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Farmed aquaculture species play an important role in regulating nutrient cycles in farming systems. Compared with nitrogen and phosphorus, the role of farmed species in the silicon (Si) cycle remains poorly understood. To help reduce this uncertainty, we clarified the sources and sinks of silicate and quantified the Si pools in an aquaculture system in Sanggou Bay (SGB). The results showed that dissolved inorganic nutrient levels were significantly lower during the dry season than during the wet. Dissolved silicate (DSi) is a potential limiting factor for phytoplankton growth during spring, and phosphorus limitation occurs during summer. The budget results indicated that large amounts of nitrogen, phosphate (DIP), and DSi were buried in the sediment or transformed into other forms during both the wet and dry seasons. The nitrogen and DIP cycles were strongly influenced by bivalve excretion and farmed species harvesting; however, these processes had little impact on the Si cycle. Si availability depends on both external inputs and internal recycling. DSi was primarily supplied from the Yellow Sea, with a minor contribution from the river due to river discharge during spring. However, during summer, riverine inflow (accounting for 83% of the total influx) was the major DSi source followed by benthic flux (12%). Biogenic silica (BSi) burial efficiency in the sediment was estimated to be 78% during spring and 23% during summer. The BSi preservation efficiency in bivalves during spring was high (53%), leading to a higher Si retention than in river discharge. Bivalves biodeposition plays an important role in the Si burial process. We suggest that this high retention is essentially controlled by the biodeposition mechanism, which is directly controlled by the exotic suspension feeders. Bivalves have the potential to alter Si retention in the bay by producing large amounts of biodeposits and accelerating the silica cycle, which may lead to more carbon dioxide being absorbed by diatoms.
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1 Introduction

Silicate or silicic acid (dissolved silicate (DSi), Si(OH)4) is an essential nutrient for the growth of diatoms, siliceous sponges, silicoflagellates, radiolarians, siliceous rhizarians, and picocyanobacteria in the ocean (DeMaster, 2003; Tréguer and de la Rocha, 2013; Tréguer et al., 2021) and cell cycle (Brzezinski, 1992). As major primary producers, diatoms form the basis of the classical food chain which leads to secondary consumers (suspension feeders, copepods, and ultimately fish) (Cushing, 1989; Ragueneau et al., 2005, 2006). They account for approximately 40% of total marine primary production, with up to 75% of the primary production in coastal regions, and play a critical role in the marine carbon cycle (Kristiansen and Hoell, 2002; Jin et al., 2006; Tréguer et al., 2018). However, diatoms are replaced by other phytoplankton groups such as dinoflagellates when DSi is depleted (Beucher et al., 2004). A silicon (Si) availability shortage in coastal areas frequently reflects ecosystem disequilibrium and the proliferation of harmful algal blooms (Davidson et al., 2014; Glibert and Burford, 2017; Thorel et al., 2017). This phenomenon has been reported in some coastal bays and marginal seas, including in Jiaozhou Bay (Liu et al., 2008), Bohai Sea (Wang et al., 2018), the Bay of Brest (Ragueneau et al., 2005), and Biscay Bay (Loyer et al., 2006).

Filter-feeders can strongly affect nutrient cycling (Ray et al., 2021). Suspension-feeding bivalves alter biogeochemical cycles by consuming particulate particles from the water column, excreting dissolved and particulate nutrients, and capturing nutrients in their tissues and shells (Sma and Baggaley, 1976; Prins et al., 1997; Welsh and Castadelli, 2004; Svenningsen et al., 2012; Ray et al., 2021). Through biodeposition, bivalves also increase organic matter (OM) availability in sediments, which can stimulate sediment microbial processes, leading to higher nutrient recycling rates (Newell et al., 2005; Kellogg et al., 2014; Ray and Fulweiler, 2020). The ecological feedback of bivalve-mediated nutrient recycling includes higher productivity (Prins et al., 1997, Peterson and Heck, 1999, Wall et al., 2008), alteration of phytoplankton biomass and community structure (Porter et al., 2018, 2020), and increased nutrient export (Dame et al., 1984, 1992; Li et al., 2021). Many studies have indicated that filter-feeding bivalves can enhance the nitrogen and phosphorus recycling, however, their impact on Si cycling in aquatic ecosystems has largely remained unexplored (Ray and Fulweiler, 2020; Ray et al., 2021).

The potential impact of bivalves on estuarine Si cycling is important because Si availability can regulate the composition of the phytoplankton community (Turner et al., 1998), primary production (Dugdale and Wilkerson, 1998), and food web structure (Doering et al., 1989; Turner et al., 1998). As filter feeders, bivalves strain large volumes of seawater through their bodies to concentrate food such as phytoplankton, particularly diatoms (Newell and Koch, 2004; Wall et al., 2008). Filter feeders have minor or unknown requirements for Si during their growth period (Ragueneau et al., 2005; Ray et al., 2021). However, evidence on DSi excretion by bivalves is scarce (Ragueneau et al., 2005; Ray and Fulweiler, 2020). As a result, suspension-feeding bivalves could reduce Si availability by egestion onto the sediment surface as feces or pseudo-feces. Hence, bivalves may enhance biogenic silica (BSi) exportation from water to sediment, with Si captured and held in feces and pseudo-feces removed from the system through sediment burial (Ray et al., 2021). Additionally, bivalves may influence sediment Si regeneration as Si-containing biodeposits accumulate and decompose. Previous studies have reported that DSi fluxes from sediments to the water column are higher in aquaculture areas than in adjacent bare sediments (Green et al., 2013; Ray et al., 2021), and that Si recycling is enhanced. A similar phenomenon has been observed for other suspension feeders, including clams (Mercenaria mercenaria: Doering et al., 1987; Tapes philippinarum: Bartoli et al., 2001) and slipper shells (Crepidula fornicata: Chauvaud et al., 2000; Ragueneau et al., 2002a). On larger spatial and temporal scales, Si exportation from coastal ecosystems contributes to Si availability in the ocean and helps control the magnitude of the biological pump and global climate (Tréguer and Pondaven, 2000; Ragueneau et al., 2006). Thus, suspension-feeder bivalves play an important role in coastal Si cycling and may have both local and far-reaching effects.

Aquatic ecosystem productivity depends on the limiting nutrient supply (Li et al., 2021). It is known that a natural or experimental DSi scarcity has detrimental consequences for diatom growth (Riesgo et al., 2021). Once DSi is exhausted, the phytoplankton community changes from being diatom- to dinoflagellate-dominated. Filter feeder growth will also be affected. However, if other processes can provide a DSi supply, diatoms can continue to thrive, increasing the potential for new carbon exportation to the deep ocean and higher trophic levels (Allen et al., 2005). Thus, there is great interest in understanding the impact of aquaculture activity on the Si cycle.

Sanggou Bay (SGB) is a semi-enclosed bay that has been used for aquaculture for more than 60 years (yrs). Currently, the bay is a typical integrated multi-tropic aquaculture (IMTA) system, and > 80% of the area is used for marine culture. In recent decades, the long-line culture of kelp has expanded out of the bay to pursue productivity (Troell et al., 2009; Fu et al., 2013), reaching a depth of over 30 m. Large amounts of inorganic nitrogen and phosphate (DIP) have been excreted into the bay owing to bivalve culture (Li et al., 2016). The dissolved inorganic nitrogen (DIN) concentration increased by one order of magnitude between the 1980s and the 2010s, whereas the DSi concentrations remained almost unchanged (Li et al., 2016; Zhang et al., 2023). Accordingly, the DIN: DIP atomic ratio increased from 2–3 in the 1980s to 40 in the 2010s, and the DSi: DIN molar ratio decreased. Thus, both Si and phosphorus limitations and a nitrogen surplus, have been proposed (Li et al., 2016; Zhang et al., 2023). The preliminary results of the incubation experiments with enriched nutrients showed that phytoplankton growth was limited by Si in SGB during spring (Qu et al., 2008). In this ecosystem, diatoms are still the dominant species in the phytoplankton community but have shown an obvious decline over the past decades (Li et al., 2010). Therefore, a thorough understanding of Si cycling in SGB is critical for understanding the primary factors influencing the phytoplankton community structure. Eventually, it will provide information for effective ecosystem management and sustainable marine farming development.

