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Introduction

The macrobenthos are crucial for the stability of estuarine ecosystems due to their burrowing behavior in the sediment and their uptake of nutrients from plants. These activities lead to significant alterations in both the morphological and biogeochemical processes within the region.





Methods

However, there is limited investigation into carbon cycling processes specifically related to crab bioturbation. Additionally, few studies have examined enzymatic activities and carbon fractions in sediments from crab burrow walls at different crab growth stages. This study aims to explore the impact of both plant invasiveness and crab bioturbation on carbon storage.





Results

Our findings suggest that plant invasion leads to higher organic accumulation due to the reduction of recalcitrant organic carbon (ROC) (decreased by 11.6% in invasive and 62.6% in native site from April to December), faster photosynthetic rates (25.8 μmol/m2 s in invasive and 10.7 μmol/m2 s in native site), and an increased presence of arbuscular mycorrhizal fungi (AMF) in the soil over time. However, the increase of easy oxidized carbon (EOC) may lead to less carbon storage in soil (increase by 67.7% in invasive and 48.8% in native site from April to December). In addition to invasiveness, the bioturbation activities of macrobenthos also affect carbon storage. Sediments from crab burrows exhibit higher EOC content (33.6% more than the bulk soil) and higher levels of carbon cycling-related enzymes, including S-ACT, S-β-GC, and S-ACP activities (24.2%, 8.99%, and 135.6% higher than the bulk soil, respectively).





Discussion

These changes contribute to reduced carbon accumulation in the soil. Therefore, crab bioturbation is a more significant factor affecting carbon sink capacity than plant invasion.





Keywords: carbon storage, salt marshes, crab bioturbation, plant invasion, mycorrhiza fungi, sediment organic carbon, enzymatic activity



 Graphical Abstract |







Highlights

	We analyzed the biogeochemical properties of sediments in bulk soil, rhizosphere, and crab burrow walls.

	Sediments collected from mature crab burrow walls showed increased enzymatic activities related to CO2.

	Crab burrows and plant rhizosphere soil had more carbon transfer into easy oxidized carbon and labile forms than other soil.

	Plant invasion enhances carbon sequestration through increased photosynthesis and expansion of arbuscular mycorrhizal fungi.






1 Introduction

Global climate change poses a significant threat to human survival and development (Tang et al., 2018). The burning of fossil fuels and industrial processes have resulted in substantial carbon emissions, estimated at 7.8 Pg C yr-1 (IPCC, 2013), disrupting the equilibrium between the global ecosystem and the atmosphere. Coastal salt marshes play a crucial role in carbon burial, with an estimated rate of 10.2 Tg C yr-1 (Ouyang and Lee, 2014). This burial is equivalent to approximately 1 to 2.5% of CO2 emissions from anthropogenic activities (Hinson et al., 2017; Grow et al., 2022). However, salt marshes are facing significant losses due to human activities such as filling, draining, and the “coastal squeeze” caused by sea level rise.

Crabs, such as fiddler crabs and Sesarmidae crabs, have significant impacts on sediment carbon cycling in coastal saltmarshes (Andreetta et al., 2014; Alberti et al., 2015) and other farmlands (Khoshnevisan et al., 2021). While recent studies have focused on the diversity, biomass, sediment topography, and nutrient cycling of benthic organisms in mangroves and salt marshes, little is known about the mechanisms and processes of carbon cycling within crab burrows in habitats dominated by native or invasive plants. They accelerate the rate of carbon cycling through biological and geochemical processes (Huhta, 2007; Agusto et al., 2022; Grow et al., 2022). Fiddler crab burrows increase oxygen penetration and create a more oxidized environment, leading to a 59% increase in effective surface area (Grow et al., 2022). The disturbance caused by fiddler crabs in saltmarshes results in a 12.7% increase in sediment CO2 efflux and a 51.7% increase in CH4 efflux (Agusto et al., 2022). The highest efflux rates occur immediately after burrowing activity ceases and gradually decrease over the following two hours (Grow et al., 2022). Additionally, fiddler crab-related greenhouse gas emissions decrease in the presence of oil contamination (Grow et al., 2022). This suggests that crab burrow walls harbor microbial communities with distinct functional characteristics compared to bulk soil, which may explain differences in sediment organic matter (OM) (Gillis et al., 2019). In mangrove forests, the respiration and burrowing activities of marine benthos double the CO2 emission rate from the bare sediment surface (Ouyang et al., 2021). However, the mechanism by which burrowing activity affects sediment CO2 emissions is still poorly understood.

Crabs also influence sediment physical properties through their burrowing activities. Sesarmidae crabs, in particular, create deep, multi-chambered burrows with large openings and substantial below-ground surface areas (Gillis et al., 2019). For example, Sesarmidae crabs are considered critical, which create deep (up to 2 m), multi-chambered burrows with large openings (maximum of 11 cm), and have sizeable below-ground surface areas up to 3.8 m2 (Stieglitz et al., 2000). These burrows serve as important shelters during summertime, as crabs prefer temperatures below 29°C (Thongtham et al., 2008). The burrowing activities of crabs accelerate litter decomposition and the mixing of sediment from the surface to deeper horizons (Wang et al., 2010). In Thailand, crabs remove an average of 87% of daily mangrove litter fall through ingestion or burial, with the removal rate being positively correlated with the number of crab burrows and negatively correlated with inundation time (Thongtham et al., 2008). In Japan, ocypodid crabs accelerate the removal of organic matter three times faster than weathering and mineralization processes (Koo et al., 2019). Therefore, crab bioturbation plays a crucial role in bio-geomorphological processes.

