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• GRSP concentration in mangrove forest
soil was significantly higher than that in
the mudflat.

• The C/N ratio of GRSP increased with
depth in the coastal wetlands.

• The chemical composition of GRSP could
be an indicator for SOM heterogeneity.

• The stability of GRSP and its contribution
to SOC increased with increasing depth.

• The deeper soil layers are more conducive
for GRSP sequestration.
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 GRSP is widely distributed in coastal wetlands, and there is a tendency for it to degrade with increasing burial depth.
However, the dynamic changes in the chemical composition and stability of GRSP during the burial process are still
unclear. The purpose of this study is to clarify the chemical composition and accumulation characteristics of GRSP dur-
ing the burial process in the Zhangjiang estuary. In a field study, soil cores to the depth of 100 cmwere collected in the
estuary from mangrove forests dominated by Kandelia obovata and Avicennia marina, and from mudflat. The results
showed that the concentration of GRSP in mangrove forest soil was significantly higher than that in the mudflat (p
< 0.05), and the C/N ratio of GRSP increased with depth at all sites. Analysis of Fourier transform infrared (FTIR)
data showed that the degradation rates of the GRSP's compositions variedwith increasing burial depth, withmicrobial
action and pHpossibly being themain factors affecting degradation. Values of recalcitrance index (RI) showed that the
stability of GRSP increased with increasing depth, and the contribution of GRSP to soil organic carbon (SOC) also in-
creased. This suggests that the burial process plays a role in screening and storing the stable components of GRSP.
Overall, our findings suggest that the concentration and chemical composition of GRSP vary dynamically according
to habitat and burial processes. In addition, the improved stability of GRSP could contribute to carbon sequestration
in coastal wetlands.
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1. Introduction

Glomalin-related soil protein (GRSP) is usually considered to be a re-
fractory and thermostable glycoprotein produced by ubiquitous
arbuscular mycorrhizal fungi (AMF) (Rillig, 2004; Driver et al., 2005;
Rosier et al., 2008). Studies have proven that GRSP plays an important
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role in reducing soil carbon dioxide emissions, promoting carbon stor-
age (He et al., 2020), and enhancing plant resistance to environmental
stress (Barea et al., 2014; Singh et al., 2016; Kumar et al., 2018). In ad-
dition, GRSP has important environmental functions in terms of promot-
ing the formation of soil aggregates (Rillig et al., 2001), adsorbing
heavy metals (Vodnik et al., 2008; Wang et al., 2020), and reducing
the soil adsorption of organic chemicals (Chen et al., 2020). Studies
have shown that GRSP is a complex mixture (Gillespie et al., 2011;
Staunton et al., 2020) and its chemical composition could be modified
by environmental factors (Schindler et al., 2007) such as vegetation
types, soil physicochemical properties, microbial action, and human ac-
tivities (Holátko et al., 2021). Differences in the chemical composition
of GRSP may reflect different environmental functions. Therefore, this
glycoprotein should be considered from a dynamic perspective. How-
ever, research into aspects of its chemical composition is still limited,
preventing a more comprehensive understanding of GRSP and its possi-
ble ecological functions.

Coastal wetlands are located in the marine-terrestrial interlaced
zone, which is a typically fragile and sensitive environment (Negrin
et al., 2011; Yang et al., 2017; Xu et al., 2021). Wetlands are also impor-
tant transmission channels for various materials and energy (Silva et al.,
2007). For example, mangrove wetlands have been proven to represent
a considerable carbon pool due to the high growth rate of plants, high
sedimentation rates, and the presence of an anaerobic waterlogged
soil environment (Liu et al., 2014). GRSP is one of the components of
soil organic matter (SOM) (Singh et al., 2017; Xiao et al., 2019). It con-
tributes as much as 3%–10% to soil carbon storage in mangroves
(Lovelock et al., 2004a; Treseder et al., 2007), a level second only to
that stored in tropical forest (Singh et al., 2017). For these reasons,
coastal wetlands are ideal natural sites in which to investigate dynamic
changes in the chemical composition of GRSP.

GRSP has been considered as a bioindicator of terrestrial-marine
linkages (Adame et al., 2012). In mangrove forest soils, it can be classi-
fied as endogenous or terrestrial GRSP depending on its source. The for-
mer is produced by AMF in mangrove roots (Kothamasi et al., 2006),
while the latter is produced in terrestrial ecosystems and is transported
to coastal wetlands by runoff (Tian et al., 2020). Furthermore, man-
grove areas have high sedimentation rates. Knowledge of the transfor-
mation processes of organic carbon during burial is essential if soil
carbon pool dynamics are to be understood (Chaopricha and Marín-
Spiotta, 2014). Several studies have shown that the concentration of
GRSP decreases with increasing burial depth (Wu et al., 2012; Wang
et al., 2019; Das et al., 2020). However, it is still unknown whether or
not the chemical composition of GRSP varies during the burial process,
and how this may occur. Additionally, the relative stability of GRSP
means that its accumulation rate in soil usually higher than that of
other SOM components (Zhang et al., 2015; Jia et al., 2016), which is
an important factor in its carbon sequestration potential. Nevertheless,
information on the variation in its stability during burial in coastal wet-
land soils is still scarce. It is therefore necessary to clarify the effects of
the burial process on the chemical composition and stability of GRSP.

