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Effects of Biochar on Waterlogging and the Associated
Change in Micro-ecological Environment of Maize
Rhizosphere Soil in Saline-alkali Land

Zhihui Wang, Dawei Yin, Hongyi Wang, Changjiang Zhao, and Zuotong Li*

Saline-alkali soils of northern China are prone to waterlogging after
degradation caused by overuse. The effects of biochar (40 t/ha) were
tested relative to the physico-chemical properties of maize rhizosphere
soil, the composition and function of the soil bacterial community, and its
response to sudden waterlogging. Biochar treatment decreased the pH
and bulk density of the soil and increased soil organic carbon (SOC),
available nitrogen (AN), and available phosphorus (AP). The relative
abundance of bacteria (Proteobacteria, Actinobacteria, Bacteroidetes, and
Nitrospirae) also increased, along with the activities of soil enzymes, such
as dehydrogenase, B-glucosidase, and alkaline phosphomonoester. The
response of soil microbial enzymes to biochar addition was induced by
changes in the soil physical properties (pH, soil moisture content, and soil
respiration (BR)). Changes in the bacterial community structure were
driven by soil nutrients and physical characteristics (AN, AP, SOC, pH,
moisture, water-stable aggregate stability rate, BR, and bulk density). After
waterlogging, soil with biochar demonstrated high water permeability and
improved soil respiration. The relative abundance of soil bacteria and
enzyme activities remained higher in the biochar plot than in the no-
biochar plot. Biochar maintained the growth and vitality of maize roots in
unfavorable environmental conditions, thus ensuring high yields.

Keywords: Biochar; Saline-alkali soil; Soil bacteria; Maize yield; Available nitrogen; Soil organic carbon

Contact information: College of Agronomy, Heilongjiang Bayi Agricultural University/Key Laboratory of
Modern Agricultural Cultivation and Crop Germ-plasm Improvement of Heilongjiang Province, Daging
163319, Heilongjiang, China; *Corresponding author: 1xg64019@163.com

INTRODUCTION

Heilongjiang is a key grain production base in China with maize (Zea mays L.) as
its main food crop. However, the overuse of the cultivated land over successive years has
caused severe salinization and compaction of the soil, erosion of the cultivation layer,
degradation of the physico-chemical properties of the soil, and a reduction in soil microbial
activity (Chen et al. 2020). With the frequent occurrence of extreme climate events in
recent years, Heilongjiang has suffered from successive flooding and waterlogging
disasters. Waterlogging is a natural disaster caused by excessive precipitation and the
flooding of farmland. Consequently, the soil becomes saturated with water, adversely
affecting the growth and production of maize. Waterlogging often occurs from July to
September in the northern maize cultivation regions (Zhu et al. 2019). Waterlogging results
in increased soil viscosity and poor permeability, where the soil water content is too high
and air is squeezed out, leading to a lack of oxygen in the soil, reduced soil respiration and
survival or reproduction of soil microorganisms, in addition to impaired crop growth
(Wang et al. 1993). These factors have a strong impact on the stability and productivity of
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agricultural ecosystems (Wang et al. 2018). Finding a way in which to improve and
stabilize the soil structure; recover the physico-chemical properties of the soil; create a
benign micro-ecological environment in farmland soil; and ultimately improve the maize
yield, has become an urgent issue.

In recent years, the use of biochar for improving soil conditions and crop production
has attracted wide interest. Biochar is a stable, high-carbon product obtained through the
pyrolysis of agricultural waste biomass under low-oxygen or oxygen-free conditions
(Meng et al. 2019). It exhibits a loose and porous structure along with a high specific
surface area. The application of biochar in the soil serves several functions including
improving soil structure; reducing bulk density; regulating soil water, temperature, and gas
conditions; and increasing soil nutrients such as nitrogen, phosphorus and potassium
(Lehmann et al. 2009; Fan et al. 2020). In addition, the application of biochar is known to
change the composition and community structure of soil microorganisms (Quilliam et al.
2013). Jiang (2016) applied biochar in a corn field in brown soil and examined the effects
after three years, finding that the presence of biochar significantly increased the abundance
of Proteobacteria, Actinobacteria, Acidobacteria, Bacillus, Chloroflexi, and Nitrospira in
the soil and reduced the relative abundance of Planctomycetes and Bacteroidetes. These
changes were closely related to the nutrient content of the soil. Yao (2017) has also
demonstrated significant improvements in the bacterial abundance of black soil with
corn/soybean rotations in Northeast China after applying biochar for over three years. The
improvement was attributed to the gradual change in the soil physical habitat. In particular,
the change of the bacterial community structure was best explained by the change in soil
properties. However, Guo (2018) analyzed the bacterial community in black soil corn fields
after applying biochar for a short time and found that the increased abundance of
Proteobacteria, Actinobacteria, and Bacteroidetes was positively related to the changes in
nitrogen and cellulase in the soil. As demonstrated by their study, the composition and
structure of soil bacterial communities with different properties will be affected differently
by biochar under different driving factors. Nevertheless, there are only a limited number
of studies on the soil of corn fields in saline-alkali land in cold regions. In a prolonged
experiment on this topic, applying biochar at a rate of 40 t/ha provided the optimal
performance in improving the properties of saline-alkali soils and increasing the soil
nutrient content, both of which increased the maize yield effectively and economically
(Wang et al. 2019). However, the underlying mechanisms of how biochar affects the
composition, community structure, and function of corn field soil bacteria for achieving
improved maize yields in saline-alkali land in cold regions still requires more systematic
research. In particular, research is required to probe the synergistic changes found in
biochar and soil for resisting unfavorable environmental changes after the occurrence of
extreme climate events (e.g., waterlogging).