Crab bioturbation has multiple effects on the biogeochemical processes in sediments. Studies have shown significant differences in microbial diversity between wild and aquacultural macrobenthos, such as shrimps and crabs, using molecular-dependent methods (Chu et al., 2011; Liu et al., 2011; Li et al., 2012). The bacterial community plays a crucial role in various biochemical processes, including enzyme activity (Zhu et al., 2019). Sediment enzymes catalyze biochemical processes related to energy and material cycling (Bueno De Mesquita et al., 2017; Zhu et al., 2019). Extracellular enzymes target different organic carbon pools in sediments, such as cellulases and ligninase targeting polyphenolic macromolecules and simplified polysaccharides, respectively (Yang et al., 2020; Feng et al., 2023). Extracellular enzyme activity (EEA) can serve as an indicator for organic matter decomposition (Burns et al., 2013). Sediments disturbed by crabs have lower total and labile carbon contents, indicating a decrease in carbon concentration (Gutiérrez et al., 2006). However, there is limited research on the impact of crab bioturbation on EEA and organic carbon fractions, such as recalcitrant carbon and easily oxidized carbon, in sediments from active burrow walls.

Crabs have noticeable effects on plant density, height, and nutrient uptake in natural coastal salt marshes and farmlands (Bertness and Coverdale, 2013; Khoshnevisan et al., 2021). Crabs can be classified as herbivorous, omnivorous, or carnivorous based on their dietary preferences. Factors such as moisture content, resilience, and vegetation decomposition also influence crab feeding preferences (Harada and Lee, 2016). Herbivorous crabs tend to prefer leaves over fine roots and stems when consuming different plant tissues (Luo et al., 2019). This dietary variation leads to differences in CO2 respiration rates (Ouyang et al., 2021). Crab grazing can have both positive and negative effects on plants. For example, excessive grazing by Sesarma reticulatum crabs in New England (USA) has caused significant die-off of S. alterniflora in salt marshes (Altieri et al., 2012; Coverdale et al., 2012). However, the invasion of the green crab species Carcinus maenas has promoted the recovery of cordgrass by consuming and displacing Sesarma crabs from their burrows, thus reducing herbivory pressure (Bertness and Coverdale, 2013). Similar top-down control relationship between birds, crabs and terrestrial/aquatic plants are also observed and synthesized (Ge et al., 2023). Crabs are more likely to graze on seedlings because halophytic plants have higher nitrogen and lower fiber content (Bortolus and Iribarne, 1999). However, halophytes develop defenses, such as burrs or chemical compounds, to protect themselves, which can hinder crab ingestion (Bortolus and Iribarne, 1999; Chen et al., 2021). Crabs show a preference for invasive plant species (S. alterniflora) over native species (P. australis) due to differences in crude protein content (Ji et al., 2011). Macrobenthic animals play a crucial role in accelerating the decomposition of underwater debris, regulating material exchange at interfaces, and promoting the self-purification of water bodies. They also serve as key components in the food chain, and these processes can significantly influence carbon cycling. However, these factors are often overlooked, and the impact of crab grazing on plant invasion is rarely considered.

To address this gap, we conducted a series of experiments to investigate factors influencing carbon sequestration and emission. These factors included: (1) the presence of native and invasive plant species (i.e., SA vs. PA in the Yangtze estuary); (2) sediment zones (i.e., mud flats, juvenile crab burrows, mature crab burrows, rhizosphere, and non-rhizosphere); (3) different fractions of organic carbon (i.e., total organic carbon (TOC), EOC, and ROC); (4) carbon-related extracellular enzymes activities; and (5) seasonal variations within a year.

Upon all these related factors, we hypothesize that: (1) plant invasiveness would impact carbon cycling; (2) sediments within crab burrows would have higher levels of organic carbon and enzymatic activity; and (3) there would be significant changes in the carbon pool within crab burrows throughout the year. To test these hypotheses, we conducted field and laboratory experiments over 12 months. We aim to put forward the novel notion: crab burrowing activity reduces the carbon sequestration capacity more dramatically as they grow larger in native plant dominated saltmarshes.




2 Methods


2.1 Study sites

This study was conducted in two study sites on Chongming Island, Shanghai, China. Chongming Island has a subtropical monsoon climate with ample precipitation, sunshine, and four distinct seasons. The field experiment took place from March 2021 to February 2022. Chongming Island is located at the Yangtze River, and salinity increases from northwest to southeast (see Figure 1). One of the sampling sites is a salt marsh in the Xisha Pearl Lake scenic area (see Figure 1). The dominant plant species in this area is Phragmites australis, a native freshwater species, and the major macrobenthic species is Chiromantes haematocheir. The second site is a brackish salt marsh on the north fringe of Chongming, which has been invaded by S. alterniflora (see Figure 1). The major benthic species in this area is Chiromantes dehaani, a grayish-greencrab species. Both crab species are omnivores, feeding on sediments, detritus, and plant tissues.




Figure 1 | Distribution of sampling sites in the Yangtze Estuary. (A) map of People’s Republic of China, (B) map of Shanghai, (C) map of sampling sites in Chongming Island, Shanghai, China.



To account for spatial heterogeneity and internal variability, we selected five distinct sampling locations, including mud flats, juvenile crab burrows, mature crab burrows, plant rhizosphere, and non-rhizosphere (bulk sediments). We observed the crab physical appearance with their corresponding burrows, and categorized juvenile and mature crab burrows with opening diameter of less than 2 cm and 2 to 5 cm, respectively. Each type of sampling location was replicated three times at each site. For the sediments from crab burrows, we specifically chose active burrows where crabs were observed to ensure their presence.