Our objectiveswere to assess the effects of habitat differences and burial
processes on the chemical composition and stability of GRSP in coastal
mangrove forest and mudflat. We collected soil cores at depths of 0–100
cm and determined the soil's physicochemical properties (pH, SOC, SOM-
C/N, GRSP concentration). We also characterized the chemical composi-
tion and stability of GRSP using FTIR and solid-state 13C NMR technology.
Based on previous reports of differences in GRSP concentration in various
coastal wetland habitats (Tian et al., 2020; Wang et al., 2018), we hypoth-
esized that there may also be differences in its chemical composition due to
different plant types, soil physicochemical properties, and tidal levels.
Moreover, we expected that GRSP chemical composition could also change
due to root interaction and changes in the soil environment during burial
processes. We also intended to clarify the trends in GRSP stability with in-
creasing burial depth and its contribution to carbon storage in mangrove
wetlands.
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2. Materials and methods

2.1. Study area

The study area is located in the Zhangjiang Estuary Mangrove National
Nature Reserves (ZEMNNR) (23°55′ N, 117°30′ E), Fujian Province, China
(Fig. 1). It has a subtropical maritimemonsoon climate, with an average an-
nual temperature of 21.2 °C and an annual average precipitation of 1714.5
mm. Tides are irregular and semi-diurnal, with an average tidal range of
2.32m (Zhang et al., 2012; Feng et al., 2017), and the salinity of the seawa-
ter is 12‰–26‰. The dominant plant species in the study area are Kandelia
obovata (K. obovata), Avicennia marina (A. marina), and Aegiceras
corniculatum (A. corniculatum).

2.2. Soil collection and preparation

Three sampling sites were selected from low to high tide levels. They
were respectively located at mudflat (low tidal level; salinity = 20.17 ±
2.51‰), pure A. marina mangrove forest (medium tidal level; salinity =
15.97 ± 1.04‰; average tree height = 2.32 ± 0.24 m, and branch
diameter = 11.78 ± 3.62 cm), and pure K. obovata mangrove forest
(high tidal level; salinity = 13.86 ± 1.33‰; average tree height = 2.53
± 0.23 m, and branch diameter = 12.21 ± 3.16 cm). Each core was
collected with a drill bit extractor at each sampling site on August 6,
2020 during the low tidal period (Fig. 1).

As soon as the cores were taken, they were layered with a plastic cutter
and immediately sealed in plastic zip-lock bags. According to the intensity
of root action in mangrove forest soils, we divided the soil core into the
root action zone (0–30 cm) and non-root action zone (30–100 cm). The
mudflat soil core was divided in the same way. Soil cores from the root
zone (0–30 cm) were divided at 5 cm intervals (0–5 cm, 5–10 cm, 10–15
cm, 15–20 cm, 20–25 cm, and 25–30 cm), and those cores in the non-root
zone (30–100 cm) were divided at 10 cm intervals (30–40 cm, 40–50 cm,
50–60 cm, 60–70 cm, 70–80 cm, 80–90 cm and 90–100 cm). Each core
was divided into 13 sub-samples, giving 39 sub-samples in total. After
sealing, the sub-samples were stored in an icebox and immediately trans-
ferred to the laboratory where they were dried in a freeze dryer. After re-
moving branches, shells, and other large impurities, the dried soil
samples were ground up for later analysis.

2.3. Determination of soil physicochemical properties

Soil sampleswerefirstly sieved using a 2mmnylon sieve and the soil pH
was measured in soil-water suspension (1:5) using a pH meter (PHS-2F).
The samples were then sieved to 0.149 mm. Values of soil organic matter-
C/N (SOM-C/N) were determined using a Vario EL Cube Element Analyzer
(Elementar, Germany) after hydrochloric acid pretreatment to remove inor-
ganic carbon from the dried soil. The procedure was as follows: 0.5 g of
each soil sample was taken and dipped in 1 mol L−1 HCl in a 50 mL centri-
fuge tube, removing the supernatant after the bubbles disappeared. The
centrifuge tubes containing acidified soil were dried in a drying oven at
60 °C for 48 h. The dried soil samples were ground again and sieved to
0.149 mm for testing. The acid-treated and dried soil samples were
wrapped in tin capsules, and the value of SOM-C/N was determined using
the elemental analyzer.

