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Abstract: Oyster farming may impact the estuarine tidal circulation with a series of effects on
environmental conditions and cultures’ growth. Hydrodynamic numerical models set up in estuaries
integrated the presence of oyster structures by simply increasing the bottom friction coefficient over
farming areas. However, for elevated oyster tables in tidal environments, such default calibration
ignored the temporal variations of the friction coefficient between the conditions of submerged or
unsubmerged structures. Thus, an original formulation of the Chézy coefficient was here proposed to
integrate these modulations. Assessed against measured and predicted vertical velocity profiles on a
1/2 scaled model, this formulation was implemented in a simulation of the tidal circulation within
the Aber Wrac’h estuary (Brittany, France). Particular attention was dedicated to the changes induced
on the current magnitudes and sediment transport. Oyster tables were found to impact current
magnitudes in the vicinity of elevated structures, with major differences at times of local peak flood
and ebb. These modifications were characterised by (i) a reduction of current magnitudes over oyster
farming areas and (ii) a tidal-flow acceleration on both sides of these structures. Increased sediment
transport was, therefore, expected in the vicinity of these cultures, with potential implications on
seabed morphology and water quality.

Keywords: aquaculture impact; numerical model; Chézy coefficient; Telemac; tidal flow; wetting–
drying areas; Aber Wrac’h estuary; western Brittany

1. Introduction

Considered as an alternative to overfishing, aquaculture in marine waters has devel-
oped significantly over the last decades to meet the need for greater self-sufficiency in food
production, mainly resulting from population growth, rising income, and urbanization [1].
Thus, marine aquaculture output exceeds today’s wild capture fisheries by providing nearly
50% of the global seafood production. One of the main drivers is the culture of molluscan
shellfish, characterised by a steady increase since the mid-nineties [2–4]. However, such
impressive evolution requires in-depth assessment tools liable to encompass the wide
range of potential ecological effects induced by these aquacultures, including, among
others, the removal of nutrients, trophic competition, or increased primary productivity
and sedimentation [5].

This is one of the major concern of intertidal oyster cultivation whose spatial occupa-
tion (especially in estuarine environments) may conflict with a wide range of environmental,
social, and economic concerns [6,7]. While being primarily located on tidal flats of estu-
aries, higher current velocities are, in most cases, desirable for the implementation of this
aquaculture to increase food delivery, enhance biodeposits’ dispersal (e.g., waste particles
produced by biological filtering), and improve marine waters’ quality. However, oyster
aquaculture also impacts the hydrodynamic flow, leading to a series of effects and mod-
ifications on environmental parameters (including salinity, temperature, turbidity, food
supply or oxygen) [8–10]. Moreover, these modifications may have wider ecosystem con-
sequences on fish, seabirds, and marine mammals and, in return, impact the growth and
survivability of oysters [11,12]. Hydrodynamic interactions are particularly noticeable for
raised farming on elevated tables, where oysters are locked up in meshed plastic bags
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attached to steel trestles [13,14]. This elevated farming technique is widely exploited in
intertidal areas of north-western European shelf seas (particularly in western Brittany and
Normandy, France), as its limits the exposition to predators, reduces losses, and increases
the productive capacity. However, it also introduces artificial obstacles to the tidal flow
that may lead to decrease of velocity magnitudes, thus limiting the dispersal of particles
(including pollutants and contaminants) in the water column and increasing the natural
sedimentation process by several orders of magnitude around oyster tables [15].

A comprehensive understanding of these interactions, including a large-scale as-
sessment of potential environmental effects, is, thus, fundamental to optimise the man-
agement of this type of aquaculture. A refined approach of these interactions requires
three-dimensional numerical simulations, typically based on computational fluid dynamics
(CFD) codes, liable to reproduce the development of boundary layers, and perturbations
of flow and turbulence parameters over and below the oyster tables [16]. However, given
the high computational cost, this type of numerical simulations could not reasonably be
adopted to reproduce the hydrodynamic interactions within an oyster farm or investigate
the large-scale environmental effects within an estuary. Simplified methods were, therefore,
retained by integrating these structures with a modified hydraulic roughness coefficient
over the areas covered by oyster tables. Thus, for large-scale applications covering a bay or
an estuary, simulations relied on increased friction coefficients over oyster farming areas.
Nevertheless, for elevated oyster tables in tidal environments, such default calibration
ignored the temporal variations associated with tidal elevation [15]. Indeed, strong differ-
ences of the friction coefficient are expected whether the oyster structures are submerged or
not, and these modulations may be particularly important in intertidal areas of macro-tidal
environments, typically considered for the implementation of oyster farms. Moreover, as
exhibited by Gaurier et al. [16], the velocity profile above submerged oyster tables can not
be approached by a classical roughness law (based on a physical roughness length in the
near wall region of the oyster bags) and requires to consider the flow interaction effects
inside these bags.

The present investigation complements these different studies by proposing an original
simplified parametrisation of the friction coefficient over oyster farming areas dedicated to
large-scale hydrodynamic simulations of the tidal circulation within bays or estuaries. This
formulation integrates the flow interaction within oyster bags and effects of tidal elevation,
thus drawing the line between the configurations of submerged and unsubmerged tables.
This parametrisation was implemented as a revised Chézy coefficient in a depth-averaged
tidal circulation model applied to an estuary with elevated oyster cultivation. The potential
complementary effects of oyster tables on water quality (including especially filtering of
sediments and other suspended particulate matter) were ignored, thus considering these
effects negligible in intertidal farm sites that were regularly flushed over the successive
tidal cycles [17]. The site of application is the Aber Wrac’h estuary in north-western Brittany
(France), characterised by an access channel with mean water depth between 10 and 20 m
that separates two inter-tidal areas covering the eastern and western sides with a series of
oyster farms (Figures 1 and 2).

