analyze the
pore size distribution of the biochar samples.

The surface functional groups of BC and
CBC were characterized by Fourier transform
infrared spectroscopy (FTIR; Tensor II, Bruker,
Germany). The spectra were recorded over the
wavelength range of 4000400 cm—1 to identify
the changes in chemical functional groups after
Ca(OH), modification.

To evaluate the effects of the compound
soil amendment on nutrient retention, leachate
samples collected during the experiment were
filtered and analyzed for TN, TP, TK, and TOC.
After completion of the leaching experiment, soil
samples from different depths were collected, air-
dried, homogenized, and subjected to physico-
chemical analyses. Soil pH was determined using
the potentiometric method (HJ 962-2018), and
soil moisture content was measured by the gravi-
metric method (HJ 613-2011). The concentra-
tions of ammonium nitrogen (NH,"-N), nitrate ni-
trogen (NOs-N), available phosphorus (AP), and
available potassium (AK) were determined using
a soil nutrient analyzer (HM-TYD, China). SOM
content was also measured to evaluate changes in
soil fertility after amendment application (Ageg-
nehu et al., 2017).

RESULTS

Initial soil properties and spatial
distribution

Twenty surface soil samples were collect-
ed from the study area to investigate the initial
physicochemical characteristics of the farmland
soils. Considerable variations in soil properties
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were observed among different sampling sites.
Soil pH values ranged from 4.60 to 8.02, indicat-
ing that most soils in the study area were acidic.
Soil moisture content varied between 10.86% and
23.10%, while the oxidation-reduction potential
(Eh) ranged from 86.8 to 291.4 mV. In addition,
the concentrations of ammonium nitrogen, nitrate
nitrogen, available phosphorus, available potassi-
um, and soil organic matter exhibited substantial
spatial heterogeneity.

Through research and analysis of the data in
the Table 1, we can understand that the soil in
this area is mostly acidic. Furthermore, the soil
is infertile, with some nutrients (such as avail-
able phosphorus) in the soil far below the aver-
age standard. Some studies (Guo et al., 2010)
have shown that soil acidification can cause plant
roots to secrete toxic substances, leading to plant
autotoxicity. Additionally, soil acidification can
destroy the normal granular structure in the soil,
exacerbating soil compaction issues.

To further characterize the spatial distribu-
tion patterns of soil properties, inverse distance
weighting (IDW) interpolation was performed
using ArcMap 10.7 based on the measured data

from the twenty sampling sites. The spatial dis-
tributions of soil pH, ammonium nitrogen, ni-
trate nitrogen, available phosphorus, available
potassium, and soil organic matter are presented
in Figure 2.

As shown in Figure 2, soil pH generally ex-
hibited an increasing trend from north to south
and a decreasing trend from west to east. Rela-
tively high concentrations of soil organic matter,
available phosphorus, and nitrate nitrogen were
mainly distributed in the central part of the study
area, whereas lower values were observed in the
northern and southern regions. In contrast, am-
monium nitrogen and available potassium tended
to increase from north to south. Overall, the high-
value zones of most soil properties were concen-
trated in the central region, while relatively low
nutrient levels were found in the northern area.

These spatial variations may be related to
differences in topography, land use patterns, fer-
tilization practices, and vegetation coverage. Ac-
cording to the comprehensive evaluation of soil
physicochemical characteristics, to address the is-
sues of soil acidification and low nutrient content
in this area, combined with the above-mentioned

Table 1. Initial physicochemical properties of the farmland soils in the study area