2.4. GRSP extraction, determination, and purification

The soil samples were sieved to 0.25 mm and used for GRSP extraction.
The total GRSP (T-GRSP)was extracted by autoclaving triplicate samples in
50 mM sodium citrate solution (pH= 8; soil:solution ratio = 1:8 g mL−1)
for 60 min at 121 °C. Each gram of soil sample was extracted 3 times until
the reddish-brown colour in the supernatant faded. The supernatants ob-
tained after centrifuging at 8000×g for 10 min were stored at 4 °C for fur-
ther analysis, while the easily-extracted GRSP (EE-GRSP) was extracted in
20 mM sodium citrate solution (pH 7; soil:solution ratio = 1:8 g mL−1)



Fig. 1.Geographical locationmap of sampling sites. The sampling sites are located in ZhangjiangMangroveReserve, ZhangzhouCity, China. Themudflat site is located at low
tidal level with no vegetation growth. The sampling site of A. marinamangrove forest is located at themedium tidal level, and the sampling site ofK. obovatamangrove forest
is located at the high tidal level. The linear distances of the three sampling points are all above 100 m.
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for 30 min at 121 °C. The supernatants obtained after centrifuging at 4000
×g for 8 min were then stored at 4 °C for further analysis (Zhang et al.,
2014; Zhu et al., 2019). The T-GRSP and EE-GRSP concentrations were de-
termined using Bradford's dye-binding assay, employing bovine serum al-
bumin (BSA) as the standard (Wright and Upadhyaya, 1998).

The specific steps of the purification of GRSP are as follows: the ex-
tracted T-GRSP solution was adjusted to pH 2.0 with 1 mol L−1 HCl to pre-
cipitate GRSP. After placing in an ice bath for 24 h, it was centrifuged at
8000 ×g for 10 min and the precipitate retained. Then 0.1 mol L−1

NaOH was added to the precipitate and the resulting solution was poured
into a dialysis bag (DW=8000–14,000 Da)whichwas placed in deionized
water (dH2O) for 18 h. The dH2O was replaced every 6 h, three times in
total. After the dialysate had been freeze-dried, the final dried floc was
the purified GRSP (Gillespie et al., 2011). The C/N ratio of the purified
GRSP was determined using the Vario El Cube Element Analyzer
(Elementar, Germany).
2.5. Fourier transform infrared (FTIR) spectroscopy analysis

In this study, FTIR analysis was performed on nine purified GRSP sam-
ples. Six of the samples were extracted from the surface (0–5 cm) and bot-
tom (90–100 cm) layers of the three soil cores, and the other three were
extracted from the K. obovata mangrove forest soil core at depths of
25–30 cm, 50–60 cm, and 80–90 cm. The compositional traits of the puri-
fiedGRSP from the three sample sites were determined using an attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectrometer
(Bruker Vertex 70V, Germany) with a spectral range of 4000–500 cm−1.
The resolution of the instrument is greater than 0.40 cm−1 and its wave-
number accuracy is better than 0.01 cm−1. The peak areas in the spectra
were integrated using Origin 2018 software (Origin Lab Corporation,
3

USA) to obtain semi-quantitative data for the characteristic compositions
(Wang et al., 2014). The band partitioning method is described in Table S1.

2.6. Nuclear magnetic resonance (NMR) spectroscopy analysis

Solid-state variable amplitude cross-polarization magic angle spinning
(SS (MAS) 13C NMR) spectroscopic analysis was performed on five purified
GRSP samples fromK. obovatamangrove forest soil taken at depths of 5, 30,
60, 90, and 100 cm, in order to investigate variations in the carbon fraction
and degradation of GRSP with increasing burial depth. Employing the
method described by Schindler et al. (2007) and optimizing the parameters,
the SS (MAS) 13C NMR spectra of purified GRSP were obtained using a
600 MHz WB Solid-State Nuclear Magnetic Resonance Spectrometer (A
Bruker AVANCE NEO, Switzerland). Samples were placed into a 3.2 mm
CPMAS rotor and spun at 12 kHz at the magic angle. The acquisition condi-
tions were set at a frequency rate of 150.9 MHz, with a spectra width of
45.5 kHz, single contact time of 2ms, and recycle delay time of 3 s. Approx-
imately 30,000 scans of purified GRSP were collected from each sample.

2.7. Data analysis

2.7.1. GRSP stability analysis
To investigate the effect of high deposition rate on the GRSP's stability

in mangrove forests, stability analyses were performed on five purified
GRSP samples from K. obovata mangrove forest taken at depths of 5, 30,
60, 90, and 100 cm. The GRSP enrichment factor can be used as an indica-
tor of GRSP stability (Cissé et al., 2020), where an increase in the value of
this factor means that GRSP concentration decreases more slowly than
other SOM components. The enrichment factor is calculated as follows:

Enrichment factor of GRSP ¼ GRSP=SOC (a)
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Meanwhile, the SS 13C NMR spectra can be divided into four regions for
the major carbon-containing functional groups (Table S2), and the concen-
tration of the four kinds of carbon component can then be used as an indi-
cator of the stability of GRSP as expressed by the recalcitrance index (RI)
(Ostertag et al., 2008; Zhang et al., 2017). The alkyl and aromatic com-
pounds include long-chain aliphatic compounds, tannins, waxes, cutin, su-
berin, and lignin, which are hydrophobic and resistant to decay (Table S2),
while the O-alkyl and carboxyl C groups represent compounds such as hy-
drophilic and labile organic acids (Baldock et al., 1992; Ostertag et al.,
2008). The recalcitrance index is calculated as follows:

RI ¼ alkyl Cþ aromatic Cð Þ= O�alkyl Cþ carboxyl Cð Þ ðbÞ

2.7.2. Statistical analysis
Three parallel samplesweremade for each sample. Before a significance

analysis was conducted, normality was assessed using the Shapiro-Wilk
test, and the homogeneity of variances was determined using Levene's
test. Pearson correlation analysis was used to explore the correlation be-
tween the variables. One-way ANOVA was subsequently performed,
followed by the least-significant difference (LSD) test for multiple compar-
isons at p < 0.05.

The test of significance using one-way ANOVA and the Pearson correla-
tion analysis were performed with SPSS 25.0 statistical software (IBM Cor-
poration, USA). All figures were plotted using Origin 2018 software (Origin
Lab Corporation, USA), and the map of sample sites was drawn using
ArcGIS 10.2 software (ESRI, USA).

3. Results

3.1. GRSP and SOC concentration

The vertical distribution of T-GRSP, EE-GRSP, and SOC concentrations
in the three sampling sites are shown in Fig. 2. K. obovatamangrove forest
soil had the highest concentrations of T-GRSP (1.16 ± 0.29 mg g−1) and
EE-GRSP (0.39±0.07mg g−1), followed by theA. marinamangrove forest
(1.13 ± 0.37 mg g−1 and 0.38 ± 0.13 mg g−1, respectively), while the
lowest concentrations were found in the mudflat (0.87 ± 0.15 mg g−1
Fig. 2.Variation trends of T-GRSP, EE-GRSP, and SOC concentration in the 0–100 cm soil
forest; (c) mudflat.
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and 0.29 ± 0.05 mg g−1, respectively). T-GRSP and EE-GRSP concentra-
tions decreased with increasing depth. Compared with the surface soil (5
cm), the concentration of T-GRSP and EE-GRSP at the bottom layer (100
cm) of the K. obovata mangrove forest soil core showed the highest de-
creases (64% and 63%, respectively), while lower decreases were found
in the mudflat soil core (41% and 38%, respectively). EE-GRSP concentra-
tion did not fluctuate significantly with increasing depth, and decreases
in EE-GRSP concentration were smaller than those of T-GRSP in all sites
(Fig. 2). SOC concentration was highest in the K. obovata mangrove forest
soil (17.60 ± 6.87 mg g−1), followed by that in the A. marina mangrove
forest (15.54 ± 4.22 mg g−1), and the lowest in the mudflat (8.69 ±
0.95 mg g−1) (Fig. 2).

There was a significant positive correlation between T-GRSP and SOC at
the three sampling sites (K. obovatamangrove forest, R2= 0.977, p < 0.05;
A. marinamangrove forest, R2 = 0.971, p < 0.05; mudflat, R2= 0.876, p <
0.05). The one-wayANOVA showed that therewas no significant difference
in GRSP concentration between the two mangrove forest types in the root
action zone (0–30 cm). However, T-GRSP concentration in the mangroves
was significantly lower than that in the mudflat (p < 0.05) (Fig. 2). In the
non-root action zone (30–100 cm), there was no significant difference in
T-GRSP concentration among the three sampling sites (p > 0.05) (Fig. 2).

3.2. C/N ratios of GRSP, SOM, and soil

The vertical trends of SOM-C/N and GRSP-C/N in the soils collected at
each site were found to be consistent (Fig. 3). The mean value of SOM-C/N
varied from large to small as follows: K. obovata (13.21 ± 1.06 mg g−1) >
A. marina (11.61± 1.11mg g−1)>mudflat (10.83± 1.93mg g−1), while
the mean value of GRSP-C/N also varied from large to small: mudflat
(12.86 ± 4.45 mg g−1) > K. obovata (11.72 ± 0.92 mg g−1) > A. marina
(10.86 ± 1.33 mg g−1) (Fig. 3). Pearson correlation analysis showed that
GRSP-C/N and SOM-C/N levels were positively correlated (p < 0.05)
(Table S3).

Further analysis revealed that there was no significant difference in
GRSP-C/N among the three sites in the root action zone soils (0–30 cm).
There was also no significant difference in GRSP-C/N between the two
mangrove forest types in the non-root action zone soils (30–100 cm). How-
ever, the GRSP-C/N level in the mangroves was significantly lower than
layer at three sampling sites. (a)K. obovatamangrove forest; (b)A.marinamangrove



Fig. 3. Variation trends of SOM-C/N and GRSP-C/N in the 0–100 cm soil layer at three sampling sites. (a) K. obovata mangrove forest; (b) A. marina mangrove forest;
(c) mudflat.
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that in the mudflat for the non-root action zone soils (30–100 cm) (p <
0.05) (Fig. 3).

