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Abstract: Saline-alkali soils seriously restrict the soil functions and the growth and diversity of
soil microorganisms. Biochar can alleviate the negative effects of saline-alkali stress. However, it
remains unclear how biochar reduces saline—alkali stress by improving soil functions and regulating
the abundance and diversity of the soil bacterial community in highly saline-alkali paddy fields. To
address this, a paddy field experiment was conducted in a highly saline-alkali paddy field using two
nitrogen application levels (0 and 225 kg ha~!) and four biochar application rates (0, 1.5%, 3.0%, and
4.5% biochar, w/w). The results show that, compared with C0, biochar application, especially when
combined with N fertilizer, significantly decreased the soil pH, exchangeable sodium percentage
(ESP), saturated paste extract (ECe), and sodium adsorption ratio (SAR) while significantly increasing
cation exchange capacity (CEC). These indicated that biochar can effectively reduce saline-alkali stress.
Biochar application significantly increased soil content of total nitrogen (TN), alkali-hydrolysable N
(AN), available P (AP), available K (AK), soil organic matter (SOM), and soil C/N ratio, both with or
without N fertilization. Furthermore, biochar application further increased the relative abundance of
bacterial communities and modified the bacterial community structure in highly saline-alkali paddy
soils. Under C3N2, C2N2, and C1N2, Chaol increased by 10.90%, 10.42%, and 1.60% compared to
CON?2. Proteobacteria, Bacteroidetes, and Chloroflexi were the top three phyla in bacterial abundance.
Biochar significantly increased the abundance of Proteobacteria while reducing Bacteroidetes and
Chloroflexi, regardless of N fertilization. Correlation analysis results showed that the improvements in
soil chemical and saline-alkali properties, as well as nutrient bioavailability after biochar application,
had a positive effect on bacterial communities in highly saline-alkali paddy soils.

Keywords: biochar; saline—alkali stress; soil properties; bacteria community; nutrient bioavailability;
chemical property

1. Introduction

Soil salinity and alkalinity present significant ecological challenges to soil fertility and
plant development. The Songnen Plain, situated in the northeastern region of China, spans
17.0 million hectares, with approximately 20.12% of its area—equivalent to 3.42 million
hectares—designated as saline—alkali lands, making it one of the world’s top three largest
expanses of such soils [1]. The main salt components in the soils of Songnen Plain are
Na,CO3 and NaHCO3; the soil also contains a small amount of chloride and sulfate. A
high concentration of Na* and a high sodium adsorption ratio (SAR), exchangeable sodium
percentage (ESP), and pH at the topsoil are characteristics of saline—alkali soils [2]. These
factors have led to the degradation of soil structure, altered soil hydraulic properties,
disrupted nutrient availability for plants, and reduced water permeability [3]. This severely
hampers agricultural activities in such soil types [4]. In addition, the saline—alkali lands
in Songnen Plain are expanding at an annual rate of 20,000 hectares, primarily driven by
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population growth, overgrazing, and inappropriate agricultural practices that have been
carried out for years [1]. At present, soil salinization has become the most important factor
hindering agricultural development in Songnen Plain, and it is also the primary problem of
the agricultural ecological environment. Therefore, to tackle the issues related to global
food security, it is crucial to reclaim and cultivate unproductive saline-alkali soils [5].

Soil microorganisms play a crucial role in mediating the impacts of saline-alkali stress
on soil health, plant growth, and overall ecosystem functioning. They achieve this by partic-
ipating in key soil processes such as organic matter decomposition, nutrient conversion, soil
aggregation, and structure enhancement [6,7]. However, soil salinity and sodicity can have
adverse effects on microbial growth, activity, and diversity through several mechanisms,
including (i) salt toxicity [8,9]; (ii) decreased availability of water due to osmotic stress [10];
(iii) disintegration of soil aggregates and impaired soil structure, creating an inhospitable
environment for microbial growth [11]; and (iv) diminishing organic matter content, result-
ing in limited energy substrates available for microorganisms [12]. Hence, gaining insights
into methods for mitigating saline-alkali stress and improving the abundance and diversity
of soil microorganisms is essential for remediating soil function and enhancing crop yields
in highly saline-alkali lands.

Because of its multiple benefits, biochar shows promise as a potential solution for
rehabilitating salt-affected soils when used as a soil amendment [5,13,14]. Recent studies
have demonstrated that adding biochar can mitigate nutrient loss in salt-affected soils
by enhancing the soil organic matter (SOM), nutrient bioavailability, cation exchange ca-
pacity (CEC), and soil surface area and stabilizing the soil structure [15-17]. Our prior
studies demonstrated that biochar could significantly improve the physical and chemical
characteristics of soil, enhance nutrient content, and boost soil enzyme activity in highly
saline-alkali soils [18,19]. Additionally, biochar could significantly reduce sodium ion
concentration in root zone soils, minimize sodium ion accumulation in rice organs, amelio-
rate saline—sodic stress on rice, and, consequently, enhance rice yield [20-22]. Numerous
investigations have emphasized the potential of biochar to create a favorable habitat for
soil microorganisms, stimulate their proliferation, and augment their activity and diversity
in salt-affected soils [7,23-25]. This is achieved by mitigating salinity and sodicity stress,
enhancing the soil’s physical characteristics [23,26,27], releasing soil nutrients accessible
to microorganisms [28], encouraging the release of dissolved organic carbon and nitrogen
through root exudation [7,29], and providing a substantial carbon source for microbial
utilization [30]. Nevertheless, numerous prior experiments have indicated that biochar
had negligible impacts on microbial biomass carbon in both non-saline soils [31,32] and
saline soils [26,33,34]. Many studies have even documented a decline in soil microbial
biomass carbon when biochar is applied [35]. These conflicting results can be attributed
mainly to diverse soil types, crop varieties, and types of biochar as well as their intricate
interactions [14]. Most of the existing research has predominantly concentrated on dryland
crops in controlled laboratory or pot settings, with an emphasis on saline stress, alkali stress,
or coastal salt-alkali stress. However, research focused on the reduction in saline-alkali
stress through biochar application, aimed at improving soil functions and regulating the
abundance and diversity of the soil bacterial community in highly saline—alkali paddy
fields in Northeast China, remains unexplored. Hence, further field experiments are imper-
ative to examine the influence of biochar incorporation on soil functions and the bacterial
community in highly saline-alkali paddy fields.

