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Mariculture of bivalves (e.g., mussels, scallops, and oysters) is developing rapidly in coastal waters. This process releases shell debris that can accumulate on the seabed under farms. The ecological consequences of shell accumulation on the bioturbation of benthic macrofauna, which play a key role in the biogeochemical processes of sediment, are not yet fully understood. Thus, it is necessary to quantify the shell debris that accumulated under bivalves farms and evaluate whether the shell debris hinders the burrowing capacity of macrofauna. Oysters are common bivalve species cultured worldwide. However, no data are available on shell accumulation due to oyster farming and its possible effects on the burrowing capacity of polychaetes. Thus, we conducted a preliminary study on shells debris accumulation under an oyster farm in Daya Bay, southern China, and assessed the effects of shell accumulation on the burrowing activity of the polychaete Perinereis aibuhitensis in a mesocosm experiment for 32 days. The results showed that oyster farming significantly (p < 0.05) increased the accumulation of shell debris under the farm. The amount of shell debris under oyster farm (6.0 ± 1.3 kg (dry weight (DW)) m-2 or 130.0 ± 24.7 g (DW) kg-1 dry sediment) was approximately two times that in a non-culture area (3.5 ± 0.9 kg (DW) m-2 or 74.9 ± 10.5 g (DW) kg-1 dry sediment). The presence of shell debris did not affect the survival of P. aibuhitensis in experiment, but the animals in sediment with shell added exhibited greater losses of body weight compared with those without, indicating that the presence of shell causes animals to expend more energy in burrowing. The numbers of burrowing holes were lower in sediment with shell debris added compared with those in sediment without shell addition throughout the experiment. Whereas, this does not due to the P. aibuhitensis in +Shell treatment were less active in terms of their burrowing activities. The lower numbers of holes in +Shell treatment was mainly due to P. aibuhitensis were unable to use surface areas where shells were present, the amount of area occupied by shell material physically prevented P. aibuhitensis from forming burrows in these locations. The hindering effects of shells on the burrowing activity of P. aibuhitensis would decrease as the shells degraded into debris. Therefore, we recommend using small shells when conducting “shell addition” bioremediation strategies to avoid the possible negative effects of shells on burrowing by polychaetes.
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Introduction

Mariculture is developing rapidly in coastal waters and it is one of the fastest-growing food-producing sectors in the world (FAO, 2022). Bivalves (e.g., mussels, scallops, and oysters) are important groups with an annual production of >17.7 million tons in 2020 (FAO, 2022). Suspended longline culture is a commonly used method for culturing bivalves in shallow coastal waters. Suspended culture increases the sedimentation of organic matter, such as biodeposition (e.g., feces and pseudofeces) into the bottom sediments under farms (Yu et al., 2017; Rosa et al., 2018; Gray and Langdon, 2019). Many studies have investigated remineralization, nutrient fluxes, and the biological succession associated with organic enrichment due to the suspended bivalves culture (Crawford et al., 2003; Zhou et al., 2006; Hargrave et al., 2008; Sanz-Lazaro and Marín, 2008).

Whereas, bivalve suspended culture also leads to another biodeposit, that of shells. Bivalve shells can accumulate on and in sediment for a long period before their degradation into shell-hash (Fitridge et al., 2012; Sanchez-Jerez et al., 2019) due to their low degradability (Rajagopal et al., 2003; Fitridge et al., 2012; Sanchez-Jerez et al., 2019). Shells integrated into sediment can have long-term effects on sediments. In particular, they can modify the physical topology and increase the habitat complexity of sediments (Gutiérrez et al., 2003; D’Amours et al., 2008), as well as simulating or inhibiting assemblage and bioturbation effects of macrofauna (Gutiérrez et al., 2003; Casado-Coy et al., 2017; Bergström et al., 2020; Casado-Coy et al., 2022). However, most previous studies have focused on the impact of organic sedimentation from aquaculture on the sediment environment, whereas, few have considered shell deposition and accumulation, and its effects on bioturbation capacity of macrofauna (Papageorgiou et al., 2009; Weise et al., 2009; Adámek and Maršálek, 2013). Moreover, most relevant studies investigated mussels (Wilding, 2012; Casado-Coy et al., 2017; Casado-Coy et al., 2022) and fish farms (Sanchez-Jerez et al., 2019). The oyster is a commonly farmed bivalve species in many countries including China, the USA, and France. The global production of oysters in 2020 was ~6 million tons (Mt), which was the highest among all bivalve species (FAO, 2022). Oysters do not have byssus, they attach to culture facilities (e.g., polyethylene ropes and cement columns) by secreting calcium carbonate in the early stage and only once in their lifetime. Oysters are readily lost from their supports and deposited on the seabed during harvesting, infrastructure cleaning, and because of typhoon storm damage, particularly in tropical and subtropical waters.