2.2 Crab and sediments respiration analysis

The concentration of CO2 was measured using a portable analyzer (UGGA, model 915–0011, Los Gatos Research Inc., Mountain View, USA). We collected 40 crabs randomly of each species for census analysis and respiration measurements in the field. The crabs were kept in a bucket with salt marsh plants to prevent injury or death from fighting. Previous research (Ouyang et al., 2021) showed that crab respiration declined rapidly after being caught, so measurements were taken on the same day using a closed-loop system to minimize bias.

We also measured the in-situ CO2 fluxes from sediment, roots, and plants every month for one year. Root respiration was measured by removing above-ground vegetation and connecting the sediment and roots to a portable greenhouse gas analyzer using a closed-loop system. Plant respiration rate was measured by subtracting the CO2 flux under dark and light environments. The system included a PVC collar with dimensions of 20 cm in diameter and 20 to 50 cm in height to create an air-concealed headspace.




2.3 AMF infection

From April to November, we collected root samples from S. alterniflora and P. australis sites to analyze the infection rate of arbuscular fungi (AMF). We used a combination of methods from McGonigle et al. (1990), Sheng et al. (2011), and Soti et al. (2021) to optimize the results. Fine roots were rinsed with water and only roots with a diameter of less than 2mm were selected and stored in a 70% alcohol solution. The roots were cut into 1.5 cm fragments and softened in 15% KOH at 60°C for 110 minutes for P. australis and 4 hours for S. alterniflora. The softening period differ mainly caused by the structural difference and permeability of plant root cell wall. After rinsing off the KOH, the roots were acidified in 5% CH3COOH for 5 minutes. To stain the roots, a 5% CH3COOH-ink solution (5% Quink ink and 95% CH3COOH) was used at 60°C for 30 minutes, followed by clearing the ink in DI water for 14 hours at room temperature. The roots were then stained again with Sudan III solution (3g of Sudan III in 1000 ml of 70% alcohol) at 60°C for 60 minutes and clarified using 70% alcohol for 5 minutes. The degree of mycorrhizal colonization in roots is estimated by:

	




2.4 Enzymatic activities

Soil extracellular enzyme activity can be useful for monitoring microbial activity linked to substrate dynamics because enzymes catalyze the rate and initiation steps in soil organic matter decomposition (Sinsabaugh et al., 2008; Burns et al., 2013). We analyzed enzymatic activities in sediments collected from S. alterniflora and P. australis sites. The sampling was done in April, August, and November, corresponding to the pre-growing, growing, and post-growing seasons respectively. Sediment samples were collected from mudflats, juvenile crab burrow walls, mature crab burrow walls, rhizosphere, and non-rhizosphere in both S. alterniflora and P. australis sites. Sampling depth are different to ensure the sample’s representative for its corresponding category.

The activities of β-glucosidase, acid phosphatase, and catalase enzymes in sediments were determined using Solarbio (S-β-GC) Activity Assay Kit (Solarbio BC0160), S-ACP Activity Assay Kit (Solarbio BC0140), and (S-CAT) Activity Assay Kit (Solarbio BC0100) respectively. The detailed methods are expressed in the manual. The enzyme plays a crucial role in the carbon cycling process.




2.5 Sediments carbon and nitrogen contents

The sediment samples were dried at 60°C, ground, and sieved. For TC and TN analysis, 40 mg of dry sediments were weighed and placed in aluminum foil, then analyzed using a Vario EL III element analyzer (Elementar, Germany). For TOC analysis, 1N HCl was added to remove carbonates from the sediments. For ROC analysis, HCl was used to remove inorganic carbon, followed by a hydrolysis reaction with 20 mL of H2SO4 (5 mol/L) at 105°C for 30 minutes. The samples were rinsed with DI water, dried, and then hydrolyzed again with 2 mL of 26 mol/L H2SO4 at room temperature for 3 hours (Rovira and Vallejo, 2002). The sediment samples were rinsed, dried, and analyzed using the Vario EL III element analyzer. EOC analysis was performed using a modified method of Hassan et al. (2016) by oxidizing the sample with KMnO4 solution (333 mmol/L).




2.6 Photosynthetic rate

We measured the photosynthesis of S. alterniflora and P. australis during the pre-growing season, growing season, and post-growing season in May, August, and November respectively. This was done using a portable photosynthesis system (LI-6800) with a Multiphase Flash™ Fluorometer (LI-COR, Nebraska). The parameters measured included net photosynthetic rate, transpiration rate, intercellular CO2 concentration, and stomatal conductance. All measurements were conducted under sunny weather conditions, with a pause in measurements from 11 am to 2 pm to avoid photoinhibition of P. australis.




2.7 Statistical analysis

The data for gas flux were organized in Excel and calculated using MATLAB R2020b. Statistical analyses were performed using ANOVA and t-test at a significance level of 0.05 (P=0.05) in IBM statistics SPSS 23. The goal of ANOVA is to determine the amount of variability in groups of data, and test if this variation is greater within groups to between groups. Linear regression was conducted in Excel to predict the value of a variable during the sampling period. PCA analysis and graphing were conducted using GraphPad Prism 9.5.3. aiming to extract the important information from a set of summary indices.





