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As human activity increases, coastal ecosystems are becoming increasingly

vulnerable to a range of challenges. Oyster reefs are coastal ecosystems that

provide habitats for a diverse range of marine species while also purifying water

and providing natural coastal defense. However, because of human activity,

global oyster reef areas have drastically diminished and are in grave danger.

Simultaneously, it is impossible to determine the negative impact of human

engineering activity on oyster reefs, due to the lack of intuitive and quantitative

study methodologies. To address this issue, we applied a hydrodynamic model

to analyze the impact on oyster reefs. First, we considered that human

engineering activity, that is, coastal engineering, mainly affects the

development of Liyashan Oyster Reefs by influencing hydrodynamics,

sediment concentration, and bed-level evolution. We then applied MIKE3 to

establish and validate a 3D hydrodynamic model of the southern part of the

Yellow Sea around oyster reefs. Results showed that regional variations in flow

velocity and suspended sediment concentration occurred in oyster reef waters,

but the magnitude of these variations was limited. However, seabed elevation

increased substantially in the Center Protection Area, which had a negative

impact on oyster reefs. In general, our study provided a paradigm for analyzing

the degree of impact on oyster reefs, showed the advantages of hydrodynamic

models in quantitatively analyzing impact factors, and had reliable results.

KEYWORDS

oyster reefs, human activities, hydrodynamic model, sediment transport, coastal
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1 Introduction

An oyster reef is a biological reef formed by the long-term

attachment and growth of oysters (Beck et al., 2011), and is

widely distributed in coastal temperate and subtropical estuarine

areas (Airoldi and Beck, 2007). As filter-feeding shellfish, oysters

can effectively filter detritus and suspended sediment in water,

which can considerably improve water quality and increase

water clarity (Nelson et al., 2004; Newell, 2004; Dame et al.,

2006). Simultaneously, oysters can absorb nutrients such as

nitrogen and phosphorus from the water and promote

denitrificat ion to avoid harmful algal blooms and

eutrophication outbreaks (Hoellein et al., 2014). Furthermore,

oysters have a strong enrichment effect on Pb, Cd, and other

heavy metals, which can effectively reduce heavy metal pollution

in water (Chakraborty, 2017). In addition to purifying waters,

oyster reefs perform more diverse ecosystem service functions

(Peterson et al., 2003; Coen et al., 2007; Scyphers et al., 2011;

Smaal et al., 2019). Similar to tropical coral reef systems, the

complex three-dimensional reef structure of oyster reefs

provides a habitat for a wide range of marine organisms,

including benthic invertebrates, fish, and crustaceans (Rodney

and Paynter, 2006). Oyster reefs are gaining increasing attention

as a form of natural coastal defense (Morris et al., 2018), and a

specific scale of oyster reefs can reduce wave energy, stabilize

sediments, and thus reduce coastal erosion (Grabowski and

Peterson, 2007; Scyphers et al., 2011).

Estuarine coastal areas are among the most densely

populated and economically developed areas for human

activity, with approximately 60% of the world’s population

living in them (Morris et al., 2018), within which oyster reefs

are also distributed. Owing to the global acceleration of coastal

urbanization, human intervention and modification of coastal

areas are becoming more intensive (Heath, 2008; Rockström

et al., 2009). However, while meeting social and economic

development needs, human activity has also altered the natural

characteristics of coastal areas, causing severe damage to oyster

reefs worldwide. Oyster reefs globally have been severely

degraded for nearly 100 years due to overfishing, pollution

discharge, and coastal area development (Airoldi and Beck,

2007; Richardson et al., 2022), and 85% of oyster reefs have

been extirpated (Jackson et al., 2001), making them one of the

most endangered marine ecosystems (Beck et al., 2011). The

Liyashan Oyster Reef is the largest living oyster reef in China,

which not only has economic benefit but also plays a crucial role

in the conservation of marine biological resources and ecological

protection and has great scientific value. However, owing to the

combined effect of the natural environment and human activity,

the Liyashan Oyster Reef has been in continuous degradation for

almost half a century, which has caused widespread concern

among relevant departments and researchers. According to the

results of the 2013 survey, the reef area decreased by
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approximately 38.8% compared to that in 2003 (Quan

et al., 2016).

With the acceleration of urbanization, the population and

infrastructure of coastal areas has increased dramatically, and

changes in traditional fishing practices and engineering activities

have severely affected oyster reef survival and development. Some

engineered structures may cause changes to the nearshore seabed,

further altering the coastal dynamic environment (Pan et al., 2022).

Therefore, current research on the effect of human activity on oyster

reefs has focused on direct damage to reefs from fishing and

engineering projects. As coastal settlement populations have

grown rapidly, overfishing has severely damaged the living

environment of oyster reefs, resulting in the collapse and even

extinction of local oysters (Jackson et al., 2001; Alleway and

Connell, 2015). Waves generated by the stern of a ship during

sailing can affect the attachment of oysters, and thus reduce their

survival rate (Wall et al., 2005). The spatial structure of oyster reefs

can be severely damaged by dredging, which leads to a drastic

reduction in oyster production and oyster reef area (Rothschild

et al., 1994). Simultaneously, sediment resuspension caused by

dredging projects inundates oyster beds, generating high sediment

loads and directly causing decline in oyster populations (Volety

et al., 2009; Wilber and Clarke, 2010; Lin et al., 2021). All these

human activities have a direct or indirect effect on the development

of oyster reefs.

