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Abstract: A two-year pot experiment was conducted to investigate the effects of the combined
application of biochar and chemical fertilizer on soil quality and vegetable growth by adding different
proportions of chemical fertilizer and biochar to the soil in 2022 and no fertilizer in 2023. It was
concluded that the combined treatment improved the soil’s properties. After two consecutive years
of planting vegetables, the improvement of soil properties was the most significant with the 1.5 g
biochar + 80% chemical fertilizer optimal fertilizer application (BCF6) treatment. In comparison
to the control (CK), soil pH, electrical conductivity, and dissolved organic carbon increased by
0.59 units, 166.6%, and 282.6%, respectively. Soil fertility also improved significantly, indicating that
the combined treatments resulted in the slow release of nutrients to enhance the effectiveness of the
fertilizers. Co-application significantly increased the yield of the edible parts of Chinese cabbage
and improved its quality. The most significant effects of vitamin C content and soluble protein were
observed in Chinese cabbage under BCF6 treatment, which were 3.33 and 1.42 times more than the
CK, respectively. Utilizing biochar as a partial substitute for chemical fertilizers can improve soil
structure and fertility over the long term while reducing the reliance on chemical fertilizers, ultimately
providing sustained economic and ecological benefits for agricultural production.

Keywords: biochar; chemical fertilizer; vegetable; yield and quality; soil quality

1. Introduction

The demand for food is a major challenge worldwide as a result of declining arable
land resources, the increasing global population, and intensifying climate change [1,2].
Chemical fertilizers, as traditional and common fertilizers, are added at the time of planting
to rapidly provide inorganic nutrients for plant growth, thereby significantly increasing
crop yields. However, in order to achieve higher crop yields, especially in vegetable
cultivation, fertilizers are over-applied. The use of chemical fertilizers for the cultivation
of vegetables is reported to be 3.3-times higher than for other crops [3]. When chemical
fertilizer is applied excessively, it can lead to the deterioration of soil properties [4,5].
For example, the excessive use of chemical fertilizers can disrupt the nutrient balance of
farmland and result in a pH decrease from overfertilization [6]. In addition, prolonged
fertilizer application destroys the chemical structure of soil humic acids, thus increasing
the risk of crops being infected with pathogenic bacteria [7]. Ultimately, this leads to the
accumulation of pollutants and the eutrophication of water bodies, posing a great threat
and burden to the environment [8]. Therefore, optimizing fertilizer management is essential
to improve soil properties, vegetable production, and environmental sustainability.
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It has been reported that reducing the use of chemical fertilizers and replenishing
soil nutrients in other ways can help to achieve sustainable agricultural production [9].
Biochar is an extremely carbon-rich material produced from biological organic materials
(biomass) at high temperatures [10,11]. Biochar has the capabilities of holding water and
fertilizer [12] and can increase soil pH through its highly alkaline feature [13]. Studies
have shown that biochar can provide nutrients to crops by releasing its own nutrients and
reserving the nutrients present in soil and fertilizers [14,15]. Biochar can adsorb ammonium
nitrogen (NH4+ -N) and nitrate nitrogen (NO; -N) in soil, reducing nitrogen (N) leaching and
increasing available N [16,17]. It can also adsorb POi* from soil, subsequently reducing
available phosphorus (AP) leaching [18]. Potassium (K) in biochar is highly effective
and, when applied to soil, it increases ion exchange and reduces K leaching [18]. The
combination of biochar with chemical fertilizer has been shown to positively influence
crop yield [19]. As shown in a study, replacing moderate amounts of chemical fertilizers
with biochar enhances the soil’s physical structure, improves rice productivity, and reduces
chemical fertilizer inputs [20]. In addition, Yu et al. reported that the use of biochar,
combined with reduced chemical fertilizer application, can promote the sustainable use of
N and P in soil through several transformation processes [21]. Therefore, the co-application
of biochar and chemical fertilizer leverages the benefits of both, offering a viable strategy
to enhance plant growth, optimize the efficiency of chemical fertilizers, and decrease their
overall application. This approach also represents a sustainable method to maintain soil
health and boost crop yield [22]. Although some studies have investigated the potential
impact of biochar with less fertilizer on crop production [23,24], the amount of biochar
replacing fertilizer is still unclear due to the differences in crop types and soil conditions.