3 Results


3.1 Sediment carbon contents at different sites and annual variation

We tested the total organic carbon content (TOC) for sediments collected from mudflat, juvenile crab burrow walls, mature crab burrow walls, rhizosphere, and non-rhizosphere at both S. alterniflora and P. australis sites. The highest TOC content value was found in the rhizosphere sediment at the S. alterniflora site, but not significant. In the P. australis site, TOC was significantly higher in mature crab burrows (0.157 ± 0.040%) compared to all other sediment types (0.048 ± 0.027%, 0.058 ± 0.019%, 0.099 ± 0.033%, and 0.059 ± 0.024% in mudflat, juvenile crab burrows, rhizosphere, and non-rhizosphere soil, respectively) (Figure 2A). Rhizosphere sediment in P. australis also exhibited significantly higher TOC content compared to other sediment types (P<0.05). The presence of plant litter in the rhizosphere contributes to a substantial portion of organic carbon in the sediment carbon pool. The changes in TOC content correspond well with total carbon (TC) and total nitrogen (TN) content in the five sampling locations at both sites.




Figure 2 | Comparion of sediment total organic carbon (TOC) (A), easy oxidized carbon (EOC) (B) and recalcitrant orgnic carbon (ROC) (C) at five sampling sites, including sediments from mudflats, juvenile crab burrows, mature crab burrows, rhizosphere and non rhizosphere from S. alterniflora and P. australis dominated salt marshes. Stars connecting two boxes represent valuses of significant difference. Changes of EOC and ROC contents in sediments collected from mudflats (D), juvenile crab burrows (E), mature crab burrows (F), rhizosphere (G) and non-rhizosphere (H) of S. alterniflora and P. australis from April to December.



The content of EOC in sediments did not show significant differences among sampling locations in the S. alterniflora site. However, the EOC in mature crab burrow walls (0.211 ± 0.087 mg/g) and rhizosphere (0.142 ± 0.079 mg/g) was slightly higher than that in other sediment types (0.061 ± 0.043 mg/g, 0.085 ± 0.055 mg/g, and 0.129 ± 0.054 mg/g in mudflat, juvenile crab burrows, and non-rhizosphere soil, respectively) (Figure 2B). In the P. australis site, EOC content was significantly higher in mature crab burrows (0.211 ± 0.087 mg/g) compared to mudflat (0.061 ± 0.042 mg/g), juvenile crab burrows (0.085 ± 0.055 mg/g), and non-rhizosphere soil (0.129 ± 0.055 mg/g) (P<0.005) (Figure 2B). This indicates a significant amount of carbon in mature crab burrows that are readily available for oxidation due to crab burrowing and metabolic activities. Meanwhile, the background EOC content was lower in the P. australis site (0.126 ± 0.083 mg/g) compared to the S. alterniflora site (0.213 ± 0.099 mg/g) (P<0.005) (Table 1).


Table 1 | Two-way ANOVA analysis results of the carbon and nitrogen storage comparison at S. alterniflora and P. australias sites.



The sediment ROC content is higher in mature crab burrows at the P. australis site (0.651 ± 0.169%) and the S. alterniflora site (0.725 ± 0.111%) compared to the other four sediment sources (average of 0.686 ± 0.112% and 0.309 ± 0.133% at S. alterniflora and P. australis site, respectively). However, there is a decrease in ROC content and an increase in EOC in mature crab burrows over the sampling period (Table 2), indicating that sediments organic carbon in crab burrows are becoming a carbon source to the atmosphere.


Table 2 | Linear regression results of the changes of EOC and ROC at S. alterniflora and P. australis sites in the five types of sediments during sampling period.



Overall, the TC, TN, TOC, EOC, and ROC contents are significantly higher at the S. alterniflora site compared to the P. australis site (Table 1). As shown in Figure 2, the sediment from mature crab burrow walls is the only type with higher TOC content in P. australis than in S. alterniflora. All other sediment types have higher carbon and nitrogen contents in S. alterniflora compared to P. australis throughout the sampling period (Supplementary Figure S1A, B).

We conducted monthly sampling and analysis of sediments from five sources at S. alterniflora and P. australis sites to examine the annual variation in EOC and ROC content. Our results showed that EOC content increased at sampling locations disturbed by plants and macrobenthos, such as sediments collected from crab burrows and rhizosphere. In contrast, ROC content decreased at all sampling locations throughout the year, particularly at crab-disturbed locations (Figure 2 and Table 2) (P<0.05 for all mature crab burrows, P<0.05 for juvenile crab burrows at P. australis site). These fluctuations of EOC and ROC among the sampling periods suggest that soil organic matter tends to switch to labile and atmospheric carbon in the presence of crab bioturbation activities.

Figure 2 and Table 2 illustrate the seasonal changes in EOC and ROC at the invasive S. alterniflora and native P. australis sites. The increase in EOC content was more pronounced in sediments collected from crab burrows and rhizosphere regions in S. alterniflora compared to P. australis. The regression slopes between month and EOC were steeper at S. alterniflora (0.0165, 0.0161, and 0.034 in juvenile crab burrows, natural crab burrows, and rhizosphere, respectively) than that at P. australis site (0.005, 0.002, and 0.018 in juvenile crab burrows, natural crab burrows, and rhizosphere, respectively), indicating a more significant transformation of soil organic carbon into a labile form at the invasive site. In contrast, ROC content did not show the same trend at the invasive site, while it decreased in all sampling locations at the native site (with significance). This decrease in ROC content suggests a lower capability for organic matter accumulation in P. australis.

Overall, the comparison of ROC and EOC at invasive and native sites give rise to an assertion that invasive habitats can increase OM accumulation through less transformation of ROC into labile carbon; and decrease OM accumulation through higher transformation rate of carbon into EOC. Thus, plant invasiveness does not significantly affect total organic carbon in soil.




