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Abstract

matum var. novemfolius) and soil nutrient status. [ Methods] With green pepper and pepper field soil as the research subjects, four treatments were set up, name-

[ Objectives | This study was conducted to investigate the effects of biochar-based fertilizer on high yield and quality of green pepper ( Zanthoxylum ar-

ly, conventional fertilization (T, ), conventional fertilization + biochar (T,), biochar-based fertilizer 1 (T, ), and biochar-based fertilizer 2 (T, ). [ Results]
The application of biochar-based fertilizer increased green pepper yield by 9.37% —51.12% , with the order of increase being T, >T; >T, >T,. In terms of soil
nutrients, biochar-based fertilizer raised soil pH by 6.67% —53.33% , with the order of increase being T; >T, >T, >T,. The initially strongly acidic soil gradual-
ly shifted to weakly acidic and approached neutral, indicating significantly improved soil acidity. The application of biochar-based fertilizer increased the contents
of soil organic matter, available nitrogen, available phosphorus, available potassium, available copper, available zinc, available iron, and available manganese. It
significantly enhanced green pepper yield, improved soil acidity, and elevated soil nutrient levels. Considering yield, nutrient uptake, and soil nutrient content,
biochar-based fertilizer 2 (T,) was identified as the optimal treatment. [ Conclusions ] This study provides a theoretical basis for improving green pepper yield and

soil amendment.
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Fertilizer is a key factor in agricultural production, and sci-
entific fertilization has always been a critical issue. Currently, ex-
cessive fertilization is a widespread problem. Overuse of chemical
fertilizers not only reduces farming profitability but also triggers a
chain of issues, including soil acidification, fertility degradation,
and environmental pollution. With advancements in modern agri-
cultural technology, growing consumer interest in organic food,
and increased environmental awareness, biochar-based fertilizers

U Biochar-

have been widely adopted in agricultural production
based fertilizer is a carbon-based fertilizer produced by combining
chemical fertilizer with biochar as a nutrient slow-release carrier.
It not only leverages biochar’s advantages in soil improvement but
also provides sustained nutrient release according to crop require-

[2-

ments'>~*?. Studies show that biochar-based fertilizer offers bene-

fits such as high carbon content, reduced fertilizer use with en-
hanced efficiency, and sustained nutrient supply, demonstrating
promising potential in improving soil physicochemical properties,
fertilizer and promoting

decreasing chemical input

h“ -6]

crop
growt . Under biochar fertilization treatment, both the cation
exchange capacity and total organic carbon content in soil in-

crease, effectively enhancing the retention of nutrients in the top-
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soil layer'” . Yang et al. "* demonstrated that biochar-based fertil-
izer significantly improved the content of nitrogen, phosphorus,
and potassium in soil, with the most notable enhancement ob-
served in soil organic matter and potassium levels. Gao et al. "’
investigated the effects of biochar-based fertilizer and biochar ap-
plication on soil organic carbon components. The results revealed
that both biochar-based fertilizer and biochar effectively increased
the total organic carbon content in soil, with significantly better
improvement effects than applying equivalent amounts of carbon or
NPK nutrients alone. Mao et al. "'’ found that applying biochar-
based fertilizer improved the chemical composition coordination of
tobacco leaves and enhanced their quality. This improvement may
be attributed to the high carbon content and strong biotic/abiotic
stability of biochar-based fertilizer, which effectively increases soil
organic matter content, regulates the soil carbon-to-nitrogen ratio,
and improves the soil microbial environment. These changes pro-
mote more balanced soil nutrient supply, ultimately leading to
higher tobacco leaf quality.

Currently, China has conducted considerable research on the
application of biochar-based fertilizer, and their influence is pro-
gressively increasing. In recent years, the number of published
studies on biochar-based fertilizer has shown a steady upward

. . 11-12 . 13-14]
trend, including research on crops such as corn'" ™' | rice ™"’

[15-16]

)
and peanut , among others. In this study, a comparative ex-
periment was conducted at the pepper base in Nanhua Village,
Weixinghu Subdistrict, Yongchuan District, Chongging, to com-
pare biochar-based fertilizer application with conventional fertiliza-
tion and biochar-amended fertilization. The subsequent analysis

focused on biological indicators, yield, quality, soil acidity, and
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soil nutrient content of green pepper ( Zanthoxylum armatum var.
novemfolius). The findings provide a series of conclusions, which
will better assist in improving soil acidity, enhancing peppercorn
quality, and increasing yield in a rational and scientific manner at

this cultivation base.

Materials and Methods
Experimental materials

The experimental site was located in Nanhua Village, Wei-
xinghu Subdistrict, Yongchuan District ( Hou Lianggian Pepper
Base, with acidic soil pH of 4. 7). The soil type was reddish-
brown purple soil. The planting specification of * Jiuyeqing’
(Z. armatum var. novemfolius) was 2.5 m x2.0 m, averaging
1 950 plants/hm’ per hectare.

