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Abstract

Purpose: In order to provide a scientific basis for the improvement of soda saline-alkaline paddy soil, the pot experi-
ment was performed to explore the effects of rice straw and straw-derived biochar on the diversity of soil bacteria
and community structure in soda saline-alkaline soil.

Methods: The experiment was four gradients of straw return (3 (RS1), 7.5 (RS2), 12 (RS3), and 16.5 (RS4) t/hm?) and
four gradients of biochar return (3 (RB1), 7.5 (RB2), 12 (RB3), and 16.5 (RB4) t/hm?), using O t/hm? as a control (CK). After
5 consecutive years of measuring straw returns, high-throughput sequencing was used to determine the relative
abundance, alpha diversity, and changes in the community structure of soil bacteria.

Result: Our results demonstrated that straw return significantly increased the relative abundance of Bacteroidetes,
Firmicutes, and Sphingomonas and significantly reduced the relative abundance of Acidobacteria, Actinobacteria,
Gemmatimonadetes, Parcubacteria, Anaeromyxobacter, Pontibacter, uncultured_bacterium_f_Draconibacteriaceae, and
Bryobacter. Straw-derived biochar return significantly increased the relative abundance of uncultured_bacterium_f_
Draconibacteriaceae and significantly reduced the relative abundances of Actinobacteria, Gemmatimonadetes,
Thiobacillus, and Anaeromyxobacter, indicating that both straw and its associated biochar return changed the rela-
tive abundance of the phyla and genera of some bacteria. Straw return affected bacteria phylum and genus more
than straw-derived biochar. With the exception of the 16.5 t/hm? straw return, which reduced bacterial richness, the
treatments did not significantly impact alpha diversity. Compared with straw-derived biochar return, straw return
significantly changed the bacterial community structure, and the higher the straw return, the higher the impact on
the bacterial community structure. Redundancy analysis (RDA) demonstrated that there was a significant correla-
tion between the physicochemical properties of the soil and the community structure of its bacteria. A Mantel test
demonstrated that the content of available phosphorus, available potassium, and organic matter was all important
environmental factors affecting community structure.

Conclusion: We speculate that straw return regulates the physicochemical properties of the soil, which affects the
bacterial community structure.
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China is a large agricultural country with one of the high-
est abundances of straw in the world (Zeng et al. 2007).
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China is a serious problem because it is a waste of resources,
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pollutes the environment, and perturbs the ecological
balance of farmland. A major research topic is how to use
straw resources to develop new industries that provide
ecological and environmental protections, save energy
and reduce emissions, and develop sustainable agricul-
tural practices. Straw is rich in carbon, nitrogen, phos-
phorus, and other nutrients, so straw return can increase
the content of soil organic matter, improve soil fertility
(Sommer et al. 2011; Turmel et al. 2014), promote the
growth of soil microorganisms (Miura et al. 2016), and
increase crop yield (Wang et al. 2015). However, excess
straw return negatively impacts crop production and
soil quality, such as reducing soil nitrogen levels (Shindo
and Nishio 2005) and causing problems with disease and
weeds (Su et al. 2016; Tardy et al. 2015) In recent years,
a new method of straw return has attracted increasing
attention: biochar. Biochar is a type of high-carbon solid
material with rich pores and an aromatic hydrocarbon
structure that can be generated by subjecting agricultural
and forestry waste to high temperatures under low oxy-
gen or anaerobic conditions (Cayuela et al. 2013). Due to
the unique physical and chemical properties of biochar,
it is widely used in pollutant adsorption and soil quality
improvement (Gul et al. 2015; Gunes et al. 2016; Xie et al.
2014).

