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H I G H L I G H T S 

 Invasion by Spartina increased mineral-bound OC in mudflat soil 

 Subsequently reclamation for aquaculture decreased soil mineral-bound OC  

 Mineral-bound OC was correlated to nitrogen supply and soil clay content 

 Habitat change affected Fe[Al]-OC more than Ca-OC and residual-OC 

 Soil OC storage increased more strongly with increasing Ca-OC 
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A B S T R A C T 24 

The formation of mineral-bound organic carbon (OC) complexes is important for the 25 

long-term preservation of soil organic carbon (SOC) in wetlands. Many coastal 26 

wetlands globally are threatened by plant invasion and land development, but 27 

information on the effects on mineral-bound OC is limited. We measured the soil 28 

contents of Ca-OC, Fe(Al)-OC and residual OC across 21 coastal wetlands in southern 29 

China that have gone through the same sequence of land cover change, from native 30 

mudflats (MFs) to Spartina alterniflora marshes (SAs) then to earthen aquaculture 31 

ponds (APs). Residual-OC was the main component of SOC (74.1–78.2%), followed by 32 

Fe(Al)-OC (18.4–22.8%) and Ca-OC (<3.5%). All three components in the soil 33 

increased when MFs were converted to SAs, but decreased in subsequent conversion of 34 

SAs to APs. Land cover change affected Fe(Al)-OC the most, but SOC storage 35 

increased more strongly with increasing Ca-OC. Nitrogen supply in the form of 36 

NH4
+-N and clay content both positively affected the changes in mineral-bound OC. 37 

Our results suggest that different land cover change scenarios had different effects on 38 

the amounts of mineral-bound OC and their liability to microbial turnover, resulting in 39 

different degrees of SOC preservation and carbon emission.  40 

  41 

Keywords: Soil organic carbon stability; Mineral-bound OC; Chemical protection; 42 

Coastal wetland; Habitat change  43 
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1. Introduction 44 

It is estimated that the global soil organic carbon (SOC) stock amounts to 45 

1461×1015 gC (Scharlemann et al., 2014), which is more than double the atmospheric 46 

carbon pool (Friedlingstein et al., 2019). Accumulation and preservation of SOC is key 47 

to long-term sequestration of carbon (Gross and Harrison, 2019; Stockmann et al., 48 

2013), and changes to SOC dynamics due to land development and land cover change 49 

(Li et al., 2022; Parras-Alcántara et al., 2016; Qiu et al., 2012) could have a large 50 

impact on atmospheric carbon dioxide level (Arneth et al., 2017; Leifeld et al., 2019; 51 

Zhong et al., 2019).  52 

Wetlands represent 20–30 % of the global SOC inventory (Kayranli et al., 2010; 53 

Mitsch et al., 2013) and play a critical role in the carbon cycle (Were, et al., 2019; Zhu 54 

et al., 2020). While coastal wetlands (e.g., mangroves, salt marshes and seagrass 55 

meadows) cover <0.3 % of the ocean surface, their carbon burial rates are very high, at 56 

44.6–53.7 Tg C yr-1 globally (Chmura et al., 2003; Wang et al., 2021a), contributing to 57 

approximately half of the carbon sequestered to the seafloor (Duarte et al., 2013). To 58 

achieve long-term sequestration, SOC must be exempt from microbial metabolism. 59 

Physical protection, chemical composition and interactions with minerals are all 60 

important factors for stabilizing OC in the soil (Giannetta et al., 2018; Liu et al., 2022; 61 

Wan et al., 2021). Coastal wetland soils contain large amounts of minerals and metal 62 

cations (e.g., Fe3+, Al3+, Ca2+) compared to other habitats (Coelho et al., 2004; Kostka 63 

and Luther, 1994; Yu et al., 2021). These minerals can physically or chemically bind 64 
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with OC to form mineral-bound OC complexes (Hu et al., 2023; Lalonde et al., 2012; 65 

Rowley et al., 2018), such as Ca-OC and Fe(Al)-OC. These mineral-bound OC 66 

complexes facilitate long-term SOC preservation by inhibiting microbial decomposition 67 

of the associated organic matter (Hemingway et al., 2019; Lin et al., 2023a; Schrumpf 68 

et al., 2013).  69 

Over the last century, many coastal wetlands around the world have undergone 70 

degradation (Davidson et al., 2018; Fluet-Chouinard et al., 2023; Romañach et al., 2018) 71 

due to invasion by non-native species and land development (Lázaro-Lobo and Ervin, 72 

