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The hydrodynamic effects of the largest suspended mussel farms in the East China Sea near Gouqi Island, was investigated using a high-resolution 3D ocean model and field observations. To capture the 3D farm effects on hydrodynamics, an additional depth dependent momentum sink term was introduced in the model. The model results compared well with the field observations. The present model and observational results indicate that the presence of farms reduces the flow by more than 79%, 55%, and 34% in the upper, middle, and bottom layers at the farm center, respectively. According to the harmonic analysis of predicted current, mussel farms reduce the magnitude of the semidiurnal tidal current and also alter the magnitude and direction of the diurnal tidal current. The blockage by the farm weakens the Eulerian residual tidal current within the farm in the NE-SW direction, while strengthens that at the edge of the farm in the  SE-NW direction. Cross sections, Sec1 and Sec2 are perpendicular to these two major residual currents and intercept with the center of the farm from SE to NW and from NE to SW respectively. The farm effect on the total water flux over a month through the Sec2 displays a semi-lunar periodic oscillation and is one order of magnitude smaller than that at Sec1. An asymmetry tidal current was observed in the farm north of Gouqi Island. The field observation of vertical profiles of current suggests that the thickness of surface canopy boundary layer can reach 5 m upstream from the farm during flood tide, increases gradually downstream  up to 10 m under the cumulative influences of the farm. And a wake zone was observed downstream from the farm during flood tide. Better understanding of farm-induced hydrodynamic effects provides insight into how to optimize farm layouts based on local hydrodynamics, to maximize farm productivity and minimize environmental impacts.
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1 Introduction

Global aquaculture production has grown dramatically over the past 50 years to meet the rising demand for food (Mustafa et al., 2017; Garlock et al., 2019). The global shellfish production attained 17.5 million tons in live weight with a value of USD 29.2 billion in 2018, accounting for 56.2% of the total aquaculture production. As the largest producer of aquaculture bivalves in the world, China produced 14.4 million tons, which is 82% of worldwide shellfish production (FAO, 2020). Gouqi Island is located in the East China Sea, just south-east of Shanghai and east of Hangzhou. As one of the top mussel producer in China, the island features a 12 km2 mussel farm with an annual production of more than 180, 000 tons.

The ‘off-bottom’ cultivation with raft, pole, and longline is commonly used for mussel aquaculture to prevent predation by predators such as crabs and starfish. The longline aquaculture system employed in the mussel farms of Gouqi Island, is the most used technology since it requires the least amount of infrastructure (Mascorda Cabre et al., 2021). This farming system forms a suspended canopy and acts as a porous medium in the water column. Suspended canopy such as aquaculture farms on hydrodynamics has received much less attention than submerged or emergent canopy (Plew, 2011a; O’Donncha et al., 2015). Nevertheless, the hydrodynamic effects of suspended canopy is of fundamental importance (Grant and Bacher, 2001; Plew et al., 2005; Stevens et al., 2008; Delaux et al., 2011; O’Donncha et al., 2013, O’Donncha et al., 2015; Duarte et al., 2014; Aguiar et al., 2015; Filgueira et al., 2015; Konstantinou et al., 2015; Lin et al., 2016; Filgueira, 2018; Liu and Huguenard, 2020).

At Gouqi Island, there has been increased in conflicts over coastal space in recent years, as the space suitable for aquaculture has been gradually used up. Accordingly, the fishermen repeatedly lengthen the mussel ropes and raise the stocking density, which causes overstocking. The production and quality of mussels, however,  have not increased with the expansion of the aquaculture unit. In addition, the complex flow patterns near the island have led to significant geographical variation in the yield of mussel farms. Therefore, the mussel farms on Gouqi Island needs a comprehensive farming plan to optimize the farming layout and enhance overall productivity and quality.

The hydrodynamics modifications by the aquaculture structures has significant effect on the growth of cultured populations especially non-feeding mussels. The suspended canopy layer inhibits the surface layer water flow, therefore, change the circulation pattern inside and around the farm (Konstantinou et al., 2015; Lin et al., 2016; Konstantinou and Kombiadou, 2020; Liu and Huguenard, 2020). The flow responses to the presence of farm in turn affect the mussel food availability through increased water residence time and nutrient depletion, therefore, the carrying capacity of ecosystem (Byron et al., 2011a; Byron et al., 2011b; Anaïs et al., 2020; Gao et al., 2020). Quantifications of effect of suspended farms on circulation is critical in evaluating carrying capacity, ecosystem sustainable and effective management of the aquaculture activities (Filgueira et al., 2015; Froján et al., 2018; Konstantinou and Kombiadou, 2020).

