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The Influence of a Suspended Cage Aquaculture Farm on the Hydrodynamic Environment in a Semienclosed Bay, SE China
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Hydrodynamic responses of the aquaculture farm structures have been increasingly studied because of their importance in informing the aquaculture carrying capacity and ecological sustainability. The hydrodynamical effect of the suspended cage farm on flow structures and vertical mixing in the Sansha Bay, SE China, is examined using observational data of two comparative stations inside and outside the cage farm. The results show that current velocities are relatively uniform in the vertical except a bottom boundary layer outside the cage farm. Within the cage farm, the surface boundary layer produced by the cage-induced friction is obvious with current velocities decreasing upward, combining the classic bottom boundary layer to form a “double-drag layers” structure in the water column. The cage-induced drag decreases with water depth in the surface boundary layer with a maximum thickness of 3/4 the water column, and the current velocities can be reduced by 54%. The cage-induced friction can also significantly hinder the horizontal water exchange in the farm. Periodic stratification phenomena exist at both stations under the influence of lateral circulation. However, the subsurface (5–10 m below the sea surface) water column below the cage facilities is well-mixed as indicated by the vertical density profile, where the velocity shear (10–3 m–2) is about 10 times higher than that of the subsurface layer outside the cage farm. Therefore, we speculate that the well-mixing of the subsurface water column results from the local turbulence induced by the velocity shear, which in turn is produced by the friction of cage structures.
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INTRODUCTION

Marine aquaculture is expanding rapidly in recent decades to satisfy the sustainable protein demand of the growing human population [Naylor et al., 2000; Food and Agriculture Organization [FAO], 2018; Cabre et al., 2021]. However, the rapid development of inshore aquaculture has been increasingly criticized for its adverse impact on ambient water settings. The presence of large aquaculture farm structures should greatly affect the flow structures, water exchange capacity, and nutrient circulation (Holmer et al., 2002; Wu et al., 2017; Weitzman et al., 2019; Visch et al., 2020). The production of huge organic substances (e.g., residual bait, feces, and metabolic waste) in the aquaculture area is potential to trigger the occurrence of eutrophication, red tide, and hypoxia (Newton et al., 2016; Leary et al., 2017). These impacts may have a knock-on effect on the carrying capacity of aquaculture farms, which ultimately affects the surrounding ecology and its ecosystem services (Ferreira et al., 2014; Ottinger et al., 2016; Cabre et al., 2021). China accounts for over 60% of global aquaculture production with a rapidly growing aquaculture industry, commonly using floating cages, longlines, and other structures to cultivate aquatic organisms. Chemical and ecological impacts of the vast scale of suspended aquaculture have been well studied in China, but physical impacts remain relatively understudied (Wartenberg et al., 2017). Hydrodynamic response of the aquaculture farm structures or canopies has been increasingly studied because of its importance in informing how to maintain healthy ecosystems.

Flow velocities inside and around the cage nets can be significantly reduced (Zhao et al., 2013a,b), mainly due to the shielding effects downstream the cage nets (Bi et al., 2014a). The flow velocity reduction effect can also be influenced by the cage number and the cage arrangement (Zhao et al., 2013b,2015). Another effect of the cage on local hydrodynamics is wave attenuation by the cage. Bi et al. (2017) observed that the maximum attenuation of wave transmission coefficient was approximately 7% downstream of the cage using a three-dimensional computational fluid dynamic model. Bi et al. (2014b) investigated the interaction between the flow and a net cage with a flexible net using a numerical model. They reported that the increase in incoming velocity will aggravate the deformation of the cage, and the deformed net has more noticeable blockage effect than the net with no deformation.

In addition to the cage-induced flow -reduction in a horizontal direction, the vertical distribution of flow velocity can also be modified by the presence of the cage. A number of studies have shown that the surface velocities are greatly reduced by the canopies, and the maximum velocities appear in the middle or lower layers of the water column (Fan et al., 2009; Herrera et al., 2018). Lin et al. (2016) observed flow attenuation of 75–90% at the top layer in a longline mussel farm in Zhoushan, China. Pilditch et al. (2001) observed a 40% reduction in current velocity inside a suspended scallop aquaculture farm in Nova Scotia, Canada. Plew et al. (2006) demonstrated similar reductions within a mussel farm of Golden Bay, New Zealand. Based on the observations and model outputs, O’Donncha et al. (2017) reported that current velocities inside the farm structure were obviously reduced, but the flow was accelerated beneath the canopy. In addition, the existence of aquaculture facilities significantly increases the exchange cycle of water. Wang et al. (2018) found the retention time of water increased by 25–40 days in the inner bay and 5–10 days in the middle of Sanggou Bay due to the resistance of farm structures. These flow responses undoubtedly impact the nutrient supply and carrying capacity of the system.