Microorganisms are responsible for maintaining the
stability of a soil’s ecosystem (Gul et al. 2015) and are sen-
sitive to changes in soil properties. As such, they are used
to evaluate soil quality (Marschner et al. 2013). As one of
the most abundant microbial species in the soil, bacteria
play important functional roles in a variety of soil ecolog-
ical processes, such as decomposing organic matter and
promoting the mineralization of soil nutrients (Hamm
et al. 2016). Studies showed that both carbonization and
straw return increase the number of bacteria, actinomy-
cetes, and physiological microbe flora in the soil (Gu et al.
2016). Biochar is rich in nutrients, and the unique struc-
ture can provide a favorable breeding ground for soil bac-
teria. This makes biochar conducive to bacterial growth,
increasing its relative abundance (Rillig et al. 2010). There
are numerous studies assessing the effects of straw and
biochar return on soil bacteria; however, its impact on
bacterial diversity is often closely related to the raw mate-
rials, the return levels of straw and biochar, and the soil
type. Bai et al. (2020) found that carbonization return can
increase the alpha diversity of soil bacteria in sandy loam
soil (pH = 8.51), but that straw return has no significant
effect on the alpha diversity of soil bacteria. The biochar
of wheat and corn stalks return can increase the diversity
of weakly acidic rice soil and black soil, respectively (Yao
et al. 2017; Zheng et al. 2016). Straw return increased the
alpha diversity of bacteria in acidic soil (Bu et al. 2020)
but had no significant impact on the alpha diversity of
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bacteria in alkaline soil (Sun et al. 2015; Yu et al. 2018;
Zhang et al. 2021).

The mechanism behind how straw and straw-derived
biochar return affect soil bacterial communities is cur-
rently unclear. There is little research on how rice straw
and carbonization return affect soil bacterial commu-
nity diversity and structure in soda saline-alkali soil for
many years. Therefore, we explored the effects of differ-
ent amounts of rice straw and its straw-derived biochar
on soil bacterial community diversity over several years,
providing a theoretical reference for the practical appli-
cation of straw agriculturalization.

Materials and methods

Test site and materials

This experiment was performed in the potted experimen-
tal fields (26° 10’ N, 119° 23’ E) of Heilongjiang Bayi Agri-
cultural University, from 2014 to 2018. Dagqing City is in
the northeast semi-humid, semiarid, grassland-meadow
saline area. The soil types are primarily soda-alkalized
meadow soil, swampy meadow soil, and soda-salinized
meadow alkaline soil. The salinization of this soil is
accompanied by an alkalization process. The average
annual sunshine is 2726 h, the average annual frost-free
period is 166 days, the average annual temperature is 4.2
°C, and the average annual summer temperature is 23.2
°C. The daily temperature difference during the growth
and development period of crops exceeds 10 °C, the aver-
age annual precipitation is 427.5 mm, and the average
annual evaporation is 1635 mm. The tested variety was
Kenjiandao 5, which had 12 leaves on the main stem,
was 87-90 cm in height, and possessed > 10 °C active
accumulated temperature of 2450-2500 °C. The test soil
was taken from the 0—15 cm soil layer of soda-salinized
meadow alkaline soil in Heilongjiang Bayi Agricultural
University in 2014. The physical and chemical properties
of the soil are shown in Table 1.

Experimental design

The biochar material, rice straw, was purchased from
Liaoning Jinhefu Agricultural Development Co., Ltd. It
had pH 9.04 and was comprised of 56.61% carbon, 13.60%
nitrogen, and 21.07% ash. We performed a pot experi-
ment, with single factor complete randomized design at
nine levels including a control 0 (CK), and annual straw

Table 1 Nutrient content of experimental soil (2014)

pH Organic Total Available Available Available
value matter  salt nitrogen phosphorus potassium
(g/kg) content (mg/kg) (mg/kg) (mg/kg)
(%)
8.80 18.00 0.50 98.75 12.10 193.70
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return 3.0 (RS1), 7.5 (RS2), 12 (RS3), and 16.5 (RS4) t/
hm? respectively, and annual straw-derived biochar
return 3.0 (RB1), 7.5 (RB2), 12 (RB3), and 16.5 (RB4) t/
hm?, respectively. The test was performed three times,
with four pots each time. In the spring of the first year,
the saline-alkaline soil was dried, crushed, and mixed,
after which 12 kg of saline-alkaline soil was mixed with
quantitative biochar and 5 cm rice straw, respectively. It
was then placed into a pot (height 30.5 cm, inner diam-
eter 30 cm), and the base fertilizer was buried 10 cm deep
in the soil layer. Water was added until it stabilized, after
which it was stirred. There were four hills per hot and
three seedlings per hill. Following the annual harvest, the
soil from each pot was maintained in its original state.
The next spring, it was crushed and mixed with biochar
and straw and returned to the original pot. The amount
of biochar and straw and the management measures were
the same for each treatment every year, and the biochar
and straw were continuously returned for 5 years. The
fertilizers applied were urea, ammonium sulfate, diam-
monium phosphate, and potassium sulfate. The applica-
tion rates of basal fertilizers N, P, and K were 39.6 (N), 69
(P,05), and 42 (K,0) kg/hm?, respectively; the applica-
tion rates of tillering fertilizer and regulating fertilizer N
were 28.35 kg/hm? and 9.35 kg/hm?, respectively, and the
application rates of panicle fertilizer N and K were 14.39
(N) and 28.5 (K,0) kg/hm?, respectively.