The objective of this study is to investigate the hydrodynamic effects of a large-scale suspended mussel farms using, in-situ and navigational field observations and 3D ocean circulation numerical model that incorporate the farm effect. Ocean models have become a popular tool to assess the environmental effects and interactions among open water aquaculture systems (Reid et al., 2018; Broch et al., 2020). Thus, a high-resolution three-dimensional hydrodynamic model, Estuarine Coastal Ocean Model semi-implicit (ECOM-si) (Wu and Zhu, 2010; Wu et al., 2011) of Gouqi Island is also developed to further explore the hydrodynamic processes related to farms. To incorporate the blockage effect of the suspended farms into the model, a depth dependent momentum sink term representing the loss of momentum is added to the momentum equations of the model (Roc et al., 2013; Yang et al., 2013; Li et al., 2017; O’Hara Murray and Gallego, 2017). Introduction to the geographic location and farm configurations of Gouqi Island, field observations and numerical model are presented in section 2. In section 3, the field observations, are analyzed to provide insight into the hydrodynamic effects of the farm. In section 4, the model results are compared against the field observations to evaluate the model performance. In section 5, the model results of farm effects on tides are highlighted and discussed. Implications of the present study and future research needs are summarized in section 6.



2 Methods


2.1 Study site

Gouqi Island is known as the hometown of mussels in China. It has the largest mussel farming area in the East China Sea, with an aquaculture area of 12 km2. It has a subtropical climate, with an average surface water temperature ranges between 17 and 19°C. It is dominated by a semidiurnal tide with a spring tidal range of approximately 2.5 m and neap tidal range of 1.0 m. The western part of the farm is influenced by the runoff of the Changjiang and Qiantang rivers (Figure 1A), while the eastern part of the farm is affected by the Taiwan warm current and Zhebei upwelling, which leads to a large horizontal salinity  gradient from the east to the west of the farm (Zhang et al., 2008). A significant amount of nutrients is transported in the aquaculture area by river runoff and strong tidal current, which raises the primary productivity and supplies the farm with a rich food source. Typhoons frequently pass by Gouqi Island and pose a serious threat to the aquaculture infrastructure and personnel. In order to minimize the typhoon damages to the aquaculture facilities, most mussel farms are located to the northwest of Gouqi Island (Figure 1B) which protect the farms from most typhoons come from the southeast. Additionally, a suitable water depth of ~ 20 m and a reasonably close operational distance is convenient for fishermen.




Figure 1 | Map of the study area, field stations and model grid system. (A) Geographic location of Gouqi Island. The model domain and mesh. Pink triangle indicates the location of LvHua Tide Station (30°49′N,122°36′E). Red rectangle indicates the range of Gouqi Island area. (B) Field observation stations (S1 to S6). The orange arrows show the positive direction of water transport across Sec1 and Sec2 indicated in green dashed lines. The black lines indicate the boat cruise route #1 to #5 for ADCP measurements. The purple and blue diamond are the starting and end point, respectively. The pink lines indicate the borderlines of suspended mussel farms.



There are seven mussel farming zones in Gouqi Island area (Figure 1B). The largest one is to the northwest of the island with 6.76 km2 (Figure 2A). A suspended aquaculture system is used for mussel farms. The suspended aquaculture system consists of buoys, lanyards, suspended sleeves (aquaculture lines with mussels attached), and longlines used to attach sleeves in the vertical direction (Figure 2C) (Lin et al., 2016). The mussel farms in Gouqi Island are owned by different individuals, which complicate the layouts both within and across the aquaculture units. And it is difficult to count the actual number of mussel sleeves during the field observations.




Figure 2 | (A) Satellite view of farms at the north of Gouqi Island from Google Earth, August 20, 2018. (B) A zoom-in satellite view of a local farming region that shows the configuration of mussel farms. A typical aquaculture unit of mussel farms outlined by the yellow line. (C) Side view of the components of aquaculture facilities. Three layer flow structures exist around the facility. hf is the farm penetration depth.



Making use of the Google Earth high-resolution remote-sensing image, we estimated  that a typical aquaculture unit is roughly 7200 m2 (90m×80m) (Figure 2B), with 20 rows and 90 mussel sleeves in each row. We assumed that the mussel sleeves are evenly distributed across the model grid. Therefore, in the model, the mussel sleeves density is approximately 4 m2 sleeves-1.



2.2 Field observations

In order to investigate the hydrodynamic effects due to mussel farms in Gouqi Island area, in-situ observations of velocity fields and tidal elevations were conducted during spring and neap tidal conditions. An Acoustic Doppler Current Profiler (ADCP) was installed on buoys at the field station S1, S2, S3 and S4 (Figure 1B). Current profiles were measured with a 0.5 m vertical bin using a 500 Hz Teledyne RD Instrument (RDI). The measurements were conducted at S1 for 96 hours starting on July 21, 2020 (spring tide), at S2 for 72 hours starting on July 25, 2020 (neap tide), at S3 for 48 hours starting on March 10, 2021 (spring tide), and at S4 for 25 hours starting on November 5, 2018 (spring tide).

Furthermore, five boat cruise observations were also conducted across mussel farms using a navigational ADCP (Nortek, 1000Hz) mounted on a boat with a 0.2 m vertical bin. The #1 boat cruise track lies in the northwest of Gouqi Island (Figure 1B), from southwest to northeast and away from the farm, nearly paralleling to the coast of the island. The ADCP data was collected for about 7 minutes on July 10, 2021 during spring tide. The #2 boat cruise track is located in the north of Gouqi Island (Figure 1B), stretching from outside to inside of the farm. The ADCP data was collected for about 17 minutes on June 29, 2021 during neap tide. The #3, #4 and #5 boat cruise is located across the waterway between the two major farms (Figure 1B). The ADCP data was collected for about 2, 4 and 5 minutes respectively on July 10, 2021 during spring tide.

