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Abstract:

Chitin-rich organic amendments are known for enhancing soil aggregation and
mitigating salinity, yet their effects on subsoil organic carbon (SOC) remains
underexplored. An experiment was conducted in a greenhouse vegetable production
system, employing three treatments: CK (no amendment), SC (chitin-rich organic
amendment), and ST (bio-organic amendment). Soil samples were collected from both
the topsoil (0-20 cm) and subsoil (20-40 cm) layers. The results revealed significant
increase in soil electrical conductivity (EC), salt ion content, labile SOC fractions under
organic amendment treatments in both soil layers. In the topsoil, a notable reduction in
pH and enhanced desalination were observed. The bio-organic amendment notably
increased the proportion of large macroaggregates and aggregate stability in both layers.
In contrast, the chitin-rich organic amendment specifically enhanced small
macroaggregates in the topsoil and large macroaggregates in the subsoil (P<0.05).
Redundancy analysis identified soil pH as a crucial factor influencing topsoil
aggregation, while EC, Mg?*, and Ca?* were critical for subsoil aggregation. Organic
amendments increased SOC, with higher Ca?* and Mg?* levels under lower pH in the
topsoil improving aggregate stability. In the subsoil, elevated EC, primarily driven by
increased Ca®" and Mg?* (excluding Na®), facilitated aggregate formation and
accumulation of recalcitrant organic carbon, thereby contributing to SOC stabilization.
These findings underscore the potential of chitin-rich and bio-organic amendments to

improve soil structure and to enhance carbon sequestration in both topsoil and subsoil.



This has important implications for sustainable soil management in secondary saline

greenhouse vegetable systems.
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1. Introduction

Over the past two decades, greenhouse vegetable production in China has
experienced rapid development, contributing to the stabilization of fresh vegetable
supply (Zhang et al., 2021b). However, excessive fertilizer and frequent irrigation in

greenhouse vegetable production systems usually lead to imbalance of soil nutrients



(Lv et al., 2020), salt accumulation and soil degradation (Li et al., 2019). Soil organic
carbon (SOC), a key indicator of soil quality and productivity, is controlled by the
balance between SOC input from plants or fertilizer and output from mineralization
(Jackson et al., 2017). However, high concentration of soluble salts in greenhouse
vegetable production systems could induce osmotic stress and ionic toxicity, which
interfere with photosynthesis, carbohydrate metabolism, and nutrient absorption
(Kumari et al., 2022; Wong et al., 2010). These stresses directly impair plant growth
and productivity, ultimately diminishing carbon inputs to the soil (Setia et al., 2013).
Meanwhile, sodium ions (Na*) can replace multivalent cations such as Ca®* and Mg?*
at cation exchange sites, leading to the dispersion of soil aggregates. This breakdown
of soil structure exposes previously protected SOC to microbial decomposition,
accelerating its mineralization (Haj-Amor et al., 2022; Xie et al., 2020). Therefore,
under such conditions, it is imperative to develop and implement effective soil
management strategies to mitigate salinity stress, maintain a balance between SOC
inputs and outputs, enhance SOC sequestration, and promote sustainable practices in

greenhouse vegetable production systems.

Globally, approximately 6-8 million tons of shrimp and crab shells wastes are
generated annual, containing 15-40% chitin and other substances (i.e., protein and
calcium carbonate) (YYan and Chen, 2015). Converting these organic wastes into chitin-
rich organic amendments have gained interest in recent years, because the amendments

not only offer a sustainable approach to recycle wastes but also provide an effective



strategy for SOC sequestration in salt-affected soils due to their distinctive properties.
Chitin-rich amendments are characterized by a low carbon-to-nitrogen (C:N) ratio
(approximately 6 - 7) (Shamshina et al., 2019), which facilitates rapid decomposition
of organic matter. This enhances the turnover of labile SOC fractions, thereby
promoting SOC accumulation even under highly saline-sodic conditions (Ji et al., 2019).
Additionally, these amendments improve crop productivity by enhancing nutrient
retention through cation exchange and chelation, indirectly increasing SOC inputs via
improved plant biomass (Aklog et al., 2016; Li et al., 2023; Rassaei, 2023). Moreover,
the potential of chitin-rich amendments to enhance SOC sequestration also depends on
their effects on soil structure. Several studies have demonstrated that they promote the
formation of soil macroaggregates by binding organic matter to soil minerals through
calcium bridges, which protects SOC from microbial decomposition (Zhang et al.,
2021a). In parallel, Bacillus amyloliquefaciens, a well-known plant growth-promoting
bacteria, can enhance soil nutrient availability and stimulate plant growth and root
development through the secretion of phytohormones and organic compounds (Luo et
al., 2025). Applying this bacteria with organic amendments offers additional potential
for improving soil structure, boosting plant productivity, and thereby enhancing SOC
inputs—making them an essential tool for promoting sustainable agriculture (Mao et
al., 2022; Zhu et al., 2021). For instance, Peng et al. (2023) indicated that Bacillus
amyloliquefaciens, when combined with organic amendment (frass), reduced salt

concentrations by 23.54%, improved both soil macroaggregate and microaggregate,



and enhanced SOC as well as other nutrient content. However, limited studies have
explored the combined effects of chitin-rich organic amendment and plant growth-
promoting bacteria (i.e., Bacillus amyloliquefaciens) in salt-affected soil, especially in
terms of mitigating salt accumulation and influencing SOC sequestration in greenhouse

vegetable production systems.