Aquaculture activities can also affect the stratification and mixing patterns of the aquatic environment (Zhao et al., 2017; Xu and Dong, 2018). Plew et al. (2006) found that the dissipation rate at the canopy interface was greater than that at the bottom in the mussel aquaculture farm of Golden Bay, indicating that the local turbulence generated at the canopy interface enhanced mixing. The flume experiment conducted by Plew (2011a) in the laboratory showed that the existence of canopy was conducive to the development of shear layer processes at the canopy interface, resulting in turbulence and the enhanced mixing. However, the observations in giant kelp forests in Santa Cruz, California, showed that the small shear of highly decreased current velocity due to the canopy effect was difficult to impede the water stratification (Rosman et al., 2007). Stevens and Petersen (2011) found that the dissipation rate of turbulent kinetic energy inside the aquaculture farm was only 10–8–10–6 m2s–3. It is therefore indicated that the impacts of aquaculture structures on stratification and mixing are not affirmatory for the turbulence generation or suppression.

Under the complex topographic conditions, such as estuaries and bays, the factors affecting the vertical stratification and mixing are even more complicated (Huguenard et al., 2015; Tu et al., 2019; Xiao et al., 2019). Simpson et al. (1990) found that the periodic stratification (i.e., enhanced mixing at flood and more stratification at ebb) was mainly controlled by longitudinal tidal straining in tidal estuaries. But Lacy et al. (2003) observed the opposite phenomenon in San Francisco Bay, where the stratification increased during the flood tide and decreased during the ebb tide, due to the lateral circulation. Liu and Huguenard (2020) demonstrated that the periodic stratification in the oyster aquaculture farm, Damariscotta River in the NE, United States, was mainly controlled by the lateral circulation and less affected by the aquaculture facilities.

This study aims to evaluate the impact of cage aquaculture farms on the local hydrodynamics in Sansha Bay, a semienclosed bay in Fujian, SE China (Figure 1). The water quality and ecosystem of the bay have been degrading in recent decades due to increasing aquaculture (Sun et al., 2015). The influence of cage aquaculture on the flow field and water exchange in Sansha Bay was investigated based on observations and model output (Lin et al., 2019). The near-surface current velocity that squared in the cage-free areas was much larger than that inside the cage farms by a factor exceeding three in deep channels, and by a factor of two in tidal flats. The cage-induced drag could reach as deep as 20 m in the relatively deep channels. Cage aquaculture significantly increased the exchange cycle of water in the bay. However, the hydrodynamic response of the dense aquaculture facilities in the bay has so far not been studied by the comparison of dual campaigning sites, one inside and the other outside the cage farm. We describe the method including the study site, and data collection and processing in Section 2. The main results are presented in Section 3. The hydrodynamic change by the cage-induced drag and the potential mechanisms influencing stratification and mixing are discussed in Section 4. Section 5 summarizes the conclusions.
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FIGURE 1. (A) Location of the Sansha Bay in the East China Sea and (B) Bathymetric map of the Sansha Bay with the tide-gauging station at Bangmen and the two campaigning sites: GJ-01 (inside the cage farm) and GJ-02 (outside the farm). The red stars indicate the locations of observation sites.




MATERIALS AND METHODS


Study Site

Sansha Bay is a semienclosed bay consisting of several secondary bays (Figure 1B). The bay has a total area of approximately 675 km2, and is connected to the East China Sea through a deep, narrow channel of approximately 3 km wide. It is dominated by regular semidiurnal tides with a maximum tidal range of 5.64 m. The local currents are also significantly affected by tides, and the maximum current speed exceeds 1 m/s in the deep channels but decreases below 0.5 m/s in the shallow areas (Lin et al., 2017). The wave climate is calm with an annual wave height of 0.1 m and an average wind speed of 3.2 m/s. Affected by freshwater input, the bayhead is characterized by warmer and less-salty water, whereas the bay mouth is mainly influenced by the colder and saltier seawater (Lin et al., 2016).

The Sansha Bay has an aquaculture area of ∼ 300 km2. According to the Google map digitization, the longline aquaculture farms for seaweeds are distributed over a much larger area in the shallow and inner bay whereas the cage aquaculture farms for fish are mainly distributed around the Guanjing Bay (Figure 2A) where deeper channels are located with stronger currents (Figure 1B; Lin et al., 2017). There are about 20 × 22 fish cages in an aquaculture unit adjacent to the observation site GJ-01, and the distance between two adjacent units is about 20–30 m (Figure 2C). A standard cage is 3 m in both length and width and 4 m in height, and they float at the sea surface under the help of plastic foam and wood, and also bottom-mounted anchor lines (Figure 2B). The bar length of the net used in cage aquaculture is 32.8 mm and the diameter is 5.6 mm. The young fish begins to be cultured in spring (April to May) or in autumn (October to December) (about 10,000 individuals/cage). When the yellow croaker grows up to 10 cm in length, the aquaculture density decreases to 1,500 individuals/cage, and it grows to the standard of commercial fish for about 10–15 months.
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FIGURE 2. Distribution of longline and cage aquaculture farms in the Sansha Bay based on the Google map digitization (A), a sketch of a single raft cage, and also a conceptual sketch of tidal boundary layer velocity profiles with (upper panel) and without (lower panel) the influence of suspended cages (B), and the distribution of cages around GJ-01 and GJ-02 in the Google map photographed on September 12, 2019. An aquaculture unit around GJ-01 is shown on the right, which consists of 22 × 20 cages (C). The rotated coordinate system is also shown to better represent the real flow direction. The long red line indicates the direction of streamwise component u, whereas the short red line indicates the direction of spanwise component v.