The tidal elevation data were collected every 5 minutes at S4, S5 and S6 stations in Figure 1B using a RBR wave tidal gauge. At S4, the tidal data was collected from November 5, 2018 to November 10, 2018. At S5, the tidal data was collected from July 19, 2020 to July 29, 2020. And at S6, the tidal data was collected from November 9, 2018 to November 11, 2018. Also, the tide elevation data at Lvhua tidal station (30°49′N, 122°36′E) from the National Marine Information Center (https://www.cnss.com.cn/tide) was also used to verify the present model results of tidal elevation from July 18, 2020 to July 31, 2020.



2.3 Numerical model


2.3.1 Model description

In this study, an Estuarine Coastal Ocean Model semi-implicit (ECOM-si) developed by Blumberg (1994) and improved by Wu and Zhu (2010) was used to simulate the hydrodynamic conditions of mussel farms around Gouqi Island. The model uses an orthogonal curvilinear coordinate system that accommodates complicated coastlines. Wu and Zhu (2010) developed a robust third-order advection scheme to reduce the numerical oscillations in solving the transport equations. To increase the computational efficiency, the time step was set to vary automatically based on the Courant-Friedrich-Levy (CFL) criterion (Wu et al., 2011).

In order to quantify the mussel farms blockage effect in the transport equations, the water flux at a given transect is calculated by applying the following equation (Wu et al., 2006; Lin et al., 2015):

 

where WR(t)|Γ is the water volume flux, with a unit of cubic meters per second, perpendicular to a given transect Γ. 

The direction of positive water transport is defined in Figure 1B, d is the local still water depth, ζ is the surface water level, L is the length of the transect Γ, dξ is the line segment along the transect Γ, Vn(x,y,z,t) is the horizontal velocity component perpendicular to the transect Γ

The accumulated total water flux over a time period is calculated by integrating (1) (Zhang et al., 2022):

 

where τ⋲[t0,tf] is the time interval, t0 the initial time, and tf the final time.

The model domain included the Changjiang River Estuary, the Hangzhou Bay, and part of the East China Sea (Figure 1A). A curvilinear orthogonal coordinate was employed in the horizontal direction, and the sigma coordinate was used in the vertical direction. The horizontal mesh grid was refined to 336×256 cells with the highest spatial resolution of 100 m inside the mussel farms. The model was divided into 35 layers in the vertical direction with refinement in the aquaculture surface layer and the bottom layer. At the offshore open boundary, the model was driven by 16 tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, MU2, NU2, T2, L2, 2N2, J1, M1 and OO1), with amplitude and phase from the TPXO7.1 dataset (http://g.hyyb.org/archive/Tide/TPXO/TPXO_WEB/global.html). The annual average discharge of the Changjiang River was set to 30000 m3s-1. A variable time step was taken according to the instantaneous CFL criteria at each time step, with the maximum time step of 30s and the minimum time step of 10s. Only tidal currents were considered in the present study. Wind driven currents and the effects of density stratification (baroclinic force) on circulation were not considered.

In this study, two numerical model cases were carried out. For case 1, the blocking effects of the mussel farms was considered. For case 2, the computations were done without the mussel farms. The time duration of the simulation was 66 days from 14 July, 2020 to 20 September, 2020. We also conducted another numerical experiment for the simulation period between 1 November, 2018 and 15 November, 2018.



2.3.2 Momentum sink term for farm effects

A drag coefficient is often introduced into ocean numerical models to represent the blocking effects of marine aquaculture structures, such as kelp ropes (Shi and Wei, 2009; Shi et al., 2011). The drag coefficient applied at the surface and bottom layer may only influence the flow around the boundary layer, which is not the case of mussel sleeves. Hence, a depth-dependent momentum sink term was added to the momentum conservation equation to adequately represent the suspended structures in the water column (Yang et al., 2013; Beudin et al., 2017; Li et al., 2017; O’Hara Murray and Gallego, 2017). In this study, the blocking effect of suspended mussel farms was modeled using the additional sink term (O’Hara Murray and Gallego, 2017) as:

 

 

where Fu and Fv are the additional sink term for the x and y direction momentum equation per unit area, CT is the drag coefficient of the suspended mussel farms which determines the strength of the sink term, Wk and Lσ is the width and height of each aquaculture components, n is the number of aquaculture components in a cell,   is the magnitude of the velocity in a cell.

The Wk and Lσ are used to represent the vertical difference in momentum sink caused by different components of the aquaculture facilities (Table 1). The CT was set to 1 (Beudin et al., 2017; Liu and Huguenard, 2020). The value of n was determined by the cell area and the area occupied by each sleeve (4 m2 sleeves-1). The width of mussel sleeve was measured during harvest, and the variation of sleeve width in different mussel growth stage is not considered in this study.