In this study, field plot experiments were conducted on saline-alkali land in the cold
regions of Heilongjiang to investigate the effects of biochar addition (40 t/ha) on the
physico-chemical properties of rhizosphere soil, as well as the structure and function of the
soil bacterial community in saline-alkali maize fields. The effects of biochar addition on
the micro-ecological environment in the rhizosphere soil of corn fields suffering from
waterlogging during grain filling and the subsequent impact on the growth and yield of
maize were also investigated in the study.

Two hypotheses were proposed: (1) Biochar is an effective way to resolve the
farming issues associated with saline-alkali land in cold regions. By regulating the soil
environment, biochar can facilitate changes in the composition, abundance, structure, and
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function of the soil microbial community. These changes will affect the series of
biochemical reactions that occur in the soil, which in turn affects the growth and yield of
plants; (2) the addition of biochar can keep the structure and properties of the soil relatively
stable after waterlogging, with enhanced stress tolerance. Therefore, stable habitats can be
provided to support the survival of soil microorganisms and the growth of plant roots, both
of which will ensure that plants grow properly.

EXPERIMENTAL

Test Location and Varieties

The test was performed in 2019 at the experimental base in Heilongjiang Bayi
Agricultural University (46°37' N 125°11" E, altitude = 146 m) in Daqing, Heilongjiang,
China. The maize variety used for testing was Xianyu 335 with a growing season ranging
from May to October. Figure 1 shows the temperature and precipitation information for the
test region in the study period.

The minimum daily average temperature, maximum monthly average temperature,
and total precipitation were 6.3 °C, 24.7 °C, and 512.7 mm, respectively. The total
precipitation from July 5th to September 5th was 349.2 mm. According to the data
collected in the test area, the annual average precipitation over the past 10 years was 427
mm. The total precipitation in 2019 was 20% higher than the average. In particular, the test
area suffered through waterlogging because of multiple heavy rainfalls between the
jointing stage of maize in July and the grain filling stage in September.
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Fig. 1. Temperature and precipitation data for the test area during the growing season from May to
October 2019

Test Material and Experimental Design

Saline-alkali soil was used as the test soil. The basic fertility information of the
plough layer (0 to 20 cm) includes a pH of 8.32, an organic matter content of 26.37 g/kg,
an alkaline hydrolyzable nitrogen content of 128.65 mg/kg, a rapidly available phosphorus
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content of 13.05 mg/kg, and a rapidly available potassium content of 139.18 mg/kg. The
biochar used in the test was corn stalk charcoal purchased from Shenyang Longtai
Biological Engineering Co., Ltd. (Shenyang, China). The raw material for pyrolysis was
maize straw (Shibin 338). The pyrolysis conditions were 400°C for 1.5 h, and the detailed
charring method can be found in the Chinese patent CN 102092709 B (Chen 2012). The
basic physico-chemical properties of the biochar included a pH of 8.7, an organic carbon
content of 582.4 g/kg, a total nitrogen content of 8.42 g/kg, a total phosphorous content of
8.15 g/kg, and a total potassium content of 29.6 g/kg.

Biochar was applied to the surface of the test soil once before preparing and
ploughing the land. Subsequently, the biochar was spread evenly over the test area
manually and uniformly mixed with the topsoil (0 to 20 cm) using a rotary tiller. The
samples were collected in the second year after biochar addition. The test field treated with
biochar (40 t/ha) was denoted as B. In this study, another test field with no added biochar
was used as the control and denoted as C. Each treatment was replicated three times. Each
test plot contained six rows and each row was 15 m long. The total area of the test plot was
58.5 m?. Maize was cultivated in the test plot by ridge planting with a uniform ridge spacing
of 0.65 m. The total planting density was 75,000 plants/ha. Urea with 46% nitrogen (N),
diammonium phosphate with 46% phosphorus pentoxide (P20s), and potassium sulfate
with 50% potassium oxide (K20) were applied as fertilizers in the field at concentrations
of 164.5 kg/ha, 120 kg/ha, and 90 kg/ha, respectively. Around 70% of the urea, along with
all of the diammonium phosphate and potassium sulfate, were applied to the field as a base
fertilizer once during the sowing process. The remaining 30% of urea was applied in the
field as top dressing during the jointing stage. All other field management measures were
carried out in accordance with the standard high-yield maize cultivation procedures.

Sample Collection

The test samples were collected in two batches. The first batch, denoted as M7, was
collected at the jointing stage of maize (July 5™). The second batch, denoted as M9, was
collected at the grain filling stage (September 5™) after the occurrence of waterlogging.
During sampling, five plants of similar growth status were randomly selected from each
treatment plot. The biomass of the above-ground plant, the growth characteristics of the
roots, the physico-chemical properties of the soil, the enzyme activity of the soil, and the
microbial diversity of the soil were analyzed.