2021; Newton et al., 2020; Tan et al., 2022). Coastal wetlands in mainland China span 73 

approximately ~57,900 km2 (Sun et al., 2015), representing about 10% of its native 74 

wetland areas. Despite ongoing conservation effort (Mao et al., 2022), large swaths of 75 

native mudflats along the southeast coast have been taken over by the invasive Spartina 76 

alterniflora (Liu et al., 2018; Mao et al., 2019). To control this invasive species and to 77 

support food production, some of S. alterniflora marshes were subsequently cleared to 78 

create earthen aquaculture ponds (Duan et al. 2020; Meng et al., 2017; Wang et al., 79 

2022). Recent estimates suggest that S. alterniflora marshes cover ~546 km2 (Liu et al., 80 

2018) and earthen aquaculture ponds cover ~15,600 km2 (Duan et al., 2020), equivalent 81 

to a displacement of ~28% of the native wetland area. This extensive modification of 82 

the landscape could significantly change the soil properties (Meng et al., 2020; Wang et 83 

al., 2019; Yang et al., 2022a) and SOC contents (e.g., Hong et al., 2023; Tan et al., 2022; 84 

Xia et al., 2021), but relevant data on mineral-bound OC are lacking, which limits our 85 
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understanding of changes in SOC preservation and storage.  86 

In order to fill this knowledge gap, we studied the soil contents of mineral-bound 87 

OC (e.g., Ca-OC, Fe(Al)-OC) and residual-OC and soil physiochemical properties in 21 88 

coastal wetlands in mainland China that have experienced the same sequence of land 89 

cover change, from native mudflats to S. alterniflora marshes then to earthen 90 

aquaculture pond. By comparing soil samples from the three habitat types within the 91 

same wetlands, we aimed to investigate the changing patterns of mineral-bound OC and 92 

key environmental drivers under different land cover change scenarios, and assess the 93 

importance of mineral-bound OC to SOC storage in these impacted coastal wetlands. 94 

We hypothesized that (1) invasion of mudflats by S. alterniflora would increase soil 95 

mineral-bound OC contents due to enhanced organic matter input from the marsh plants, 96 

and that (2) the change in soil mineral-bound OC contents would reverse when S. 97 

alterniflora marshes were cleared to create aquaculture ponds. 98 

2. Materials and methods 99 

2.1. Study areas 100 

We selected 21 coastal wetlands across five provinces in China: Shanghai, 101 

Zhejiang, Fujian, Guangdong and Guangxi, covering a wide geographical range (20°42′ 102 

N to 31°51′ N, 109°11′ E to 122°11′ E; Figure 1). These provinces experience a 103 

tropical-subtropical monsoon climate, with annual average temperature of 11.0–23.0 oC 104 

and rainfall ranging from 100 cm to 220 cm (Lin et al., 2023b; Yang et al., 2022a), and 105 
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have a combined coastal wetland area of ~2.58×104 km2 (Sun et al., 2015). In the past 106 

several decades, significant portions of their coastal mudflats were transformed into 107 

marshes by the invasive S. alterniflora. As a way to control the invasive species and to 108 

support food production, many of the S. alterniflora marshes were subsequently cleared 109 

to create earthen aquaculture ponds. Among these coastal provinces, S. alterniflora 110 

marshes and aquaculture ponds now cover approximately 334 km2 and 5,309 km2 (Liu 111 

et al., 2018; Duan et al., 2020), respectively. 112 

2.2. Soil sampling and analysis 113 

Field surveys and sampling were conducted in the three habitat types: native 114 

mudflats (MFs), S. alterniflora marshes (SAs) and aquaculture ponds (APs), within 115 

each of the 21 coastal wetlands between December 2019 and January 2020. In each of 116 

the MFs and SAs, three sampling sites were randomly selected. For each of the APs, 117 

one sampling site was near the bank of the pond, one at the center of the pond, and one 118 

at the mid-way point between the two. At each site, three replicate soil samples from 119 

the upper 20 cm were extracted using a steel corer of 5 cm diameter, then stored in 120 

sterile plastic bags. In total, 189 soil samples were collected (21 wetlands × 3 habitat 121 

types × 3 replicate plots) and immediately transported back to the laboratory in a cooler.  122 