Moreover, the long-term effects of this fertilization approach on soil fertility and
properties are not well-understood. The aim of this study is to investigate the long-term
roles of this co-application on soil fertility and properties during the cultivation of Chinese
cabbage. In order to investigate the optimal rate of replacing chemical fertilizers with
biochar during Chinese cabbage cultivation, we conducted a two-year pot trial to evaluate
its effect on Chinese cabbage yield, as well as its role in the improvement of soil fertility
and properties.

2. Materials and Methods
2.1. Site Description

The soil used in this experiment was collected from the south district of Jiangnan
University, Wuxi City, Jiangsu Province, China (31°29' N, 120°16’ E). The soil was Alfisols
that has not been planted with crops before. Unfertilized topsoil was collected using
the multi-point sampling method. Stones, gravel, and other debris were removed from
the collected soil; the soil was air-dried and passed through a 20-mesh sieve. The soil
information is shown in Table 1.

Table 1. Properties of the tested soil.

H DOC Total N Total P Total K Available K AvailableP Ammonium Nitrate N
P (mg-kg—1) (mg-kg~1) (mg-kg—1) (gkg™1) (mg-kg~1) (mgkg-1) N(mgkg1) (mgkg)
6.82 41 171.27 610.67 11.24 67.73 17.16 3.79 2.6

2.2. Experimental Material

Chinese cabbage (Brassica chinensis L.) was selected as the test crop, and the species
was non-balling cabbage. The selected cultivar was Jingyan Jingguan 1F1 (Jingyan Yinong
Seed Science and Technology Co., Ltd., Beijing, China), known for its rapid growth rate,
robust petiole, and optimal growth temperature range of 15-25 °C, with a growth cycle of
25-50 days [25].

Rice husk was used as a raw material to produce biochar, which was pyrolyzed at
500 °C in a carbonization oven [26]. The properties of the biochar are as follows: pH of
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10.37 and specific surface area of 67.637 m?-g~!. The contents of carbon (C), nitrogen (N),
and hydrogen (H) were 40.67%, 4.65%, and 1.99%, respectively, resulting in a C/N ratio of
8.74 and a C/H ratio of 20.38.

The chemical fertilizers used in this study included urea, monoammonium phosphate,
and potassium chloride (KCI). Urea was purchased from Anyang Zhongying Chemical
Fertilizer Co., Anyang, China. Monoammonium phosphate was obtained from Shifang
Kanglong Chemical Co., Ltd., Sichuan, China (P,O5 = 61%, N = 12%), and KCI was
purchased from Sinochem Fertilizer Co., Ltd., Beijing, China (KO > 60%).