The underground roots and soil of selected plants were collected for examination.
A 40 cm x 30 cm rectangular area based on the center line between adjacent plants was
used as the root sampling region. The depth of the sampling region was around 50 cm. A
mixture of five soil samples collected at a depth of 0 to 20 cm was used for the rhizosphere
soil sampling (Fu et al. 2018). The soil samples were sieved through a 2-mm mesh. Then,
rhizosphere soil samples were collected in sterile zip-lock bags after removing large
particles, broken roots, and stones using a dry sterile brush. The root samples were placed
in a mesh bag. Finally, these samples were placed in an incubator with an ice box and
transported to the laboratory. Each soil sample was divided into three portions. The first
portion was placed in a sterile centrifuge tube and stored in a refrigerator at -80 °C for
measuring the soil microbial diversity. The second portion was stored at 4 °C for analyzing
soil respiration and soil enzyme activity. The last portion was placed in a cloth bag and air-
dried in the laboratory for determining the physico-chemical properties of the soil.
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Sample Examination
Measuring physico-chemical properties and enzyme activity of the soil

The pH value of the soil was measured using a glass electrode with a soil-water
ratio of 2.5:1 (Laboratory of Soil Physics 1978). The soil bulk density was measured by
the ring knife method (Laboratory of Soil Physics 1978). The moisture content in the soil
was determined by dehydrating a fresh soil sample (10 g) at 105 °C for over 24 h
(Laboratory of Soil Physics 1978). The soil respiration was measured by the sodium
hydroxide absorption and hydrochloric acid titration method (Laboratory of Soil Physics
1978). The water-stable aggregate stability rate (WSAR) of the soil was calculated based
on the mass of >0.25-mm water-stable aggregates (wet sieving method) and the mass of
>0.25-mm force-stable aggregates (dry sieving method) (Li 2017).

Soil organic carbon (SOC) was measured using the potassium dichromate oxidation
method (Bao 2000). The effective nitrogen was measured using the diffusion absorption
method based on sodium hydroxide hydrolysis and hydrochloric acid titration (Bao 2000).
The soil available phosphorus (AP) was measured by means of NaHCOs extraction-
ammonium molybdate-tartaric emetic-ascorbic acid colorimetry (Bao 2000).

The soil dehydrogenase activity (DHA) was first extracted using a Solarbio
BCO0390 kit (Beijing, China), and then measured using spectrophotometer colorimetry. The
soil B-glucosidase (BG) was extracted using a Solarbio BC0160 kit and measured using
spectrophotometer colorimetry. The soil N-acetyl-glucosaminidase (NAG) was extracted
using a Solarbio BC4000 kit and then measured using spectrophotometer colorimetry. The
alkaline phosphomonoester (PME) was measured by the phosphate disodium colorimetry
method (Guan 1986).

Analysis of the maize root system and maize plant

The root sample was first soaked in a sink with three layers of gauze placed at the
bottom. The sample was then rinsed with running water continuously until the soil was
completely separated from the roots. Finally, the fine roots were collected from the gauze.
The root activity was determined by the 2,3,5-triphenyltetrazolium chloride method using
certain root samples. The root biomass and plant biomass were determined by first
blanching the root sample and above-ground plant at 105 °C for 30 min, and then
dehydrating it at 75 °C for 48 h until the mass became constant. The maize yield was
determined during harvesting on October 9™, 2019.

High-Throughput Sequencing Analysis of Soil Bacterial Communities
The soil samples analyzed were the rhizosphere soil samples described in the
“Sample Collection” section. The analysis proceeded as described below.

DNA extraction and PCR amplification

The genomic DNA was extracted from 0.5 g of fresh soil using the MoBio
PowerSoil DNA Isolation Kit (QIAGEN Inc., USA), following the manufacturer’s
instructions. The quality of DNA extracted was checked by 1% agarose gel electrophoresis
and determined by NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, USA). To assess the bacterial community composition, the VV3-V4 region of
the bacterial 16S rRNA gene was amplified by PCR (3 min of denaturation at 95 °C, 27
cycles of 30 s at 95 °C, 30 s for annealing at 55 °C, and 45 s for elongation at 72 °C, and a
final extension at 72 °C for 10 min), using the universal primers forward 338F (5'-
ACSOCCTACGGGAGGCAGCAG-3') and reverse 806R (5'-GGACTACHVGGGTWS-
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OCTAAT-3"). The 20 uL PCR reaction mixtures consisted of 4 pLL of 5 x FastPfu Buffer,
2 uL of 2.5 mM dNTPs, 0.8 uL of each primer (5 pM), 0.4 pL of FastPfu Polymerase, and
10 ng of template DNA and finally ddH2O up to 20 uL.. The PCR products were purified
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA)
and quantified using QuantiFluor™-ST (Promega, USA) following the manufacturer’s
instructions.

Illumina MiSeq sequencing

Purified amplicons were pooled in equimolar and paired-end sequenced (2 x 300)
on an Hllumina MiSeq platform (lllumina, San Diego, USA) according to the standard
protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Processing of sequencing data

Raw fastq files were quality-filtered by Trimmomatic and merged by FLASH with
the following criteria: (i) the reads were truncated at any site receiving an average quality
score <20 over a 50 bp sliding window; (ii) sequences whose overlap was longer than 10
bp were merged according to their overlap with a mismatch of no more than 2 bp; (iii)
sequences of each sample were separated according to barcodes (exactly matching) and
primers (allowing 2 nucleotide mismatching), and reads containing ambiguous bases were
removed.

Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff
using UPARSE (version 7.1 http://drive5.com/uparse/) with a novel ‘greedy’ algorithm
that performs chimera filtering and OTU clustering simultaneously. The taxonomy of each
16S rRNA gene sequence was analyzed by RDP Classifier algorithm
(http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S rRNA database using a
confidence threshold of 70%.