In the current study, we hypothesized that peanut shell biochar establishes a partner-
ship with bacteria by improving the soil’s physicochemical properties, nutrient bioavail-
ability, and porous structure, thereby reducing the stress of saline-alkali and improving the
functions of saline—alkali soils. This study aimed to evaluate the influence of peanut shell
biochar on bacterial alpha diversity, bacterial beta diversity, relative abundance of bacteria,
soil chemical characteristics, and soil nutrient availability in highly saline—alkali paddy soils.
Additionally, we aimed to investigate the relationship between bacterial communities and
soil environment. Furthermore, we studied the optimum amount of peanut shell biochar
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and its co-occurrence pattern with soil bacterial communities in highly saline-alkali paddy
soils. The results of the study will establish a novel theoretical foundation for understanding
how biochar can influence the tolerance of rice plants to saline-alkali conditions.

2. Materials and Methods
2.1. Experimental Site and Experimental Soil’s Properties

The field experiment took place at the Saline—Alkali Research Base of Jilin Agriculture
University, located in Da’an City, Jilin Province, China (45°35’ N, 123°50 E), in 2021. The
average annual precipitation, evaporation, and temperature at the experimental site were
415.49 mm, 1697.11 mm, and 4.69 °C, respectively. According to the classification by the
International Society of Soil Science, the soil texture in our trial comprises 23.23% sand,
38.14% silt, and 37.60% clay. The fundamental physicochemical characteristics of the topsoil
layer (0-20 cm) used in this experiment are displayed in Table 1.

Table 1. The properties of experimental soils (0-20 cm).

Properties Experimental Soil

Bulk density (g cm™—3) 1.61 +0.13
ECe (usm™1) 24.08 + 0.71
pH 10.10 & 0.24

SARe (mmolc L™1)1/2 368.11 + 14.03
ESP (%) 77.11 4 2.17
CEC (cmol kg™ 1) 10.99 + 0.34
Organic matter (%) 0.64 +0.04
Total N (g kg™1) 0.27 + 0.01
Alkali-hydrolysable N (mg kg~1) 16.30 + 1.11
Available P (mg kg~!) 9.13 £ 0.68

Available K (mg kg~1) 107.25 + 5.68

Notes: ECe: electrical conductivity of soil saturation extract, SARe: sodium adsorption ratio of soil saturation
extract, ESP: exchangeable sodium percentage, CEC: cation exchange capacity, N: nitrogen, P: phosphorus,
K: potassium. Values are means =+ SD.

2.2. The Properties of Biochar

The biochar was derived from peanut shells through pyrolysis in a vertical kiln
manufactured by LuSen Toner Technology Ltd., located in Qiqihaer City, China. The
pyrolysis process was conducted at temperatures ranging from 350 to 550 °C for 4 h. Table 2
provides the physiochemical characteristics of the biochar. In the spring of 2021, biochar
was evenly distributed over the surface of saline-alkali paddy soils, and, subsequently, it
was carefully incorporated into the topsoil (0-20 cm) with the assistance of a wooden rake
before transplanting rice.

2.3. Design and Field Practices for the Experiment

The field experiment employed a split-plot design, with nitrogen levels designated as
the primary plot factors and biochar application rates as the secondary plot factors. The
two nitrogen levels consisted of no nitrogen application (NO) and conventional nitrogen
application level (N2). There were four biochar application rates, namely, CO (no biochar),
C1 (1.5% biochar, w/w), C2 (3.0% biochar, w/w), and C3 (4.5% biochar, w/w), respectively.
Each treatment was repeated three times, and a total of 24 plots of 6 m x 5 m in size were
established in April 2021. Buffer zones, 0.6 m in width, separated each experimental plot,
and each plot had its own irrigation and drainage outlet.

The Japonica rice (Oryza sativa L.) cultivar, Changbai 9, was sown in the greenhouse
on 10 April. On 16 May 2021, the seedlings were transplanted into the experimental plots,
with rows spaced 0.3 m apart and individual plants placed 0.2 m from one another. Each
hill included three seedlings. The rice was harvested on October 1st. In the N2 treatment,
nitrogen fertilizer was applied at a rate of 225 kg N per hectare, with 50% applied as
basal fertilizer (urea, 46% N), 20% applied 15 days after rice seedlings were transplanted
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(ammonium sulfate, 21% N), and the remaining 30% applied at the early flowering stage
(urea, 46% N). The phosphate fertilizer (triple superphosphate, 50% P,0O5), as the basal
fertilizer, was added at 75 kg per hectare. As for the potassium fertilizer (potassium sulfate,
40% K;,0), 100 kg per hectare was applied, with 60% used as basal fertilizer and 40% applied
during the early flowering stage. In contrast, for the NO treatment, there were no additional
amounts of nitrogen (0 kg N per hectare), but phosphate fertilizer was applied at 75 kg P
per hectare, and potassium fertilizer was applied at 100 kg K per hectare; the application of
phosphate and potassium fertilizer matched the procedures used in the N2 treatment. All
other field management practices followed the local production standards.

Table 2. Basic properties of biochar.

pH and Elemental Component Biochar
pH 7.94 +0.32
CEC (cmol kg~ 1) 78.69 + 11.32
EC(dSm™1) 7.88 + 0.59
SA (m? g~ 1) 7414 0.12
C(mgg™) 540.64 + 26.58
N (mg g~1) 15.93 £ 1.01
S(mgg 6.85 + 0.34
P (mgg™) 0.74 4+ 0.03
Mg (mg g~ 1) 0.25 4 0.00
K(mgg™) 12.53 + 0.51
Ca(mgg™) 2.01 4+ 0.02
Na (mg g~ 1) 1.17 £ 0.21

Notes: CEC: cation exchange capacity, EC: electrical conductivity, SA: Surface area, C: carbon, N: nitrogen, S: sulfur,
Mg: magnesium, P: phosphorus K: potassium, Ca: calcium, Na: sodium. Values are means + SD.

2.4. Examination of Soil Chemical and Nutrient Characteristics

After the harvest, three topsoil samples (0-20 cm) were randomly gathered from
each plot using an auger, followed by air-drying and sieving the soil samples through
a 2 mm mesh. The levels of Na* and K* were determined using a Flame photometer
(M410, Sherwood Scientific Ltd., Cambridge, UK). The concentration of Ca?* was assessed
using an Atomic Absorption Spectrophotometer (AA-6300, Shimadzu, Shanghai, China).
Soil pH was measured in a 1:5 soil: water (w/v) ratio using a pH meter (Mettler Toledo
International Trade Co., Ltd., Shanghai, China). Soil EC (1:5) was measured by using a
DDS 307 conductivity meter (Shanghai Precision Scientific Instrument Co., Ltd., Shanghai,
China). Based on Chi and Wang [36], the EC of saturated paste extract (ECe) was estimated
following Formula (1):

ECe =10.88 x EC1:5 (1)

The sodium absorption ratio (SAR) was computed following Formula (2). Subse-
quently, the SAR of saturated paste extract (SARe) was estimated as per the method
outlined by Chi and Wang [36], using Formula (3).

