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The accumulation of seafloor litter changes the habitats of benthic organisms and thus affects their spatial distribution. Previous studies suggested that the accumulation of seafloor litter might contribute to the bloom of Metridium senile fimbriatum, given that seafloor litter could serve as “vectors” for M. senile dispersal and provide with “natural habitat” for their settlement. As a common fouler and invader, M. senile bloom will inevitably affect the benthic ecosystems. The cascading effects of seafloor litter on benthic ecosystems can be explored by studying the interactions between this litter-associated anemone and other co-occurred species. Therefore, this study uses stable isotope analysis to study the food composition of M. senile attached to the seafloor litter and the niche relationship with co-occurred species. First, by comparing the stable isotope ratios of the pedal disc and tentacle of M. senile, it was found that the δ15N of the foot disc is more stable than that of the tentacle, so the pedal disc was chosen as the sampling tissue. The mean δ13C value of M. senile was -19.34 ± 0.86‰, which ranged from -22.30‰ to -18.17‰. For δ15N, the mean value was 12.02 ± 0.95‰, which ranged from 9.22‰ to 13.31‰. Then, we quantified the contribution of the potential food resources of M. senile using the SIMMR model. M. senile has the highest feeding proportion to crustaceans, followed by juvenile fish, zooplankton and other macrobenthos. Meanwhile, M. senile has high uncertainty in the feeding proportion of crustaceans and juvenile fish. In addition, the trophic niche overlap between different functional groups was calculated by the SIBER model, and the results showed that the isotopic niche of M. senile was overlapped with different functional groups, ranging from 34.29 to 35.25%. Therefore, this study suggests that M. senile, as litter-associated carnivorous anemone, interacts with other components in the ecosystems through predation and competition, which also reveals the cascade effect of seafloor litter on the benthic ecosystems of the northern Yellow Sea.
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1 Introduction

Marine litter pollution is an important factor affecting regional or global marine ecosystems health (UNEP, 2005). It has become a hot issue in the research field of marine environments and has been widely studied by all countries in the world (Borrelle et al., 2020). The entanglement and ingestion of marine litter is one of the important causes threatening marine biodiversity (Rochman et al., 2013). The secretariat of the Convention on Biological Diversity reported that all turtle species, 45% of marine mammal species and 21% of seabird species are likely to be harmed by marine debris (CBD-GEF, 2012). In addition, macrolitter can degrade into microplastics, which always interact with toxic pollutants in marine life and cause them to transport through the food web (Peng et al., 2020).

There are many types of marine litter, including but not limited to plastic, glass, fabric, metal, etc. Due to the limitations of observation means and research methods, researches on marine litter mainly focuses on floating litter. In contrast, the investigation and research on seafloor litter, which accounts for more than 50% of the total marine litter, is not in-depth and seriously affects the comprehensive management of marine litter and the health of marine ecosystemss (UNEP, 2005; Madricardo et al., 2020). Seafloor litter is diverse, relatively stable and hard, and is found in most of the world’s oceans (Madricardo et al., 2020). Its wide distribution not only provides a “habitat” and “vector” for the spread of sessile and attached organisms, but also enables many regional organisms to overcome long-standing natural barriers and introduce into other sea areas (Barnes, 2002; Carlton et al., 2017). In addition, seafloor litter increases the population connectivity of benthic organisms between different water layers, which is especially beneficial for the shift in different life history stages of those species. In particular, it can provide shelter for the larval stages of benthic organisms, such as the free-swimming planula larvae stage of jellyfish, leading to jellyfish blooms (Song et al., 2021). On the account of the distinction in roughness, chemical properties and biofilms between artificial and natural substrates, artificial substrates are more beneficial to the proliferation and immigration of Aurelia spp. polyps in the laboratory (Feng et al., 2017a). Similar to jellyfish, sea anemones belong to the phylum Cnidaria. They are also fast-growing, fertile cnidarians that can reproduce both sexually and asexually and have strong regenerative ability in some species (Bocharova, 2016). Given their complex life-history strategies and ecological tolerance, sea anemones are considered to be able to successfully introduce, spread and even invade other ecosystemss in the context of the proliferation of artificial substrates (Glon et al., 2020). Based on field observations and model analysis, Teng et al. (2021a) showed that the extensive distribution of seafloor litter in the northern Yellow Sea provides nature habitat for the distribution of Metridium senile fimbriatum, which promotes the proliferation and diffusion of the M. senile, contributing to sea anemone blooms. As the most abundant and widespread anemone species in the world, M. senile is mainly distributed in the intertidal zone and at a water depth of 100 m (Li and Xu, 2020). In recent years, with the proliferation of artificial substrates, including marine litter, M. senile has not only shown a trend of outbreak in local areas, but also significantly expanded its distribution in the global scope (Xu et al., 2009; Glon et al., 2019; Teng et al., 2021a).