3.3. Chemical composition of GRSP

ATR-FTIR analysis was used to characterize the chemical composition
of the GRSP and its variation during the burial process (Fig. 4). According
to the commonly used classification, GRSP's composition was divided into
four categories (Table S1): hydrocarbons (band Ι, II), proteins (bands III,
IV, and V), polysaccharides (band VI), and nucleic acids (band VII). The hy-
drocarbon components in GRSP accounted for the largest proportion
Fig. 4. FTIR spectra of GRSP and the relative concentration of GRSP's chemical compone
sites surface layer and bottom layer soils. MF, KO, and AM represent the soils of mudfla
spectra of GRSP in the surface layer soil (5 cm) of three sample sites and the correspondin
the bottom layer soil (100 cm) of three sample sites and the corresponding relative con
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(~50%), followed by the protein (~30%), polysaccharide (~10%), and
nucleic acid components (~4%). Compared with the GRSP in the surface
layer, the GRSP in the bottom layer contained higher proportions of hydro-
carbon components at all sites. In contrast, the proportions of protein and
nucleic acid components in the bottom layer were lower than those in the
surface layer. Moreover, the proportion of GRSP's polysaccharide compo-
nent in the bottom layer of the mudflat soil was lower than that in the sur-
face layer. However, the opposite trend for this componentwas found in the
two mangrove forest soils (Fig. 4).

It is notable thatmangrove forests have high deposition rates. To further
clarify the characteristics of the variation in GRSP chemical composition
nts (hydrocarbons, proteins, polysaccharides, and nucleic acids) in the three sample
t, K. obovatamangrove forest, and A. marinamangrove forest, respectively; (a) FTIR
g relative concentration of GRSP's chemical components; (b) FTIR spectra of GRSP in
centration of GRSP's chemical components.



Fig. 5. FTIR spectra and the relative concentration of GRSP's chemical compositions (hydrocarbons, proteins, polysaccharides, and nucleic acids) in K. obovatamangrove
forest soil. (a) FTIR spectra of GRSP; (b) the relative concentration of GRSP's chemical compositions. KO-num cm represents the soil depth of K. obovatamangrove forest.
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during the burial process, the ATR-FTIR spectra of GRSP in the K. obovata
mangrove forest soils were analyzed (Fig. 5a). As burial depth increased,
the four GRSP components changed as follows: the proportion of nucleic
acids continued to decrease, while the proportion of proteins initially de-
creased and then increased with a valley value (31.86%) detected at a
depth of 50–60 cm; the proportion of hydrocarbons and polysaccharides in-
creased and subsequently decreased, and the peak values (52.65% and
11.88% respectively) appeared at a depth of 50–60 cm (Fig. 5b).

3.4. GRSP stability index

TheK. obovatamangrove forest soil samples collected at depths of 5, 30,
60, 90, and 100 cmwere used to determine the recalcitrance index (RI) and
the enrichment factor of GRSP to characterize trends in its stability with in-
creasing burial depth.

Analysis of the SS 13C NMR data showed that GRSP mainly consisted of
O-alkyl C, alkyl C, and carboxyl C. The proportion of carboxyl C was the
highest (32.77% ± 5.50%), followed by alkyl C (30.56% ± 8.34%) and
O-alkyl C (24.35% ± 5.29%), while the proportion of aromatic carbon
was the lowest (12.32%± 3.14%). The proportions of carbon components
in the GRSP varied with depth (Fig. 6). As burial depth increased, the car-
boxyl C (−17.08%) and O-alkyl C (−9.88%) proportions in GRSP
Fig. 6.Distributions of functional groups and the recalcitrance indexes of GRSP in the K.
(RI), indicated by (alkyl C + aromatic C)/(O-alkyl C + carboxyl C) of GRSP. With the
coordinate, the bar chart was plotted and then fitted with an exponential function. KO-
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decreased, while the proportions of alkyl C (+24.88%) and aromatic C
(+2.08%) increased. The recalcitrance index shows a negative exponential
trend with increasing depth. At a depth of 50 cm, the recalcitrance index
reached a maximum (0.99 ± 0.04), and then tended to stabilize (Fig. 6).

Linear fitting was performed with burial as the horizontal coordinate
and the GRSP's enrichment factor as the vertical coordinate. It was found
that the GRSP/SOC ratio showed a linear increase with increasing depth
(Fig. 7).