Method

Soil sampling

In mid-June (rice tillering period) of 2018 (the 5th year of
continuous straw and biochar return), soil samples from
the 0-10 cm soil were collected, with three repetitions
for each. Each repetition was a mixture of three sam-
ples from each pot of the four pots. Each soil sample was
divided into two parts. One part was placed into a sterile
airtight bag and was immediately placed in liquid nitro-
gen, brought back to the laboratory, and stored at —80
°C for subsequent analysis of the soil bacteria diversity.
Another part of the sample was air-dried in a dark and
ventilated place to remove gravel blocks and plant resi-
dues and was passed through a 2-mm sieve to determine
the soil nutrient content.

Extraction of total soil DNA, PCR amplification,

and high-throughput sequencing of bacterial 16S rRNA
sequences

We weighed 0.5 g of a soil sample, used a PowerSoil®
DNA Isolation Kit to perform DNA extraction, and used
agarose gel electrophoresis and a spectrophotometer
to detect the purity, concentration, and integrity of the
DNA. We then amplified the V3 + V4 region of bacte-
rial 16S rRNA with primers 338F (5-ACTCCTACG
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GGAGGCAGCA-3') and 806R (5'- GGACTACHVGGG
TWTCTAAT-3'). The reaction system for the first step of
PCR amplification was 50 pl, and the reaction procedure
was as follows: 95 °C pre-denaturation 5 min; 15 cycles
(including 95 °C, 1 min; 50°C, 1 min; 72°C, 1 min); 72 °C,
7 min; and kept warm at 4 °C. The PCR product was then
purified with magnetic beads. The second reaction was
40 pl, and the reaction procedure was as follows: 98 °C
pre-denaturation for 30 s; 10 cycles (including 98 °C, 10 s;
65 °C, 30 s; 72 °C, 30 s); and 72 °C, 5 min. The PCR prod-
uct of the second step was purified with magnetic beads
and then quantified by NanoDrop 2000, and the samples
were mixed according to a mass ratio of 1:1. The library
was sequenced using the Illumina Hiseq 2500 platform
(Ilumina Corporation, USA) with a 2 x 250 bp paired-
end sequencing strategy. The total DNA extraction and
sequencing of soil microorganisms were performed by
Beijing Biomarker Biotechnology Co., Ltd.

Data processing

We used the USEARCH method to cluster the effec-
tive tags of each sample, and cluster sequences with 97%
sequence similarity were used to generate operational
taxonomic units (OTUs). We used Mothur (version
v.1.30) software to analyze the alpha diversity of the sam-
ples. R software was used to perform principal coordi-
nate analysis (PCoA) of OTU abundance and study the
differences in community structure between different
treatments. We used redundancy analysis (RDA) to study
the relationship between the physicochemical properties
of the soil and its microbial community structure. Excel
2003 was used for data sorting, and GraphPad prism 6.02
software was used to complete the drawing. DPS v7.05
software was used for variance analysis, and the Duncan’s
test was applied to identify the significance among the
various treatments.