In the laboratory, portions of the soil samples were freeze-dried, then homogenized 123 

and ground into a fine powder for physicochemical characterization, including particle 124 

size distribution, water content, pH, salinity, ammonium-N (NH4
+-N), nitrate-N 125 

(NO3
--N), Cl-, SO4

2- and total SOC. Further details can be found in our companion 126 
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studies (Hong et al., 2023; Lin et al., 2023b; Yang et al., 2022a; Yang et al., 2023). 127 

Here, we focused on the analysis of soil mineral-bound OC and its relationships with 128 

different physicochemical variables. 129 

2.3. Determination of mineral-bound OC  130 

Prior to determining mineral-bound OC, the mineral-associated organic matter 131 

(MaOM) was obtained using the method of Xu and Yuan (1993) and Yeasmin et al. 132 

(2017). Briefly, approximately 10 g of air-dried soil (sieved to <2 mm) and 30 mL of 133 

sodium polytungstate (SPT, density of 1.8 g cm-3) solution were added to a 100 mL 134 

centrifuge tube. The tube was then shaken on a rotary shaker at 200 rpm and 25 °C for 135 

3 h. Afterward, the tube was centrifuged at a speed of 4000 rpm for 10 min, and the 136 

resultant supernatant was filtered through a 0.7-μm glass fiber filter to obtain the 137 

particulate organic matter (POM). The residual solid material in the centrifuge tube was 138 

treated with an additional 30 mL of SPT solution, agitated for 1 h and centrifuged to 139 

obtain POM as before. This procedure was done for a total of three times to ensure 140 

complete extraction of free POM. The final residue in the centrifuge tube was 141 

subsequently rinsed with deionized water, then freeze-dried and ground for extracting 142 

MaOM as described next.      143 

Ca-OC, Fe(Al)-OC and residual-OC in MaOM were obtained by a sequential 144 

extraction method adapted from Cui et al. (2014), Li et al. (2021a) and Wan et al. 145 

(2021). Briefly, 2 g of the MaOM sample and 20 mL of 0.5 M Na2SO4 solution 146 

(maintained at pH 7) were added to a 50 mL centrifuge tube. This mixture was agitated 147 
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at 200 rpm and 25 °C for 2 h on a rotary shaker, left to settle overnight, and 148 

subsequently centrifuged at 4000 rpm for 15 min to separate Ca-OC. This extraction 149 

process was repeated until the extraction solution showed no presence of Ca. After 150 

washing with deionized water, the residue was treated with 20 mL mixture of 0.1 M 151 

Na4P2O7 and 0.1 M NaOH solution to extract Fe(Al)-OC using the same procedures 152 

outlined above. The OC content of the extracts was determined with a TOC analyzer 153 

(Schimadzu TOC-VCPH, Kyoto, Japan). Residual-OC was calculated by subtracting 154 

Ca-OC and Fe(Al)-OC from total SOC. 155 

2.4. Statistical analysis 156 

Latitudinal gradients of SOC components were tested by linear regressions. 157 

Significant differences in Ca-OC, Fe(Al)-OC, residual-OC and soil physicochemical 158 

properties among the habitat types were tested by analysis of variance (ANOVA) using 159 

the SPSS 25.0 software (IBM, Armonk, NY, USA). The relationship between Ca-OC, 160 

Fe(Al)-OC, residual-OC and soil physicochemical attributes were determined using 161 

Spearman’s correlation analysis in the vegan package of R (version 4.1.0). To 162 

investigate how various soil physicochemical attributes affect the variability in Ca-OC, 163 

Fe(Al)-OC and residual-OC, redundancy analysis (RDA) was conducted using 164 

CANOCO 5.0 software (Microcomputer Power, Ithaca, USA). The indirect and direct 165 

effects of soil physicochemical properties on Ca-OC, Fe(Al)-OC and residual-OC under 166 

different land cover change scenarios were examined through structural equation 167 

modeling (SEM) in R Version 4.1.0, employing the lavaan package. Further insights 168 
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into the SEM analysis are provided in Tan et al. (2022) and (2023). To assess the 169 

impact of habitat modification on Ca-OC, Fe(Al)-OC and residual-OC, weighted 170 

response ratios (RR++) were computed following the method of Hedges et al. (1999) 171 

and Tan et al. (2020). A significance threshold of p < 0.05 was used for all analyses. 172 