DSi concentration dynamics in the bay are regulated by the balance between the Si sources and sinks. These include inputs from the watershed and atmosphere, outflow removal, and net burial in sediments. The increase in bivalve biomass and consequent bivalve excretion enhancement has shifted SGB into a new dynamic regime. A key open question is how aquaculture activity affects Si cycling, which may limit productivity in the bay. The aims of this study were to: 1) determine the seasonal variations in major Si sources and sinks by calculating the SGB Si budget, 2) examine the sizes of various Si pools in the IMTA system, 3) evaluate the aquaculture activity effects on phytoplankton communities, and 4) define the role of bivalves in the Si biogeochemical cycles in one of the largest aquaculture farms in China.




2 Materials and methods



2.1 Study area

SGB, located in the eastern part of Shandong Peninsula (northern China) and connected to the Yellow Sea (YS), is a shallow bay (average depth of 7.5 m) and has an approximately area of 144 km2 (Figure 1) (Mao et al., 2006; Jiang et al., 2015; Li et al., 2016). The bay has a semi-diurnal tide regime, with an average tidal range of 2 m (Mao et al., 2006; Jiang et al., 2007). The regional climate is dominated by land-ocean climate (Kuang et al., 1996), with approximately 73% of annual precipitation in wet season (June–September) and 27% in dry season (from October to May). Rivers empty into SGB with annual total discharge 1.7–2.3 × 108 m3 yr–1 (China Gulf Chronicles Compilation Committee, 1991). The freshwater discharge is highly dependent on the monsoonal rainfall and varies from 0–0.95 m3 s–1 in dry season to 0–74.1 m3 s–1 in wet season (http://www.whsw.info.). The annual primary production of the bay was estimated to be 5.48 mol C m–2 yr–1 (Jiang et al., 2015). The productive period typically extends from early May to late September.




Figure 1 | Map of sampling stations in Sanggou Bay, Shandong Province, China, of the cruises August 2022 (wet season) and April 2023 (dry season). (♦) investigation stations (SGH, Sanggouhe). The blue dashed line shows the boundary of the budget system. The black line represents the dam between the Bahe reservoir and the bay.



As a typical IMTA system in China, more than 30 species are farmed using different farming methods. The suspension-feeding bivalves (scallop and Pacific oyster), Saccharina japonica (S. japonica), and Gracilaria lemaneiformis (G. lemaneiformis) are the primary species cultured (Zhang et al., 2009). The decrease in reared scallops caused great damage during the 1990s, leading to the replacement of large areas of scallop farming with oyster farming since 1996 (Zhang et al., 2009) (Figure 1). Currently, S. japonica monoculture is primarily farmed at the mouth of the bay, kelp and bivalve polyculture occurs in the central region of the bay, oysters are primarily cultured in the end western region of the bay, and a small area within polyculture area in the northern region is used for scallop farming (Figure 1). There are many large-scale aquaculture facilities in the bay (e.g. rafts and suspension facility). Consequently, water flow rates were affected (Shi et al., 2011a). Compared to the 40 years prior to extensive farming, tidal currents and water exchange rates were significantly reduced (Zhao et al., 1996; Grant and Bacher, 2001; Fan and Wei, 2010). The resuspension of particulate matter and nutrient recycling have also been reduced (Grant and Bacher, 2001; Duarte et al., 2003).




2.2 Sample collection and analytical methods

Field observations were carried out during 16–20 August 2022 (wet season) and 7–10 April 2023 (dry season) (Figure 1). Sampling was performed at 1.0 m depth during high tide, in mean tidal conditions. At each station, water samples were collected using a 5-L polymethyl methacrylate water sampler from a boat and transferred to 2.5 L acid-cleaned polyethylene bottles, and kept cool and shade during transporting to the laboratory. River water samples were collected from the river edge in 2.5 L acid-cleaned polyethylene bottles.

Water temperature and salinity were measured in situ using a WTW MultiLine F/Set3 multi-parameter probe. Each water sample was immediately filtered through a preweighted 0.45 µm pore size cellulose acetate filters (pre-cleaned with hydrochloric acid, pH = 2) into a clean polyethylene bottle and the filtrates were stored at –20°C until they were analyzed. The filtrate was used to measure NO3–, NO2–, NH4+, DIP, and DSi. Dissolved nutrient concentrations were measured in the laboratory using an Auto Analyzer 3 (Seal Analytical), following the methods of Grasshoff et al. (1999). The DIN concentration is the sum of NO3–, NO2–, and NH4+ concentrations. The detection limit was 0.10 μM for NO3–, NO2–, NH4+, DSi, and 0.01 μM for DIP. The analytical precision for NO3–, NO2–, NH4+, DIP, and DSi was < 5%.

Filters were used to determine the suspended particulate matter (SPM). The filters were stored at –20°C until they were analyzed. The filters were dried at 45 °C and weighed to determine the mass of SPM. Samples were immediately filtered with 0.4 µm polycarbonate membrane filters. The filters were then used for BSi analysis. The BSi in the SPM (particulate BSi, PBSi) was analyzed according to the method described by Ragueneau et al. (2005). The filter was submitted to a first digestion in 0.2 M NaOH at 100°C for 40 min, then neutralized with hydrochloric acid (1.0 M). At the end of the first leaching, the DSi ([Si]1) in the leaching solution was analyzed via the molybdate-blue method using a spectrophotometry. Dissolved aluminum (Al) was also analyzed for mineral correction (Kamatani and Takano, 1984). The Al ([Al]1) in the leaching solution was analyzed using a high-resolution inductively coupled plasma mass spectrometer. After rinsing and drying, the filter was subjected to a second digestion step identical to the first step to determine the (Si: Al)2 ratio characteristics of the lithogenic particles present on the filter. This ratio was then used to correct for the Si concentration in BSi form as follows: [BSi] = [Si]1 - [Al]1 × (Si: Al)2. The analytical precision of PBSi was < 10%.

Water sample (500 ml) was filtered through 0.45 μm pore size cellulose acetate membrane for total chlorophyll a (Chl a). Another 500 ml seawater for size-fractionated Chl a was filtered through 20 μm bolting-silk, 2 μm, and 0.45 μm cellulose acetate membrane, in that order. The filters were stored at –20°C until they were analyzed. The Chl a extracted in 10 ml of 90% (v/v) acetone in the dark at 4°C for 14–24 h, and was then measured before and after acidification with 1 μM hydrochloric acid using a Turner designs Trilogy laboratory fluorometer (Parsons et al., 1984).

The samples of 500 ml water for phytoplankton species identification and counting were fixed on board with Lugol’s solution (5%). The fixed water sample volume was finally concentrated to 20 ml by sedimentation in the lab. Then, the concentrated samples (0.3 ml) were identified and counted by microscopic examination using an inverted microscope (Motic AE2000) at magnifications of 100 × or 400 × according to the method of Utermöhl (1958). Phytoplankton abundance was expressed as cell numbers per liter (cells L–1).




2.3 Nutrient budgets

The Land-Ocean Interactions in the Coastal Zone (LOICZ) box model was used to estimate nutrient budgets for the study system (Gordon et al., 1996). This model has been widely used to construct nutrient budgets in estuarine and coastal ecosystems to identify the internal biogeochemical processes and external nutrient inputs of a system study (Savchuk, 2005; Liu et al., 2008; Li et al., 2016). Detailed descriptions of the budgets are provided in the supplementary data (Supplementary Data Sheet 1).




2.4 Statistical analysis

Statistical analyses were performed using the SPSS 20.0 software for IBM. One-way ANOVAs were used to analyze the individual effects of seasons on nutrient variations, and two-way ANOVAs were used to analyze the combined effects of seasons and cultivation areas on nutrient variations. Based on a posteriori homogeneity test, Tukey’s HSD or Tamhane’s T2 comparisons were applied to assess the statistical significance of the differences (p < 0.05), following ANOVA.





3 Result



3.1 Hydrographic properties

The average monthly precipitation collected from 33 long-term observation sites in Rongcheng City ranged from 1.0 to 259 mm during January 2022−May 2023. The monthly precipitation varied markedly (Figure 2). The total precipitation during the wet season in 2022 was approximately 2.2 times higher than that during the dry season (October 2022–May 2023) (Figure 2). The total precipitation in August 2022 was approximately 2.9 times higher than that in April 2023 (Table 1, Figure 2). Rainfall during the wet season of 2022 was approximately 30% higher than that during a normal year (~640 mm). In April 2023, rainfall (~89 mm) was much higher than that in a normal year (~45 mm) owing to heavy rainfall (~70 mm), that occurred on April 5, 2023. Changes in rainfall influence freshwater discharge and nutrient inputs to the bay.