Results and analysis

Comparison of the relative abundance of soil bacteria

The top ten bacterial phyla in relative abundance are
Proteobacteria, Chloroflexi, Bacteroidetes, Acidobacte-
ria, Actinobacteria, Gemmatimonadetes, Ignavibacte-
riae, Firmicutes, Verrucomicrobia, and Parcubacteria. In
this study, we analyzed the bacteria at the phylum level
that significantly differed in relative abundance follow-
ing straw and straw-derived biochar return (Fig. 1). After
straw return, the relative abundance of Bacteroidetes
and Firmicutes first increased and then decreased, with
both reaching their maximum in the RS3 treatment,
which were 42.28% and 318.25% higher than the con-
trol. The relative abundance of Acidobacteria, Gemma-
timonadetes, and Parcubacteria first decreased and then
increased, while the relative abundance of them in RS2
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Fig. 1 Effects of different treatments on the relative abundance of bacterial phyla. Different small letters within one column mean significant

difference of Duncan multiple range test among different treatments at 5% level. The same as below

and Parcubacteria was not significant. The relative abun-
dance change of Actinobacteria was RB1 > RB4 > CK

and RS3 treatments was significantly lower than both
the control and other treatments. The relative abundance
change of Actinobacteria in each treatment was RS4 >

> RB2 > RB3, while that in the RB3 treatment was 52%
significantly lower than in the control. The relative abun-

RS2 > CK > RS3 > RS1, and that in RS1 treatment was
48% lower than control. Compared with straw return,

straw-derived biochar had a smaller effect on the rela-

dance of Gemmatimonadetes was RB2 > CK > RB1 > RB3

> RB4, where the RB3 and RB4 treatments were 35.97%
and 46.05% significantly lower than the control. Based on

tive abundance of bacterial phyla after returning to the

field. The difference in relative abundance between the
control and Bacteroidetes, Acidobacteria, Firmicutes,

these analyses, there are differences in the effect of straw

and its derived biochar return on the relative abundance

of bacterial community at the phylum level.
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higher than the control.

relative abundance was lowest in the RS3 and RS4 treat-
ments, which were 91.70%, 45.90%, 64.84%, and 49.38%

lower than the control. The relative abundance changes

of Sphingomonas were RS4 > RS2 > RS3 > CK > RSI.

The RS4 treatment was 66.67%

We further analyzed bacterial genera that were sig-
nificantly affected by the straw and its derived biochar
return (Fig. 2). The top ten bacterial genera in relative
abundance are uncultured bacterium_f Anaerolineaceae,
Thiobacillus, Anaerolinea, Pontibacter, Sphingomonas,
Anaeromyxobacter,

m_f_Draconibacteriaceae was increased,
and that in RB3 and RB4 were 42.97% and 66.41% higher

than in the control. The relative abundance of uncul-

increased and was 24.80% lower in the RB1 treatment
tured_bacteriu

As the amount of biochar return increased, the rela-
tive abundance of Thiobacillus first decreased and then

m_f Draconi-

uncultured_bacteriu
bacteriaceae, Bryobacter, uncultured_bacterium_f Blas-

tocaeraceae_[Subgroup_4], and Geobacter. As straw
return increased, the relative abundance of Pontibacter,

Anaeromyxobacter, uncultured_bacterium_f Blastocaer-
aceae_[Subgroup_4] and Bryobacter decreased, and their
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Fig. 2 Effects of different treatments on the relative abundance of bacterial genera
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than in the control. Biochar return significantly reduced
the relative abundance of Amnaeromyxobacter. Our
results demonstrate that straw return impacts the rela-
tive abundance of bacteria at the phylum and genus level
more than biochar does. RS2 and RS3 treatments have a
greater impact on the bacteria at the phylum level, RS4
treatment has a greater impact on bacteria at genus level,
and the effects of RB3 and RB4 treatments on bacteria at
the phylum and genus levels were relatively large.