2.3. Experimental Design

The experiment was conducted in the solar greenhouse of the School of Environment
and Ecology, Jiangnan University, in Wuxi, Jiangsu Province. The optimal amounts of
fertilizers used in the experiment were N: 150 mg kg~!, P,Os: 52.5 mg-kg~!, and K,O:
90 mg kg’1 [27], which were calculated according to the final additive amount of 0.8093 g
per pot with an N:P:K fertilizer application ratio of 1:0.35:0.6 [27]. There were eight
treatments in this study (see Figure 1), which were CK (control): without fertilizer; CF: with
the addition of chemical fertilizer (0.8093 g per pot); the proportions of chemical fertilizer
as 40%, 60%, and 80% of the optimal chemical fertilizer application rate, and the rest as
biochar, which were recorded as BCF1, BCF2, and BCE3, respectively; and a fixed dosage
of biochar as 1.5 g (0.1%, w/w) and 40%, 60%, and 80% of the optimal chemical fertilizer
application, which were recorded as BCF4, BCF5, and BCF6, respectively. Biochar and
chemical fertilizer were homogenized and mixed thoroughly with the soil before planting.
Ordinary plastic pots were used in the experiment, containing 1.5 kg of soil in each pot.
To ensure that each pot received uniform light, the position of the pots was randomly
changed and observed daily (60% of the field water holding capacity). For the duration of
the experiment, water was applied every 2 days to maintain soil moisture (60% of the field
water holding capacity). Chinese cabbage was planted on 9 March 2022 and harvested on
27 April 2022. The second batch of Chinese cabbage was planted using the same soil as
after the first batch, but the pots were not treated with any biochar or chemical fertilizers.
The second batch was planted on 17 March 2023 and harvested on 5 May 2023. Plant
height was measured with a tape measure, with all four plants in each pot counted and
averaged. After harvesting, the plants were rinsed and the fresh weights of the above- and
underground parts of the plants in each pot were measured with an electronic balance and
averaged. The rhizosphere soils were collected: one part was air-dried and stored for later
use and the other part was stored at —80 °C. All samples were stored in airtight polythene
bags prior to chemical analysis.

CK: Control CF: Chemical fertilizer BCF: Biochar + Chemical fertilizer

@ 40% chemical fertilizer + 60%
biochar

(@) 60% chemical fertilizer + 40%
biochar

@ 80% chemical fertilizer + 20%
biochar

(@ 1.5 g biochar + 40% of optimal
chemical fertilizer addition

(3 1.5 g biochar + 60% of optimal
chemical fertilizer addition

(©) 1.5 g biochar + 80% of optimal
chemical fertilizer addition

Note: The optimal chemical fertilizer addition rate is 0.8093 g/pot, N:P:K is 1:0.35:0.6.

Figure 1. Corresponding treatments in pot experiment.
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2.4. Chemical Analyses for Soil and Plant

Fresh leaf samples were extracted with 2% oxalic acid, and the vitamin C content was
determined using the 2,6-dichloroindophenol colorimetric method [28]. The soluble sugar
content of fresh leaves was determined using the phenol method [29] and soluble protein
was determined using the Coomassie Brilliant Blue G-250 colorimetric method [30].

The soil was extracted with deionized water at ratios of 1:5 and 1:2.5 (w/v), and then
stirred with a magnetic stirrer for 30 min. The electrical conductivity (EC) and pH were
measured using a conductivity meter (DDS]-319L) and a pH meter (FiveEasy Plus, Mettler
Toledo, Columbus, OH, USA), respectively [31]. Soil-dissolved organic carbon (DOC) con-
tent was determined using an elemental analyzer (TOC-VCPH, Shimadu, Kyoto, Japan) [32].
The extraction of soil total N was performed with 5 mL of concentrated H,SO4 at 450 °C
and then determined using the semi-micro-Kjeldahl approach [33]. Soil total P was deter-
mined using the NaOH melting molybdenum antimony colorimetry approach [34]. Soil
total K was decided using the flame photometer approach [35]. Soil NH; -N and NO; -N
were extracted with a potassium chloride solution and then determined spectrophotometri-
cally [36]. AP was determined using the molybdenum blue method. AK was determined
using flame photometry [37].

2.5. Statistical Analysis

SPSS Statistics 20.0 software was used for one-way analysis of variance (ANOVA) and
Duncan’s test was used to determine the differences between treatments at p < 0.05. The
differences in soil properties and cabbage growth indexes between 2022 and 2023 were
compared using t-test. Data were plotted using Graphpad Prism 8.3. Different lowercase
letters in all figures indicate significant differences among different treatments (p < 0.05,
n =3, mean £ S.D).