Table 1 | Geometric parameters of the aquaculture facility components.







3 Field observation results


3.1 In-situ measurements of current

A series of field observations were conducted to examine the impact of mussel farms on the vertical variation of flow field. The results of in-situ observations of vertical profiles of current by ADCP mounted to a buoy at S1, S2 and S3 station were shown in Figure 3. The tidal current direction at three stations is almost the same during flood tide, which was southwest, but different during ebb tide (Figure 3). At S1 station, the ebb current is in the southeast direction, and the flood current is greater than the ebb current by about 0.1m/s (Figure 3B). However, at S2 station, the ebb current is in the northeast direction, and the flood current is smaller than the ebb current by about 0.2 m/s (Figure 3C). At S3 station at the edge of farm, the ebb current is in the east direction (Figure 3D). The flood current is also greater than the ebb current at S3 station, which is consistent with S1 station. It is evident that an asymmetry tidal current field was observed in the north farming area.




Figure 3 | In-situ observed vertical profile of current collected by the ADCP mounted to a buoy for S1, S2 and S3 station. (A) Station location diagram. Time series of vertical current profile (B) at S1 during spring tide, from July 21, 2020 for 96 hours. (C) at S2 during neap tide, from July 25, 2020 for 72 hours. (D) at S3 during spring tide, from March 10, 2021 for 48 hours. The gray arrows indicate the horizontal direction and magnitude of tidal current.



S3 station is less affected by the farm since it is located at the edge of farm, the flow velocity of canopy layer thus reached 0.5 m/s during flood and ebb tide (Figure 3D). However, at S1 and S2 station located inside the farm, under the cumulative blockage influences of farm, the thickness of surface canopy boundary layer is maintained at about 5 m, and can be greater than 10 m when the hydrodynamic is weakened. The spatiotemporal variation of natural hydrodynamics environment in the aquaculture area cause significant spatiotemporal variation of surface canopy boundary layer thickness by suspended aquaculture facilities.



3.2 Moving-boat ADCP current measurements

In addition to in-situ measurements, we also carried out a series of current measurements using ADCP mounted to a moving boat. The velocity profiles produced by suspended canopies such as mussel ropes and kelp may be divided into three layers: a bottom boundary layer, a canopy shear layer (i.e., a structure-induced boundary layer), and an internal canopy layer (Plew, 2011a; Cheng et al., 2019).The measured current profile outside and inside the farm (Figure 4) shows that the velocity is reduced in the upper water column, and the thickness of surface canopy boundary layer increased entering the farming area, up to about 10 m (Figure 4). The flow within the surface canopy boundary layer is attenuated by the drag force of suspended mussel farms.




Figure 4 | Observed vertical profiles of flow for transect lines #1, #2, #3, #4 and #5 collected by ADCP mounted to a boat. Pink lines indicate the borderlines of mussel farms. The insert plot is the time series of tidal elevation at Shengshan Tide station (122°28′E,30°43′N) with the red dot indicate the time instant of the tidal elevation. Blue and red arrows show the current vector at the surface and bottom, respectively. The gray arrows  in (B, D) indicate the horizontal tidal current vector. The purple and blue diamond is the starting and end point of boat cruises respectively. The green diamonds in (A, C) indicate observation point of 400 meters intervals. (A) Transect line #1 & (C) Transect line #2 &(E) Transect line #3, #4 and #5 location diagram. (B) Vertical current profile along transect line #1 on July 10, 2021 during spring tide. (D) Vertical current profile along transect line #2 on June 29, 2021 during neap tide. (F) Vertical current profile along transect line #3, #4 and #5 on July 10, 2021 during spring tide within 30 minutes for 2 minutes, 4 minutes and 5 minutes, respectively.



A region of flow recirculation behind an object, a wake zone, may form downstream from the mussel farm (Plew et al., 2005; Plew et al., 2006; Cornejo et al., 2014; Tseung et al., 2015; Qiao, 2016), where lower velocity is present. The wake zone consists of, a steady wake zone with approximately constant velocity and a velocity recover zone where velocity increases downstream (Tseung et al., 2015). The results show that the wake zone occurred in the surface layer (Figure 4) with a thickness increasing closer to the farming area, up to 10 m.

In order to assess whether the current layout of central waterway in the north of Gouqi Island is suitable, we conducted three current profile observations from west to east along the waterway (Figure 4). The observed current profile at transect line #5 show that the horizontal velocity of the whole water column at the waterway is large with a maximum value of about 1m/s (Figure 4) due to the reduced cross section for flow to pass through by the farm. Due to the cumulative flow attenuation by the aquaculture facilities, the current at transect line #3 is smaller than that at line #4 which in turn is smaller than that at line #5 from south to north (Figure 4). The observations indicated that the spatiotemporal variation of natural hydrodynamic conditions around the farm have an important impact on that of tidal current within the farm. As a results, the hydrodynamic effect of large-scale aquaculture farm in the field has a sophisticated temporal and spatial variations.