Product 1: Rice husk biochar, produced by Nanjing Sanju
Biomass New Materials Technology Co. , Ltd. , pH 10.0, organic
matter =80% ; product 2: biochar-based fertilizer 1 ( developed
by Chongging University of Arts and Sciences), organic matter
25% , biochar 20% , NPK 30% (15-5-10); product 3 biochar-
based fertilizer 2 (developed by Chongqing University of Arts and
Sciences ) , organic matter 10% , biochar 15% , NPK 40% (22-8-10).
Experimental design

This experiment adopted a controlled experimental method
using Z. armatum var. novemjfolius as the material. Four treat-
ments were set in total with five plants per treatment.

Treatment 1 (T,, control); Conventional fertilization ( fol-
lowing local farmers’ routine practices, including sprout-promoting
fertilizer (late January to early February) : high-nitrogen fertilizer
(25-8-10), 300 —400 g/plant, applied based on leaf-fall condi-
tions, fruit-strengthening fertilizer (early to mid-April) ; high-po-
tassium fertilizer (15-5-25), 250 =500 g/plant, shoot-promoting
fertilizer (mid-September) ; balanced fertilizer (15-15-15), 250
g/plant, and overwintering fertilizer ( November to December ) ;
balanced fertilizer, 250 g/plant).

Treatment 2 (T, ): Conventional fertilization + product 1
(biochar applied at 2 kg/plant in March).

Treatment 3 (T, ): Product 2 (15-5-10, applied at 400
g/plant in March and another 400 g/plant after harvest in July).

Treatment 4 (T,): Product 3 (22-8-10, applied at 300
g/plant in March and another 300 g/plant after harvest in July).
Measurement items and methods
Pepper yield During the harvest period, three pepper plants
with similar growth vigor were selected from each treatment for
harvesting. The fresh weight was measured, and then the pepper
leaves and fresh peppercorns were collected and dried in the labo-
ratory.

Soil nutrient content After harvesting peppercorns, surface soil
samples (0 — 15 ¢m) were collected using a 3 — 5-point mixed
sampling method, air-dried indoor, sieved with a 2 mm sieve, and
stored in bags for analysis. Soil pH was measured using a pH me-
ter. Organic matter was determined by the potassium dichromate

volumetric method-external heating method. Available nitrogen

was measured using the alkali-hydrolyzable diffusion method.
Available phosphorus was analyzed by the 0. 5 mol/L. NaHCO,
method. Available potassium was determined via NH, OAc extrac-
tion followed by flame photometry. The determination of exchange-
able calcium and magnesium adopted the ammonium acetate ex-
change-atomic absorption spectrophotometry method. Available
sulfur was determined by the phosphate-HOAc extraction-BaSO,
turbidimetric method. Available Fe, Mn, Cu, and Zn were ana-
lyzed using the DTPA-TEA extraction-AAS method.

Data statistics and analysis  Microsoft Excel 2016 and IBM
SPSS Statistics 26. 0 software were employed for statistically pro-
cessing and plotting of the experimental data.

Results and Analysis
Effects of biochar-based fertilizer on the yield of green pepper
Fig. 1 shows that different fertilization treatments significantly
affected the yield of green Sichuan pepper. Multiple comparison
results indicated no significant difference (P > 0.05) between
conventional fertilization (T,, 4.91 kg/plant) and biochar-amen-
ded treatment (T,, 5.37 kg/plant). Similarly, there was no sig-
nificant difference between the biochar-based fertilizer treatments
T, (6. 75 kg/plant) and T, (7. 42 kg/plant). However, both
treatments T, and T, significantly outperformed the conventional
fertilization group (P <0.05). Compared with T,, the yields of
T,, T,, and T, increased by 9.37% , 37.47% , and 51.12% , re-
spectively. Among them, treatment T, containing 15% biochar
and 40% NPK (22-8-10) showed the most significant yield im-
provement. The results indicated that biochar-based fertilizer was
more effective in enhancing yield than biochar addition alone,
demonstrating a notable synergistic effect. The optimal ratio of or-
ganic matter to biochar may be a key factor in promoting the yield

increase of green pepper.
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Fig. 1 Effects of different fertilization treatments on yield

Effects of biochar-based fertilizer on soil pH and nutrient
content

Soil pH, as a core physicochemical indicator, regulates ion
activity and influences crop growth through processes such as toxic
substance formation under extreme acidity/alkalinity and structural
compaction. In cropping systems, soil nutrient levels directly af-
Therefore ,

fect crop growth and development. maintaining
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balanced soil pH and nutrient content is of significant practical im-
portance for achieving high and stable yields of Sichuan pepper
and increasing farmers’ income.