Polychaetes are a very important component of benthic community (Tomassetti and Porrello, 2005). They are common species of macrobenthos communities in Daya Bay (Du et al., 2011; Rao et al., 2021; Li et al., 2023) and many other areas of the world (Nasi et al., 2018; Jansen et al., 2019). Polychaetes are scavengers, they fed on particulate organic matters such as fish and bivalves faeces, so that to act as an extractive component in the ecosystem (Nederlof et al., 2020). In addition, polychaetes have a high ability of bioturbation. Therefore, they are assumed to have efficient bioremediation potential and can be used as bioremediation candidates for enriched environment such as fish and bivalves farms (Jansen et al., 2019). However, to the best of our knowledge, no previous studies have investigated the shell deposition and accumulation of shells on the seabed due to oyster farming and whether it affects the burrowing capacity of polychaetes.

Moreover, a previous study suggested that adding mollusk-shell debris to sediment could mitigate the deleterious effects of organic pollution on marine sediments, and thus it could be used as a remediation strategy (Casado-Coy et al., 2017). In this regard, it is necessary to firstly evaluate the possible effects of shell debris on the functions of benthic macrofauna. Burrowing activity allows macrofauna to implement their irrigation and bioturbation functions. However, it is still unclear whether shell debris affects the burrowing capacity of polychaetes.

In the present study, we conducted (1) a field survey of the shell density in the seabed in an oyster farming area and a non-culture area in Daya Bay, southern China. We aimed to provide quantitative information to further evaluate the effects of shells on the topological structure and habitat complexity of sediment; and (2) a 32-day mesocosm experiment to assess whether the presence of oyster shells negatively affected the burrowing capacity of the polychaete Perinereis aibuhitensis based on temporal variation in the number of holes as an indicator. Our findings help to understand the environmental effects of large-scale bivalve aquaculture.





Materials and methods




Study site

The in field study was conducted in Dapeng Cove, which is a ~14 km2 embayment in Daya Bay. Daya Bay is a ~650 km2 semi-enclosed subtropical embayment in the northern South China Sea, located in Guangdong Province, southern China. The minimum sea surface temperature was 15°C in the winter, and the maximum temperature was 30°C in summer and autumn (Han et al., 2020). Daya Bay is one of the most intensive mariculture areas in China. Dapeng Cove is in the southwest portion of Daya Bay. It is located about 30 km from Hong Kong and about 60 km from the Shenzhen Special Economic Zone. Suspended longline culture of the oyster Crassostrea angulata in Dapeng Cove and Daya Bay has been practiced since the 1980s, with annual production of ~ 6.6 × 104 tonnes in the bay (Qi et al., 2019). The longline ropes are about ~200 m in length and the width interval between ropes is ~2.5 m. Oyster spat are attached on strings (~3.0 m long) hung from the submerged ropes. Oyster are raised in two cycles per year, i.e., oyster spat are deployed during January or February (winter) and harvested after a growth period of ~6 months, before restocking from summer to winter.





Sediment collection and shell debris quantification

The experiment was conducted from November 2020 to January 2021. To determine the shell density, sediment samples were collected from three oyster farms, within each farm three samples were collected randomly from three sites, and three samples were randomly collected from closed non-culture areas located ~1.0 km from the oyster farms. The water depth was ~5 m. Sediment samples were collected using a Van-Veen grab bottom sampler. The surface area of sampler was ~340 cm2, and the depth of sediment collected was ~15 cm. To determine the shell density, sediment samples were sieved through a 2-mm mesh sieve, and the intact shells and shell-hash were collected and counted. The shells were sorted in the laboratory, dried at 65°C for 24 h, and weighed. One sediment subsample was used to estimate the moisture content by drying at 65 °C for 48 h, and the actual dry weights of sediments were calculated accordingly. Bottom seawater from 0.5 m above the seabed was also collected in situ and filtered through with an acetate membrane with a pore size of 0.45 μm to remove microalgae and other suspended particulate matter, and used in the subsequent incubation experiment.





Experimental design and incubation procedure

To assess whether the presence of shells would affect the burrowing activities of macrofauna, we conducted a mesocosm experiment using the polychaete P. aibuhitensis as the experimental model animal (Figure 1D). The experimental P. aibuhitensis individuals were obtained from a local supplier of fishing bait near Daya Bay, Shenzhen city, southern China.