Data Analysis

Data are presented as the mean and standard deviation (SD) of the mean using Excel
2013 software (Microsoft, Redmond, WA, USA). One-way analysis of variance (ANOVA)
was performed to determine the statistical significance (p < 0.05; n = 3) of the treatment
effects using IBM SPSS Statistics 21.0 software (Armonk, NY, USA). Least significant
difference (LSD) was used to identify significant differences in soil bacterial relative
abundance and soil enzyme activity. Duncan’s new multiple range tests were used to
analyze the physical and chemical properties of soil and plant characteristics. Significant
differences in grain filling rate and yield between different treatments was identified using
a Paired t test in GraphPadPrism7 (GraphPad Software, San Diego, CA, USA).
Correlations between the microbial groups, enzyme activities, and soil physical and
chemical properties, plant character were determined using a Pearson’s correlation
analysis. To illustrate the effects of biochar addition on the microbial community
composition (using the bacterial phylum data), a redundancy analysis (RDA) was
performed using Canoco software (Canoco for Windows 4.5, Biometris - Plant Research
International, Wageningen, Netherlands). After standardizing the data, Monte Carlo
permutation tests (n = 499) were used to evaluate the contribution and significance of
different soil variables to the variation in the overall microbial community composition
and enzymatic activity patterns. Results were statistically significant when P < 0.05.

Wang et al. (2020). “Biochar & soil waterlogging,” BioResources 15(4), 9303-9323. 9308



bioresources.com

PEER-REVIEWED ARTICLE

RESULTS AND DISCUSSION

Response of Maize Rhizosphere Soil Properties and Plant Traits to Biochar
Addition

Compared to treatment C, treatment B provided reduced soil pH, lower bulk
density, and higher soil organic carbon (SOC), available nitrogen (AN), available
phosphorus (AP) content, and WSAR for samples collected at both M7 and M9 periods
(Table 1).

Table 1. Effects of Biochar Addition on Soil Physico-Chemical Characteristics
and Plant Variables

. . BR
. |Treat- Moisture | Bulk density WSAR 1 SOC
Perodiment| P T | @emy | e | MISTNTT ] ke
soil-d™)
C 8.40 20.14 1.10 85.18 187.61 13.69
M7 +0.01a +0.61c +0.06bc +0.96 b +5.17a +0.57bc
B 8.32 20.91 1.07 88.55 170.01 15.72
+0.01b +1.03c +0.02c +1.43 a +6.90ab +0.70a
c 8.38 25.15 1.37 78.62 120.82 12.13
M9 +0.01a +0.51a +0.06a +0.53 ¢ +5.73c +0.42c
B 8.31 22.86 1.23 84.30 157.48 15.11
+0.01b +0.49b +0.01b +0.84 b +6.73b +0.52ab
Period Treat- AN AP Root biomass | Root activity | Maize biomass
ment (mgkgh) | (mgkg™) 9 (mgg™*h?) 9
C 145.13 13.86 6.07 51.60 23.88
M7 +3.82b +0.65b 1+0.29c +4.37b +1.97c
B 164.73 17.12 7.78 67.77 31.98
+3.99a +0.56a +0.55¢ +1.91a +4.53c
C 120.87 7.82 21.14 41.82 334.53
MO +9.50c +0.13d +1.12b +1.83c +6.51b
B 152.33 11.62 28.20 58.57 417.78
+2.84ab +0.91c +1.26a +1.95b +6.70a

Note: Different letters indicate significant differences (one-way ANOVA, P <0.05, Duncan’s multiple
range test).

These findings suggested that the biochar addition altered the properties of the
saline-alkali soil. For the samples collected during the M9 period (after waterlogging),
treatment B provided significantly lower soil moisture content and higher soil respiration
(BR) than treatment C. This result suggested that the saline-alkali soil containing biochar
exhibited better drainage functions and less inhibited respiration performance. Comparing
the change in indicators from samples collected from the M7 and M9 periods, the soil pH,
WSAR, and BR were reduced by 0.24, 7.70, and 35.60%, respectively, by treatment C; and
by 0.12, 4.80, and 7.37%, respectively, by treatment B. The soil moisture content and bulk
density increased by 24.87% and 24.55%, respectively, in treatment C; and by 9.33% and
14.95%, respectively, in treatment B.
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These results indicated that the physical properties of the soil treated with biochar
addition were less prone to variation, and the corresponding soil structure became more
stable. A similar trend was observed in soil nutrient content. Comparing samples collected
from the M9 and M7 periods, it was found that treatment C provided 11.40, 16.72, and
43.58% lower SOC, AN, and AP content, respectively, whereas treatment B provided 3.88,
7.53, and 32.13% lower SOC, AN, and AP content, respectively. Nutrient content of the
control soil decreased after waterlogging, but the nutrients of the soil with biochar
decreased slightly, indicating that the addition of biochar alleviated the loss of soil nutrients.

For samples collected from the M7 period, treatment B showed a significant
improvement in the root activity compared to treatment C. For samples collected from the
M9 period, however, treatment B was found to enhance root biomass, root activity, and
maize biomass more than treatment C. The root system and growth of maize were inhibited
severely after waterlogging. However, the biomass of the above-ground and underground
parts of maize grown with biochar addition remained at a high level and were substantially
better than those from the control group.

Response of Grain-filling Rate and Yield of Maize to Biochar Addition

The grain-filling condition of maize was analyzed at 21 d and 56 d after silking.
The grain-filling rate of samples with treatment B was significantly higher than that with
treatment C. With the progression of the fertility process, the grain-filling rate of the
samples with treatment B increased steadily until it reached its peak value at 28 d, after
which it started to decrease slowly. However, the grain-filling rate of the samples with
treatment C grew more slowly in the early stage and decreased suddenly after reaching the
peak value. In particular, the grain-filling of the maize samples collected from period M9
in the control group almost stopped completely because of the waterlogging. The biochar
addition significantly alleviated growth suppression so that the grain-filling in maize
progressed smoothly. The difference in the grain-filling performance had a substantial
impact on maize yield. Treatment B provided a significantly higher maize yield than
treatment C (Fig. 2).
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Fig. 2. Effects of biochar addition on (a) the grain filling rate and (b) the maize yield. Different letters
indicate significant differences (paired t-test, P < 0.05). Here, 21 d is August 27th while 56 d is
October 1st. The vertical dashed line (---) shown in (a) represents the sampling time for M9.
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Response of the Soil Bacterial Community Composition to Biochar
Addition