Data Collection

A field campaign was conducted from July 14 to 24, 2019 near Dongan island, where the densest cage aquaculture farms are regularly arranged with a narrow and straight ship channel at the center (Figure 2C). Hydrographic surveys were carried out using a bottom-mounted tripod, a surface floating platform, and the ship-based cast. GJ-01 is located inside the cage aquaculture farm and GJ-02 in the ship channel outside the farm (Figure 2C). The distance between the two stations is about 240 m.

A Flowquest 600 kHz acoustic Doppler Current Profiler (ADCP) and an optical backscatter sensor (OBS) with built-in temperature and salinity sensors (OBS-3A, D&A Instrument Com) were fixed on the surface floating observation platform (Table 1). The ADCP was downward-looking, with a bin size of 0.5 m and a sampling interval of 60 s. The sampling interval of OBS was configured as 60 s. The floating observation platform was first placed at GJ-01 for a continuous observation of 68 h since 17:00 on July 13. Afterward, it was moved to GJ-02 for another continuous observation of 27 h since 13:30 on July 16. Time series of sea surface temperature, salinity, and turbidity and also the variabilities of the current velocity profile at the two stations were obtained.


TABLE 1. Information of the instruments and their deployment and working modes.

[image: Table 1]
The bottom-mounted tripod equipped with an ALEC current meter and an OBS-3A was first deployed at GJ-01 from 17:00 on July 13 to 14:30 on July 14. However, the data of the ALEC current meter were not used because we focused on the flow structures impacted by the farm facilities. The tripod was reset and deployed at GJ-02 from 12:30 on July 15 to 12:00 on July 17. The instruments included OBS-3A, acoustic Doppler velocimeter (ADV, Nortek 6 MHz Vector), and a Flowquest 300 kHz ADCP. The sampling interval of OBS was 60 s; the sampling frequency of ADV was 32 Hz; the sampling interval of ADCP was 60 s; and the vertical bin size was 1 m (Table 1).

Profiling observation was carried out using a CTD with a built-in OBS 3+ sensor (Idronaut 304 plus) at GJ-01 (8:00–20:00, July 14) and GJ-02 (7:00–19:00, July 16). Water samples were collected using a pump from the three different water depths near the surface, the half, and near the bottom. The CTD was configured to sample at a rate of 2 Hz. During the profiling observation, the wind speed and direction were also measured using an anemometer. The wind speed was small during the whole observation period (average wind speed was 1.2 m/s), which indicates to have little impact on the local hydrodynamics.



Data Processing

Current velocities were averaged over 10-min segments and then rotated into a streamwise component u, which is approximately parallel to the shoreline and also roughly parallel to the ship channel (positive u indicates flood current toward ∼60°) and a spanwise component v (positive toward the north shore). The downward-looking 600 kHz ADCP at GJ-01 was placed on the surface float with the transducer locating at ∼ 0.3 m below the sea surface. The available velocity records were determined by blanking zones (0.7 m and 1.4 m for 300 and 600 kHz AD, respectively) adjacent to the transducer and side-lobe effect far from the transducer. Thus, the velocity recorded covers the water column between 1.95 m below the surface and 0.07 h above the bed (h is the water depth). The bottom-mounted 300 kHz ADCP at GJ-02 was deployed at 1.88 m above the bed. The first velocity bin was located at 5.76 m above the bed and the last one at ∼ 0.07 h below the sea surface. The velocity data had been extended to the near-bed region combined with the ADV data (0.75 m above the bed).




RESULTS


Temporal Variations in Water Level, Temperature, and Salinity

Temporal variations in water levels at GJ-01 and GJ-02 are shown in Figure 3A, together with contemporary tidal level change at Bangmen station. It is clearly shown that the Sansha Bay is primarily dominated by the semidiurnal tide. Slight tidal asymmetry was exhibited with the flood and ebb tides lasting for on average 6 and 6.5 h, respectively.
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FIGURE 3. Time series of water-level change at GJ-01 (red line) and GJ-02 (pink line), and also tidal elevation change at Bangmen tide-gauging station (black line) (A), temperature and salinity at GJ-01 (B), and temperature and salinity at GJ-02 (C). Surface (Bottom) water temperature and salinity are indicated by black (black dotted) and red (red dotted) lines, respectively. The two gray-shaded periods (t1, t2) represent the periods of hourly CTD casts at GJ-01 and GJ-02, respectively.


