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A B S T R A C T   

Nature-based solutions (NBS) can be used as an alternative or in conjunction with conventional coastal defense 
infrastructure for flood hazard mitigation. NBS can provide resilience and ancillary benefits, such as ecosystem 
enhancement. Oyster reefs, an example of NBS, act as natural breakwaters and provide ecological habitat for 
numerous species. The effectiveness of oyster reefs as NBS depends on their growth and survival and is influenced 
by the surrounding hydrodynamic conditions that affect food flux and sedimentation. A point-based oyster 
growth model was expanded and linked with a hydrodynamic model to simulate oyster and reef growth in the 
South Atlantic Bight. The highest live oyster layer heights increase with velocity until a depth-dependent velocity 
threshold is met, where sediment deposition begins to reduce growth. The potential for wave dissipation (total 
reef height) is depth-limited with a broader range of favorable locations than consideration for oyster layer 
height alone. The reef heights predicted across the model domain were shown to reduce significant wave height 
across a range of tropical storm intensities.   

1. Introduction 

The ability of coastal environments to resist disturbance and adapt is 
crucial (Folke, 2006; Walker et al., 2004). Traditionally, resistance and 
adaptation to disturbances has been achieved through the use of ‘grey’ 
infrastructure, such as seawalls, dikes, and breakwaters, which have 
long been the primary means of shoreline protection (Schoonees et al., 
2019). However, the ecological consequences of these structures, 
including habitat loss (Dugan et al., 2018), erosion (Dugan et al., 2012; 
Nordstrom, 2014), biodiversity loss (Aguilera et al., 2019), and reduced 
thermal heterogeneity, have led to a growing interest in nature-based 
solutions as an alternative approach. In contrast to grey infrastructure, 
nature-based solutions combine ecosystem services with coastal pro-
tection, offering flood risk reduction and promoting sediment accumu-
lation (Shepard et al., 2011) while providing ecological benefits, 
including enhanced vertical biomass and adaptability to climate change 
(Morris et al., 2018). 

As a nature-based solution, living shorelines utilize natural 
ecosystem processes and habitats to provide shoreline protection (Davis 
et al., 2015). Oyster reef living shorelines, a type of nature-based solu-
tion, function as natural breakwaters, delivering both shoreline 

protection and ecological benefits (Meyer et al., 1997; Scyphers et al., 
2011). As a keystone species (Kennedy et al., 1996; Zu Ermgassen et al., 
2012), the Eastern Oyster, Crassostrea virginica, plays a critical role in 
denitrification (Kellogg et al., 2013), estuarine turbidity reduction 
(Newell and Koch, 2004), and habitat provision for marine organisms 
(Byers et al., 2017). Oyster reefs provide interstitial living space (Byers 
et al., 2017), enhancing landscape diversity and act as foraging grounds 
for predators (Breitburg, 1999; Grabowski, 2004; Meyer et al., 1997). 
Furthermore, the eastern oyster is a prolific filter feeder (Fulford et al., 
2007), filtering large volumes of water which influences nutrient cycling 
and removes excess nutrients from estuarine environments (Grabowski 
et al., 2012; Newell et al., 2005; Smyth et al., 2013) 

The physical conditions necessary for oyster reef survival and 
persistence must be considered when employing oyster reefs as a nature- 
based solution (Morris et al., 2019). Hydrodynamic conditions adjacent 
to the reef influence oyster size and density, population persistence, 
survival, and settlement (Housego and Rosman, 2016). Oyster reefs are 
typically restored along estuarine intertidal and subtidal zones where 
the maximum depth is between 3 and 5 m (Housego and Rosman, 2016), 
where likelihood of success is greatest with higher flow speeds (Leni-
han, 1999) and the reef being inundated (covered in water), on average, 
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more than 50 % of the time (Housego and Rosman, 2016; Morris et al., 
2021). 

Flow speed is a critical factor in the survival and mortality of oysters. 
Flow influences energy expenditure (Fuchs et al., 2015), regulation of 
food supply (Lenihan, 1999), larval settlement rates (Breitburg et al., 
1995), recruitment (Eckman, 1983), and predation (Skilleter and 
Peterson, 1994). Flow speed substantially influences food availability 
(Lenihan, 1999; Lenihan et al., 1996), where higher velocities increase 
food supply, water quality, and possibly nutritional quality, all of which 
subsequently increase growth rates (Campbell and Hall, 2019; Lenihan, 
1999). In contrast, sedimentation can impede growth rates and 
contribute to mortality, where more energy is required to filter sediment 
from the water column (Housego and Rosman, 2016) and, in some cases, 
clogs the gills, resulting in death (Adams et al., 1995). Furthermore, 
slow growth rates due to insufficient food availability exacerbate the 
effects of sedimentation (Housego and Rosman, 2016). In such circum-
stances, the growth of the reef must compete with the sediment accu-
mulation rate, where an inability to do so successfully can lead to burial. 