As shown by the high-throughput sequencing analysis, the predominant bacteria in
soil samples included Proteobacteria with an average relative abundance of 34.41%,
Acidobacteria with an average relative abundance of 20.79%, Actinobacteria with an
average relative abundance of 16.75%, Chloroflexi with an average relative abundance of
10.11%, Gemmatimonadetes with an average relative abundance of 6.21%, Bacteroidetes
with an average relative abundance of 4.82%, Patescibacteria with an average relative
abundance of 1.25%, Planctomycetes with an average relative abundance of 0.88%, and
Nitrospirae with an average relative abundance of 0.71%. For samples collected from the
M7 period, compared to treatment C, treatment B provided significant enhancement in the
relative abundance of Proteobacteria (Fig. 3a), Actinobacterial (Fig. 3c), Bacteroidetes
(Fig. 3f), and Patescibacteria (Fig. 3g). For samples collected from the M9 period,
treatment B provided significant enhancement in the relative abundance of Proteobacteria
(Fig. 3a), Bacteroidetes (Fig. 3f), Patescibacteria (Fig. 3g), and Nitrospirae (Fig. 3i),
compared to treatment C. In addition, the relative abundance of Gemmatimonadetes (Fig.
3e) was found to be higher in the sample from treatment B than that from treatment C.
However, treatment C provided a higher relative abundance of Planctomycetes (Fig. 3h) in
samples collected from both M7 and M9 than treatment B. A similar trend was also
observed in the relative abundance of Acidobacteria (Fig. 3b) in the sample collected from
the M9 period. These findings suggested that the microbial abundance of saline-alkali soil
was very sensitive to biochar addition.
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Fig. 3. Effects of biochar addition on the relative abundance of different soil microbial groups.
Significance is displayed in bold, *P < 0.05; **P < 0.01; **P < 0.001. Only significant treatment
effects are labeled on the figure (one-way ANOVA, LSD analysis).
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Response of Soil Enzyme Activity to Biochar Addition

Most soil enzymes are secreted by microorganisms. These enzymes catalyze many
biochemical reactions in the soil. Therefore, part of the ecological function of the soil
microbial community is realized by enzymes (Jiang 2016). In this study, treatment B
provided higher DHA activity (Fig. 4a), BG activity (Fig. 4b), and Alka PME activity (Fig.
4d) in samples collected from the M7 and M9 period than treatment C. However, the NAG
activity (Fig. 4c) was insignificant in samples processed from either treatment. Comparing
the variations between the M7 and M9 periods, it was found that the DHA and BG activity
were lower during the M7 period than the M9 period, while the Alka PME and NAG
activity were greater during the M7 period than the M9 period. This result demonstrated
that biochar addition (even after waterlogging) increased the activity of enzymes associated
with organic degradation and the secretion of carbon, nitrogen, and phosphorus from
microbials in the soil. Such enhanced enzyme activity allowed the soil microorganisms to
achieve improved nutrient transformation.
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Fig. 4. Effects of biochar addition on different soil enzyme activity. Asterisks indicate significant
effects, *P < 0.05; **P < 0.01; ***P < 0.001. Only the significant treatment effects are labeled on the
figure (one-way ANOVA, LSD analysis).

Driving Factors for Changes in Soil Bacterial Community Structure and
Overall Pattern of Soil Enzyme Activity

As shown by the RDA analysis of environmental factors (pH, moisture, bulk
density, WSAR, BR, SOC, AN, and AP) on soil bacterial community structure, the two
axes explained 77.7% of the structural variation in the bacterial community (Fig. 5). AN,
AP, SOC, WSAR, and BR, along with biochar addition M7B and M9B, were all distributed
in the negative direction of the first axis, while pH, bulk density, and moisture, along with
M7C and M9C treatments, were distributed in the positive direction of the first axis. The
M7B and M9B treatments were found to be quite clustered, while the M7C and M9C
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treatments were quite scattered. This feature suggested that the samples processed from
treatment B were relatively stable and suffered from little variation after waterlogging. The
constrained P test showed that AN, AP, WSAR, and SOC contributed to significant
variation in the bacterial community structure. They explained 52.5%, 44.7%, 44.7%, and
41.0% of the entire bacterial community variation, respectively. In addition, pH and
moisture were found to have a substantial impact on the variation of bacterial community
structure. These findings suggested that the bacterial community structure was very
sensitive to the soil environment, and soil nutrients exhibited a particularly high level of
explanatory power in relation to the bacterial community.
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vectors il s F P
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BR 306 4.4 0.044*
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Moisture 30.4 4.4 0.020* WSAR 18.6 23 0.136
Bulk density 274 38 0.054 socC 12.0 14 0.250
BR 24.2 3.2 0.052 AN 10.0 1.1 0.326

Fig. 5. Ordination bi-plots based on the redundancy analysis (RDA) of bacterial community
composition (dominant bacterial phylum data) (a) and soil enzymatic activities (b). The contribution
and significance of different variables to the variation in the overall bacterial community composition
(c) and soil enzymatic activity (d) was tested by Monte Carlo permutations. *P<0.05, **P<0.01. The
significant P values are displayed in bold.