The OBS-3A data from the GJ-01 and GJ-02 are combined to present the local hydrographic characteristics. The water-level time series suggested tide at Bangmen (bay head) lagged ∼ 0.5 h behind the campaigning site (Figure 3A). Both the surface and bottom temperatures were highly modulated by the tide in terms of the presence of high (low) temperature at the ebb (flood) slacks (Figures 3B,C). At GJ-01, surface temperature and salinity were monitored during 0.5–70.5 h, whereas the bottom temperature and salinity were monitored during 0.5–22 h (Figure 3B). At GJ-02, surface temperature and salinity were monitored during 71–96 h, whereas the bottom temperature and salinity were monitored during 45–91 h (Figure 3C). The surface water temperature during 0.5–70.5 h fluctuated between 25.2 and 26.4°C, but the maximum surface water temperature rose up to 27°C during 71–96 h. The bottom water temperature ranged from 24.3°C to 25.5°C, without the presence of relatively higher temperatures during the last 25 h as shown at the surface water temperature.

The surface water salinity varied between 28 and 30 psu during 0.5–70.5 h (Figure 3B). However, the salinity decreased significantly during 2–5 h to the lowest value of 28 psu before a gradually rising pattern. The surface water salinity during 71–96 h reached up to 30–31 psu (Figure 3C). The bottom water salinity during the observation period reached 30–32 psu. The bottom salinity demonstrated remarked semidiurnal tidal signal, but the surface salinity showed higher frequency variations that potentially linked with M4 shallow-water tidal constituent (Figures 3B,C).

The vertical structures of water salinity, temperature, and density anomaly σ (ρ-1000) are presented in Figure 4 during the observational periods of t1 and t2 as indicated in Figure 3. The water temperature variation patterns were quite similar at the two stations, both varying with the tide with the presence of warmer (colder) water at the ebb (flood) slacks. The temperature variations were in the range of 1–3°C over the entire water column. The saline stratification is stronger around the flood slack and collapsed down at the ebb slack. The maximum salinity difference between the surface and the bottom on July 14 at GJ-01 was 3.37 psu which occurs at the end of flood and the minimum was 0.97 psu which occurs at the end of ebb. Similar temporal variations had been observed on July 16 at GJ-02 with a maximum surface–bottom salinity difference of 2.76 psu and a minimum difference of 0.89 psu. The density variation was similar to salinity. The maximum surface–bottom density difference was 3 kg m–3 and the minimum was 1 kg m–3 on July 14, and the maximum surface–bottom density difference was 2 kg m–3 and the minimum was 1 kg m–3 on July 16.


[image: image]

FIGURE 4. Hourly variations in the vertical structure of temperature, salinity, and density anomaly σ (ρ-1000) at GJ-01 on July 14, 2019 (A–C), and those at GJ-02 on July 16, 2019 (D–F). T1–T4 are the selected periods representing flood slack, maximum ebb, ebb slack, and maximum flood, respectively.




Vertical Structure of Tidal Current

Figure 5 shows temporal variations in vertical structures of flow velocities u and v at the stations GJ-01 and GJ-02. The flood and ebb tides lasted for on average 6 h and 6.5 h, respectively. The peak u of GJ-01 exceeded 1 m/s during the flood tide and that of the ebb tide was 0.97 m/s. The maximum u of GJ-02 was 0.92 m/s during the flood tide and 0.74 m/s during the ebb tide. At GJ-01, the depth-averaged u for the flood and the ebb tides were 0.37 m/s and 0.39 m/s, respectively. The similar u values were observed at GJ-02 with 0.4 m/s and 0.38 m/s for the flood and the ebb tides, respectively. The small values of depth-averaged v at the two stations were almost identical (Table 2). The maximum current velocities occurred during the half of flood (ebb) tide, and the minimum current velocities occurred at flood (ebb) slack. In addition, there was significant lateral circulation at both stations from the vertical characteristics of v (Figures 5B,D). At flood, the upper layer water flowed southwest while the lower layer water flowed northeast, and vice versa during the ebb.
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FIGURE 5. Current velocity profile of u and v at GJ-01 (A,B) and GJ-02 (C,D). The green boxes indicate the current data measured synchronously at the two stations. The current profile of GJ-01 was measured by the downward-looking ADCP 600 kHz on the surface, and the current profile of GJ-02 was measured by the upward-looking ADCP 300 kHz on the tripod.



TABLE 2. Statistics of current velocity at the two stations.