With spring tidal range exceeding 6 m [18], this estuary is, furthermore, a typical
macro-tidal environment of north-western Europe, sheltered from incoming waves by a
series of islets and rocks off its mouth. The seabed is mainly composed of a mixture of very
fine and muddy sands, with exceptions around islets where rock outcrops dominate [19].
Extending 7 km in length, with a width of around 2 km at its entrance, this estuary is,
furthermore, relatively small, matching the great part of intertidal coastal areas considered
for oyster farming. The site of application here considered may, thus, provide further
insights for broader investigations in small intertidal estuaries integrating oyster tables.
These insights may include the implementation of the hydrodynamic numerical model, the
parametrisation of oyster farming areas, and the local and large-scale potential impacts of
oyster tables.
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Figure 1. (a) Location of the study site in north-western European shelf seas. (b) Extent of the
offshore computational domain in north western Brittany.
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Figure 2. Bathymetry of the Aber Wrac’h estuary located in western Brittany (France), with the
locations of measurement points (pressure sensors and current meters). Green areas delimit the
extents of oyster farming elevated structures within the estuary.

The paper is organised as follows. After a description of the numerical model
and the modified version of the Chézy coefficient over areas covered by oyster tables
(Section 2), the predictions were assessed against a series of water depths and current mea-
surements conducted in mean spring conditions in intertidal areas around oyster structures
(Section 3.1). Simulations were exploited to investigate, for this real application, the sensi-
tivity of model predictions to the parametrisation retained for the Chézy coefficient over
oyster tables: the simple increase of the roughness parameter vs. the new formulation
(Section 3.2). The attention was finally dedicated to changes induced by oyster tables on
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tidal current magnitudes, and two environmental factors liable to influence the production
of oyster aquaculture: velocities exceedance over a given threshold and potential sediment
transport (Section 3.3).

2. Materials and Methods
2.1. Default Model Version

Simulations were conducted with the bi-dimensional horizontal model Telemac 2D
(version v7p2r2) of the finite-element modelling system Telemac [20]. This model resolves
the shallow water Barré de Saint-Venant equations of continuity and momentum derived
from the three-dimensional Navier–Stokes equations by averaging over the water column.
This derivation relies on a series of assumptions, including hydrostatic pressure, negligible
vertical velocity, and the impermeability of the surface and the bottom. The horizontal
momentum diffusion coefficient is, furthermore, computed by the Elder model with de-
fault parameters for longitudinal and transverse diffusions. The numerical resolution is
conducted on a planar unstructured computational grid particularly suited for this type of
application, to (i) capture the coastline geometry around islets and (ii) reach an accurate
definition of the friction coefficient in the vicinity of oyster farms (iii) while sparing pro-
hibitive computational cost with a reduced number of grid nodes in the offshore area. The
model processes finally tidal flats with a wetting–drying algorithm that corrects the free-
surface gradient over these areas. Further details about the mathematical formulations and
numerical resolutions are available in the model documentation and associated research
studies [21–23].

However, considering the purpose of the present investigation, a description of the
default seabed friction coefficient is here provided. The bottom shear stress τb and its effects
on the flow field are, thus, computed by adopting a Chézy formulation. The mathematical
expression is given by

τb = ρ
g

C2
b

ū2 (1)

where g is the gravity acceleration, ρ is the density of sea water taken equal to ρ = 1025 kg m−3,
ū is the magnitude of the depth-averaged horizontal velocity, and Cb is the Chézy coefficient.
Assuming logarithmic vertical velocity profiles over the seabed, the Chézy coefficient is
formulated with the roughness parameter z0, defined as the height above the seabed at
which the fluid velocity magnitude is set to zero. The associated mathematical expression
is given by

Cb =

√
g

κ
ln
(

h
ez0

)
(2)

where κ is the von Karman constant and h is the water depth. Considering hydrodynami-
cally rough turbulent regimes, z0 is finally formulated in terms of physical roughness of
the bed neglecting the influences of water viscosity and current speed [24].

As exhibited in the introduction, this default friction coefficient requires, however,
some revision to account for the effects of oyster tables on the flow. In an experimental
study of the near-field impact of an oyster table on the flow, Kervella et al. [13] exhibited
that the total shear stress with structures may be ten times higher than without structures. In a
numerical application in the Mont-Saint-Michel bay (France), Kervella [15] introduced, therefore,
the effects of oyster tables on the tidal flow by increasing the bottom roughness parameter to
values 20 times higher than the surrounding seabed environment (z0 = 2 mm over oyster
tables against z0 = 0.1 mm without oysters). While this increased value provided improved
estimations of tidal current magnitudes in the vicinity of oyster bags, further investigations
may be conducted to consider the influence of tidal range (on submerged or unsubmerged
structures) and interactions inside the oyster bags.
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2.2. Modified Chézy Coefficient

The modified version of the Chézy coefficient was established by considering two
situations: (i) the case of unsubmerged structures where friction was driven by seabed
roughness and drags of galvanised iron rods (supporting oyster tables) and (ii) the case of
submerged structures which required considering the velocity profile above oyster tables
and the flow interactions inside the oyster bags. The case of partially submerged structures
(with a water level at the height of oyster bags) was not considered, thus assuming a
negligible thickness of the bags, in comparison with the total water depth. Indeed, in
this application, bag thickness was around 20 cm for a spring tidal range over 6 m. Thus,
the case of unsubmerged structures was obtained for a total water depth h ≤ ht, with ht
the height of the upper side of oyster tables, while the case of submerged structures was
reached for h > ht. Figure 3 shows a schematic representation of oyster tables, with the
main parameters considered for the formulations of the revised Chézy coefficient.
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Figure 3. Schematic representation of oyster tables.

2.2.1. Unsubmerged Structures

For the case of unsubmerged tables (h ≤ ht), the bottom shear stress was replaced by
the total shear stress τt, expressed as the sum of the bed shear stress τb (Equation (1)) and
the shear stress associated with iron rods τr:

τt = τb + τr (3)

with
τr =

1
2

ρCDmDhū2 . (4)

D is the diameter of iron rods taken equal to D = 0.016 m [15], m is the number of
rods per unit area, and CD is the drag coefficient of iron rods. The investigation considered
oyster bags with a size of 1 m× 0.50 m arranged in pairs on the different tables. Thus, a
density of m = 4 rods m−2 was retained. According to Meijer and Velzen [25], CD varies
between 0.91 and 1.18 for steel bars. An average value of CD = 1.0 was retained in the
present investigation, whereas such a value may differ from conditions characterised by an
accumulation of algae around iron rods.