In addition, most studies related to the effect of organic amendments application
on SOC improvement have focused on the topsoil (0-20 cm), as this depth corresponds
to the typical zone for organic materials input (Bai et al., 2023; Yang and Zhang, 2022).
Nevertheless, subsoil may offer greater potential for SOC sequestration due to oxygen
limitation, which reduces microbial activity and slows carbon turnover rate, thereby
increasing SOC stabilization (Balesdent et al., 2018). Previous studies have shown that
organic amendments can significantly enhance subsoil SOC content, especially in
below ploughing depth (20-40cm) (Kaétterer et al., 2014; Hechmi et al., 2021). This
enhancement can be explained by: (1) physical protection; (2) plant-derived carbon
input (increased plant litter and root exudates due to increased crop yield under organic
amendment application); and (3) the transport of dissolved and particulate organic
carbon from topsoil (Rumpel and Kdgel-Knabner, 2010). However, the input of organic
amendments may also accelerate SOC mineralization in subsoil via positive priming
effect, leading to a repaid decomposition of native SOC and reducing the residence time
of SOC (Fang et al., 2020). Therefore, the consequences of organic amendments input

for SOC sequestration in the subsoil is still uncertain. Furthermore, in salt-affected soil,
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the migration of salt ions between topsoil and subsoil alters soil chemical properties
and structure, which further complicates SOC dynamics. Consequently, focusing on
differences and underlying mechanisms in SOC sequestration across soil layers is
essential for optimizing chitin-rich and bio-organic amendments management strategies,

and enhancing the sustainability in greenhouse vegetable production systems.

This study aims to address existing knowledge gaps by elucidating the
mechanisms underlying SOC sequestration at varying depths. Specifically, we
investigated the impacts of chitin-rich organic and bio-organic amendments on soil
salinity, aggregate characteristics, and SOC fractions in both topsoil (0-20 cm) and
subsoil (20-40 cm) within a greenhouse setting in Shandong Province, China. We
hypothesized that: 1) the application of these amendments significantly reduces
electrical conductivity (EC) and enhances aggregation in both soil layers, with a more
pronounced effect anticipated from the bio-organic amendment; and 2) salt ions
influence SOC sequestration under these amendments by affecting aggregate formation,
stability, and SOC fractions across the two soil depths. This research intends to provide
effective strategies and a theoretical foundation for enhancing SOC sequestration in

salt-affected greenhouse vegetable production systems.

2. Materials and methods

2.1 Site and amendment description



The experiment was conducted from August 2022 to August 2023 (covering two
growing seasons) in a typical solar plastic greenhouse located in Jinan, Shandong
Province, China (37°05" N, 117°23’ E). The soil type is classified as silty clay loam,
comprising of 27% clay, 48% silt, and 25% sand. The basic physicochemical properties
of the 0-15 cm soil layer at the beginning of the experiment were as follows: pH, 7.26;
total salt content, 4.63 g kg%; electrical conductivity (EC), 1.10 ds m™*; bulk density
(BD), 0.94 g cm?®; organic C content (OC), 72.5 g kg%; total N (TN), 4.23 g kg %;
available potassium (AK), 489.91 mg kg!; available phosphorus (AP), 137.49 g

kg1.The initial concentrations of salt ions are presented in Table 1.

Two types of amendments were applied in this study: chitin-rich organic
amendment and bio-organic amendment. The chitin-rich organic amendment was
primarily composed of shrimp head and crab shell waste. It underwent autolytic
fermentation at 25 °C for 24 hours, followed by hydrolysis, and was mixed with other
organic materials (i.e., straw and peanut shells) and composted at 30—70 °C for 25 days.
This amendment was produced by Botai Biochemical Technology Industrial Co., Ltd.
(Zhanjiang, China). The basic physicochemical properties of the amendment were as
follows: pH, 7.75; OC, 85.7 gkg™; TN, 12.7 gkg™'; total potassium (TK), 22.88 gkg™';

total phosphorus (TP), 11.65 gkg ' and 35 wt % calcium and magnesium.

The bio-organic amendment was produced using the same process as the chitin-

rich organic amendment, with the addition of Bacillus amyloliquefaciens strain 10270



during application (6L ha*; diluted 100 times with water). This strain was inoculated
at a concentration exceeding 1 x 108 CFU mL™". It was obtained from the Agricultural
Culture Collection of China (Beijing, China) and selected based on its plant growth-
promoting properties and salt tolerance, as demonstrated in laboratory experiments

(Peng et al., 2025).

