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A B S T R A C T   

Silicon (Si) and its biogeochemical cycling play an important role in maintaining the functions of terrestrial and 
marine ecosystems. However, the effects of sea level rise on the biogeochemical cycling of Si in coastal wetlands 
remain poorly understood. To explore this impact on biogeochemical Si cycling, we sampled a gradient from 
sediment to soil without the impact of tidal inundation in the Beidagang Wetland Nature Reserve, and then 
assayed non-crystalline Si (labile Si), including mobile Si (CaCl2-Si), adsorbed Si (Acetic-Si), Si bound to soil 
organic matter (H2O2-Si), Si occluded in pedogenic oxides/hydroxide (Oxalate-Si), and amorphous Si (Na2CO3- 
Si) fractions. Analytical results showed that the content of CaCl2-Si ranged from 13.0 to 53.3 mg kg− 1 and the 
content of Acetic-Si ranged from 32.3 to 80.9 mg kg− 1, both of which were lower in sediments compared to soils. 
The content of H2O2-Si (84.1–160.1 mg kg− 1) and Oxalate-Si (306.6–655.1 mg kg− 1) in the soil profiles showed 
non-significant variations along the sampling slope. The Na2CO3-Si fraction accounted for 82%–90% of labile Si 
in soil and sediment, mainly being contributed from phytoliths or diatoms. Diatoms were only detected in 
sediment profiles. The storage of labile Si in sediment was significantly (p = 0.0009) lower than the storage in 
soil, suggesting that the coastal wetland ecosystems are an important source of Si to the estuary. With future sea 
level rise and increased margin erosion, the inter-transformation processes among different Si fractions would 
likely be weakened to increase dissolved Si for marine diatoms.   

1. Introduction 

Silicon (Si) is the second most abundant element on earth crust and 
its biogeochemical cycling is tightly linked to global carbon (C) cycling 
(Basile-Doelsch et al., 2005). When carbon dioxide (CO2) reacts with 
silicate forming hydrogen carbonates (HCO3

–) during weathering, Si 
enters the surrounding environment as silicic acid (Delvaux and Li, 
2023). Si can also promote plant growth via alleviating abiotic and 

biotic stresses, thereby increasing the accumulation of biomass C (Ma 
et al., 2007; Liu et al., 2020). Components of dissolved Si (DSi) in 
terrestrial ecosystems can be transported to marine ecosystems by water 
movement, and then be taken up by diatoms (Conley et al., 2006). 
Indeed, there is growing evidence that diatoms play a key role in the 
biological C pump (Tréguer et al., 2018). Therefore, there is an urgent 
need to better understand the role of Si cycling in coastal wetlands. 

Soils display a wide range of Si content ranging from < 1% up to >
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45%. The Si pool in soil comprises crystalline Si (stable Si), and non- 
crystalline Si (labile Si) (Sommer et al., 2006). Although there is a 
solid base of literature on stable Si in soils, little information is available 
on labile Si fractions, including mobile Si, adsorbed Si, Si bound to soil 
organic matter (SOM), Si occluded in pedogenic oxides/hydroxides, and 
amorphous Si (Sauer et al., 2006). Silicic acid is generally present as 
mobile Si in soils, ranging from 0.4 to 2000 μmol L–1, and is largely 
dependent on parent material, adsorption, soil moisture, aggregation, 
and microbial activity (Conley et al., 2006; Cornelis et al., 2016; Li et al., 
2022). Mobile Si can be adsorbed on the surfaces of the solid phases in 
soils, forming adsorbed Si (Georgiadis et al., 2013), which generally 
increases with the increasing specific surface area of the soil particles 
and is influenced by the soil composition and microbial activity (Gehlen 
and van Raaphorst, 2002; Yang et al., 2020a). Previous studies have also 
shown that silicic acid can be bound to SOM (Matichenkov and 
Bocharnikova, 2001; Sommer et al., 2006; Georgiadis et al., 2013), 
which was identified by Matichenkov and Snyder (1996) as complexes 
of organic compounds and Si in soil solution. The contents of pedogenic 
oxides and hydroxides in soils also play a key role in the adsorption, 
occlusion, and liberation of silicic acid (Opfergelt et al., 2009; Klotz-
bücher et al., 2020; Yang et al., 2020b). Amorphous Si originates from 
both biogenic and lithogenic sources, with biogenic sources generally 
dominating in most soil layers, including phytoliths, diatoms, and 
sponge spicules (Sartor et al., 2019; Puppe, 2020). Biogenic amorphous 
Si is thought to be the major source of DSi in soil solution, as its disso-
lution rate is 102–104 times greater than that of crystalline silicate 
minerals (Yang et al., 2020b; Fraysse et al., 2009). Furthermore, some of 
the silicic acid may transform to pedogenic amorphous Si via various 
processes such as precipitation and dehydration when saturation levels 
in the soil solution are reached (Dietzel, 2002). Although quantitative 
information exists on Si distribution in terrestrial soils (Georgiadis et al., 
2014; Yang et al., 2020a; Hao et al., 2022), little information is available 
on different Si fractions in coastal wetlands (Georgiadis et al., 2017, 
Sartor et al., 2019). 