Figure 1 | Images illustrating the experimental protocol: (A, B) oyster shell debris present in the middle and on the surface of sediment core, (C) sediment cores incubated in plastic box, (D, E) experimental polychaete Perinereis aibuhitensis, and (F) holes made by P. aibuhitensis burrowing.



Sediment collected from the oyster farm was transported to the laboratory. Any stones, shells, and living organisms were removed using a 2-mm mesh sieve. Sediment was mixed thoroughly to be homogenized before the experiment started. The median grain size and clay: sand: silt percentage (11.2%: 43.0%: 45.8%) of sediments from oyster farms and non-culture areas were similar. The homogenized sediment was incubated in 6 methyl methacrylate bottles (with an internal diameter of 12 cm and height of 32 cm). The bottles were filled with sediment to a depth of 10 cm. The bottom of each core was sealed with a rubber stopper, leaving 15 cm of water above the sediment. The bottles were evenly divided into two treatments, each with 3 replicates (bottles). In the first treatment, each sediment sample was mixed with ~68.3 g cleaned oyster shells and debris (referred as “+Shell”), which was corresponded to a realistic shell density in the natural environment. Shells were distributed on the surface and buried in the sediment (Figures 1A, B). In the second treatment, no shell was added (referred as “−Shell”). And then, eighteen healthy and active polychaetes P. aibuhitensis individuals (wet body weight 2.5 ± 0.84 g, body length 17.70 ± 0.87 cm) were randomly distributed to the six bottles, each with three animals (Figure 1E). The body length and body weight were measured for each P. aibuhitensis before and after the incubation experiment. The bottles were randomly placed in 63-L plastic tanks filled with 30 cm of flowing water at 20°C and thus all the cores were kept under the same temperature conditions (Figure 1C). The tanks were covered with a non-transparent cover to maintain relative darkness similar as that of the sea bottom. The sediment was left in the cores for 4 days to allow stratification before P. aibuhitensis individuals were added. The experiment lasted for 32 days. Each core received continuous moderate aeration by an air circulating pump, except the aeration was stopped for 30 min before counting the numbers of holes made by P. aibuhitensis burrowing (Figure 1F). The numbers of holes were counted on days 1, 3, 8, 15, 25, and 32 after the experiment began.

At the end of the incubation experiment, the survival rates were recorded for P. aibuhitensis. The body weights were measured. The increment rate of hole number was calculated as: 100% × (Nt –N(t–1)), where the Nt is the number of holes counted on a specific day, and N(t–1) is the number of holes counted previously.





Data analysis

All of the evaluated variables (shell density, number of holes, increment rate of hole number, and loss of body weight) were compared by an analysis of one-way analysis of variance (ANOVA) to determine any significant (P < 0.05) differences between the observed values. Conformance to the assumptions of normality and homoscedasticity was confirmed before conducting further statistical analysis. All tests were performed using SPSS 18.0 for Windows (IBM Corp., Armonk, N.Y., USA). Values were expressed as the mean ± SEM (standard error of the mean (SEM)) based on triplicate groups.






Results




Oyster shell debris accumulation

The amount of shell debris was significantly higher in the sediment collected under the oyster farm compared to the non-culture area close to the oyster farm. Under the oyster farm, except for shell debris, 36 intact oyster shells were found with upper and lower valves still attached together (Figure 2), and the largest shell length was 10.5 cm. By contrast, no oyster shells were found in the non-culture area, where only small shell debris (shell-hash) from non-farmed species was present. The amount of shell debris was significantly (p < 0.05) higher under the oyster farm (6.0 ± 1.3 kg (dry weight (DW)) m-2 or 130.0 ± 24.7 g (DW) kg-1 dry sediment) than the non-culture area (3.5 ± 0.9 kg (DW) m-2 or 74.9 ± 10.5 g (DW) kg-1 dry sediment), i.e., approximately two times greater.




Figure 2 | Shell debris in sediment under (A, B) oyster suspended longline culture farm and (C) adjacent non-culture area.







Performances of experimental P. aibuhitensis

After incubation for 32 days, the experimental P. aibuhitensis individuals were healthy and active, and their survival rates were 100% in all treatments. However, the wet body weights were lower compared with the initial body weights under all treatments. The polychaetes lost more body weight in +Shell sediments group (16.1 ± 0.13%) than the −Shell sediments (0.56 ± 0.01%) (p < 0.05, Figure 3).