At present, studies on oyster reefs mainly focus on current

status assessment, growth characteristics, impact of human

activity, and reef structure. Studies on the systematic impact of

changes in the hydrodynamic environment and bed level caused

by coastal engineering on oyster reefs are limited. Oyster reef

development is affected by a combination of environmental

factors such as flow velocity , suspended sediment

concentration, and bed level. Coastal engineering affects these

environmental factors, which in turn has a substantial impact on

the development of oyster reefs. Therefore, it is necessary to

study the effects of changes in marine environmental factors on

oyster reefs owing to coastal engineering.

Meanwhile, oysters, as benthic shellfish, live on the bottom of

the water long-term and grow attached to the surface of the reef,

mainly constrained by environmental conditions of the bottom

waters. The two-dimensional model calculates the vertical average

flow velocity and suspended sediment concentration. However,

when the hydrodynamic environment of the water changes

drastically, the distribution of these two physical quantities in the

vertical direction becomes irregular, and the simulated values

obtained by the two-dimensional model cannot reflect the vertical

hydrodynamic characteristics of the sea well at this time.

The categories of impact studied in this paper are

hydrodynamics and sediment dynamics. Specifically, we

analyzed the current velocity, sediment concentration and bed

level evolution. And the impact of human activity on oyster reefs

discussed in this paper is mainly caused by coastal engineering,
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including reclamation projects, port and dike construction, and

channel construction. Based on the analysis results of oyster reef

growth impact factors, a conceptual model was constructed to

characterize the impact of human engineering activity on oyster

reefs, as shown in Figure 1. Human engineering activity affects

oyster reef development in many ways; coastal engineering

mainly influences hydrodynamics, suspended sediment

concentration, and bed-level evolution, which are also the

basic influences considered in our modeling. First, flow

velocity can affect the grazing rate of oysters (Beisel et al.,

1998), and when the flow velocity is too high, oysters may not

be able to feed (Lenihan et al., 1996). In addition, if the

distribution of the vertical flow velocity is disturbed, oysters

need to consume more energy to maintain their spatial position

(Hart and Finelli, 1999). Second, high suspended sediment

concentrations can damage the gill filaments of oysters and

affect their filter feeding rates (La Peyre et al., 2020). It may also

carry a greater load of contaminants, causing serious oyster

poisoning (Edge et al., 2015). Third, oysters at the bottom are at

risk of suffocation and death if the bed level is raised. Related

studies have found that oysters die when the sediment layers

exceed 40 and 60 mm in thickness (Comeau, 2014), and only a

few millimeters of sediment can inhibit oyster larvae from

colonizing the reef (Thomsen and McGlathery, 2006).

Therefore, to study the influence of changes in regional

hydrodynamics and sediment dynamics characteristics caused

by coastal engineering on oyster reefs, and to compensate for the

shortcomings of the two-dimensional model, we used MIKE3

numerical simulation software to construct a three-dimensional

hydrodynamic model. By calculating the vertical distribution of
Frontiers in Marine Science 03
flow velocity and suspended sediment concentration before and

after the project, as well as the variation of bed bottom, and

combining it with the change in sea level in the oyster reef area,

the impact of coastal engineering on Liyashan Oyster Reefs was

comprehensively analyzed.
2 Materials and methods

2.1 Study area and study content

2.1.1 Study area
The Liyashan Oyster Reef is located in the intertidal zone on

the southern side of the western section of the Xiaomiaohong

Channel, Nantong, Jiangsu Province, China, as shown in

Figure 2. The Xiaomiaohong Channel is located on the

southern flank of the submarine radial sand ridges southwest

of the Yellow Sea. The study area is characterized by irregular

semidiurnal tides and a large tidal range, with neap tides

reaching 2.5 m and spring tides reaching 6 m (Lin et al.,

2021). Shielded by the wide Yaosha Shoal extending from east

to west, the waves of the Xiaomiaohong Channel are small, and

the multi-year average wave height is only 0.3 m (Zhang, 2004).

In addition, the number of days without waves is approximately

50%, the average wave height when there are waves is 0.53 m,

and the measured maximum wave height is 3.8 m (Zhang, 2004).

The tidal flats adjacent to the oyster reefs are the transition zone

from siltation to strong erosion on the southern part of the

Jiangsu coast; therefore, the overall geological activity of the

oyster reefs is relatively weak (Zhang, 2004).
FIGURE 1

The framework of this study. The effects of the four main forms of coastal engineering on the three natural properties of waters and their
relative relationships are shown. We abstracted these three natural properties as flow and sediment through the MIKE3 model and studied their
variation at the three-dimensional scale to assess the impact of coastal engineering on oyster reefs.
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An important change in the depositional environment

occurred in the study area approximately 5630 years ago,

resulting in coarser sediment grain size, lower salinity of

seawater, and lower concentration of suspended sediment,

which created conditions suitable for oyster growth and oyster

reef development (Wang et al., 2009). However, the high salinity

of the study area currently is not suitable for the survival of the

dominant species of local oysters; the low temperature in winter

and high temperature in summer inhibit the growth of oysters to

a certain extent, and the high concentration of sediment

suspended in seawater is not suitable for the reproduction and
Frontiers in Marine Science 04
development of oysters (Wang et al., 2009). In this context,

human engineering activity may accelerate the deterioration of

prospects for development of the Liyashan Oyster Reefs.

The reef area was divided into three functional areas: the

center protection area (CPA), resource restoration area (RRA),

and moderate utilization area (MUA), as shown in Figure 3.