[image: Table 2]
Streamwise and spanwise current velocities at the upper (0.75–0.85 h) (us, vs), the mid (0.4–0.5 h) (um, vm), and the lower (0.15–0.25 h) (ub, vb) water column have been shown in Figure 6. The difference of current velocities (i.e., vertical shear) in different layers was mainly reflected in u (Figures 6A,C), whereas the difference of v was not obvious (Figures 6B,D). The mean absolute values of um and ub at GJ-01 were 0.51 m/s and 0.43 m/s, respectively, whereas it was only 0.24 m/s in the near-surface layer (Figure 6A). The mean absolute ub value at GJ-02 was 0.31 m/s, and the mean absolute values of um and us were identical at 0.38 m/s.
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FIGURE 6. Time series of u and v at the upper (0.75–0.85 h), the lower (0.15–0.25 h), and the mid (0.4–0.5 h) water column at GJ-01 (A,B) and GJ-02 (C,D). The near-surface, mid, and near-bottom current velocities are shown in black, red, and blue, respectively. The shaded parts indicate the current data measured synchronously at the two stations.




Stratification and Mixing

Time series of densities ρ (S, T, p) at the near-surface and near-bottom layers and also their difference are presented in Figure 7. It is clearly seen that the density varies in phase with the tide, that is, elevated density at the high tide and reduced density at the low tide. Periodic density stratification existed at both stations. The stratification gradually increased during the flood tide and reached the maximum at the flood slack. The stratification gradually decreased during the ebb tide and reached the minimum at the ebb slack. The maximum surface–bottom density difference of GJ-01 and GJ-02 was about 3 kg m–3 and 1.5 kg m–3, respectively, whereas the minimum density difference was 0.53 kg m–3 at GJ-01 and was close to 0 at GJ-02.
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FIGURE 7. Time series of water depth, surface (red line) and bottom (black line) density, and the surface–bottom density difference at GJ-01 (A–C), and water depth, surface (red line) and bottom (black line) density, and the surface–bottom density difference at GJ-02 (D–F).


The vertical structures of density are presented in Figure 4. There were visible differences between the upper water column and the lower water column at two sites. The density of the upper water column at GJ-01 changed with a small magnitude less than 0.3 kg m–3 over the whole tidal cycle (Figure 4C), which indicates the poor horizontal water exchange within the cage farm. However, the density of the upper water column at GJ-02 varied in a range of more than 1 kg m–3, significantly larger than that of GJ-01 in the tidal cycle (Figures 4C,F). The density variations were quite similar in the lower water column at the two sites with a similar range of 2 kg m–3. The stratification around the high tide was stronger than the low tide.




DISCUSSION


Hydrodynamic Change by the Cage-Induced Drag

As shown in Figure 6 and discussed earlier, the flow velocity at the upper water column has been significantly reduced. As the wind speed measured by anemometer during the whole observation period was very small (average wind speed was 1.2 m/s), the effects of wind stress on the near-surface current are expected to be negligible. Therefore, the streamwise velocity (u) reduction in the upper layer is believed to be mainly due to the existence of cage facilities, whereas the spanwise (v) velocities were almost unaffected. Given that the maximum u generally appeared in the mid-water column at both sites, the near-surface (us) and near-bottom (ub) velocities of GJ-01 and GJ-02 were then fitted with the mid-layer (um) velocities to quantify the cage farm’s influence (Figure 8). The reduction in current velocities due to the canopy and bottom drag can be conveniently characterized by the slope of scatterplots of us vs. um and ub vs. um. As shown in Figure 8C, the us values were almost equal to the um at GJ-02 outside the cage farm. The slope of the scatterplots between us and um at GJ-01 was 0.46 (Figure 8A), which indicates that the near-surface velocities were reduced by 54% due to the cage-induced drag. The slope of the best fit line of the scatterplots between the ub and the um was closest to GJ-01 (0.83) and GJ-02 (0.75; Figures 8B,D), which implies that the cage-induced drag effect should not reach the near-bottom layer.
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FIGURE 8. Scatterplots of um vs. us at GJ-01 and GJ-02 (A,C) and um vs. ub at GJ-01 and GJ-02 (B,D). Gray dots indicate 10-min average data of raw streamwise velocities (u) at the three representative layers, and blue circles and error bars represent bin-averaged ub values over an interval of 0.1 m/s along the x-axis and associated standard deviations. The red lines are obtained by the linear fitting of u data shown by gray dots.