4. Discussion

4.1. Influence of habitat heterogeneity on GRSP concentration and chemical
composition

The results show that the concentration of GRSP in mangrove forest soil
was significantly higher than that inmudflat soil (Fig. 2), and this wasmore
obvious in the root action zone (0–30 cm). This is consistentwith the results
of a study conducted in the Sundarban mangrove forest (Das et al., 2020).
There are known to be two sources of GRSP in coastal wetlands: terrestrial
and endogenous GRSP (Adame et al., 2010). The endogenous GRSP pro-
duced by AMF in mangrove roots and terrestrial GRSP intercepted by man-
grove roots (Hien et al., 2018) are responsible for the higher GRSP
obovatamangrove forest soils. The inserted figures present the recalcitrance indexes
burial depth as the horizontal coordinate and the RI value of GRSP as the vertical
num cm represents the soil depth of K. obovatamangrove forest.



Fig. 7. Linear regression results of T-GRSP concentration in soils from three sampling sites and the variation trend of GRSP/SOC ratio with increasing depth. The first three
figures show the linear relationship between GRSP concentration and burial depth in K. obovatamangrove forest (a), A. marinamangrove forest (b), andmudflat (c); (d) KO-
num cm represents the soil depth of K. obovatamangrove forest.
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concentration in mangrove compared to mudflat. Moreover, high salinity
has an inhibitory effect on the growth and colonization of the AMF myce-
lium (Guo and Gong, 2013; Krishnamoorthy et al., 2014; Guan et al.,
2020). Sengupta and Chaudhuri (2002) found a significant negative corre-
lation between soil salinity and rate of AMF colonization in Ganges estuary
mangroves, and studies of the Sundarbans in India (Kumar and Ghose,
2008) and five mangroves in southern China (Hu et al., 2015) reached
the same conclusion. Therefore, the decrease in AMF colonization rate
due to higher salinity may be the reason for the lower GRSP concentration
in A. marina mangrove forest soil compared to K. obovata.

EE-GRSP is newly generated by AMF and is considered to be a labile
component of T-GRSP (Koide and Peoples, 2013; Wu et al., 2014a; Liu
et al., 2021). However, the rate of degradation of EE-GRSP was smaller
than that of T-GRSP in this study. The results of field experiments reported
by Wu et al. (2014b) also support this finding, which may imply that EE-
GRSP is a less easily degradable fraction of T-GRSP. In addition, T-GRSP
concentration from the three sampling sites decreased with increasing
depth (Fig. 7). This is consistent with results previously reported in the
Bay of Bengal, India (Das et al., 2020). Notably, the degradation rate of T-
GRSP was significantly higher in mangrove forest soils than in mudflat
soils, indicating that long-term flooding may provide a more ideal anaero-
bic storage environment for GRSP (Kaal et al., 2020).

The C/N ratio is an indicator of differences in soil composition and the
structure of organic matter (Kerambrun and Guerin, 1993; Ito et al., 2014;
Chmolowska et al., 2016; Kramer et al., 2017). In the non-root action zone
(30–100 cm), the value of GRSP-C/N for mangrove forest soil was signifi-
cantly lower than that of mudflat soil. Differences in GRSP-C/N between
mangrove and mudflat soil suggest that there is a difference in chemical
composition between the GRSP samples in these habitats. The same conclu-
sion can be drawn from the analysis of the FTIR data. The proportion of
7

GRSP polysaccharides in mangrove soils tended to increase with increasing
burial depth, while the opposite trend was the case in mudflat soils (Fig. 4).
Moreover, therewas a positive correlation between SOM-C/N andGRSP-C/
N in all sites (Table S3). Other studies have obtained findings consistent
with ours (Bai et al., 2009; Fokom et al., 2012; Gomes et al., 2021) and fur-
ther demonstrate the substantial contribution of GRSP to SOM. Therefore, it
is reasonable to consider GRSP as a factor in SOMheterogeneity. Given that
the purification method does not completely remove humic substances and
other SOM fractions from GRSP (Holátko et al., 2021), this may account for
the positive correlation between GRSP-C/N and SOM-C/N.

4.2. Effect of burial processes on the chemical composition of GRSP in mangroves

The decrease in GRSP concentration with increasing depth has been fre-
quently reported (Wang et al., 2018; Kaal et al., 2020). However, only a lim-
ited number of studies of the GRSP's chemical composition have been
conducted, and even fewer have considered its dynamic changes (Wang
et al., 2020; Zhang et al., 2017). We have calculated the absolute values
and degradation rates of GRSP's four component types (Table 1). The abso-
lute values of these components all decreased with increasing depth, which
is an inevitable result of the decrease with depth of the GRSP's concentra-
tion (Fig. 2). Interestingly, the variation in the relative values of the four
components depends largely on differences in their degradation rates,
with differences more obvious at depths below 60 cm. The degradation
rate of the hydrocarbon fraction decreased significantly in depths below
60 cm, and the protein fraction even showed a negative value. In contrast,
the degradation rates of both the nucleic acid and polysaccharide fractions
showed an increasing trend. These trends led to the increases in the propor-
tions of hydrocarbon and protein fractions as well as the decreases in
nucleic acid and polysaccharide at greater depth. The factors affecting the



Table 1
Absolute values and degradation rates of the four compositions in GRSP.