Figure 2 | Monthly precipitation during 2022−2023 in Rongcheng city. Precipitation data were obtained from http://www.whsw.info. The red arrows pointed to the sampling month.




Table 1 | Temperature, salinity, SPM, and precipitation in Sanggou Bay during the investigation periods.



The water properties, specifically the salinity in SGB, are largely determined by the seasonal freshwater discharge from surrounding rivers during the wet season and seawater during the dry season, owing to seasonal exchange between the southwesterly and northeasterly monsoons. Both the temperature and salinity in the surface water (Table 1) exhibited seasonal variability in this temperate system. The water temperature decreased from the mouth to the west of the bay during both summer and spring (Figure 3). During the study period the water temperature in SGB ranged from 9.8°C during spring to 24°C during summer. Salinity in August 2022 and April 2023 gradually increased from west of the bay to the mouth (Figure 3). Salinity varied greatly in the bay, which was 30.1−30.9 in April 2023 and 22.4−29.4 in August 2022 (Table 1, Figure 3). Salinity changed with freshwater discharge and tidal levels.




Figure 3 | Horizontal distribution of temperature (°C) and salinity at the surface in SGB in August 2022 and April 2023.



The SPM concentrations in the bay also showed clear seasonal variations, reaching 94.1 mg L–1 in April 2023 because of the large amount of precipitation that occurred during this period (Table 1). The SPM levels in offshore water in April 2023 (97.8 ± 10.5 mg L–1) were significantly higher than those in August 2022 (3.83 ± 0.32 mg L–1). This substantial difference may be related to water mixing such as water stratification during summer. One-way ANOVA indicated significant (p < 0.05) differences in SPM concentrations between the offshore area and the bay, particularly during spring.




3.2 DIN and DIP spatiotemporal variations

Spatiotemporal variability in the DIN and DIP concentrations was evident in the bay (Figure 4). The DIN and DIP concentrations gradually increased from offshore to the inner region of the bay (Figure 4). Regarding nitrogen compounds, NO3− comprised 67.6−90.9% of DIN in the surface water. The surface water was depleted in DIP (0.02−0.49 μM), which led to the DIN: DIP ratios (average 207 ± 244) being significantly higher than the Redfield ratio (16:1). Previous studies on nutrient uptake kinetics have shown that the threshold values for phytoplankton growth are 1.0 µM DIN and 0.1 µM DIP (Justić et al., 1995). The DIP concentrations in the surface layer at 38% of the stations were lower than the threshold values, suggesting that phytoplankton growth may be limited by phosphorus during summer.




Figure 4 | Horizontal distributions of DIN (μM) and DIP (μM) in August 2022 and April 2023 in Sanggou Bay. DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphorus.



The DIN and DIP concentrations declined gradually from the offshore to the inner region of SGB during spring (Figure 4), showing an opposite horizontal distribution compared with that during summer. The DIN levels in April 2023 were lower than those during summer. The DIN: DIP molar ratios ranged from 0.5 to 5.2 (average 2.6 ± 1.7). The average DIN: DIP ratio in the surface water was significantly lower than that of the Redfield ratio. The DIN concentrations were lower than or comparable to the threshold values in the southern region of the bay (section C) (Figures 1, 4). This suggests that nitrogen may be a potential limiting element for phytoplankton growth in this region of the bay.




3.3 Biologically available Si and nutrient ratios

The DSi concentrations varied considerably among the different streams by a factor of 2–4 between the dry and wet seasons. DSi generally increased from the inner region of the bay to offshore during the dry season and decreased during the wet season (Figure 5). The DSi distribution characteristics in the surface water were similar to those of the DIN. The DSi levels were higher in the northwest than in the southwest in August 2022 (Figures 4, 5) because of rainstorms (approximately 150 mm prior to investigation), which led to a high freshwater discharge emptying into the bay. The DSi concentration in the streams during summer was 9−40-fold higher than that in the surface water of SGB. The mean DSi concentrations in surface water during summer (16.4 ± 10.1 μM) were higher than those during spring (4.31 ± 2.00 μM) (Figure 5). From the dry season to the wet season, a significant increase was observed (p < 0.05), coinciding with the maximum riverine impact (minimum salinity) in the bay. Additionally, the DSi distribution characteristics in the surface water were similar to those of Chl a (Figures 5, 6). The DSi: DIN molar ratios in SGB ranged from 0.45 to 1.43 with an average of 0.84 during summer, whereas the DSi and DIN concentrations were higher than the threshold values. The DSi: DIN ratios varied between 0.65 and 3.50 with an average 2.04 in April 2023. In addition, the DSi concentrations were lower than or comparable to the threshold values in Section C (Figures 1, 5). Moreover, the contribution of the 0.45−2 μm fraction phytoplankton was higher than that in the other sections. This suggests that DSi may be the most limiting element for phytoplankton growth in this bay region.




Figure 5 | Horizontal distributions of DSi and PBSi in August 2022 and April 2023 in Sanggou Bay.






Figure 6 | Horizontal distribution of chlorophyll a concentration (Chl a, μg L−1) at the surface water in August 2022 and April 2023.



The average PBSi concentrations in the major SGB rivers were 48.5 μM during spring and 23.8 μM during summer. The horizontal PBSi distributions during the wet and dry seasons showed the opposite tendency, whereas the spatial distributions were the same as those of the DSi (Figure 5). The PBSi concentrations ranged from 0.43 to 6.90 μM with a mean value of 3.42 ± 2.35 μM in April 2023. In August 2022, the average PBSi concentration was 2.33 ± 1.50 μM. The PBSi concentrations were high in the northern region and central of the mouth (Figure 5). The average PBSi concentration during the dry spring was slightly higher than that during the wet season. This was due to DSi fixation by diatoms and SPM concentrations in the water column. Our results showed a significantly positive correlation between PBSi and SPM (R2 = 0.63; p < 0.01) during spring. The PBSi concentrations during summer were significantly correlation with Chl a (R2 = 0.55; p < 0.01). The average cell abundance of phytoplankton during spring (31.6 × 103 cell L–1) was comparable to that during summer (36.3 × 103 cell L–1). However, the proportion of diatoms in the total phytoplankton abundance was 99% during spring and 70% during summer. The results for the wet season indicated that PBSi was primarily affected by primary production, which was dominated by diatoms. The PBSi concentration was poorly correlated with the total Chl a concentration during the dry season, suggesting that diatoms, although dominant, were not the only contributors to PBSi. Sediment resuspension may be the primary reason the PBSi concentration during the dry season exceeded that during the wet season.

Seasonality in nutrient concentrations was evident in SGB (Figures 4, 7). The average DIN (20.6 ± 12.9 μM) and DSi concentrations during summer exceeded those during spring by factors of 7.6 and 3.8, respectively. The subsequent post hoc Tukey’s HSD test showed that the NO3−, NO2−, NH4+, and DSi concentrations were higher during the flood season than during the dry season (p < 0.05) (Figure 7). The average NH4+ concentrations during summer exceeded that during spring by a factor of 4.1. This may be related to shellfish metabolism. Two-way ANOVA indicated highly significant differences in DIN concentrations between seasons and areas (Figure 8, p < 0.01), particularly during the wet season, suggesting that aquaculture activity and freshwater discharge affect the nutrient composition in SGB.




Figure 7 | Seasonal variations in nutrient concentrations (μM) in Sanggou Bay during the study period. DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphorus; DSi, dissolved silicate.






Figure 8 | Nutrient concentrations, averaged for various regions in Sanggou Bay.






3.4 Chl a and phytoplankton community structural dynamics

The Chl a concentration in SGB declined gradually from the inner region to offshore, during both spring and summer (Figure 6). The Chl a concentration varied considerably among seasons. In April 2023, the average Chl a concentration was 1.2 ± 0.6 μg L–1, and a peak occurred at Station B1 (~2.1 μg L–1). The observed Chl a concentrations (5.7 ± 4.4 μg L–1) were significantly higher in August 2022 than in April 2023, and a maximum (~11.6 μg L–1) occurred at Station A2. The Chl a concentration was significantly (p < 0.05) lower in coastal regions (0.8 ± 0.3 μg L–1) in non-farming areas than in the bay during summer. However, no significant differences were observed between the two regions during spring.