2.2 Greenhouse experiment

The experiment was conducted using a completely randomized block design with
three treatments, each replicated three times, resulting in a total of nine plots (2 x 8 m
each; Fig. 1). Each plot contained 60 cucumber plants. The experiment spanned two
growing seasons per year, with cucumbers planted in early spring and early autumn,
respectively. The cucumber variety was “Lvyou No.2”. To prevent lateral movement
of fertilizers and water between plots, plastic films were buried to a depth of 1 m. The
three treatments were as follows: (1) CK: no amendment (mineral fertilizer 255 kg ha™!
N, 1l1kgha' P, and 212kgha™ K); (2) SC: chitin-rich organic amendment
(15thatyr?); (3) ST: bio-organic amendment (15tha™yr?). To ensure nutrient
balance among treatments, any differences in nutrient input from the amendments were
compensated using mineral fertilizers as needed. Both the mineral fertilizers and
organic amendments were applied as base fertilizers before cucumber planting in each
season and were incorporated into the top 0-20 cm of soil. Irrigation practices included
both flood and drip irrigation, selected based on soil temperature. Each application

delivered 0.4 tons of water per plot, as recorded by a water meter. Tillage followed



conventional practices, with soil plowed to a depth of 20 cm after each harvest. Other
agronomic practices, such as planting configuration and plastic film mulching, were

consistent across all treatments and followed local greenhouse production standards.
2.3 Soil sampling and analysis

In July 2023, soil samples were randomly collected from the topsoil (0—20 cm)
and subsoil (2040 cm) for each treatment (a total of 18 soil samples) using a core
sampler at five points along an S transect. All samples were separated into two sub-
samples after the visible roots and stones were removed using tweezers. One subsample
was naturally air-dried to measure soil and aggregate properties. The other subsample

was stored at 4°C to estimate soil microbial biomass carbon (MBC).

The EC and pH (soil:water ratio 1:5) were measured using a conductivity meter
(conductivity FE30, Mettler Toledo, China) and a PHS-3G digital pH meter (Shanghai
Leici Instrument Factory, Shanghai, China), respectively. Soil salt ions (K*, Na*, Ca?*,
Mg?*, CI~, SO4*, and NO3") were extracted from soil samples using deionized water
(soil:water ratio 1:5). Soluble cations were measured via inductively coupled plasma
optical emission spectrophotometry (ICP-OES) (Optima 8000, PerkinElmer, Waltham,
MA, USA) and ion chromatography (HPIC, 930 Compact IC Flex, Herisau,
Switzerland). The soil desalination rate (SDR,%) was calculated as follows (Fu et al.,

2023):

0—Si

SDR—S
S0

x 100% (1)
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where SO represents the soil EC before planting (Table S3), and Si is the soil EC at

harvest.

The SOC was quantified as described by Bao (2000). MBC was measured
following the method described by Vance et al. (1987). After fumigation, soil samples
were extracted using 0.5 M K2SO4 and the solution were measured on an Elementar
TOC analyzer (Multi N/C 3100, Analytik Jena, Germany). The carbon (C) content was
calculated as the difference in C content between the fumigated and non-fumigated
samples. Particulate organic carbon (POC) and mineral-associated organic carbon
(MAOC) were measured using the method detailed by Cambardella and Elliott (1992).
Briefly, a 10 g soil sample was placed into a 50 mL centrifuge tube, mixed with 30 mL
of sodium hexametaphosphate solution (5 g L"), and shaken at 100 rpm for 18 hours to
ensure complete dispersion. The resulting soil suspension was passed through a 53 um
sieve, washed with distilled water, and the retained and passing fractions were collected
in aluminum pans to separate particulate organic carbon (POC; > 53 um) and mineral-
associated organic carbon (MAOC; <53 um), respectively. The collected fractions
were oven-dried at 50 °C for 48 hours, weighed, and subsampled (0.1 g) for carbon
content analysis following the method of Bao (2000). Easily oxidizable carbon (EOC)
was determined using the potassium permanganate (KMnO4) oxidation method (Blair
et al.,, 1995), and recalcitrant organic carbon (ROC) was calculated based on the

variation between total SOC and EOC.