4 Model validation


4.1 Tidal elevation

Tidal elevation measurements at S4, S5, S6 and the Lvhua Tide Station were used to validate the model results. Skill score (SS) and correlation coefficient (CC) were calculated to quantify the model-data comparison.

 

 

where N is the number of samples for the time series, xm and xo are the predicted and observed tidal elevation respectively,  and   are the average of the variables.

The simulated and observed time series of tidal elevation at 4 stations are compared in Figure 5. Model performances quantified by SS and CC as follows: >0.65 excellent, 0.65–0.5 very good, 0.5–0.2 good, <0.2 poor (Wu et al., 2011). The root-mean-square error (RMSE) was also used to judge the accuracy of model results:

 




Figure 5 | Model-data comparisons of tidal elevations at (A) S4 outside the farm, north of farm, (B) S5 outside the farm, south of Gouqi Island, (C) S6 north of Shengshan Island and (D) LvHua Tide Station (30°49′N, 122°36′E).



The SS and CC of model results are greater than 0.98 at all stations, and the RMSE is less than 0.2, which indicates that the simulated tidal elevations accurately reproduced the observed tidal elevations (Table 2).


Table 2 | The model-data comparisons of tidal elevation.





4.2 Tidal current

Simulated tidal currents were evaluated against observed data collected at S1 in the center of the mussel farm and S4 outside the mussel farm across the mussel farm (Figure 6). The skill score (SS), correlation coefficient (CC) and root-mean-square error (RMSE) are listed in Table 3. The SS and CC of surface and middle layer at S4 are both greater than 0.8 and the RMSE are less than 0.3, which are excellent scores. At S1, the model accuracies of middle and bottom layer are better than that of the surface layer. The SS and CC at S4 are better than those at S1 throughout the water column, whereas the RMSE at S1 is better than that of S4. The reason is probably that the surface layer flow velocity is consistently less than 0.2 m/s at S1 (Figure 7A), which is difficult to simulate.




Figure 6 | Model-data comparisons of tidal current velocity components and direction at S1 (A1-I1) inside the farm and S4 (A2-I2) outside the farm: (Upper) u in the x-direction, (Middle) v in the y-direction, (Lower) direction of current. (A–C) surface layer. (D–F) middle layer. (G–I) bottom layer.




Table 3 | The model-data comparisons of tidal current.




Table 4 | The average relative difference of velocity RU (%) between with (U1) and without farm (U2).






Figure 7 | Model-data comparisons of time series of current profile at S1 station inside the farm (Left) and S4 station outside the farm (Right). (A) observed & (C) predicted current profile at S1. (B) observed & (D) predicted current profile at S4.



As stated previously, the effect of mussel farms was represented by assigning Wk and Lσ values individually to the sigma layers. The values of Wk and Lσ were determined by the field measurements. However, the horizontal spatial distribution of mussel farm is not uniform in the field, but limited by mesh resolution, the model cannot exactly represent each mussel farm. The mussel stocking density also have a significant influence on the flow field (Tseung et al., 2015; Xu and Dong, 2018). All these factors make the simulation of surface layer flow in the farm difficult.

The model results suggest that it is difficult to reproduce the complex three-dimensional flow structure inside suspended mussel farms using the present model. A CFD model such as that developed by Chen and Zou (2019) for fluid interaction with flexible suspended canopy are needed to fully resolve the 3D flow patterns within the farm. The flow pattern and its temporal variation, however, are well captured (Figure 7), thus the model can be used to study the hydrodynamic effects of large-scale suspended mussel farms around Gouqi Island. In addition, the simulation results demonstrate that the additional momentum sink term is suitable for modelling the effects of suspended mussel farms.




5 Model results of mussel farm effects on tides


5.1 Tidal current

Large scale suspended mussel farms may attenuate the local ocean circulation considerably (Stevens et al., 2008; Campbell and Hall, 2019; Liu and Huguenard, 2020). The model is run with and without the mussel farms to assess the impacts of farms on the tidal currents. The tidal currents at depth = 0.1d where d is local water depth with and without farm during flood and ebb phase are shown in Figure 8.




Figure 8 | Predicted instantaneous surface layer (depth=0.1d, where d is local depth) flow field. (A, B) with and (C, D) without mussel farms during flood (Left) and ebb (Right) tide. The pink lines indicate the borderlines of the farm. The insert plot is the time series of the observed tidal elevation at Shengshan Tide station (122°28′E,30°43′N) with the red dot indicates the time instant of tidal elevation shown in the plot.



The main farm effect is the substantial reduction of surface flow during both flood and ebb tide. During flood tide, the tidal current from the east to the west at the north of Gouqi Island is weakened by the farm, whereas the tidal current from the southeast to the northwest at the west of the largest mussel farm is strengthened (Figures 8A, C). When the suspended mussel farms were removed, the tidal currents at the northeast of Shengshan Island and the west of Gouqi Island are strengthened, and the tidal currents at the middle of the islands is weakened (Figure 8C, D). The model results show that a wake zone appeared downstream from the farming area, the northwest of Gouqi Island during the flood tide (Figure 8A), under the combined influence of islands and aquaculture facilities. Therefore, we carried out moving-boat ADCP current profile observations (Figure 4) along a transect parallel to the coast of island outside the northwest farm during flood tide, when the tidal current direction is northwest that is consistent with the numerical results. These results indicate that the impact of suspended mussel farms is not limited to the immediate farm area, but extended to the local circulation outside the farms, which has significant implication on the ecosystem.