Oyster reefs and their biological resources are mainly

concentrated in the CPA and RRA on the north side, whereas

the reefs in the MUA near the shore on the south side are

relatively sparsely distributed. The CPA is divided into two

major blocks of dense oyster reef areas in the southeast and
frontiersin.org
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FIGURE 2

Location map of Liyashan Oyster Reefs. (A) Remote sensing image of the engineering area and oyster reefs (represented by a pentagram). (B) Selection
of characteristic points in the oyster reef waters (A1 to A6). The elevation selection is National Vertical Datum 1985. (C) General location map of oyster
reef area.
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northwest of the Liyashan Oyster Reefs, which are the key

protection zones in the reef area.

2.1.2 Introduction to human
engineering activity

In early 2012, Nantong City planned to conduct a series of

coastal projects in Tongzhou Bay to promote the implementation of

related development strategies. The main types of coastal

engineering are mudflat reclamation and construction of guide

dikes, as well as port and channel construction. It includes the

formation of Harbor Basin 1 through the reclamation of Yaosha

Shoal, the construction of an east-west guide dike to connect

Harbor Basin 1 to the shoreline, the reclamation of Dongzao Port

and Lvsi Port, and the construction of the channel connecting the

Xiaomiaohong channel with Harbor Basin 1 and Dongzao Port. All

the above construction areas are shaded in Figure 2A, except for the

channel construction. The model considered the impact of channel

construction in changing the seabed elevation in the channel area.

The connections between the various types of engineering and

environmental factors are shown in Figure 1.

The reclamation of the three coastal blocks northwest of

Yaosha Shoal, the reclamation of Dongzao Port, and the

construction of Lvsi Port were completed by 2013, whereas the

construction of Harbor Basin 1 was completed by 2015.

Therefore, in this paper, 2015 is considered as the dividing

year, and all construction after 2015 is considered as completed

in order to analyze the impact of the construction of coastal

engineering through the model.
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Considering human engineering activity, the impact of

reclamation on oyster reefs is relatively important and should

be discussed under the following two conditions. When the flow

velocity is greater than 0.6 m/s or the suspended sediment

concentration is higher than 0.5 kg/m3 (Li and Shen, 2013),

the increase in flow velocity and suspended sediment

concentration will cause stress to the growth of oysters and

interfere with the development of the reef, while a decrease in

flow velocity and suspended sediment concentration will be

beneficial to its further development. In contrast, when the

flow velocity was less than 0.6 m/s or the suspended sediment

concentration was less than 0.5 kg/m3, the changes in flow

velocity and suspended sediment concentration had no effect

on oyster reefs. In addition, oyster reefs can be affected under

three other conditions. First, since oyster growth requires calm

water flow conditions, oyster growth is stressed when the

distribution of water flow velocity in the vertical direction is

disturbed and irregular (Figure 1) (Hart and Finelli, 1999).

Second, when the vertical growth rate of oyster reefs was less

than the sediment deposition rate, oyster reefs were at risk of

degradation by the sediment cover (Figure 1) (Colden and

Lipcius, 2015). At this time, enhanced siltation would

considerably increase the risk of oyster reef degradation,

whereas weakened siltation would be beneficial for reef

development. Third, when slight scouring occurs, reef

development is not affected, but when scouring is enhanced,

the reef is at risk of erosion retreat (Gangnery et al., 2003;

Soletchnik et al., 2007).
FIGURE 3

Relative position of the Liyashan Oyster Reefs to the coast and surrounding engineering. The Liyashan Oyster Reefs are divided into three types
of functional areas, of which the Centre Protection Area is divided into two blocks.
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The construction of ports and dikes has almost the same

impact as the reclamation project. The difference, however, is

that ports and dikes have a smaller impact on the water, usually

confined to the vicinity of the project area, and do not affect the

natural properties of the water overall. Channel construction will

not only change the hydrodynamic and siltation environments

in the sea, but more importantly, the suspended materials

generated by dredging during waterway construction will

cause great harm to the organs of oysters, which will interfere

with the normal development of oyster reefs.

To compare the effects of human engineering activities on

the hydrodynamic environment and the bed-level change in the

oyster reef area, A1–A3 were taken from the CPA, A4–A5 from

the RRA, and A6 from the MUA (Figure 2B) for quantitative

analysis of the effect of human engineering activity on tidal flow

velocity, suspended sediment concentration, and siltation

distribution in the oyster reef area.
2.2 Model setup

2.2.1 Model description
The MIKE3 Flow Model FM is based on a flexible mesh

approach and it has been developed for applications in

oceanographic, coastal and estuarine environments. The

system is based on the numerical solution of the three-

dimensional incompressible Reynolds averaged Navier-Stokes

equations invoking the assumptions of Boussinesq and of

hydrostatic pressure. At the same time, the free surface is

taken into account using a sigma coordinate transformation

approach. The main equations involved include equations (1) to

(8) (DHI, 2012), and the parameters used in the MIKE3 model

are listed in Table 1.

Among them, equations (1) to (5) are basic equations of

water flow.
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The continuous equation is characterized as:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1)

The momentum equation is characterized as:

∂u
∂t

+
∂u2

∂x
+
∂vu
∂y

+
∂wu
∂z

= −g
∂h
∂x

−
1
r0

∂Pa

∂x

−
g
r0
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z

∂r
∂x

dz  −
1

r0h
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∂x
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� �
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∂

∂z
ut

∂u
∂z

� �
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(2)

∂v
∂t

+
∂v2

∂y
+
∂uv
∂x

+
∂wv
∂z

= −g
∂h
∂y

−
1
r0

∂Pa

∂y

−
g
r0

Zh

z

∂r
∂y

dz   −
1

r0h
∂Syx
∂x

+
∂Syy
∂y

� �

+  
∂

∂z
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∂v
∂z

� �
+ Fv + fu

(3)

In equations (2) and (3):