2.4 Water-stable aggregate analysis
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Soil aggregates were separated into four sizes according to the wet-sieving method
(Elliott et al., 1986; Chen et al., 2024): large macroaggregate (>2000 um, LMA), small
macroaggregates (250-2000 um, MA), microaggregate (53-250 um, MI), and silt and
clay fractions (<53 um, SAC). In detail, 50 g of air-dried soil (<8 mm) was placed on a
nest of three sieves with mesh sizes of 2000, 250, and 53 um, along with 30 glass beads
(4 mm in diameter). The sieve stack was positioned in an automatic sieve shaker
(Analysette 3, Fritsch, Germany), and deionized water was slowly added until the soil
was fully submerged. The setup was left undisturbed for 10 minutes to allow pre-
wetting. Subsequently, the sieves were vertically shaken 450 times over 15 minutes at
an amplitude of 3 cm. After sieving, the aggregate fractions retained on each sieve were
carefully collected and transferred to pre-weighed aluminum pans. The samples were
oven-dried at 60°C and weighed to determine aggregate size distribution. Soil
aggregate stability was assessed using three indicators: mean weight diameter (MWD),
geometric mean diameter (GMD), and the percentage of aggregates >0.25 mm in size

(WRao.25). These parameters were calculated as follows:

n

MWD = Z xi X wi (2)

i=1

GMD = EXP [(Z wi X Inxi) /Z wil 3)

2
WRO0.25 = Z wi X 100 (4)

i=1

12



where xi is the mean diameter of aggregates in fraction i (mm), wi is the proportion
of soil aggregate weights in fraction i (%), and i is equal to 1, 2, 3, or 4 representing

aggregate sizes of >2000, 250-2000, 53-250, and <53 um, respectively.

2.5 Statistical analysis

The differences of soil properties, salt ion content, aggregate distribution, and SOC
fraction were evaluated using one-way analysis of variance (ANOVA, Duncan tests)
using SPSS Statistics 26.0 (SPSS Inc., Chicago, IL, USA) and R software (version
4.3.2). Redundancy analysis (RDA) was conducted using the ‘vegan’ package (version
4.3.2) to address the relationship among soil properties, SOC fractions and aggregate
characteristics constrained by amendment application. Linear regression analysis was
conducted through the Im() function in R (version 4.3.2). To further expose the direct
and indirect effects of soil salt ions, aggregate distribution, and SOC fractions on SOC
sequestration at different soil layers, structural equation modeling (SEM) was
conducted using AMOS 22.0 (SPSS Inc., Chicago, IL, USA). The maximum likelihood
method was employed to test the fitness of the SEM model. The significance of chi-
square test (p), chi-square (x?), goodness-of-fit index (GFI), and root-mean square

errors of approximation (RMSEA) were the key indices.

3. Results

3.1 Impact of chitin-rich amendments on soil EC, pH, and salt ion dynamics in topsoil
and subsoil

13



Soil EC values ranged from 532 to 595 ps cm ™ in the topsoil and from 340 to 537
ps cmt in the subsoil (Fig. 2). Compared to the control (CK), the EC values in the
topsoil strongly increased by 11.84% and 3.13% under SC and ST treatments,
respectively. In the subsoil, the EC values increased by 57.79% and 46.72%,
respectively. The SDR values in the topsoil increased following organic amendment
application, whereas a decrease was observed in the subsoil (Fig. 2c), which suggesting
the organic amendment effectively decreased soil salinity in the topsoil. The pH values
in topsoil decreased by 2.70% for SC and 1.11% for ST compared with CK treatment.
However, no differences were detected among treatments in the subsoil (P>0.05, Fig.
2b).

In comparing the organic amendment treatments to CK, significant increases in
the concentrations of Ca?*, Mg?*, and SO4*>~ were observed in the topsoil. Specifically,
under the SC treatment, these increases were 30.24%, 36.11%, and 52.98% respectively,
while under the ST treatment, they were 21.23%, 29.29%, and 30.03% respectively
(P<0.05, as detailed in Table 2). In the subsoil, the concentrations of salt ions including
Ca?", Mg?", CI, NOs~, and SO4* increased significantly under SC and ST treatments
compared to the CK treatment. However, no significant changes were observed for Na*

and K* ions (P <0.05; Table 2).

3.2 Soil organic carbon and its fractions under chitin-rich amendments application

Compared to the CK, the SOC content showed a notable increase under SC and
ST in the topsoil (Fig. 3a, P<0.05). The POC, EOC, and MBC under ST increased by

14



44.81%, 30.22%, and 13.73%, respectively. While the similar trends were found in the
SC with the 43.20%, 45.15%, and 17.22% increase (Fig. 3b, d and f). Variations in
ROC showed the opposite trends in the topsoil (Fig. 3e), decreasing by 7.04% in SC
(P>0.05) and 16.82% in ST (P<0.05). In the subsoil, the POC and MBC increased 67.29%
and 87.05% under ST (P<0.05), and 32.59% and 114.46% under SC (P<0.05),

compared to CK (Fig. 4b and f).