Thus, by adopting these different formulations (Equations (1)–(4)), the total shear
stress for unsubmerged structures was expressed in relation to the Chézy coefficient Cns,
following an expression similar to Equation (1)

τt = ρ
g

C2
ns

ū2 (5)

with

Cns =

√
1

C−2
b + (2g)−1CDmDh

. (6)
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2.2.2. Submerged Structures

For the case of submerged structures (h > ht), differences appear with the previous
situation, in relation to the establishment of the flow and associated boundary layers
above and below the oyster tables. For a mean flow parallel to the oyster table direction
(Ox in Figure 3), Kervella et al. [13] and Gaurier et al. [16] highlighted important areas
characterised by a modification of the vertical velocity profile. These modifications were
mainly associated with the development of three boundary layers: (i) an upper boundary
layer above the table, (ii) a boundary layer in the lower part of the table, and (iii) another
one next to the bottom. The two boundary layers below the oyster table interacted and
merged, resulting in a maxima shifted towards the bottom. The characteristics of the flow
were also impacted by the flow orientation, with respect to the oyster table direction. A
minimum length of the table was, furthermore, required to stabilise the wake development
and vertical profiles of horizontal velocity. As tables in the field were, most of the time,
aligned with the main flow direction, this configuration was retained to propose a simple
original parametrisation of the Chézy coefficient for the case of submerged structures.

As outlined in previous Section 2.2.1, the mathematical formulation of the friction
coefficient requires expressing the bottom shear stress as a function of the depth-averaged
velocity. However, for the case of submerged structures, such development is very complex
to establish, as the vertical velocity profiles, below and over the oyster table, depend not
only on the shear stress exerted at the bottom, but also on the shear stress exerted below
and above the oyster structure. As exhibited by Gaurier et al. [16], the oyster bags may,
furthermore, be considered as a porous media, thus impacting the classical logarithmic
vertical velocity profile over the table. For these reasons, the effect of oyster farming
structures on the flow was integrated as a sink term in the depth-averaged momentum
equations of Telemac 2D, and this sink term was computed on the basis of the shear stress
exerted over the oyster table, thus ignoring other contributions below the oyster structure.
This development considered, therefore, that the major effects of submerged structures
were associated with the friction of the upper part of oyster tables, and this was consistent
with the simulations conducted by Kervella et al. [15] in the Mont-Saint-Michel bay. The
associated friction coefficient was considered as a modified Chézy coefficient to remain
consistent with the formulation for unsubmerged structures. The shear stress exerted over
the oyster table was, thus, expressed as

τ1 = ρu2
∗1 = ρ

g
C2

1
ū2

1 (7)

with u∗1 the shear velocity above the oyster table, ū1 the depth-averaged velocity for the
upper part of the water column (over submerged tables), and C1 the associated friction
coefficient. The following vertical velocity profile was assumed over the oyster structure
(for z > ht)

u1(z) =
u∗1
κ

ln
(

z− ht

z1

)
+ umin (8)

with z1 the roughness parameter above the oyster table and umin the minimal velocity
reached by the flow in the vicinity of the structure. In order to derive the friction coefficient
C1, umin was assumed to be proportional to the depth-averaged part of the logarithmic
velocity profile above the oyster table, thus resulting in the following relationship

umin = α
u∗1
κ

ln
(

h− ht

ez1

)
(9)

with α the coefficient retained for calibrating the minimal velocity.
This analytical velocity profile (Equation (8)) was successively assessed against (i) the

experimental measurements conducted by Kervella et al. [13] and (ii) the CFD simulation
performed by Gaurier et al. [16] on a 1/2 scaled model of oyster table (Figure 4).
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Figure 4. Vertical profiles of horizontal velocity over the oyster table obtained with the analytical
model against velocity profiles (left) measured by Kervella et al. [13] and (right) computed by
Gaurier et al. [16].

For these investigations, the height of oyster table was set to 0.35 m, with a width
of 0.50 m and a total length of (i) 7.20 m for the physical laboratory experiment of
Kervella et al. [13] and (ii) 72 m for the numerical modelling of Gaurier et al. [16]. The
extended length of the oyster table in the numerical simulation allowed, thus, a full devel-
opment of vertical wakes, which appeared restricted in the physical experiment. Velocity
profiles were, furthermore, extracted for a configuration of current aligned with the table
orientation in the median plane and at the downstream edge of oyster tables to guarantee
a full development of vertical wakes. According to the dimension of the oyster tables in
these two configurations, the velocity profiles were, therefore, extracted at a downstream
length of 6.65 m for Kervella et al. [13] and 61.71 m for Gaurier et al. [16]. Resulted values
of α appeared a bit lower for the comparison with experimental data (α = 0.35) than for the
comparison with CFD predictions (α = 0.4) (Figure 4). This difference may be associated
with the partially developed velocity profile in the experimental measurements. For this
reason, a coefficient α = 0.4 was retained for the application in the Aber Wrac’h estuary.