3. Results  173 

3.1. Soil mineral-bound OC contents in different habitat types  174 

Across all sites, Ca–OC concentrations varied in the range of 0.02–0.44 g kg-1 in 175 

MFs, 0.16–0.59 g kg-1 in SAs, and 0.02–0.55 g kg-1 in APs (Figure 2a). On average, 176 

Ca-OC content in SAs (0.31±0.01 g kg-1) was significantly higher than that in MFs 177 

(0.24±0.02 g kg-1), but comparable to APs (0.27±0.02 g kg-1) (Figure 2a).  178 

Fe(Al)–OC content showed marked variations across habitat types: 0.16–4.64 g 179 

kg-1 in MFs, 0.38–5.90 g kg-1 in SAs, and 0.40–20.67 g kg-1 in APs (Figure 2b). The 180 

average value was significantly higher in SAs (2.38 ± 0.37 g kg-1), but was comparable 181 

between MFs (1.52 ± 0.25 g kg-1) and APs (1.49 ± 0.24 g kg) (Figure 2b). 182 

Residual–OC content varied in the range of 1.36–15.89 g kg-1 in MFs, 3.04–21.51 183 

g kg-1 in SAs, and 1.06–4.89 g kg-1 in APs (Figure 2c). The average value was 7.71 ± 184 

0.85 g kg-1 in SAs, which was significantly higher than that in MFs (5.58 ± 0.68 g kg-1), 185 

but comparable to APs (6.28 ± 0.81 g kg-1) (Figure 2c).  186 

3.2. Effects of different land cover change scenarios  187 

Across all samples, SOC storage increased linearly with the bound organic carbon 188 
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contents in the top soil (p<0.01), and the relationship was strongest for Ca–OC, 189 

followed by Fe(Al)–OC and residual-OC (Figure 3). Overall, residual–OC accounted 190 

for the majority of bound OC (74.1–78.2%), followed by Fe(Al)–OC (18.4–22.8%) and 191 

Ca–OC (3.1–3.4%) (Figure 4). 192 

We used weighted RR analysis to assess the effects of different land cover change 193 

scenarios on mineral-bound OC contents. In the case of land cover change from MFs to 194 

SAs, Ca–OC concentration increased by approximately 20.7% (Figure 5a), Fe(Al)–OC 195 

content increased by 42.8% (Figure 5b), and residual–OC increased by 22.7% (Figure 196 

5c). When SAs were subsequently cleared and converted to APs, Ca–OC concentration 197 

decreased by 8.6% (Figure 5a), Fe(Al)–OC content decreased by 49.1% (Figure 5b), 198 

and residual–OC decreased by 11.3% (Figure 5c).  199 

3.3. Environmental control of mineral-bound OC and SOC  200 

There were significant and negative latitudinal gradients of Ca-OC and 201 

residual-OC concentrations, and a positive latitudinal gradient of Fe(Al)-OC 202 

concentration (Figure 6).  203 

Based on Spearman correlation (Figure 7) and RDA (Figure 8) analyses, soil 204 

NH4
+-N was the strongest factor driving the change in mineral-bound OC and SOC 205 

contents in both MFs-to-SAs and SAs-to-APs land cover change scenarios. The other 206 

key factors included pH, clay and Fe(III) in MFs-to-SAs conversion scenario (Figure 207 

8a); Fe(III), sand and clay in SAs-to-APs conversion scenarios (Figure 8b). 208 

The PLS-SEM analysis results indicated that NH4
+-N had a positive and direct 209 
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effect on Ca-OC, residual-OC and SOC storage in both land cover change scenarios 210 

(Figures 9a, c, d, f), and a negative effect on Fe(Al)-OC in the transformation from SAs 211 

to APs (Figures 9e). Both Fe(III) and clay had positive direct effects on Ca-OC (Figure 212 

9a, d), Fe(Al)-OC (Figure 9b, e) and residual-OC (Figure 9f). Clay positively affected 213 