3.3 Aggregate distribution and stability in topsoil and subsoil under chitin-rich
organic amendments

The distribution of aggregates in the topsoil and subsoil is depicted in Fig. 5. In
the topsoil, the dominant fraction was MA (accounting for 39 ~ 51% of total aggregate
mass) across all treatments, followed by LMA (constituting 16 ~ 28% of total aggregate
mass). Compared to the CK, the percentage of MA significantly increased by 31.40%
under SC, and the LMA exhibited a significant increase under ST (P<0.05) in the
topsoil. In the subsoil, the percentage of LMA was significantly higher in the SC
(16.97%) and ST (19.82%) compared to the CK (8.41%) (P<0.05). Moreover, 50.87%
of MI was detected in the CK of the subsoil, but the percentage of this fraction reduced
by 39.44% and 38.74% (P<0.05) in the SC and ST, respectively.

Amendments input significantly improved soil aggregate stability in both soil
layers (Fig. 5b, ¢ and d). Under the ST treatment, the MWD, GMD, and Wro.s in the
topsoil significantly increased by 51.65%, 105.50%, and 30.81% compared to the CK

(P<0.05). Similarly, the ST treatment showed the striking improvement in the subsoil
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aggregate stability with the increased MWD, GMD, and Wro.25 (53.81%, 46.73%, and

18.13%), compared to the CK.

3.4 Effects of soil salt properties on SOC fractions and soil aggregation

Salt properties such as EC, Ca?*, and Mg?" showed a significant positive
correlation with SOC and its fractions in both soil layers (Fig.6a and b, Fig S3).
Moreover, soil variables like TN, Ca?*, and Mg*" were positivity related to soil
aggregate distribution and stability (i.e., LMA, MWD, and GMD) in the topsoil (Fig.6c).
Among these, Mg?* was the most crucial variable (R?>=0.80, P=0.014) (Fig. S4). In
contrast, soil properties such as pH and Na* were negatively related to LMA, MWD,
and GMD. In the subsoil, soil properties accounted for 93.30% of the variation in
aggregate distribution and stability (Fig. 6d), in which EC (R?=0.86, P=0.011) and Ca?*

(R?=0.68, P=0.040) were the most important factors.

3.5 Contribution of soil salt properties, aggregate distribution and SOC fractions to
SOC sequestration

In the topsoil, SOC exhibited a significantly positive correlation with Ca?*, Mg?*,
EOC and MBC (P<0.05), while negatively associated with pH, ROC, MI and SAC
(P>0.05; Fig. S5). However, in the subsoil, the SOC exhibited a higher correlation with
Ca%*, EC, Mg?", ROC, LMA, MWD and GMD, but negatively correlated with pH, Ml
and SAC (Fig. S5). Regression analysis further indicated that the SOC in the topsoil

was more closely linked with Ca?* (R?=0.76, P<0.01, Fig. 7a) and EOC (R?=0.75,
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P<0.01, Fig. 7a), while the SOC in the subsoil was linearly linked with ROC across
treatments (R?=0.85, P<0.01, Fig. 7b).

Furthermore, the SEM model revealed that the impact pathways of amendments
on SOC differed across soil layers. In the topsoil, the variation in SOC was driven by
pH, Mg?*, Ca?*, aggregate stability, EOC and MBC (Fig. 8a). The EOC and MBC
directly affected the SOC content, while pH indirectly influenced the soil organic C
fractions (EOC and MBC) by affecting soil aggregate stability and salt ions (Mg?* and
Ca?"), and consequently altering the soil SOC content. In the subsoil, the total
standardized effects of EC, LMA, aggregate stability, MBC and ROC on SOC were
0.746, 0.698, 0.589, 0.2, and 0.799, respectively. Among these, the ROC and EC were
the key influencing factors. The EC had a notable effect on soil LMA and stability and

subsequently influenced the SOC content by altering the ROC content (Fig. 8c).

4. Discussion

4.1 Contradictory Impact of Organic Amendments on Soil Salinity in Greenhouse
Environments

In contrast to our first hypothesis that the organic input may induce a strong
decrease in EC, we observed an increase in the EC values in both layers under SC and
ST treatments (Fig. 2a). This contradicts the results of our previous field study, which
demonstrated that soil salinity decreases strongly in saline-sodic soils following chitin
organic amendment (Ji et al., 2019). Previous research pointed out that climatic factors
like temperature are the key factors determining the salt accumulation. For the
greenhouse vegetable production system in the study, the high air temperature (the

