Pre prints.org

Article Not peer-reviewed version

Application of Biofertilizers to Improve
the Saline-Alkali Soil Properties and
Promote Suaeda salsa Growth for
Enhancing Carbon Sequestration

Jiachen Wang, Rui Li, Bo Sun, Aamer Ali Shah , Zhihui Bai : , Jiancheng Wang, Xiawei Peng ,
Xuliang_Zhuang,

Posted Date: 24 April 2025
doi: 10.20944/preprints202504.2005.v1

Keywords: aline-alkali soil; biofertilizer; carbon sequestration; Suaeda salsa; soil enzyme activity

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4405003
https://sciprofiles.com/profile/1483134
https://sciprofiles.com/profile/59234
https://sciprofiles.com/profile/3255878
https://sciprofiles.com/profile/422745
https://sciprofiles.com/profile/345327

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 April 2025 d0i:10.20944/preprints202504.2005.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Application of Biofertilizers to Improve the Saline-
Alkali Soil Properties and Promote Suaeda salsa
Growth for Enhancing Carbon Sequestration

Jiachen Wang 1231, Rui Li 24, Bo Sun 245, Aamer Ali Shah ¢, Zhihui Bai 247*, Jiancheng Wang 3,
Xiawei Peng 8 and Xuliang Zhuang 24

! Henan Institute of Advanced Technology, Zhengzhou University, Zhengzhou 450003, China

2 Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

3 Binzhou Institute of Technology, Binzhou, Shandong 256600, China

4 University of Chinese Academy of Sciences, Beijing 100049, China

5 State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment,
Tsinghua University, Beijing 100084, China

¢ Department of Microbiology, Faculty of Biological Sciences, Quaid-i-Azam University,
Islamabad 45320, Pakistan

7 Xiongan Institute of Innovation, Xiongan New Area, Hebei 071000, China

8 School of Biological Sciences and Technology, Beijing Forestry University, Beijing, 100083, China

* Correspondence: zhbai@rcees.ac.cn

t These authors contribute equally to this research.

Abstract: Saline-alkali soils are characterized by high salt content and low organic matter, which
hinders plant growth and limits their carbon sequestration capacity. Using of biofertilizer has been
recognized as a promising strategy for saline-alkali soil improvement. This study evaluated the
potential of biofertilizer to improve the saline-alkali soil properties and enhance carbon sequestration
through field experiments, while also exploring the underlying mechanisms. The soil supplemented
with 30 and 60 t-ha' of biofertilizer resulted into an increase in per-hectare carbon sequestration by
102 t COze and 144 t CO:ze, respectively, in comparison to soil without biofertilizer (control). The
improvement in soil properties showed an increase in Suaeda salsa biomass, enhancements in soil
enzymes activities and elevation in total organic content, as evident by correlation analysis and
Mantel tests. Furthermore, the metabolism of organic matter promotes an increase in total inorganic
carbon. The results indicates that the use of biofertilizer is an effective strategy for improving saline-
alkali soil and enhancing carbon sequestration.

Keywords: saline-alkali soil; biofertilizer; carbon sequestration; Suaeda salsa; soil enzyme activity

1. Introduction

Terrestrial ecosystems store large amounts of soil organic carbon (SOC) and soil inorganic
carbon (SIC), which are twice the size of the atmospheric carbon pools and four times that of the
biotic carbon pools [1]. However, widespread soil salinization and alkalinization severely inhibit the
ability of plants to absorb and fix carbon dioxide, thereby reducing soil terrestrial ecosystems carbon
pool [2]. With the over-exploitation of land resources, the degree of soil salinization and alkalinization
is increasing [3]. In China, there are up to 3.69x107 ha of saline-alkali soil, of which 9.21x10¢ ha is
cultivated land, which represents 6.6% of the country's total cultivated land area [4]. Excessive
alkalinity and salinity in soil lead to the degradation of soil structure and reduction in its fertility.
Furthermore, these conditions cause ionic imbalance and stress in plant cells, which negatively affect
crop growth and threaten grain security [5,6]. Therefore, developing effective strategies for
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improving saline-alkali soil is essential for achieving sustainable agricultural development,
enhancing soil carbon sequestration, and mitigating climate change.