Soil pH As shown in Fig. 2, the pH values of various treatments
were 4.5, 4.8, 6.9, and 6.0, respectively, indicating overall
acidic soil conditions in the pepper garden. Treatments T, and T,
showed significant increases in soil pH, and compared with T, ,
treatments T, , T, and T, exhibited values increasing by 6.67% ,
53.33% , and 33.33% , respectively. The soil transitioned from
strongly acidic to weakly acidic and approached neutral, with the
pH levels ranking as T, > T, >T, > T,. The application of bio-
char-based fertilizer effectively alleviated soil acidity, creating
more favorable conditions for pepper tree growth and thereby en-

hancing the yield of green Sichuan pepper.
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Fig. 2 Effects of different fertilization treatments on soil pH

Soil organic matter Soil organic matter consists of plant and an-
imal residues at various decomposition stages, serving as a natural
binding agent that promotes soil aggregate formation and signifi-
cantly improves aeration and water permeability. It not only en-
hances plant growth by regulating soil physicochemical properties
but also serves as a key indicator of soil fertility and quality' "’
As shown in Fig. 3, soil organic matter content increased under
different treatments, and the measured values were 15.3, 15.2,
14.7, and 17.0 g/kg, respectively. When compared with China’s
soil nutrient classification standards''® | the organic matter content
(10 =20 g/kg) in this pepper garden was classified as deficient.
Although the biochar-based fertilizer treatment (T,) did not ex-
ceed this threshold, it still increased organic matter by 11. 11%
compared with conventional fertilization (T, ), demonstrating its
effectiveness in improving soil organic matter levels and providing
potential for sustained soil fertility enhancement.

Soil macronutrients Macronutrients are essential nutritional el-
ements required in relatively large quantities by plants during nor-
mal growth and development, serving as important components of
organic matter.

Hydrolyzable nitrogen effectively reflects soil nitrogen supply
capacity. As shown in Fig. 4, the application of biochar and bio-
char-based fertilizers significantly increased soil alkali-hydrolyza-
ble nitrogen content (88.7, 108.6, 99.0, and 103. 6 mg/kg for
treatments T, — T,, respectively). The pure biochar treatment
(T,) showed the most notable increase of 22.45% . According to
soil fertility classification standards (60 —90 mg/kg as deficient,

90 - 120 mg/kg as appropriate ) , conventional fertilization (T, )
resulted in nitrogen deficiency, while biochar-amended treatments
elevated soil nitrogen to appropriate levels (those of T, and T, in-
creased by 11.61% and 16.80% , respectively).

Available phosphorus serves as an indicator of soil phosphor-
us supply capacity, with its content reflecting both phosphorus
storage and supply capacity. As shown in Fig. 5, biochar-based
fertilizer significantly enhanced soil available phosphorus content
(the soil available phosphorus content was 50, 67, 100, and 103
mg/kg for treatments T, — T,, respectively). According to the
available phosphorus adequacy standard ( > 40 mg/kg indicates
extremely rich content) , conventional fertilization (T, ) already
reached high phosphorus levels. However, biochar-based fertilizer
treatments (T, T,) showed remarkable increases of 92.3% and
98.08% compared with T, , while the value of pure biochar treat-
ment (T,) only increased by 28.52% .

The content of available potassium in soil reflects its potassi-
um supply capacity. Fig. 6 demonstrates that biochar-based fertil-
izer application significantly enhanced soil available potassium lev-
els. The measured values were 290, 345, 735, and 1 050 mg/kg
for treatments T, — T, respectively. According to fertility standards
( >200 mg/kg indicates very rich content), the conventionally
fertilized soil (T, ) already contained abundant potassium, while
biochar-based fertilizer treatments further substantially increased
the levels, with T, and T, showing 153.45% and 262. 06% im-

provements, respectively.
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Fig. 3 Effects of different fertilization treatments on soil organic
matter
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Fig. 6 Effects of different fertilization treatments on soil available
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Soil micronutrients As crucial limiting factors in plant physio-
logical metabolism, micronutrients exist in low concentrations in
soil, but they serve as key indicators for assessing soil nutrient
balance.

