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Soil salinization, an important type of soil degradation, has become a problem

restricting crop production and food quality. The remediation technologies by

using compost and biochar were considered sustainable and environment

friendly, but the sole application of compost or biochar hardly gets the

satisfactory remediation effects. Until now, information about the effects of

cocomposted biochar on soils is limited, especially in the coastal soil. This study

investigated the impact and potential underlying mechanism of corn straw

biochar (BC), seaweed compost (SC), and cocomposted BC and SC (BCSC) on

the growth and yield of sorghum (Sorghum bicolor (L.) Moench) in the coastal

soil of China in a pot experiment. BC and BCSC treatments increased the dry

biomass and yield of the sorghum by 44.0–52.4% and 132.9–192.3%,

respectively. Similarly, the root morphologies of sorghum, including surface

area and average diameter, were also increased with BC and BCSC addition.

Meanwhile, BCSC treatment showed a better performance thanwhat the others

did. The enhanced growth and yield of sorghum primarily resulted from the

improvement of soil properties (WHC, SOM, and EC) and nutrient availability

(Olsen-P and AK content). In addition, the increased diversity and shifted

composition of soil bacteria with BC and BCSC addition might also account

for the increased growth and yield of sorghum. Furthermore, the enhanced

relative abundances of beneficial bacteria Vicinamibacteraceae (39.0%) and

Sphingomonadaceae (41.5%) in the rhizosphere soil were positively correlated
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with the content of available nutrients (NH4
+, Olsen-P, and available K) in the

coastal soil, which might reveal the mechanism of enhancing growth under the

established collaborative interactions of them. Our study provides the potential

of using biochar-compost to ameliorate the degradation of coastal soils and

improve crop yield.

KEYWORDS

biochar, compost, saline soil, soil amendment, sorghum yield, soil physicochemical
properties, soil bacteria

Introduction

The Yellow River Delta is one of the most vulnerable and

important ecosystems in China (You et al., 2021). Due to strong

alkalinity, high salt concentration, and lack of nutrients, the soil

often has a negative effect on the growth of plants in this area (Liu

et al., 2019a; Liang et al., 2021). Moreover, salinity restricts soil

microbial growth and biochemical function (Lu et al., 2015).

Consequently, soil remediation is of great importance for

maintaining crop yield and food quality in this area (Cai

et al., 2021). There are many reported technologies for

saline–alkali soil amendment, such as water leaching (Li,

2018), chemical remediation (Wang et al., 2014), and

phytoremediation (Hamideh et al., 2017). However, practical

applications of these methods are limited due to low efficiency,

high costs, or secondary pollution (Zhou et al., 2021). Therefore,

a more efficient and environment-friendly method is needed for

increasing plant growth, enhancing soil properties, and

decreasing salt stress in the coastal saline soil.

Biochar is a polyporus carbon-rich material prepared from

various organic waste feedstock under certain thermal

combustion with limited oxygen (Yang et al., 2021a). Due to

the large porosity, high adsorption capacity, abundant surface

functional groups, and rich carbon content, biochar could bring

multiple benefits to agricultural sustainability such as

enhancement of soil nutrient availability and water holding

capacity and improvement of soil structure (Verheijen et al.,

2019; Suo et al., 2021). Recent studies had reported a great

potential of biochar in improving composting performance,

accelerating the humification of feedstock, enhancing soil

microbial diversity and activity, mitigating the emission of

greenhouse gas (GHG), and removing soil contaminants (Guo

et al., 2020; Antonangelo et al., 2021). In addition, a previous

study had shown that biochar application at 5–20 t ha−1 increased

the NUE and grain yield of wheat by 5.2–37.9% and 2.9–19.4%,

respectively, ascribing to the positive role of bacterial interactions

in the rhizosphere bacterial community (Sun et al., 2019). Sun

et al. (2016) found that the yield of Suaeda salsa increased by

11.7–115.0% with wheat straw biochar addition at the rate of

5–10 g kg−1 due to the significantly reduced soil pH, enhanced

total organic matter, and available nutrients in the saline soil.

However, a previous study reported little or even negative effects

of biochar addition on plant growth and yield (Huang and Gu,

2019). These inconsistent results were mainly due to the

differences in species of plant, characteristics of soil and

biochar, and the application rate of biochar (Zhang et al.,

2020). Moreover, the individual application of biochar might

not get satisfactory outcomes in saline soil; thus, the combined

application of biochar and other additives was encouraged.