Coastal wetland ecosystems, linking terrestrial and marine systems, 
have long been considered vulnerable to sea level rise (Struyf and 
Conley, 2009; Schuerch et al., 2018). Progressive inundation can reduce 
the contribution of plants to SOM and accelerate sloping margin erosion, 
thus speeding up the deterioration of coastal wetlands (Kirwan and 
Megonigal, 2013). Different degrees of sloping margin erosion have 
been reported for wetland-dominated coastal areas around the world 
(DeLaune and White, 2012; Sapkota and White, 2020). By combining 
spectroscopic and biogeochemical measurements, Steinmuller et al. 

(2020) illustrated that the continual erosion of soils at marsh edges had 
the potential to export labile C, N, and P into the ocean. However, the 
influence of coastal wetland erosion under sea level rise on soil Si 
fractions at different slope positions has not been reported. 

In this study, we hypothesized that: (i) the pool sizes of the different 
Si fractions in coastal wetlands vary considerably; (ii) the distribution of 
the different Si fractions is related to both physicochemical properties of 
soil and to the degree of sea level rise; and (iii) these Si fractions play a 
key role in controlling the Si dynamics in coastal ecosystems. Therefore, 
sea level rise will affect the distribution, transformation, and storage of 
different Si fractions in coastal wetlands and thus regulate the global Si 
biogeochemical cycle. To test these hypotheses, a sequential chemical 
extraction method was used to assay Si fractionations along a gradient 
from sediment to soil without the impact of tidal inundation at the 
margin of a coastal wetland. 

2. Materials and methods 

2.1. Study area and sampling 

The Beidagang Wetland Nature Reserve (BWNR) (38◦36′–38◦57′N, 
117◦11′–117◦37′E), an internationally “important wetland”, is located in 
the southeast of Tianjin, China (Fig. 1). It covers a total of 348.9 km2, 
consisting of the core area, buffer zone, and experiment area. In this 
region, the climate is dominated by a northern subtropical monsoon, 
with a mean annual temperature of 11.3 ◦C (Yu et al., 2019). The mean 
annual potential evaporation is 1777 mm, the mean annual precipitation 
of which is 550 mm, with 70% of the rainfall concentrated between June 
to September (La et al., 2022). In the BWNR, Phragmites australis is the 
dominant species followed by Suaeda salsa, with the mixes of these two 
species being the third major vegetation type (Xia et al., 2021a). 

Field survey and sampling were conducted at the core area of the 
BWNR in May 2021. The dominant vegetation at the sampling site was 
P. australis. Three independent replicate sampling transects were 
established from lower slope to upper slope, with five sampling points at 
each transect, at the margin of the BWNR (Fig. 1). The sediment is 
submerged by the water, while the soil is above the water level without 
being affected by the tidal inundation. Soil/Sediment samples were 
collected for five layers, including 0–5, 5–10, 10–20, 20–40, and 40–60 
cm, giving a total of 75 samples. Depending on the waterlogging con-
dition and slope, we defined sample sites C1 and C2 as the lower slope, 
which were submerged, while C4 and C5 were grouped as the upper 
slope, which were above tidal influence, and C3 became the middle 

Fig. 1. Sampling location in the Beidagang Wetland Nature Reserve of Tianjin, China. Three independent replicate sampling transects were established from lower 
slope to upper slope at the margin of the coastal wetland. The figure on the right shows that one typical transect with five sampling points (C1–C5) along the slope. 
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slope. All samples were individually air-dried and sieved through 2 mm 
and a portion of the sieved sample through 0.15 mm after removal of 
visible root residues and organic debris. In addition, the aboveground 
biomass of P. australis was collected within a 1 m × 1 m sampling square 
at each of C1–C5 from each transect. The collected plant samples were 
rinsed with distilled water, dried at 65 ◦C to a constant weight, and 
ground prior to analysis. 

2.2. Sample analyses 

Samples pH (soil:water suspension = 1:2.5 (w/v)) and electrical 
conductivity (EC) (soil:water suspension = 1:5 (w/v)) were determined 
using a pH/conductivity meter. Bulk density (BD, g cm− 3) was measured 
by the cutting ring method (100 cm3) and weighing. As some profiles 
could not be collected by the ring knife, soil organic carbon (SOC) was 
used to calculate the BD, based on an empirical formula (Xiao, et al., 
2019). Particle size distribution of the soils was measured using a laser 
particle size analyzer (Mastersizer 3000, Malvern, UK). The contents of 
total organic C in samples were determined using the potassium di-
chromate method (Walkley and Black, 1934; Lu, 2000). Approximately 
30 mg of soil samples were fused with Li-metaborate at 950 ◦C, dissolved 
in dilute nitric acid, for analyzing total elements (Si, P, Al, and Fe) using 
an ultraviolet–visible spectrophotometer (UV-1800, Shimadzu, Japan). 
Total Si content in plants was measured by the Li-metaborate fusion and 
molybdenum blue colorimetric method (Lu 2000). Each analysis of soil 
and plant samples had three replicates. 