Ca-OC (Figure 9a, d) and Fe(Al)-OC (Figure 9b, e). In addition, land cover change 214 

affected SOC storage by changing pH (Figure 9b, d, e, f) and mineral-bound OC 215 

contents. 216 

4. Discussion 217 

4.1. Mineral-bound OC in different habitat types  218 

Across the broad geographical range, we observed a negative latitudinal gradient 219 

in Ca-OC contents (Figure 6). Soils at higher latitudes tend to receive less precipitation, 220 

leading to lower contents of exchangeable Ca2+ in the soil (Li et al., 2023), which likely 221 

limit the formation of Ca-OC. We also observed a negative latitudinal gradient in 222 

residual-OC (Figure 6). The warmer and wetter climate at the lower latitudes may have 223 

increased biological productivity and subsequent deposition of organic matter into the 224 

soil, as supported by the latitudinal gradient in SOC content observed along China’s 225 

coast (Hong et al., 2023), which may then increase the amount of residual-OC. In 226 

contrast, Fe(Al)-OC was less in the lower latitudes (Figure 6), which perhaps was due 227 

to the warmer and wetter soil conditions promoting the conversion of Fe(III) to Fe(II) 228 

and its subsequent loss from the soil (Chari et al., 2021). Nevertheless, it should be 229 

noted the r-squared values of these relationships were low (0.10-0.32), meaning that 230 
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their effects on mineral-bound OC were overall rather weak.  231 

Mineral-associated OC is often the dominant fraction of the SOC pool, accounting 232 

for 50–80 % of SOC (Cotrufo et al., 2019), and many studies have highlighted the 233 

importance of physical and chemical interactions between OC with minerals in 234 

sequestering and preserving SOC in terrestrial ecosystems (Hemingway et al., 2019; 235 

Lalonde et al., 2012; Lv et al., 2023; Schrumpf et al., 2013). Based on soil samples 236 

from the 21 coastal wetlands, the proportion of Ca–OC in our research areas was 237 

3.1–3.4% (Figure 4). This was considerably lower than farmed soils (e.g. Wan et al., 238 

2021; Wei et al., 2017), suggesting that calcium contained in fertilizers would enhance 239 

Ca-OC formation. Our values were also lower than that observed in mangrove wetland 240 

(Wang et al., 2021b) and delta (Li et al., 2021a), perhaps reflecting the overall weak 241 

seawater influence in our sampling sites (salinity <5 ‰; Yang et al., 2022a). In 242 

comparison, Fe(Al)–OC constituted a larger fraction of SOC in the three habitat types 243 

(18.4–22.8%; Figure 4), which fell within the range observed in other terrestrial 244 

ecosystems (15%–38%; Lalonde et al., 2012; Faust et al., 2021; Shields et al., 2016; 245 

Zhao et al., 2023), suggesting comparable availability and reactivity of Fe/Al between 246 

terrestrial and coastal soils.  247 

4.2. Response of mineral-bound OC to habitat changes  248 

Our results showed that coastal land cover change had notable impacts on 249 

mineral-bound OC. Invasion of native mudflats by S. alterniflora boosted the contents 250 

of Ca-OC, Fe(Al)-OC and residual-OC by 20.7–42.8%, whereas transforming these S. 251 
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alterniflora marshes into aquaculture ponds decreased them by 8.6–49.1% (Figure 2). 252 

This might be attributed to the change in vegetation coverage and hydrology following 253 

habitat modification. Plants are a main source of OC (Mcleod et al., 2011) and a key 254 

factor affecting the accumulation of OC and mineral in coastal wetlands (Bai et al., 255 

2021; Cragg et al., 2020). In general, persistent river flow and regular tidal flushing in 256 

non-vegetated mudflats enhance soil erosion and minimize OC deposition (Hong et al., 257 

2023). In the 1980s, the exotic S. alterniflora was introduced to China to mitigate soil 258 

erosion, with its aboveground biomass slowing the water flow (Yang et al., 2023; 259 

Zhang et al., 2021) and its subterranean roots stabilizing the soil (Hsieh et al., 2021; Li 260 

et al., 2021b), which would retain more OC and mineral and allow for the formation of 261 

mineral-bound OC. Furthermore, S. alterniflora invasion would result in higher soil 262 

water content, which has been linked to enhanced anoxic condition that fosters the 263 

formation of Fe-OC (Hu et al., 2023; Song et al., 2022; Yu et al., 2021). However, 264 

removing S. alterniflora to construct earthen aquaculture ponds would eliminate the 265 

input of plant-derived organics to the soil. Furthermore, the common practice of pond 266 

drainage and drying between farming seasons would lead to further reduction in OC 267 

and minerals in the ponds (Alongi et al., 2000; Kauffman et al., 2018; Yang et al., 268 