Composting is one of the most efficient technologies to

improve soil properties and enhance crop yield because of the

disposal of organic wastes and the production of compost that is

suitable to be a fertilizer or soil amendment (Qayyum et al., 2017;

Kumar et al., 2018; Zahra et al., 2021a). Mostafa et al. (2016)

found that compost application at 20 t ha−1 could be an

alternative to 50% of the recommended dose of mineral-NPK

fertilizers, which improved the soil characteristics and increased

the pod and seed of Phaseolus vulgaris. Rehman et al. (2016)

reported that the shoot dry weight of hybrid maize increased by

8.7% with the compost addition compared to the control

treatment. There were also studies which reported that

biochar-compost might be more suitable for soil remediation

to enhance plant growth and soil properties (Agegnehu et al.,

2017; Teodoro et al., 2020). The interaction between the biochar

and compost, which might alter the properties of each other,

eventually influenced the remediation efficiency in soils (Tang

et al., 2020). Pandit et al. (2020) found that the application of the

mixture of Eupatorium adenophorum biochar-compost at the

rate of 60 t ha −1 had significantly increased the growth of maize

by 12.7% compared to the individual biochar application.

However, a study by Schmidt et al. (2014) showed that

biochar and biochar-compost treatments had mostly

nonsignificant effects on the vine and green cover growth and

grape quality over 3 years compared to unamended control soil.

The influence of biochar-compost might correlate with the soil

types and plant species. So far, few studies were focused on the

influence of biochar-compost on crop growth and yield in coastal

soils. A recent study had shown that corn straw biochar-compost

application at 1.5% could increase the total biomass of seashore

mallow and sesbania by 70.8 and 309.0%, respectively, due to the

increase of soil properties and the decrease of exchangeable

sodium (Luo et al., 2017). In addition, Liang et al. (2021)

found that biochar-compost application at 1.5% significantly

increased the biomass of Phragmites australis by 35.5%. Based

on the abovementioned results, Zahra et al. (2021b, c)believed

that biochar-compost should have a great potential in the
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mitigation of coastal soil degradation and the improvement of

crop productivity. However, until now, most of the studies only

focused on evaluating the effects of single or different biochars on

the coastal soil amendment, and information on the effects of

compost of different materials on the characteristics of microbial

interactions in the coastal saline soil was limited. In addition, few

attempts have been made to investigate the mechanism of the

effect of biochar-compost addition on plant growth.

Furthermore, the effects of biochar-compost on the

amendment of coastal soils, compared with different biochar

types, still remain poorly evaluated. Therefore, in this study, we

hypothesized that the selected biochar could amend the saline

soil to different degrees by altering the soil microenvironments.

The purposes of this study were to 1) evaluate the effects of corn

straw biochar (BC), seaweed compost (SC), and cocomposted BC

and seaweed (BCSC) on the growth and yield of sorghum in the

coastal saline soil; 2) investigate the effects of BC, SC, and BCSC

on the nutrients and physicochemical properties of saline soil;

and 3) explore the responses of soil bacteria to different types of

biochar addition in the saline soil.

Materials and methods

Study site and sample collection

The surface saline soil (0–20 cm) samples were collected

from Dongying city, Shandong Province, China (37.26°N,

118.69°E). After air-drying, the saline soil samples were mixed

uniformly and screened through a 2 mm sieve. Data of soil

organic matter (SOM), pH, electrical conductivity (EC), cation

exchange capacity (CEC), NO3
−-N, NH4

+-N, Olsen-P, and

available K (AK) are shown in Table 1. The determination

methods are presented in the supporting information (SI).

Biochar and compost preparation

The selected biochar, which was prepared from corn straw

at 400–450°C for 2 h, was prepared by Liaoning Golden Future

Agriculture Technology Co., Ltd. (Anshan, Liaoning Province,

China). BC was screened through a 2 mm sieve before

utilization. Composting was conducted in a rotary drum

composter with the cylindrical shape according to Huang

et al. (2021). Organic material for the compost comprised

35% seaweeds, 35% wheat straw, and 30% cow manure to

ensure the C/N ratio of the mixture between 25 and 30.

Prior to the composting process, seaweeds were crushed into

small pieces with a length less than 1 cm, mixed thoroughly

with wheat straw at the ratio of 1:1 based on dry weight, and

then, mixed with cow manure. Thereafter, BC was added into

the mixture and mixed thoroughly at the ratio of 0 and 5% (w/

w) based on dry weight. The composts with 0 and 5% BC were

labeled as SC and BCSC, respectively. The moisture content was

maintained at 60–70% by adding water throughout the

composting. The compost samples were collected after being

fermented for 80 days and then screened through a 2 mm sieve

after air-drying. The properties of BC and BCSC are shown in

Table 1. The determination methods are presented in SI.