The organic carbon pool is a crucial component of the global carbon cycle. The processes of
organic carbon production and degradation can significantly influence the absorption and emission
of carbon dioxide [7]. Plants absorb, store, and utilize atmospheric carbon dioxide through
photosynthesis, converting it into organic matter [8,9]. This process increases plant biomass and SOC
content [10]. Additionally, plant biomass itself acts as an organic carbon pool, which can further
increase the carbon sequestration [11]. Recent studies show that SIC is also an important part of soil
carbon pool. Soil in saline-alkali regions contain large amount of SIC. The SIC is an inert carbon, and
its residence time in the soil is much longer than that of SOC, by a factor of 10 to 10,000 [12]. Therefore,
both SOC and SIC in saline-alkali soil should be included in the soil carbon sequestration accounting
system.

Applying organic amendments is a common method for improving saline-alkali soil. Previous
studies have shown that long-term application of organic fertilizers improves the properties of saline-
alkali soil and increases its total organic carbon (TOC) content [5]. Li et al. found that adding organic
materials to saline-alkali soil significantly increases plant biomass and SOC [13]. Zhang et al. found
that returning crop residues to the field significantly reduces soil salinity [14]. This reduction
enhances aggregate stability, thereby increasing SOC content. The inoculation of saline-alkali tolerant
plant growth-promoting bacteria is an effective method to increase plant biomass in saline-alkali soil
[15]. Besides, organic fertilizers can promote soil fertility and microbial community activity,
establishing optimal environment for plant growth [16]. The application of organic fertilizers and the
inoculation of plant growth-promoting rhizobacteria (PGPR) are both effective methods of soil
improvement. To promote crop growth and increase carbon sequestration, the synergistic effects of
organic fertilizers and PGPR should be emphasized [17]. Additionally, soil enzymes play a crucial
role in soil carbon cycling by directly influencing the mineralization and decomposition of organic
carbon, while also releasing inorganic nutrients that plants can absorb [18,19]. Studies have reported
that applying biofertilizer can reduce nitrogen loss from farmland, decrease NHs volatilization, and
lower emissions of N20 and other greenhouse gases [20-22]. However, there is still limited research
on assessing the response of soil carbon sequestration to the application of biofertilizer.

Saline-alkali soil is regarded as a complex system, where the formation of soil carbon may
involve multiple mechanisms [23]. In the early stage, we did an experiment about biofertilizer
improving saline-alkali land and promoting the growth of crop [24]. In order to further explore its
influence on carbon sequestration in agricultural ecosystem, a field experiment was conducted in the
region. Our objectives were to: (1) examine the effects of biofertilizer on the improvement of Saline-
alkali soil and promote the growth of Suaeda salsa; (2) assess the carbon sequestration capacity in the
investigated field; (3) explore the mechanism for increase in carbon sequestration, S. salsa biomass,
and soil enzymes activities.

2. Materials and Methods

2.1. Experimental Design

The field experiment was conducted in the saline botanical garden (45°26'8"N, 85°0'6"E) in
Karamay City, Xinjiang Uygur Autonomous Region, China (Figure 1). The region is located in a
temperate continental arid climate zone, with an average annual precipitation of 105 mm and an
average annual evaporation of 3009 mm. Additionally, the temperature fluctuates significantly with
the seasons, reaching a maximum of 43.6 °C in summer and a minimum of -40.5 °C in winter. The
main vegetation in the region is xerophytes with salt tolerance. This area has a high degree of soil
salinization, low soil fertility and weak carbon sequestration capacity [25-27].
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Figure 1. Photo of experimental field and plot distribution map of different treatments.

2.2. Field Experiment Design

Table S1 presents the physicochemical properties of soil and characteristics of the biofertilizer
for this experiment. The biofertilizer contains Bacillus subtilis at a concentration exceeding 2.0x108
CFU-g, in accordance with the Chinese standard NY 884-2012. S. salsa is a common salt-tolerant crop
and it can thrive in a drip irrigation system without fertilization [28]. In the current study, a field
experiment was conducted to investigate the effect of biofertilizer on S. salsa and its impact on the
carbon sequestration process. The field experiment included three treatments: CK (with no
biofertilizer), A (60 t-ha' biofertilizer), and B (30 t-ha’ biofertilizer). Each treatment was replicated
three times and randomly distributed across 6 m x 10 m plots. All treatments involved the application
of only the biofertilizer, with no additional supplementation. Prior to addition of biofertilizer, the
plots were leveled and cleared for stones and weed roots. The biofertilizer was spread evenly on the
surface of the plots using a 35 cm rotary tiller through multiple passes. After adding biofertilizer, drip
irrigation tapes were installed for all treatments, with all other conditions kept consistent across
treatments.