Deriving the depth-averaged velocity ū1 from Equations (8) and (9) and integrating its
formulation in Equation (7), the friction coefficient C1 was expressed as

C1 =

√
g

κ
ln
(

h− ht

ez1

)
(1 + α) . (10)

However, this coefficient can not be directly integrated to the numerical model, as it is
associated with the depth-averaged velocity over the oyster table. Indeed, the modified
Chézy coefficient Cs, associated with the effect of the submerged tables on the flow, has
to be expressed with respect to the depth-averaged velocity over the entire water column
ū, this is in order to parametrise the sink term as a function of ū in the depth-averaged
momentum equations. Thus, the shear stress exerted over the oyster table was expressed
as a function of the coefficient Cs

τ1 = ρ
g

C2
s

ū2 (11)
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which resulted (from Equation (7)) in the following relationship between the two coefficients

Cs = C1
ū
ū1

. (12)

The ratio between ū and ū1 was assumed to be the same without and with oyster tables
(for a full development of boundary layers). This hypothesis was ascertained by comparing
the ratio ū/ū1 obtained from velocity profile measurements of Kervella et al. [13] (Rmes) and
predictions of Gaurier et al. [16] (Rpred), with the ratio derived from a theoretical logarithmic
velocity profile without oyster tables (Rtheo). This comparison exhibited reduced differences
with values of 0.92 for Rmes and Rpred and 0.94 for Rtheo. Thus, this ratio was considered
constant without and with oyster tables, and the following relationship was finally derived
for the modified Chézy coefficient with submerged structures

Cs = (1 + α)

√
g

κ
ln
(

h− ht

ez1

)
(h− ht) ln [h/(ez0)]

h ln[h/(ez0)]− ht ln[ht/(ez0)]
. (13)

For ht << h, the Chézy coefficient may be approximated as

Cs = (1 + α)

√
g

κ
ln
(

h
ez1

)
(14)

which appears consistent with the classical seabed formulation (Equation 2) for umin = 0
(α = 0) and also fits the parametrisation adopted by Kervella et al. [15] in the Mont-Saint-
Michel bay.

2.2.3. Synthesis

The revised formulations of the Chézy coefficient (Equations (6) and (13)) provide,
therefore, a first estimation of the effects of oyster tables on the flow integrating, in particular,
the height of the structure above the seabed and the possibility of a flow within the oyster
bags. However, numerous approximations were adopted regarding the development of
the boundary layer over the table and the estimation of the minimal velocity umin within
the oyster bags or the conservation of the ratio ū/ū1 with and without structures. These
different assumptions and associated calibration coefficients were also established for an
advanced growth of oyster, setting aside the reverse effects of oyster arrangement and size
within bags. The Chézy coefficient here retained for submerged structures corresponds,
furthermore, to the estimation of the bottom shear stress exerted over the oyster table setting
aside the evolution of the velocity below the structure characterised by the development of
two boundary layers (over the seabed and below the table). Thus, this friction coefficient
has to be considered as a first approximation of the potential effects of oyster tables on
the flow and can not be exploited to evaluate the sediment transport below the structure.
It should also be noted that the thickness of the oyster bags were not considered in the
estimation of the Chézy coefficient, thus neglecting the influence of the table on the velocity
below the structure. This means that partially submerged structures (h = ht) are integrated
with Equation (6), setting aside the transition between non-submerged and submerged
oyster tables. Nevertheless, in spite of these assumptions, the revised Chézy coefficient is a
step towards a better approach of the variability of the friction coefficient associated with
oyster tables for numerical simulations at the scale of macro-tidal estuarine environments.
This is also an explicit formulation, which can be an alternative to classical parametrisations
of depth-averaged models, based on a simple increase of the bottom roughness. This
may finally serve as advanced three-dimensional investigations conducted at the scale of
oyster structures.
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2.3. Model Setup

Telemac 2D was set up on an unstructured computational grid covering the Aber
Wrac’h estuary and its outer extent. Thus, the seaward open boundary was located at the
outer limit of northern Brittany to achieve suitable tidal forcings conditions (Figure 1). The
river was also integrated to the computational domain, up to the tidal limit, to simulate the
propagation of the tide in this environment (Figure 5).

Figure 5. Extents of the unstructured computational grid in the Aber Wrac’h estuary.

The unstructured computational grid was composed of 25,014 nodes and 46,914 trian-
gular elements with a spatial resolution of 3 km at offshore sea boundaries to less than 5 m
within the upstream river limit. Particular attention was, furthermore, dedicated to the spatial
resolution of the central channel and areas covered by oyster tables. The time step was set to
0.5 s. The bathymetry integrated (i) offshore, available data from the HOMONIM (“Historique,
Observation, MOdélisation des NIveaux Marins”) project [26] and (ii), in the area of interest,
data from the high-resolution coverage established during the Litto3D project [27]. It was
also complemented by the local observations established as part of the present investigation
by the Laboratory of Coastal Engineering and Environment (Cerema). According to Rollet
et al. [19], most of seabed sediments was composed of mixed mud and sand in the estuary.
The roughness parameter was, thus, set to an uniform value of z0 = 0.7 mm, matching the
observations for different bottom types compiled by Soulsby [24]. This value was consistent
with the value of z0 = 1 mm adopted by Robins et al. [22] to simulate the effects of climate
change on solute transport within the Conwy estuary (UK). When considered, the effects of
oyster structures on the tidal flow were included on areas covered by tables by (i) simply
increasing the bottom roughness parameter to z1 (the roughness parameter above the oyster
tables) in the default Chézy formulation (Equation (2)) or (ii) including the modified version
of the Chézy coefficient for unsubmerged and submerged configurations (Equations (6) and
(13)). Thus, the default formulation considered by Kervella [15] to account for the large-scale
effects of oyster tables on the flow was compared to the modified version to account for
the effect of tidal range and the height of oyster tables. A value of z1 = 0.01 m was here
retained. This value was consistent with the value determined by Kervella et al. [13] from
the measurements of the vertical velocity profile in laboratory experiment and the value
retained for the assessment of the analytical velocity profile (Figure 4). The ratio of roughness
parameters between areas with and without oyster tables remained also consistent: a ratio of
20 for Kervella [15] against a ratio of 14 in the present investigation. The different parameters
considered for the computation of the Chézy coefficients are shown in Table 1.
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Table 1. Values retained for parameters considered in the computation of the modified Chézy coefficients.