Pot experiments

A flowchart of the research methodology is shown in

Figure 1. The prepared BC, SC, and BCSC were incorporated

into the selected soil at a rate of 1.0% (w/w), hereafter referred

to as BC, SC, and BCSC, respectively. The treatment without

amendment was labeled as CK. Each plastic pot (29 × 25 cm;

diameter × depth) was filled with 8 kg soil with or without

amendment. A four-leaf stage sorghum seedling was

transplanted into each pot. Each treatment contained three

replicates, and thus, there were 12 pots in total. During the

growth period, all pots were moistened to 60% maximum water

holding capacity (WHC), which was balanced with tap water.

The pots were maintained in a greenhouse under 16 h of

supplementary light per day and a daytime temperature in a

range of 20–30°C during the whole growing period. The pots

were rotated every week until harvest to ensure the

homogeneity of the treatments. The soil and sorghum

samples were collected for further analysis after 90 days of

growth. The soil samples were divided into rhizosphere (Rh)

and non-rhizosphere (NRh) soils following the hand shaking

method (Wang et al., 2017). The sorghums were divided into

shoot, root, and panicle. Epson Scanning (Expression 11000XL,

REGENT INSTRUMENTS) andWin Rhizo Pro.2005 were used

to scan and analyze the morphological parameters of sorghum

roots (Luo et al., 2017).

TABLE 1 Selected chemical and physical characteristics of the soil,
biochar, and compost samples.

Soil BC SC BCSC

pH 8.35 9.75 7.24 7.30

EC (μs cm−1) 565 2,460 15,627 14,400

SOM (mg g−1) 0.61 39.55 150.82 146.00

NO3
−-N (mg g−1) 0.11 0.06 1.24 0.68

NH4
+-N (mg g−1) 0.01 0.03 0.29 0.27

Olsen-P (mg g−1) 0.003 0.470 3.130 3.320

AK (mg g−1) 0.35 39.55 12336.36 12831.73

CK, soil without amendment; BC, soil amended with corn straw biochar at 1.5% (w/w);

SC, soil amended with seaweed compost without biochar at 1.5% (w/w); BCSC, soil

amended with cocomposted biochar and seaweed at 1.5% (w/w); EC, electrical

conductivity; SOM, the content of soil organic carbon; AK, the content of available K.
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Sample analysis

After deactivating the enzymes at 105°C for 30 min and then

drying at 65°C for 24 h, the sorghum samples were weighed and

the grains were counted. The soils from Rh and NRh were

divided into two parts, respectively; one part was stored

at −80°C for bacterial analysis, and another part was

characterized after being air-dried. The soil properties

including soil pH, EC, NH4+-N, NO3
−-N, Olsen-P, AK, SOM,

and CEC were determined according to the studies reported

previously (Wu et al., 2017; Zheng et al., 2018; Hallam and

Hodson, 2020). More details about soil pH, EC, NH4
+-N, NO3

−-

N, Olsen-P, AK, SOM, and CEC are presented in the SI.

DNA extraction, PCR amplification, and
high-throughput sequencing

Total microbial genomic DNAwere extracted and purified by

using E.Z.N.A.® soil DNA kits (Omega Bio-tek, Norcross, GA,

United States) according to the manufacturer’s instructions. Sub-

soil samples were collected from each treatment in triplicates.

The bacterial V3–V4 hypervariable region of 16S rRNA was

amplified using primers 338F and 806R by an ABI Gene Amp®

9700 PCR thermocycler (ABI, CA, United States). The PCR

amplification of the 16S rRNA gene was performed using the

following cycle: initial denaturation at 95°C/3 min, followed by

27 cycles of denaturing at 95°C/30 s, 55°C/30 s, and 72°C/45 s, a

final extension at 72°C/10 min, and end at 4°C. After purification

and being pooled at equal concentrations, the PCR products were

paired-end sequenced on an Illumina MiSeq PE300 platform/

NovaSeq PE250 platform (Illumina, San Diego, United States).

The sequences were grouped into operational taxonomic units

(OTUs; 97% similarity cut-off) and clustered using UPARSE

(version 7.1). A representative sequence from each OTU was

picked and aligned by RDP Classifier version 2.2 against the 16S

rRNA database (e.g., Silva v138) using a confidence threshold

of 0.7.