Fu =
∂

∂y
A

∂u
∂y

+
∂v
∂x

� �� �
+

∂

∂x
2A

∂u
∂x

� �
(4)

Fv =
∂

∂x
A

∂u
∂y

+
∂v
∂x

� �� �
+

∂

∂y
2A

∂v
∂y

� �
(5)

Where, t is time; h is water surface fluctuation; d is still water

depth; h is total water depth (h = d + h); u, v, w are flow velocity

vectors along x, y, z direction respectively; ɡ is gravitational

acceleration; f is Coriolis parameter (f = 2wsinj, w is the angle of

earth rotation, j is local latitude); Sxx, Sxy, Syx, Syy are the wave

radiation stresses; ut is the vertical turbulence coefficient; Pa is

the atmospheric pressure; r is the density of water; r0 is the

relative density of water; Fu, Fv are the stress terms in x and y

directions; A is the viscosity coefficient.

The remaining equations (6) to (8) are sediment

transportation equations (DHI, 2014).

Convective diffusion equation is characterized as:

∂S
∂t

+
∂uS
∂x

+
∂vS
∂y

+
∂wS
∂z

=
∂

∂x
ϵx

∂S
∂x

� �
+

∂

∂y
ϵy

∂S
∂y

� �
+

∂

∂z
ϵz

∂S
∂z

� �
+

Fs
h + z

(6)
TABLE 1 Model parameters.

Parameter Value Definition

ɡ 9.81 N kg-1 Gravitational acceleration

r 1027 kg m-3 Density of water

rsed 2650 kg m-3 Specific density sediment

f 0 Coriolis parameter

A 0.001 N s m-2 Viscosity coefficient

n 0.014 s m-1/3 Friction coefficient (Manning)

a 5.5 m s-1 Settling coefficient

ws 0.0005 m s-1 Sediment settling velocity

td 0.2 N m-2 Critical bed shear stress of deposition

te 0.5 N m-2 Critical bed shear stress of erosion

M 5*10-5 kg m-3 s-1 Erosion coefficient

gd 550 kg m-3 Dry capacity of bed sediment
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Where, ϵx, ϵy, and ϵz are the sediment diffusion coefficients

in the x, y, and z directions, respectively; S is the sediment

concentration of water; Fs is the sediment source and sink

function or bed level change function, also known as near-

bottom sediment flux, given by equation (7).

Fs awsS
tb
td
− 1

� �
,   tb≤  td   0,   td<tb<te M

tb
td
− 1

� �
, tb ≥ te  

n
(7)

In equation (7), a is the settling coefficient; ws is the

sediment settling velocity; tb is the shear stress at the bottom

of bed; td is the critical siltation shear stress, determined by

experiments or field data; te is the critical scouring shear stress,

and is related to the bed sand dry bulk weight, porosity and other

parameters; M is the scouring coefficient.

Equation of bed level change is characterized as:

gd
∂hb

∂t
+ FS = 0 (8)

In Eq. (8), gd is the dry capacity of bed sediment; hb is the
bed level.
2.2.2 Mesh and model parameters
The calculation domain of the hydrodynamic model is

shown in Figure 4. The model area was set to approximately

3770 km2, with a non-structural triangular grid for dissection.

Furthermore, local refinements were conducted in the near-

shore area. The minimum grid resolution of the model was 30 m,

the number of grid cells was 43 640, and the number of grid

nodes was 22 162. Three outer sea open boundaries were set in

the model, including south, east, and north, all of which were

provided by the tide model of the offshore waters of Jiangsu

Province for tidal level boundary conditions.
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2.3 Model validation

In order to verify the accuracy of the model, the measured

data of tide level, flow velocity and suspended sediment

concentration from December 22, 2018 to January 22, 2019

were applied. And the distribution of the validation points is

shown in Figure 4.

The actual measurement data used in the paper were

acquired from the hydrodynamic and sediment measurements

conducted by the CCCC Third Harbor Consultants Co., LTD. in

the waters of Tongzhou Bay from December 2018 to January

2019. Tidal level measuring stations A and B used the

AQUAlogger 520p tide gauge from AQUATEC, which

automatically records water level values every 10 minutes and

uses 40 sets of water level values spaced 1 second apart each time

for wave abatement operations. Each tidal current measurement

station uses NORTEK’s Acoustic Doppler Current Profiler

(ADCP) for vertical tidal current velocity measurement.

Finally, water samples were collected in six layers using a

horizontal water collector on six tidal current measuring

stations, with a sampling volume of 500 ml each. The

suspended sediment concentration at the measurement points

was obtained by filtering, drying and weighing operations.

During the measurement period, the average wind speed was

between 6.9 m/s and 8.1 m/s, and the maximum wind speed was

within 14.2 m/s. The wind direction was mainly northwest to

north, and the sea state was below level 4. Hydrodynamic

measurements were carried out in strict accordance with

technical requirements and specifications, and all measuring

instruments were calibrated before the measurements to ensure

the reliability of the original data.