Sample Water content Redo_x Conductivity AmmoniL_Jm Nitrate Available Availa_ble Organic
location pH 1% potential /(uslcm) ammonia nitrogen | phosphorus | potassium/ matter
/mV /(mg/kg) /(mg/kg) /(mg/kg) (mg/kg) /(g/kg)
1 4.597 16.05 2914 159.6 144.5 117.69 21.28 102.1 19.81
2 6.822 16.64 145.1 73.0 24.16 118.80 27.06 208.1 20.54
3 5.347 19.06 265.0 63.7 72.20 119.32 16.70 170.3 17.35
4 5.460 19.63 249.7 68.6 128.2 225.18 35.74 106.6 21.26
5 7.779 12.32 102.0 164.7 47.95 22416 17.36 183.3 18.84
6 7.918 12.70 96.5 131.2 35.69 121.75 28.70 156.2 19.64
7 7.838 10.86 86.8 158.6 261.5 216.98 22.13 203.3 22.35
8 7.890 15.84 95.5 156.2 16.55 117.32 56.21 193.2 25.42
9 6.081 16.34 219.0 55.8 32.69 114.25 23.70 1741 21.84
10 5.957 18.53 218.6 47.9 48.23 119.28 33.20 203.9 26.25
1 8.015 17.91 115.9 179.2 160.1 214.86 36.80 180.2 19.74
12 7.791 14.88 114.8 150.8 64.54 127.30 25.70 254.9 18.93
13 7.439 15.42 133.9 124.7 207.2 126.54 16.15 125.2 19.38
14 5.877 16.24 226.8 55.5 131.2 118.13 25.02 215.7 17.69
15 6.289 23.10 147.5 79.2 60.07 119.24 39.22 165.73 20.64
16 5.325 21.72 265.7 77.3 95.3 123.18 22.59 195.12 20.89
17 5.918 21.85 204.5 53.2 41.38 163.1 22.60 128.9 27.85
18 5.904 19.81 162.8 105.7 47.99 126.33 31.12 171.8 23.83
19 7.017 19.27 141.4 150.6 16.55 219.50 21.48 189.6 19.54
20 7.817 15.97 107.8 199.0 80.27 125.07 15.96 124.9 19.14
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physicochemical property analysis results, soil
sample No. 17 was selected for the subsequent
soil column experiment because of its relatively
low pH and nutrient contents, making it repre-
sentative of degraded acidic farmland soils in the
study area.

Characterization of Ca(OH),-modified
biochar

The surface morphology of CBC was ex-
amined using SEM. As shown in Figure 3a,
the modified biochar exhibited a rough and ir-
regular surface with abundant pores of different
sizes and shapes. Numerous folds and cavities
were observed, indicating the development of a
porous structure after alkali modification. The
pore structures and surface irregularities of CBC
provide favorable sites for nutrient adsorption

and microbial colonization. In addition, the in-
terconnected pore network may facilitate water
movement and improve the aeration character-
istics of the soil.

The nitrogen adsorption—desorption iso-
therms of BC and CBC are presented in Figure
3d. Both BC and CBC exhibited typical type IV
adsorption isotherms with H3 hysteresis loops,
indicating the presence of mesoporous struc-
tures. The pore size distribution curves obtained
using the Barrett—Joyner—Halenda (BJH) meth-
od are shown in Figure 3b. The results demon-
strated that CBC possessed a wider pore size
distribution and a larger average pore diameter
compared with BC.

The corresponding pore structural parameters
are summarized in Table 2. The pore volume and
average pore diameter increased from 0.053266
cm’/g and 3.8164 nm in BC to 0.063863 cm’/g
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Figure 2. Spatial distribution of selected soil physicochemical properties in the study area obtained

by inverse distance weighting interpolation
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and 4.4235 nm in CBC, respectively. In contrast,
the specific surface area changed only slightly
after modification. These results indicate that
Ca(OH), treatment altered the pore characteris-
tics of biochar and increased the pore volume and
average pore size.

The Fourier transform infrared (FTIR) spectra
of BC and CBC are shown in Figure 3c. A broad
absorption peak observed at approximately 3403
cm' corresponded to the stretching vibrations of
hydroxyl (O—H) and amino (N-H) groups. The
absorption peak around 1633 cm™! was attribut-
ed to the stretching vibrations of C=C and C=N
bonds, indicating the presence of aromatic struc-
tures and unsaturated functional groups (Beesley
etal., 2011). In addition, the absorption peaks near
1054 cm-1 are due to the stretching and bending
vibrations of C=0 and C-O-C bonds, indicating
the presence of ester and phenolic organic link-
ages (Liang et al., 2006). From the information
collated above, it can be seen that CBC possesses
a relatively rich array of functional groups, some
of which are unsaturated, including amino, car-
boxyl, and hydroxyl groups. This is a key factor
that makes it a promising adsorbent.

448

The physicochemical properties of CBC and
fermented chicken manure are listed in Table 3.
CBC exhibited an alkaline nature with a pH val-
ue of 10.45 and contained relatively high con-
tents of nitrogen, phosphorus, potassium, and
organic carbon.