2.3. Soil Sampling and Measurement

Baseline soil samples were collected before the start of the experiment. Subsequently, soil
samples were collected after adding biofertilizer (May 2021, T1), during the seedling stage of S. salsa
(July 2021, T2), and during the fruiting stage of S. salsa (September 2021, T3). The additional soil
samples were collected eight months after harvest in May 2022 (labelled as T4) in order to investigate
long-term effect of biofertilizer application on soil. Nine soil samples were collected from different
locations within each treatment at a depth of 0-35 cm. The collected samples were mixed into a
composite sample, with three such composite samples for each treatment. In case of T2 and T3,
rhizosphere soil samples were collected by shaking the soil adhering to the roots into sampling bags.
Nine samples were collected, mixed into a composite sample, and this process was repeated three
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times. The collected soil samples were either refrigerated at 4 °C or air-dried for subsequent soil
parameter analysis. Soil pH was measured using a pH meter (INESA, Shanghai, China) in a 1:2.5
(w/v) soil-water extract. Ammonium nitrogen (NH4-N), nitrate nitrogen (NOs-N), and nitrite
nitrogen (NO2-N) were determined using potassium chloride extraction and spectrophotometric
methods (China Standard HJ 634-2012). Total carbon (TC), TOC, total inorganic carbon (TIC), total
nitrogen (TN), and carbon-to-nitrogen ratio (C/N) were measured using an elemental analyzer (Vario
MAX cube). Available phosphorus (AP) was determined using sodium bicarbonate extraction and
molybdenum-antimony colorimetric method according to China Standard HJ 704-2014. Total soluble
salt (TSS) content was measured according to China Standard NY 1121.16-2006. SOM was determined
using the loss-on-ignition method according to China Standard HJ 761-2015. The soil water content
(SWC) was determined by gravimetric method according to China standard HJ 613-2011. The
concentration of different elements (Na, K, Mg, Ca, Cl) were determined using an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Varian, Vista Pro), and the anion SO+
content was determined using ion chromatography (Thermo Fisher, Aquion), referring to the Chinese
standard HJ 832-2017.

2.4. Plant Sampling and Measurement

Plant samples were collected at the T2 and T3 stages. In each treatment, a 0.6 m x 0.6 m quadrat
was randomly set up. After harvesting the plants within the quadrat, their height and fresh weight
were measured. The plants were dried in an oven at 75 °C and cumulative biomass was obtained by
summing the dry weight of all plants per unit area. The dried samples were then crushed, and sieved
through a 200-mesh screen. Subsequently, the plant samples were analyzed to determine the TC, TIC,
TOC, TN, C/N, and readily oxidizable carbon (ROC) using an elemental analyzer (Elementar S-TOC
cube). Ash content was measured using the ignition method: the sieved samples were burnt in a
muffle furnace at 600 °C for 3 hours, then cooled to room temperature and weighed. The
concentration of different elements (Na, K, Mg, Ca, Cl) was determined using an Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES) (Varian, Vista Pro), referring to the Chinese
standard HJ 832-2017 for metal detection methods.

2.5. Carbon Sequestration Accounting

Due to the uneven distribution of crop growth in different quadrats, we used cumulative
biomass (the sum of the biomass of all crops per unit area) for carbon sequestration accounting. The
plant carbon content ratio is the proportion of carbon in the plant’s total mass. The conversion factor
between CO: and C is 44/12. Referring to the Chinese standard DB31/T 1234-2020, the carbon
sequestration per hectare of plants is calculated using the following formula:

Cp = Bp X CF X A X 3.67 (1)

In the formula, Cp represents the plant carbon sequestration amount (t COze), By represents the
plant biomass (t-ha-!), CF represents the plant carbon content ratio (%), A represents the unit planting
area (ha), and 3.67 is the conversion factor between CO:z and C.

Considering the lower solubility of carbonates in saline-alkali soil, their TIC content cannot be
ignored. We used TC as an indicator to assess the carbon sequestration capacity of saline-alkali soil.
Referring to the Chinese standard NY/T 4300-2023, the carbon sequestration per hectare of soil is
calculated using the following formula:

C,=TCxDXEXxAXx3.67x0.1 2

In this formula, Cs represents the soil carbon sequestration amount (t COze), TC represents the
total soil carbon content (mg-g™), D represents the soil bulk density (g-cm=), E represents the soil
depth (cm), A represents the unit area (ha), 3.67 is the conversion factor between CO: and C, and 0.1
is the unit conversion factor.
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2.6. Soil Enzymes Activities Measurement

The dried soil was cleared from stones, plant residues, and other debris, and then ground using
a mortar and pestle, Finally, the soil was sieved it through a 100-mesh sieve and analyzed for various
enzymes such as urease (UE), alkaline phosphatase (ALP), catalase (CAT), cellulase (CL) and sucrase
(SC) by measuring their activity using enzyme assay kits (Solarbio Life Science, Beijing, China).