We further selected tidal current data measured synchronously during the period from 19:00 on July 15 to 13:00 on July 16 at the two stations to do a comparison for the hydrodynamic response of the cage farm. The results show that the us at GJ-01 was on average only 58% of that at GJ-02 (Figure 9A). The ub at GJ-01 was on average 1.12 times that of GJ-02 (Figure 9B), and also indicates that the near-bottom layer was hardly affected by the cage-induced drag. The depth-averaged current velocities inside and outside the cage farm were almost identical (Figure 9C). Given the small distance between the two sites, the highly reduced us at GJ-01 was most likely due to the friction induced by the aquaculture facilities. Based on field observations in winter, Lin et al. (2019) narrated that the surface current velocities were reduced by 70% in the deep tidal channels and 50% on the tidal flats due to the friction induced by the aquaculture facilities in the Sansha Bay. The surface current velocities were reported to decrease by 40% in the raft kelp aquaculture farm in Sanggou Bay, China (Shi et al., 2011) and decrease by 75–90% in the longline mussel aquaculture farm in Zhoushan, China (Lin et al., 2016). Plew et al. (2005) found that the surface current velocities decreased by 36–63% in the raft mussel aquaculture farm in Golden Bay, New Zealand.
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FIGURE 9. Scatterplots of us (A), ub (B), and the depth-averaged u (C) of GJ-01 vs. GJ-02. The symbols are identical to those in Figure 8.


The difference in the reduction magnitudes of surface current velocities could be influenced by different aquaculture types and densities in different farms. Using a three-dimensional numerical model, Zhao et al. (2013a) found that plane-net inclination angle, height, number, and the spacing distance between two plane nets can reduce the flow velocity downstream to different extents. Based on their numerical modeling results, Zhao et al. (2013b) found the flow reduction increases with increasing cage number. Zhao et al. (2015) conducted a series of physical model experiments and argued that the net cages arranged in double columns have less flow reduction inside the cage than the single column cage arrangement. On the other hand, the flow might cause the deformation of the flexible cage net, which amplifies the blockage effect on the flow (Bi et al., 2014b). When water flows through a net cage, which acts as an obstacle, a wake is formed downstream. This shielding effect can cause significant flow velocity reduction. As shown in experimental data and confirmed by numerical results, Bi et al. (2014a) found greater shielding effects with more cage nets. The flow velocity reduction may also be influenced by biofouling. The accumulation of biofouling attached to the net cages can increase the drag force, which will further aggravate the reduction in flow velocity (Bi et al., 2018, 2020). Bi et al. (2018) observed a maximum flow attenuation of 21.4% which is caused by biofouling based on the observations and laboratory experiments, and the drag acting on the net increases with increasing level of biofouling.

To summarize, we observed that the flow velocities and the water momentum passing through the cage are reduced within the cage due to the obstruction of cage aquaculture facilities. A tidal surface boundary layer is well-formed due to the frictional effects induced by suspended aquaculture as surface obstruction (Fan et al., 2009). The flow velocities are reduced due to the friction of the cage below the cage, and the flow velocities gradually recover downward from the cage. Moreover, due to the viscosity of the fluid, the recovery of flow velocity needs a certain process. Plew (2011b) divided the velocity profile into a bottom boundary layer, a canopy shear layer (i.e., a boundary layer caused by the structure), and an internal canopy. Velocity is reduced both in the canopy-induced shear layer and in the bottom boundary layer (Lin et al., 2016; Liu and Huguenard, 2020). The thickness of the shear layer is related to the canopy-induced drag and the distance between the canopy and the bottom boundary layer (Plew, 2011b). At the same bay with the same cage aquaculture facilities, Lin et al. (2019) reported that the cage-induced drag on the flow field can reach as deep as greater than 10 m in relatively deep channels of the Sansha Bay.

The range of the flow reduction effects might also be related to structural parameters of the cage net, such as the solidity ratio. According to Tang et al. (2017), the solidity ratio (α) can be calculated as [image: image], where d is the twine diameter, l is the bar length, and φ is the opening angle (Tang et al., 2017). In this study, l = 32.8 mm, d = 5.6 mm, but φ is hard to measure in the field as it might vary as the oscillating tidal flow. Assuming a constant φ = 45° that is used in flume tests of Tang et al. (2017), we obtain a rough estimate of α = 0.31. However, an accurate calculation of this parameter is not possible using our present dataset and thus requires more observational data in the future research. The present observation data aim to investigate the impact of cage aquaculture on large-scale hydrodynamic forces, and the influence of some detailed parameters, such as the consolidation ratio and the biological fouling on hydrodynamic forces, is not a focus of our current observations.

The vertical structures of u at GJ-01 (u1) and GJ-02 (u2) are investigated how deep the cage-induced friction can influence during the selected flood and ebb tides (Figure 10A). The cage-induced drag is clearly seen in the u profiles at GJ-01, where the u values decreased rapidly upward from the maximum ebb velocity at z/h≈0.25 (Figure 10B), and the maximum flood velocity at z/h≈0.4 (Figure 10E). The downward decreased u values at the lower water column at GJ-01 were due to bottom friction as those were also shown at the bottom boundary layer of GJ-02 (Figures 10C,F). However, the surface boundary layer induced by the friction of cage farms at GJ-01 was not observed at GJ-02 where the u values changed slightly upward in the upper-mid water column (Figures 10C,F). It is therefore implied that the cage-induced drag on the flow field can reach down to z/h = 0.25. The ratio of mean u squared at GJ-02 against GJ-01 shows generally upward-increasing patterns with the visible difference between the flood and the ebb tides (Figures 10D,G). The causes for such differences need further investigations.