Effects of CBC on nutrient leaching

The concentrations of TN, TP, TK, and organ-
ic matter in the leachates collected during the ex-
periment were determined every two days. A total
of seven sampling events were conducted over a
14-day period to investigate the influence of dif-
ferent CBC application rates on nutrient loss. The
temporal variations in nutrient concentrations un-
der different treatments are shown in Figure 4.

Total nitrogen leaching

As shown in Figure 4a, the TN concentra-
tion in the leachates of the CK treatment con-
tinuously decreased throughout the experimental
period. In contrast, the TN concentrations in the
four amendment treatments exhibited a rapid
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Table 2. Pore structural parameters of pristine biochar (BC) and Ca(OH),-modified biochar (CBC)

Parameter Pore volume (cm®/g) Average pore size(nm) Specific surface area(m?/g)
BC 0.053266 3.8164 53.035
CBC 0.063863 4.4235 52.33

Table 3. Physicochemical properties of CBC and fermented chicken manure

Parameter pH N/% P/% K/% Organic carbon /% | ash content /%
CBC 10.45 8.23 2.48 15.93 41.55 7.06
Fermented chicken manure 6.5 3.73 2.47 1.85 27.5 0

decline during the initial stage followed by a
slight increase, reaching minimum values dur-
ing days 4-6. Among all treatments, the S, treat-
ment showed the lowest TN concentration, with
a minimum value of 17.33 mg/L recorded during
days 5—6, whereas the highest TN concentration
(28.07 mg/L) was observed in the S, treatment
during days 1-2.

Compared with the CK treatment, the addi-
tion of CBC combined with fermented chicken

Total nitrogen leaching amount (mg/L)

Time(d)

Total y

Time(d)

manure effectively reduced nitrogen loss. The
cumulative TN losses were 141.49, 140.62,
and 139.42 mg/L for S0.5, S, and SZ’ respec-
tively, indicating that increasing the CBC dos-
age within a certain range improved nitrogen
retention. However, when the application rate
reached 4.5%, the cumulative TN loss slightly
increased to 142.33 mg/L, suggesting that ex-
cessive CBC addition weakened its nitrogen
retention effect.

0.17
0.16
0.15
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Total phosphorus leaching amount(mg/L)

80
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e
=

Organic leaching amount (mg/L)

[
=}

2 +4 6 8 10 12 14
Time(d)

Figure 4. Temporal variations in TN, TP, TK, and organic matter concentrations in soil leachates
under different treatments
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Overall, the S, treatment exhibited the stron-
gest ability to reduce nitrogen leaching, with a
total TN loss of 139.42 mg/L, representing the
lowest value among all treatments.

Total phosphorus leaching

The TP concentration in soil leachates gener-
ally exhibited an increasing trend during the first
six days, followed by a gradual decline (Figure
4b). The TP concentrations in all treatments in-
creased during the early stage of the experiment,
indicating the release of phosphorus from the soil
and amendment materials. The highest TP con-
centration was observed in the S, treatment dur-
ing days 5-6, whereas the lowest value occurred
in the CK treatment during days 1-2.

After day 6, the TP concentration in the CK
treatment continuously decreased, while the
amended treatments showed slight fluctuations
before gradually declining. These results indicate
that CBC application altered phosphorus migra-
tion behavior and affected phosphorus release and
retention in the soil.

The cumulative TP losses are presented in
Table 4. Compared with the CK treatment (0.884
mg/L), the cumulative TP losses inthe S, S, and
S, treatments increased to 0.926, 0.978, and 1.010
mg/L, respectively. However, the S, treatment
showed a lower cumulative TP loss (0.899 mg/L),
which was close to that of the CK treatment.

Overall, the TP leaching pattern exhibited an
initial increase followed by a decrease. Although
moderate CBC application promoted phosphorus
release, excessive CBC addition appeared to sup-
press phosphorus loss, resulting in relatively lower
cumulative TP concentrations in the S, | treatment.

Total potassium leaching

As illustrated in Figure 4c, the concentra-
tion of TK in the leachates generally exhibited a
continuous decreasing trend throughout the ex-
perimental period. In the CK treatment, the TK
concentration gradually stabilized at approxi-
mately 0.65 mg/L after day 4. For the S, S,
and S, treatments, the potassium concentrations
approached stable values after day 10, with equi-
librium concentrations of approximately 1.5, 1.4,
and 2.4 mg/L, respectively.