2.7. Statistical Analysis

The average values and standard deviations of the physicochemical properties of soil and
biofertilizer carrier were compiled using Excel and Origin 2024 software. The significant difference
in soil properties, plant biomass, plant physicochemical properties, and soil enzymes activities were
tested using univariate analysis of variance (ANOVA) and Tukey test. Difference between
rhizosphere and non-rhizosphere was tested by paired sample T test. Wilcoxon rank sum test was
carried out with R v4.2.0, and 0.05 value was considered as the statistical significance threshold to
test the difference in carbon and other indicators in different treatments. Linear regression analysis
was conducted to examine the relationships between plant biomass and plant carbon-nitrogen
content, plant salinity, soil properties, and enzymes activities. The Spearman correlation coefficient
between plant carbon-nitrogen and salinity was calculated using the R “corrplot” package. The
“linkET” package was used for Mantel tests to determine the impact of different environmental
factors on the contents of TOC, TIC, and TC [29].

3. Results
3.1. Soil Physicochemical Properties

The physicochemical properties of soil were determined in order to explore the effect of
biofertilizer on saline-alkali soil. A significant difference in physicochemical properties of soil was
observed among different treatments (Table 52). In comparison to CK, the application of biofertilizer
increased SOM content by 1 to 1.9 times. The SOM content was highest during the T3 period and
significantly decreased after crop harvest (p < 0.05). The biofertilizer reduced soil TSS content by
16.3% to 22.6% as compared to CK, with significant differences between treatments A, B, and CK in
all periods after sowing (T2, T3, T4). During the crop growing period (T2, T3), the SWC of treatment
A was significantly higher than treatments B and CK. The application of biofertilizer significantly
increased soil AP, with treatment A having the highest AP content. In comparison to CK, soil TN
increased by 65.4% and 22.6% for treatments A and B, respectively. During the crop growing period
(T2, T3), the soil NH4*-N and NOs-N levels was also increased in comparison to that of CK. In general,
the application of biofertilizer reduced soil TSS, increased SOM content and other nutrients, hence
effectively improved saline-alkali soil.

In comparison to CK, soil CI content in treatments A and B was decreased by 31.7% and 23.4%,
respectively, whereas Na content was decreased by 23.9% and 26.2%, respectively. The application
of biofertilizer resulted into a more significant reduction in Cl content, while effect on Na content was
non-significant. No significant difference was observed between treatments for other elements and
ions besides Na and CI (Figure 2). In the original soil samples, the salt elements were primarily Na
and CI, which together accounted for over 60%. Biofertilizer altered the composition of soil salt,
significantly reducing the proportions of Cl and Na in soil (Figure S1).
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Figure 2. Changes of soil salt content. K (a) Na(b), Mg(c), Cl(d), Ca(e), SO+*(f). CK (with no biofertilizer); A (60
t-ha biofertilizer); B (30 t-ha! biofertilizer). Different letters indicate that there is significant difference (P <0.05)

between different biofertilizers applications in the same period. T1, T2, T3, and T4 represent May 2021, July 2021,

September 2021 and May 2022, respectively.

3.2. Biomass and Physiological Characteristics of S. salsa

The biomass and physiological characteristics of plant S. salsa were measured in order to

determine the effect of biofertilizer on its growth. The results showed that the biofertilizer

significantly improved the plant height, dry weight, fresh weight, and plant biomass (Figure 3). At
T3, the dry weight of treatment A and B was approximately 4 and 2 times higher than that of CK. The
maximum plant height was found in treatment A, which was about 41.9% and 20.9% higher than that
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of CK and B, respectively. The cumulative biomass in treatments A and B was increased by 54.2 t-ha-
Tand 38.5 t-ha! as compared to CK, respectively. At T3, the plant TC in treatment A and B increased
by 5.4 and 2.2%, respectively as compared to CK (Figure S2a). At T3, the plant TN in treatment A and
B increased by 58.3% and 36.7%, respectively as compared to CK (Figure S2c). The Na content in
treatments A and B increased by 76.3% and 33.9%, respectively as compared to CK, while the Cl
content increased by 49.9% and 22.2%, respectively (Figure S3).