According to the measured data to determine the tide level

validation period from December 23, 2018 00:00 to January 22,
FIGURE 4

Model grid of study area, and locations of two tidal level measuring stations (A, B) and six tidal current measuring stations (1–6). The model grid
is refined in the nearshore waters, and the water depth in the surrounding waters is represented by a gradual change from red to blue. The map
also identifies the names of adjacent ports and cities. In addition, the water depth corresponds to the National Vertical Datum 1985.
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2019 23:00, the flow velocity and sediment concentration

validation period from December 22, 2018 16:00 to December

23, 2018 18:00. Among them, the tide level validation stations

were the tidal level measuring station A and tidal level measuring

station B, and the flow velocity and sediment validation stations

were points 1-6 as shown in Figure 4. In view of the limitation of

space, only the tidal level validation results of tidal level

measuring station A and tidal level measuring station B, along

with the flow velocity and sediment concentration validation

results of station 1 are listed in this paper, as shown in Figures 5–

7. The validation results show that the difference between the

calculated value and the actual measurement is slight, and the

process is in good agreement, indicating that the model can be

relatively accurate to simulate the hydrodynamic conditions of

coastal area. Due to space limitations, the validation of flow

velocity, flow direction and sediment concentration at the

station 1-6 in the surface and bottom layer is shown in the

Supplementary Figures 1-3.

Also, to quantitatively show the results of the model

validation, we evaluated the differences between the measured

and simulated values of flow velocity, flow direction, and

sediment concentration, which are shown in Supplementary

Tables 2, 3. We use Pearson correlation coefficient to evaluate

the correlation between flow velocity and flow direction, the

higher the result tends to 1, the better the model simulation

results. Supplementary Table 2 shows that the Pearson

correlation coefficient for 87.5 percent of the flow velocity
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exceeds 0.9, indicating that the model simulated flow velocity

distribution is very close to the actual situation. Supplementary

Table 2 also shows that the Pearson correlation coefficient for

83.3 percent of the flow direction exceeds 0.8, indicating that the

model simulated flow distribution is also quite close to the actual

situation. In addition, considering the relatively large difference

in simulation accuracy of sediment concentration in the

mathematical model, we use Mean Absolute Percentage Error

(MAPE) to evaluate, as shown in Supplementary Table 3. The

results show that the MAPE of 75 percent sediment

concentration is less than 0.1, and the maximum MAPE is

0.152. Considering the difference of sediment concentration

distribution in Figure 8, the error of the model is acceptable

and basically does not affect the analysis of sediment

concentration distribution.
3 Results

Although the Liyashan Oyster Reefs are in a state of

degradation due to high salinity, low winter temperature, and

high summer temperature, as well as high suspended sediment

concentration of seawater (Wang et al., 2009), disturbance to the

oyster reefs by human engineering activity still cannot be

ignored. As benthic shellfish, oysters always live on the seabed

and grow on the surface of the reef, which is mainly affected by

the environment of the bottom waters. Human engineering
B

A

FIGURE 5

Comparison of tidal level measurement data points with model simulated tidal level fit curves for (A) Tidal Level Measuring Station A and (B)
Tidal Level Measuring Station B from December 22, 2018 to January 22, 2019.
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activity affects oyster growth by influencing the environmental

factors of the water column, which in turn hinders the

development of oyster reefs. However, human engineering

activity directly leads to the degradation of reef cover by

promoting sediment deposition, which is also the most

important reef stress factor.
3.1 Analysis of the impact of the
flow velocity

The dynamic environment of the Liyashan Oyster Reefs is

mainly controlled by progressive waves in the East China Sea.

Tidal waves are in the form of standing waves, and the currents

reciprocate. The distribution of bottom flow velocity changes in

the oyster reef waters before and after human engineering

activity (Figure 9) showed that bottom flow velocity in the reef

area generally decreased due to human engineering activity. The

decrease in flow velocity is most obvious in the CPA and RRA,

and largest in the area near the inlet channel of Dongzao Port

and the side of Xiaomiaohong Channel, with the largest decrease

of 0.15 m/s. The decrease in flow velocity in the near-shore MUA

was smaller, and in the reef area showed a trend of increasing
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offshore. In addition, a comparison of the surface and bottom

flow fields during spring and neap tides in the oyster reef area

before and after human engineering activity is shown in

Supplementary Figure 4. It can be seen that the flow direction

in the oyster reef waters, which is our concern, remained stable.

To further study the influence of human engineering activity

on the vertical distribution of tidal flow velocity in the oyster reef

area, a logarithmic distribution fit was conducted to further

determine whether the vertical distribution of flow velocity is

stable and whether stable current conditions can have a positive

effect on the growth of oyster reefs. The simulated values of the

vertical flow velocity at the characteristic points before and after

human engineering activity were plotted and fitted with a

logarithmic distribution, as shown in Figure 10. In this study,

the coefficient of determination R and root mean square error

(RMSE) were used to evaluate the fitting effect of the vertical

flow distribution to the logarithmic distribution. The values of R

range from [0, 1]; the closer R is to 1, the better the fit to the

logarithmic distribution. Similarly, the closer the RMSE is to 0,

the more effective the fit to the logarithmic distribution.

The coefficient of determination R and RMSE for the fit to

logarithmic distribution of flow velocity at each characteristic

point is listed in Supplementary Table 1. By combining Figure 9
B

C D

A

FIGURE 6

Validation of surface & bottom flow velocity during spring & neap tide at Station 1. (A) Surface current velocity at Station 1 during spring tide.
(B) Surface current velocity at Station 1 during neap tide. (C) Bottom current velocity at Station 1 during spring tide. (D) Bottom current velocity
at Station 1 during neap tide.
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with Supplementary Figure 5, it can be seen that before human

engineering activity, the flow velocities in CPA1 (A2), RRA (A4,

A5), and MUA (A6) basically conformed to the logarithmic

distribution in the vertical direction, and CPA2 (A2, A3) was

close to the Xiaomiaohong Channel, which had a slightly poorer

fit to the logarithmic distribution of flow velocity. The positions

of A1–A6 are shown in Figure 1. The overall flow pattern in the

oyster reef area was stable, surface flow velocity was greater than

bottom flow velocity, vertical flow velocity was in line with the

logarithmic distribution, and the flow velocity in the CPA was

the largest. Flow velocity in the reef area decreased owing to

human engineering activity; however, the law that the vertical

flow velocity conforms to the logarithmic distribution remains

unchanged, and the water flow remains stable.
3.2 Analysis of changes in the
suspended sediment

The implementation of human engineering activity will lead

to simultaneous changes in the suspended sediment

environment in oyster reef areas. Unlike the changes in flow

velocity, the changes in suspended sediment concentration in the

vertical direction were not consistent, and human engineering
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activity led to an overall decreasing trend in the surface

suspended sediment concentration in the reef areas, whereas

changes in the bottom suspended sediment concentration were

distributed regionally (Figure 11 and Supplementary Figure 6).