The phytoplankton community structure showed seasonal variation based on size-fractionated Chl a concentration (Figure 9). In April, the 2−20 μm fraction contributed 45.9 ± 18.9% to the total Chl a concentration, micro- (43.7 ± 17.5%) and nano-phytoplankton reached similar proportions. The proportion of the 20−200 μm fraction increased to a maximum of 66 ± 21% in the surface layer in August. The contributions of the 2−20 μm fraction in the offshore region were 77.0 ± 14.6% and 86.0 ± 1.40% in April and August, respectively. This indicates that bivalve farming profoundly influenced the phytoplankton size structure, which reduced the nano-Chl a contribution. Surface water in the bay had an average phytoplankton abundance of 3.68 × 104 cells L–1 in August and 3.16 × 104 cells L–1 in April. In April, only two diatom species had dominance index higher than 0.02 in SGB. In August, two diatoms and one dinoflagellate species had a dominance index higher than 0.02 in the bay.




Figure 9 | Temporal variations of the proportion of size-fractionated Chl a concentration (%) at surface water of Sanggou Bay in August 2022 and in April 2023.






3.5 Water and nutrient budgets in the bay

Li et al. (2016) described the annual balance of dissolved nutrient budgets. In this study, we describe the nutrient budgets during the wet and dry seasons to show the controlling factors in different seasons under the influence of aquaculture activity and Si budgets for SGB. Sewage discharge was included in the river discharge, as previously reported by Li et al. (2016). Freshwater discharge data emptying into SGB are limited. The Guhe (GH) is the largest of the three rivers that empty into SGB through Lake Lvdao (Figure 1). Hence, the average GH discharge (VQ) during summer in 2022 and spring in 2023 was used to estimate the water budget (Figure 6). The total river discharge into the study system was nine times higher during summer than during spring (Figure 10). The submarine groundwater discharge (SGD) was estimated from a previous study by Wang et al. (2014) which calculated the SGD as (2.59−3.07) × 107 m3 d–1 based on the naturally occurring 228Ra isotope in June 2012. A total of 81.8% of the annual rainfall occurred during the wet season. Thus, based on the assumption that recirculated seawater could account for 90% (Beck et al., 2008) of total SGD in SGB, the SGD was estimated as (2.59−3.07) × 106 m3 d–1 in August and 0.63 × 106 m3 d–1 in April.




Figure 10 | Water and salt budgets for Sanggou Bay (SGB). The numbers (A, B) refer to spring and spring, respectively. Units: water valume, 107 m3; water and salt fluxes, 107 m3 and 107 psu m3 d−1, respectively. VQ, VP, VE, VG, VS, VR, and VX are the mean flow rate of river water, precipitation, evaporation, groundwater, the volume of the system of interest, the residual flow, and the mixing flow between the system of interest and the adjacent system, respectively. Adjacent system: Socn = 29.6 (August) and 30.8 (April).



Nutrient fluxes from groundwater and benthic sediments in SGB were determined from surveys undertaken during the period 2012−2014 (Wen, 2013; Ning et al., 2016). Data on atmospheric nutrient deposition are limited. Thus, the summer wet deposition fluxes were based on measurements on Qianliyan Island, which is located in the western YS (Han et al., 2013) and precipitation at Chudao during summer (Table 1). Rainwater samples were collected during the dry season at Chudao, a site close to SGB, from March 1 to May 10, 2023. Calculations of dry deposition fluxes were based on atmospheric aerosol measurements around Yangma Island in the northern YS (Xie et al., 2021). Thus, the total SGB atmospheric deposition was estimated as the sum of the wet and dry deposition.

Oysters (C. gigas) and scallops (C. farreri) were the primary suspension bivalves cultured in SGB. Oyster and scallop cultivation involved approximately 1.08 × 109 and 4.47 × 108 individuals, respectively, in the bay (Li, 2019). Based on excretion rates determined in a previous study (Zhou et al., 2002a) for bivalves in Sishili Bay (China), the total DIN and DIP excreted by C. gigas and C. farreri in SGB amounted to 0.13 × 106 mol d–1 and 0.87 × 104 mol d–1, respectively. However, evidence regarding DSi excretion by bivalves is limited (Ray and Fulweiler, 2020). Therefore, the DSi excreted by scallops and oysters was not included in the budget. The nutrients were removed from the bay when the bivalves were harvested. The dry weights of soft tissues and shells for individual C. gigas at harvest were 1.43 g and 70.75 g, and 1.63 g and 12.65 g for C. farreri, respectively. Annually, 80000 t of C. gigas (total dry weight) and 10000 t of C. farreri (total dry weight) are harvested from the bay. The dry weight nitrogen and phosphorus contents of the C. gigas soft tissue were 8.19 and 0.379%, respectively, and in the shell were 0.12 and 62.1 × 10−4% (Zhou et al., 2002b), respectively. The nitrogen content (dry weight) of the C. farreri soft tissue and shells was 12.36% (Zhou et al., 2002b) and 0.14% (Ren, 2014), respectively, and the phosphorus content was 0.839% (Zhou et al., 2002b) and 0.026% (Ren, 2014), respectively. Bivalves are always harvested during summer. Thus, 402 t of nitrogen and 24.9 t of phosphorus were removed from the bay as a consequence of C. gigas and C. farreri harvesting during the wet season (Table 2). A previous study showed that the Si contents of the dried soft tissue and shells of C. gigas and C. farreri were both < 0.01% at harvest (Niu, 2014). Si held in market-size C. gigas and C. farreri was minimal compared to bivalve-mediated enhancements in sediment Si cycling. Therefore, the C. gigas and C. farreri Si content was not included in the budget.


Table 2 | Nutrient budgets for Sanggou Bay, China.



S. japonica and G. lemaneiformis are the primary seaweeds cultivated in SGB. Currently, S. japonica is primarily cultivated near the mouth of the bay (Figure 1). Approximately, one-fourth of the S. japonica cultivation area is located in the bay. Dried kelp (80000 t) is produced annually in the bay (Mao et al., 2018). Thus, one-fourth of the nutrients removed through kelp harvesting were included in the budget. Based on dry weight nitrogen and phosphorus contents determined in a previous study (Zhou et al., 2002b) for S. japonica, the total nitrogen and phosphorus removed by S. japonica amounted to 326 t and 76 t as a consequence of harvesting during spring (Table 2). Similarly, 25410 t (wet weight) of G. lemaneiformis is produced annually in the bay (data from Rongcheng Fishery Technology Extension Station, 2012). The dry to wet weight ratio of G. lemaneiformis is approximately 1:7 (Jiang et al., 2010). The G. lemaneiformis individual dry weight nitrogen and phosphorus contents were 5.55 and 0.10% (Zhou et al., 2002b), respectively. Hence, G. lemaneiformis harvesting removed 201 t of nitrogen and 3.68 t of phosphorus from the bay during summer (Table 2).

Nutrient budget results showed that SGB behaved as a DIN, DIP, and DSi sink during both spring and summer (Table 2), as large quantities of nutrients were buried in the bay. The results indicate that the DIP load was primarily derived from the YS, which accounted for 82% of the total influx during spring, followed by bivalve excretion (11%). The DIP flux to SGB via rivers was limited during spring (accounting for only 1% of the total influx). During summer, bivalve excretion was the major source of DIP entering SGB, accounting for 58% of the total influx (Table 2). Riverine flux accounted for 26% of the total influx. Bivalve excretion plays an important role in phosphorus cycling in the bay, particularly under phosphorus limitation. In summer, groundwater (42%) was the major source of DIN entering SGB, whereas benthic flux (28%) and groundwater (28%) were the major sources during spring. Bivalve excretion accounted for 24% of the total DIN influx during spring and 7.70% during summer. Riverine discharge accounted for 23% and 11% of the total DIN influx into SGB during summer and spring, respectively. The riverine DIN input was estimated from the products of freshwater discharge with DIN concentrations. Given that rivers are characterized by seasonal freshwater discharge, there are substantial differences in seasonal DIN input estimates (Table 2). DIN and DIP were primarily removed by kelp harvesting during spring, which accounted for up to 99% and 97% of the total outflux, respectively. DIP was primarily removed through bivalve harvesting during summer, which accounted for 65% of the total outflux. Bivalve and G. lemaneiformis harvesting resulted in 33% and 17% of the DIN being removed from the bay, respectively. The results showed that aquaculture activity plays an important role in DIP and DIN cycling in SGB.