Statistical analysis

The figures and tables were processed using Origin Pro 9.0

(Origin Lab Corp.) and Microsoft Office Excel 2010, respectively.

One-way analysis of variance (ANOVA) was used to analyze the

difference of the abovementioned parameters between different

treatments with SPSS 20.0. An independent-sample t-test (p <
0.05) was used to explore and compare the significant differences

between the Rh and NRh soil with SPSS 20.0.

Results

Effects of biochar-compost addition on
the growth and yield of sorghum in coastal
saline soils

The effects of BC, SC, and BCSC on the growth and yield of

sorghum are presented in Figure 2. The total fresh biomass and

dry biomass of sorghum plant were significantly increased by BC

(21.6–30.3%) and BCSC (44.0–53.1%), respectively. However, SC

decreased the total fresh biomass and dry biomass of sorghum by

21.2 and 35.6%, respectively (Figures 2A,B). The plant height of

sorghum also showed an increasing trend by BC and BCSC

treatments, despite the nonsignificant increase in BCSC

treatment (Figure 2C). In addition, the leaf numbers of

FIGURE 1
Flowchart of the research methodology.
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sorghum were not significantly affected by the addition of

amendments. Compared with CK treatment, BC and BCSC

treatments increased the grain number by 224.6 and 390.4%,

respectively (Figure 2D). However, SC addition had no

significant effect on it. The grain fresh biomass significantly

increased by 201.1, 57.3, and 256.7%, respectively, after the

BC, SC, and BCSC amendment, among which the BCSC

treatment induced the biggest increase (Supplementary Figure

S1A). Consistently, BC and BCSC treatments increased the dry

biomass of grain significantly by 132.9 and 196.4%, respectively

(Figure 2D). Compared to CK treatment, BC and SC treatments

decreased the root–shoot ratio by 28.3 and 23.3%, respectively.

BCSC treatment increased the root–shoot ratio by 30.8%.

However, the effect was not significant (Supplementary

Figure S1B).

Effects of biochar-compost addition on
the root morphology of sorghum in the
coastal saline soil

Table 2 shows the effects of biochar-compost additions on

sorghum root morphology. BC and BCSC addition

significantly enhanced the total root area and root diameter

of sorghum by 23.1–23.2% and 17.8–73.3%, respectively,

compared to CK treatment. However, SC decreased the

total root area and root diameter by 33.3 and 24.2%,

respectively. In addition, BCSC and SC application

increased and decreased the root total volume of sorghum

by 86.4 and 51.5%, respectively. BC and BCSC treatments

showed nonsignificant effects on the root tips, but SC

significantly increased it by 122.3%.

FIGURE 2
Effect of biochar, compost, and biochar-compost addition on sorghum growth and yield in coastal soil. (A) Sorghum fresh biomass, (B)
sorghum dry biomass; (C) sorghum height, and (D) sorghum grain dry biomass and grain number. CK: soil without amendment; BC: soil amended
with corn straw biochar at 1.0% (w/w); SC: soil amended with seaweed compost at 1.0% (w/w); and BCSC: soil amended with cocomposted biochar
and seaweed at 1.0% (w/w). The error bars represent the standard error of the mean (n = 3). Different small letters indicate the significant
difference among the different treatments (Duncan’s multiple-comparison test, n = 3, p < 0.05).
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Effects of biochar-compost addition on
soil physiochemical properties

Soil pH was nonsignificantly affected by the amendments

except BCSC, which significantly increased the pH value from

8.5 to 8.8 in Rh soil (Figure 3A). EC was decreased by 19.0–54.3%

and 44.7–53.1% with the amendment of SC and BCSC in the soil

of Rh and NRh, respectively. (Figure 3B). BC and BCSC

treatments significantly increased the SOM content in the Rh

soil by 71.8 and 61.3%, respectively (Figure 3C). For Rh soil, BC

increased WHC by 10.5%. However, SC and BCSC showed little

influence on it (Figure 3D). For the NRh soil, WHC increased by

9.5–15.0% with BC, SC, and BCSC amendment. These three

amendments also remarkably increased the CEC by 28.0–60.3%

and 18.5–27.5% in Rh and NRh soil, respectively (Figure 3E).