Figure 3 | Losses of body weight by the polychaete Perinereis aibuhitensis in sediment with shells (+Shell) and without shell debris (−Shell). Different superscript letters indicate significant differences (P < 0.05). Values represent the mean ± SEM based on three replicate cores (n = 3).







Temporal variation in number of burrowing holes

To determine whether the presence of oyster shell debris negatively affected the burrowing activities of P. aibuhitensis, the numbers of holes between the +Shell and −Shell treatments were compared. We observed that P. aibuhitensis began to burrow holes very soon after settling down on the sediment cores. In the two treatments, the numbers of holes increased during the experiment, the numbers of holes were significantly (p < 0.05) higher on days 25 and 32 than on days 1, 3, and 8 (Figure 4A). The numbers of holes in the sediment were higher in the −Shell groups than the +Shell groups throughout the incubation process, although there was a significant (p < 0.05) difference between the two treatments only on day 25 (Figure 4A). The increment rates were highest at the start of incubation, but the increasing trend tended to level off after 8 days, the numbers of holes continually increased, but the numbers of holes did not differ significantly on each observation day subsequently (Figure 4B).




Figure 4 | Temporal variations in number of holes (A) and increment rates of the number of holes (B) in the +Shell and −Shell groups. Different lowercase and uppercase letters above the columns represent statistically different results within +Shell and −Shell treatments, respectively. The red asterisk (*) indicates significant difference between the +Shell and −Shell treatments. Values represent the mean ± SEM based on three replicate cores (n = 3).








Discussion




Accumulation of shell debris under oyster farm

In suspended longline culture, the infrastructure (e.g., ropes and buoys) is usually artificially cleaned before farming to remove fouling organism such as oyster and mussel (e.g., Perna viridis in Daya Bay) shells, which are deposited on the seabed. In addition, typhoon storms are frequent during the summer season in waters in tropical and subtropical zones, such as Daya Bay. Cultivated oysters may fall from longlines due to the action of violent waves. Moreover, some oysters inevitably fall from longlines during harvesting operations. Many oysters also die during the summer season due to high temperatures, while some are abandoned and thrown to the bottom of farms during the harvest by workers. Thus, it is necessary to quantify the shells on and in the sediments under bivalve farms to assess their ecological consequences. However, no quantitative information has been reported previously regarding the accumulation of shells under oyster farms.

In the present study, for the first time, we quantified the shells under an oyster farm in Daya Bay, South China Sea. Our results clearly showed that suspended longline oyster farming activities led to a local increase in the accumulation of shells under farms. Previously, Sanchez-Jerez et al. (2019) measured the mollusk shell debris that accumulated in the seabed under coastal fish farming, and they also found a significant increase in the amount of shells in the sediment under fish farms compared with zones close to fish farm cages. The average shell density under the fish cage farm was 53 g kg–1, which is only half of that found in the present study (130 g kg–1). According to Wilding and Nickell (2013), the shell hash content at seven sites sampled under mussel farms ranged from 46 to 2640 g m–2, which was also much lower than the value determined in the present study (3465 g m–2). The higher density in the present study could be explained by the fact that oyster shells are much larger and heavier than mussel shell debris. Also, as mentioned above, in contrast to mussels, oysters do not have byssus and are more readily fall down on bottom seabed.

It should be noted that the structure of oyster shell is relatively less rigid and more readily be broken compared with scallop and mussel shells (personal empirical observation). During sediment sampling, we found that many oyster shells were thin and loose, particularly at the margins, and they were easily broken with our bare hands. Moreover, the shells had many holes, and some of the holes penetrated the shells (Figure S1). We found many oyster shell fragments in the sediment. Previous studies showed that the accumulation of shell debris in sediment could modify the sediment structure, e.g., increase the habitat complexity and heterogeneity of the sediment (Cardinale et al., 2002; Zaiko et al., 2009). Suspended longline oyster culture has been practiced for more than 40 years in Daya Bay. It is possible that considerable amounts of shells had been buried in the sediment, and some parts of these shells may have degraded into hash or debris and incorporated in the sediment. This process can increase the size (Martinez-Garcia et al., 2015) and porosity of sediment (Martinez-Garcia et al., 2015), and change its redox status (Wilding, 2012). Casado-Coy et al. (2017) found that adding shell hash debris to sediment at a density of 1900 g m–2 reduced the amount of toxic by-products (e.g., sulfides and ammonium) produced by organic pollution stimulating anaerobic metabolic pathways. Thus, they recommended adding shell hash debris to the seabed as a potential remediation tool to mitigate the effects of organic enrichment on marine sediments in coastal waters that receive organic inputs. This finding has positive implications for alleviating the eutrophication stress in Daya Bay, because it is surrounded by highly urbanized areas (Shenzhen city and Huizhou city), and it receives inputs from river sewage. However, before implementing this strategy, it is necessary to assess whether the presence of shells would affect the bioturbation capacity of benthic macrofauna.