Depth
(cm)

GRSPs
(mg g−1)

Hydrocarbons Proteins Polysaccharides Nucleic acids

Absolute
value

Degradation
rate (per stage)

Total
degradation
rate

Absolute
value

Degradation
rate (per stage)

Total
degradation
rate

Absolute
value

Degradation
rate (per stage)

Total
degradation
rate

Absolute
value

Degradation
rate (per stage)

Total
degradation
rate

5 33.50 ± 0.07 17.21 – – 11.31 – – 3.53 – – 1.45 – –
30 12.00 ± 0.13 6.24 63.73% 63.73% 4.02 64.46% 64.46% 1.29 63.46% 63.46% 0.45 68.97% 68.97%
60 7.10 ± 0.04 3.74 40.10% 78.27% 2.26 43.78% 80.02% 0.84 34.88% 76.20% 0.26 42.22% 82.07%
90 6.57 ± 0.02 3.45 7.75% 79.95% 2.11 6.64% 81.34% 0.78 7.14% 77.90% 0.23 8.90% 83.89%
100 6.37 ± 0.09 3.31 4.06% 80.76% 2.14 −1.42% 81.08% 0.70 10.26% 80.17% 0.21 9.76% 85.52%

Note: GRSPs refer to the dry weight of purified T-GRSP. The absolute values were calculated as the product of the GRSPs and the relative values of the GRSP's compositions
measured by FTIR. Degradation rate (per stage) refers to the percentage reduction in the absolute value of GRSP's composition compared to the previous soil layer. Total deg-
radation rate refers to the percentage reduction in absolute value of GRSP's composition compared to the surface layer (5 cm).
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degradation rates of organic matter are complex and variable, and soil pH,
microbial action, and the presence of protease and β-glucosidase enzymes
are the driving forces in the mineralization of organic matter (Brown
et al., 1994; Wu et al., 2014b). The pH of the K. obovata mangrove forest
soil ranged from 5.50 to 7.66, tending to increase with depth (Table S4).
Combined with the physicochemical properties of this soil, we investigated
the factors that may affect the degradation of GRSP during the burial pro-
cess.

Hydrocarbons are degraded primarily by bacteria and fungi in the soil
(Cason et al., 2019; Leahy and Colwell, 1990). During this process, pH is
the main factor influencing the degradation rate. The degradation rate of
hydrocarbons generally increases as pH rises from 5.0 to 8.0, and reaches
an optimal rate at a value of approximately 7.8 (Dibble and Bartha, 1979;
Husain et al., 1997; Gennadiev et al., 2015). This contrasts with trends in
the variation of GRSP hydrocarbon components found in this study,
which may be attributed to the insignificant role of microorganisms in
the deep soil layer. In addition, there was a significantly negative correla-
tion between soil pH and the proportion of nucleic acids in the GRSP (R2

= −0.904, p < 0.05). Hansen et al. (2016) found that elevated pH could
promote the degradation of SOM, and the same conclusion was obtained
in a study of the effect of pH on the degradation of nucleic acid fractions
(Ivarson et al., 1982). The results of the present study reconfirmed the effect
of pH in promoting the degradation of nucleic acid fractions.

Microorganisms are known to directly obtain organic nitrogen from the
soil in the form of oligopeptides and amino acids (Kuzyakov and Xu, 2013;
Philippot et al., 2013; Moreau et al., 2019). In addition, Greenfield et al.
(2020) found that proteases could promote the decomposition of proteins
in the root action zone. In the present study, it is hypothesized that the
co-action of microorganisms and root surface proteases may be one of the
reasons for the decrease in the protein components of GRSP. At depths of
0–30 cm, stronger microbial action and root action resulted in the rapid
degradation of the protein fractions. As depth increased, the microbial met-
abolic activity declined and the role of the root system was weakened
(Chaopricha and Marín-Spiotta, 2014), leading to a reduction in the rate
of protein degradation. It is notable that microbial metabolic activity has
an impact on the redox potential of soils (Guo et al., 2022). Several studies
have used changes in redox potential to indicatemicrobial activity, which is
simpler and less costly than other methods such as genome sequencing and
electrochemistry (DeAngelis et al., 2010; Hunting and van der Geest, 2011;
Kralova et al., 1992). Redox potential is a useful indicator to further charac-
terize the effect of microorganisms on GRSP degradation.