3.2 Plant photosynthesis and respiration

Our findings show that the highest photosynthetic rate for P. australis occurs during the growing season (Figure 3). This photosynthetic rate is negatively correlated with intercellular CO2 concentration (Supplementary Figure S2A) and positively correlated with evapotranspiration and stomatal conductance (Supplementary Figure S2B). S. alterniflora exhibits a higher photosynthetic rate from spring to summer compared to other seasons, while P. australis has the highest photosynthetic rate during summer. Additionally, the photosynthetic rate of S. alterniflora is significantly higher than that of P. australis. Consequently, the longer growing period and higher photosynthetic rate of S. alterniflora result in greater carbon accumulation in S. alterniflora fields compared to P. australis fields.




Figure 3 | Comparison of photosynthesis (A, B), roots respiration of mature stands (C) and net exchange of CO2 of sprouts at marsh front (D) in S. alterniflora and P. australis during pre-growing season, growing season and post-growing season. Parameters include photosynthetic rate (A), evapertranspiration (B). Root respiration of mature S. alterniflora and P. australis (C) and the net CO2 exchange of whole sprouts at edge of S. alterniflora and P. australis salt marshes from January to December.



Figure 3C demonstrates that the roots of P. australis release more CO2 into the atmosphere than S. alterniflora. The highest CO2 efflux occurs in June for S. alterniflora and October for P. australis. During the warm summer period, the favorable environmental conditions promote rhizosphere microbial activity and root respiration.

Both S. alterniflora and P. australis are perennial plants that produce sprouts from below-ground rhizomes during the growing season. We measured the net CO2 exchange of these sprouts using similar method for plant respiration under light condition. Sprouts typically have a height ranging from 30 to 70 cm. As depicted in Figure 3D, S. alterniflora sprouts exhibit negative net CO2 exchange from March to October, whereas P. australis sprouts only show negative net CO2 exchange for 1 to 2 months during the growing season. This indicates that the carbon accumulation capacity of S. alterniflora sprouts is higher than that of P. australis.




3.3 Crab and crab respiration comparisons

C. haematocheir crabs have higher respiration rates (0.960 ± 0.506 μmol/s individual) compared to C. dehaani crabs (0.289 ± 0.188 μmol/s individual) (Figure 4A). There is also a significant difference in respiration rates between male and female C. haematocheir crabs (1.12 ± 0.627 μmol/s individual for females and 0.780 ± 0.254 μmol/s individual for males, P<0.005) (Figure 4A). Generally, crabs in P. australis marshes have higher respiration rates.




Figure 4 | Crab related parameters, including (A) the respiration rate of female and male crabs from C. dehaani and C. haematocheir species; (B) the correlation between crab respiration rate and their carapace width; (C) the juvenile and mature crab burrow density in both S. alterniflora and P. australis salt marshes; (D) the opening area of burrows occupied by juvenile and mature crabs in S. alterniflora and P. australis salt marshes. Different lower-cased letters represent values of significant differences. All boxes and dots colored in green represent results of C. dehaani living in S. alterniflora site, colored in yellow represent results of C. haematocheir living in P. australis.



We observed a positive correlation between the carapace width of crabs and their respiration rate (Figure 4B). Despite being smaller in size (4.675 ± 2.442 cm), C. haematocheir crabs have higher respiration rates (1.789 ± 0.858 μmol/s individual) compared to C. dehaani crabs (8.55 ± 0.721 cm) (1.188 ± 0.574 μmol/s individual, P<0.005) (Figure 4B).

There is no significant difference in mature crab burrow densities between S. alterniflora and P. australis sites (9.9 ± 3.1 per m2 on average, P>0.005) (Figure 4C). However, the density of juvenile crab burrows is significantly higher in the invaded S. alterniflora salt marsh compared to the P. australis marsh (106.4 ± 8.8 per m2 and 80.6 ± 35.2 per m2 in S. alterniflora and P. australis, respectively, P<0.005) (Figure 4C). Despite the smaller carapace size of C. haematocheir crabs in the P. australis site (Figure 4B), their burrow openings are significantly wider (2.96 ± 0.32 cm and 3.50 ± 0.37 cm for C. haematocheir and C. dehaani, respectively) (Figure 4D). This finding challenges the prevailing belief that bigger crabs create bigger burrows. However, it may be linked to the need to disperse higher levels of CO2 generated by C. haematocheir crabs within the burrow. Additionally, the larger burrows indicate increased energy expenditure during burrowing, leading to higher metabolic and respiration rates. This corresponds with the observed higher respiration rate in C. haematocheir crabs (Figure 4A).




3.4 Arbuscular mycorrhiza fungi and enzymatic activities

Figure 5A displays the infection rates of roots collected from high and low tidal zones. There is no significant difference in infection rates between tidal zones. However, P. australis exhibits a significantly higher infection rate (67.8 ± 17.0%) compared to S. alterniflora (37.9 ± 22.5%). We also collected root samples from sprouts and mature stands of S. alterniflora and P. australis. There is no difference in infection rates within species (Figure 5B), but P. australis shows a higher infection rate. Additionally, we collected mature root samples from high tidal zones during the pre-growing season (April), growing season (August), and post-growing season (November). For S. alterniflora, there is no significant change in AMF infection throughout the year. However, the infection rate is higher in P. australis roots during the three growing seasons, with a slight increase during the growing period (Figure 5C).




Figure 5 | Comparison of Arbuscular-Mycorrhizal-Fungi infection rate in S. alterniflora and P. australis roots. (A) infection rate at samples collected from high and mid tidal heights. (B) infection rate at sprout and mature stage. (C) infection rate of mature plant roots collected at pre-growing, growing and post growing seasons. (D) morphological differences of AMF colonized in the two species. Different lower-cased letters represent values of significant differences.