Parameters Definition Value

ht height of the upper side of oyster bags 0.8 m
m number of rods per unit area 4 rods m−2

D diameter of iron rods 0.016 m
CD drag coefficient of iron rods 1.0
α coefficient for calibrating umin 0.4
z0 seabed bottom roughness 0.7 mm
z1 roughness of upper part of oyster tables 0.01 m

Following Guillou et al. [28], the model was finally driven by 13 major tidal harmonic
components of the TPXO8-atlas database (K1, O1, P1, Q1, M2, S2, N2, K2, M4, MS4, MN4,
Mm, and M f ) [29]. Coriolis effects were included, despite the potential negligible impacts
on hydrodynamic conditions within the estuary. However, the effects of waves, wind, and
atmospheric pressure were disregarded, restricting the investigation to the effects of oyster
tables on the tidal flow. River discharges were, furthermore, neglected in accordance with
local observations [30]. Three types of simulations were finally considered for investigating
the effect of oyster tables on the tidal flow (Table 2).

Table 2. Numerical experiments conducted.

Numerical Effect of Oyster Chézy Formulation
Experiments Tables Considered Over Oyster Farming Areas

E1 No -
E2 Yes Classical formulation with z1 (Equation (2))
E3 Yes Revised formulations (Equations (6) and (13))

3. Results and Discussion
3.1. Assessment of Model Predictions
3.1.1. Sea Surface Elevation

Predicted time series of the total water depth were first compared with measurements
from pressure sensors at points D1 and D2 located in narrow passages between the islands
and the landmass (Figures 2 and 6). As reduced differences were obtained between the
three numerical experiments (Table 2), the comparison was displayed for predictions E3,
with the advanced parametrisation of the Chézy coefficient. Apart from the local differences
seemingly being associated with the omission of pressure and wind effects in the numerical
simulation, the predictions approached the observed tidal range with differences below 5%
and reduced time lag. Thus, this comparison confirmed the model’s performances in assessing
the tide-induced variations of the total water depth over wetting–drying areas of the Aber
Wrac’h estuary.

3.1.2. Current Velocity

This evaluation was complemented by a comparison between predictions and in situ
measurements of horizontal current magnitude and direction at seven locations dissemi-
nated in the western and eastern sides of the estuary (Figure 1). These measurements were
acquired in spring tidal conditions over wetting–drying areas to facilitate the deployment
and removal of the instrumentation systems. Thus, no recorded data was obtained at low
tide. Measurements were conducted with upward looking acoustic doppler velocimeters
and acquired at an acquisition rate of 8 Hz, every half hour, in 20-min records. Observed
data were burst averaged to conduct the comparison with predictions. Predicted veloc-
ity magnitudes at the height of measurement points were extracted from the computed
depth-averaged values assuming the vertical logarithmic velocity profiles. The numerical
model in the configuration E3 reproduced observed times series approaching the range
of current magnitudes between (i) points, located in areas with restricted cross-sections
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or in the vicinity of an headland and characterised by peak magnitudes over 0.3 m s−1

(C1, C2, C5, and C6) and (ii) points located in very shallow waters at the bottom of bay
and characterised by peak magnitudes below 0.3 m s−1 (C3, C4, and C7) (Figures 7 and 8).
Predictions also approached the abrupt changes of current direction observed between
the ebb and flood at the different measurement locations. Slight improved estimations
were obtained in the western side of the estuary than in its eastern side characterised by
measurements points with lower water depths. The agreement between predictions and
observations was, thus, particularly noticeable at points C3 and C4, located in the vicinity
of oyster tables in the south-western side of the estuary.
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Figure 6. Time series of observed and predicted total water depths with oyster tables (in configuration
E3) at points D1 ad D2.
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Figure 7. Time series of observed and predicted (in configuration E3) tidal current magnitude and
direction (anticlockwise convention from the East) in the western part of the estuary at points C1, C2,
C3, and C4 (a.b. for above the bed). Please note also that dates indicated correspond to midnight hour.
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Figure 8. Time series of observed and predicted (in configuration E3) tidal current magnitude and
direction (anticlockwise convention from the East) in the eastern part of the estuary at points C5, C6,
and C7 (a.b. for above the bed). Please note also that dates indicated correspond to midnight hour.

3.2. Model Sensitivity to Bottom Friction Formulations

In this section, a first assessment of model sensitivity to bottom friction formulations
(simple increase of roughness against new formulation) was conducted at the scale of
the estuary by focusing on differences obtained in the predictions of tidal current magni-
tudes. The local effects of oyster tables on tidal circulation and sediment transport were
investigated in next Section 3.3.

3.2.1. Global Tidal Circulation

Model sensitivity to bottom friction formulations over oyster tables were investigated
by relying on a first description of the tidal circulation at the scale of the estuary. Predictions
were established during a mean spring tidal cycle in configuration E3 (new formulation),
thus providing a first overview of the different stages of tidal dynamics at times of low tide,
peak flood, high tide, and peak ebb (Figure 9).

At low tide, the flow was restricted to the access channel, and the filling of the estuary
was initiated with an increase of the tidal velocity up to values reaching 0.4/0.7 m s−1 at
peak flood. Peak flood was characterised by an overflow of this access channel, leading
to the filling of bays located on both sides. On these intertidal areas covered by oyster
tables, tidal velocity magnitudes were restricted to values below 0.25 m s−1. High tide
showed naturally weak velocity magnitudes, with the strongest values exhibited in local
straits between islands and the landmass. At peak ebb, the spatial distribution of tidal
current magnitudes was quite similar to peak flood with maximum values predicted in
the access channel. However, the emptying of the estuary was initiated in the northern
part before impacting the two southern bays. These predictions confirmed also that tidal
currents on both sides of the access channel were mainly orientated along the oyster tables,
in agreement with the hypothesis formulated in Section 2.2.
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Figure 9. Depth-averaged current velocities at low tide, peak flood, high tide, and peak ebb of a mean
spring tide predicted in configuration E3. The top figure shows the time series of the free-surface
elevation (with respect to mean water depth) in the access channel to the estuary (the location is
indicated with a black circle on sub-figures). Time steps retained for the extraction of synoptic
predictions are displayed with red circles on top figure. Black lines delimit the extents of areas
covered by oyster tables.