In order to quantify the degree of tidal current reduction around farms, the relative difference of tidal current velocity between with and without farm was evaluated by the following equation (Wu et al., 2014):

 

where U1 and U2 is the average tidal current velocity over tidal cycles of with farm and without farm. U is defined as:

 

where T is the averaging period (T = 58 days), A is the area of water layer, | u | is the magnitude of instantaneous tidal current velocity.

S1 and S2 stations inside the farm (see Figure 1B) were selected to represent the velocity change due to the mussel farms in water column (Table 4). The tidal current decrease is by more than 79%, 55% and 34% in the upper layer (depth=0.1d, where d is local water depth), middle layer (depth=0.5d) and lower layer (depth=0.8d) respectively, which is consistent with the previous study (Lin et al., 2016).



5.2 Tidal ellipse

A harmonic analysis (T-Tide toolbox: Pawlowicz et al., 2002) for tidal currents of with and without farm case was conducted to obtain the amplitudes and phases of M2 (principal lunar semi-diurnal), S2 (principal solar semi-diurnal), K1 (lunar diurnal) and O1 (lunar diurnal) tidal constituents. Figure 9 presents the tidal ellipse at depth=0.1d where d is local water depth with and without farm. The semi major and minor axis of tidal ellipse represent the maximum and minimum current velocity within one period for the tidal constituent respectively. And the inclination of major and minor axis is equivalent to the orientation of the maximum and minimum current induced by each tidal constituent respectively.




Figure 9 | Modeled tidal ellipse in the surface layer (depth=0.1d, where d is local depth) with (blue) and without (red) farm. (A) M2 semi-tide. (B) S2 semi-tide. (C) K1 diurnal tide. (D) O1 diurnal tide. The pink dash lines indicate the borderlines of mussel farms.



M2 is the dominant tidal component around Gouqi Island. In the aquaculture farm at the north of Gouqi Island, without farm, the tidal current is in the southwest direction. At the edge of the farm, the tidal current gradually changes to the west direction, and so does S2 tidal constituent. The farm has little effect on the tidal current in the eastern area of Shengshan Island. The tidal ellipse of semidiurnal tide in the northeast area of Shengshan Island is almost perpendicular to that of diurnal tide. The semidiurnal tide comes from the southeast of the island, while that of diurnal tide comes from the northeast of the island. Due to the shelter effect of islands, the tides are divided into two branches, which lead to the complicated tidal currents around Gouqi Island.

The farm has a direct impact on the major axis and inclination of four tidal constituent ellipses, and its scope of influence can extend to a certain distance away from the farming area. The ellipse inclination variation of diurnal tide caused by the farm is greater than that of semidiurnal tide especially to the west of Gouqi Island (Figure 9). In case of K1, tidal constituent  the blockage of farms changes the major axis of ellipse from northeast-southwest (NE-SW) to northwest-southeast (NW-SE) degenerating to rectilinear motion to the west of Gouqi Island (Figure 9C). Similar effects are observed for the O1 tidal constituent. (Figure 9D).

The variation of semidiurnal tides due to the farm is significantly enhanced within the farm but not so outside the farm (Figures 9A, B). The length of major axes is shortened inside the farm, and the reduction is the largest for the M2 tidal constituent. Besides, the influence of mussel farms on tides at the south of Gouqi Island is weaker than that at the north of Gouqi Island due to the fact that the former is weakened by the island with lower tidal current velocity, while the latter is adjacent to the open ocean with higher tidal current velocity.



5.3 Residual tidal current and water transport

The farm may affect both the magnitude and direction of the tidal current of the four tidal components which are both important for water transport. Therefore, in order to understand the major net water transport direction around Gouqi Island, the Euler residual tidal current was derived from model results. The Euler residual tidal current is derived an arithmetically averaged the tidal current to filter out the periodic oscillating component (Lee et al., 2017). In this study, the model results with and without farm for 58 days were averaged to obtain the Euler residual tidal current for surface layer (depth=0.1d where d is local water depth) and bottom layer (depth=0.8d). The Euler residual tidal current of with and without farm were presented in Figure 10.




Figure 10 | Modeled Eulerian residual tidal current. (A, B) with and (C, D) without mussel farms at the surface (Left, depth=0.1d, where d is local depth) and bottom (Right, depth=0.8d) layer. (E, F) is the difference of residual current with and without farm at the surface (Left) and bottom (Right) layer. The orange arrows show the positive direction of water transport across Sec1 and Sec2 in the figure. Pink dash lines indicate the borderlines of mussel farms.