3. Results
3.1. Effects of the Co-Application of Biochar and Chemical Fertilizer on Soil Properties

Figure 2A shows that, in two years, soil pH reduce in the chemical fertilizer alone
(CF) and 20% biochar replacement ratio (BCF3) treatments compared to the CK, and the CF
treatment shows the greatest decline, with decreases of 0.27 and 0.35 units over the CK in
both years. The pH in other treatments increased compared to the control: the BCF4, BCF5,
and BCF6 treatments significantly increased the soil pH by 0.52, 0.48, and 0.37 units in the
first year and 0.58, 0.59, and 0.60 units in the second year, respectively (p < 0.05).

B Firstyear [l Second year
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Figure 2. Effects of amendments on soil properties: (A) pH; (B) EC; (C) DOC. Different letters in
columns of the same color indicate significant differences among treatments in the first and second
years, respectively. The ns, *, and ** in each treatment indicate no significant (p > 0.05), or significant
(p < 0.05 and p < 0.01, respectively) difference between the first and second years compared with
paired t-test.
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Chemical fertilizer treatments or combined treatments both significantly increased soil
EC values (Figure 2B). In both years, the EC value of the BCF6 treatment was the highest,
which was 3.1 times and 2.7 times that of CK. Soil EC values were generally higher in the
first year than in the second year (p < 0.05).

All fertilizer treatments increased soil DOC contents (p < 0.05) (Figure 2C). DOC
content increased with the increase in chemical fertilizer when the biochar ratio was fixed,
but decreased when the biochar ratio was decreased. The effectiveness of the treatments in
both years followed the order: BCF6 > BCF5 > BCF4 > BCF1 > BCF2 > BCF3 > CF > CK.
The BCF6 treatment was the most effective, increasing by 212.9% and 282.6% compared to
the CK in two years. DOC content was higher in the first year than in the second year.

3.2. Effect of the Co-Application of Biochar and Chemical Fertilizer on Soil Fertility

In this study, each fertilizer treatment increased soil NH, -N content in comparison to
the CK (Figure 3A). Soil NH; -N content showed an increasing trend when increasing the
chemical fertilizer ratio in the combined treatment of the fixed biochar ratio. Among them,
BCF6 had the highest NH, -N content of 9.56 mg-kg™~!. After two years of fertilizer appli-
cation and planting, soil NO; -N enhancement was significant in the combined treatment
compared to the CK (Figure 3B), and soil NO; -N gradually increased as the percentage
of biochar increased. Among all treatments, the BCF5 treatment peaked at 30.12 mg-kg !,
which was 10.6 times that of the CK.
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Figure 3. Effects of amendments on soil fertility in the second year: (A) ammonium nitrogen;
(B) nitrate nitrogen; (C) available phosphorus; (D) available potassium. Different lowercase letters in
each panel indicate significant differences among different treatments (p < 0.05).

The application of biochar in conjunction with chemical fertilizers significantly in-
creased the AP content in the soils (Figure 3C); the AP content of BCF1, BCF5, and BCF6
treatments was 1.6, 1.7, and 1.8 times that of the CK, respectively. Soil AK increased under
all treatments (Figure 3D). Soil AK content showed an upward trend with the increasing
proportion of biochar. In the fixed-dose biochar treatments (BCF4-BCF6), soil AK levels
did not change significantly with increasing chemical fertilizer and were about 38% higher
than in the CK.
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3.3. Effect of the Co-Application of Biochar and Chemical Fertilizer on Chinese Cabbage Growth

During cultivation, the growth rate and final increase in plant height of Chinese
cabbage varied among treatments (Table 2). In the first year, the combined treatments
(BCF1-BCF6) increased the plant’s height significantly by 100-142%, while the CK and CF
increased by only 48% and 13% after 50 d of treatment, respectively. The BCF4 treatment
was the most effective, with the plant’s height 2.4-times higher than that of the CK. Plant
height in all treatments in the second year showed a decreasing trend compared to the
first year, but BCF1-BCF3 treatments still showed higher growth rates than the CK and
CF at 29-50 d, and the plant height increased with the increase in biochar. In BCF4-BCF6,
plant height increased with increasing the chemical fertilizer. The BCF1-BCF6 treatments
increased plant height by 66-148%, while the CK and CF increased it by 56% and 51% after
50 d of treatment, respectively. The effect of BCF1 treatment was the most obvious, and the
plant’s height was 1.6 times that of the CK.