A sequential chemical extraction method was used to divide the 
labile Si into five sub-fractions, including mobile Si (CaCl2-Si), adsorbed 
Si (Acetic-Si), Si bound to SOM (H2O2-Si), Si occluded in pedogenic 
oxides/hydroxide (Oxalate-Si), and amorphous Si (Na2CO3-Si) (Geor-
giadis et al., 2013, 2017; Yang et al., 2020b). The detailed methods for 
the extraction of each Si fraction are shown in Table S1. The Si contents 
in all extractions were analyzed by the molybdenum blue colorimetric 
method using an ultraviolet–visible spectrophotometer (Lu, 2000). Si in 
primary and secondary minerals in the soils was calculated as the dif-
ference between total Si and labile Si represented by the sum of the five 
sub-fractions. To extract biogenic amorphous Si particles from soil 
samples, a wet oxidation and heavy liquid suspension method was used 
(Zuo et al., 2014; Song et al., 2022). The isolate extracted from soils was 
digested using the Walkley-Black method to make sure that any organic 
matter outside the biogenic amorphous Si particles was completely 
removed (Walkley and Black, 1934; Li et al., 2013). Furthermore, the 
biogenic amorphous Si particles were oven-dried to a constant mass at 
60 ◦C for 24 h. A scanning electron microscope (SEM, Sigma500, ZEISS, 
Germany) equipped with an energy dispersive spectrometer (EDS, X- 
MaxN 80, Oxford, UK) was used to characterize the morphological fea-
tures and surface chemical composition of the biogenic amorphous Si 
particles. 

2.3. Data calculation 

In our study, the storage (ST) of the different Si fractions in soil 
profiles was calculated as follow (Yang et al., 2020a): 

ST =

(
∑n

i=1
Di × BDi × Ci

)

÷ 10  

where ST (t Si ha− 1) is the storage value for the extracted Si fraction in 
soils; i (i = 1, 2, 3, 4, 5) is the soil profile horizon from surface to bottom 
soil (i.e., 0–5, 5–10, 10–20, 20–40 and 40–60 cm); Di (cm) is the 
thickness of the i layer; BDi (g cm− 3) is the bulk density of the i layer; and 
Ci (g kg− 1) is the content of Si extracted in each fraction in the soil 
horizon. 

It was common practice to estimate the BD from an empirical rela-
tionship between the SOC content and the BD (Xiao et al., 2019; Xia 
et al., 2022). Where some soil profiles could not be collected by the ring 

knife, the SOC for each layer was used to calculate the BD based on the 
following equation (Xiao et al., 2019): 

BD = 0.8572 × e− 0.0331×SOC + 0.7446 × e− 0.0027×SOC  

where BD is bulk density (g cm− 3), and SOC is soil organic carbon (g 
kg− 1). A linear regression analysis of actual measured BD and empiri-
cally estimated BD was performed with an R2 = 0.7399 and p < 0.0001, 
indicating that our estimated BD are acceptable (Fig. S1). 

2.4. Statistical analysis 

Data were tested for homogeneity and normality before the analysis. 
The results for each site were the mean value and the standard deviation 
of the three replicates. One-way analysis of variance (ANOVA) with 
Tukey’s test was used to compare the significant differences (p < 0.05) 
in the content or storage of different Si fractions among sampling sites. 
Pearson correlation analysis was performed to reveal the correlation 
between the content of different Si fractions and soil physicochemical 
properties. In addition, redundancy analysis (RDA) was carried out to 
assess the variance in different Si fractions explained by soil physico-
chemical properties. Pearson correlation analysis and RDA were per-
formed by SPSS ver.21.0 and R statistic software, respectively. 

3. Results 

3.1. Changes in soil physicochemical properties 

Soil pH, ranging from 8.07 to 9.17, generally increased with depth 
but showed no statistical difference along the sampling slope (C1–C5). In 
contrast, soil EC was influenced by slope location, with sites in the tidal 
zone having higher EC than those above the tidal influence. SOC con-
tents (4.0–23.9 g kg− 1) showed a decreasing trend with increasing depth 
and gradually increased from sampling point C1 to C5 in the surface soil 
(0–5 cm). Total P contents ranged from 0.52 to 0.87 g kg− 1 and were 
generally higher in the upper layers than those in the lower layer 
(Table 1). Particle size distribution of soils varied from 12.8% to 17.4% 
for clay, 82.1% to 85.5% for silt, and 0 to 2.2% for sand. Other soil 
properties, such as total Fe and Al contents, did not show statistical 
differences among different depths or locations along the slope 
(Table S2). 