+
SAR1:5 = Na )
\/(Ca2+ + Mg2+)/2
SARe = 13.19 x SAR1:5 3)

The soil cation exchange capacity (CEC) was ascertained following the Bower satura-
tion method [2]. The exchange sodium percentage (ESP) was computed using Formula (4):

Exchangeable Na™
ESP (%) = ?:E = @)




Sustainability 2024, 16, 1001

50f 17

The soil samples, air-dried and sieved through a 2 mm mesh, were used to determine
the soil’s total nitrogen content (TN), alkali-hydrolyzable nitrogen content (AN), available
phosphorus content (AP), available potassium content (AK), and soil organic matter content
(SOM). According to the soil analytical methods described by Bao [37], the content of soil
TN, AN, AP, AK, and SOM were measured. The total organic carbon content was assessed
through the dry combustion method, as described by Jin et al. [38], using an Elementar
Vario Macro Cube CNS Analyzer (Elementar Company, Hanau, Germany).

2.5. Extraction of DNA and High-Throughput Sequencing

Total soil DNA was extracted from fresh soil using the Fast DNA SPIN Kit (MP Bio
Laboratories, Carlsbad, CA, USA), following the manufacturer’s guidelines. To assess
the bacterial community composition, the V3-V4 region of the 16S rRNA gene was ampli-
fied using the following primers: 341F (5-ACTCCTACGGGAGGCAGCA-3') and 785R
(5"-GGACTACHVGGGTWTCTAAT-3'). The PCR amplicons were employed to create the
sequencing library, which was subsequently sequenced using the Illumina NovaSeq plat-
form (Illumina, San Diego, CA, USA). The raw sequencing data were analyzed through
QIIME2 (https:/ /view.qiime2.org/, accessed on 15 December 2021). The vsearch plug-in
was utilized to merge the paired sequences, followed by the application of the quality filter
plug-in. The effective sequencing data were processed to eliminate redundancy within the
bacterial sequences, resulting in representative sequences, using the deblur plug-in.

2.6. Data Analysis

One-way ANOVA was used to assess the significant difference of related measured
indexes among biochar treatments. A t-test was performed to compare nitrogen factors. A
two-way ANOVA was conducted to ascertain both the main effects and interaction effects
between biochar treatment and nitrogen levels. SPSS 18.0 software (IBM Corp., Armonk,
NY, USA) was used to conduct ANOVA and the least significant difference test (LSD).
Origin Pro 2023 (OriginLab Inc., Northampton, MA, USA) was used to conduct the Pearson
correlation analysis and plot figures.

3. Results
3.1. Soil Chemical Properties

It was found that the soil pH exhibited a trend of C0 > C1 > C2 > C3 with or without N
fertilization. The difference between biochar application treatments (C1, C2, and C3) and C0
reached a significant level (Table 3). Additionally, biochar combined with nitrogen fertilizer
was beneficial in decreasing the soil pH value. The pH was 2.77% lower in N2 treatment
than in NO treatment. The ESP, ECe, and SARe reduced significantly with the amount of
biochar application, both with or without N fertilization, but the CEC value exhibited a
trend of C3 > C3 > C1 > CO (Table 3). Under N2, the various biochar treatments significantly
reduced ESP (50.60-68.60%), ECe (54.58-78.63%), and SARe (53.79-64.29%) compared with
C0, whereas the CEC increased by 29.84%, 41.62%, and 48.08%, respectively. Moreover,
biochar combined with nitrogen fertilizer significantly decreased soil ESP, ECe, and SARe by
12.98%, 15.78%, and 11.37%, respectively, and enhanced CEC by 6.40% compared to biochar
application alone. The results of the two-way ANOVA revealed significant interactions
between biochar treatments and nitrogen application levels concerning soil pH, ESP, ECe,
SARe, and CEC.

3.2. Soil Nutrient Status

Biochar application significantly increased the soil content of TN, AP, AK, and SOM
and C/N ratio, with or without nitrogen fertilization application (Table 4). The TN, AP, AK,
SOM, and C/N ratio increased with the biochar application rate, and the differences in all
biochar application treatments reached a significant level. Soil TN increased by 138.89%
in C3NO treatment compared to CONO, and by 161.90% under C3N2 compared to CON2.
The soil AP was enhanced by 203.74% under C3NO, 117.93% under C2NO, and 60.83%
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under CINO treatment as compared with CONO. The soil AP increased by 209.20%, 127.98%,
and 56.56% in the C3N2, C2N2, and CIN2 treatments, respectively, compared to CON2.
Compared with C0, the application of biochar at different rates (C1, C2, and C3) increased
the AK by 88.92-116.15%, 117.93-127.98%, and 203.74-209.20%, respectively. SOM and the
C/N ratio increased by 200.00% and 157.62% in C3NO treatment compared to CONO and
increased by 217.05% and 76.29% under C3N2 compared to CON2, respectively. The AN
exhibited a trend of C2 > C3 > C1 < C0 with or without N fertilization, and the difference
between biochar application treatments (C1, C2, and C3) and CO reached a significant level,
but no significant difference between C1 and C2 was found. In addition, the TN, AN, AP,
AK, and SOM in the N2 treatment exceeded those in the NO treatment, while the C/N
ratio was lower in the N2 treatment compared to the NO treatment (Table 4). The two-way
ANOVA results revealed a significant interaction effect between biochar treatments and
nitrogen fertilizer on TN, AN, AP, AK, SOM, and C/N ratio.

Table 3. Effects of biochar application on the soil chemical properties in highly saline-alkali paddy sols.