In contrast, the S, , treatment maintained a de-
creasing trend even at the end of the experiment,
indicating that potassium release had not yet
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reached equilibrium. It was estimated that the TK
concentration in the S, treatment would gradu-
ally stabilize after approximately 20 days, with a
potential range of 6—10 mg/L.

Comparison between the S . and S, treat-
ments revealed that moderate additions of CBC
enhanced potassium retention in soil and reduced
potassium leaching. However, excessive CBC
application promoted potassium release and mi-
gration. In particular, the S, treatment exhibited
substantially higher potassium concentrations
than the other treatments during the entire ex-
perimental period, indicating that excessive CBC
application may weaken the capacity of the soil
amendment to retain potassium and thereby ac-
celerate potassium loss.

Organic matter leaching

The variation in organic matter concentration
in soil leachates is shown in Figure 4d. The or-
ganic matter concentration in the CK treatment
continuously decreased throughout the experi-
ment, whereas the amended treatments exhibited
a decreasing trend during the initial stage fol-
lowed by a slight increase after day 10.

Compared with the four amendment treat-
ments, the CK treatment maintained a relatively
stable decline, whereas the addition of CBC and
fermented chicken manure significantly altered
the dynamics of organic matter release. With in-
creasing CBC application rates, the retention ca-
pacity for organic matter gradually improved. The
S, treatment showed the lowest organic matter
concentration of 13.36 mg/L on day 10, indicating
the strongest retention effect among all treatments.

After day 10, a slight increase in organic mat-
ter concentration was observed in the amended
treatments. This phenomenon may be attributed
to the gradual decomposition of the amendment
and the sustained release of dissolved organic
substances, which indirectly supplied additional
organic matter to the soil solution.

Overall, the application of CBC combined
with fermented chicken manure effectively re-
duced organic matter loss and enhanced the re-
tention of soil organic carbon.

According to Table 4, the cumulative TN loss
was lowest in the S, treatment (139.42 mg/L),
whereas the minimum cumulative TP and organic
matter losses were observed in the S, treatment,
reaching 0.899 mg/L. and 224.62 mg/L, respec-
tively. The lowest cumulative TK loss occurred
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in the S1 treatment (16.21 mg/L). These results
indicate that different application rates of CBC
exerted varying effects on nutrient retention, and
no single treatment simultaneously minimized
the losses of all nutrients.

Effects of CBC on soil physicochemical
properties

The effects of different application rates of
CBC combined with fermented chicken ma-
nure on soil physicochemical properties after
the leaching experiment are illustrated in Figure
5. The measured parameters included soil pH,
NH,"-N, NOs™-N, available phosphorus, available
potassium, and soil organic matter. Overall, the
incorporation of the compound soil amendment
improved soil fertility to varying degrees com-
pared with the control treatment.

Soil pH

The variation in soil pH under different treat-
ments is presented in Figure 5a. Compared with
the control treatment, the addition of CBC and
fermented chicken manure increased soil pH val-
ues at all sampling depths. The pH values of the
treated soils were generally above 7.0, indicating
that the acidic soil was effectively neutralized af-
ter amendment application.

The influence of CBC on soil pH was most
pronounced in the upper soil layer. At the depth of
5 cm, the treated soils exhibited higher pH values
than the control, suggesting that the amendment
had a greater effect on the surface soil. However,
with increasing soil depth, the relationship between
CBC application rate and pH value became less ob-
vious. Among all treatments, the S, | treatment ex-
hibited the highest pH value of 7.75 at the depth of
20 cm. Overall, soil pH increased by approximately
14.77% compared with the initial soil condition.

These results demonstrate that the application
of CBC combined with fermented chicken manure

effectively alleviated soil acidity and improved the
chemical environment of acidic farmland soils.

NH,*-N and NO;™-N

The distributions of ammonium nitrogen and
nitrate nitrogen under different treatments are
shown in Figure 5b and Figure 5c, respectively.
Compared with the control treatment, the addi-
tion of CBC significantly increased the contents
of inorganic nitrogen in the soil profile.

For ammonium nitrogen, relatively low appli-
cation rates of CBC exhibited more pronounced
effects in the upper soil layers (0-10 cm). How-
ever, with increasing soil depth and amendment
dosage, the NH,"-N content gradually increased.
The highest ammonium nitrogen concentration
was observed in the S, treatment at the depth of
20 cm, reaching 29.02 mg/kg.