The northern Yellow Sea is a semi-enclosed epicontinental sea surrounded by the Shandong Peninsula, the Liaodong Peninsula and the Korean Peninsula which serve as the spawning grounds, feeding grounds, overwintering grounds and migration channels for a great deal of fishery species (Liu, 1990). As a hotspot area of seafloor litter, the density of seafloor litter in the northern Yellow Sea is the highest in the Bohai Sea, the Yellow Sea and the northern East China Sea (Teng et al., 2021b). Mediated by seafloor litter, the benthic community of the northern Yellow Sea has been gradually dominated by M. senile (Li and Xu, 2020; Teng et al., 2021a). As a common fouler and invader, M. senile blooms will inevitably influence the structure and development of the community, and then affect the energy flow of the benthic ecosystems (Nelson and Craig, 2011; Martin et al., 2015). Therefore, by studying the trophic interaction between litter-associated M. senile and benthic organisms, it can reflect the cascade effect of seafloor litter on the benthic ecosystems of the northern Yellow Sea. The aims of this study were: (1) to determine the trophic characteristics of the M. senile attached to the seafloor litter; (2) to study the feeding effects of M. senile on potential food resources and the niche overlap of M. senile with other functional groups; and (3) to explore the cascade effects of seafloor litter on the benthic ecosystems of the northern Yellow Sea.



2 Materials and methods


2.1 Study area and sampling collection

The samples were collected from a bottom trawl survey carried out by R/V Bei Dou in the Yellow Sea in October and November 2019. The trawl net was sunk down to the seafloor at each station, which enabled an effective collection of sea anemones, benthic organisms and seafloor litter. The net mouth width is 217 m, and the trawl is carried at approximately 3 knots. Therefore, the swept area of the bottom trawl reached 0.12 km2 per hour, which was enough to obtain most species of fishery resources and macrobenthos. More detailed characteristics of vessels and gears used in the surveys were described by Teng et al. (2021b). To better characterize the impact of M. senile on the benthic ecosystems, we selected sampling sites in the main anemone bloom area of the northern Yellow Sea (Teng et al., 2021a) (
Figure 1
). By trawling, M. senile and their co-occurred species were collected, including fish, cephalopods, shrimp, crabs, bivalves and other macrobenthos. Detailed information on the collected samples is shown in 
Table 1
. M. senile caught by bottom trawl were stripped from the surface of seafloor litter and their biological characteristics were recorded. All macrobenthic samples were cryopreserved and brought back to the laboratory for species identification and biological determination, and the digestive tract and stable isotope samples were collected. Zooplankton samples were obtained by vertical towing with mesh sizes of plankton nets of 505 μm. Zooplankton were retained in filtered seawater overnight to evacuate gut contents prior to isotopic analysis.




Figure 1 | 
Sampling stations for M. senile and its food resources.





Table 1 | 
Sample collection information.






2.2 Stable isotope analysis

Differences in isotope richness and assimilation efficiency in various tissues often lead to bias in the analysis of food resources or trophic levels of predators (Liu et al., 2019). Therefore, we first compared the carbon and nitrogen stable isotope varations in the foot disc and tentacle of M. senile, and then selected appropriate tissues to characterize the feeding ecology of M. senile. For potential food resources of M. senile, white muscle of fish was collected near the first dorsal fin, and abdominal muscle was collected from crustaceans (Zhao et al., 2022). Carcass and wrist muscles were taken in cephalopods. The shell and stomach were removed, and the internal tissues of shellfish were used for stable isotope analysis. For other smaller invertebrates, if there was not enough white muscle tissue, the entire body was used for stable isotope analysis. All samples were freeze-dried and homogenized using a mortar and pestle, and ground tissue samples were loaded into a tin boat for stable isotope analyses.