17



highest temperature is 44°C; Fig. S1) can draw more salt upward to the soil surface
following water evaporation (Corwin 2021). Additionally, high temperature and
humidity (the average air humidity is 72.6%, Fig. S2) in greenhouse can also enhance
microbial biomass (Fig. 3f) and stimulate microbial activities (Wu et al., 2020), thus
leading to the rapid degradation of organic amendments into organic acids and
increasing the release of soluble salts, ultimately causing an increase in soil EC
(Ravindran et al., 2022). Comparing two layers, EC in the top layer was higher than in
the sublayer. The reason may be due to higher MBC in topsoil (Fig. 3f), which
promoted faster decomposition of organic amendments and resulted in elevated soluble
salts release. Interestingly, despite the higher EC, the desalination rate in the topsoil
was higher than that in the subsoil under organic amendment input, especially in the ST
treatment (Fig. 2¢). These findings suggested that the organic amendment may enhance
the infiltration rate and salt leaching from topsoil to subsoil following the growing
season, thereby reducing the hazards of salt accumulation in topsoil.
4.2 Boosting Carbon Sequestration and Aggregate Stability Across Soil Layers
Labile SOC fractions such as POC, EOC and MBC, represent a transitional form
of organic matter between fresh crop residues and stabilized SOC (Chen et al., 2016).
Due to their high turnover rate, these fractions are commonly served as early indicators
of soil carbon variation. Our study revealed significant increases in labile SOC
fractions-POC, EOC, and MBC in the topsoil (Fig. 3), implying that organic

amendment potentially accelerates SOC turnover and accumulation. In general, POC is
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largely derive from relatively undecomposed plant fragments (Lavallee et al., 2019),
and its increase in our study can be attributed to both the direct input of incompletely
decomposed organic substances and the physical protection offered by soil aggregates
(Chenetal., 2024). This was evidenced by a positive relationship between POC content
and aggregate stability (Fig. S5a). Similarly, the enhancement of EOC and MBC
suggest that organic amendments stimulated microbial biomass and reproduction
through supplying a large amount of available carbon sources. This accelerated the
process of organic matter mineralization (Sun et al., 2023), and thus further enhancing
labile SOC content and nutrient cycling, consistent with research reported by Li et al.
(2018). In the subsoil, POC and MBC still significantly increased under the SC and ST
treatments (Fig. 4b and f). This increase can be partly attributed to the migration of
organic molecules into deeper soil layers through pores and fractures (Wang et al.,
2024), providing more substrates for microbial growth and activity.

In this study, ST addition significantly increased the percentage of LMA and
improved aggregate stability in the topsoil (Fig. 5). This enhancement can be attributed
to the bio-organic amendment. According to our previous study, bio-organic
amendment application stimulated the metabolic activity of indigenous
microorganisms (Zhang et al., 2024), and enhanced extracellular polymeric substance
production, such as protein and polysaccharide (Peng et al., 2025), which is crucial for
cementing microaggregates into macroaggregates (Sarker et al., 2022). In addition, as

bio-organic amendment gradually decomposes and transforms, components such as
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carbohydrates, polysaccharides and humic substances are released, which act as
persistent binding agents through hydrophobic interactions and cation bridging, further
contributing to the formation and stability of soil aggregate (Bronick and Lal, 2005).
However, chemical aspects of soil organic matter associated with aggregation were not
identified in this study, and further research is therefore needed to reveal the
relationship. Moreover, a positive correlation was observed between the contents of
Ca?" and Mg?* and both LMA and aggregate stability (Fig. 6¢), with these cation levels
being significantly higher in ST than in CK (Table 1), suggesting higher opportunity to
form organic matter—mineral complexes via Ca?* bridge (Yuan et al., 2023). These
cations can also replace Na, which increases macroaggregate percentages and
improving stability (Guo et al., 2019). Furthermore, a negative association was found
between pH and LMA in the topsoil (Fig. 6¢), with amendment application decreasing
soil pH (Fig. 2b). This relationship may be attributed to the reduction in soil pH within
the slightly alkaline salt-affected soil, and thus causing a more neutral soil environment
that favors microorganism proliferation (Lauber et al., 2008) and microbial metabolite
secretion, thereby increasing soil aggregation. Notably, ST induced a more pronounced
LMA proportion and aggregate stability relative to SC treatment in the topsoil (Fig. 5).
This difference may owing to the low C/N ratio (6—7) of chitin-rich organic amendment,
which had strong but transient effects on aggregate formation and stability due to its
rapid decomposition rate (Ma et al., 2024). However, in the subsoil, SC and ST exhibit

similar positive effects on the percentage of LMA (Fig. 5a), suggesting that the soluble
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organic molecules and decomposed organic compounds migrated vertically from the
top layer (0—20 cm) to deeper soils under irrigation. This influenced the activities of
subsoil microorganisms and root growth, and thus increasing the percentage of LMA
(Liu etal., 2013; Wang et al., 2024).
4.3 SOC sequestration affected by salt ions, aggregates, and SOC fractions in the
topsoil and subsoil

The application of chitin-rich organic or bio-organic input strongly enhanced the
SOC content in both soil layers (Fig. 3), mainly due to the direct C input and the
improvements of soil physicochemical properties. Interestingly, the pathways of SOC
sequestration were distinct in the topsoil and subsoil (Fig. 8). In the topsoil, SOC
sequestration was influenced by pH, which directly affected soil salt ions (Ca?* and
Mg?*) and aggregate stability, and indirectly influenced labile C fractions (MBC and
EOC) (Fig. 8a). A lower pH caused a decline in negatively charged soil particles,
resulting in decreased cation adsorption and increased release of soluble Ca?* and Mg?*
into the soil (Bolan et al., 2023), which subsequently facilitated Na* replacement,
aggregate formation and stability (Duan et al., 2021; Yuan et al., 2023). Furthermore,
our study indicated that pH influences SOC sequestration by indirectly affecting MBC
and EOC. The higher concentrations of these fractions with the effect of pH suggests
that more organic matter can be decomposed, promoting nutrient cycling processes and

crop yield (Dai et al., 2023; Yuan et al., 2021). This, in turn, indirectly contributes to
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higher C input via plant residue return and rhizodeposition (Liang et al., 2021), thus
altering SOC sequestration.