The model results indicated that DSi was primarily derived from riverine input during summer, which contributed 83% of the total input, followed by benthic flux (12%) (Table 2). Riverine DSi input during spring contributed 8.2% of the total influx (Table 2). The DSi flux in the rivers varied between the dry and flood seasons by a factor of up to 31. The DSi load in SGB originated primarily from the YS and benthic flux during spring, accounting for 72 and 17% of the total influx, respectively. Atmospheric deposition as a source of DSi was very limited during both dry and wet seasons.





4 Discussion



4.1 Nutrient budgets and their controlling factors

A box model was used to provide an overview of the nutrient cycles under the influence of human activity and physical processes during different seasons. The budget results indicated that large quantities of DIN, DIP, and DSi would probably be buried in the sediments or transformed into other forms (phytoplankton cellular structure and shellfish tissue) during both wet and dry seasons (Table 2). Large amounts of dissolved nutrients can be utilized by seaweeds in the water column and removed from the system when they are harvested (Schneider et al., 2005). Moreover, large amounts of DIN and DIP could be used by bivalves through phytoplankton and were removed from the bay through harvesting (Table 2), demonstrating that cultured species are a significant sink for nitrogen and phosphorus in SGB.

Nutrient fluxes from SGB to the YS were estimated as the sum of the net residual (VRCR) and the mixing fluxes (VXCX) based on the budget (Tabel 2). The export flux of DIN during summer was 1.2 times that of the riverine input (Table 2), suggesting that additional DIN (regeneration, aquaculture effluents, local sewage) may magnify the riverine flux. The riverine DIP and DSi fluxes exceeded the export fluxes to the YS during summer. This result suggests that processes (burial in the sediment or biological utilization) in SGB may reduce the riverine flux. During the dry season, riverine nutrient fluxes were significantly lower than those during the wet season (Table 2) because of low freshwater discharge. River flow measured during summer was exceptionally high (0−74.1 m3 s–1) and declined dramatically (0−0.95 m3 s–1) during spring. River nutrient fluxes significantly decreased, particularly DSi (Table 2). This may have resulted in lower DIN and DSi levels during spring than during summer.

Primary production in the YS was estimated as 794 mg C m–2 d–1 (Yang et al., 1999). The bay DIN input accounted for approximately 0.1% of the total nitrogen influx to the YS during summer. The bay contribution to primary production in the YS is limited. However, the total DIN: DIP and DSi: DIN influx ratios during summer were approximately 93 and 0.5, respectively, and the corresponding flux ratios in the output water to the YS were approximately 136 and 0.3, respectively. These ratios deviate significantly from the Redfield ratio, demonstrating that the YS coastal zone ecosystem may have been affected by nutrient transportation during the wet season.

As typically observed in this ecosystem, the seasonal pattern of nutrient loading fluxes closely follows that of precipitation (Figure 2). SGD is also affected by precipitation (Moore, 1996). Rainfall events can lead to nutrient input from the hinterland areas. The monthly rainfall in Rongcheng in August 2022 was 259 mm (Table 1). The precipitation in August 2022 was approximately double that in April 2023. River discharge can be enhanced by rainfall, and weathering rates are affected by precipitation and temperature (Liu et al., 2011), which can lead to higher nutrient values during the wet season. High nutrient concentrations (DIN and DSi) and low salinity were observed in the bay (Figures 3−5), suggesting that rainfall is an important factor affecting the nutrient supply to SGB during summer. Additionally, the precipitation in April 2023 reached approximately 70 mm immediately before the investigation and was much higher (approximately 28 times) than that in a normal year (Figure 2). This may have led to a strong mixing and high nutrient levels compared with normal years (Li et al., 2016). In addition, wet deposition resulted in less DIP and DSi relative to DIN. The atomic nutrient flux DIN: DIP ratios were 38 and 25 during spring and summer, respectively. The DSi: DIN ratio was < 0.1, and that for DSi: DIP was approximately 1. This implies that more DIP and DSi in the bay were depleted due to wet deposition. This may be a reason for the lower DIP and DSi export fluxes compared to the riverine fluxes.




4.2 Role of aquaculture activity in nutrient biogeochemistry

Cultural species can influence the nutrient dynamics in aquatic ecosystems by sequestering, remineralizing, or physically moving nutrients between habitats (Li et al., 2021). Immersed structures can significantly reduce the current velocity inside an aquaculture area by generating frictional forces when currents traverse them (Fan et al., 2019; Hulot et al., 2020). The history of raft cultivation in SGB dates back to the early 1980s. Bivalves are raised in cages, nets, or other containers hung from floats or rafts. Seaweed was farmed near the entrance to the bay. The τ (17.1 d during spring and 25.2 d during summer) may be related to the presence of aquaculture facilities. The total water exchange time between SGB and the YS was reduced. Our results agree with those of previous studies that found a > 50% reduction in the average current speed owing to aquaculture facilities and cultured species (Zhao et al., 1996; Grant and Bacher, 2001; Shi et al., 2011a; Zeng et al., 2015; Li et al., 2016). Nutrients are likely to be retained in the bay because of weaker currents and depletion. Kelp assimilates large amounts of nutrients during spring (Shi et al., 2011b; Fan et al., 2019). A large-scale kelp population died during spring 2022 because of nutrient deficiency (Li et al., 2023). The net primary production of cultured kelp could reach 1.5 g C m–2 d–1 (Gao et al., 2021), which is almost one order of magnitude higher than that of phytoplankton in the bay. Hence, large quantities of DIN and DIP would be used by kelp when seawater flows through the seaweed farm and integrated culture areas during the growth period from late November to May (during the dry season), and would be removed through kelp harvesting in May. Nitrogen and phosphorus (> 97%) were removed through kelp harvesting. As a result, kelp was a net sink for DIN and DIP during the dry season and competed with phytoplankton during the kelp growth period. Nutrient concentrations were maintained at low levels during spring. In addition, the water transparency during spring was lower than that during summer (Wang, 2010). Consequently, phytoplankton growth was restrained.

Bivalve aquaculture generally commences during April–May, along with kelp (S. japonica) harvesting. Bivalves have become the primary farmed species. Many studies have reported that bivalves alter nutrient cycling by excreting nitrogen and phosphorus (Ragueneau et al., 2005; Li et al., 2021; Ray et al., 2020, 2021; Filippini et al., 2023). Our study over nine months showed that the metabolic rates for oysters and scallops were the highest in August (Li et al., 2024). Mao et al. (2006) reported that the maximum metabolic rates for oysters were recorded in July and August. Large amounts of metabolic byproducts can be generated when bivalves are in active growth stages (Li et al., 2016). Hence, large quantities of DIN and DIP can be released into the bay through excretion and may become important sources of nutrients. Based on the budgets, DIN and DIP released from bivalve excretion accounted for 24 and 58%, respectively, of the total influx to SGB during summer (Table 2). Dissolved nutrients released through bivalve excretion have the potential to stimulate phytoplankton production on a local scale and increase the risk of harmful algal blooms (van Broekhoven et al., 2014; Buschmann et al., 2008; Pietros and Rice, 2003). S. japonica was replaced by G. lemaneiformis in May, which was harvested during summer. However, the G. lemaneiformis cultivation area was smaller than that for S. japonica. Therefore, phytoplankton can absorb large amounts of nutrients during summer. Phytoplankton > 3 µm will be consumed by bivalves and their biomass will be reduced (Newell and Koch, 2004). However, the high nutrient levels in the system led to a high phytoplankton growth rate. High dissolved nutrient levels, coupled with high solar radiation and temperatures, result in higher phytoplankton production during summer compared with spring. This was consistent with previous study in SGB (Li et al., 2016) and other systems (Shpigel, 2005). The Chl a concentration was significantly higher during summer than during spring (Figure 6). Additionally, large amounts of DIN and DSi were discharged into the bay and the total DIN and DIP influx ratio was much higher than Redfield ratio (Table 1), which probably led to DIP levels decreasing rapidly to a low level in summer (Figure 8) and led to phosphorus limitation. Bivalves generally promote efficient nutrient cycling in the bay by transferring nutrients to biomass through assimilation in their tissues or the release of feces or pseudo-feces. DIP and DIN can be removed through bivalve harvesting (Shpigel, 2005; Troell et al., 2009). We found that 50 and 75% of the total nitrogen and phosphorus outfluxes, respectively, were attributed to bivalve and G. lemaneiformis harvesting (Table 2). Hence, bivalves play an important role in nutrient cycling in SGB during summer.