For the bottom suspended sediment concentration, the

southwest side of the RRA showed the greatest change during

spring tide. The concentration of suspended sediment in the

CPA remained at 0.30–0.40 kg/m3 (basically unchanged); in the

southwest side of the RRA a clear change was noted, from 0.20–

0.40 kg/m3 to 0.17–0.35 kg/m3, with the largest reduction value

of 0.15 kg/m3, while the rest of the zone showed less change. In

MUA, the concentration of suspended sediment increased

nearshore and decreased offshore, and the change value was

within 0.05 kg/m3. During neap tide, the change in suspended

sediment concentration was smaller than that during spring tide,

and was most obvious in the MUA. The concentration of

suspended sediment in CPA of oyster reefs had decreased,

from 0.12–0.18 kg/m3 to 0.1–0.16 kg/m3, with a maximum

reduction of 0.03 kg/m3; in the southeast and southwest sides

of the RRA it decreased significantly, from 0.15–0.18 kg/m3 to

0.13–0.15 kg/m3 in the southeast side, with a maximum

reduction of 0.02 kg/m3; in the southwest side it decreased

from 0.10–0.13 kg/m3 to 0.08–0.11 kg/m3, with a maximum

reduction of 0.02 kg/m3; the remaining areas had basically no
B

C D

A

FIGURE 7

Validation of surface & bottom sediment concentration during spring & neap tide at Station 1. (A) Surface sediment concentration at Station 1
during spring tide. (B) Surface sediment concentration at Station 1 during neap tide. (C) Bottom sediment concentration at Station 1 during
spring tide. (D) Bottom sediment concentration at Station 1 during neap tide.
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change; in the MUA it was increasing nearshore and decreasing

offshore, and the variation was within 0.04 kg/m3.
3.3 Analysis of the impact of bed level

Changes in the hydrodynamic environment caused by

human engineering activity inevitably led to changes in the

intertidal bed level. Figures 8, 12, 13 show bed-level

distribution and its variation from the model simulation. As

the model does not consider the effect of natural sedimentation,

the results shown in the figure can be regarded as being caused
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by engineering alone. As shown in Figures 8 and 12, human

engineering activity did not change the overall trend of siltation

pattern in oyster reefs, but the local siltation pattern in the CPA

and RRA changed significantly, and the rate of bed-level change

in the reef areas varied from −0.20 m/a to 0.40 m/a.

Figure 13 shows the annual variation in bed-level change

intensity at characteristic points before and after human

engineering activity, where 2014 and 2015–2019 show the bed-

level change before and after human engineering activity. From

Figures 8, 12, 13, it can be seen that after human engineering

activity, the siltation in CPA1 is clearly enhanced, from the

combination of scouring and siltation to overall siltation, and
B

C D

E F

A

FIGURE 8

Distribution of bed level in oyster reef waters before (2014) and after (2015–2019) human engineering activity. The locations of oyster reefs and
their subdivisions are marked on the figures with solid blue lines. (A–F) 2014–2019.
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annual siltation increased to 0.03–0.15 m, with a maximum

increase value of 0.3 m, and then decreased annually, and

tended to balance scouring and siltation. At the northeast

corner of CPA2, annual bed-level change was altered from

scouring to siltation, and maximum annual siltation was 0.2 m,
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with an average increase of 0.2 m, while the siltation in the rest of

the area was weakened, with a maximum decrease of 0.15 m. The

central local area favored scouring and maximum annual scouring

volume was 0.1 m, the siltation on the south side had weakened,

however, maximum annual siltation volume still maintained
B

C D

E F

A

FIGURE 9

Comparison of bottom flow velocity during spring tide before and after construction of the project. The locations of oyster reefs and their
subdivisions are marked on the figures with solid blue lines. Bottom flow velocity distribution during (A) peak flood tide and (B) peak ebb tide of
the spring tide before construction of the project. Bottom flow velocity distribution during (C) peak flood tide and (D) peak ebb tide of the
spring tide after construction of the project. Difference in bottom flow velocity distribution during (E) peak flood tide and (F) peak ebb tide of
the spring tide before and after construction (flow velocity before construction minus flow velocity after construction).
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around 0.3 m annually. The overall siltation in the RRA was

enhanced, and the area near the inlet channel of Dongzao Port

changed from scouring to siltation, average annual siltation was

0.1 m, the rest of the area was slightly weakened, the deep trough

on the south side of the boundary still maintained the trend of

scouring, and the RRA tended towards slight scouring or slight

siltation with the evolution. The MUA still maintained overall

siltation, however, annual siltation volume generally decreased by

about 0.05 m, and siltation intensity gradually decreased as the

evolution proceeded, and finally, annual siltation volume

stabilized at approximately 0.07 m.
4 Discussion

4.1 Analysis of the impact of human
engineering activity on oyster reefs

Human engineering activity affects the growth of oysters and

thus the growth of reefs indirectly by changing the flow velocity

and suspended sediment concentration in the water column on
Frontiers in Marine Science 13
the one hand, and directly affects the evolution of reefs by

changing the bed level on the other hand.