Effects of biochar-compost addition on N,
P, and K content in the coastal saline soil

For the Rh soil, BC and BCSC treatments increased the

content of NH4
+-N by 25.7 and 16.0% compared to CK,

respectively, while SC showed little influence (Figure 4A). The

biochar and compost treatments showed nonsignificant

influence on the NH4
+-N content in the NRh soil. BC and SC

had opposite effects on the NO3
−-N content in the Rh soil, which

significantly decreased and increased by 80.9 and 124.5%,

respectively, while BCSC addition showed no remarkable

effect (Figure 4B). For the NRh soil, BC and BCSC decreased

the NO3
−-N content by 85.8 and 42.4%, respectively, while SC

increased it by 81.6%. The NO3
−-N content in the NRh soil was

significantly higher than that in the Rh soil under SC treatment,

but exhibited a nonsignificant difference between the NRh and

Rh soil under the other three treatments. For the Rh soil, BC

treatment significantly increased the Olsen-P content by 17.4%,

while it showed little effect in the NRh soil. SC and BCSC

significantly increased the Olsen-P content by 12.3–55.2% and

27.8–50.5%, respectively, in the Rh and NRh soil (Figure 4C). BC,

SC, and BCSC additions significantly increased the AK content

by 48.8–79.0% and 54.0–74.1% in the Rh and NRh soil,

respectively (Figure 4D).

Effects of biochar-compost addition on
the soil bacterial community

In this study, the diversity and response of the bacterial

community in the Rh soil were investigated. The SC and BCSC

treatments significantly enhanced the bacterial richness (expressed

as Chao1 index, Figure 5A) by 4.8 and 8.2%, respectively.

Consistently, BC, SC, and BCSC treatments improved the

Shannon indexes, but SC addition showed a subtler effect

(Figure 5B). There were 233, 231, 326, and 198 unique OTUs

observed, respectively, in the BC, SC, BCSC, and CK treatments in

the Venn diagram (Figure 5C). According to the results of

principal component analysis (PCA) of Bray–Curtis distances,

the first two principal components explained 45.74% of the

variation in the total soil bacterial community, and BC, SC and

BCSC treatments showed different clustering features compared to

CK treatment (Figure 5D). Figure 4E shows that the nine most

abundant phyla were Actinobacteriota, Proteobacteria, Chloroflexi,

Bacteroidetes, Acidobacteria, Gemmatimonadetes, Myxococcota,

Firmicutes, Bacteroidota, and Methylomirabilota, which together

accounted for 93.2–94.1% of the total bacterial taxa. BC treatment

increased the relative abundances of Chloroflexi, Acidobacteriota,

Myxococcota, Bacteroidota, and Firmicutes by 2.3–55.1%, but

decreased the relative abundances of Actinobacteriota,

Proteobacteria, Gemmatimonadota and Methylomirabilota. SC

amendment increased the relative abundances of Chloroflexi

and Acidobacteriota by 9.7 and 15.1%, respectively, while

decreased the relative abundances of Actinobacteriota,

Proteobacteria, Gemmatimonadota, Myxococcota, Firmicutes,

and Bacteroidota. BCSC amendment increased the relative

abundances of Proteobacteria, Chloroflexi, Acidobacteriota, and

Bacteroidota by 0.7–13.8%, but decreased the relative

abundances of Actinobacteriota, Gemmatimonadota,

Myxococcota, and Firmicutes. At the family level, BC

amendments increased the relative abundances of

Vicinamibacteraceae by 39% (Figure 5F), but decreased the

abundances of Geodermatophilaceae by 20.7%. SC

treatment increased the abundances of A4b and

Pyrinomonadaceae by 46.4 and 23.1%, respectively, but

decreased the abundances of Geminicoccaceae,

norank_o_Gaiellales, and Geodermatophilaceae by 16.7–19.2%.

TABLE 2 Morphological indexes of the root system of sorghum treated with different additions.

Treatment Length (cm) Surface area
(cm2)

Average diameter
(mm)

Root volume
(cm3)

Tips

CK 1384 ± 45ab 199.2 ± 5.4b 0.45 ± 0.01c 2.29 ± 0.39b 6265 ± 583b

BC 1478 ± 19a 245.2 ± 0.8a 0.53 ± 0.01b 3.24 ± 0.06b 7780 ± 526b

SC 1270 ± 37b 132.8 ± 3.6c 0.34 ± 0.02d 1.11 ± 0.02c 13929 ± 204a

BCSC 1283 ± 68b 254.4 ± 4.7a 0.78 ± 0.01a 4.27 ± 0.64a 6800 ± 405b

CK, soil without amendment; BC, soil amended with corn straw biochar at 1.5% (w/w); SC, soil amended with seaweed compost without biochar at 1.5% (w/w); BCSC, soil amended with

cocomposted biochar and seaweed at 1.5% (w/w). Different small letters behind the values in the same column indicate the significant difference between different treatments (p < 0.05).
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BCSC treatment increased the relative abundances of

Sphingomonadaceae by 41.5%, but decreased the abundance of

Gemmatimonadaceae, Gaiellales, and Bacillaceae by 22.2–32.0%.