Mangrove litter is rich in polysaccharides such as cellulose, hemicellu-
lose, and pectin (Furusawa, 2019). Moreover, the mucous produced by
mangrove plants roots is also rich in polysaccharides (Amicucci et al.,
2019; Nazari, 2021). Both the litter and mangrove root exudates are possi-
ble sources of the polysaccharide component of GRSP, and they jointly pro-
mote the accumulation of polysaccharides within the root action zone.
However, a variety of bacteria, including anaerobic bacteria, play a key
role in the degradation of the carbohydrates (Priya et al., 2018). Microbial
action is likely to be the dominant reason for the reduction in levels of the
GRSP's polysaccharide component within the non-root action zone.
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In summary, soil pH, microbial action and soil enzymes may be key fac-
tors affecting the degradation of GRSP. In addition, tide scouring, animal in-
terference, and other physicochemical properties of the soil may also affect
the chemical composition of GRSP during deposition. The complex and var-
iable chemical composition of GRSP is likely to be responsible for its ability
to perform a variety of ecological functions.

4.3. Effect of burial processes on the stability of GRSP

Several studies have shown that GRSP does not degrade easily in soil
(Lovelock et al., 2004b; Fokom et al., 2012; Cissé et al., 2020). The stretching
in the 3300 cm−1 and 898 cm−1 band show that GRSP contains a large num-
ber of aromatic compounds (Fig. 4 and 7a), which further demonstrates that
GRSP is a refractory organic matter (Marín-Spiotta et al., 2014). At present,
various methods used to evaluate the stability of GRSP are not uniform. In
this study, two common methods were used to characterize the effect of
burial process on the stability of GRSP in K. obovatamangrove forest soils.

4.3.1. Evaluation using the enrichment factor of GRSP
The enrichment factor analysis showed that the proportion of GRSP in

the SOC increased linearly with increasing depth. This result is consistent
with a long-term bare fallow trial reported by Cissé et al. (2020), who
found that the enrichment factor of GRSP also showed an increasing
trend over time in an undisturbed area. In other words, GRSP wasmore sta-
ble than the other components in SOM. It is inferred that the increasing con-
tribution of GRSP to SOC during the deposition process may be common
under natural environmental conditions. Therefore, the carbon sequestra-
tion potential of GRSP should not be underestimated.

4.3.2. Evaluation using the recalcitrance index (RI)
The RI is widely used to study the decomposition level of soil organic

matter (SOM) and humus (Baldock and Preston, 1995; Larionova et al.,
2015; Mathers et al., 2003). Presently, it is also used to determine the de-
gree of GRSP decomposition. A previous study has shown that the RI of
GRSP was higher than that of SOM in tropical forests (Zhang et al.,
2017). In other words, GRSP is more difficult to degrade and has a higher
carbon sequestration capacity than other fractions of SOM (Singh et al.,
2020). In the present study, the RI of GRSP tended to increase with depth
and stabilized at a depth of 50 cm (0.99 ± 0.04) (Fig. 6), suggesting that
the stability of GRSP levelled off after a progressive increase. The analysis
of data also revealed that the degradation rate of GRSP decreased with in-
creasing depth (Table 1). This is probably due to the soil burial process act-
ing as a ‘sieve’. The easily degradable fractions of GRSP decreased with the
increasing burial depth, while the less easily degradable fractions accumu-
lated in the deeper soil layers. In addition, several studies have shown that
the average retention time of organic carbons is longer in deeper soil layers
than in surface layers (Baisden and Parfitt, 2007; Rumpel and Koegel-
Knabner, 2011; Chaopricha and Marín-Spiotta, 2014). The degradation
trend of GRSP in this study was consistent with that finding, indicating
that the deep soil layers play an important role in the long-term sequestra-
tion of GRSP.
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Overall, GRSP is a relatively stable component of organicmatter inman-
grove soils and its carbon sequestration potential cannot be ignored. The
stability of GRSP increased with increasing burial depth until constant at
depths of 50 cm and below. In this process, the deep soil layers served as
a storage site for the stable fractions of GRSP.

5. Conclusions

In conclusion, the results show that both the concentration and chemi-
cal composition of GRSPwere habitat-heterogeneous. TheGRSP concentra-
tion in mangrove forest soils was higher than that in mudflat. The
proportion of the polysaccharide compositions of GRSP in mangrove forest
soils increased with increasing depth, while the opposite trend was ob-
served in the mudflat. In addition, GRSP concentration decreased with in-
creasing burial depth and there were differences in the degradation rates
of the GRSP components. The degradation rates of the hydrocarbon and
protein fractions continued to decrease at depths from 50 to 100 cm of
the soil, while those of the polysaccharide and nucleic acid fractions contin-
ued to increased. Microbial action, pH, and salinity appear to be the main
factors affecting the GRSP's concentration and composition. A limitation
of this study is that the action mechanisms of the causal factors are unclear
and need to be further explored. Additionally, it seems that the deep soil
layers are more conducive for GRSP sequestration. These findings enhance
our understanding of the compositional characteristics and storage mecha-
nisms of GRSP. However, the effects of GRSP heterogeneity on eco-
environmental functions such as soil aggregate formation and heavy
metal adsorption require further investigation.
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