4.1.1 Flow velocity stress
Both excessively fast and turbulent flow velocities are

detrimental to oyster attachment growth. According to related

specifications, flow velocity during the oyster breeding period

should be no more than 0.6 m/s, so the evaluation standard for

flow velocity is 0.6 m/s. Human engineering activity did not

change the logarithmic distribution law of the vertical flow

velocity. During spring tide, the flow velocity was high and

exceeded 0.6 m/s in some areas, which was conducive to oyster

attachment and reproduction due to the decrease in flow velocity

caused by human engineering activity. In the rest of the area, the

flow velocity was low, and the decrease in flow velocity had no

effect on oyster growth. During neap tide, the flow velocity was

below 0.6 m/s, and the decrease in flow velocity had no effect on

the growth of oysters. In general, changes in the hydrodynamic

conditions of the Liyashan Oyster Reef waters caused by human

engineering activity would not have a significant effect on oyster

reef development.
B C

D E F

A

FIGURE 10

Calculated values and fitted curves of vertical flow velocity at characteristic points of peak flood tide of spring tide before and after human
engineering activity. (A–F) Characteristic points A1 to A6.
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4.1.2 Suspended sediment stress
The survival rate of oysters was not affected by low

concentrations of suspended sediments. However, when

concentration of suspended sediment exceeds 0.5 kg/m3, the

growth of Kumamoto Oysters, which is the dominant species,

will be inhibited, so 0.5 kg/m3 is used as the evaluation standard

of suspended sediment concentration. When the concentration

of suspended sediment is greater than 0.5 kg/m3, the increase

will harm oyster development; however, when the concentration
Frontiers in Marine Science 14
of suspended sediment is less than 0.5 kg/m3, the effect of

suspended sediment concentration on oysters can be ignored.

After human engineering activity, the bottom suspended

sediment concentration in the reef areas showed regional

changes. The suspended sediment concentration on the

nearshore side of the MUA increased locally, while in other

areas it generally decreased. The bottom suspended sediment

concentration remained below 0.5 kg/m3, and the change in

suspended sediment concentration under such a concentration
frontiersin.org
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FIGURE 11

Comparison of surface and bottom sediment concentrations before and after human engineering activity. The locations of oyster reefs and their
subdivisions are marked on the figures with solid blue lines. (A) Surface and (B) bottom sediment concentration distribution during the flood tide
of spring tide before construction of the project. (C) Surface and (D) bottom sediment concentration distribution during the flood tide of spring
tide after construction of the project. Difference in (E) surface and (F) bottom sediment concentration distribution during the flood tide of spring
tide before and after construction (sediment concentration before construction minus sediment concentration after construction).
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range would not affect the growth of oysters. Therefore, changes

in the bottom suspended sediment concentration caused by

human engineering activity would not have significant effect

on the growth of oysters and the development of reefs in the

Liyashan Oyster Reef waters.
Frontiers in Marine Science 15
4.1.3 Impact of bed-level change

Sediment deposition is the most important cause of oyster

reef degradation in the Liyashan Oyster Reefs. Sediment

covering the surface of the reefs directly leads to oyster
FIGURE 12

Difference in the distribution of bed-level change in oyster reef waters before (2014) and after (2019) human engineering activity. The locations
of oyster reefs and their subdivisions are marked on the figures with solid blue lines. .
B C

D E F

A

FIGURE 13

Annual variation of bed-level change intensity at characteristic points before and after human engineering activity. (A–F) Characteristic points A1 to A6.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1051868
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Luo et al. 10.3389/fmars.2022.1051868
suffocation or even death, resulting in a reduction in the

reef area.

After human engineering activity, the siltation of CPA1 was

enhanced, the northeast corner of CPA2 changed from scouring to

siltation, scouring of the central area was enhanced, and siltation of

the southern area was weakened; however, the intensity of siltation

remained at a high level. The CPA is the most densely populated

area for oysters. The enhanced siltation in CPA1 led to an increased

risk of degradation of oyster reefs covered by sediment, whereas

scouring in the central area of CPA 2 was slightly enhanced, and the

intensity of siltation on the south side decreased, which was

favorable for reef growth and development. However, the high

intensity of sediment deposition on the southern side of the reefs

should not be neglected. The RRA changed from a combination of

scouring and siltation, to siltation, and the risk of degradation of

oyster reefs on the side of the inlet channel of Dongzao Port greatly

increased. The scouring intensity at the northeast corner near

Xiaomiaohong Channel weakened but remained at a high value,

and the reefs were still in danger of receding from erosion. The

overall siltation in the RRA was enhanced, and human engineering

activity was generally more detrimental than beneficial to reefs in

the area. However, siltation intensity of the MUA decreased less

after human engineering activity, and the reefs in this area were

sparsely distributed; therefore, human engineering activity would

have no effect on oyster reefs in this area. In general, the impact of

human engineering activity on bed-level in the Liyashan Oyster

Reef waters was significant, especially in CPA.
4.2 Application of the model to oyster
reefs conservation