The relationships between the soil properties and bacterial

community under different treatments are shown by the RDA

analysis (Figure 6). The first two axes explained 84.3% of the total

variance. Soil pH, TP, SOM, CEC, NO3
−-N, NH4

+-N, and AKwere

the key factors related to the composition and diversity of the

bacterial communities.

Discussion

Biochar-compost increased the growth
and yield of sorghum in coastal soil

In this study, both BC and BCSC significantly increased

the growth and yield of sorghum (Figure 2; Table 2),

indicating that BC and BCSC amendments had the

potential to improve soil conditions and increase plant

FIGURE 3
Effect of biochar, compost, and biochar-compost addition on soil properties. (A) pH, (B) EC, (C) SOM, (D) WHC, and (E) CEC. CK: soil without
amendment; BC: soil amended with corn straw biochar at 1.0% (w/w); SC: soil amended with seaweed compost at 1.0% (w/w); and BCSC: soil
amended with cocomposted biochar and seaweed at 1.0% (w/w). The error bars represent the standard error of the mean (n = 3). Different small
letters indicate the significant difference between the soil treatments, and asterisks indicate the significant difference between the rhizosphere
and non-rhizosphere soils (p < 0.05).
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productivity in the coastal soil (Zheng et al., 2018; Cai et al.,

2021). In addition, compared to BC amendment, a higher

fresh biomass of root and shoot (Figure 2A) and a higher grain

dry biomass (Figure 2D) of sorghum in BCSC amendment also

indicated a greater potential of BCSC to enhance plant growth.

Similar results were also found in a previous study, which

showed that the addition of the mixture of 75% farm manure

and 25% biochar at 2% improved the wheat grain yield by

26–28%, compared to the only compost of farm manure in an

alkaline soil (Qayyum et al., 2017). Liang et al. (2021) reported

that 1.5% biochar-compost treatment increased the total

biomass of Phragmites australis by 35.5% in coastal soil,

ascribing to the increase of the nutrient utilization by

plants, improvement of soil properties, enhancement of soil

nutrient, decrease of soil EC, and alleviation of salinity stress,

which was consistent with our results (Figures 2, 3). Similarly,

the positive effect of BC and BCSC amendments on sorghum

growth might be due to the improvement of soil properties

(Agegnehu et al., 2016), enhancement of nutrient availability

(Hannet et al., 2021), and shift of the soil bacterial community

(Bello et al., 2021). For example, Liu et al. (2019b) found no

significant effects on crown daisy and leaf lettuce yields when

peanut shell-derived biochar (PBC) was added at 3% in an

infertile soil, while 3% PBC-compost addition increased the

yield by 15.8–107%, due to the improved soil nutrient

availability and nutrient uptake in coastal saline soil.

Consequently, the soil properties and nutrients were closely

related to the growth and yield of sorghum, which should be

further analyzed. In addition, the inhibition of sorghum

growth and yield with SC addition in our study might be

attributed to the phytotoxins produced by SC (Siles-

Castellano et al., 2020). Likewise, Purwaningsih et al.