Furthermore, bivalves can affect nutrient cycles by modifying the benthic–pelagic exchange rates through their biological activity, and affect the long-term properties of sediments by modifying their chemical composition. Filter feeders lead to the excretion of enormous quantities of biodeposits on the sediment surface as feces and pseudo-feces (Norkko et al., 2001). Previous studies have indicated that biodeposits are enriched in organic materials such as nitrogen and phosphorus (Filippini et al., 2023); for example, 40–80% of the nitrogen filtered from the study system can be excreted through biodeposits (Cranford et al., 2007; Jansen et al., 2012; van Broekhoven et al., 2014). Dissolved nutrients are released during biodeposit decomposition (Jansen et al., 2012). The decomposition of feces and pseudo-feces is another important pathway for nutrient regeneration (van Broekhoven et al., 2014). This study shows that benthic flux is another important source of nutrients in SGB, particularly during spring, when nutrient supplementation is limited (Table 2). In addition, the benthic flux (N):benthic flux (Si) >1 (DINFlux: DSiFlux = 3.7 during both spring and summer) indicated that bivalves drive greater nitrogen than Si sediment regeneration and likely drive Si to become limiting to production. Additionally, bivalves significantly changed the ratio of sediment nitrogen to phosphorus regeneration, particularly during summer (DINflux: DIPflux > 600), and probably enhanced phosphorus limitation during the wet season. Enhanced nutrient regeneration maintains a productive ecosystem, however, changes in nitrogen availability relative to Si and DIP, can potentially lead to shifts in phytoplankton community structure (Turner et al., 1998; Ray et al., 2020).

Nutrient concentrations in SGB have significantly changed over the last four decades on an annual scale, particularly between the 1980s and the 1990s (Li et al., 2016; Zhang et al., 2023), similar to many other aquatic systems (Boesch, 2002; Liu et al., 2008). The DIN concentration increased 11-fold between the 1980s and the 1990s, and 12-fold between the 1980s and the 2010s. Relative to DIN, DSi remained almost unchanged on an annual scale over four decades (Li et al., 2016). The aquaculture area rapidly increased in pursuit of economic benefits during the 1990s (Fang et al., 1996). Nutrient-rich aquaculture effluents were released into natural water bodies without prior treatment in SGB. High concentrations of nitrogen in aquaculture effluents primarily originate from the excretion of farmed animals or excess feed (Burford and Williams, 2001). This demonstrates the influence of aquaculture activity on the nutrient levels in the bay.

Nutrient ratios also changed as the nutrients increased and decreased. As a result of the increased nitrogen levels, the atomic DIN: DIP ratios gradually increased from severe nitrogen limitation during the 1980s (2−3) to phosphorus limitation during the 1990s (35) (Zhang et al., 2023), following a rapid increase in aquaculture activity. Phytoplankton growth is currently limited by DIP during summer. An increase in the DIN: DIP molar ratio in SGB is a common phenomenon observed in long-term studies of semi-closed bays used for aquaculture, such as Jiaozhou Bay (Liu et al., 2005; Sun et al., 2011) and Daya Bay (Wang et al., 2009). Over the last 40 yrs, DSi: DIN molar ratios in SGB shifted from 1.4−18 during the 1980s to < 1 during the 2010s, reflecting the impact of increased nitrate. Decreasing DSi: DIP ratios also occurred because additional Si was retained in the bay sediments. It is thought that the DSi level was abundant and was not a limiting factor for phytoplankton growth (Liu et al., 2005). In recent years, DSi concentrations in SGB have always been lower than the threshold values for phytoplankton growth during spring because of less riverine input during the dry season and an increase in the DIN level. Thus, the possibility of using DSi has gradually increased. DSi limitations in marine systems have also been examined in a variety of marine environments, including Laizhou Bay (You et al., 2021), Zhangzi Island (Liang et al., 2019), and Sishili Bay (Wang et al., 2012), owing to the increase in riverine nitrogen fluxes.

Nutrients released from shellfish can be taken up by seaweed during their growth in the IMTA system. Large-scale seaweed cultivation plays an important role in the maintenance of low nutrient levels. Although water quality in SGB is maintained under a relatively good conditions, and nutrient levels in the bay are not significantly elevated compared with other bays used for monoculture, for example, Laizhou Bay (Jiang et al., 2018), Daya Bay (Li, 2020), Qinzhou Bay (Chen et al., 2022), and Gaolong Bay (Liu et al., 2011) in China, red tides have occurred in the bay (Zhang et al., 2012; Zhang et al., 2023). Farming capacity must be considered to ensure the health and sustainability of the system.




4.3 Silicon cycle in SGB



4.3.1 SGB BSi Production

The particulate organic carbon (POC) concentrations in the bay in August 2022 were 0.27−2.06 mg L−1 with an average of 0.83 ± 0.62 mg L–1. The POC content was higher than that reported by Xia et al. (2013) (0.04−1.09 mg L–1, August 2012). As a result, the average PBSi: POC molar ratio was only 0.04 mol mol–1 in August 2022. There was a correlation between PBSi and POC (R2 = 0.58, p < 0.01), indicating that PBSi and POC had the same sources during the wet season. This value was close to the average ratio in the Bay of Brest (0.08, Ragueneau et al., 2005), although lower than the BSi: POC molar ratio on the East China Sea Shelf (0.12 to 1.4) (Iseki et al., 2003; Liu et al., 2005) and Si/C stoichiometry of 0.13 mol mol–1 obtained for coastal diatoms grown under nutrient-replete conditions (Brzezinski, 1985), because diatoms are a component of suspension feeders diets, which may lead to less silicified frustules in the surface water. The POC: Chl a ratio in April was approximately 117 g g–1 which was estimated based on the average POC concentration (140 μg L–1) in April 2000 in SGB (Zhang et al., 2005). Therefore, the average PBSi: POC value in April 2023 in the bay was estimated at 0.29 mol mol–1. The value was comparable to that in Jiaozhou Bay (0.28 mol mol–1) (Liu et al., 2008). A decrease in silicate uptake from the environment into diatom cells and an increase in the BSi dissolution rate in water may result in a low PBSi: POC ratio.

Diatoms require Si to build their siliceous shells, some of which are regenerated through dissolution in the euphotic layer. There are no historical data on the production rate in SGB. However, BSi production can be indirectly estimated via primary production, the percentage of diatoms contributing to primary production, and the BSi: POC ratio of diatom cells (Nelson et al., 1995; Liu et al., 2005; Tréguer and de la Rocha, 2013). We assumed that the ratio of the BSi production to the carbon primary production rate ratio was similar to the ratio of PBSi: POC ratio in the water column. The primary production was approximately 85 mg C m−2 d−1 during spring and 570 mg C m−2 d−1 during summer (Jiang et al., 2015). Hence, BSi production was estimated at 26.6 × 106 mol Si (90d)−1 during spring and 24.6 × 106 mol Si (90d)−1 during summer. However, use of the BSi: POC ratios of natural particle assemblages to convert primary productivity data into BSi production are subject to uncertainties (Tréguer et al., 1995). It is well known that OM is recycled more rapidly than BSi (Ragueneau et al., 2000). The high PBSi: POC ratio in SGB in April 2023 may have been related to the resuspension of sediment. Therefore, there is a risk of overestimating BSi production.