Comparison of alpha diversity of soil bacterial community
The statistical results of the OTU number and alpha
diversity of each treatment at 97% similarity are shown
in Table 2. The sample sequencing depth index values
all exceed 99.5%, indicating that the sequencing depth
includes most types of bacteria in the sample, and the
amount of sequencing data was adequate. The number of
bacterial OTUs was between 1676 and 1771. The num-
ber of OTUs in the RS3 and RS4 treatments was 4.11%
and 4.23% lower than in the control, and the difference
between the other treatments and the control was not
significant. The Chaol and ACE index were both used
to measure the species abundance. The number of spe-
cies in the RS4 treatment was significantly lower than
in the control, though the differences between the other
treatments and the control were not significant. We used
Simpson and Shannon indexes to measure species diver-
sity. The Shannon index value is inversely proportional to
the Simpson index value, indicating higher species diver-
sity in the sample. In this study, the differences between
the control and the Simpson and Shannon indexes in
each treatment did not reach a significant level, indicat-
ing that straw return and carbonization have no signifi-
cant effect on bacterial alpha diversity.

Comparison of soil bacterial community structure
In order to study the changes of the bacterial commu-
nity structure after continuous straw and straw-derived
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biochar return, PCoA analysis was performed based on
the OTU level, and the principal coordinate combination
with the largest contribution rate was selected (Fig. 3).
The first and second principal axes accounted for 44.54%
and 9.31%, respectively, of the variation of the bacterial
community structure. The distances of the biochar return
treatments were closer to the control, indicating that the
community structure is similar. Compared with the bio-
char return treatments, straw return treatments were
clearly distinguishable from the control. As the straw
return amount increased, the projection distance of each
treatment on the PC1 axis from the control increased,
indicating that adding straw changed the soil bacterial
community structure, and that high level had a more sig-
nificant impact.

Redundant analysis of soil physicochemical properties

and bacterial community structure

The soil physicochemical properties and related bac-
terial genera were analyzed using RDA (Fig. 4), which
further clarified the environmental factors that affect
the changes in community structure. The relationship
between the rays in the figure is represented by the angle:
an obtuse angle represents a negative correlation, and
an acute angle represents a positive correlation. RDA
analysis demonstrated that the eigenvalues of the two
main axes were 28.43% and 9.45%, respectively. Sphingo-
monas, Hydrogenispora, and Lentimicrobium are nega-
tively correlated with TN; Clostridium_sensu_stricto_1
is negatively correlated with TN and AN and positively
correlated with other environmental factors; Pontibac-
ter, Bryobacter, and Anaeromyxobacter are positively
correlated with TN and are negatively correlated with
other environmental factors; Thiobacillus is positively
correlated to pH and negatively correlated with other
environmental factors; and Anaerolinea and Geobac-
ter are positively correlated to AP, TK, TP, and PH and
negatively correlated with other environmental factors.

Table 2 Soil bacterial community alpha index in different treatments

Treatment oTU ACE index Chao1 index Simpson index Shannon index Coverage
CcK 1750+ 11ab 1790.16 £ 6.35ab 1804.77 £ 2.85abc 0.0058 £ 0.0006ab 6.37 £ 0.50ab 99.74%
RS1 1771 £ 10a 1822.23 £9.14a 183224 £ 12.43a 0.0065 £ 0.0003a 6.33 + 0.02ab 99.74%
RS2 1751 £ 17ab 181234+ 7.01ab 1829.04 £ 10.53a 0.0052 +£ 0.0005ab 641+ 001Tab 99.66%
RS3 1678 £ 17¢ 1764.29 + 16.87b 1779.22 +19.14cd 0.0063 4+ 0.0001a 6.32 + 0.06ab 99.73%
RS4 1676 £ 16¢ 1702.90 & 33.23c 1751.11 £ 10.74d 0.0064 £ 0.0003a 6.38 + 0.07ab 99.71%
RB1 1755 % 9ab 1793.87 £ 7.51ab 1815.98 + 7.83ab 0.0045 +£ 0.0003b 6.48 £+ 0.02a 99.70%
RB2 1769 =+ 4a 1799.27 + 16.25ab 1833.53 £ 5.13a 0.0056 % 0.0006ab 6.37 + 0.05ab 99.52%
RB3 1730+ 5b 177313 £6.93ab 1791.52 £ 15.01bc 0.0062 + 0.0007a 6.30 + 0.07b 99.52%
RB4 1729 £+ 6b 1774.09 £ 2.08ab 1790.19 % 4.54bc 0.0059 £ 0.0004ab 6.33 + 0.05ab 99.57%
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A Mantel test performed on the soil bacterial flora and
soil physical and chemical indicators demonstrated that
the relationship between the content of OC, AP, AK, and
bacterial community structure was reached significant
and extremely significant level (Table 3). Of these, the
content of AP and AK had the greatest impact on com-
munity structure.