3.2. Distribution of different Si fractions 

The content of stable Si (mainly bound to primary and secondary 
silicates) in soils ranged from 227.7 to 293.7 g kg− 1, accounting for 
97%–98% of the total Si. The largest content of stable Si was detected in 
the 20–30 cm soil layer of C3, coinciding with a lower level of Na2CO3- 
Si. The CaCl2-Si and Acetic-Si contents tended to decrease with soil 
depth and ranged from 13.0 to 53.3 mg kg− 1 and from 32.3 to 80.9 mg 
kg− 1, making up 0.3%–0.6% and 0.7%–1.1% of the labile Si, respec-
tively. The contents of CaCl2-Si and Acetic-Si fractions were lower in 
submerged soils than in the other soils. The H2O2-Si fraction constituted 
between 1.6% and 3.1% of the labile Si, with the content ranging from 
84.1 to 160.1 mg kg− 1. The content of Si occluded in pedogenic oxides/ 
hydroxides (Oxalate-Si) ranged from 306.6 to 655.6 mg kg− 1, or 6.7% to 
14.3% of the labile Si, and tended to increase with depth in all soil 
profiles. The contents of H2O2-Si and Oxalate-Si in the upper layer were 
similar across all sampling sites. The Na2CO3-Si (3.2–6.9 g kg− 1) was the 
most dominant labile Si fraction, comprising 82%–90% of the labile Si, 
corresponding to 1.3%–2.3% of the total Si. The contents of Na2CO3-Si 
and labile Si had a similar decreasing trend with increasing soil depth. 
The content of Na2CO3-Si in the surface layers increased as the sampling 
location moved away from the tidal influence (Figs. 2 and 3). 
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3.3. Storage of different Si fractions 

The storage of CaCl2-Si and Acetic-Si represented a very small pro-
portion of Si pool, ranging from 0.13 to 0.23 t ha− 1 and from 0.35 to 
0.47 t ha− 1 in the top 60 cm soil layers, respectively. The storage of these 
two Si fractions was significantly lower (p = 0.0015 and p = 0.0008) in 
sediments than in non-submerged soils. The storage of H2O2-Si ranged 
from 0.93 to 1.22 t ha− 1, while Oxalate-Si ranged from 4.11 to 5.11 t 
ha− 1 with no significant difference among sampling sites for the storage 
of the two Si fractions (p = 0.053 and p = 0.343). The dominant fraction, 
Na2CO3-Si, ranged from 29.37 to 41.09 t ha− 1, with significant differ-
ences (p = 0.0009) between sediments and soils (Fig. 4). 

3.4. Forms of biogenic amorphous Si particles 

SEM revealed the presence of different forms of biogenic amorphous 
Si particles (Fig. 5), with the phytoliths as the dominant form. The main 

phytolith types were elongated, rondel, saddle, bilobate and triangular 
prismatic. In contrast to the relatively smooth surface of phytoliths in 
the upper soil layers, large portions of the phytoliths’ surfaces have been 
corroded in the lowermost horizons (Fig. S2). Diatoms were found 
mostly at C1 and C2. SEM-EDS analysis showed that the diatoms 
generally had higher Si:C atomic ratios than the phytoliths (Fig. 5g–i). 

3.5. Correlations among soil properties and Si fractions 

Pearson’s correlations showed a significant and strong positive 
relationship (r = 0.87, p = 6.2e–21) between the CaCl2-Si and Acetic-Si 
fractions. A positive correlation was found between Na2CO3-Si and 
CaCl2-Si. The soil pH was negatively correlated with the Na2CO3-Si 
fraction (r = –0.58, p = 3.4e–7), but positively correlated with the 
Oxalate-Si fraction (r = 0.45, p = 1.5e–4.3). There was a correlation 
between SOC and different Si fractions. Total P was significantly 
correlated with three forms of Si (CaCl2-Si, Acetic-Si, and Na2CO3-Si). In 
addition, there was a significant correlation between the Oxalate-Si and 
total Al (r = 0.38, p = 0.0018), whereas the Oxalate-Si did not show any 
correlation with the total Fe, suggesting that more Si was mainly bound 
to or co-precipitated with Al oxides/hydroxides rather than Fe oxides/ 
hydroxides (Fig. 6). RDA combined with Pearson’s correlations showed 
that soil physicochemical properties and the content of different Si 
fractions had apparent discrepancies in different sampling groups. The 
soil pH, SOC and total P were the primary soil properties controlling 
different Si fractions in the studied areas (Fig. 7). 