Linear regression analysis showed that as plant biomass increased; TOC and TC showed an
increasing while ROC and TIC showed a significant decreasing trend (Figure 54). Linear regression
analysis of plant biomass and plant salt elements indicated that Na and Cl significantly increased
with increasing plant biomass (Figure S5). Additionally, Spearman correlation analysis revealed a
significant positive correlation between TOC and both Cl and Na contents in plants, with TC showing
a similar trend (Figure S6).
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Figure 3. Growth index of S. salsa in different periods. plant height (a), dry weight (b), fresh weight (c), plant
biomass (d). The values in (a), (b) and (c) are the average values of plant samples, and the values in (d) are the
sum of all plant biomass. CK (with no biofertilizer), A (60 tha™ biofertilizer), B (30 t-ha™! biofertilizer). Different
letters indicate that there are significant differences (p < 0.05) between different biofertilizers applications in the
same period. T2 and T3 represent July 2021 and September 2021, respectively.

3.3. Calculation of Carbon Sequestration

The effect of biofertilizer on carbon sequestration by plant and soil was determined in treatments
A, B and CK. The cumulative biomass for A, B, and CK was recorded as 74.3 t-ha, 58.5 t-ha!, and
20.1 t-ha, respectively (Figure 3d), whereas plant carbon content was 31.2%, 30.2%, and 29.5%,
respectively (Figure S2a). According to formula 1, the plant carbon sequestration for A, B, and CK
per hectare was 84.9 t COze, 64.9 t COze, and 21.7 t COze, respectively (Figure 4a). In comparison to

d0i:10.20944/preprints202504.2005.v1
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CK, the application of biofertilizer in treatments A and B increased plant carbon sequestration per-
hectare by 63.2 t COze and 43.1 t COxze, respectively.

The application of biofertilizer significantly increased the soil TOC, by 2.9 times and 2 times
compared to CK. Soil TOC reached at its peak at T3 and decreased significantly after crop harvest
(Figure S7a). Soil TIC exhibited an overall increasing trend, and was opposite to soil TOC after T2
(Figure S7b). In comparison to CK, soil TC content in treatments A and B was increased by 35.9% and
22.9%, respectively with a gradually increasing tread from T1 to T4 (p < 0.05). Soil TC in treatments
A and B was significantly higher than CK throughout the experiment (Figure S7c). TC, TOC, and TIC
content in rhizosphere soil was significantly higher than in non-rhizosphere soil in all treatments at
T3 (Figure S8). In the experimental area, soil bulk density was 1.5 g-cm?, and both soil tillage and
sampling depths were 35 cm. Based on Formula 2, the soil carbon sequestration per-hectare for
treatments A, B, and CK was 498 t COze, 450 t COze, and 366 t COze, respectively. The carbon content
of the biofertilizer used in this experiment was 23.2%. Treatments A and B added 50.8 t COze and 25.4
t COze of carbon to the field, respectively (Figure 4b). Compared to CK, The treatments A and B
increased soil carbon sequestration per-hectare by 80.7 t COze and 58.6 t COze, respectively.

The application of biofertilizer significantly increased total carbon sequestration in treatment A
and B about 583 t COze and 515 t COze, respectively, per hectare in comparison to CK (388 t COze)
(Figure 4c). In comparison to CK, the application of 60 and 30 t-ha of biofertilizer resulted into an
increase in carbon sequestration by 144 and 102 t COze per hectare

a [ ] Plant carbon b J Biofertilizer input carbon C [ Biofertilizer input carbon
. 100+ 600 - Soil carbon - B soil carbon
o - = 700
) @, o [ | Plant carbon
: a S :
I @) a
pa? = =
= 754 =
£ b | & £ 5257 2
o T h— ~
o = = o
- =] k3
A > ES c
: : .
g 50 g @ 350 1
w
s £ £
= s £
2 = p
5 : g
Z x4 ¢ S - 175
g 2 2
= n =
0 T T T 0 T T T
CK A B CK A B CK A B
Treatment Treatment Treatment

Figure 4. The per-hectare carbon sequestration. plant carbon sequestration (a), soil carbon sequestration (b), total
carbon sequestration (c). CK (with no biofertilizer), A (60 t-ha" biofertilizer), B (30 t-ha™! biofertilizer). Different

letters indicate that there are significant differences (p < 0.05) between different biofertilizers applications.

3.4. Soil Enzymes Activities

Soil enzymes activity was measured in order to determine the effect of biofertilizer. The enzymes
activity was significantly increased after application of biofertilizer as shown in Figure 5. The enzyme
activity was increased with the increase in concentration of biofertilizer as evident by the higher
activity in treatment A as compared to B. Additionally, the activity of all enzymes in rhizosphere soil,
except for CAT, was significantly higher than in non-rhizosphere soil (Figure S9).
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Figure 5. Changes of soil enzymes activities. S-UE (a), S-CL (b), S-SC (c), S-ALP (d), S-CAT (e). CK (with no
biofertilizer), A (60 t-ha' biofertilizer), B (30 t-ha biofertilizer). Different letters indicate that there are significant
differences (p <0.05) between different biofertilizers applications in the same period. T1, T2, T3, and T4 represent
May 2021, July 2021, September 2021 and May 2022, respectively.