Discussion

The influence of straw and straw-derived biochar return

on the relative abundance of soil bacterial groups

Straw crops are rich in nutrients such as nitrogen, phos-
phorus, and potassium, which are released after return-
ing to the field. This can improve soil fertility and nutrient
cycling (Yin et al. 2018), make the soil loose and porous,
and improve microbial and enzymatic activities in the
soil (Eagle et al. 2000). Similarly, biochar also has a posi-
tive impact on the physical, chemical (Peng et al. 2011),
and biological properties of the soil (Van et al. 2010), all
of which improve soil quality. Our results demonstrate
that straw and straw-derived biochar return changed the
relative abundance of some bacteria at phylum and genus
level. The relative abundance of Proteobacteria was high-
est for both control and treatments. This is consistent
with previously published results, which found Proteo-
bacteria to be the dominant phylum in soil bacteria (Bai
et al. 2020; Bu et al. 2020; Song et al. 2019; Su et al. 2020).
The relative abundance of Bacteroidetes and Firmicutes
increased following straw return. Previous studies dem-
onstrated that Bacteroidetes are important decompos-
ers of hemicellulose and xylan (Maarastawi et al. 2018),
which positively affects carbon circulation in the soil.
Firmicutes also play an important role in the decompo-
sition of organic matter, working as a carbon cycle-pro-
moting bacteria to promote cellulose degradation (Xu
et al. 2019). Combined with our previous research (Li
et al. 2021), it shows that straw return can accelerate the
decomposition of organic matter and the release of nutri-
ents, effectively strengthening the soil carbon cycle of
paddy fields. Previous studies demonstrated that adding
biochar reduced the relative abundance of Actinobacteria
and Gemmatimonadetes (Su et al. 2020; Sun et al. 2016;
Zheng et al. 2016). In this study, straw and carbonization
return both reduced the relative abundance of Actinobac-
teria and Gemmatimonadetes. The relative abundance of
Actinobacteria and Gemmatimonadetes in 12.0 t/hm?
treatment of biochar was significantly lower than that

Table 3 Analysis of Mantel test
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in the control. Our previous studies demonstrated that
the pH of the 12.0 t/hm? biochar return treatment was
significantly higher compared to the control and other
treatments, and that straw return had the same trend (Li
et al. 2020, 2021). Straw return reduced the relative abun-
dance of Acidobacteria and Parcubacteria. Acidobacte-
ria mostly belongs to the oligotrophic group (Bergmann
et al. 2010), is conducive to growth in low pH soil envi-
ronments, and is very sensitive to increases in pH (Mao
et al. 2012; Wu et al. 2019). Therefore, we speculate that
straw and biochar return increased soil pH, inhibiting the
growth of some bacterial growth.

Effects of straw and straw-derived biochar return on soil
bacterial alpha diversity

The soil bacterial community plays a key role in the pro-
cess of soil regulation, and the biomass and composition
of soil bacteria determine the sustainability of agricul-
tural soils (Segal et al. 2016). Several studies have been
conducted on the effects of long-term straw return and
carbonization return on the alpha diversity of soil bacte-
ria, but no consensus has yet been reached. Some stud-
ies have demonstrated that straw return increased the
bacterial alpha diversity of acidic soil (Bu et al. 2020), but
did not have a significant impact on alkaline soil diver-
sity (Sun et al. 2015; Yu et al. 2018; Zhang et al. 2021).
Returning crop straw biochar to the field increased the
bacterial alpha diversity of weakly acidic soils (Yao et al.
2017; Zheng et al. 2016) and reduced the alpha diversity
of weakly alkaline soils (Liu et al. 2019). Yin et al. (2021)
found that applying peanut shell biochar had no signifi-
cant effect on the bacterial alpha diversity of tobacco cin-
namon soil (pH = 7.10). Bai et al. (2020) found that straw
carbonization can increase the alpha diversity of soil
bacteria in sandy loam soil (pH = 8.51); however, straw
return did not significantly impact it. Additional analysis
demonstrated that the primary reasons for the different
test results were the use of different raw materials and
the return level of straw and biochar, as well as the soil
type. The abundance and diversity of microbial commu-
nities largely depend on the pH and nutritional status
of the soil (Mao et al. 2012; Tao et al. 2017). Bacteria are
very sensitive to pH changes; for example, the diversity
and richness of bacteria in desert soils (pH > 8.0) and in
temperate and tropical forest soils (pH < 4.5) are both
lower than that of grassland soil in Minnesota (pH = 6.1)
(Lauber et al. 2009). With the exception of the 16.5 t/hm?