The nitrate nitrogen content was also en-
hanced by CBC addition throughout the soil
profile. Compared with the control treatment, all
amended treatments showed higher NOs™-N con-
centrations. The increase was particularly evident
in the 0—15 cm soil layer, indicating that the com-
pound amendment effectively promoted nitrate
retention in the soil. Among all treatments, the
highest NOs™-N content (180.8 mg/kg) was re-
corded in the S | treatment at the depth of 20 cm.

Overall, the results indicate that the combined
application of CBC and fermented chicken ma-
nure improved the availability and retention of in-
organic nitrogen in acidic soils. Different amend-
ment dosages resulted in different distribution
patterns of NH4+-N and NOs -N within the soil
profile, suggesting that the response of soil nitro-
gen forms to CBC application varied with both
amendment rate and soil depth.

Available phosphorus

The effects of different treatments on soil
available phosphorus are presented in Figure 5d.

Table 4. Cumulative losses of total nitrogen, total phosphorus, total potassium, and organic matter under

different treatments

Parameter CK S,5 S, S, S,
Total nitrogen leaching amount/ mg/L 144.0715 141.4907 140.6241 139.4186 142.326
Total phosphorus leaching amount/ mg/L 0.88447 0.92640 0.97765 1.01035 0.89925
Total potassium leaching amount(mg/L) 7.404 18.138 16.208 33.345 137.450
Organic Leaching amount(mg/L) 252.028 295.790 279.769 272.072 224.616
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Figure 5. Changes in soil physicochemical properties under different treatments

Compared with the control treatment, the addi-
tion of CBC combined with fermented chicken
manure significantly increased the available
phosphorus content throughout the soil profile.
However, the enhancement effect was not posi-
tively correlated with the application rate of CBC.

Among all treatments, the S, treatment ex-
hibited the most pronounced increase in available
phosphorus. The available phosphorus contents
at all sampling depths under S, were higher than
those of the other treatments. The maximum val-
ue of 28.38 mg/kg was observed at the depth of
5 cm. In contrast, although the S, ; treatment also
improved soil phosphorus availability compared
with the control treatment, its promoting effect
was lower than that of the S, treatment.

Overall, the results suggest that moderate
CBC application was more effective in increas-
ing soil available phosphorus, whereas excessive
amendment dosage did not further enhance phos-
phorus availability.

Available potassium

The variations in soil available potassium un-
der different treatments are shown in Figure Se.
Compared with the control treatment, all amend-
ed soils exhibited higher available potassium
contents. Moreover, the increase in available po-
tassium generally became more pronounced with
increasing CBC application rates.
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Among the treatments, S, , showed the high-
est available potassium content throughout the
soil profile. The maximum value of 175.4 mg/
kg was recorded at the depth of 20 cm. Relative
to the control treatment, the available potassium
content increased by approximately 1.31 times
after the combined application of CBC and fer-
mented chicken manure.

These findings demonstrate that the com-
pound soil amendment effectively enhanced soil
available potassium by the addition of the CBC,
owing to the abundant potassium constituents
contained within the CBC.

Soil organic matter

The changes in soil organic matter content af-
ter different treatments are illustrated in Figure 5f.
Compared with the control treatment, the applica-
tion of CBC and fermented chicken manure sub-
stantially increased soil organic matter contents at
all sampling depths.

A clear increasing trend in soil organic mat-
ter was observed with increasing CBC application
rates. Among all treatments, S, ; exhibited the great-
est enhancement effect. The maximum soil organic
matter content reached 28.29 g/kg at the depth of
20 cm, representing an increase of approximately
47.13% compared with the control treatment.

Furthermore, the promoting effect of the
amendment became more evident in deeper soil
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layers. Particularly at the depth of 20 cm, the
differences among treatments were more pro-
nounced than those observed in the upper soil
layers. The results indicate that increasing the
amount of CBC contributed to greater accumula-
tion of soil organic matter.

Overall, the combined application of
Ca(OH),-modified biochar and fermented chick-
en manure effectively improved soil fertility by
increasing the contents of available phosphorus,
available potassium, and soil organic matter.
However, the responses of different nutrients to
increasing amendment dosage varied consider-
ably, indicating that different soil properties ex-
hibited different sensitivities to CBC application.