The morphology of mycorrhiza in P. australis and S. alterniflora roots is distinct (Figure 5D). Most mycorrhiza found in P. australis are endo-mycorrhiza or vesicular-arbuscular. In contrast, the mycorrhizae in S. alterniflora are generally ectomycorrhiza, which spread hyphae further into the sediment matrix and significantly increase the surface area of roots and the volume of sediments that the roots can access. This facilitates the invasion of S. alterniflora into salt marshes initially dominated by P. australis by enhancing nutrient accessibility.

According to Figure 6A, S-CAT shows significantly higher activity in rhizosphere sediments compared to other locations at both S. alterniflora and P. australis sites during the pre-growing season. The activity levels were 60.8 ± 0.99 U/g dry soil and 47.6 ± 1.05 U/g dry soil at S. alterniflora and P. australis sites, respectively, while the average activity levels at other locations were 38.6 ± 2.76 U/g dry soil and 37.7 ± 4.4 U/g dry soil at S. alterniflora and P. australis sites, respectively. In the P. australis site, S-CAT is less active in catalyzing organic matter decomposition in the soil. In April, the S-CAT activities in crab burrow walls are as low as those in bulk sediments, which corresponds to the lower metabolism level of crabs at lower temperatures. As plants grow and crabs mature, there is an overall decrease in S-CAT activities during the growing season (Figures 6A, B). However, S-CAT activity becomes significantly higher in mature crab burrows (44.72 ± 2.82 U/g dry soil and 53.19 ± 2.36 U/g dry soil for C. dehaani and C. haematocheir burrow walls, respectively) and rhizosphere (42.76 ± 2.11 U/g dry soil and 51.96 ± 4.22 U/g dry soil for S. alterniflora and P. australis sites, respectively) compared to bulk sediments and juvenile crab burrow walls (27.99 ± 2.064 U/g dry soil and 41.86 ± 2.30 U/g dry soil for S. alterniflora and P. australis sites, respectively) (Figure 6C). The enzymatic activity is higher in P. australis, which enhances the carbon cycling process and increases CO2 efflux in this native salt marsh. In November, the rhizosphere sediments showed the highest enzymatic activity, followed by sediments collected from mature crab burrow walls in both S. alterniflora and P. australis sites.




Figure 6 | Comparison of sediments enzymatic activities at five sampling sites, including sediments from mudflats, juvenile crab burrows, mature crab burrows, rhizosphere and non-rhizosphere from S. alterniflora and P. australis dominated salt marshes. (A, D, G) are results from April (pre-growing season). (B, E, H) are results from August (growing season). (C, F, I) are results from November (post growing season). Different lower-cased letters represent values of significant differences.



There was no significant difference in S-β-GC activity among the five sampling locations and different sampling periods at the S. alterniflora site (Figures 6D–F). However, at the P. australis site, we observed higher enzymatic activity in mature crab burrow walls (22.00 ± 4.96 U/g dry soil in April, 16.89 ± 1.36 U/g dry soil in August, and 22.31 ± 1.71 U/g dry soil in November) compared to other sampling locations (18.70 ± 3.45 U/g dry soil in April, 16.09 ± 1.26 U/g dry soil in August, and 17.25 ± 1.98 U/g dry soil in November). Although there was no significant difference in S-β-GC activity in August, the activity was slightly higher in mature crab burrows and rhizosphere sediments (Figure 6E). In November, the S-β-GC activity was significantly higher in mature crab burrows (22.31 ± 1.71 U/g dry soil) compared to juvenile crab burrows (16.08 ± 1.83 U/g dry soil), which corresponds to the larger size of crab burrows and higher respiration rate in mature crab burrows compared to juvenile crab burrows (Figures 4A, C).

The S-ACP activity in both S. alterniflora and P. australis salt marshes showed similar patterns during the three sampling periods (Figures 6G–I), indicating higher enzymatic activity in sediments collected from mature crab burrow walls (5115.56 ± 3984.73 U/g dry soil in C. dehaani and 4822.51 ± 2995.27 U/g dry soil in C. haematocheir) and plant rhizosphere (4953.52 ± 3720.62 U/g dry soil in S. alterniflora and 30669.14 ± 821.97 U/g dry soil in P. australis) compared to other sampling locations (2354.98 ± 462.70 U/g dry soil in S. alterniflora and 2253.32 ± 883.00 U/g dry soil in P. australis). In the P. australis site, the highest enzymatic activity in mature crab burrow walls was observed during the post-growing season (11782.5 ± 6934.52 U/g dry soil in S. alterniflora and 9026.84 ± 428.40 U/g dry soil in P. australis) compared to the growing season (3327.65 ± 818.36 U/g dry soil in S. alterniflora and 2472.7 ± 95.79 U/g dry soil in P. australis). During the growing season, both mature crab burrow walls and rhizosphere sediments showed significantly higher S-ACP activity compared to other sampling locations in both the invasive S. alterniflora and native P. australis sites. Additionally, the S-ACP activity in November was more than three times higher in November than that in April and August.

Table 3 indicates that sediment from mudflats, juvenile crab burrow walls, and non-rhizosphere exhibit lower enzymatic activity compared to other types. The activity of S-β-GC does not show significant variation across sampling locations (P>0.05). However, mature crab burrow walls display significantly higher enzymatic activity of S-CAT and S-ACP compared to the aforementioned sediment types. The only enzyme that exhibits significantly higher activity in the rhizosphere is S-CAT.


Table 3 | Comparison of sediment enzymatic activities (U/g dry soil) between different types of sediments collected from mudflats, juvenile crab burrow walls, mature crab burrow walls, rhizosphere and non-rhizosphere.