With farm, a major residual current transport is observed around the farm, the northwest of Gouqi Island flowing from southeast (SE) to northwest (NW) (Figure 10A). Without farm, an additional residual current transport is observed flowing from northeast (NE) to southwest (SW) within the farm at the north of Gouqi Island (Figure 10C). The NE to SW residual tidal current also appears in the bottom layer with and without farm but the latter is stronger than that of the former (Figure 10B). The direction of the two residual tidal current is perpendicular to each other, and the magnitude of the residual tidal current outside the farm is greater than that inside the farm (Figures 10C, D). The presence of farm not only weaken the surface and bottom residual transport inside the farm, but also strengthened the residual transport at the north of the farm (Figure 10E). Moreover, the bottom layer residual transport is also strengthened inside the farm (Figure 10F). Overall, it is evident that the presence of mussel farms intensifies the residual transport in the SE to NW direction but weakens that in the NE to SW direction (Figures 10E, F).

Based on the residual transport pattern, Sec1 and Sec2 (see Figures 10E, F) were set up to estimate the change in the net water flux in the aquaculture area by the presence of farm. The Sec1 cuts the largest farm into almost two halves from SE to NW with a length of 3.6 km, and the Sec2 cuts the largest farm into two halves from NE to SW with a length of 3 km. The time evolution of water flux and the sum of the water flux along two transects over a month calculated by the Eq. (1) and (2) were shown in Figure 11.




Figure 11 | Water flux through Sec1 (A1-C1) and Sec2 (A2-C2). (A) water flux with (red) and without (black) farm. (B) accumulated total water flux with (red) and without (black) farm. (C) difference of total water flux with and without farm. The brown and grey box indicate time interval of 24 hours during spring and neap tide, respectively.



The time series of water flux (Figure 11) through two transects have a semidiurnal periodicity. The maximum water flux with farm through Sec1 are 2.9×104 m3 s-1 and 2.0×104 m3 s-1 during spring and neap tides, respectively. Without farm, the maximum water flux through Sec1 is 5.7 ×104 m3 s-1 during spring tide, indicating the farm reduce the water flux by~ 49%. The water flux with farm through Sec2 is ~ 1.9 ×104 m3 s-1 and 0.4 ×104 m3 s-1 during spring and neap tides respectively, smaller than that at Sec1. The maximum water flux without farm through Sec2 is 4.6 ×104 m3 s-1 during spring tide, indicating the farm reduce the water flux by ~59%, greater than that at Sec1.

The total water flux over a month at Sec1 is negative with and without farm showing a NE to SW transport (Figure 11), which is consistent with the direction of residual currents in Figure 10. The maximum difference in the total water flux over a month with and without farm at Sec1 can reach 2.8×107 m3 (Figure 11). The total water flux at Sec1 indicates that the farm greatly alters the amount of water transport, but not the main direction of water transport. The total water flux over a month at Sec2 with and without farm is also negative indicating offshore transport from SE to NW (Figure 11). The maximum difference in total water flux over a month with and without farm at Sec2 is 5.2×106 m3, smaller than that of at Sec1 (Figure 11). The total water flux difference over a month displays a semi-lunar periodicity at Sec2 but not at Sec1 (Figure 11). The total water flux difference over a month at Sec2 is positive during the transition between spring and neap tide with a maximum before neap tide, but become negative during the transition between neap and spring tide. This is likely due to the enhanced bottom layer tidal current shown in Figure 10F.




6 Application and further discussion

Several studies have established a comprehensive decision-making system for key aquaculture strategies (Ferreira et al., 2008; Ferreira et al., 2009; Ibarra et al., 2014; Konstantinou and Kombiadou, 2020), such as farm layout, optimized stocking density, and carrying capacity estimation, which is critical for overall farm production. Neglecting farm drag may underestimate seston depletion within the farm (Plew, 2011b; O’Donncha et al., 2013), and overestimate of carrying capacity. As a result, the hydrodynamic effect of large-scale aquaculture facilities is critical for aquaculture decision-making.

The farm is a suspended canopy made of distributed elements that act as a porous media to flow. Flow disturbances of suspended canopy generally presents reduced flow velocity within the canopy, and increased flow beneath the canopy (Plew et al., 2005; Plew, 2011a; Newell and Richardson, 2014; Wu et al., 2014;  Wu et al., 2022; Qiao, 2016; O’Donncha et al., 2017). Due to differences in geographic environment, faming size, farm layout and species farmed, the current velocity decrease in the canopy layer varies from farm to farm. For kelp farms, the reduction of average surface current velocity is around 40% in a bay (Shi et al., 2011). As little as 25% reduction of current within the suspended canopy have been found (O’Donncha et al., 2013; Hulot et al., 2020).

The thickness of the canopy shear layer is proportional to the drag force induced by the aquaculture facilities and the depth ratios (canopy length to water depth) (Plew, 2011a; Qiao, 2016). Our field observations revealed the presence of a surface canopy boundary layer inside the farm. And its thickness progressively increase with increasing distance downstream. Given the relatively intense aquaculture density (4 m2 sleeve-1) on Gouqi Island, this is mainly due to the cumulative effect of flow attenuation by the farming facilities. The surface canopy boundary layer can also be seen in a large-scale suspended cage fish farm of ~ 300 km2 at Sansha Bay  (Lin et al., 2019; Jiang et al., 2022), where cage-induced drag on the flow field may reach a depth  up to 20 m in rather deep channels (30~40 m).