Nitrogen Level Biochar H ESP ECe SARe CEC

8 Treatment P (%) (dsm1) (mmolcL-H¥2  (cmol kg~1)
co 979+ 003a 4078 +023a  2239+020a 317.86+1542a 1144+ 050d
c1 9.63+0.02b 2156 4+0.16b 1147 +035b 16502 +557b  13.32+ 0.34c

NO 2 961 +0.02b  1679+046¢c  896+007c  150.84+259¢ 1501 +020b
c3 956+ 002b 1348 +044d  679+018d  12243+338d 1619+ 033a
o 970 £0.02a 3678 +076a 2087 +06la 30086+ 1413a 11.46+049d

“ c1 950 +0.04b  1817+020b  948+039b  139.02+515b 1488+ 0.15¢
2 9414+002b  1409+012c 697 +014c 12284 +446bc 1623 +034b
c3 9414+001b  1155+025d  446+021d 10743 +417c 1697 +027a

Source of variation

Biochar treatment (C)

3%

*3%

*3%

*%

3%

Nitrogen level (N) ** ** ** ** **
C X N * *3% 3% *3% 3%
Different letters indicate significant differences between biochar application rates (p < 0.05). * and **, significant
at p < 0.05 and p < 0.01, respectively. C0, C1, C2, and C3 indicate biochar levels of 0%, 1.5%, 3%, and 4.5%
w/w, respectively. NO and N2 indicate levels with no nitrogen applied and with conventional nitrogen applied,
respectively. ESP: soil exchangeable sodium percentage, ECe: electrical conductivity of soil saturation extract,
SARe: sodium adsorption ratio of soil saturation extract, CEC: cation exchange capacity. Values are means =+ SD.
Table 4. Effects of biochar application on the soil nutrient status in highly saline-alkali paddy sols.
Nitrogen Biochar TN AN AP AK SOM C/N Ratio
Level Treatment (gkg™1) (mg kg—1) (mg kg=1) (mg kg—1) (%)
Co 0.18 £0.01d 17.79 £0.33 c 6.69 £0.37 d 99.27 £1.79d 0.81+£0.14d 1529+ 1.78d
NO C1 0.31 £0.03 ¢ 20.71 £0.30b 10.76 £ 0.25 ¢ 187.54 £ 6.48 ¢ 1.15+022c 2757 £0.77 ¢
C2 0.35+0.01b 2352+043a 14.58 £ 040b 349.72 £20.52b 170+ 0.24b 3490+ 1.78b
C3 043 £0.03a 21.58 +£0.88 a 20.32+0.53 a 416.96 +11.56 a 243 +£0.16a 39.39 £ 046a
Co 0.21 £0.03d 2892 +1.08 ¢ 815+ 0.25d 105.27 £5.37d 0.88 £0.05d 1839 +256d
N2 C1 039 £0.01c 3450 £0.95b 12.76 £ 0.29 c 227.54 £8.51c¢ 1.19£0.14c 24.66 £1.57 ¢
C2 0.48+0.01b 4533 £1.23a 18.58 £0.50 b 379.76 £31.65 b 194 £0.28Db 27.01+072Db
C3 0.55+0.01a 4258 £1.53 a 2520+0.19a 476.96 £ 23.39 a 279 £0.07 a 3242 +198a

Source of variation

Biochar treatment (C)
Nitrogen level (N)
CxN

*%

%

*%

*%

*%

*%

*%

%

*%

*%

*%

*%

*%

*%

*%

Different letters indicate significant differences between biochar application rates (p < 0.05). * and **, significant at
p <0.05 and p < 0.01, respectively. C0, C1, C2, and C3 indicate biochar levels of 0%, 1.5%, 3%, and 4.5% w/w. NO
and N2 indicate levels with no nitrogen applied and with conventional nitrogen applied, respectively. TN: soil
total nitrogen content, AN: alkali-hydrolyzable nitrogen content, AP: available phosphorus content, AK: available
potassium content, SOM: soil organic matter content, C: carbon, N: nitrogen. Values are means + SD.
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3.3. Alpha Diversity of the Bacterial Communities

Table 5 shows that biochar application had no significant impact on Chaol under
NO treatment. However, under N2 treatment, Chaol showed increases of 10.90%, 10.42%,
and 1.60% for C3, C2, and C1 compared to CO, respectively. Significant differences were
observed between C3, C2, and CO0. Additionally, biochar combined with nitrogen fertilizer
was beneficial for increasing the Chaol. Under NO treatment, Simpson demonstrated a
trend of C3 > C1 > C2 > CO0, with a significant difference observed only between C3 and CO0.
Under N2 treatment, the treatments involving biochar application showed no significant
impact on Simpson compared to CO0, the highest biochar application rate treatment (C3)
resulted in the maximum Simpson value. Additionally, biochar combined with nitrogen
fertilizer was beneficial for increasing the Simpson value. The Simpson value was 15.77%
higher in N2 treatment than in NO treatment. The Shannon value was ranked as C3 > C1 >
CO0 > C2, irrespective of the presence or absence of N fertilization treatment; however, no
significant differences were observed among all biochar application treatments. Biochar
combined with nitrogen fertilizer was beneficial for increasing the Shannon value. The
number of OTUs followed the order C0 < C1 < C2 < C3, both with or without N fertilization.
A significant difference was observed between C3 and C0. The number of OTUs increased
by 37.15% under the C3NO treatment, 17.98% under the C2NO treatment, and 9.05% under
the C1INO treatment in comparison to CONO. Similarly, there were increases of 15.32.80%,
8.83%, and 7.97% in the C3N2, C2N2, and C1N2 treatments, respectively, compared to
CON2. The number of OTUs in the biochar application combined with nitrogen fertilizer
was 15.02% higher than that in biochar application alone. Two-way ANOVA indicated
that a significant interaction effect was observed between biochar treatments and nitrogen
fertilizer regarding Chaol and the number of operational taxonomic units (OTUs).

Table 5. Effects of biochar application on the alpha diversity indices of the bacterial communities.

Biochar Treatment ANOVA
Parameters N]f:;:)eglen Biochar Nitrogen
<o a 2 3 Treatment (C) Levels (N) CxN
ch NO 4056.77 +222.60 a 3659.24 4 287.04 a 3793.70 4 432.81 a 4361.17 + 67399 a NS ” .
ao1 N2 416252 £209.58b  4229.02 +111.52b  4596.18 4 206.40 a 4616.04 + 25424 a
Simpson NO 799 +0.40 b 810+ 0.26b 8.00+0.32b 9.40 +0.30 a . » NS
P N2 9.73 +0.19 ab 9.61 +0.21 ab 9.46 +0.43b 9.97 +0.04 a
<h NO 0.97 +0.01 a 0.97 +£0.01 a 0.95 - 0.06 a 0.99 £ 0.00 a NS . NS
annon N2 1.00 & 0.00 a 1.00 + 0.00 a 0.99 + 0.01a 1.00 + 0.00 a
The Number NO 2332.00 29232 ¢  2543.00 + 13570 bc  2751.33 4+ 118.71ab  3198.33 £ 16220 a . ” .
of OTUs N2 2865.00 + 75.72 b 3093.33 +£57.74ab  3188.00 +113.33 a 3304.00 + 155.96 a

Different letters indicate significant differences between biochar application rates (p < 0.05). NS, not significant;
*and **, significant at p < 0.05 and p < 0.01, respectively. C0, C1, C2, and C3 indicate biochar levels of 0%, 1.5%,
3%, and 4.5% w/w. NO and N2 indicate levels with no nitrogen applied and with conventional nitrogen applied,
respectively. Values are means £ SD.