[image: image]

FIGURE 10. Profiles of u at GJ-01 (u1) and GJ-02 (u2) during the ebb (B,C) and flood tides (E,F). Water-level variations at GJ-01 were plotted in panel (A) with the two selected periods (in gray) when the absolute depth-averaged u was larger than 0.2 m/s. The gray and black curves in panels (B,C,E,F) were plotted using the 10-min average u data and the average u data over the two selected periods. The ratio of u squared at GJ-02 and GJ-01 was plotted in panels (D,G). z is the height above the bed, and h is the water depth.




Potential Mechanisms Influencing Stratification and Mixing


Periodic Stratification and Lateral Circulation

As shown in section “Stratification and Mixing,” periodic stratifications were observed at both stations. Stratification increased during the flood tide, reached the maximum at the high tide, then decreased during the ebb tide, and approached a well-mixed state at the low tide. Because this phenomenon existed in both stations, we believe that the periodic stratification is not directly related to the presence of cage farms. It is worth noting that the periodic stratification as observed here is opposite to that caused by classic tidal straining. The latter tends to favor the development of stratification during the ebb tide and the destruction of stratification during the flood tide (Simpson et al., 1990). Thus, another mechanism must be responsible for the stratification generation in this study.

Lateral circulation basically represents a horizontal circulation in the horizontal direction perpendicular to the main channel. Because it is a circulation, a vertical fluid motion should be inherently involved. In this case, the effect of horizontal flow is major, and the vertical motion is minor. The periodic stratification observed in the Wadden Sea (Becherer et al., 2015) is consistent with our observations. They found that the periodic stratification was mainly controlled by the balance between the strong transverse pressure gradient force generated by lateral circulation and turbulence, whereas the longitudinal tidal straining was very small and could be almost ignored. Lacy et al. (2003) and Scully and Geyer (2012) observed the same phenomenon in estuaries with lateral circulation. In this study, lateral circulation existed at the two sites from the profiles of spanwise current velocity (v) (Figures 5B,D). In addition, the intratidal variations in vertical stratification were in phase with temporal variations in lateral circulation. Therefore, we believe that the stratification may be mainly associated with the observed lateral circulation. Besides, the poor water exchange capacity of the upper water column at GJ-01 hindered the entry of saltier seawater as shown by the small salinity and density variation ranges (Figures 4B,C), which further increased the density difference between the surface and the bottom layers at the high tide. Unfortunately, this hypothesis cannot be justified using our present dataset because the lateral density gradient cannot be estimated; thus, further observational direct evidences are still expected.



Enhanced Vertical Mixing by Cage Farms

The stability of a stratified shear flow can be assessed through the gradient Richardson number Rig (Bowden, 1963),

[image: image]

The gradient Richardson number is the ratio of the strength of the density stratification to the strength of the current shear. The primary measure of strength of stratification is the buoyancy frequency squared N2 (Brunt, 1927),

[image: image]

where g is gravitational acceleration, ρ0 is a reference density, and the z is the height above the bed. The velocity shear is calculated from

[image: image]

At high values of Rig, the stabilizing effect of the density gradient dampens turbulence, reducing vertical mixing. It is generally thought that stratified shear flows are stable if Rig > 0.25 everywhere in the flow (Turner, 1973). Rig was estimated based on the ADCP velocity records and the hourly profiling CTD data.

We selected several typical periods (T1–T4, Figure 4) to investigate the impact of aquaculture structures on vertical mixing (Figures 11, 12). Although the density stratification existed at both stations (Figure 7), their flow stability patterns were different (Figures 11, 12). Stable stratification (Rig > 0.25) existed at GJ-02 except the near-bottom layer (Figure 11), and the square of velocity shear in the subsurface layer (5–10 m below the sea surface) was close to 10–4 s–2. However, the subsurface layer of GJ-01 (shaded part of Figure 12) was well-mixed (Rig < 0.25). The square of velocity shear of GJ-01 was in the order of 10–3 s–2, which indicates that the velocity of the subsurface water body was strongly sheared, enhancing vertical mixing. The stable stratification (Rig > 0.25) was mainly in the mid-water column (20–25 m below the sea surface). In the stable region, the current velocities were large and current shears were weak, suggesting a regime affected neither by the cage-induced nor by the bed-induced drag. Velocity shear caused by the friction enhanced the local mixing in the near-surface and the near-bottom layers, corresponding to the “double-drag layers” observed in the current speed profiles (Figures 5A, 10B,E).
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FIGURE 11. The profiles of density anomaly σ (A1–A4), u (black line) and v (red line) (B1–B4), the square of buoyancy frequency N2 (black line) and the square of velocity shear S2/4 (red line) (C1–C4), and the gradient Richardson number Rig (D1–D4) during the four representative periods T1–T4 at GJ-02. The red dashed lines indicate u (v) = 0 in panels (B1–B4), and Rig = 0.25 in panels (D1–D4), respectively. The shaded parts represent the subsurface (5–10 m) layers.
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FIGURE 12. The profiles of density anomaly σ (A1–A4), u (black line) and v (red line) (B1–B4), the square of buoyancy frequency N2 (black line) and the square of velocity shear S2/4 (red line) (C1–C4), and the gradient Richardson number Rig (D1–D4) during the four representative periods T1–T4 at GJ-01. The red dashed lines indicate u (v) = 0 in panels (B1–B4), and Rig = 0.25 in panels (D1–D4), respectively. The shaded parts represent the subsurface (5–10 m) layers.