The tidal ellipse results described above in section 5.2 provides guidance for farm-scale layout optimization. For example, within  the farm, the orientation of the aquaculture facilities shall be parallel to  the major axis of the tidal ellipse, i.e., the direction of flood and ebb tides, in order to minimize the flow resistance of the farm, and therefore increase the water exchange rate. The moving-boat ADCP observations of current profile throughout the waterway indicate the same strategy (Figure 4F). Strong current is observed on the east side of transect #4, and that the ebb flow direction is southwest, which is consistent with the findings of tidal ellipses. The waterway channel’s primary function right now is to make it easier for ships and fisherman to operate on the farm. On the other hand, the channel is a crucial passage for off-site replenishment of high biomass water, supplying food for mussel. Therefore, the layout of waterway should minimize the blockage effect of aquaculture facility, so that the high biomass seawater outside the farm can be transported into the farming area in time for the mussel growth, thereby improving the production and quality of aquaculture. This shall be taken into account for farm unit layout design in the future.

The major goal of this paper is to use field measurements and numerical models to investigate the hydrodynamic effects by a large-scale suspended mussel farm. In order to incorporate the blockage effects of aquaculture facility into large scale ocean models, such as ECOM-si, an appropriate drag coefficient of the suspended mussel farms is necessary. In this study, the drag coefficient is chosen based on the previous study (Beudin et al., 2017; Liu and Huguenard, 2020). Thus, more studies are required to provide improved drag coefficients through small scale computational fluid dynamics (CFD) simulations such as those of Chen & Zou (2019), field observations and laboratory experiments. Furthermore, the impacts of aquaculture facilities on tides are the  main concern of this study, other physical processes such as stratification, turbulent mixing, and waves (Plew et al., 2006; Stevens and Petersen, 2011; Zhu et al., 2020)-are the subjects of future research. To determine the ideal distance between farm blocks, it is also important to consider how aquaculture farms may affect the primary production of the surrounding sea area which will be the worthwhile future works.



7 Summary

The influence of mussel farms on the flow structures near Gouqi Island was investigated using a three-dimensional ocean model and field observations. Model-data comparisons show that the additional sink terms in the momentum equations of ECOM-si adequately capture the blocking effect of large-scale suspended mussel farms. Comparisons of model results with and without farms indicate that the presence of mussel farms reduces the velocity by more than 79%, 55% and 34% in the upper, the middle, and the bottom layer at the center of farms, respectively. Tidal harmonic analysis demonstrate that mussel farms affect both the major axis and inclination of four major tidal constituent ellipses (M2, S2, K1 and O1) at much larger area than the farm area. The farm reduces the velocity magnitude of semidiurnal tide, but change both the magnitude and direction of diurnal tide, as well.

The residual currents from nonlinear interactions of tidal currents play a key role in the transport of material, such as seston and sediment. The SE to NW surface residual flow along the west border of the farm is strengthened, while the NE to SW surface residual flow inside the farm is weakened. To quantify the residual current around the farm, two cross sections, Sec 1 and Sec 2 are selected and they are perpendicular to the two major residual current and cut through the center of the farm. Sec 1 cuts the largest farm into two halves from SE to NW with a length of 3.6 km, and the Sec 2 cuts the largest farm into two halves from NE to SW with a length of 3 km. The water flux reduction by mussel farms through Sec1 and Sec2 can reach 49% and 59% respectively. In addition, the difference in the total water flux at Sec1 with and without farms reaches up to 2.8×107 m3 with the major water transport direction in NE to SW. At Sec2, the total water flux difference displays a semi-lunar periodicity, positive during the transition from spring to neap tide and negative during the transition from neap to spring tide. The total offshore water transport at Sec2 may be increased by mussel farms by up to 5.2×106 m3, an order of magnitude smaller than that of at Sec1.

The field observation revealed tidal asymmetry in the farm at the north of Gouqi Island. The flood currents are stronger than the ebb currents at field station S1 inside the farm and S3, while the opposite is true at field station S2 inside the farm. The thickness of the surface canopy boundary layer formed by suspended mussel farms has large spatiotemporal variations due to the heterogeneity in natural hydrodynamics within the farm. The observed current velocity profiles show that the thickness of the surface canopy boundary layer is maintained at about 5 m inside the farm, but may become larger than 10 m when the hydrodynamic is weakened by the cumulative blocking effect. And a wake zone was observed downstream the northwest farming area, which becomes larger closer to the farming area.

The present model can be a robust tool for farm site selection or farm extension and configuration by estimating the hydrodynamic changes by mussel farm and guide the production management decisions. The mussel farm needs to comply with the natural hydrodynamic conditions at the site and minimize the blocking effect on the water exchange between the water body inside and outside the farm, so that the suspended particulate organic matter in the farm can be replenished in time, which is essential for healthy mussel growth.
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