DISCUSSION

Effects of compound soil amendment
on nutrient losses

The nutrient component characteristics of
acidic soil in Sichuan Province, China was con-
ducted, and it was revealed that the acidic soil is
generally deficient in nutrients, with strong spa-
tial heterogeneity being observed, indicating that
nutrient loss from the acidic soil is also consid-
erably severe. Therefore, the prevention of nutri-
ent loss and nutrient supplementation should be
given priority attention when the compound soil
conditioner are being evaluated.

The results of the soil column experiment
demonstrated that the compound soil amend-
ment consisting of CBC and fermented chicken
manure effectively influenced the migration and
loss of soil nutrients. Different application rates
of CBC exhibited different effects on the leaching
behaviors of nitrogen, phosphorus, potassium,
and organic matter, indicating that the retention
capacity of nutrients was strongly associated with
amendment dosage. Among all treatments, the S,
treatment showed the lowest cumulative TN loss,
suggesting that a moderate amount of CBC was
beneficial for reducing nitrogen leaching. Biochar
has been reported to possess abundant pore struc-
tures (as shown in Figure 3a) and oxygen-con-
taining functional groups (as shown in Figure 3c),
which provide adsorption sites for nutrient ions
and improve nutrient retention in soils. In addi-
tion, the porous structure of biochar may increase
water-holding capacity and prolong the residence
time of nutrients, thereby reducing nitrogen

losses during the leaching process. Similar results
have been reported by Qian et al. (2023), who
found that biochar-based amendments effectively
enhanced nutrient retention and reduced nutrient
leaching in degraded soils.

The variation in phosphorus loss exhibited a
different pattern from that of nitrogen. Although
the cumulative TP loss increased slightly under
low and moderate CBC application rates, the S,
treatment exhibited the lowest phosphorus loss
among all treatments. According to previous stud-
ies, calcium-rich biochar may facilitate the trans-
formation of soluble phosphorus into relatively
stable phosphorus forms through interactions be-
tween calcium ions and phosphate ions. Therefore,
the reduced phosphorus loss observed in the S, |
treatment may be associated with the increased
calcium content introduced by Ca(OH), modifica-
tion. Similar phenomena have also been reported
in acidic soils amended with calcium-containing
biochar materials. However, because the concen-
trations of calcium ions and phosphorus fractions
were not determined in the present study, the un-
derlying mechanisms require further investigation.

In contrast to nitrogen and phosphorus, the
potassium loss shows certain differences. Because
of the abundant potassium constituents contained
within the CBC, the cumulative TK loss in the
S, ; treatment was markedly higher than that in
the other treatments. A moderate amount of CBC
appeared to reduce potassium loss, whereas ex-
cessive amendment application may promote the
release and downward migration of potassium
ions. Similar observations have been reported in
previous studies, which indicated that excessive
biochar addition may alter soil pore structures
and enhance the mobility of soluble potassium.

The cumulative loss of organic matter gener-
ally decreased with increasing CBC application
rates. Among all treatments, the S, treatment
exhibited the lowest TOC loss. This result indi-
cates that the combined application of CBC and
fermented chicken manure contributed to the
conservation of organic carbon in soil. The po-
rous structure of biochar can provide favorable
habitats for microorganisms and adsorb dissolved
organic compounds, thereby slowing the loss of
organic matter. In addition, biochar itself contains
relatively high amounts of stable carbon, which
may further contribute to carbon sequestration
and organic matter accumulation in soils.

Overall, the results indicate that the com-
pound soil amendment effectively regulated
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nutrient migration and improved nutrient reten-
tion in acidic farmland soils. However, the re-
sponses of different nutrients to increasing CBC
application rates were not consistent. Moder-
ate application rates appeared to be more favor-
able for reducing nitrogen and potassium losses,
whereas higher amendment dosages contributed
more significantly to phosphorus retention and
organic matter conservation. Therefore, appropri-
ate optimization of amendment dosage is essen-
tial to achieve balanced nutrient management and
maximize soil improvement efficiency.

Effects of compound soil amendment on
soil physicochemical properties

The present study demonstrated that the com-
bined application of CBC and fermented chicken
manure improved soil physicochemical properties
to varying degrees. Significant increases in soil
pH, inorganic nitrogen, available potassium, and
soil organic matter were observed after amend-
ment application, indicating that the compound
soil amendment effectively enhanced soil fertility
and alleviated soil degradation.