Table 2. The plant heights (cm) of Chinese cabbage during different periods.

First Year Second Year
Treatments
29d 36d 3d 50d 29d 36d 434 50d
CK1 575+£050a  625+066b  633+£0l4c  600£115c  313+03lb  400£023c  489+023g  513=000c
CF1 542+014a  642+029ab  725+025bc  7.08+16lc  352+042b  420+£040c  512+040f  623+050bc
BCF1 575+£025a  667+014ab  7.67+£038ab  983+142b  473+03la  587+£042ab 687 £042e 855+£05b
BCF2 583+014a  650£000ab  7.50£000ab  925+043b  467+03la  620£000a  813+012c  801=0.00b
BCF3 533+£038a  642+038ab  717+088bc  9.17+0.88b  447+042a  577+031b  753+050d  7.90+031b
BCF4 600+£043a  700+£000ab  850+£025a  115+025a  500£020a  620£020a  867+031b  10.00+020a
BCF5 617+£063a  725+066a  817+088ab  11.08=10la  467+064a  600£000a  860+020b  9.60+040ab
BCF6 575+£066a  675+£066ab  7.83+£063ab  1125+132a  513+03la  633+058a  920+040a  9.87+08lab
Notes: Different lowercase letters in each column indicate significant difference (at p < 0.05) in the same column.
The number of leaves of Chinese cabbage under all treatments showed an increasing
trend in the range of 29-50 d (Table 3). Leaf numbers after 50 d were higher in combined
treatments than chemical fertilizer and CK treatments during Chinese cabbage planting in
the first year. Compared with the first year, the number of leaves decreased in the second
year; however, the effect of combined treatment on increasing the number of leaves was
still significant, and the effectiveness of the treatments in two years was ranked as follows:
BCF4 > BCF6 > BCF5 > BCF1 > BCF2 > BCF3 > CF > CK. After 50 d of cultivation, the
BCF4 treatment had the best effect, where its number of leaves increased by 92% and 95%
compared to the CK in the first and second years, respectively.
Table 3. The leaf numbers of Chinese cabbage during different periods.
First Year Second Year
Treatments
29d 36d 3d 50d 29d 36d 3d 50d
CK1 575+£050a  625+066b  633+£0l4c  600+£115c  313+03lb  400£023c  489+023g  513+000c
CF1 542+£014a  642£029ab  725+£025bc  7.08+£16lc  352+£042b  420£040c  512+040f 623+ 050bc
BCF1 575+£025a  667+014ab  7.67+£038ab  9.83+142b  473+03la  587+£042ab 687 £042e 8.55+£05b
BCF2 583+014a  650£000ab  7.50£000ab  925+043b  467+03la  620£000a  813x012c  801=0.00b
BCF3 533+£038a  642+038ab  717+088bc  9.17+0.88b  447+042a  577+031b  753+050d  7.90+031b
BCF4 600+£043a  700+£000ab  850+025a  115+025a  500£020a  620£020a  867+031b  10.00+020a
BCF5 617+£063a  725+066a  817+088ab  11.08=10la  467+064a  600+000a  860+020b  9.60+040ab
BCF6 575+066a  675+066ab  7.83+063ab  1125+132a  513+03la  633+058a  920+040a  9.87+08lab

Notes: Different lowercase letters in each column indicate significant difference (at p < 0.05) in the same column.