3.2.2. Global Influence of Chézy Formulations on Tidal Current Magnitudes

The sensitivity of model’s predictions to bottom friction formulations over oyster
tables could not be assessed by relying on in situ observations. Indeed, slight differences
were obtained in measurement locations between simulations with the two bottom friction
formulations (simulations E3 and E2, Table 2). Major changes concerned points C2, C3, and
C4 in the south-western bay of the estuary, with a reduction of tidal current magnitudes with
the new formulation (simulation E3). The refined analysis of these differences required,
therefore, a synoptic evaluation at the scale of the estuary. As a first overview of the
global impact of oyster tables’ friction formulation, numerical predictions were, therefore,
exploited to exhibit spatial differences in tidal current magnitudes during a mean spring
tidal cycle, thus matching the synoptic description of the tidal circulation established in
previous Section 3.2.1. Reduced modifications, restricted below 0.05 m s−1, were obtained
at times of high and low tides, in relation to the weak velocity magnitudes at these times of
the tidal cycle (Figure 9). More important differences between the two friction formulations,
reaching values over 0.14 m s−1, were, however, exhibited at times of local peak flood
and ebb near oyster tables, and these effects were mainly obtained for conditions of
unsubmerged structures when the total water depth was below the height of tables (h ≤ ht
with ht = 0.8 m) (Figure 10).
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Figure 10. Differences in current magnitudes between simulations E3 and E2 at times of local
peak flood and ebb near oyster tables during a mean spring tidal cycle. Positive values account
for increased current magnitudes with the new parametrisation (E3), while negative values exhibit
decreased current magnitudes. The green line corresponds to a total water depth of 0.8 m, the height
of the upper side of oyster tables.

Indeed, for these conditions, the Chézy coefficient for the new formulation (Equa-
tion (6)) was mainly associated with the seabed bottom roughness z0 (as iron rods had a
minimal impact), and this contrasted with the increased roughness z1 considered with the
classical formulation. Thus, at these times of the tidal cycle, tidal currents in simulation E3
(revised Chézy formulation) were very little influenced by the presence of oyster tables,
whereas tidal currents in simulation E2 (classical formulation) evolved, as if the oyster
tables were submerged. Predictions were, therefore, impacted by the parametrisation
retained for the friction associated with oyster tables with differences exceeding 50% of
current magnitudes in the vicinity of these structures at times of local peak velocities. This
comparison also confirmed the interest of a refined investigation of the potential effects
of oyster farming on the tidal circulation within estuaries characterised by macro-tidal
regimes. Thus, these effects were investigated in the next section by relying on the new
parametrisation (simulation E3) and discussing these results with respect to differences
obtained with the simple formulation (simulation E2).

3.3. Effects of Oyster Tables
3.3.1. Tidal Current Magnitudes

Modifications of tidal currents may impact the capacity of the environment to assimi-
late and disperse oyster wastes, resulting from biological filtering of suspended particulate
matter [31]. Thus, as exhibited by Mitchell [32], increased currents will result in increased
estuarine flushing, while reducing biodeposit accumulation with a series of effects on
oxygen delivery to sediments and assimilation of farm wastes. Following the sensitivity
study conducted on the Chézy parametrisation over oyster tables (Section 3.2.2), particular
attention was, therefore, dedicated to modifications induced on tidal current magnitudes.
The effects of oyster tables on the estuarine tidal circulation were assessed by comparing
predictions from simulations E1 (without oyster structures) and E3 (with oyster structures
and the revised formulation) (Table 2).

Maximum differences were obtained in the vicinity of oyster structures, and these
differences were revealed at times of local peak flood and ebb for conditions of submerged
structures with a water depth near the height of oyster tables (Figure 11).
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Figure 11. (left) Depth-averaged currents during peak flood and ebb of a mean spring tide in
configuration E3. (right) Differences in current magnitudes between simulations with (E3) and
without (E1) the effects of oyster tables. Positive values account for an increase in current magnitude
with oyster tables, while negative values exhibit a decrease in current magnitude. Top figure shows
the time series of the free-surface elevation (with respect to mean water depth) in the access channel
to the estuary (the location is indicated with a black circle on left figures). Time steps retained for the
extraction of synoptic predictions are displayed with red circles on top figure. Black lines delimit the
extents of oyster farming elevated structures, while green lines correspond to a total water depth of
0.8 m, the height of the upper side of oyster tables.

Indeed, these conditions exhibited the influence of the increased roughness of the
upper part of oyster tables. For these conditions, predictions showed (i) a reduction of tidal
current velocities over the areas covered by oyster tables, and both upstream and down-
stream, with (ii) an acceleration of the tidal flow on both sides of these areas characterised
by reduced cross sections. In mean spring tidal conditions, maximum tidal currents were,
thus, found to decrease by 0.04 m s−1 over oyster farming areas and increased of up to
0.10 m s−1 on both sides of these areas. These effects were particularly noticeable at the
ends of north-eastern and south-western bays. Thus, in these intertidal areas characterised
by reduced current velocity magnitudes, simulations exhibited an increase of maximum
mean spring tidal currents exceeding 50% on both sides of oyster farming areas, with a
decrease between 10 and 20% over these areas (Figure 12). Differences obtained with the
default friction formulation over oyster tables (simulation E2) also appeared in the vicinity
of farming areas. However, matching the sensitivity study conducted in Section 3.2.2,
these predictions resulted in a stronger decrease of maximum current velocities magni-
tude over the oyster tables (in relation to an increased bottom roughness in conditions of
unsubmerged structures) associated with a lower increase on both sides of these structures.
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Figure 12. (left) Maximum magnitudes of depth-averaged currents in mean spring tidal conditions
predicted with oyster tables (E3). (right) Relative differences in current magnitudes between sim-
ulations with (E3) and without (E1) the effects of oyster tables. Differences are shown for current
magnitude over 0.1 m s−1. Positive values account for an increase in current magnitude with oyster
tables, while negative values exhibit a decrease in current magnitude.

Predicted changes of tidal current magnitudes induced by oyster tables suggested
potential ecological effects, including especially local modifications of (i) biodeposition,
(ii) the fouling of farm structures, and (iii) suspended particulate matter concentration.
Thus, currents have to exceed a critical threshold to allow for dispersion and resuspension
of seabed sediments and biodeposits [9]. For these reasons, particular attention was
dedicated in the next sections to two parameters characterising these effects: (i) the velocity
exceedance over a given threshold in areas covered by oyster tables and (ii) the sediment
transport in the vicinity of these structures.