All isotope samples were measured with an elemental analyzer and an isotope ratio mass spectrometer (Iso Prime 100, Iso Prime Corporation, Cheadle, UK) at Yellow Sea Fisheries Research Institute (YSFRI), Chinese Academy of Fishery Sciences (CAFS). Stable isotope ratios are expressed in the standard δ-unit notation (δ13C and δ15N) and are defined by the following equation:

	

where X represents 13C or 15N and R represents 13C/12C or 15N/14N. Rsample was measured for biota samples and Rstandard is an international standard (Vienna Pee Dee belemnite limestone carbonate for carbon and atmospheric air for nitrogen). The analytical precision of δ13C and δ15N was better at 0.084‰ and 0.066‰, respectively.



2.3 Data analysis


2.3.1 Characteristic analysis of stable isotope ratios for M. senile


Paired-Samples t-test was used to test whether there were significant differences in δ13C and δ15N between the tentacles and foot discs of M. senile. Additionally, to examine whether ontogenetic shifts had an impact on feeding habits, simple linear regressions were conducted to determine the relationship between body weight and δ13C and δ15N.



2.3.2 Contribution of different food resources to M. senile


Bayesian mixing models were adopted to quantify the proportional contributions of a potential food resource to the diet of each species using the Stable Isotope Mixing Model in R (simmr) (Parnell et al., 2010; Parnell et al., 2013). The simmr model allows for uncertainties associated with isotopic signatures and diet-to-tissue discrimination factors, which were set to 1 ± 0.3‰ and 3 ± 0.3‰ for δ13C and δ15N, respectively (Parnell et al., 2013; Phillips et al., 2014). Potential prey items used in the model were derived from coelenteron content analysis, as well as a prior knowledge about their feeding preferences (Tsurpalo and Kostina, 2003; Liu et al., 2020). To quantify the proportion of different food resources, prey items with similar taxonomic status were grouped as a potential food resource, and the mean ± SD of their δ13C and δ15N values was calculated. Different food resources were grouped into four categories in total, namely zooplankton, crustaceans, juvenile fish and macrobenthos. Among them, juvenile fish are identified as those less than 1 year old, which can be easily judged according to their body length (Chen, 1991).



2.3.3 Trophic niche overlap analysis

To order to compare the niche relationships among different feeding functional groups, Stable Isotope Bayesian Ellipses in R (SIBER) was used to calculate the trophic niche breadth of consumers and niche overlap between them (Jackson et al., 2011). We divided the benthic community into three functional groups: 1) M. senile; 2) crustaceans and young fish (main food resources of M. senile, shown in part 3.2); and 3) adult fish and cephalopods (potential competitors of M. senile). The trophic niche breadth was measured by corrected Standard Ellipse Area (SEAc), which was estimated as a quantification of the isotopic δ-space, to avoid bias owing to small sample sizes (Jackson et al., 2011). All calculations of trophic niche metrics were completed using the Stable Isotope Mixing Model in R with the “simmr” package (Parnell et al., 2013) and Stable Isotope Bayesian Ellipses in R with the “SIBER” package (Jackson et al., 2011).





3 Results


3.1 Isotopic characteristics of M. senile


Both the mean δ15N and δ13C of tentacle of M. senile were higher than those of the foot disc, but there was no significant difference between them (p>0.05 for both cases) (
Figure 2
). The maximum and minimum values of δ15N are 19.20‰ and 6.56‰, respectively, which both appear in the tentacle samples (
Figure 2A
). This indicates that the δ15N value of tentacles is unstable and beyond the reasonable range. For the δ13C value, the tentacle and foot disc are relatively stable and within a reasonable range (
Figure 2B
). Therefore, the foot disc was finally chosen as the tissue for carbon and nitrogen stable isotope determination to represent the trophic characteristics of M. senile.




Figure 2 | 
Differences in δ15N (A) and δ13C (B) among different tissues (foot disc and tentacles) of M. senile.