3.4. Effect of the Co-Application of Biochar and Chemical Fertilizer on Chinese Cabbage Yield

As shown in Figure 4, in two years, the biomass of both the above- and underground
parts of Chinese cabbage increased after each fertilizer treatment compared to the CK, and
they increased with the higher percentage of biochar in the combined treatment. In addition,
when the amount of biochar was fixed, the biomass increased in year 2 when increasing
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the chemical fertilizer. In the first year, compared to the CK, the aboveground part of the
biomass under BCF4 treatment had the most significant effect, with 8.39 times that of the
CK. The underground part of the biomass was the most significant in the BCF6 experiment,
with 4.66 times that of the CK. In the second year, the biomass decreased compared to the
previous year, where the above- and underground fresh weights were the highest during
BCF6 treatment, which were 7.6 times and 5.19 times that of the CK, respectively.
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Figure 4. Effect of amendments on fresh weight of Chinese cabbage: (A) edible part; (B) roots.
Different letters in columns of the same color indicate significant differences among treatments in
the first and second years, respectively. The ns, *, and ** in each treatment indicate no significant
(p > 0.05), or significant (p < 0.05 and p < 0.01, respectively) difference between the first and second
years compared with paired t-test.

3.5. Effect of the Co-Application of Biochar and Chemical Fertilizer on the Quality of
Chinese Cabbage

As shown in Figure 5A, each fertilizer treatment significantly increases the vitamin C
content of Chinese cabbage in the range of 176.4-270.9% compared to the CK in the first
year. The efficacy of the treatments ranked as follows: BCF4 > BCF5 > BCF6 > BCF1 >
BCE3 > BCE2 > CF > CK, and the BCF4 treatment was the most effective, increasing by
270.9% compared to the CK. In the second year of vegetable cultivation, vitamin C content
decreased following all treatments compared to the first year, but were still significantly
greater than the CK exposed to fertilizer treatments. The BCF6 treatment had the most
significant effect, increasing by 232.8% compared to the CK, and it showed no significant
difference between the two years.

M Firstyear [ Second year

D
=

5
ns * ns ns % x% * pg :\50 NS ns ns NS Ns ns NS ns ns ns % NS NS k% %% %
S50 AT MM | e nonNnnnnn| o, [NDonnomanmn
g |® 4 240 1(B) sH1©
— [am e
E)40 s =
£ 80
Oap g
O - ] K]
= S 20 52
‘g 20 = =
< = 2
= = 10 2
=}
=10 3
0 0 0

NS AN AN AN I
& & DL DO
FFEF

O I A AT A IS E KO OO > H o
FESLSLPLSS F S HLL LS
oo fle oo o Fofetofegivite

'

Figure 5. Effects of amendments on the nutritional quality of Chinese cabbage: (A) vitamin C;
(B) soluble protein; (C) soluble sugar. Different letters in columns of the same color indicate significant
differences among treatments in the first and second years, respectively. The ns, *, and ** in each
treatment indicate no significant (p > 0.05), or significant (p < 0.05 and p < 0.01, respectively) difference
between the first and second years compared with paired f-test.
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In Figure 5B, the soluble protein of Chinese cabbage increases following each fertilizer
treatment compared to the CK in two years, with the highest soluble protein contents
of 31.4 mg-g~! and 30.0 mg-g~! in the BCF1 treatment in the first year and in the BCF6
treatment in the second year, respectively. Compared to the first year, the soluble protein
content in the second year showed a decreasing trend after most treatments, but it was
elevated by 12.3% in the BCF6 treatment compared to that in the first year. The most
significant effect was observed in the BCF6 treatment, which increased by 42.2% compared
to the CK.

Chinese cabbage soluble sugar content was significantly (p < 0.05) higher in the
combined treatments (BCF1-BCF6) than the CK and CF treatments in both years (Figure 5C).
In the first year, BCF1, BCF4, and BCF5 treatments had the highest soluble sugar content
of about 3.3%, which was three-times higher than the CK. Compared to the first year, the
soluble sugar content of Chinese cabbage in the second year decreased in most treatments,
while BCF3 treatment elevated it by 5.9%. After two years of cultivation, the BCF1 treatment
showed the greatest improvement, increasing by 193.4% compared to the CK.