3.5 PCA analysis for carbon flux in different sites and sediment zonation

We conducted a principal component analysis (PCA) to examine the invasiveness of salt marsh plants and sediment sources (Figure 7). Figure 7A shows that the invasive S. alterniflora and native P. australis have distinct traits. The invasive group is positively associated with PC2 and negatively associated with PC1, while the native group is positively associated with PC1 and negatively associated with PC2 (Figure 7A). The invasiveness of the plants is primarily influenced by photosynthesis, with negative effects from ROC, EOC, and TOC. In contrast, the native group is positively influenced by root respiration and negatively influenced by crabs, burrows, AMF, and sprouts.




Figure 7 | Principal component analysis results based on: (A) the invasiveness, and (B) sediment source.



However, the sediment traits from different sources are not separated (Figure 7B). There is considerable overlap between sediments from mudflat, juvenile crab burrows, and non-rhizosphere, indicating similarity among these sampling types. The rhizosphere is influenced by PC1-related variables, while PC2-related variables influence mature crab burrows. PC1-related variables include photosynthesis and enzymes, while PC2-related variables include the density and size of crabs and burrows, as well as sediment carbon contents (Supplementary Figure S3).





4 Discussion


4.1 Crab respiration related to dietary preference

To investigate the dietary preferences of crabs, researchers often consider the δ13C of crabs, plants, and sediments as key parameters. For instance, fiddler crabs in Georgia salt marshes exhibit a biased isotopic composition towards C4 plants (Haines, 1976). Chiromantes dehaani crabs show a preference for P. australis over sediments. Among various plant tissues, crabs favor sprout leaves (35.7%) the most and falling litter (6.8%) the least (Zhang and Tong, 2018). This difference may be attributed to variations in food sources, as C. haematocheir crabs inhabit P. australis sites, which have higher crude protein content (Ji et al., 2011). These proteins are more edible but require more energy to be converted into CO2 through cellular respiration compared to those in P. australis. A more efficient and animal-friendly method to determine their food source is by analyzing the isotopic content in their exhaled breath (Ouyang et al., 2021). The CO2 production of Sesarmid crabs is 0.12 mmol g-1 wet wt day-1 (Ouyang et al., 2021), while ocypodid crabs range from 0.05 to 0.15 mmol g-1 wet wt day-1 (Kristensen et al., 2008; Penha-Lopes et al., 2010). These CO2 production rates are lower than the CO2 production observed in Chiromantes crabs during this experiment (0.960 ± 0.506 μmol/s individual and 0.389 ± 0.188 μmol/s individual for C. haematocheir and C. dehaani, respectively), which can be attributed to the larger size of Chiromantes crabs. By considering the carapace width, the CO2 production in our study falls within a similar range as other research findings.

The invasion of S. alterniflora in mangrove forests has led to significant changes in the diets of crabs and other gastropod species (Feng et al., 2018). Herbivorous and detritus feeders exhibit species-specific changes in their food sources during invasion (Nordström et al., 2015). For instance, herbivorous feeders like Sesarma plicata rapidly change their food within three years, while detritus feeders like Uca arcuata show no immediate change (Feng et al., 2018).

The invasion of Spartina also affects the biodiversity and abundance of benthic macrofauna in seafloor and marsh habitats (Cutajar et al., 2012). However, it has minimal impact on invertebrate and fish richness and diversity in Australia (Neira et al., 2007; Curado et al., 2014; Shin et al., 2022). In salt marshes invaded by Spartina alterniflora and subsequently restored, the biodiversity remains similar or even higher compared to preserved and invaded salt marshes (Curado et al., 2014). Nevertheless, hybrid Spartina facilitates the colonization of non-indigenous invertebrate species in edge areas and oligochaetes at higher elevations (Neira et al., 2007).

In China, invasive S. alterniflora supports more epiphytic communities compared to the native P. australis region. The preference of microbenthic organisms is also influenced by different stand states. For example, dead S. alterniflora provides a favorable habitat for bacterivores and fungivores epiphytic species (Chen et al., 2015). However, the additional invasion of hybrid Spartina does not necessarily increase biomass and detrital input into the food web (Brusati and Grosholz, 2009), and can even become part of the aquatic food webs in estuarine ecosystems (Li et al., 2009). The interaction between plant invasion and the allocation of microbenthic organisms is species-specific, and further research is needed to understand the general mechanisms and ecosystem functioning processes (Li et al., 2009).




4.2 Crab bioturbation induced change in carbon efflux during invasion

Crab burrows and plant rhizosphere soil had more carbon transfer into easy oxidized carbon (EOC) and labile forms than other soil. Plant invasion can directly and indirectly alter the physical properties of sediment. The focus of this study is the invaded salt marsh site dominated by S. alterniflora, a fast-growing plant species with high productivity and well-developed below-ground rhizomes (Li et al., 2009; Feng et al., 2018). This invasion can reduce the energy of tidal flow, leading to decreased detritus transport to the ocean and increased detritus production from litter (Neira et al., 2007). In some of the invaded sites of S. alterniflora, the rapid spread can result in the disappearance of mudflats and native vegetation (Lee and Khim, 2017). The change in food sources could significantly affect the functions of the macrobenthos food web (Tue et al., 2012). From Feng et al. (2014) all benthic species switched their heterogenous diet to a homogeneous diet within a short period. This can adversely affect carbon contents in sediments and litter. Crab can also accelerate sediment turnover rate. For example, the net sediment transport to the marsh surface in Spartina alterniflora marsh by crabs is 109.54 g m-2 d-1, with a corresponding sediment turnover time of 4.07 years.