4. Discussion 

4.1. Factors influencing the distribution of different Si fraction quantities 

Soil pH is an important factor affecting soil Si bioavailability, and 
generally exhibits a positive correlation with the CaCl2-Si fraction 
(Georgiadis et al., 2014; Yang et al., 2020a; Wu et al., 2022), particularly 
in acidic to neutral soils (Yang et al., 2021). However, no positive cor-
relation between soil pH and CaCl2-Si was detected in the soils of the 
BWNR. This was likely due to the high pH of these soils which ranged 
from 8.07 to 9.17 (Table 1). The effect of soil pH on the CaCl2-Si fraction 
is also influenced by soil texture and SOC (Struyf et al., 2010; Imtiaz 
et al., 2016). In particular, a high pH condition generally enhances soil 
aggregation, leading to decrease Si bioavailability and DSi release (Li 
et al., 2023). The Na2CO3-Si fraction includes both biogenic amorphous 
Si (e.g., phytolith, diatom, etc.) and pedogenic Si (e.g., allophanes), 
which was the main fraction contributing to the labile Si pool (Sauer 
et al., 2006; Cornelis et al., 2016; Li et al., 2022). In this study, we found 
that phytoliths were the major source of biogenic amorphous Si (Fig. 5). 
Fraysse et al. (2009) have demonstrated that the dissolution rate of 
phytoliths increased linearly with increasing pH. Our observations 
supported this as Na2CO3-Si content decreased with depth in each soil 
profile, concomitant to increasing alkalinity (Table 1 and Fig. 2). 

Coastal wetland soils generally accumulate more organic matter than 
terrestrial soils (Xia et al., 2021b). On the one hand, SOM provides more 
attachment points for the adsorption of monosilicic acid (Yang et al., 
2020b). On the other hand, the decomposition of SOM generates organic 
acids and reducing conditions contributing to the release of Si associated 
with Fe and Mn oxides (Siipola et al., 2016; Georgiadis et al., 2017; 
Klotzbücher et al., 2020). Thus, SOC was positively correlated with both 
CaCl2-Si and Acetic-Si (Fig. 6), a result supported by Wu et al. (2022). In 
forest soils, the vertical distribution of the H2O2-Si fraction was posi-
tively correlated with SOC (Yang et al., 2020a). However, coastal 
wetland soils of our study area exhibited no positive correlation between 
the H2O2-Si fraction and SOC (Fig. 6), possibly because treatment with 
hot H2O2 extractant led to the release of some Si from clay minerals, 
pedogenic oxides and bio-opal (Georgiadis et al., 2013). Previous studies 
also reported that hot H2O2 reacted with clay minerals, especially 
smectite, which could weaken the positive correlations between H2O2-Si 

Table 1 
Selected soil physicochemical characteristics of the studied soil profiles.  

Site Depth 
(cm) 

pH EC (μS 
cm¡1) 

SOC (g 
kg¡1) 

Total Si (g 
kg¡1) 

Total P (g 
kg¡1) 

C1 0–5 8.53 
(0.13) 

1291 
(329) 

10.47 
(1.35) 

249.95 
(12.86) 

0.70 
(0.04)  

5–10 8.75 
(0.12) 

954 (62) 6.56 
(0.23) 

256.48 
(8.05) 

0.68 
(0.06)  

10–20 8.89 
(0.10) 

768 
(126) 

5.59 
(0.66) 

257.28 
(12.96) 

0.66 
(0.02)  

20–40 8.96 
(0.13) 

562 
(139) 

4.77 
(0.30) 

252.83 
(8.43) 

0.68 
(0.04)  

40–60 9.06 
(0.15) 

554 
(140) 

4.56 
(0.36) 

258.33 
(30.80) 

0.65 
(0.02) 

C2 0–5 8.49 
(0.15) 

1212 
(184) 

14.91 
(2.60) 

256.70 
(4.29) 

0.72 
(0.01)  

5–10 8.58 
(0.27) 

733 
(128) 

8.45 
(1.35) 

254.95 
(2.06) 

0.68 
(0.01)  

10–20 8.74 
(0.17) 

735 
(138) 

5.97 
(0.78) 

258.40 
(3.98) 

0.67 
(0.03)  

20–40 8.74 
(0.13) 

523 (91) 5.38 
(0.42) 

252.45 
(9.21) 

0.66 
(0.01)  

40–60 8.93 
(0.25) 

632 
(109) 

4.42 
(0.39) 

257.54 
(19.28) 

0.67 
(0.02) 

C3 0–5 8.41 
(0.22) 

660 
(140) 

14.94 
(4.03) 

264.81 
(12.23) 

0.75 
(0.03)  

5–10 8.83 
(0.06) 

559 
(119) 

7.43 
(2.55) 

242.37 
(1.89) 

0.72 
(0.06)  

10–20 8.57 
(0.15) 

551 
(128) 

5.44 
(1.40) 

263.21 
(1.73) 

0.71 
(0.03)  

20–40 8.89 
(0.17) 

574 
(126) 

5.27 
(0.79) 

270.64 
(11.21) 

0.68 
(0.02)  

40–60 9.01 
(0.15) 

531 (90) 4.81 
(1.05) 

255.14 
(26.39) 

0.60 
(0.07) 

C4 0–5 8.33 
(0.21) 

732 (97) 19.68 
(3.86) 

272.15 
(12.32) 

0.82 
(0.05)  

5–10 8.34 
(0.27) 

610 
(106) 