4. Discussion
4.1. Effect of the Co-Application of Biochar and Chemical Fertilizer on Soil Properties

The alkaline property of biochar increased the hydroxyl concentration of soil pore
water, thus raising the soil pH [38] in the combined treatment and relating to the proportion
of biochar application. Conversely, chemical fertilizers contain urea and monoammonium
phosphate; besides the acidic features of monoammonium phosphate, they can also be
hydrolyzed to ammonia, which results in the release of H* when ammonia ions are taken
up by plants [39-41]. This leads to the decrease in soil pH when the chemical fertilizers
are added alone. The simultaneous use of both biochar and chemical fertilizer may result
in neutralization from the alkalinity of biochar, and the degree of neutralization decreases
with increasing chemical fertilizer rates [42]. When more biochar was added (BCF4-BCF6),
the chemical fertilizer became less acidic due to degradation, allowing the alkaline effect of
the biochar to dominate, which resulted in an elevated soil pH in the second year.

The EC of soil is a measurement of the ability of dissolved ions in the soil to conduct
electricity and is often used to assess the salinity and moisture content of soil [43]. A
higher EC indicates a higher salt content in the soil. The primary constituents of chemical
fertilizers, including N, P, and K, release corresponding cations (e.g., NHZ and K*) and
anions (e.g., NO; and POi*) after dissolution in the soil. These ions dissolved in water
can increase the EC in the soil solution [44]. Biochar is a form of organic matter, and when
it decomposes, it releases organic acids and other organic substances. These organic
substances can react with minerals in the soil to form electrolytes and increase the
EC [45-47]. In the second year, a significant increase in EC was observed compared
to the control without the additional fertilizer being attributed to the absorption of
nutrients by biochar, which gradually releases them into the soil [48]. This process
results in relatively high soil ion concentrations.

Soil DOC content increased with the addition of fertilizers. The application of chemical
fertilizers may promote the growth of plant roots and the level of organic secretions
from the root system, thus increasing the soil DOC content [49,50]. It has been reported
that the main substance (C) and other macronutrients in biochar can provide a good
environment for microbial growth [51-53]. Generally, the decomposition of organic matter
by microorganisms can produce metabolites, such as extracellular enzymes and soluble
organic matter, thus increasing the DOC concentration [46]. Therefore, the soil DOC content
synergistically increased through root exudates and microorganisms with the addition of
biochar and increased as the proportion of biochar increased.

The addition of N, P, and K relates to the quality of Chinese cabbage; their deficiency
would lead to a negative influence, like restraining the formation of heads [54,55]. In this
study, the combined treatments could enhance the soil’s absorption and holding capacities
of NO; -N and NH4+ -N, and slow the release of N. Biochar addition enhanced soil mineral
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nitrogen content significantly, which was mainly because biochar itself contains a portion
of N, and the greater its addition, the greater the soil N content [56-58]. Secondly, due to its
large specific surface area and hollow and lightweight characteristics, biochar suppresses
denitrification in soil by improving aeration [59-61], thus increasing the effective N con-
centration (NO;5 -N and NHI—N). Moreover, biochar and chemical fertilizer combination
treatments increased soil AP and AK contents compared to the CK. It has been found that
biochar maintains sustained agricultural production by providing N, P, and K to soil [14].
The metal cations adsorbed by biochar transform the form of P in the soil and activated
P, increasing the proportion of AP in the soil [62]. Biochar can also adsorb POif in a soil
solution, reducing the competition for the closed-state fixation of AP by alumina and iron
colloids in the soil [18,63,64]. In terms of K, biochar is relatively rich in K, which may lead
to an increase in AK content [65]. It may also facilitate the conversion of soil K forms to AK
by promoting the growth of potassium-solubilizing bacteria [65]. In addition, when biochar
is applied with chemical fertilizers, its structure can absorb the nutrients from the chemical
fertilizer, thus reducing nutrient loss, slowing the rate of nutrient release, and enables chem-
ical fertilizers to be used for a longer period of time. Moreover, biochar can also improve
soil structure and serves to maintain water and fertilizer retention [66]. Therefore, the use
of both can reduce the loss of soil nutrients due to the overuse of chemical fertilizers.