3.3.2. Velocities Exceedance

In practice, high current velocities are desirable in locations covered by oyster tables as
a driver of increased food delivery, enhanced dispersal of biodeposits, and improved water
quality [8,33]. Thus, well-flushed aquaculture sites are, most of the time, targeted to reduce these
local benthic effects, in particular biodeposition and enrichment of seabed communities [34]. In
order to investigate the local flushing characteristics of oyster farming areas and complement
the study conducted on tidal current magnitudes, particular attention was dedicated to the
fraction of time that the current magnitude was exceeding a given threshold ulimit over oyster
farming areas. These characteristics were investigated during a mean spring tidal cycle for two
threshold values, ulimit = 0.1 m s−1 and ulimit = 0.2 m s−1, matching the range of velocities
predicted over intertidal areas covered by oyster tables (Figure 13).

For the simulation E1 without oyster tables, the current magnitude was initially
exceeding 0.1 m s−1 for more than 60% of the time over oyster farming areas bordering
the access channel, and this percentage decreased below 40% for tables located at the end
of bays, especially in the south-western bay. Lower percentages were naturally obtained
for a threshold value of 0.2 m s−1. However, in both cases, simulations E3 with the effects
of oyster tables exhibited a decrease of time percentages by more than 8% over oyster
farming areas associated with a decrease of tidal current magnitude, and these effects were
particularly noticeable in locations bordering the access channel between northern islands
and the harbor of the estuary. The classical friction formulation (simulation E2) resulted
in increased differences over oyster tables with lower time percentages for velocities
exceedance over these areas (Figure 14). These effects were also more pronounced for tables
located at the end of bays. Indeed, as exhibited before, for simulation E2, these structures
were considered as submerged throughout the tidal cycle, thus resulting in lower current
velocities when the total water depth was below the height of tables. The approximation of
constant submerged tables introduced with the classical formulation may, therefore, modify
the spatial distributions of velocity exceedance over oyster farming areas.
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Figure 13. (left) Percentage of times for ū > 0.1 m s−1 and ū > 0.2 m s−1 during a mean spring
tidal cycle in conditions without oyster tables (E1). (right) Differences predicted with oyster tables
(between simulations E3 and E1).

Figure 14. Differences in percentage of times for ū > 0.1 m s−1 and ū > 0.2 m s−1 during a mean
spring tidal cycle between simulations E2 and E1.

In order to investigate the overall effects of oyster tables, time percentages (i.e., fraction
of the time ū > ulimit during a mean spring tidal cycle) were finally (i) computed for
different ulimit values in simulations E3 and E1 and (ii) averaged over areas covered by
oyster tables (Figure 15).

Time percentages were characterised by a wide range of values (with variations over
70% between the maximum and minimum values), as a result of the wide range of current
magnitudes over areas covered by oyster tables in the vicinity of the access channel or at
the end of bays. Averaged time percentages naturally decreased by increasing the threshold
value ulimit. Major effects of oyster tables were, furthermore, obtained between ulimit values
of 0.1 and 0.3 m s−1. These effects were mainly noticeable for ulimit = 0.15 m s−1, with
a difference between averaged time percentages of 3.5% and a maximum difference of
31%. This revealed that oyster tables may have locally a significant effect on the fraction
of the time that the current remained over a given value. However, for the wide range of
threshold values considered, these effects were very low, on average, at the scale of oyster
farming areas.



Coasts 2023, 3 19

Figure 15. (left) (filled line) Evolution of the fraction of the time ū > ulimit during a mean spring
tidal cycle, averaged over areas covered by oyster tables in simulations E1 (without oysters) and
E3 (with oysters). The upper and lower lines show the maximum and minimum time percentages
reached over oyster farming areas for a given value of ulimit, respectively. (right) Mean relative and
absolute differences (E3-E2) between time percentages averaged over areas covered by oyster tables.
Thus, the black line on this sub-figure shows the difference between filled lines on the left sub-figure.
The upper and lower lines show the maximum and minimum differences in time percentages over
oyster farming areas for a given value of ulimit. Negative values show, therefore, a decrease of times
percentages with oysters while positive values accounts for an increase.

3.3.3. Sediment Transport

Modifications induced by oyster tables on tidal current magnitudes may also impact
the transport of sediment and particles (such as organic matter) in the vicinity of these
structures. However, as described in Section 2.2, the modified formulation of the Chézy
coefficient on submerged oyster tables was associated to the shear stress exerted over
these structures. Thus, it was not possible to exploit depth-averaged velocities predicted
over oyster tables for an approach of the bottom shear stress and the associated sediment
transport below the tables. For these reasons, changes induced on sediment transport
focused on locations outside of areas covered by oyster tables. A first preliminary evaluation
was conducted by focusing on (i) the maximum diameters of seabed sediments liable to
be moved in mean spring tidal conditions and (ii) changes induced by oyster structures.
Maximum diameters were computed in two phases. The maximum bottom shear stress
was first computed from the depth-averaged currents by assuming vertical logarithmic
velocity profiles. The maximum diameters were then approached with the formulation of
the critical shear stress proposed by Soulsby and Whitehouse [35].

The resulted synoptic distribution revealed large areas in the vicinity of oyster struc-
tures where bed sediments with a diameter over 0.9 mm may be transported by tidal
currents in mean spring condition (Figure 16).

Thus, by increasing tidal current magnitude in these locations, oyster farming areas
appeared responsible for the transport of this coarse sand. These effects were particularly
noticeable in the south-western bay, where differences between simulations E3 and E1
exhibited variations of maximum sediments diameters up to 0.7 mm. The results obtained
with the classical friction formulation (simulation E2) naturally confirmed this tendency,
resulting in increased maximum sediments diameters liable to be moved locally on both
sides of oyster farming areas (Figure 17).