9.59 
(2.54) 

267.75 
(9.90) 

0.73 
(0.07)  

10–20 8.62 
(0.15) 

589 (50) 5.33 
(1.26) 

262.85 
(7.27) 

0.69 
(0.03)  

20–40 8.75 
(0.11) 

642 (62) 4.80 
(0.32) 

261.71 
(4.24) 

0.72 
(0.02)  

40–60 8.85 
(0.16) 

476 (93) 4.91 
(0.70) 

267.37 
(13.32) 

0.70 
(0.06) 

C5 0–5 8.19 
(0.13) 

506 (62) 15.29 
(3.59) 

271.61 
(10.12) 

0.78 
(0.07)  

5–10 8.47 
(0.13) 

343 (55) 10.08 
(1.77) 

271.61 
(6.97) 

0.71 
(0.10)  

10–20 8.37 
(0.15) 

310 (58) 6.54 
(0.32) 

263.03 
(8.13) 

0.69 
(0.08)  

20–40 8.75 
(0.07) 

335 (94) 4.92 
(0.15) 

269.25 
(12.66) 

0.74 
(0.04)  

40–60 8.77 
(0.20) 

316 (97) 5.24 
(0.78) 

261.56 
(7.10) 

0.74 
(0.03)  

All data are presented as means with standard deviation (in brackets). 
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Fig. 2. Contents of Si fractions within the 0–60 cm soil layer of the studied area. The inset shows the different Si fraction contents changing within the surface layer 
(0–5 cm) at different slope points. 

Fig. 3. Vertical percentage distribution of the labile Si and stable Si fractions of the total Si (a-e) and the CaCl2-Si, Acetic-Si, and H2O2-Si, Oxalate-Si and Na2CO3-Si 
fractions in the labile Sifraction (f-j) within the 0–60 cm soil layer along different slope points. 

Fig. 4. Storage of CaCl2-Si, Acetic-Si, H2O2-Si, Oxalate-Si, Na2CO3-Si, and labile-Si fractions within the 0–60 cm soil layer along the position slopes. Different letters 
indicate significant differences among the different Si fractions at p < 0.05. 
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and SOC (Georgiadis et al., 2014, 2017). Furthermore, charcoal may 
represent an additional source of H2O2-Si, but the charcoal will not be 
completely oxidized by the concentrated H2O2, resulting in a portion of 
H2O2-Si that may not be released from the soils (Georgiadis et al., 2017). 
We found a close positive correlation (r = 0.64, p = 6.8e–9) between 
SOC and Na2CO3-Si (Fig. 6). As important contributors to Na2CO3-Si, 
phytoliths and diatoms can sequester organic C during their formation 
or growth (Song et al., 2016; Tréguer et al., 2021). Generally, the 
organic C occluded by both phytoliths and diatom frustules may be 
accumulated in soil and sediment over a long time period (hundreds to 
thousands of years) due to the protection of siliceous shells (Parr and 
Sullivan, 2005; Zhang et al., 2020; Song et al., 2022). The contents of 
Na2CO3-Si and SOC followed similar trends down the soil profiles sup-
porting the correlation between these factors (Table 1 and Fig. 2). 
However, it was still not clear to what extent, and indeed how the SOC 
fraction, which was independent from biogenic amorphous Si particles, 
affected the organic C occluded in phytoliths and diatom frustules. 

The relationship between soil Si availability and other nutrients were 
mainly manifested in the interaction between Si and P (Liang et al., 
2015). Phosphate was considered in the extraction medium for assaying 
adsorbed Si in soils and sediments, due to anion exchange with silicate 
ions (Andreola et al., 2004; Georgiadis et al., 2013). The positive cor-
relation between total P and labile Si implied the occurrence of exchange 
reactions between phosphate and silicate ions in the studied soils 
(Fig. 6). Similar studies have shown that the contents of adsorbed Si 
extracted by phosphate were generally high due to the interactions of 
phosphate with partial clay minerals (Andreola et al., 2004). For this 
reason, phosphate was not considered as a good extractant for adsorbed 
silicic acid. However, no correlation was found between Oxalate-Si and 
total P in the current study (Fig. 6). Phosphorus is an essential mineral 

element for plant growth and has been shown to be a common limiting 
nutrient for many coastal wetland ecosystems (Wang et al., 2018). The 
total P content (mean = 0.70 g kg− 1) in the studied soils was higher than 
the national average (0.50 g kg− 1) (Tian et al., 2010). Li et al. (2020) 
studied the impact of combined Si-P fertilization on the production of 
phytoliths by plants and found that it could significantly increase phy-
tolith contents, which in turn lifted the content of biogenic amorphous Si 
in soil and sediment. Therefore, in coastal wetlands with sufficient 
CaCl2-Si contents, increasing total P concentration in soil can promote 
the formation of phytoliths in plant tissues, subsequently increasing the 
content of Na2CO3-Si in associated soils, which was supported by the 
positive correlation between Na2CO3-Si contents and total P in the 
studied soils (Fig. 6). 