For all samples, the mean δ13C value of M. senile was -19.34 ± 0.86‰, which ranged from -22.30‰ to -18.17‰. For δ15N, the mean value was 12.02 ± 0.95‰, which ranged from 9.22‰ to 13.31‰. As shown in 
Figure 3
, the values of δ15N and δ13C increased with the increasing of the body weight of M. senile. However, Pearson correlation analysis showed that there was no significant correlation between body weight and δ15N or δ13C. (p > 0.05).




Figure 3 | 
Relationship between δ15N (A) and δ13C (B) and body weight of M. senile.






3.2 Food resource contribution

The simmr results revealed that crustacean and juvenile fish were two principal food resources for M. senile, which also showed different degrees of dependence on zooplankton and macrobenthos (
Figure 4
). Crustaceans and juvenile fish accounted for 46.8% and 36.9% of the food resources of M. senile, respectively (
Figure 4
). There is a negative correlation between juvenile fish and crustaceans (
Figure 5
), which also leads to the uncertainty of the contribution of these two food resources to the feeding composition of M. senile (
Figure 4
). In contrast, density distributions of zooplankton and macrobenthos were concentrated, which accounted for 6.8% and 9.5% of the food resources of M. senile, respectively (
Figures 4
, 
5
).




Figure 4 | 
Composition of different food resources of M. senile.







Figure 5 | 
Density distribution of the feeding proportion of different food resources of M. senile and the correlation between them (on the right side of the diagonal in the figure, contour lines indicate the proportion relationship between different food resources; on the left side of the diagonal, is the correlation coefficient between different food resources).






3.3 Trophic niche overlap between different functional groups

The SEAc value of M. senile was 2.77, which was higher than that of the other groups (
Table 2
). As shown in 
Figure 6B
, the mean value of stable isotopes (δ13C and δ15N) of M. senile is different from its principal food resources (juvenile fish and crustaceans) and potential competitors (adult fish and cephalopod). However, trophic niche overlap analysis showed that the maximum niche overlap was 35.25% between M.senile with adult fish and cephalopod (
Figure 6A
; 
Table 3
).


Table 2 | 
Summary statistics of SIBER analysis for each group.







Figure 6 | 
Isotopic niche width/overlap among different functional groups in the benthic ecosystem of the northern Yellow Sea. (Ellipse in (A) is the standard ellipses area (SEA), representing the isotopic niche of different functional groups; dotted lines are the total area (TA) of the convex hulls representing the total niche width. The small ellipse in (B) represents 95% confidence intervals for the means of δ13C and δ15N; purple represents M. senile; yellow represents adult fish and cephalopod; The blue represents crustaceans and juvenile fish).





Table 3 | 
Area of overlap between small sample size-corrected SIBER ellipses of different functional group.







4 Discussion


García-Gómez et al. (2021) systematically described the vector effect of marine litter and found that a wide variety of organisms can colonize plastic litter, including both microorganisms and macrofauna species. Many sessile and attached organisms have a preference for marine litter, which leads to the dominance on the surface of litter (Richardson et al., 2009; Purcell, 2012; Janßen et al., 2013). Meanwhile, changes in species abundance and community composition on the surface of marine litter may affect the interactions among ecosystems components. Through in situ experiments, Feng et al. (2017b) found that fouling organisms on marine litter selectively suppress on polyps of different scyphozoan species by competition and predation. M. senile is ubiquitous in cold temperate fouling communities, and the population dynamics of M. senile determine the direction of community succession at different temporal scales (Nelson and Craig, 2011). In recent years, the distribution of M. senile is expending worldwide (GBIF, 2022). Similarly, M. senile has become the dominant species in the benthic ecosystems of northern Yellow Sea, and its occurrence frequency has increased significantly since 1959 (Chen, 1987; Li, 2003; Xu et al., 2009). As a direct indicator of trophic level, the δ15N of M. senile indicates that it has a high trophic level, which is consistent with previous research (Liu et al., 2020). Paralyzed by the anemone’s filaments, the prey is captured by the tentacles and transported to the mouth (Tsurpalo and Kostina, 2003). With the increase in body weight, the δ15N of M. senile showed an increasing trend, which is consistent with many marine organisms (Cushing, 1975; Caddy et al., 1998). It is worth noting that small anemones also had a large niche width in this study, indicating that small individuals also had relatively strong feeding ability. This is mainly because the anemone is an opportunistic predator and its active hunting ability is poor. Therefore, the species passing through or near the anemone’s habitat have a more significant impact on the anemone’s feeding than its body size (Anthony, 1997). This also explains the diverse diet of M. senile, including zooplankton, mollusks, crustaceans and other invertebrates, and even fish (Sebens and Koehl, 1984; Tsurpalo and Kostina, 2003).