3.4. Beta Diversity of the Bacterial Communities

The composition of soil bacterial communities showed significant variations across
different treatments (p < 0.001), as indicated by the outcome of the unweighted UniFrac
distance analysis (Figure 1). Notably distinct bacterial communities were found in the
case of the zero biochar (C0) treatment, whether with or without N fertilization (CONO
and CON2). The bacterial communities in the plots treated with biochar at rates C1 (1.5%
biochar, w/w) and C2 (3.0% biochar, w/w) displayed a relatively similar composition to
each other but differed from the bacterial communities in the fields where no biochar (CO0)
was applied, regardless of N fertilization. Moreover, with the further increase in the biochar
application ratio, the bacterial communities under C3 treatment (4.5% biochar, w/w) were
different from those of C0, C1, and C2 with or without N fertilization treatment.
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Figure 1. Effects of biochar application on bacterial community’s beta diversity in highly saline-alkali
paddy sols. Principal coordinate analysis (PCo) of bacterial communities (p < 0.001, R? = 0.556) for CO
(zero biochar), C1 (1.5% biochar, w/w), C2 (3.0% biochar, w/w), and C3 (4.5% biochar, w/w) at no
nitrogen application (N0O) and conventional nitrogen application level (N2) based on the unweighted
UniFradistance of bacterial communities. The first and second principal components of the PCo of
the bacterial community explained 24.6% and 9.3% of the communities, respectively. Each treatment
had three replicates (n = 3).

3.5. Relative Abundance of the Bacterial Communities

Figure 2 presents the relative abundance of bacterial communities at the phylum level.
The dominant phyla in highly saline-alkali paddy soils under different biochar applica-
tion treatments were Proteobacteria (43.66-59.38%), Bacteroidetes (8.15-16.60%), Chloroflexi
(4.66-15.26%), Actinobacteria (3.82-12.10%), and Firmicutes (4.75-12.56%) with or without
nitrogen fertilizer treatment, which accounted for more than 80% of the total. Biochar
application treatment increased the abundance of Proteobacteria (3.24% to 10.82%), Gem-
matimonadetes (17.80% to 98.13%), Patescibacteria (28.05% to 140.80%), Nitrospirae (6.93% to
247.74%), and Rokubacteria (22.11% to 254.52%) compared to CO, both with and without N
fertilization. In the case of Gemmatimonadetes, Patescibacteria, Nitrospirae, and Rokubacteria,
there was a significant increase in the difference between the biochar treatment and C0. Al-
though the biochar application treatment led to a slight increase in Proteobacteria compared
to CO, regardless of N fertilization, the difference was not significant. Compared to C0,
the biochar application treatment resulted in a decrease in Bacteroidetes (0.024% to 32.00%),
Chloroflexi (9.82% to 22.97%), Verrucomicrobia (16.80% to 61.21%), Spirochaetes (28.35% to
71.56%), and Armatimonadetes (24.54% to 55.29%), regardless of N fertilization. In the cases
of Chloroflexi, Verrucomicrobia, Spirochaetes, and Armatimonadetes, there was a significant
difference between the biochar treatment and C0. Under NO treatment, the biochar ap-
plication significantly reduced the relative abundance of Cyanobacteria and Fibrobacteres.
Conversely, under N2 treatment, the relative abundance of Cyanobacteria and Fibrobacteres
was significantly enhanced.
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Figure 2. Relative abundance of bacterial community composition at the phylum level. C0, C1, C2,
and C3 indicate biochar levels of 0%, 1.5%, 3%, and 4.5% w/w. NO and N2 indicate levels with
no nitrogen applied and with conventional nitrogen applied, respectively. Error bars represent the
standard deviation of the means (n = 3).

Figure 3 displays the relative abundance of bacterial communities at the genus level.
The relative abundances of Ramlibacter (15.49-135.41%), SBR1031 (3.75-120.49%), Ellin6067
(45.22-163.41%), S0134_terrestrial_group (12.04-94.66%), Ralstonia (38.51-108.78%), Bacillus
(18.57-281.89%), Flavisolibacter (56.43-109.67%), Pseudomonas (23.46-203.70%), and Hy-
drogenophaga (35.38-184.23%) increased compared to CO, regardless of N fertilization. In
addition, the relative abundances of S0134_terrestrial_group and Hydrogenophaga in the N2
treatment were higher than those in the NO treatment, while the relative abundances of Ram-
libacter, SBR1031, Bacillus, Flavisolibacter, and Pseudomonas were lower than those in the NO
treatment (Figure 3). Compared to C0, the relative abundances of Thiobacillus, Anaerolinea,
Algoriphagus, and Cryobacterium decreased by 17.72-69.50%, 18.91-72.35%, 6.36-81.67% and
37.88-89.41%, respectively, both with and without N fertilizer. The relative abundances
of Lysobacter, Gemmatimonas, Planococcus, and Haliangium showed different trends under
NO and N2 treatments. Under NO treatment, the relative abundances of Lysobacter, Gem-
matimonas, and Planococcus were significantly decreased, while under N2 treatment, they
exhibited a great increase. The relative abundance of Haliangium showed the opposite trend.