4.3.2 First tentative SGB Si reservoirs

In SGB, a low DSi concentration, which was lower than the threshold value, always appeared in late May, and evidence is increasing for Si to be considered a potential limiting nutrient for diatom growth. Diatoms remain the absolute dominant species in the phytoplankton community; however, the number of diatom species has shown an obvious decline over the past decades (Li et al., 2010). Other Si sources and features of the bay (shallow water columns, good mixing, and high regeneration rates) may have supported high diatom production. BSi production may be sustained by these external inputs and internal recycling in the water column and at the sediment–water interface. Thus, the contribution of internal recycling in SGB was explored.

As discussed above, the sum of DSi and PBSi discharge from the primary streams emptying into SGB was 2.82 × 106 mol (90d)–1 during spring and 62.7 × 106 mol (90d)–1 during summer (Figure 11). Domestic wastewater is discharged directly into rivers; thus, the DSi and PBSi discharge from wastewater is included in the river discharge. The atmospheric deposition fluxes of DSi were 23.6 × 104 mol (90d)–1 during spring and 1.07 × 104 mol (90d)–1 during summer based on rainwater around SGB and aerosol sample collection and measurements at Yangmadao during December 2019−November 2020 (Xie et al., 2021), although data for atmospheric nutrient deposition of are more limited than data for surface waters, particularly dry deposition data.




Figure 11 | Scheme summarizing the silicon stocks and fluxes (106 mol/(90d)) through the planktonic-bivalves structure of Sanggou Bay. Silicon pools are shown in parentheses. (A), August 2022; (B), April 2023; FR, River input; FA, atmospheric deposition; P, BSi gross production; FB(net deposit), net deposition of BSi in sediment; FD(water), DSi flux recycled in the water column; FD(benthic), silicate flux at the sediment–water interface; FS(rain), BSi flux that reaches the sediment–water interface; E, total silicon (i.e., silicic acid plus BSi) exchange flux from the Yellow Sea.



Bivalve farming may lead to depletion of plankton abundance when the bivalve stock is too large (Tan et al., 2024). Jiang et al. (2016) found that the presence of oyster farms in Daya Bay reduced the Chl a by 60%. The Gouqi Island Chl a concentration was more than 80% lower than that in the non-farming regions (Lin et al., 2016). Although 30% of the area of Jiaozhou Bay is used for shellfish aquaculture, phytoplankton consumption by farmed shellfish accounts for 90% of the total phytoplankton consumption in the entire semi-closed ecosystem (Han et al., 2017; Tan et al., 2024). A large area is used for bivalve farming in SGB (Figure 1), which is a shallow bay. Large amounts of phytoplankton may be consumed by farmed bivalve and be rapid settlement to the sediment. Therefore, the natural deposition of diatoms was ignored in the budget. The BSi produced, which is neither recycled in the water column nor exported from the bay, becomes available for suspension feeders and is referred to as sedimentation. Bivalves filter phytoplankton cells > 3 μm as their primary food (Newell and Koch, 2004). Among phytoplankton of this size, diatoms are the major food source for bivalves. As filter feeders control the sedimentation flux and have no known requirements for Si, most of the net BSi sedimentation should be found in the biodeposition flux. Sediment traps for carbon have been reported, but no associated BSi measurements have been reported. A rigorous Si:C ratio cannot be used to estimate BSi sedimentation, as the material consists of both autochthonous material and detrital materials brought into the bay by rivers. Therefore, we used an indirect approach to estimate BSi sedimentation during these two periods. Thus, ingestion rate data were used to estimate the diatom uptake rate by bivalves. The carbon ingestion rates of bivalves were 2710 mg C (90 d)–1 during spring and 2566 mg C (90 d)–1 during summer (Li et al., 2024). Assuming the C:Chl a ratio was 117 g g–1 during spring and 199 g g–1 during summer, and the Chl a:DIN concentration ratio was 0.9 μg μmol–1 (Yin et al., 1996). Based on the Redfield ratio (DSi: DIN = 1:1), 18.0 × 106 mol Si (90d)–1 during spring and 11.2 × 106 mol Si (90d)–1 during summer would be absorbed by phytoplankton to sustain bivalve in SGB. As suspension feeders have no known requirement for nutrient DSi during their growth period (Ragueneau et al., 2005), and the silica content of bivalve tissue and shells in SGB is very low and can be ignored, almost all ingested BSi should be excreted as biodeposits in the form of feces and pseudo-feces. Hence, the BSi biodeposition flux was estimated based on the amount of silica acid consumed by diatoms. The BSi biodeposition fluxes that reached the sediment–water interface (FS) were 18.0 × 106 mol (90d)–1 during spring and 11.2 × 106 mol (90d)–1 during summer. The maximum metabolic rate was recorded during summer (Mao et al., 2006), and the carbon ingestion rate was higher during summer than during spring (Li et al., 2024). Therefore, biodeposition rates were expected to be higher during summer but were found to be higher during spring (Figure 11). This may be related to the growth stage of the bivalves. The bivalves were in the early growth stage in August 2022, and in the middle growth stage in April 2023. The carbon ingestion rate was 0.18 ± 0.06 mg C h–1 ind–1 during the early growth stage in June 2022 and could reach 1.38 ± 0.46 mg C h–1 ind–1 in June 2023 at harvesting. This may have led to a higher carbon ingestion rate during spring 2023 than during summer 2022. As a result, the BSi biodeposition flux may have been underestimated during summer 2022.

The fate of diatom silica in surface sediments is largely influenced by the active filter feeding of bivalves, which defecate Si-rich feces that facilitate diatom silica retention on the sediment surface (Chauvaud et al., 2000; López-Acosta et al., 2022). Active biodeposition by suspension feeders is known to increase downward particle fluxes near the sediment–water. Si removal is governed solely by its accumulation in the sediment. BSi burial is an important pathway for Si removal from the bay. Additionally, the amount of dissolved Si contributes to interstitial water saturation and ultimately feeds the Si benthic efflux from the sediments of the bay into the water column, a recycling process that helps sustain planktonic diatom populations during the productive season in the bay. As discussed above, the benthic DSi flux was estimated at 4.02 × 106 mol (90d)–1 during spring and 8.68 × 106 mol (90d)–1 during summer. This amount may contribute to approximately 35% of the PBSi production during summer and 15% during spring (Figure 11). The initial BSi accumulation estimate in the bay was obtained by subtracting the benthic DSi flux from the biodepositional BSi flux. Hence, the net sediment Si accumulation rate in SGB was 14.0 × 106 mol (90d)–1 during spring and 2.52 × 106 mol (90d)–1 during summer. Based on the difference between BSi production and biodeposition flux (FS), the DSi recycled in the water column was estimated at 8.60 × 106 mol (90d)–1 during spring and 13.6 × 106 mol (90d)–1 during summer, which accounted for 32% of PBSi production during spring and 55% during summer, respectively (Figure 11). In the SGB interior Si cycle, apart from the benthic flux at the water–sediment interface, recycling from the water column is the major source complementing the DSi reservoir.

The BSi burial efficiency, that is, the BSi accumulation rate divided by the sum of the BSi accumulation rate and benthic DSi flux, was calculated as 78% during spring and 23% during summer. The burial efficiency during spring was comparable to that in the Bohai Sea (72%, Liu et al., 2016) and the East China Sea (81%, Wu and Liu, 2020), and much higher than that in Jiaozhou Bay (49%) (Liu et al., 2008), the South China Sea (27%) (Ma et al., 2022), and the open oceans (1.9−39%) (Ragueneau et al., 2009; Hou et al., 2019) due to the high biodepositional rate in SGB. The burial efficiency during summer was much lower than these values and comparable to the global ocean average (~20%) (Tréguer et al., 1995). The high burial efficiency during spring indicated that little room was left for export from the bay or dissolution in the water column. Export from the bay is important only during the wet season with high river flow.