As shown by the RDA analysis of the soil environmental factors (pH, moisture,
bulk density, WSAR, BR, SOC, AN, and AP) on the soil enzymes, the two axes explained
93.89% of the variation in the soil enzymes. The M7C and M9C treatments were located
quite far away from each other and accompanied by a large variation on the first axis.
However, both treatments were distributed in the positive direction of the second axis.
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The soil environmental factors — pH, moisture, and bulk density — were positively
correlated with these treatments. The M7B and M9B treatments were located quite close
to each other on the first axis, along with a small difference. Both of these two treatments
were distributed in the negative direction of the second axis. The soil AN, AP, SOC,
WSAR, and BR were positively correlated with these two treatments. These results
indicated that the samples processed from treatment B experienced a smaller variation
during both periods and were more stable than those processed from treatment C. The
constrained P test showed that only pH, moisture, and BR had significant effects on soil
enzyme activity. These factors explained 47.0%, 38.2%, and 30.6% of the variation in
enzyme activity, respectively. The findings suggested that the soil enzyme activity was
sensitive to the physical properties of the soil.

Relationship between the Relative Abundance of Specific Bacterial Groups,
Soil Enzyme Activity, Soil Parameters, and Plant Traits

As shown in Table 2, during the M9 period, the relative abundances of
Bacteroidetes and Nitrospirae in soil had a significant negative correlation with soil pH,
while the relative abundance of Planctomycetes had a significant positive correlation with
soil pH. In addition, the relative abundances of Proteobacteria, Bacteroidetes,
Patescibacteria, and Nitrospirae had significant negative correlations with soil moisture
and a significant positive correlation with WSAR. However, the relative abundance of
Planctomycetes had a significant negative correlation with WSAR.

The relative abundance of Nitrospirae had a significant positive correlation with
BR, while the relative abundance of Planctomycetes had a significant negative correlation
with BR. In terms of the correlations between the relative abundances of dominant bacteria
in soil and the soil nutrients, the relative abundances of Bacteroidetes and Nitrospirae had
significant positive correlations with SOC, AN, and AP contents, while the relative
abundance of Planctomycetes had a significant negative correlation with these three
nutrients. In terms of the correlation between the soil microorganisms and the plant traits,
the relative abundances of Proteobacteria, Bacteroidetes, and Nitrospirae showed strong or
very significant positive correlations with root biomass, root activity, plant biomass, mean
grain filling rate, and yield. On the other hand, the relative abundances of Acidobacteria
and Planctomycetes had a negative or significantly negative correlation with the plant
traits.

The DHA, BG, and PME activities in the soil had significant negative correlations
with pH, but significant positive correlations with BR. The DHA and BG activities had
significant positive correlations with WSAR. The BG and PME activities had significant
positive correlations with SOC and AP. The DHA activity had significant positive
correlations with SOC, AN, and AP. Meanwhile, the DHA, BG, and PME activities had
significant positive correlations with root biomass, root activity, plant biomass, and mean
grain filling rate. However, only the DHA activity showed a significant positive correlation
with yield.

As shown by the correlation analysis between maize yield and soil micro-ecological
environment indicators (Fig. 6), maize yield had significant positive correlations with the
relative abundances of Proteobacteria, Bacteroidetes, and Nitrospirae in the soil as well as
the DHA activity, AN content, and WSAR.
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Table 2. Pearson’s Correlations between the Relative Abundances of Dominant Microbial Groups, Soil Enzymatic Activities, and
Soil Parameters

Bulk Root Root Plant Mean
Microbial groups pH Moisture . WSAR BR SOC AN AP . - . grain filling| Yield
density biomass | activity | biomass rate

Proteobacteria -0.785 | -0.950** -0.659 0.830* | 0.725 | 0.793 | 0.883* | 0.732 | 0.907* | 0.873* | 0.828* | 0.907* | 0.834*

Acidobacteria 0.735 0.902* 0.478 -0.705 | -0.657 | -0.719 | -.897* | -0.624 | -0.892* | -0.809 | -0.704 | -0.825* |-0.838*

Actinobacteria -0.449 -0.674 -0.219 0.478 | 0.356 | 0.417 | 0.775 | 0.193 | 0.696 0.611 0.319 0.549 0.670
Chloroflexi -0.195 0.157 0.652 -0.352 | 0.230 | 0.141 | 0.281 | -0.028 | 0.045 0.007 | -0.206 -0.053 0.017
Gemmatimonadetes| 0.218 -0.177 -0.481 0.177 | -0.277 | -0.182 | -0.339 | 0.102 | -0.051 | -0.137 | 0.203 -0.017 0.016

Bacteroidetes -0.866* | -0.922** -0.688 0.874* | 0.808 | 0.847* | 0.886* | 0.816* | 0.936** | 0.914* | 0.898* | 0.951** | 0.864*
Patescibacteria -0.661 -0.871* -0.874* 0.868* | 0.613 | 0.693 | 0.601 | 0.786 | 0.751 0.745 | 0.898* | 0.836* | 0.694

Planctomycetes 0.983** 0.738 0.646 -0.907* |-0.935**| -0.891* | -0.878* | -0.851* | -0.933** | -0.969** | -0.916* | -0.967** | -0.858*

Nitrospirae -0.877* | -0.929** -0.715 0.901* | 0.843* | 0.888* |0.921**| 0.809 | 0.922** | 0.949** | 0.895* | 0.974* | 0.823*
Enzymes groups