3.5. Interaction of Environmental Factors and Their Relationship with Soil Carbon Components

The results of linear regression analysis showed that plant biomass increased significantly with
the increase of SOM and nutrients, the decrease of soil TSS, and the increase of soil enzymes activities
in saline-alkali soil (Figure 6). Pearson correlation analysis showed that SOM, TOC, TC, SWC, AP,
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TN, and NH4+*-N were positively correlated with the soil enzymes activities, while soil enzymes
activities were negatively correlated with TSS and C/N (Figure 7).

With the increase of plant biomass, TOC content significantly increased, while TIC content
showed an opposite trend (Figure 6). Mantel tests of soil carbon components and environmental
factors showed that soil factors and enzymes activities significantly impacted soil carbon components
(Figure 7). SOM content had the greatest impact on TOC. The environmental factor with the greatest
impact on TIC is pH, while TN is the environmental factor that has the greatest impact on TC. From
the values of Mantel’s r, it can be observed that environmental factors have the greater impact on
TOC compared to TC and TIC. Specifically, eight environmental factors have Mantel’s r values
exceeding 0.6, indicating their strong impact on TOC.
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Figure 6. Linear regression analysis of plant biomass with soil properties and enzymes activities. Different balls
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Figure 7. Mantel test of soil carbon components and environmental factors. The color and thickness of lines
represent the significance (Mantel’s p) and correlation coefficient (Mantel's r), respectively. The color gradient
and the size of the square represent Pearson correlation coefficient (Pearson's r). The level of significance is
denoted by * (p <0.05), ** (p <0.01), and *** (p < 0.001).
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4. Discussion
4.1. Improvement of Saline-Alkali Soil by Biofertilizer

In this study, biofertilizer effectively improved the physicochemical properties and nutrient
content of saline-alkali soil. During the four-month crop growing period, the application of
biofertilizer significantly increased SOM content. The results of the T4 period indicate that although
SOM content significantly decreased after crop harvest, the soil amended with biofertilizer still had
higher SOM compared to CK. This indicates that biofertilizer can effectively increase SOM over the
long term. The increase of SOM is mainly due to the input of organic matter in biofertilizer, as well
as increase of organic carbon sequestration. Rhizodeposition and root exudates can input more
effective organic matter into soil [30]. Additionally, plant roots contribute more to organic carbon,
which is one of the most effective organic carbon inputs in soil [31], which might explain the
significant decrease of SOM content in T4 period.

Nitrogen and phosphorus are vital nutrients for plant growth and are integral to soil nutrient
cycling processes [32]. The application of biofertilizer significantly increased soil nutrient content
during the crop growing period. The increase in soil nutrient content may be due to the increase in
nutrient input of biofertilizer and plant roots [33]. The SWC in treatment A during the T2 and T3
periods was significantly higher than in treatments B and CK, but it decreased significantly after crop
harvest. Plant growth increases soil water retention and prevents soil erosion [34]. This may be the
reason for the decrease in soil SWC after the harvest of S. salsa.

The increase in soil salinity adversely affects soil nutrients, enzymes activities, and crops. Severe
soil salt stress can significantly reduce crop yield and the carbon absorbed through photosynthesis
[35,36]. TSS in soil are an important criterion for assessing soil salinization level [37]. Previous studies
have demonstrated that S. salsa is a typical halophyte, which can absorb salts from the soil and
accumulate them within itself [38,39]. The same results were found in this study, where soil TSS
content in all three treatments at the T4 stage was significantly lower than at the T1 stage, with the
reduction being more significant in the biofertilizer treatment. This demonstrates that S. salsa can
reduce soil TSS, and the application of biofertilizer enhances this process. Linear regression analysis
of plant biomass and soil TSS content also confirmed this result, showing a significant decrease in
soil TSS content with an increase in plant biomass. It is mentioned in section 3.1 that the reduction in
soil salinity is primarily reflected in low Cl and Na content. The Na and Cl content in S. salsa in
treatments A and B was significantly higher than in CK. These results imply that biofertilizer
primarily reduces soil salinity stress by increasing the absorption of Cl and Na by S. salsa.