Whether the presence of oyster shells hindered the burrowing activities of polychaetes?

Shells that accumulate on and in sediment have complex effects on the activities of benthic macrofauna. Casado-Coy et al. (2022) tested the effects of mollusk shell hash on the bioturbation capacity of macrofaunal assemblages within sediments affected by either fish or mussel farms. They found that mollusk shell has promoted macrofaunal assemblages with a high bioturbation potential, regardless of the influence of aquaculture. P. aibuhitensis is a typical benthic polychaete with a high level of mobility and reworking potential. It plays a key role in the structure and functioning of sediments, and could be an ecosystem regenerator. In the present study, we observed that P. aibuhitensis individuals were very active and with a high capacity for burrowing holes, where they dug continuously and maintained burrows. The numbers of holes in the sediments were higher in −Shell treatment than the +Shell treatment throughout the experiment (Figure 4). Whereas, we actually observed that the P. aibuhitensis in +Shell treatment were not less active in terms of their burrowing activities compared to that in the −Shell treatment. The lower numbers of holes in +Shell treatment could be mainly due to P. aibuhitensis were unable to use surface areas where shells were present, the amount of area occupied by shell material physically prevented P. aibuhitensis from forming burrows in these locations. Some shells were positioned horizontally in the sediment, it was observed that when P. aibuhitensis individuals encountered these shells while digging, they tended to change their direction of digging or abandoned a hole that was already half-dug. By contrast, P. aibuhitensis individuals in the −Shell group could dig holes from the surface all the way down to the bottom of the sediment. Nevertheless, the difference in the numbers of holes was generally not significant, so we might able to say that the negative effect of shells on burrowing was not that great. Moreover, it should be noted that we added relatively large oyster shells in the present study. It is reasonable to expect that smaller shells or debris (shell-hash) would hinder the burrowing activities of polychaetes less. During sediment collection, we found that large shells were mainly present on the surface of the sediment, whereas only shell fragments were found in the deeper layers, with few large shells, which suggests that large shells gradually degrade into debris during the burial process. Thus, the hindering effect of shells in the deeper layers was lower than that in the surface. Casado-Coy et al. (2017) suggested adding mollusk-shell debris to sediment as a remediation strategy to mitigate the deleterious effects of organic pollution on marine sediments induced by aquaculture. Based on the results from our study, in combination with the influence of shells on burrowing capacity of polychaetes, we recommend using small shells when implementing this strategy thereby avoiding the possible negative effect of shells on the bioturbation of macrofauna.

In the present study, all of the experimental P. aibuhitensis individuals survived in a very healthy and active state. However, all of them lost some of their body weight. P. aibuhitensis is usually considered a carnivorous species that predates benthic macrofauna for food. However, in the present study, the incubated sediments used were sieved and any macrofauna was removed before use. We observed abundant fecal particles produced by P. aibuhitensis on the surface of the sediment as well as in the holes (Figure S2). We found that P. aibuhitensis individuals lost more weight in the +Shell group than the −Shell group, possibly because the presence of shells led to P. aibuhitensis consuming more energy in the burrowing process. Mussel shells were used in the study of Casado-Coy et al. (2017) and the valves were broken into fragments, so the shell hash debris was much smaller in size, which may have prevented it from negatively affecting the burrowing activities of Lumbrineris latreilli. Our results indicate that the size of the shell added could be an important factor, and thus shells should be broken into small hash fragments before using for bioremediation purposes.






Conclusion

In conclusion, we quantified the number of shells in the sediment under an oyster farm for the first time. Our results showed that suspended oyster farming led to a local increase in the accumulation of shells under the farm. The presence of oyster shells hindered the burrowing activities of P. aibuhitensis to some degree, but it is possible that this negative effect could be alleviated with degrading of big shells into shell hash. Further studies are needed to investigate the interactions between the accumulation of shells and the bioturbation of macrofauna, as well as the related ecological consequences, such as effects on the porosity of sediment, organic matter remineralization, and nutrient fluxes.
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Supplementary Figure 1 | Oyster shells deposited on sediment under the suspended longline oyster culture farm in Daya Bay, southern China.

Supplementary Figure 2 | Feces deposited by the experimental polychaete Perinereis aibuhitensis (A) on sediment’s surface and (B) in the burrowed holes.
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