From the perspective of niche competition, the trophic niche of M. senile overlaps with other functional groups, such as crustaceans and fishes. M. senile mainly lives in the Yellow Sea Cold Water Mass, and there are many economic cold-temperate species in this area, such as Cleisthenes herzensteini, Gadus macrocephalus, Sebastes schlegelii, and so on (Wu et al., 2019). Sea anemone blooms may affect the survival of these economic species at early life history stages while potentially squeezing their ecological niche, creating competitive pressures. In addition, most benthic marine invertebrates have a pelagic larval phase, after which they settle preferentially on or near conspecific adults, forming aggregations (Toonen and Pawlik, 1994). Aggregation has often been viewed as an evolutionarily advantageous state in which individuals derive the benefits of protection and reproduction (Danchin and Wagner, 2000; He et al., 2019). As a common fouling organism, M. senile can quickly colonize and aggregate in a new habitat by pedal laceration. The aggregation effect may be more beneficial to rounding up by M. senile and its dominance in niche competition with other functional groups. Therefore, trophic interactions of this carnivorous anemone associated with seafloor litter may not only feed on the early larvae of fishery resources, but also cause niche competition for other species, thus affecting the energy flow of benthic ecosystems in the northern Yellow Sea. However, there are still limited studies on the life-history characteristics and feeding ecology of M. senile. Future research will focus on these two aspects, which will be conducive to studying the impact of seafloor litter on the regional diffusion of sea anemones and the cascading effect on the benthic ecosystems.

As a diploblastic organism, sea anemone does not have a specialized stomach like vertebrates. The retention time of undigested food residue in sea anemone is very short, so traditional dietary analysis methods, such as coelenteron content analysis, have certain limitations (Shick, 1991). Compared with the traditional method, the stable isotope method more accurately reflects the assimilated food resources and the contribution of various food resources to the dietary habits of consumers (Deniro and Epstein, 1978; Post, 2002). Nevertheless, it is worth noting that the selection of food resources is the key to affecting the accuracy of stable isotope analysis. Phillips et al. (2014) suggested that more caution should be exercised in using stable isotope mixing models for species with fewer studies on dietary preferences. In addition, coelenteron content analysis for samples in this study showed that the coelenteron cavity of M. senile was usually empty and only a few samples were dissected with inclusions. Therefore, it should be to strengthen the observation of feeding organisms of M. senile by combining DNA barcoding with analysis of coelenteric inclusions. In addition, aquaculture experiments or field observation experiments can be carried out to verify the feeding capacity of anemones for fish, crustaceans and macrobenthos. After accurately determining the dietary composition of M. senile, the number of food resource samples should be increased to reduce the uncertainty of the model results, so as to better explain the effect of litter-induced anemone blooms on benthic ecosystemss.



5 Conclusion

Marine litter pollution is becoming increasingly serious and affects the health of marine ecosystems. Most marine litter ends up on the seafloor, changing the habitat and community structure of benthic organisms. The accumulation of seafloor litter in the northern Yellow Sea provides vectors and habitats for the diffusion and distribution of M.senile, which leads to its regional expansion. In this study, the interactions between sea anemones and those co-occurred species in the northern Yellow Sea reflected the cascading effects of seafloor litter on the benthic ecosystems. The results of stable isotope analysis showed that M.senile had a high trophic level, and the benthic crustaceans and juvenile fish were the main food resources of M.senile. In addition, M.senile had different ratios of niche overlap with different functional groups, ranging from 34.29 to 35.25%. Therefore, this study showed that M.senile regulated the energy flow of the benthic ecosystems in the northern Yellow Sea through predation and niche competition. This study provides a new perspective for understanding the ecological effects of seafloor litter and the comprehensive management of marine litter.
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