4.2. Sources and transformation processes of amorphous Si 

The dominant labile Si fraction was Na2CO3-Si (Figs. 2 and 3), con-
sisting of amorphous Si from both biogenic and lithogenic sources 
(Cornelis et al., 2011). In terrestrial soils, phytoliths produced by higher 
plants were the main component of biogenic amorphous Si, with Si- 
containing bacteria and fungi making a minor contribution (Street- 
Perrott and Barker, 2008). In marine systems, biogenic amorphous Si 
was generally considered to be derived from diatoms, with smaller 
contributions from dinoflagellates, sponges and radiolaria (Nelson et al., 
1995). In land-sea interface ecosystems, biogenic amorphous Si can be 
both land- and ocean-derived. Our study revealed that phytoliths 
dominated all soil profiles, while diatoms were only observed in sedi-
ments (Fig. 5). The absence or minimal content of biogenic amorphous 
Si particles, along with the high Na2CO3-Si content, suggested that other 
mechanisms were involved in the formation of amorphous Si. 

Fig. 5. SEM-micrographs of different types of biogenic amorphous Si particles (a) elongated, (b) rondel, (c) saddle, (d) bilobate, (e) triangular prismatic phytoliths 
and (f) diatom (Coscinodiscus spp.) and the results of corresponding element mapping (g–h) corresponding to d–f. 
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Mineralogic amorphous Si can precipitate when soil conditions favor the 
increase in dissolved Si levels, forming coatings on mineral grains or 
mixtures with crystalline substances (Saccone et al., 2007). Previous 
research showed that hypersaline tidal flats driven by high evaporation 

were favorable for pedogenic amorphous Si precipitation (Sartor et al., 
2019). 

Traditionally, the dissolution of biogenic amorphous Si conformed to 
first order kinetics, and the rate increased linearly with the degree of 

Fig. 6. Pearson correlations between different Si fractions and soil properties. * Correlation is significant at p < 0.05; ** Correlation is significant at p < 0.01; *** 
Correlation is significant at p < 0.001. 

Fig. 7. Redundancy analysis of different Si fractions and soil physicochemical properties at different slope positions. The inset shows the relative importance of 
different soil properties in regulating different Si fractions. 
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undersaturation in the solution (Gallinari, et al., 2002). However, due to 
a variety of other factors (e.g., pH, reactive surface area, electrolyte 
composition of the solution) that could potentially affect the dissolution 
of amorphous Si, the dissolution rate of biogenic amorphous Si was not a 
simple linear relationship (Van Cappellen and Qiu, 1997). The pH 
dependence of the dissolution kinetics of phytoliths was investigated 
using a flow through reactor experiment, indicating that the dissolution 
rate of phytoliths lay between those of quartz and vitreous silica and 
exhibit similar dependence at pH between 4 and 12 (Fraysse et al., 
2009). In addition, the rate of release of silicic acid from biogenic 
amorphous Si was proportional to the amount of reactive surface area 
exposed by the skeletal particles at a given degree of undersaturation 
(Hurd and Birdwhistell, 1983). Furthermore, Dove and Elston (1992) 
found that surface complexes involving adsorbed alkali cations, such as 
≡SiONa, may accelerate the dissolution of biogenic amorphous Si, while 
other adsorbed cations (e.g., Al3+) may reduce the surface reactivity of 
silica (Dixit et al., 2001). However, we found an insignificant correlation 
between the content of Al and Na2CO3-Si (Fig. 6), as Al may be present in 
an anionic form (Al(OH)4

- ) and thus ineffective for phytolith preserva-
tion in alkaline soils (Nguyen et al., 2019). As soil biogenic amorphous Si 
particles extracted by heavy liquid flotation were concentrated in the 
surface soil horizon, the dissolution of “fresh” biogenic amorphous Si 
particles was the main source of plant-available Si (CaCl2-Si). There 
were “old” biogenic amorphous Si particles in the deep soil layer 
(Fig. S2), which underwent a prolonged weathering process with 
observable pores and pit holes on the surface (Van Cappellen and Qiu, 
1997; de Tombeur et al., 2020), further supporting the notion of phy-
tolith dissolution in the coastal soil/sediment system. 

4.3. Implications of sea level rise for biogeochemical Si cycling 

Different Si components inter-transformed with each other, which 
was an important process of Si biogeochemical cycle in coastal wetland 
ecosystems. The transformation relationships among these Si pools were 
extremely significant on the upper slope without tidal influence (Fig. 8). 