The BSi preservation efficiency (the BSi production rate divided by the BSi accumulation rate) in SGB is estimated at 53% during spring and 10% during summer, which is approximately 370 and 70 times higher than global carbon preservation efficiency, respectively. This makes BSi in sediments a potential proxy for export production (Tréguer et al., 2018). SGB preservation efficiency during spring was much lower than that in the Bay of Brest (82%, Ragueneau et al., 2005) and higher than that in Jiaozhou Bay (17%) (Liu et al., 2008), the Bohai Sea (6.5%, Liu et al., 2016), the YS (24.3%, Wu et al., 2017), and the East China Sea (12%, Li, 2019). The preservation efficiency during summer was lower than that in the YS and Jiaozhou Bay and comparable to that in the East China Sea. Efficiency reflects the ability of the SGB settling and sedimentation environment to preserve BSi. The vertical transportation process through the water column (feces and pseudo-feces) and the nature of the siliceous assemblage (species composition) are important factors controlling the preservation of siliceous material between production in the surface water and final accumulation in the sediment. Preservation mechanisms are important in SGB because of their suspension-feeder filtration/biodeposition activity and aggregate formation. BSi dissolves more readily after the diatoms are filtered and digested by the bivalves in SGB. Therefore, this may lead to a lower preservation efficiency during summer than during spring. BSi dissolution in the shallow bay probably occurred at the sediment–water interface. This result is consistent with the model estimation (Figure 11). The high BSi preservation rate indicates that burial is an important sink for Si and has a significant impact on the regional carbon cycle.

Considering all Si input fluxes into SGB, the riverine DSi input (FR) accounted for 12% during spring and 84% during summer. The total DSi input to the bay represented 88% of the PBSi production during spring. Taking the average DSi concentrations (4.31 μM during spring; 16.4 μM during summer) and the total water volume of 1.08 × 109 m3 in SGB, the bay can provide a total DSi load for ca. 16 days during spring and 65 days during summer of the PBSi production. This indicates the importance of water column dissolution and DSi regeneration in the SGB sediment during the dry season. In particular, biodeposition represents 6.4 times the river input during spring. This suggests that riverine inputs could not sustain diatom production during the dry season, which was not the case during the wet season. Considering, the above results are preliminary; they must be carefully interpreted. Most of the data in the bay were estimated because of insufficient data. The net Si input was not equal to the net output during spring or summer. The total Si input flux into SGB was approximately 1.5 and 2.2 times higher than the Si output flux during summer and spring, respectively. Thus, the estimated Si budget was not steady. The primary uncertainties in the results may be related to many factors, including an underestimated BSi production during summer due to different carbon ingestion rates during different growth stages and underestimation of the benthic DSi flux due to bioturbation and strong resuspension. Further studies should focus on solving the effects of bioturbation and tides on the resuspension of the bottom sediment to obtain the actual vertical DSi flux, BSi production and dissolution rates, and seasonal changes in the input and regeneration rates of both DSi and BSi.





4.4 Biodeposition effect on Si retention

Biodeposition typically leads to high deposition rates that exceed those of natural sedimentation and creates sediment enrichment in materials such as biogenic (Ragueneau et al., 2005; van Broekhoven et al., 2014) and trace elements (Liu et al., 2023). In SGB, the deposition rate (0.6−2.1 cm yr–1) was significantly higher than that in the YS (0.15 cm yr–1) and East China Sea (0.24 cm yr–1) which are not breeding areas (Yang et al., 2010; Bai et al., 2022). As discussed above, biodeposition plays an important role in Si retention in SGB. In recent decades, the sediment carbon content has increased after the development of large-scale aquaculture activity (Liu et al., 2015; Bai et al., 2022). These results emphasize the impact of bivalve biodeposition on OM sediment enrichment. BSi enrichment in the sediment may be even greater. Si retention along the land–ocean continuum may be enhanced by biodeposition.

Grazers play an important role in Si and carbon interactions in the world oceans, such as in the upper waters or at the sediment–water interface (Ragueneau et al., 2002b). Grazers typically have no Si requirement; when they consume diatoms, they retain particulate OM but egest frustules without Si excretion (Tande and Slagstad, 1985; Ray and Fulweiler, 2020). This phenomenon has also been observed in other regions (Chauvaud et al., 2000; Dagg et al., 2003; Ragueneau et al., 2002b). Forty-six percent (ranging from 30 to 74%) of the carbon consumed was found in the feces and pseudo-feces of 10 different mollusks at the sediment–water interface (Pouvreau, 1999). Similarly, bivalves retained approximately 40% of the ingested carbon (Li et al., 2024), leaving 60% in feces and pseudo-feces in SGB. With this carbon assimilation and still assuming that 100% of the BSi is egested in the feces, the PBSi: POC ratio is expected to increase by a factor of 1.4−1.7 between its value in diatoms and its value in bivalve feces in SGB. Therefore, Si retention in this ecosystem must increase with increasing biodeposition induced by the proliferation of exotic suspension feeders because the net OM sedimentation is strongly increasing (Bai et al., 2022) and the biodeposits are enriched in BSi. DSi is primarily exported to the sediment through the sinking of DSi-rich fecal pellets. In SGB, most (77.5%) of the biodeposited BSi was recycled during the wet season (Figure 11). Benthic fluxes reached higher values at the monoculture site than at the site where kelp was co-cultivated (Ning et al., 2016), suggesting that bivalves play an important role in controlling benthic fluxes. As a result, DSi may not be retained in a recycling pool during the wet season, as is nitrogen in the ammonium pool, and it is continually exported from the system at a higher rate than nitrogen. Phytoplankton use recycled nitrogen to balance their DSi uptake, consequently, leading to greater DSi depletion in the bay. Although most of the BSi in the biodeposits is recycled and fuels summer production, a significant fraction (78%) is buried during spring (Figure 11). The high Si preservation efficiency leads to high Si retention during the dry season. Benthic flux is an important DSi source during the dry season (Table 2). This suggests that bivalves have the potential to alter Si retention in the bay by producing large amounts of biodeposits and accelerating the silica cycle, which leads to more carbon dioxide being absorbed by diatoms.

The calculations presented herein suggest that the production of biodeposits and BSi preservation in the biodeposits may be high enough to sustain an important annual Si accumulation flux in the SGB ecosystem, which is important with respect to the other Si sources and sinks in this ecosystem and possibly important with respect to what this flux was before aquaculture began. In ecosystems where suspension feeders continue to spread, Si retention along the land–ocean continuum may increase with time, particularly during the dry season. This is another route of silica depletion (Ragueneau et al., 2005). This route does not require enhanced diatom production but simply enhances BSi preservation by increasing biodeposition due to the proliferation of suspension feeders. It is important to closely examine nutrient monitoring stations and search for possible long-term changes in DSi concentrations in seaward areas that are subject to the proliferation of biodepositing organisms. An important next step in understanding the effect of bivalves on coastal biogeochemistry is the development of predictive models that use local environmental characteristics such as temperature, salinity, water-column dissolved nutrient concentrations, and/or sediment physical and chemical properties.





5 Conclusions

SGB is a typical shallow-water IMTA system with primary productivity dominated by diatoms. Our study highlights that aquaculture activity plays an important role in nutrient cycling. Under the combined effects of natural processes and aquaculture activity, the nutrient levels and cycling in the bay were affected. Nutrients showed considerable seasonal and regional variation in the bay and were higher during summer than during spring owing to seaweed and phytoplankton uptake and freshwater discharge. The results indicated that SGB behaved as a sink for DIP, DIN, and DSi during both the wet and dry seasons. DSi was primarily derived from freshwater discharge and benthic flux. Bivalve excretion is an important source of DIP, and plays an important role when phytoplankton growth is limited by phosphorus. Large amounts of DIN and DIP are removed through seaweed and bivalve harvesting during both the wet and dry seasons.

PBSi distribution was similar to that of DSi in solutions, which was influenced by SPM and Chl a. The PBSi content in the streams accounted for approximately 10% of the total silica content. A Si balance for SGB was established based on the box model. Among all the input pathways for biologically available Si, the exchange flux between SGB and the YS was the largest external Si input, accounting for 75%, followed by benthic flux (13%). The major source of Si during summer was freshwater discharge, which accounted for 84% of the total influx, followed by benthic flux (12%). The regenerated DSi represented 47% of the BSi produced during spring, of which 32% was regenerated in the water column and 15% in the sediment. The regenerated DSi accounted for 91% of the BSi produced during summer, of which 55% was regenerated in the water column and 36% in the sediment. DSi regeneration may be an important process that sustains diatoms as the dominant species in SGB. The BSi burial efficiency was estimated to be approximately 78% during spring and 23% during summer. This may lead to Si limitations in SGB. However, limited data (biodeposition and modern sedimentation rates), different siliceous production contributions, and bivalve growth stages, result in relatively skewed budgets. Therefore, further research is required.
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The average values are shown in parentheses.