3.6. Correlations between the Relative Abundance of Bacterial Communities and Soil
Environmental Factors

Table 6 shows that the relative abundance of Proteobacteria was negatively correlated
with soil AK and SOM (p < 0.05), while Chloroflexi was positively correlated with soil AK and
SOM (p < 0.001). The relative abundance of Bacteroidetes was positively correlated with pH,
ESP, ECe, and SARe (p < 0.01) but negatively correlated with the soil CEC, TN, AP, AK, SOM,
and C/N ratio (p < 0.01). The relative abundance of Actinobacteria was negatively correlated
with the soil ESP and ECe (p < 0.01) but positively correlated with CEC, TN, AP, AK, and
SOM (p < 0.05). The relative abundance of Firmicutes, Cyanobacteria, and Spirochaetes were
positively correlated with CEC, AP, AK, and SOM (p < 0.05). The Patescibacteria was negatively
correlated with soil pH, ESP, ECe, and SARe (p < 0.01) but positively correlated with CEC, TN,
AP, AK, and SOM (p < 0.01). The Fibrobacteres was negatively correlated with pH, ESP, and
ECe (p < 0.05) but positively correlated with soil CEC, TN, AP, AK, and SOM (p < 0.01). The
Nitrospirae was positively correlated with soil TN and AP (p < 0.05). The Armatimonadetes was
only positively correlated with soil pH (p < 0.05).
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Figure 3. Relative abundance of bacterial community composition at the genus level. C0, C1, C2, and
C3 indicate biochar levels of 0%, 1.5%, 3%, and 4.5% w/w. NO (a) and N2 (b) indicate levels with
no nitrogen applied and with conventional nitrogen applied, respectively. Error bars represent the
standard deviation of the means (n = 3).
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Table 6. Correlations between relative abundance of the bacterial communities and soil environmen-
tal factors.

Parameters pH ESP ECe SARe CEC TN AN AP AK SOM C/N Ratio
Proteobacteria 0.397 0.501 0.503 0.423 —0.630 —0.531 —0.261 —0.660 —0.767 * —0.723* —0.614
Bacteroidetes 0.847 ** 0.934 ** 0.942 ** 0.911 ** —0.985 ** —0.942 ** —0.507 —0.945 ** —0.962 ** —0.925 ** —0.847 **
Chloroflexi —0.389 —0.545 —0.542 —0.466 0.640 0.527 0.218 0.652 0.776 * 0.714* 0.683
Actinobacteria —0.625 —-0.716 * —0.724* —0.657 0.829 * 0.762 * 0.392 0.858 ** 0.918 ** 0.896 ** 0.751*
Firmicutes —0.439 —0.657 —0.656 —0.603 0.749 * 0.625 0.095 0.757 * 0.838 ** 0.829 * 0.829 *
Gemmatimonadetes  —0.017 0.242 0.232 0.192 —0.273 —0.109 0.173 —0.191 —0.384 —0.264 —0.438
Acidobacteria —0.426 —0.374 —0.369 —0.365 0.367 0.337 0.475 0.196 0.319 0.125 0.128
Verrucomicrobia 0.625 0.654 0.631 0.673 —0.525 —0.562 —0.381 —0.449 —0.421 —0.384 —0.492
Patescibacteria —0.891 ** —0.847 ** —0.863 ** —0.826* 0.934 ** 0.945 ** 0.663 0.936 ** 0.891 ** 0.889 ** 0.680
Cyanobacteria —0.513 —0.559 —0.597 —0.512 0.723 * 0.704 0.324 0.846 ** 0.838 ** 0.894 ** 0.596
Spirochaetes —0.412 —0.597 —0.589 —0.524 0.653 0.539 0.210 0.637 0.777 * 0.693 0.718 *
Fibrobacteres —0.728 * —0.725* —0.738 * —0.676 0.845 ** 0.816 * 0.559 0.865 ** 0.901 ** 0.871 ** 0.648
Armatimonadetes 0.714* 0.594 0.596 0.602 —0.591 —0.675 —0.571 —0.612 —0.511 —0.548 —0.382
Nitrospirae —0.686 —0.577 —0.621 —0.589 0.635 0.752 * 0.540 0.756 * 0.604 0.704 0.384
Rokubacteria —0.402 —0.285 —0.283 —0.346 0.248 0.277 0.331 0.081 0.020 —0.041 —0.010

*,** Correlation is significant at the p < 0.05 and 0.01 level, respectively. ESP: soil exchangeable sodium percentage,
ECe: electrical conductivity of soil saturation extract, SARe: sodium adsorption ratio of soil saturation extract,
CEC: cation exchange capacity, TN: soil total nitrogen content, AN: alkali-hydrolyzable nitrogen content, AP:
available phosphorus content, AK: available potassium content, SOM: soil organic matter content, C: carbon,
N: nitrogen.

4. Discussion
4.1. Effect of Biochar Application on the Functions of Highly Saline—Alkali Paddy Field Soils

The enhancement of soil chemical characteristics reduced salinity—alkalinity and
increased soil nutrient availability (Tables 3 and 4), corroborating our hypothesis that
applying biochar can enhance the performance of paddy field soils with high salinity—
alkalinity. In this study, the utilization of biochar led to a notable reduction in soil pH,
whether nitrogen fertilization was applied or not. Additionally, biochar combined with
nitrogen fertilizer was beneficial to decreasing soil pH value (Table 3). The findings indicate
that applying biochar is effective in mitigating high pH stress in highly saline-alkali paddy
fields, especially when employed at higher biochar application rates in conjunction with
nitrogen fertilization. The reduced pH in the highly saline-alkali paddy field may be
attributed to the fact that the application of biochar can enhance soil CEC (Table 3), soil total
porosity, and Ks [20], thereby aiding in the leaching of Na* from the soil profile (Table 3)
and reducing ESP and SARe (Table 3). Another potential explanation for the pH reduction
could be the dissociation of H* from the soil ion exchange complex due to interactions with
K*, Ca?*, and Mg?* (Table 2) following the application of peanut shell biochar [14,24]. This
was further illustrated by the noteworthy reduction in the ECe value of highly saline—alkali
paddy soils following the application of biochar (Table 3). Thirdly, the enhancement of
soil physical and chemical properties resulting from the application of biochar stimulated
root growth and boosted the secretion of organic acids in roots [18,39]. Furthermore, the
initial pH of biochar used in this experiment was only 7.94 (Table 2), and this factor may
significantly influence the alterations in pH observed in salt-affected soils due to biochar
application [40]. Comparable findings were also documented in studies conducted by
Lashari et al. [41] and Sun et al. [42]: they observed a substantial decrease in the pH of salt-
affected soils following the incorporation of biochar. Nevertheless, some researchers have
reported a notable rise in the pH of salt-affected soils when biochar was added, in contrast
to saline soil without biochar [43,44]. This may be due to the differences in biochar’s raw
materials feedstock, pyrolysis conditions, and application rates [14]. The initial ESP, EC,
and SARe of soils in this experiment were 77.11%, 24.08 us m~!, and 368.11 (mmolc L—1)1/2
(Table 1), which is known to severely hinder soil’s production capacity and crop growth.
Numerous studies have demonstrated the positive impact of biochar in reducing ESP,
EC, and SAR in salt-affected soil [16,42,45]. Nonetheless, these investigations primarily
took place within the confines of short-term laboratory incubations or greenhouses. Here,
biochar was added to highly saline-alkali paddy soils, which led to a significant reduction
in soil ESP, ECe, and SARe, especially at higher biochar application rates combined with
nitrogen fertilization (Table 3). Our results demonstrated the significant role of biochar-
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induced enhancements in soil properties in mitigating saline—alkali stress within the root
zone. This result can be attributed to (i) biochar providing large amounts of exogenous
exchangeable potassium, calcium, and magnesium ions, which can replace sodium ions
on the soil colloids [20,46]; and (ii) biochar addition significantly improving the physical
properties, facilitating Na* leaching from the soil profile, and, subsequently, reducing ESP,
ECe, and SARe [20,47]. The significant increase in CEC in biochar application treatment,
especially combined with nitrogen fertilization treatment, can be attributed to the expansion
of soil colloid exchange sites due to the presence of oxygen-containing functional groups
on the biochar surface as well as the increased soil surface area [14]. Zheng et al. [25]
obtained similar findings when they administered biochar (at levels of 1.5%, 5%, and 10%
w/w of the total pot mass) to coastal salt-affected soil in a pot experiment, resulting in
a CEC increase of 12.0% to 14.7%. Moreover, the combined use of biochar and nitrogen
fertilizer demonstrated a more pronounced influence on soil pH, ESP, ECe, SARe, and CEC
in comparison to the application of biochar only. This enhanced effect can be attributed
to the synergistic interaction between biochar and nitrogen fertilizer, which facilitates the
improved leaching of Na* from root zone soil [48], promoting root growth [18], stimulating
soil microbial activity (Figures 1-3) and enzyme activities [19], and facilitating nutrient
conversion [49].