Liu and Huguenard (2020) reported a similar periodic stratification pattern in the oyster aquaculture farm of Damariscotta River with lateral circulation. They found that during the flood tide, farm-induced drag enhanced the lateral straining of velocity shear to enhance vertical mixing near the surface, but during the ebb tide, the decreased velocity shear due to the reduced surface velocities was difficult to overcome the stratification. Plew et al. (2006) found that the dissipation rate inside the canopy was generally higher than that near the bed, and they both varied with the tide with higher dissipation occurring at faster current speed. Plew (2011b) divided the vertical profiles of velocity into a bottom boundary layer, a canopy shear layer, and an internal canopy layer. The impact of aquaculture activities on vertical mixing and stratification may be related to the cage-induced drag. In our study, the current velocities of the subsurface layer were large during the flood and the ebb tides, and a strong velocity shear could be generated at the cage interface to enhance the local vertical mixing. Therefore, we believe that the well-mixed subsurface layer of GJ-01 may be due to the cage-induced drag, which enhances the shear of current velocity and produces local turbulence, resulting in the vertical mixing. However, due to the lack of high-frequency current velocity data of the near-surface, we are not able to verify whether there is local turbulence in the subsurface layer of GJ-01.

The gradient Richardson number at each 13-h period at the two sites was counted using individual hourly-observation profiles. Figure 13 shows that at the upper water column, 40% of the data at GJ-02 had Rig > 0.25, whereas this percentage dropped to 20% at GJ-01. This indicates that the vertical mixing in the upper water column is stronger within the cage farm than the outside. This indicates the existence of cage farms may enhance the mixing of subsurface layer water. At the mid-lower water column, the Rig of the two stations was not statistically different. Near the bed, Rig decreased due to the enhanced mixing induced by the bottom friction. The 40% of time having Rig > 0.25 in the subsurface layer at GJ-02 was about two times that of GJ-01 (20%). The current shear of the subsurface layer at GJ-01 (10–3 m–2) was about 10 times higher than that of GJ-01 (Figures 11, 12). Therefore, the well-mixed pattern of the subsurface layer inside the cage farm (GJ-01) may be due to the velocity shear caused by the cage-induced drag, resulting in local turbulence to strengthen the vertical mixing. But the specific mechanism of local turbulence is still a challenging problem and needs further investigations.


[image: image]

FIGURE 13. The proportion of the time having Rig > 0.25 is plotted vs. the water depth for GJ-01 (black line) and GJ-02 (red line). The statistics are obtained according to individual hourly-observation profiles.






CONCLUSION

The influence of cage farms on the flow structures and vertical stratification and mixing in the Sansha Bay was investigated based on observational data. The results indicated that the current velocities were relatively uniform in the vertical in the cage-free channels, where a single bottom boundary layer was developed without the surface boundary layer. However, a surface boundary layer was well-formed due to the frictional effects inducted by extensive, high-density cage facilities as the surface obstruction, resulting in the vertical “double-drag layers” structure. More specifically, the surface friction induced by the cage facilities caused current velocities to reduce by 54% in the upper layer and only 17% in the near-bottom layer. The cage-induced drag decreased with the increasing depth, reaching 3/4 of the water column from the surface. The decrease in current velocities reduced the horizontal exchange capacity of the upper water column, where the salinity inside the cage farm was low over the whole tidal cycle with a small density variation less than 0.3 kg m–3.

Periodic stratification phenomena were influenced by lateral circulation in the bay. The stratification of the two stations increased during the flood tide and decreased during the ebb tide. However, the subsurface layer (5–10 m below the sea surface) inside the cage farm was well-mixed through studying the gradient Richardson number (Rig). The 40% of time having Rig > 0.25 in the subsurface layer outside the cage farm was about two times that inside the cage farm (20%). The current shear of the subsurface layer inside the cage farm (10–3 m–2) was about 10 times higher than that outside the cage farm. Therefore, enhanced velocity shear by the cage-induced drag produced local turbulence to strengthen vertical mixing of the subsurface layer inside the cage farm.
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