In addition to consuming salt marsh vegetation, the burrowing activity of crabs also affects the vertical movement of carbon in sediments. Research on fiddler crab burrows has shown that the rate of CO2 flux is 536.7 nmol g-1 h-1 for crabs, while the background sediment CO2 flux is 117.4 nmol g-1 h-1 (Grow et al., 2022). This rate is similar to the respiration rate of crabs in this experiment. The combination of small fiddler crabs and the sediment matrix leads to a CO2 flux that is comparable to that of larger Chiromantes crabs. In native S. alterniflora salt marshes in the United States of America, fiddler crabs can produce approximately 60 mmol m-2 d-1 more CO2 than Chiromantes crabs, which are smaller in size than fiddler crabs. Both crab respiration and burrowing activities contribute to an increase in CO2 release (Figure 4).

Salt marshes are highly productive wetlands that export dissolved inorganic and organic carbon into estuaries and oceans (Najjar et al., 2018; Xiao et al., 2021). However, the effects of burrows in these ecosystems are often underestimated and require further observation. In recent years, there has been increased attention on the carbon budget variation in mangrove forests, which is influenced by the large size of burrows and the significant changes caused by oxidation conditions and tidal fluctuations (Guimond et al., 2020). These changing environmental conditions accelerate sediment respiration processes, leading to the release of CO2, dissolved inorganic carbon (DIC), and dissolved organic carbon (DOC) through burrow walls (Kristensen et al., 2000; Maher et al., 2017). On the other hand, quantifying carbon budgets in salt marshes is more challenging compared to mangrove forests. This is due to the smaller size of burrows, the complexity of the root system, the salinity and strength of tidal wave fluxes, and the landscape variation in salt marshes. These factors contribute to exacerbated physical and chemical feedback from crab burrowing. Studies have shown that the exchange of porewater from crab burrows to the sediment matrix is lower compared to the opposite direction, and more than 75% of the exchanged carbon is in the form of DIC (Xiao et al., 2021).




4.3 Sediment enzymatic activity during invasion

From our results, sediments collected from mature crab burrow walls showed increased enzymatic activities related to CO2.Plant invasion can have varying effects on carbon-related enzymes, as shown by Zhou and Staver (2019). However, meta-analysis results indicate that invaded sites generally exhibit higher activities of nitrogen and phosphorous-related enzymes. The range of enzyme activity increases from 23% to 69% (Zhou and Staver, 2019). In our experiment, we observed significantly higher activity of the S-ACP enzyme (related to phosphorous cycling) in the rhizosphere of the invaded Spartina salt marsh. However, the activity of S-β-GC (related to carbon cycling) was not enhanced in the invasive site. There are a few possible explanations for this phenomenon. Firstly, since enzymes are proteins that require carbon and nitrogen for synthesis, the nutrient-rich environment may already provide sufficient resources, eliminating the need for increased production (Allison and Vitousek, 2005; Burns et al., 2013). Another explanation is that fast-growing invasive species contribute nitrogen-rich litter to the sediments, which may increase overall enzyme investment (Sardans et al., 2017; Zhou and Staver, 2019). The enhanced activity of sediment enzymes in releasing nutrients accelerates the nutrient cycle and creates a favorable environment for invasion. Although the activity of enzymes in crab burrow walls has not been extensively studied, the higher content of EOC (extractable organic carbon) aligns well with the increased enzymatic activity observed in sediment collected from burrow walls.




4.4 Future expected research

The goal of this research was to study the effects of plant invasiveness and crab on carbon cycling. Salinity levels vary between the sites, influencing the distribution of S. alterniflora in one of the sites due to its high salinity tolerance. The differences between the sites are believed to be primarily attributed to water salinity. Hydrolytic carbon-acquiring and oxidative carbon-acquiring enzyme activities are reduced by 33% and increased by 15%, respectively by under salination conditions. Although we conducted salinity tests at both sites, the samples analyzed for enzymatic activity did not correspond to the sampling period. Currently, it is challenging to assess the site effect, but this could be valuable for future studies.

The phylogenetic tree shows that the crabs inhabiting these sites are closely related, having previously belonged to the same genus before diverging. Sesarma crabs construct intricate and interconnected burrows. Initially, we planned to create casts of these burrows by using epoxy resin; however, the cool and moist conditions within these extensive burrows made it difficult to obtain casts. While we successfully carried out this operation for fiddler crab burrows, no analysis was conducted on soil enzymatic activity or crab respiration at that time. It is unfortunate that we could not investigate the effects of these burrow structures on carbon cycling in our current research. Nevertheless, this perspective presents a promising avenue for further exploration.





5 Conclusion

Our findings indicate that plant invasiveness leads to higher CO2 efflux in native P. australis sites compared to invasive S. alterniflora sites. Other factors such as crab bioturbation (respiration, food intake, and burrowing), arbuscular mycorrhiza fungi infection, photosynthetic rate, and changes in organic carbon also contribute to greater carbon sequestration in invasive sites. However, the content and enzymatic activity of EOC does not result in lower carbon sequestration in P. australis. We observed significantly higher levels of TC, TN, TOC, ROC, EOC, S-ACT, S-β-GC, and S-ACP activities in mature crab burrows. In contrast, juvenile crab burrows showed no significant differences in biogeochemical properties compared to mudflats and non-rhizosphere sediment. Therefore, the carbon pool and organic carbon fraction vary across different zones. This study emphasizes the importance of understanding below-ground carbon cycling processes concerning crab and plant invasion. Further research on microbial communities and functional groups can provide a better understanding of the mechanisms behind nutrient cycling in crab and plant invasions.
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