pH ocC N TK AN AP AK
r-value 0.145 0.466 0.054 0.157 0.081 0.089 0.489 0.655
p-value 0.183 0.011 0.297 0.102 0.208 0.193 0.002 0.001
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straw return treatment, which reduced bacterial abun-
dance, the effects of other treatments on alpha diversity
were not significant. This is consistent with the results of
Zhang et al. (2021) and Sun et al. (2015). One reason is
that the soda saline-alkaline paddy soil used in this study
has a relatively high pH. After adding straw and biochar,
the pH exceeds 8.0, which inhibits some bacterial growth.
The second reason is that adding large amounts of straw
and biochar increases the C/N ratio in the soil, meaning
there is not enough nitrogen for bacterial activity. This
inhibits the growth of some microorganisms in the soil.

Effects of straw and straw-derived biochar return on soil
bacterial community structure

Changes in microbial diversity or community structure
could have dramatic impacts on ecosystem processes
(Prosser 2002). Straw provides energy and nutrients
for bacterial growth (Bai et al. 2018) and can redis-
tribute bacterial community composition (Chen et al.
2017). Previous studies demonstrated that long-term
straw return can significantly change bacterial com-
munity structure (Bu et al. 2020; Navarro-Noya et al.
2013; Yu et al. 2018). We reached similar conclusions
in this study: the straw return significantly changed the
bacterial community structure of soda saline-alkaline
soil over 5 consecutive years, and the level of influence
increased commensurate with application increases.
Compared with straw return, straw carbonization
return had a smaller impact on bacterial community
structure, which was similar to the results of previous
studies (Jing et al. 2016; Pan et al. 2016). Some stud-
ies demonstrated that the primary factor affecting
soil bacterial community structure is soil type (Song
et al. 2019). Different soil types respond differently to
the composition and structure of soil bacterial com-
munities when adding biochar (Liu et al. 2019). The
application of biochar primarily affects the microbial
community composition of both acidic and sandy soils
(Han et al. 2017; Wang et al. 2016). Previous studies
have found that adding organic matter can benefit soil
microbial biomass, activity, and community structure
(Bronick and Lal 2005). After the straw is returned to
the field for a long time, the AK, TOC, and AP con-
tents of the soil all affect the bacterial community
(Su et al. 2020). In this study, we found that available
phosphorus, available potassium, and organic matter
content are important environmental factors affecting
the structure of the bacterial community. Our previ-
ous research demonstrated that the content of available
phosphorus, available potassium, and organic matter
after straw return is also important environmental fac-
tors that affect the structure of the fungal community
(Li et al. 2021). Along with previous studies, we can
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conclude that straw return changes the physicochemi-
cal properties of the soil, affects the living environment
of soil microorganisms, and induces changes in the
structure of the soil microbial community.

Conclusion

(1) Five consecutive years of straw return and straw-
derived biochar return have changed the relative
abundance of some bacteria at phylum and genus
level in soda saline-alkaline paddy soil. The effect
of straw return is higher than that of straw-derived
biochar return.

(2) Five consecutive years of straw return and straw-
derived biochar return have not significantly
increased bacterial alpha diversity. Compared with
biochar return, straw return significantly changed
the bacterial community structure. Available phos-
phorus, available potassium, and organic matter con-
tent are important environmental factors affecting
the differences in soil bacterial community structure.

(3) Based on the above analysis, we conclude that straw
return regulates the physicochemical properties of
the soil, thereby affecting the bacterial community
structure.
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