In this study, a hydrodynamic model was constructed using

MIKE3 (Figure 4), which was validated by tide level, flow

velocity, flow direction, and suspended sediment concentration

(Figures 5–7, Supplementary Figures 1–3). The difference

between the measured data and the model-simulated data is

slight, which shows that the model meets the accuracy

requirements for simulating nearshore hydrodynamic

conditions, especially the waters around the Liyashan Oyster

Reefs. Previous studies using hydrodynamic models have tended

to analyze the effects of individual factors, such as salinity, on

oyster reefs (Wang et al., 2008; Kaplan et al., 2016); however, a

comprehensive quantification of the various influences is

lacking. Results of the model simulation include the changes

in flow velocity (Figure 11), suspended sediment concentration

(Figure 11), and bed level (Figures 8–11), as well as the changes

in flow velocity (Figure 10) and bed level (Figure 13) at

characteristic points in the oyster reef waters before and after

construction. Results of the model simulations provide intuitive

data and, with strict test criteria, a comprehensive analysis of the

impact of human engineering activity on oyster reefs.
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The unique advantage of applying hydrodynamic modeling

to oyster reef conservation lies in its generalizability and

quantification. In response to different events, such as coastal

engineering mentioned in this study, sea level rise, storm surge,

etc., the dominant factors affecting oyster reefs can change or

even produce completely different factors. Fortunately, the

model can adapt to varying research needs, study scales (both

temporal and spatial), and analyze quantitative simulation

results to obtain reliable conclusions for assessing the future

state of oyster reef development. If an engineering project has a

considerable adverse impact on oyster reefs, it is necessary to

reconsider the site and scale of the project to reduce damage. The

model can also simulate the expected effects of various oyster

reef protection projects and simultaneously consider

environmental protection and resource conservation to select

the best engineering strategy, which is conducive to the long-

term protection of oyster reefs.

In this study, the developed model considers several main

influencing factors determined by engineering, as shown in

Figure 1. Undeniably, if we want to fully analyze the impact

on oyster reefs, we also need to consider the changes in

temperature, salinity, chlorophyll, dissolved nutrients,

dissolved oxygen, heavy metal pollutant concentrations, etc. of

the waters (Hoellein et al., 2014). However, too comprehensive a

consideration can greatly increase the difficulty of modeling and

discussion because of complex interaction between the various

factors. Therefore, for different research subjects, we believe that

it is necessary to properly select the important influencing

factors before modeling, which is beneficial for completing the

study in a cost-effective way.
4.3 Overall results and suggestions
for restoration

In conclusion, changes in the hydrodynamics of oyster reef

waters due to human engineering activity would not affect the

development of oyster reefs, but changes in the distribution of

bed level would cause some stress to the local reef body. The risk

of degradation of oyster reefs by sediment cover increased with

enhanced siltation in CPA1 and most of RRA. The overall

siltation in CPA2 was weakened; however, the southern reef

was still stressed by high-intensity sediment deposition. The

northeast side of the RRA was weakened by scouring but still at

risk of erosion and degradation, and the MUA was unaffected by

human engineering activity due to the sparse distribution of

reefs and weakened siltation.

Most areas of oyster reefs are currently under duress of

sediment deposition and some areas are severely scoured;

therefore, the oyster population would be in decline, so the

following suggestions are made.

(1) Replenishment of oyster populations
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Oyster reef development is directly related to the number of

oyster populations. To maintain the development of oyster reefs,

it is recommended to place adult oysters of local species or larvae

on the surface of the reef at neap tide to enhance the

replenishment of oyster resources and maintain them at the

level of the self-sustaining population.

(2) Oyster reef dredging and restoration

The areas south of CPA1 and CPA2 were seriously silted.

Experimental dredging measures are suggested to expose the reef

beach surface with a certain vertical structure, which is

conducive to the attachment and growth of oyster larvae, and

allow the reef to recover naturally.

(3) Protective restoration of eroded oyster reefs

The northeast corner of the RRA was seriously eroded by

tidal waves. It is suggested that a large concrete ecological

protective oyster reef be placed in front of the reef (seaward

side) to protect the natural oyster reef, on the one hand, and

increase the oyster attachment area on the other.

5 Conclusion

In this study, a three-dimensional hydrodynamic model of the

southern part of the Yellow Sea around oyster reefs was

established using MIKE3 numerical simulation software. After

the accuracy of the model was verified, we quantitatively analyzed

the impact of human engineering activity on the hydrodynamics

and the sediment dynamic of the Liyashan oyster reef waters, and

then discussed the contribution of this study to ecological

protection. The following conclusions were obtained.

Human engineering activity has effectively changed the water

environment of the Liyashan Oyster Reefs. First, the water flow

pattern was stable after the completion of engineering; however,

the overall flow velocity decreased. While surface concentrations

of suspended sediment remained basically unaffected and

concentrations of suspended sediment remained stable at the

bottom of CPA, there was a slight variation in concentrations of

suspended sediment in other areas, ranging from −0.2 to 0.1 kg/m3

during spring tides. This indicates that the impact on the

hydrodynamic environment is relatively minor and does not

necessitate serious warning indicators. Secondly, CPA and RRA

show obvious siltation trends after engineering, while MUA shows

a slight scouring trend, and the annual variation of bed level in the

oyster reef waters ranges from 0.2 to 0.35m. This indicates that the

bed level in priority protection areas is increasing, which is harmful

for oyster reef development.

The changes in hydrodynamic and bed levels were regional.

In particular, we must pay sufficient attention to the siltation of

CPA and RRA by organizing regional measures to reduce silt

and avoid oyster reef cover degradation. Some of the measures

mentioned in this study may be applied to protect oyster reefs.

Moreover, hydrodynamic modeling requires attention for oyster

reef conservation. As the model has universal applicability and

quantification ability, it can be adapted to a wide range of
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scenarios to obtain reliable conclusions to assess the impact of

human engineering activity and finally facilitate the adoption of

optimal engineering and environmental protection measures.
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