Unlike the topsoil, the EC was the key factor in SOC sequestration in the subsoil
by directly affecting LMA and indirectly affecting aggregate stability and ROC (Fig.
8b). Generally, higher EC decreased SOC by decreasing plant inputs caused by osmotic
potential and ion toxicity effects (Setia et al., 2013; Wong et al., 2010). However, in
this research, the EC was positively related to SOC content, likely due to its inhibitory
effect on organic matter decomposition. The increasing EC in the subsoil suppressed
soil respiration (Rath and Rousk, 2015), thereby reducing decomposition of SOM. In
addition, our results suggest that higher EC can facilitate LMA formation in soil,
enhance aggregate stability. These findings are in contrast to those of previous studies
reporting that a high soil EC decrease soil aggregation by increasing soil electrolyte
concentration, net negative surface charge, and soil clay dispersion (Chang et al., 2024;
Feng et al., 2021). This difference may be explained by the lower EC values in the
subsoil in this study, as shown by Li et al. (2024), who reported that when EC1:5 values
were lower than 3.188 dS m™ with organic materials input, the aggregate stability
increased with EC. SOC sequestration was also related to the ROC, which was directly
or indirectly influenced by soil LMA, aggregate stability, and EC. Aggregate occlusion
physically protect organic compounds from microbe and enzyme access (Stockmann et

al., 2013), while restricting oxygen diffusion and water and nutrient flow, thereby
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limiting microbial mineralization (Xu et al., 2024) and increasing ROC and SOC

sequestration.
5. Conclusion

Our study provides evidence that chitin-rich organic and bio-organic amendment
enhance SOC content in both topsoil and subsoil, albeit through distinct mechanisms.
Key soil properties, especially pH and EC, play a pivotal role in regulating SOC
sequestration across these soil layers by influencing soil aggregate stability and the
distribution of SOC fractions, which in turn are affected by salt ions. These findings
contribute to a deeper understanding of SOC dynamics at various soil depths and
emphasize the necessity of managing soil pH and EC when applying organic
amendments in salt-affected soils. However, the significance of microbial activity in
the SOC sequestration process should not be overlooked. Therefore, future research
should focus on integrating measurements of soil salinity characteristics, SOC fractions,
and microbial activity within both bulk soil and aggregates across different soil
horizons to elucidate the complex interactions involved for SOC sequestration.
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Figure legends:
Fig. 1. Schematic of experimental plot design.

Fig. 2. Effect of chitin-rich organic and bio-organic amendments on the soil EC (a), pH (b), and soil
desalination rate (c) in the topsoil and subsoil. Different letters above each bar indicate statistically
significant differences between treatments in each soil layer, according to Duncan’s test (P< 0.05).
EC: electric conductivity, SDR: soil desalination rate, CK: no amendment, SC: chitin-rich organic
amendment, ST: bio-organic amendment.

Fig. 3. Soil organic carbon fractions under organic amendment applications in the topsoil. Different
letters above each bar indicate statistically significant differences between treatments in each soil
layer, according to Duncan’s test (P< 0.05). CK: no amendment, SC: chitin-rich organic amendment,
ST: bio-organic amendment.

Fig. 4. Soil organic carbon fractions under organic amendment applications in the subsoil. Different
letters above each bar indicate statistically significant differences between treatments in each soil
layer, according to Duncan’s test (P< 0.05). CK: no amendment, SC: chitin-rich organic amendment,
ST: bio-organic amendment.

Fig. 5. Aggregate size distribution (a) and aggregate stability (b, ¢, and d) in response to different
organic amendment applications. CK: no amendment, SC: chitin-rich organic amendment, ST: bio-
organic amendment. Different letters above each bar indicate statistically significant differences

between treatments in each soil layer, according to Duncan’s test (P< 0.05).
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Fig. 6. Redundancy analysis (RDA) for the various impacts of soil parameters on SOC fractions in

the topsoil (a) and subsoil (b), as well as aggregate distribution and stability in the topsoil (c) and

subsoil (d). SC: chitin-rich organic amendment, ST: bio-organic amendment.

Fig. 7. Liner regression analysis between SOC and key environmental factors both in the topsoil (a)

and subsoil (b).