4.2. Effect of the Co-Application of Biochar and Chemical Fertilizer on Chinese Cabbage Growth

The study showed that the co-application of biochar and chemical fertilizer was
effective in increasing the above- and belowground fresh weights of Chinese cabbage
(Figure 4). Gu et al. [67] found that the combined application of biochar and chemical
fertilizer increased the dry matter content of crops by 5.50% and 19.19% and increased
crop yields by 2.41% and 5.78%. This may be due to the fact that biochar can absorb and
replenish nutrients (N, P, K, etc.) in soil through its high surface area and minerals, thereby
reducing nutrient loss [68]. The improvement of the soil’s microbiological environment by
biochar may be another reason for promoting crop growth and increasing yields [69].

N in the fertilizer used is present in the form of NHZ—N; excess NHZ—N can produce
ammonium toxicity, leading to poorer plant growth [70]. As fertilizer application decreases,
ammonium toxicity decreases so that plant growth is not inhibited. It is worth noting
that, although high doses of chemical fertilizer applied in combination with biochar (BCF4)
can limit crop growth and reduce yields, prolonged application times can mitigate these
adverse effects [67]. This is consistent with the findings of An et al. [20].

The content of vitamin C, soluble protein, and soluble sugar in Chinese cabbage is an
important indicator of its quality, which directly affects the nutritional value of Chinese
cabbage [71,72]. Combined treatments could improve the quality of Chinese cabbage, and
the enhancement effect was better than that of the CK and CF treatments (Figure 5). This
may be due to the fact that chemical N fertilizers increase the protein and amino acids in
the plant, thereby promoting the synthesis of vitamin C [73]. Elemental P is important for
energy metabolism and sugar synthesis in plants [74,75]. The appropriate amount of P
fertilizer can increase the content of soluble sugar in Chinese cabbage [76]. Trace elements
and organic substances in biochar can be directly absorbed and utilized by plants, which
may promote the synthesis of components such as vitamin C, soluble sugars, and proteins
in Chinese cabbage [77]. In addition, Zeeshan et al. [78] found that biochar increased the
photosynthetic rate of leaves and promoted the transport of photosynthetic products to
fruits, thereby improving plant quality. Biochar also promotes the adsorption of NH, -N
and reduces its conversion to NO; -N, thus increasing vitamin C in the plants [79,80]. The
decreased quality of Chinese cabbage in the second year can be primarily attributed to the
mechanisms of nutrient uptake and the slow-release characteristics of biochar.

5. Conclusions

This study investigated the effect of biochar used in conjunction with chemical fertilizer
on Chinese cabbage cultivation in a two-year pot experiment. The results show that this
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method can significantly improve soil properties and soil fertility. It also increases the
biomass and quality of Chinese cabbage in two years. The higher proportion of biochar,
the greater the growth rate of Chinese cabbage. The amount of chemical fertilizers should
not be too high to avoid the accumulation of excessive salts in the soil, which may be
detrimental to productivity. In addition, the growth rate of Chinese cabbage decreased in
the second year, but the combined use of biochar and chemical fertilizer had long-term
efficacy in improving soil performance compared to chemical fertilizer alone. Among them,
under BCF6 (1.5 g biochar + 80% of optimal chemical fertilizer) treatment, it was more
favorable to the improvement of soil fertility in the second year, which further promoted
plant growth and development. Considering the need to save agricultural inputs, biochar
addition should not be too high. The co-application of biochar and chemical fertilizer
provides an innovative fertilization strategy for the effective improvement of soil properties
and crop quality, and their environmentally friendly nature highlights their potential
for wider application in sustainable agricultural practices. In addition, it is necessary to
conduct future studies to examine the effects of the co-application of biochar and fertilizer
on crops as well as soils over a longer period of time.
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