2022b). These factors likely contributed to the lower Ca-OC, Fe(Al)-OC and 269 

residual-OC contents in aquaculture ponds relative to S. alterniflora marshes (Figure 2).  270 

4.3. Effects of nitrogen and soil texture on mineral-bound OC  271 

Our correlation and SEM analyses showed that nitrogen supply strongly affected 272 
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the change in Ca-OC and residual-OC contents (Figures 7 and 9), which reflects the 273 

nitrogen-limiting condition in these coastal wetlands and the effects of vegetation in 274 

increasing soil N contents (Feng et al., 2017; Jia et al., 2017), which would be 275 

conducive to the production of organic carbon by both plants and microbes (Xie et al., 276 

2019; Pastore et al., 2017). The encroachment of native mudflats by S. alterniflora 277 

significantly increased the soil NH4
+-N content (Yang et al., 2023), likely due to 278 

nitrogen remineralization and retention by S. alterniflora biomass (Liao et al., 2007). 279 

Conversely, removal of S. alterniflora for the development of aquaculture ponds 280 

resulted in opposite changes (Figure 5).  281 

Soil texture can also affect the preservation of SOC (Gonçalves et al., 2017; Singh 282 

et al., 2018). Compared to sand and silt, clay particles have smaller pores, higher 283 

surface area‐to‐volume ratio and more binding sites (Giannetta et al., 2019; Riedel and 284 

Weber, 2016; Ye et al., 2017), which could facilitate the formation of microaggregate 285 

structures (Lehmann et al., 2007; Totsche et al., 2017) that effectively decrease 286 

microbial breakdown of organic matter (Ransom et al., 1998; Yu et al., 2019). As a 287 

result, clay associated carbon can be adsorbed by minerals more effectively (Hu et al., 288 

2023; Ye et al., 2017; Fang et al., 2019). In our study areas, the transformation of native 289 

mudflats to S. alterniflora marshes resulted in a 5.1% increase in soil clay content, 290 

while subsequent conversion to aquaculture ponds led to a 4.1% reduction (Yang et al., 291 

2022a). Accordingly, clay content was a significant factor in the changes in 292 

mineral-bound OC (Figures 8 and 9), similar to the observations by others (Fang et al., 293 
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2019; Hu et al., 2023; Zhao et al., 2023).   294 

4.4. Land cover change effects on SOC accumulation and preservation 295 

In recent decades, China’s coastal regions have experienced significant changes 296 

due to S. alterniflora invasion (Liu et al., 2018; Mao et al., 2019) and aquaculture 297 

development (Duan et al. 2020; Wang et al., 2022), which has significantly changed the 298 

size of SOC pool and SOC mineralization rate (Yang et al., 2022a). Given the 299 

importance of mineral-bound OC in preserving SOC, it is imperative to investigate how 300 

mineral-bound OC responds to land cover change in coastal wetlands. 301 

Overall, SOC storage increased more strongly with increasing Ca–OC content than 302 

Fe(Al)–OC and residual–OC (Figure 3), suggesting that Ca–OC may play a more vital 303 

role in preserving and sequestering SOC in these coastal wetlands. Because the 304 

proportion of Ca-OC decreased when mudflats were transformed into S. alterniflora 305 

marshes and it increased when these marshes were later converted into aquaculture 306 

ponds, we may expect that SOC preservation and sequestration would also decrease and 307 

increase accordingly. This is consistent with our earlier observations that S. alterniflora 308 

invasion of mudflats increased the liability and microbial turnover of SOC (Yang et al., 309 

2022a). Overall, while S. alterniflora invasion would increase the total SOC, it would 310 

also compromise the stability and preservation of wetland SOC, similar to others’ 311 

findings (Lin et al., 2023a; Xia et al., 2021; Zhang et al., 2021). 312 

5. Conclusions  313 
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This study, in conjunction with related research, revealed that land cover change 314 

had significant impacts on soil organic carbon in coastal wetlands across a wide 315 

geographical range in southeastern China. Consistent with our hypothesis, the invasion 316 

of native mudflats by S. alterniflora led to an increase in both mineral-bound OC and 317 

total SOC (this study; Hong et al., 2023), but the liability and microbial turnover of 318 