Fig. 8. Contribution of soil properties, aggregate characteristics, and organic carbon fractions to the

SOC in the topsoil (a) and subsoil (c), and standardized total effects in the topsoil (b) and subsoil

(d). Solid and dashed arrows indicate significant positive and negative relationships, respectively.

The width of the arrow indicates the strength of the effect; the number next to the arrow is the

standardized path coefficient, and the significance level is as follows: *, P< 0.05; **, P<0.01; and

*** P<0.001.
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Fig. 1. Schematic of experimental plot design.
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Fig. 2. Effect of chitin-rich organic and bio-organic amendments on the soil EC (a), pH (b), and soil
desalination rate (c) in the topsoil and subsoil. Different letters above each bar indicate statistically
significant differences between treatments in each soil layer, according to Duncan’s test (P< 0.05).
EC: electric conductivity, SDR: soil desalination rate, CK: no amendment, SC: chitin-rich organic

amendment, ST: bio-organic amendment.
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Fig. 3. Soil organic carbon fractions under organic amendment applications in the topsoil. Different
letters above each bar indicate statistically significant differences between treatments in each soil
layer, according to Duncan’s test (P< 0.05). CK: no amendment, SC: chitin-rich organic amendment,

ST: bio-organic amendment.
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Fig. 5. Aggregate size distribution (a) and aggregate stability (b, c, and d) in response to different
organic amendment applications. CK: no amendment, SC: chitin-rich organic amendment, ST: bio-
organic amendment. Different letters above each bar indicate statistically significant differences

between treatments in each soil layer, according to Duncan’s test (P< 0.05).
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Fig. 6. Redundancy analysis (RDA) for the various impacts of soil parameters on SOC fractions in
the topsoil (a) and subsoil (b), as well as aggregate distribution and stability in the topsoil (c) and

subsoil (d). CK: no amendment, SC: chitin-rich organic amendment, ST: bio-organic amendment.
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Fig.7. Liner regression analysis between SOC and key environmental factors both in the topsoil (2)

and subsoil (b).
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Fig. 8. Contribution of soil properties, aggregate characteristics, and organic carbon fractions to the

SOC in the topsoil (a) and subsoil (c), and standardized total effects in the topsoil (b) and subsoil

(d). Solid and dashed arrows indicate significant positive and negative relationships, respectively.
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The width of the arrow indicates the strength of the effect; the number next to the arrow is the

standardized path coefficient, and the significance level is as follows: *, P< 0.05; **, P<0.01; and

*** P<0.001.
Table:
Table 1 Salt ion content at the study site before the experiment.
Item Ca?* Mgt Na* K* S04 Cr NOs~ CO3>+HCO3~
(mgkg) (mgkg") (mgkg") (mgkg" (mgkg") (mgkg") (mgkg") (mgkg™
value 188.4 169 374 130.8 510.8 280.8 279.2 18.5

Table 2 Salt ion content in the topsoil and subsoil under amendment application (mg kg™).

salt ion Topsoil Subsoil

CK (n=3) SC (n=3) ST (n=3) CK (n=3) SC (n=3) ST (n=3)
Ca?* 134.56 + 2.13b 175.25+13.3a 163.13+0.23a 97.57+13.23b 141.25+3.52a 130.14+1.86a
K 59.31+ 8.25a 58.36+6.43a 55.01+5.35a 51.65+9.3% 55.81+7.68a 58.33+£11.92a
Mg 104.80+12.04b 142.64+9.99a 135.50+4.83a 76.46+6.67¢ 112.15+1.42a 101.48+1.98b
Na* 227.32+3.70a 240.67+24.49a  224.66+46.03a 153.66+10.18a 193.08+12.62a  183.04+35.24a
cr 167.58+23.12a 190.68+31.88a  185.03+40.64a 120.99+17.33b 168.90+1.93a 162.01+3.59a
NOs™ 524.38+104.42a  532.73x11.58a  603.23+123.85a 365.18+38.05b 424.16+7.77a 467.66+11.69a
SO+ 416.76+15.34c  637.58+3.48a  541.90+12.55b 298.69+11.275¢ 522.625+42.2a  452.45+5.025h

CK: no amendment, SC: chitin-rich organic amendment: ST- bio-organic amendment. Different lowercase letters

within a row indicate significant differences between treatments in each soil layer, according to Duncan’s test (P<

0.05)

41



Highlights:

1. Chitin-rich organic amendment accelerated soil aggregate formation, stability and
soil organic carbon (SOC) sequestration through regulating Ca** and Mg?".

2. Soil properties (pH, Mg?", and Ca*") and aggregate stability increased microbial
biomass carbon (MBC) and easily oxidizable carbon (EOC) to sequestrate SOC in
topsoil.

3. Organic amendment sequestrated SOC in subsoil mainly via promoted aggregation

and ecalcitrant organic carbon (ROC) by altering electrical conductivity (EC).
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