(2021) also reported that wood biochar–seaweed compost

of 60 t ha−1 could increase the growth of soybean by 32.5%

compared to the compost without biochar. The increased root

morphologies (Table 2) of sorghum by BC and BCSC

FIGURE 4
Effect of biochar, compost, and biochar-compost addition on N, P and K availability in the soil with sorghum. (A) NH4+–N, (B) NO3-–N, (C)
Olsen-P, and (D) AK. CK: soil without amendment; BC: soil amendedwith corn straw biochar at 1.0% (w/w); SC: soil amendedwith seaweed compost
at 1.0% (w/w); and BCSC: soil amended with cocomposted biochar and seaweed at 1.0% (w/w). The error bars represent the standard error of the
mean (n = 3). Different small letters indicate the significant difference between the soil treatments, and asterisks indicate the significant
difference between the rhizosphere and non-rhizosphere soils (p < 0.05).
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FIGURE 5
Effect of biochar, compost, and biochar-compost on the microbial community in coastal soils planted with sorghum. (A) Chao1 index; (B)
Shannon index; (C) Venn diagram showing the shared bacterial OTUs; (D) principal component analysis (PCA) of bacterial community composition
based on Bray–Curtis similarity; (E) the relative abundance of bacteria at the phylum level; and (F) heatmap of the top 15 bacteria at the family level
using the Bray–Curtis distance and complete clustering method in the coastal soil with biochar amendment. CK: soil without amendment; BC:
soil amended with corn straw biochar at 1.0% (w/w); SC: soil amended with seaweed compost at 1.0% (w/w); and BCSC: soil amended with
cocomposted biochar and seaweed at 1.0% (w/w).
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amendment might result from the improved soil porosity,

which was beneficial for water infiltration (Chang et al., 2021).

Biochar-compost improved soil
properties and nutrient availability in
coastal soil

The results of this study supported our hypothesis that soil

properties could be improved by BCSC addition in coastal soil

(Figure 3). The increased SOM and WHC with BC and BCSC

addition (Figures 3C,D) might be attributed to the high carbon

content of BC and BCSC (Table 1), which could improve soil

quality and fertility (Arif et al., 2017) and prevent nutrient

leaching. In accordance with a previous study, biochar-

compost could enhance the WHC and SOM content in the

agricultural soil and then increase the growth of apple trees

(Safaei Khorram et al., 2019). In this study, different amendments

showed little influence on soil pH, which is mainly ascribed to the

similar pH of the soil (8.35) and additives (7.30–9.75) (Table 1,

Naeem et al., 2018). EC indicates the soil salt concentration,

which would affect plant total mass through root growth (Xia

et al., 2019). Generally, salinity stress could have negative effects

on the morphology of root systems, further influence the nutrient

utilization, and lead to an inhibition of plant growth eventually

(Zhao et al., 2020). In this study, biochar and compost additions

significantly decreased the EC of Rh and NRh soil (Figure 2B),

which might be attributed to the increased growth and yield of

sorghum by enhancing soil nutrient utilization.

In addition, biochar could alter nutrient availability for plant

growth in soils (Agegnehu et al., 2017; Zhang et al., 2020).

Previous studies reported the inconsistent influence of biochar

on the content of available soil nitrogen. For example, Yoo et al.

(2014) reported that 10% rice chaff biochar decreased the NH4
+-

N content and increased the NO3
−-N content compared with the

treatment without biochar. However, Gao et al. (2019) reported

that biochar application decreased the NH4
+-N content by 11%

and the NO3
−-N content by 12% in soil. Zheng et al. (2018) also

found that peanut shell biochar addition to the soil at 1.5–10%

could decrease the NO3
−-N content by 62.7%–89.3% in the Rh

and NRh soils. In this study, both BC and BCSC amendments

increased the content of NH4
+-N and decreased the content of

NO3
−-N of coastal soil. This might be due to the importance of

biochar in stimulating NH4
+ immobilization into organic N and

decreasing NO3
− production potential in soil (Xie et al., 2020).

However, Nelson et al. (2016) found that biochar could influence

the process of N fixation pathways from NO3
− to NH4

+, which

might weaken the nitrification process (Wang et al., 2014) and

increase the content of NO3
−-N in the soils.

Additionally, the increased soluble P contents (Figure 4C)

after BC and BCSC addition might be related to the P directly

released from the amendments and the high adsorption capacity

of them, which could inhibit the leaching of P in the soil

(Manolikaki and Diamadopoulos, 2019; Yang et al., 2021b).

Similar results were also found in the available soil K that the

increased soil K content could restrain the Na uptake by plants,

which would be beneficial for alleviating soil salt stress and

promoting plant growth (Yu et al., 2019). Therefore, soil

properties and nutrient availability could be improved by BC

and BCSC addition in coastal soils. The inconsistent effects of

different amendments on soil physicochemical properties,

nutrient states, and plant growth might be because of the

differences in soil microbial diversities and community

structures, which will be discussed as follows.

Biochar-compost shifts the microbial
community in coastal soil

In this study, both BC and BCSC amendments significantly

induced the shift of the soil bacterial community structure and

diversity (Figure 5). For example, BCSC amendment significantly

improved the richness and diversity of soil microbes compared

with CK (Figures 5A,B), indicating an increased bacterial growth.