The addition of CBC increased soil pH
throughout the soil profile, and the overall pH
values of the treated soils were approximately
14.77% higher than those of the initial acidic soil.
These findings are consistent with previous stud-
ies showing that alkaline biochar materials can
neutralize soil acidity and increase soil pH through
the release of alkaline ions and the enhancement
of soil buffering capacity. However, the magnitude
of pH improvement was relatively limited and no
obvious linear relationship was observed between
pH and amendment dosage. Previous studies have
suggested that the decomposition of organic fertil-
izers may generate low-molecular-weight organic
acids during microbial metabolism, which could
partially offset the alkalinity introduced by bio-
char. Therefore, the relatively moderate increase
in soil pH observed in the present study may be
associated with the interaction between alkaline
components and organic acid production during
the decomposition process. Since the concentra-
tions of organic acids were not determined in this
study, further investigations are needed to clarify
the mechanisms involved.

The contents of NH,"-N and NOs™-N increased
significantly after the application of the compound
amendment. Biochar possesses a highly porous
structure and abundant surface functional groups,
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which can provide adsorption sites for nitrogen
species and improve nutrient retention. In addi-
tion, previous studies have reported that biochar
amendments can enhance soil aeration and create
favorable conditions for microbial activities in-
volved in nitrogen transformation. Consequently,
the combined application of CBC and fermented
chicken manure may contribute to improving the
availability and utilization efficiency of soil nitro-
gen. Similar results have been reported by Mader
et al. (2002), who found that organic amendments
promoted nitrogen retention and increased plant
nitrogen uptake.

Available phosphorus showed a different re-
sponse pattern compared with other nutrients. Al-
though all amendment treatments increased phos-
phorus availability relative to the control treatment,
the S, treatment exhibited the highest available
phosphorus content, whereas the S, treatment
showed a comparatively weaker enhancement ef-
fect. Previous studies have indicated that calcium-
rich materials may promote the formation of rela-
tively stable phosphorus compounds in acidic soils
(Chen et al., 2014), thereby reducing phosphorus
mobility and bioavailability. Therefore, the lower
available phosphorus observed under the S | treat-
ment may be associated with the increased cal-
cium content introduced by Ca(OH), modification
and the transformation of soluble phosphorus into
less available forms. Similar findings have been
reported by Chen et al. (2014) and Jeffery et al.
(2011). However, because calcium concentrations
and phosphorus fractions were not analyzed in the
present study, the exact mechanism remains un-
clear and requires further verification.

The enhancement of available potassium ex-
hibited a positive relationship with CBC applica-
tion rates. The S, , treatment showed the highest
potassium content among all treatments, indicat-
ing that increasing biochar dosage contributed to
potassium accumulation in the soil profile. This
result may be attributed to biochar itself contains
considerable amounts of potassium, which can
be gradually released into the soil. Similar trends
have been reported by previous studies investi-
gating the effects of biochar amendments on nu-
trient availability in agricultural soils (Méder et
al., 2002; Agegnehu et al. 2017).

The content of soil organic matter increased
continuously with increasing amendment dosage,
and the greatest enhancement was observed under
the S, . treatment. The maximum increase reached
approximately 47.13% compared with the control
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treatment. This improvement may be related to
the abundant carbon sources supplied by ferment-
ed chicken manure and the stable carbon structure
of biochar. Previous studies have demonstrated
that the combined application of biochar and or-
ganic fertilizers effectively promotes carbon se-
questration and enhances soil fertility, which is in
agreement with the results obtained in this study.

Overall, because composite soil amendments
contain a large amount of organic matter, they can
quickly increase the content of humus and organ-
ic matter in the soil after being applied, enrich-
ing the carbon source in the soil (Jeffery et al.,
2011). Therefore, under the condition of applying
the same amount of organic fertilizer, the more
CBC is applied, the higher the quality ratio of soil
organic matter.

CONCLUSIONS

In this study, the nutrient component charac-
teristics of acidic soil in Sichuan, China was ana-
lyzed and a compound soil amendment consisting
of CBC and fermented chicken manure was pre-
pared and its effects on nutrient leaching and soil
physicochemical properties of acidic farmland soil
were evaluated through soil column experiments.
The main conclusions are summarized as follows:
1. The acidic soil areas generally have insuffi-

cient soil nutrients and exhibit strong spatial
heterogeneity.

2. Improved Ca(OH),-modified biochar and fer-
mented chicken manure can reduce the loss of
N, P, K, and organic matter in soil to a certain
extent by increasing soil pH and changing soil
nutrient content.
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