DHA -0.901* -0.808 -0.731 0.933** | 0.822* | 0.812* | 0.821* | 0.820* | 0.941** | 0.929** | 0.924** | 0.948** | 0.892*

BG -0.921** | -0.688 -0.778 0.935** | 0.899* | 0.865* | 0.732 | 0.887* | 0.825* | 0.911* | 0.955** | 0.936** | 0.740

NAG 0.116 -0.622 -0.508 0.213 | -0.105 | 0.116 | 0.040 | 0.235 | 0.097 0.040 0.293 0.194 0.059

PME -0.907* -0.740 -0.502 0.718 | 0.871* | 0.853* | 0.792 | 0.888* | 0.844* | 0.816* | 0.874* 0.871* 0.777

The values are correlation coefficients. *P < 0.05; **P < 0.01. Soil variables that showed no significant correlations with any microbial and enzyme parameters
were not included in this table.
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Fig. 6. Response of soil microecological environment and maize yield to biochar addition

Biochar Addition Changes the Physico-Chemical Properties of Soil Which
Facilitates Further Variation in the Structure and Function of Soil Microbial
Communities

Biochar addition altered the structure of the saline-alkali soil, significantly reducing
bulk density. Simultaneously, biochar addition improved soil chemical properties, reduced
saline-alkali soil pH, and increased soil SOC, AN, and AP. The results of a study by Wang
et al. (2020) are consistent with findings where biochar promotes soil chemical properties,
and these increased soil chemical variables have a significant correlation with soil
microorganisms. The relative abundances of soil bacteria in different phyla demonstrated
sensitive responses to biochar addition. The addition of biochar was found to increase the
relative abundances of Proteobacteria, Actinobacteria, Bacteroidetes, Gemmatimonadetes,
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Patescibacteria, and Nitrospirae. Proteobacteria was the most abundant bacterial group in
the rhizosphere of maize. Past studies have shown that Proteobacteria can use complex
organic compounds and plant residues as carbon and nitrogen sources in agricultural soils
(Spain et al. 2009). This study also showed that the relative abundance of Proteobacteria
had a positive correlation with biochar. Actinobacteria can also promote the decomposition
of plant debris in the soil and provide a certain function in the nitrogen cycle as a source
of soil nutrients (Lauber et al. 2008). In this study, the relative abundance of Actinobacteria
in the soil was also observed to increase significantly after biochar addition. This behavior
may explain the increase of AN in the soil. Bacteroidetes are found in soils with a high soil
organic carbon. They are the main contributors to the mineralization of organic carbon
(Han 2016). The abundance of Bacteroidetes in the soil increased significantly after the
addition of the carbon-rich biochar. Gemmatimonadetes are a type of probiotic and
biocontrol bacteria in soil (Canbolat et al. 2006; Kolton et al. 2011). Some researchers have
shown that the abundance of Gemmatimonadetes is closely related to phosphorus
metabolism (Zaidi et al. 2009; Oteino et al. 2015). The current study also showed a
significant increase of AP in biochar-treated soil, which may be caused by the increase in
the abundance of Gemmatimonadetes. Nitrospirae play an important role in the nitrogen
cycle in the soil. They can participate in the nitrification and reduce the excessive
accumulation of nitrite in the soil (Daims et al. 2015). In this study, the addition of biochar
increased the relative abundance of Nitrospirae in saline-alkali soils and alleviated the
growth challenge for corn plants on saline-alkali soils. A study by Canfora et al. (2014)
showed results consistent with findings where saline-alkali soil could produce more acidic
substances under the influence of Nitrospirae. This feature helps alleviate soil salinization
and alkalinization. In this study, the addition of biochar reduced the relative abundance of
Acidobacteria. This may be attributed to Acidobacteria being a type of oligotrophic
bacteria such that its abundance is affected by the content of organic matter in the soil
(Jenkins et al. 2010).

Soil enzymes are biocatalysts present in the soil. Most soil enzymes are secreted by
soil microorganisms, while a few are secreted by plant roots and soil animals. Soil enzymes
can participate actively in various biochemical reaction processes in the soil (Futa et al.
2020). The activity of soil enzymes reflects the intensity of biochemical processes in the
soil and represents the functions of the soil microbial community to a certain extent, while
characterizing the strength of the soil nutrient conversion ability (He et al. 2015). In this
study, it was found that biochar addition could significantly improve DHA, BG, and Alka
PME activity in saline-alkaline soil. DHA activity reflects the number of active
microorganisms in the soil system and their capability to degrade organic matter. This
study shows that the DHA activity is improved significantly by biochar addition. A
possible explanation is that the addition of biochar increases the soil organic matter content,
which provides “food” for the survival and reproduction of microorganisms. This enriches
the source of DHA enzymes in the soil (Tischer et al. 2015). BG is an important class of
enzymes involved in the soil carbon cycle whose activity is positively correlated with soil
organic carbon (Raiesi and Khadem 2019). It seems that the significant increase in the soil
SOC content after biochar addition may be the cause of the enhanced activity of BG in the
soil. Alka PME is an enzyme that catalyzes the mineralization of soil organic phosphorus
compounds. The activity of Alka PME directly affects the decomposition and
transformation of organic phosphorus in the soil, as well as its bioavailability (Lu et al.
2015). In this study, the addition of biochar increased the activity of Alka PME
substantially, which may be the reason for the significant increase in soil AP content.
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As a carbon-rich substance, biochar contains a variety of nutrients. Some studies
have suggested that the effective water-soluble nutrients in biochar can act on soil
microorganisms and promote their growth when biochar is applied to the soil (Joseph et al.
2010; Yang et al. 2016; Li et al. 2019). Furthermore, some small molecules in biochar can
function as potential regulators to change the soil microbe and soil enzyme activities (Yang
et al. 2016). This study found that the structure of the soil bacterial community was very
sensitive to the soil environment (Fig. 5), in particular, soil nutrients. The changes of AN,
AP, and SOC in the soil provide substantial driving forces for structural changes in
bacterial communities. The changes in the physical condition of the soil caused by biochar,
such as WSAR, pH, and moisture, can also significantly affect the variation in the structure
of the soil bacterial community. Soil pH, moisture, and BR are also some of the most
important soil parameters associated with the changes in the soil enzyme activity pattern.
Therefore, the main contribution of biochar is to improve the properties of saline-alkali
soil. Specifically, the addition of biochar makes soil looser and more porous, which reduces
the level of compaction, increases permeability, and increases the levels of nutrients. The
integration of biochar and soil provides a space for the survival of microorganisms.
Meanwhile, the good soil water, heat, and gas environment, along with the rich energy
supply, greatly promote the growth, development, and metabolism of microbes, all of
which further improve the activity of enzymes secreted from microbes and accelerate the
associated biochemical reactions. Such a chain of outcomes provides abundant energy for
crop growth (Zheng et al. 2016; Yao et al. 2017). This conclusion is consistent with the
hypothesis that the change in the structure of the soil microbial community is indirectly
driven by the change in rhizosphere soil properties.