In saline-sodic soils, the availability and utilization of nutrients markedly diminish due
to the severe deterioration of the soil’s physical, chemical, and biological attributes [1,50]
as well as the reduced input of organic matter from plant biomass and increased losses
of organic matter [51]. As expected, the biochar application treatment, especially when
combined with nitrogen fertilization treatment, contributes to a substantial increase in
TN, AN, AP, and AK, primarily due to the considerable release of nutrient content from
biochar (Table 2). On the other hand, the improvement in soil chemistry and saline—alkali
properties (Table 3), coupled with the increase in soil organic matter (SOM) (Table 4), signif-
icantly enhanced the availability of soil nutrients following the application of biochar. For
example, it is well known that phosphorus availability is strongly restricted by high soil pH
value, and the decrease in pH and the increase in SOM in highly saline-alkali paddy soils
(Tables 3 and 4) promote the availability of phosphorus. Biochar’s extensive specific sur-
face area and robust adsorption capacity markedly enhance nutrient immobilization while
diminishing nutrient leaching [5,33]. This might be a contributing factor to the increased
nutrient availability in highly saline-alkali paddy soils. Soil organic carbon stands as one of
several pivotal markers of soil health. In saline-sodic soils, the meager presence of organic
matter results from the degradation of the soil’s physical, chemical, and biological charac-
teristics along with the prevalence of elevated pH and salinity conditions. A reduction in
SOM has an adverse effect on soil nutrient availability and microbial activity [34]. Previous
research has indicated that the incorporation of biochar can improve SOC and maintain the
SOM balance [52-54]. In the current study, biochar application significantly increased soil
organic matter (SOM) and the C/N ratio in highly saline-alkali paddy soils, particularly at
high biochar addition rates (Table 4). This increase was attributed to the higher content of
biochar carbon (C) (540.64 mg g~!, Table 2), which significantly enhanced the sequestration
of “blue carbon” within the highly saline-alkali paddy field ecosystem [55] due to the recal-
citrant nature of biochar carbon [25]. Furthermore, the combined application of biochar
with nitrogen fertilizer had a significantly greater impact on SOM compared to biochar
application alone (Table 4). This result suggests that biochar application, especially when
combined with N fertilizer treatment, improves the soil health and functions of highly
saline-alkali paddy soils, particularly at higher application rates of biochar. This can be
attributed to two factors. Firstly, biochar has a high affinity for adsorbing soil organic
molecules, facilitating their catalytic activity and promoting the polymerization of small
organic molecules into SOM [6]. Secondly, the slow aging process of biochar contributes to
the formation of humus, which enhances soil fertility over time [14].
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4.2. Effect of Biochar Application on Bacterial Community Diversity and Abundance in Highly
Saline=Alkali Paddy Soils

Saline—alkali stress leads to a substantial reduction in microbial activity and biomass
along with alterations in the microbial community structure in the soil. These changes
are primarily attributed to the disintegration of soil aggregates, deteriorated soil struc-
ture, soil nutrient deficiency, salt toxicity, high pH value, as well as the inhibition of soil
respiration [11,56-58]. Biochar application significantly increased the number of OTUs in
bacterial communities from 2332 to 3198.33 under NO treatment and 2865 to 3304 under
N2 treatment, indicating that biochar significantly increased the bacterial abundance of
highly saline—alkali paddy soils, especially at high application rates of biochar and con-
ventional levels of nitrogen application (Table 5). This may be attributed to the following
mechanisms: (i) the higher presence of carboxyls, lactones, and phenolic groups in biochar,
making it a more favorable option for the growth of the soil bacterial community [26];
(ii) biochar possessing a wealth of nutrients and carbon sources contributing to the mit-
igation of saline—alkali stress, which provides nutrient supply and a suitable condition
for bacterial growth (Tables 2 and 4); (iii) the interaction between biochar and nitrogen
fertilizer is more conducive to balancing the soil C/N ratio (Table 4). Additionally, biochar
application significantly promoted root development in the presence of salt stress, leading
to increased secretion of root exudates. These exudates are beneficial for promoting the
growth of rhizosphere bacterial communities [18,26]. This result further indicates the
following: (i) the augmented bacterial population following biochar application could
enhance the saline-alkali tolerance of rice and (ii) the higher bacterial abundance found
in highly saline-alkali paddy soils creates additional possibilities for plants to access soil
nutrients. This is because a greater number of soil microbes are actively involved in pro-
cesses such as soil organic matter decomposition, humus formation, and the transformation
and recycling of soil nutrients [59]. This outcome aligns with the research conducted by
Hu et al. [60], which demonstrated a substantial correlation between nutrient availability
and the composition and diversity of bacteria in soils.