This was consistent with the results of previous studies that

biochar, rich in polyporus and having large surface area, could

provide not only a good habitat but also nutrients and C source

for soil bacterial growth (Wu et al., 2017; João et al., 2021).

Nonetheless, the higher increase in unique OTUs in BC, SC, and

BCSC treatments compared to CK treatment (Figure 5C) and the

different clustering features of the PCA (Figure 5D) also

suggested an enhanced bacterial growth. Moreover, many

FIGURE 6
Redundancy analysis (RDA) of the relationship between the
bacterial family (blue arrows) and soil properties (red arrows) for
coastal soil. CK: soil without amendment; BC: soil amended with
corn straw biochar at 1.0% (w/w); SC: soil amended with
seaweed compost without biochar at 1.0% (w/w); and BCSC: soil
amended with cocomposted biochar and seaweed at 1.0% (w/w).
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studies evidenced that biochar could shift microbial communities

(Zheng et al., 2018; Yu et al., 2019). In our study, BCSC treatment

enhanced the abundance of Proteobacteria, Chloroflexi, and

Acidobacteriota compared to CK, but decreased the

abundance of Actinobacteriota (Figure 5E). It was reported

that Proteobacteria had plant growth-promoting effects by

nitrogen fixation and alleviating abiotic stresses (Bruto et al.,

2014). Chloroflexi and Acidobacteriota were also reported to have

positive influences on enhancing plant growth by promoting

nitrogen uptake (Emmett et al., 2020; Hua et al., 2021). These

bacteria that benefit plant growth under BCSC treatment might

be contributing to the growth and yield of sorghum in

coastal soil.

At the family level, BC increased the relative abundance of

Vicinamibacteraceae (Figure 5F). It was reported that

Vicinamibacteraceae was positively correlated to soil

available N content (Yi et al., 2022). Therefore, we

speculated that the increased soil NH4
+-N content in coastal

soil might be due to the enhanced relative abundance of

Vicinamibacteraceae under BC treatment. In addition, BCSC

treatment increased the abundance of Sphingomonadaceae and

decreased the abundance of Gemmatimonadaceae compared to

CK treatment (Figure 5F). Previous studies had reported that

Sphingomonadaceae was a degrader of organic material (Fei

et al., 2020) and could be frequently involved in N and P

transformations (Yang et al., 2014; Wang et al., 2020), which

revealed that the organic N and P in the soil could be

transformed into the available phases and become more

easily absorbed by sorghum. This result was consistent with

the increased NH4
+-N and Olsen-P content in the soil. Li et al.

(2021) reported that Gemmatimonadaceae was significantly

negatively correlated with the content of available N and P,

indicating that the bacteria was adapted to the soil with

insufficient P. The result was consistent with the decreased

relative abundance of Gemmatimonadaceae in the coastal soil

with more available N and P in BCSC treatment compared to

CK treatment.

Furthermore, the relative abundance of Sphingomonadaceae

was positively correlated with the content of Olsen-P in the soil.

The abundance of Gemmatimonadaceae and

Vicinamibacteraceae was positively correlated with NO3
−-N,

NH4
+-N, and AK in the soil. These results revealed that the

changes of microbial community in the soils might contribute to

improving soil properties and eventually enhancing the growth

and yield of plants. Overall, the enhanced soil nutrient

availability and physicochemical properties, the increased soil

bacterial diversity and activity, and the altered soil bacterial

community, especially the abundance of bacteria such as

Proteobacteria, Chloroflexi and Acidobacteriota under CSC

treatment, together enhanced the growth and yield of

sorghum in coastal soil (Figure 2).

Conclusion

This study demonstrated that BC and BCSC additions could

significantly improve the growth and productivity of sorghum

and BCSC had a better performance. The promotion effect of BC

and BCSC was mainly attributed to increased soil properties

(WHC, SOM, Olsen-P, and AK content), decreased soil EC, and

changed soil microbial community. The increase of the

abundance of Sphingomonadaceae and Vicinamibacteraceae in

the soil was positively correlated with the content of available

nutrients in soil, which eventually enhanced the growth and yield

of sorghum in costal soil. The results of our study indicated that

biochar-compost has the potential to be an amendment for

improving soil properties and enhancing plant productivity in

the coastal soil. The production technologies of biochars with

different feedstocks, the relationships between the properties of

biochars, and the soil physiochemical properties should be

further explored. Moreover, the technologies of inoculating

functional bacteria that could promote plant growth onto

biochars were worth developing and applying in coastal soils

in the future.
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