Biochar Addition Provides More Stable Soil Properties, Microbial
Community Structure, and Microbial Function After Waterlogging, Thereby
Enabling Smooth Grain-Filling and Increased Maize Yield

Soil with biochar exhibits good water permeability, highly stable water-stable
aggregates, and a strong soil respiration performance even after waterlogging. Sufficient
oxygen is provided to the plant roots to ensure normal metabolic activities (Liu 2020).

After the occurrence of waterlogging, the respiration process of saline-alkali soils
is hindered, which further suppresses the activity of eutrophic microorganisms. Therefore,
the decomposition of organic matter and the conversion of available nutrients in the soil
are impeded (Han and Zhou 2011; Yu 2019). Waterlogging causes nitrate-nitrogen
leaching in the soil and intensifies the denitrification effect at the same time. However, the
addition of biochar in the soil can alleviate such behavior because of the high relative
abundance of Nitrospirae and the high AN content. In this study, the relative abundances
of Proteobacteria and Bacteroidetes were still maintained at a high level in the soil after
waterlogging because of the alleviation effect from biochar addition. These relative
abundances also showed a significant positive correlation with the WSAR, SOC, AN, and
AP content in the soil. Similarly, the activities of enzymes (e.g., DHA, BG, and Alka PME)
secreted from the microbes remained quite high in the soil with biochar addition after
waterlogging. This concurs with the findings of other studies that biochar addition provides
a substantial improvement to the DHA activity in soil (Yang 2015; Raiesi and Khadem
2019). These findings demonstrate that biochar addition reduces the level of disturbance in
the soil from the adverse environmental conditions of waterlogging. As a consequence, the
active microorganisms in the soil still remain abundant, along with a high rate of
degradation of organic matter. These features provide an increased amount of relevant and
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rapidly available nutrients in the soil. Furthermore, in this study (Fig. 5) that there was a
sharp change in the structure of the soil bacterial community during periods before and
after waterlogging in the control. However, the structure of the bacterial community
remained similar in the soil when biochar was added. This finding suggests that the addition
of biochar attenuates the structural change of the soil bacterial community caused by
waterlogging and, furthermore, provides stable residence and refuge opportunities to
support the survival and activities of bacteria (Jiang 2016). This conclusion is consistent
with the second hypothesis.

Waterlogging will often cause maize leaves to turn yellow, and the base of the stalk
to turn purple-red. At the same time, the growth of the plant becomes slower or stagnates.
In this study, the waterlogging disaster occurred during the grain-filling stage of the maize.
The excessive water content in the soil hindered the plants’ respiration performance and
reduced the vitality of maize roots. These issues resulted in a small biomass of plants both
underground and above-ground as well as a slow grain-filling rate, both of which severely
affected the maize yield (Table 1 and Fig. 2). Similar conclusions are drawn in other studies
(Zhou et al. 2012; Ren et al. 2013). However, the addition of biochar can alleviate the
growth suppression effects of waterlogging on the soil and maintain stable growth and
strong vitality in maize roots. Thus, biochar ensures the proper growth of plants and a
consistent grain-filling process, providing an improvement in the maize yield (Li 2018). In
this study, the maize yield showed a significant positive correlation with the relative
abundances of Proteobacteria, Bacteroidetes, and Nitrospirae, DHA activity, AN content,
and WSAR in the soil. These correlations indicate that the addition of biochar can provide
a healthy and stable micro-ecological environment in saline-alkali soils, which lays the
foundation for an increased maize yield.

CONCLUSIONS

1. Biochar addition reduces pH, lower bulk density, higher soil organic carbon, increased
available nitrogen and available phosphorus, greater relative abundance of eutrophic
bacteria, and stronger activities of microbial secretase in the soil.

2. The overall pattern of soil enzymes is affected by biochar addition through changes in
the physical properties (pH, moisture, and soil respiration (BR)) of the soil.

3. The structure of soil bacterial communities is more sensitive to soil nutrients (available
nitrogen (AN), available phosphorus (AP), and soil organic carbon (SOC)) and water-
stable aggregate stability rate (WSAR).

4. After the occurrence of waterlogging, applying biochar can provide the soil with better
water permeability, higher WSAR, stronger soil respiration performance, higher
abundance of soil bacteria, and a relatively higher level of enzyme activity.

5. These improvements result in vigorous plant growth, a high grain-filling rate, and
ultimately a high yield.

6. The addition of biochar can regulate the micro-ecological environment in saline-alkali
soil; enhance its agricultural function through improvements in soil microorganisms,
soil enzymes, and soil nutrients; and improve the growth and yield of maize. The ability
of biochar to address agricultural issues caused by sudden waterlogging disasters makes
it a valuable addition for saline-alkali soils.
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