4.2. Growth Promotion of S. salsa by Biofertilizer

In our study, the application of biofertilizer significantly promoted growth of S. salsa. The plant
height, dry weight, fresh weight, and plant biomass increased significantly. Salt stress elevates the
osmotic pressure of the soil solution, restricting normal water absorption by roots and causing
physiological dehydration in plants, ultimately hindering their growth [40]. Therefore, the reduction
in soil salinity may be the primary reason for the increase in plant biomass. Besides, the
mineralization of organic nitrogen components plays a crucial role in providing nitrogen for plants
[33,41]. Under high nitrogen conditions, plant demand for AP also increases [42]. In this study, the
application of biofertilizer increased soil TN and AP content, providing the essential nutrients needed
for S. salsa’s growth. The significant positive correlation between plant biomass and TN and AP
further supports our hypothesis (Figure 6).

Additionally, soil enzymes can convert nutrients into forms available for plant uptake and
protect plants from abiotic stress [43,44]. The increase in soil enzymes activities has a positive effect
on plant biomass accumulation. In this study, soil enzymes activities were positively correlated with
plant biomass (Figure 6), suggesting that biofertilizer may also promote plant growth by increasing
enzymes activities in the soil.
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4.3. Enhancement of Soil Enzymes Activities by Biofertilizer

Soil enzymes are essential for the decomposition of organic matter and the cycling of nutrients,
and their activities are influenced by various factors [45]. S-UE and S-ALP are important enzymes
affecting the nitrogen and phosphorus cycles in the soil, converting organic nitrogen and phosphorus
into forms available to plants. Their activities are considered reliable indicators for assessing changes
in soil quality [43]. S-CAT is an important enzyme for promoting plant growth and development,
breaking down hydrogen peroxide in the soil and protecting plants from oxidative stress [44]. S-SC
and S-CL play significant roles in soil carbon transformation and accumulation. S-SC can break down
sucrose into fructose and glucose, increasing the soluble nutrients in the soil. S-CL can catalyze the
decomposition of cellulose into glucose, providing a usable carbon source for microorganisms [46].

In this study, soil enzymes activities in all treatments were initially increased followed by a
gradual decrease. Compared to CK, the application of biofertilizer significantly increased soil
enzymes activities, and this increase was biofertilizer concentration dependent, the higher the
amount of biofertilizer in soil, the higher the enzymes activities. This may be because S. salsa root
exudates provide an energy source for microorganisms, promoting increased soil enzymes activities
[43]. The application of biofertilizer significantly increased plant biomass, further enhancing soil
enzymes activities. After crop harvesting, the reduction in energy sources led to an overall decrease
in soil enzymes activities. Studies have found that the activities of S-5C and S-CL enzymes are usually
positively correlated with SOM content, and increase in enzymes activities can promote the
decomposition and transformation of SOM [46,47]. In this study, SOM, SWC, AP, TN, and NH+-N
showed a positive correlation with the enzyme activities (Figure 7), which leads to an improvement
in saline-alkali soil properties. We observed that the enzymes activities in rhizosphere soils were
significantly higher than in non-rhizosphere soils. This may be because soil enzymes primarily
originate from plant root exudates and microbial cell secretions in the soil [48]. Additionally, roots
are hotspots of microbial activity, which leads to higher enzymes activities in rhizosphere soils [49].

4.4. Interaction of Biotic and Abiotic Factors and Its Impact on Carbon Sequestration

Carbon sequestration in vegetation is of great significance for material cycling and energy flow
[50]. However, it has long been an overlooked method for reducing atmospheric carbon [51]. In this
study, the application of biofertilizer significantly increased the carbon sequestration of plants. The
plant carbon is primarily stored as plant biomass after being converted from CO: into organic carbon
through photosynthesis [52]. Therefore, the increase in plant carbon sequestration is likely due to the
increase in plant biomass. Correlation analysis in this study also confirmed that plant biomass is
positively associated with plant TC content. Additionally, the improvement in soil properties and the
increase in enzymes activities significantly increased the plant biomass, indirectly increasing the
plant carbon sequestration [53]. Our study indicates that carbon sequestration in plants plays a
significant role in the carbon sequestration process, and its carbon sequestration potential should not
be underestimated.