Although our study showed that the CaCl2-Si fraction accounted for a 
minor component of the labile Si pool, it was also the most available 
being directly absorbed by plant roots (Song et al., 2014). The other four 
labile Si fractions had potential inter-transformation processes with 
CaCl2-Si, indicating that the reduction in the CaCl2-Si fraction as plant 
uptake could promote the conversion of the other non-crystalline Si 
fractions into silicic acid, thus counteracting the losses of CaCl2-Si 
(White et al., 2012; Song et al., 2018). Additionally, the pedogenic ox-
ides and hydroxides could also regulate the Si supplies through 
adsorption and desorption processes (Georgiadis et al., 2013; Li and 
Delvaux, 2019; Li et al., 2023). Therefore, the CaCl2-Si fraction may act 
as a pivotal driver of the biogeochemical cycling of Si in coastal wetland 
ecosystems. Weathering caused the hydrolyzation of stable Si, forming 
DSi in soil solution (Sommer et al., 2006; Cornelis et al., 2016). Most 
crystalline Si had a slow weathering rate, and the contribution of this 
fraction to Si bioavailability was small over short time scales (Dietzel, 
2000). The Na2CO3-Si such as phytolith and diatom shells was the 
largest components of the labile Si fraction, with the dissolution rate 
being 4 orders of magnitude higher than for the primary and secondary 
silicates (Fraysse et al., 2009). This means that the pool size of the water- 
soluble Si mainly depends on the dissolution of biogenic amorphous Si 
(Yang et al., 2019). Additionally, there was a rapid turnover of phyto-
genic Si through litter fall or root decomposition of P. australis, thus 
contributing to the accumulation of phytoliths in soil (Fig. 8). 

The margin erosion under sea level rise of coastal wetlands may 
weaken the inter-transformation among different Si fractions at the 
submerged sites (Fig. 8). Affected by rainfall and occasional tidal 
inundation, amorphous Si (fresh phytoliths) may be lost (Vander Linden 
et al., 2021). We suspected that this may be the reason why the Na2CO3- 
Si content at the middle slope was lower (p = 0.004) than that at the 
upper slope (Fig. 8). The phytoliths lost from the middle slope will then 
contribute to the Na2CO3-Si pool in the inundated sediments. However, 
there were two possible fates for the amorphous Si deposited in the 
sediments at the lower slope. On the one hand, the amorphous Si 
transported and became incorporated into the sediment, becoming 

Fig. 8. A conceptual model of Si conversion between the different Si pools (t Si ha− 1) along the slope positions at the margin of the coastal wetland. The inter- 
transformation between different Si fractions is indicated by the three tones of blue arrows (light, insignificant; normal, p < 0.05; dark, p < 0.01). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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buried over time. On the other hand, amorphous Si can be physically 
transported further into the bay and subsequently dissolved. In either 
case, both of these processes could result in the loss of stored amorphous 
Si at the lower slope, providing DSi for the estuary. Generally, due to the 
influence of these factors, especially tidal/wave erosion, the Na2CO3-Si 
pool in the sediment was smaller than that in the upper slope areas 
(Fig. 8). Combined with the latest rate of sea level rise around the Bohai 
Sea (Wang et al., 2019a; Wang et al., 2019b), we estimated that the 
amorphous Si lost by soil erosion caused by sea level rise at the margin of 
the BWNR would potentially transport about 3 t Si to the coastal 
seawater annually. These calculations suggest that this coastal wetland 
system has the potential to provide amorphous Si to the estuary in the 
same order of magnitude as medium-size rivers in Tianjin city (Sun, 
2022). If these data are applicable to other wetlands that are also subject 
to margin erosion caused by sea level rise, the coastal wetland systems 
do not only serve as nursery habitats and storm surge mitigators but also 
act as an important source of Si. Hence, the coastal wetland systems play 
a vital role in the biogeochemical Si cycling and the dynamics of 
phytoplankton communities in estuaries. 

5. Conclusion 

The total Si in soils and sediments of Beidagang Wetland Nature 
Reserve consisted of 97%–98% stable Si and 2%–3% labile Si. Within the 
labile fraction, biogenic amorphous Si was the largest proportion in all 
profiles. Scanning electron microscopy indicated that phytoliths domi-
nated the biogenic amorphous Si pool in all soil horizons, while diatoms 
were only observed in the sediments. Significant correlations between 
soil pH, SOC and total P with different Si fractions suggested that Si 
fractionations could be affected by soil properties. Although the CaCl2-Si 
fraction was the smallest component of the labile fraction, it played a 
central role in the inter-transformation among different Si fractions. 
Under the influence of soil erosion, the inter-transformation among 
different Si fractions in the sediments became weakened. With the in-
fluences of margin erosion under sea level rise, the storage of non- 
crystalline Si in sediment was lower than that in soil, indicating that 
the coastal wetland ecosystems could act an important source of Si for 
the estuary. Therefore, our findings suggest that the increased DSi could 
then be utilized partly by diatoms, contributing to coastal primary 
production to drive estuarine biogeochemical Si cycling. In this regard, 
under future sea level rise and increased marginal erosion, it is necessary 
to quantify the labile Si transported from coastal wetlands to the estu-
aries in future studies. This will provide the scientific basis for unrav-
eling the Si biogeochemical cycling in coastal wetland and optimizing 
ecosystem management in these regions. 
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