The composition of the soil microbial community structure serves as a vital indica-
tor for assessing soil quality and fertility [6]. A more intricate soil microbial community
structure contributes to a more stable soil ecosystem [26]. The Chaol index demonstrates
the bacterial abundance of soil. In the current study, we observed that the combination of
biochar application with N fertilizer treatment led to a substantial increase in the Chaol in-
dex, particularly at high biochar application rates, whereas under the NO treatment, there
was no significant difference in the Chaol among all the biochar treatments (Table 5). The
diversity indices of Simpson and Shannon showed no significant difference after biochar
application, both with and without N fertilizer, demonstrating that bacterial community
diversity was not affected by the addition of biochar in highly saline-alkali paddy soils
(Table 5). The findings align with the research conducted by Sun et al. [7], indicating
an increase in the relative abundance of the bacterial community in paddy soils under
the combined treatment of biochar and N fertilizer. The observed increase in the relative
abundance of the bacterial community could be partially attributed to improvements in soil
chemical and saline-alkali characteristics induced by biochar (Tables 5 and 6), especially
when biochar is combined with N fertilizer. For example, in our research, the biochar appli-
cation treatment, particularly biochar combined with N fertilizer treatment, significantly
enhanced the content of TN, AN, TP, and SOM and decreased pH, ESP, and ECe in the
highly saline—alkali paddy soils (Table 4). This elevation could potentially enhance the
relative abundance and distribution of ammonia-nitrifying and phosphate-solubilizing
bacteria, such as Nitrospirae (Figure 2), Pseudomonas (Figure 3), and Flavobacterium (Figure 3),
in soils of this type. This conclusion is further supported by the results of the correlation
analysis (Table 6). Similar findings were also reported in soils subjected to NaCl stress
by Huang et al. [26] and Zheng et al. [25]. However, it is noteworthy that prior research
has also demonstrated that the co-application of biochar and nitrogen fertilizer diminishes
bacterial abundance in non-stressed paddy soil when compared to the use of biochar
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alone [61,62]. This variation could be attributed to the properties of highly saline—alkali
paddy soils in this experiment, characterized by low soil nutrient levels (TN = 0.27 g kg~ 1;
SOM = 0.64%), a high pH value (pH = 10.10), and a salt-laden environment (ESP = 77.11%;
SARe = 368.11 (mmolc L~1)1/2), all of which severely inhibit bacterial growth. Additionally,
the combined application of biochar and nitrogen more effectively reduced saline-alkali
stress (Table 3), enhanced nitrogen retention in the soil (Table 4), and, subsequently, sup-
plied abundant N and carbon sources for bacterial activities.

The top three phyla in terms of bacterial abundance in this study were Proteobacteria,
Bacteroidetes, and Chloroflexi, and their abundance varied with distinct biochar application
treatments and N fertilizer levels (Figure 2). Proteobacteria are essential microorganisms
in the soil carbon cycle, and they flourish in soils rich in carbon and nitrogen content [34].
Here, we found that the relative abundance of Proteobacteria exhibited an increasing trend
after biochar addition in highly saline—alkali paddy soils; however, the variations among
the different biochar application treatments did not exhibit significant changes (Figure 2).
These findings differed from those of Huang et al. [26], who observed a decreasing trend in
Proteobacteria after applying biochar to NaCl-stressed soil. It is well known that Proteobacte-
ria are generally considered to prefer nutrient-rich soil. The significant improvements in
soil nutrient availability (Table 3) and saline—alkali characteristics (Table 4) after biochar
application might explain the increased relative abundance of Proteobacteria in highly saline—
alkali paddy fields. On the contrary, the relative abundance of Bacteroidetes and Chloroflexi
decreased markedly after biochar application, regardless of N fertilization (Figure 2). Bac-
teroidetes and Chloroflexi are generally recognized as oligotrophic bacteria that predominate
in soils with limited nutrient availability. The correlation analysis also revealed that Bac-
teroidetes displayed positive correlations with pH, ESP, ECe, and SARe while showing
negative correlations with soil CEC, TN, AP, AK, SOM, and C/N ratio (Table 6). This is
consistent with the results of Huang et al. [26] and Xu et al. [49].

The above results suggest that the improvement of soil chemical and saline-alkali char-
acteristics, as well as nutrient availability after the addition of biochar in highly saline-alkali
paddy soils, can significantly influence the composition and abundance of the bacterial
community. This, in turn, can further promote nutrient conversion and improve highly
saline-alkali soil’s function. Consequently, the present findings hold value for forthcoming
crop production in highly saline-alkali paddy fields and the reclamation of saline-alkali
lands. However, Prayogo et al. [63] demonstrated that under long-term field conditions,
biochar application can lead to a negative priming effect. Therefore, the long-term ef-
fects of biochar return on soil bacterial communities in saline-alkali paddy fields deserve
further study.

5. Conclusions

The use of biochar had a substantial impact on mitigating saline-alkali stress and
enhancing soil functions in saline-alkali paddy soils. This was achieved through the mod-
ification of soil chemical and saline-alkali properties, the improvement of soil nutrient
bioavailability, and the regulation of soil bacterial abundance and community structure
in this study. The application of biochar, especially when combined with N fertilizer, sig-
nificantly decreased the soil pH value, ESP, ECe, and SARe while increasing the soil CEC
in highly saline—alkali paddy soils. This improvement of soil chemistry and saline—alkali
properties was observed to increase with the rate of biochar addition. Additionally, com-
bined biochar with N fertilizer treatment demonstrated advantageous impacts on soil TN,
AN, AK, AP, SOM, and C/N ratio, which is particularly beneficial for low-fertility soils like
highly saline-alkali paddy soil. Furthermore, biochar application significantly impacted
the relative abundance of bacterial communities and modified the bacterial community
structure, e.g., Proteobacteria abundance increased and Bacteroidetes and Chloroflexi abun-
dance decreased, regardless of N fertilization; these bacteria are typically categorized as
eutrophic bacteria and oligotrophic bacteria, respectively. However, the diversity indices
of Simpson and Shannon showed no significant difference after biochar application. Cor-
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relation analysis results showed that the improvements in soil chemical and saline—alkali
properties and in nutrient bioavailability after biochar application had a positive effect
on bacterial communities of highly saline-alkali paddy soils. Considering the potential
of biochar to improve soil quality and increase rice yield, 3.0% (w/w) biochar is the most
cost-effective application rate. To our knowledge, this is the first report on examining
the biochar application reduction of saline-alkali stress by improving soil functions and
regulating soil bacterial community diversity and abundance in highly saline-alkali paddy
fields. These findings provide a theoretical basis for repairing and improving soil functions
and the production ability of highly saline-alkali paddy soils.
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