SOC also increased, resulting in a lower degree of SOC preservation and higher carbon 319 

greenhouse gas emissions (Yang et al., 2022a). Conversely, the conversion of S. 320 

alterniflora marshes into aquaculture ponds reversed these effects. Therefore, different 321 

land cover change scenarios resulted in different SOC dynamics partly by altering the 322 

mineral-bound OC fractions in the soil. 323 
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F I G U R E 1  Locations of the 21 coastal wetlands in southeastern China. Three habitat types were investigated at each wetland 2 

including mudflat, S. alterniflora marshes and aquaculture ponds.3 
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F I G U R E 2  Box plots of (a) Ca-OC, (b) Fe(Al)-OC and (c) residual-OC contents in the top soil (0–20 cm) of mud flats (MFs), S. 5 

alterniflora marshes (SAs) and aquaculture ponds (APs) in coastal wetlands in southeastern China (n = 63). Bars with no overlapping 6 

letters are significantly different (p<0.05).7 
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F I G U R E 3  Linear regression between SOC storage and (a) Ca-OC, (b) Fe(Al)-OC, and (c) residual-OC contents in the top soil (0–20 cm) of 9 

all sampling sites. MFs, SAs and APs represent mud flats, S. alterniflora marshes and aquaculture ponds, respectively.10 
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F I G U R E 4  Proportions of mineral-bound and residual organic carbon contents in the top soil (0–20 cm) of (a) mudflats, (b) S. 12 

alterniflora marshes, and (c) aquaculture ponds in coastal wetlands in southeastern China.13 
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F I G U R E 5  Weighted response ratios (RR++) of (a) Ca-OC, (b) Fe(Al)-OC, and (c) residual-OC contents for the different land cover change 15 

scenarios: MFs→SAs represents transformation from mudflats to S. alterniflora marshes; SAs→APs represents conversion from S. alterniflora 16 

marshes to aquaculture ponds. Bars represent the RR++ values and 95% CIs (n = 21 sampling sites). The asterisks (*) indicate significant 17 

differences at p < 0.05.18 
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F I G U R E 6  Linear regressions between latitude and (a) Ca-OC, (b) Fe(Al)-OC, and (c) residual-OC contents in the top soil (0–20 cm) across 20 

all sample sites. MFs, SAs and APs represent mud flats, S. alterniflora marshes and aquaculture ponds, respectively.21 
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F I G U R E 7  Correlation coefficients between Ca-OC, Fe(Al)-OC, residual-OC and different soil physicochemical variables in surface 23 

soil (0–20 cm) for the different land cover change scenarios: (a) Transformation of mudflats to S. alterniflora marshes; (b) Conversion of S. 24 

alterniflora marshes to aquaculture ponds. Colors of the rectangular segments indicate the direction and strength of correlation (blue = 25 

positive; orange = negative; r = –1 to 1); asterisks indicate levels of significance (*p <0.05; **p < 0.01). See main text for explanation of 26 

abbreviations.27 



 

 

 28 

F I G U R E 8  Redundancy analysis (RDA) biplots of the relationships between Ca-OC, Fe(Al)-OC, residual-OC and various physicochemical 29 

variables in surface soil (0–20 cm) for the different land cover change scenarios: (a) Transformation of mudflats to S. alterniflora marshes; (b) 30 

Conversion of S. alterniflora marshes to aquaculture ponds. The pie charts show the percentages of variance in Ca-OC, Fe(Al)-OC and residual-OC 31 

explained by the different variables. See main text for explanation of abbreviations.   32 



 

 

 33 

F I G U R E 9  Partial least square structural equation modeling (PLS-SEM) to evaluate the direct and indirect effects of soil physicochemical 34 

variables on Ca-OC, Fe(Al)-OC, residual-OC and SOC under different land cover change scenarios: (a-c) Transformation of mudflats to S. alterniflora 35 

marshes; (d-f) Conversion of S. alterniflora marshes to aquaculture ponds. Solid blue and red arrows indicate significant positive and negative effects, 36 

respectively, and dashed arrows indicate insignificant effect on the dependent variables. Numbers adjacent to arrows are standardized path coefficients, 37 

indicating the effect size of the relationship. R2 represents the variance explained for target variables. Asterisks indicate levels of significance (*p < 38 

0.05; **p < 0.01). 39 
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Figure S1 Linear regression between latitude and mean annual air temperature. 30 