As shown in Fig. 7, the available copper content increased
significantly after biochar-based fertilizer application, with values
of 0.200, 0.131, 0.491, and 0. 106 mg/kg for treatments T, - T,
respectively. Treatmen T, showed the most notable improvement
with a 145. 5% increase rate, indicating that the biochar-based
fertilizer application of T, was most effective in enhancing availa-

ble copper content.
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Fig. 7 Effects of different fertilization treatments on soil available
copper

As shown in Fig. 8, the conventional fertilization treatment
(T, 2. 14 mg/kg) already reached rich levels of available zinc,

while the biochar-based fertilizer treatments (T, 3.59 mg/kg, T,
4.84 mg/kg) achieved significant increases of 67.76% and 126.17%
respectively. Notably, the high-ratio biochar-based fertilizer treat-
ment (T,) elevated zinc content to extremely rich levels, demon-

strating the remarkable effectiveness of biochar-based fertilizer in

T

4

enhancing available zinc content.
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Fig. 8 Effects of different fertilization treatments on soil available
zinc
From Fig. 9, it can be seen that the available iron content
under conventional fertilization was already at a rich level. After
the application of biochar and biochar-based fertilizers, the con-
tent increased further, and the available iron conetents were 11.8,
19.44, 11.57, and 12.94 mg/kg, respectively. In terms of avail-
able iron, biochar treatment T, was more effective in increasing its

content, with an improvement rate of 64.75% .
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Fig. 9 Effects of different fertilization treatments on soil available
iron
From Fig. 10, it can be seen that the available manganese
content was already at a rich level. After treatment with biochar-
based fertilizer, the content further increased, and the levels were
118, 120, 229.6, and 138 mg/kg in sequence. Compared with
T,, the increases in available manganese for T,, T, , and T, were
1.69% , 94. 58% , and 16. 95% , respectively. Among them,
treatment T, showed the highest improvement in available manga-
nese content, indicating that biochar-based fertilizer has a signifi-

cant enhancing effect on available manganese levels.
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Fig. 10 Effects of different fertilization treatments on soil available
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Conclusions and Discussion

Compared with conventional fertilization and biochar applica-
tion alone, the use of biochar-based fertilizer significantly en-
hanced pepper yield, mitigated soil acidification, and improved
soil nutrient contents. Biochar-based fertilizer combines and am-
plifies the advantages of both biochar and conventional fertiliza-
tion, better meeting crop nutrient demands while effectively reduc-
ing the loss of chemical fertilizer.

The study of Zhang et al. " showed that the application of
biochar-based fertilizer increased fresh pepper yield by 12.0% -
32.8% and dried pepper yield by 12.6% -31.6%. Xu et al. '"*
indicated that the use of biochar organic fertilizer enhanced the
plant height of mustard and significantly increased tuber yield.
Schulz et al. """ demonstrated that the sole application of biochar
slightly promoted a range of biological growth in crops, whereas
blending biochar with mineral fertilizers (1. e. , biochar-based fer-
tilizer) significantly enhanced crop growth. Thus, it can be con-
cluded that applying biochar-based fertilizer yields better effects
on crops.

Li et al. ™ found that applying biochar and biochar-based
fertilizer significantly increased the pH of acidified tea garden
soil, and the soil pH increased with the dosage of biochar-based
fertilizer increasing. In low-carbon agricultural practices, the use
of biochar-based fertilizer not only enhances soil pH but also im-
proves soil nutrient retention capacity, leading to increased
yield™".
rates in acidic soils can markedly elevate soil pH level.

Overall, applying biochar-based fertilizer at varying

The application of biochar-based fertilizer can directly in-
crease soil nutrient content and also influence the migration and
Based on the
soil nutrient data after fertilizer application in this experiment, it

transformation of existing nutrients in the soil ™.

can be concluded that biochar-based fertilizer indeed further en-
hances soil nutrient levels.

Compared with conventional fertilization and biochar applica-
tion alone, biochar-based fertilizer significantly affected the yield
of green pepper, increasing production by 9. 37% - 51. 12% ,
with the order of increase being T, >T, >T, >T,. The application
of biochar-based fertilizer also raised soil pH by 6.67% -53.33% ,
with the order of increase being T, >T, >T, >T,. Therefore, the
strongly acidic soil is shifted toward weak acidity and became

gradually closer to neutrality, indicating effectively improved soil
acidity.

Soil nutrients were also improved to varying degrees under the
treatment of biochar-based fertilizer. The application of biochar-
based fertilizer increased the levels of soil organic matter, availa-
ble nitrogen, available phosphorus, available potassium, available
copper, available zinc, available iron, and available manganese.
The application of biochar-based fertilizer significantly increased
the yield of green pepper, improved soil acidity, and enhanced
soil nutrient content. Overall, the treatment of biochar-based fer-
tilizer 2 (T,) demonstrated the most effective improvement in

green pepper yield, nutrient uptake, and soil nutrient enrichment.
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it is advisable to conduct concentration tests before application to
determine the appropriate dosage. Additionally, a safe interval pe-
riod should be established, and the times of spray applications
should be minimized. It is strictly prohibited to use plant growth
regulators with strong toxicity or long residual period near and af-

ter harvest, so as to reduce the residual amouns in vegetables.
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