These predicted modifications of maximum sediments diameters liable to be moved
during a spring tidal cycle, therefore, suggested an increased bedload and suspended
sediment transport in the vicinity of oyster farming areas liable to impact the seabed mor-
phology, but also the size and concentration of the depositional footprint, thus confirming a
series of investigations dedicated to local changes in seabed topography and sedimentation
(e.g., [14,36,37]). Further effects were also expected on local sediment enrichment by organic
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and fine particles resulting from biodeposition or sediment-water exchange in the vicinity
of oyster tables [37]. Further investigations based on in situ observations may be required
to assess these local predictions, and the results obtained appeared consistent with a series
of studies which exhibited the local direct benthic effects of oyster cultivation restricted
to tens of metres or less from farmed areas [9]. However, the results obtained required
advanced investigations to approach, below tables, the evolution of the bottom shear stress
in conditions of submerged structures that were liable to modify the sediment transport
dynamics with potential sedimentation (e.g., [15]). Thus, the increased erosion identified on
both sides of oyster farming areas may compete with the sediment transport below tables.
Such advanced investigation may be based on local three-dimensional simulations of the
vertical velocity profile over and below tables integrated the geometry of these structures
(including the layout and spacing) at high spatial resolutions [16].

Figure 16. (top left) Maximum diameters of bed sediments liable to be moved in mean spring tidal
conditions (simulation with oyster tables E3). (top right) Differences with respect to the situation
without oyster tables (E3–E1). The red box in top sub-figures shows the area considered for a detailed
view in bottom sub-figures.

Figure 17. Differences in maximum diameters of bed sediments liable to be moved in mean spring
tidal conditions between simulations E3 and E2.

4. Conclusions

A depth-averaged tidal circulation model was exploited to investigate the hydrody-
namic effects of elevated oyster cultivation within a small estuary of western Brittany
(France). Particular attention was dedicated to the implementation of an original version of
the Chézy coefficient, which was liable to approach the friction associated with these ele-
vated structures during the different phases of the tidal cycle, thus integrating conditions of
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submerged and unsubmerged oyster tables. Numerical predictions were assessed against a
series of in situ measurements of sea surface elevations and current velocities implemented
during spring conditions in intertidal areas near oyster tables. The model was exploited
to assess the sensitivity of numerical predictions to the Chézy parametrisation retained
over oyster farming areas, comparing predictions obtained with this new formulation
and the classical formulation based on a simple increase of the seabed roughness. Model
predictions were, furthermore, exploited to assess the potential effects of oyster cultivation
on tidal current magnitude, velocities exceedance over a given threshold and sediment
transport. The main outcomes of the present investigation are as follows:

1. The new Chézy formulation, here considered, relied on numerous approximations,
including the alignment of current with table orientation, the development of vertical
wakes and boundary layers, and the estimation of the minimal velocity within oyster
bags. However, the associated analytical velocity profile (proposed here to express
the Chézy coefficient) appeared consistent with experimental measurements and CFD
predictions on a 1/2 scaled model. In preliminary studies, this revised formulation
may, thus, be an interesting alternative to classical formulations based on a simple
increase of the bottom friction, which neglected the conditions of submerged and
unsubmerged structures in macro-tidal environments.

2. Differences in the predictions of tidal current magnitudes were obtained between the
two formulations of the Chézy coefficients considered in the vicinity of oyster struc-
tures at times of local peak flood and ebb. These effects were particularly noticeable
for water depth near the height of oyster tables, thus exhibiting the limitation of the
classical formulation to account for the temporal variations of the friction coefficient
during the different phases of the tidal cycle.

3. Predictions obtained with the revised formulation exhibited potential modifications
of tidal velocities with (i) a reduction of current magnitudes over oyster farming areas
and (ii) an acceleration of the tidal flow on both sides of these areas. Taking into
account the reduced velocity magnitudes in intertidal areas, these modifications rep-
resented notable changes of current magnitudes with potential environmental effects.

4. Thus, particular attention was dedicated to the fraction of time that the current
magnitude was exceeding a given threshold value as an indicator of increased food
delivery and water quality. However, despite the local high modifications, reduced
changes of these velocities exceedance were obtained at the scale of areas covered by
oyster tables.

5. More important changes were finally exhibited on the surrounding sediment transport,
in relation to the increased current magnitudes. Predictions suggested variations up
to 0.7 mm of the maximum diameters of bed sediments liable to be moved in mean
spring conditions. These effects were particularly noticeable in the south-western bay
for structures bordering the access channel to the estuary. This suggested potential
effects on seabed morphology and water quality.

The numerical results obtained promoted, therefore, a refined investigation of the
Chézy coefficient associated with oyster cultivation. Such an explicit formulation of the
Chézy coefficient was very convenient to encompass, at the scale of an estuary, the poten-
tial changes associated with the hydrodynamic modifications induced by oyster tables.
However, the revised formulation and the depth-integrated approach considered require
further improvements. Thus, among the different approximations adopted, particular
attention may be dedicated to integrate the spacing between the rows of oyster tables
and the establishment of a formulation liable to approach the bed shear stress and the
associated sediment transport beneath tables. Indeed, for the case of submerged structures,
the depth-averaged velocities were not representative of the vertical velocity profile below
tables and, thus, of the bottom shear stress exerted on seabed sediments. Elevated oyster
tables are, furthermore, aligned in rows with a spacing for the different operation required
for this aquaculture, and this spacing may also impact the friction coefficient associated
with oyster tables. These uncertainties introduced by the depth-integrated approach con-



Coasts 2023, 3 22

sidered at the scale of the estuary, therefore, require advanced local three-dimensional
investigations in the vicinity of structures, which may be conducted by relying on refined
CFD simulations testing the different configurations of oyster tables arrangement. Such
refined numerical approach of the interactions between oyster tables and the hydrodynamic
flow will support the development of advanced simulations that are liable to encompass
the transport of water particles at the scale of the estuary, thus investigating potential
environmental impacts (with a focus on oyster farming), including harbor operations,
macroalgal blooms, and the accidental release of pollutants or discharge of effluents and
nutrients from terrestrial sources.
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