The soil carbon pool is an important component of the Earth's carbon cycle and plays a crucial
role in regulating the global climate. In this study, biofertilizer significantly increased the soil TC
content, and it increases with the application rate. Soil TC includes both SOC from organisms and
SIC present as carbonate minerals [54]. The humus introduced by biofertilizer accumulates in the soil,
which can facilitate SOC sequestration [5,55]. From the temporal variation graph of soil TOC content,
it was observed that the soil TOC content was highest during the growth period of S. salsa and
significantly decreased in T4 period (Figure S7a). This trend is consistent with the changes in SOM,
indicating that SOM content may be the primary factor influencing SOC content [56]. Additionally,
Mantel test results further confirmed this viewpoint. Previous studies have shown that the
availability of soil N and P elements significantly affects SOC sequestration, and the increase of SOC
is accompanied by a higher level of N and P [57]. The accumulation of TSS in the soil can disrupt soil
structure and decrease soil carbon sequestration capacity [27]. Soil C/N can indicate organic matter
decomposition rates and nitrogen mineralization potential [57], and the processes of SOM formation
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and decomposition are closely associated with soil microorganisms [7]. Previous research has shown
that under high C/N conditions, microorganisms may slow down their carbon use efficiency (CUE),
which leads to a preferential consumption of dissolved organic matter [58]. In our study, C/N was
negatively correlated with soil TC, which may be due to higher CUE under low C/N conditions. A
higher CUE indicates greater growth efficiency, with relatively less carbon released to the atmosphere
and more carbon stored in the soil [59]. However, microbial CUE was not measured in this study,
and its potential impact on soil carbon sinks could be substantial. Future research could further
investigate the microbial mechanisms behind changes in carbon. These perspectives suggest that the
improvement of saline-alkali soil is conducive to the increase of SOC content.

The reduction in plant biomass may decrease the total amount of rhizodeposition entering the
soil, further reducing the input of organic carbon from roots [31,60]. This indicates that an increase in
plant biomass may lead to an increase in SOC content. The increase in SOM can enhance SOC
accumulation, as both its formation and decomposition are influenced by soil enzymes [58,61]. In our
study, soil enzymes activities showed a significant positive correlation with both SOM and SOC.
Therefore, we believe that the increase in soil enzymes activities contributes to the rise in SOC.

Historically, research on soil carbon components has primarily focused on SOC, with insufficient
attention given to SIC [62]. However, soils in arid and semi-arid regions contain substantial inorganic
carbon pools, and even minor changes can significantly impact the global carbon cycle and climate
change [63]. Our results show that soil TIC content generally exhibits an increasing trend, with a
notable decrease during the T3 period. This decrease may be due to a reduction in soil pH during T3,
which accelerated the dissolution of SIC [64]. Previous studies have shown that chemical fertilizer
application may lead to soil acidification and significant SIC loss [65]. In this study, the application
of biofertilizer had no significant effect on soil pH, and the alkaline conditions in the soil promoted
carbonate accumulation [66]. After crop harvest, soil TIC content exhibits an increasing trend, which
is opposite to the change in TOC. The type of carbonate contributing to SIC sinks is pedogenic
carbonate, which primarily originates from CO: produced through various pathways [55,67].
Therefore, we hypothesize that this may be due to the CO: produced from SOC decomposition
promoting the formation of SIC [68]. On the other hand, CO: released from SIC dissolution enhances
crop photosynthesis, which in turn promotes SOC formation [69]. This process supports the
biochemical cycle between SIC and SOC [1]. The changes in soil TC further support our hypothesis.

The rhizosphere is the most active component in soil and is closely related to the soil carbon
cycle [19]. The interactions among soil, microorganisms, and plant roots form a complex relationship
that results in differences in carbon content between rhizosphere and non-rhizosphere soils [70]. Our
study shows that TC, TOC, and TIC content in rhizosphere soils of all treatments were significantly
higher than in non-rhizosphere soils. This may be due to the ability of plant roots to release
photosynthetically fixed carbon into the rhizosphere environment, which then enters the rhizosphere
soil through microbial activity [71].

4. Conclusions

This study assessed the impact of applying biofertilizer on carbon sequestration of saline-alkali
soil ecosystem through field experiments. This study indicated that the application of biofertilizer
significantly improves the properties of saline-alkali soil, increases soil enzymes activities, and
promotes the growth of S. salsa. Meanwhile, these changes significantly affect the carbon
sequestration of both plants and soil. It is noteworthy that the impact of biofertilizer on soil carbon
sequestration is primarily through its effect on SOC content, while SIC is mainly influenced by pH
and SOC content. Our results indicate that using biofertilizer to improve saline-alkali soil and
increase its carbon sequestration is a promising strategy.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: Properties of the saline-alkali soil and the biofertilizer; Table S2: Soil

physicochemical properties; Figure S1: Soil salt composition in different treatments; Figure S2: Carbon and
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