The ability of oysters to withstand environmental pressures such as 
high-energy flow conditions hinges on the elevation of the reef (Bartol 
et al., 1999; Wellman et al., 2022). In general, taller reefs display greater 
resilience and increased oyster density (Schulte et al., 2009) as they 
experience less sedimentation, less exposure to hypoxia (Lenihan, 1999; 
Lenihan et al., 1996), and greater tolerance to higher-velocity environ-
ments with smaller sediment grain sizes, lower food concentrations, and 
increased shell degradation rates (Housego and Rosman, 2016). 

Conversely, reefs with lower heights exhibit a lower likelihood of sur-
vival due to reduced filtration rates, assimilation efficiencies, and 
greater sedimentation (Housego and Rosman, 2016). The height of the 
reef itself is dictated by its adjacent hydrodynamic conditions, including 
flow speed and turbulence, ultimately determining the reef’s ability to 
survive. 

The consideration of implementing living shorelines for ecological 
mitigation and engineering purposes is increasing in coastal areas 
(Temmerman et al., 2013). Due to gaps in knowledge, the use of oyster 
reef habitats as nature-based infrastructure has not been widely imple-
mented (Bouma et al., 2014; Feagin et al., 2015). Notably, there is a lack 
of in situ data that measures the effectiveness of restored oyster reef 
habitats for coastal defense. There is also a lack of literature evaluating 
how reef development and the subsequent level of shoreline protection 
offered by oyster reefs are influenced by environmental factors (Morris 
et al., 2018). 

Determining the conditions associated with the reef heights neces-
sary to provide shoreline protection is essential for developing guide-
lines and a framework for optimal design (Morris et al., 2019). However, 
a method in predicting reef growth and survival at particular sites with 
their own associated hydrodynamic conditions does not currently exist. 
To fill this gap, we present an integration of a hydrodynamic model with 
an oyster reef growth model developed by Housego & Rosman (2016) to 
estimate reef growth from spatially and temporally varying bathymetry 
and flow patterns. In doing so, the expanded model (herein referred to as 
HR16 + Hydro) is intended to answer three main questions: 

Fig. 1. The WNAT model domain a) bathymetry and b) mesh elements and the South Atlantic Bight (SAB) model domain c) bathymetry and d) mesh elements. The 
South Atlantic Bight domain boundary within the WNAT domain is outlined in red. 
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(1) How do oyster reef heights respond to their local hydrodynamic 
conditions?  

(2) What flow and depth conditions produce the highest reef height 
and the greatest oyster survival?  

(3) What design frameworks can be created for using oyster reef 
living shorelines as nature-based infrastructure? 

The results predict live oyster layer, dead shell layer, and sediment 
layer volumes over a thirty-year simulation in response to parameters 
involving food availability, flow speed, shear stress, erosion, sediment 
deposition, and shell degradation. 

2. Methods 

The model presented in this study bridges the gap between oyster 
reef growth and mortality in response to adjacent hydrodynamic con-
ditions and the spatial heterogeneity of coastal bathymetry and flow 
patterns. A point-based model developed by Housego & Rosman (2016) 
(hereafter referred to as HR16) is loosely coupled with a 
two-dimensional astronomic tide and wind-wave hydrodynamic model. 
The hydrodynamic model provides bathymetric depths and 
two-dimensional currents to HR16. Intended as a first-pass adaptation to 
the HR16 model, this study assesses reef response to hydrodynamic 
variability. 

2.1. Study area 

The coupled model simulates the oyster reef response throughout the 
South Atlantic Bight (Fig. 1), a region of the Atlantic Ocean extending 
from 27◦ North at West Palm Beach, Florida, to 35◦ North at Cape 
Lookout, North Carolina (Atkinson et al., 1985). This region encom-
passes most of the Florida east coast, the entirety of the Georgia and 
South Carolina coast, and the lower portion of the North Carolina coast. 
It is inhabited by Crassostrea virgnica (the Eastern Oyster) (Motes et al., 
1998). The South Atlantic Bight is characterized by complex shoreline 
geometry and various types and shapes of estuaries and other shore 
features (Bacopoulos and Hagen, 2017). The shoreline includes 64 tidal 
inlets, 40 estuarine rivers, and 3672 km2 of intertidal zone, including 
tidal flats and salt marshes where oyster reefs are commonly found 
(Bahr and Lanier, 1981; Grabowski et al., 2005). 

2.2. Hydrodynamic model 

Hydrodynamics were computed using the Advanced CIRCulation 
(ADCIRC) model. ADCIRC is a barotropic, two-dimensional, unstruc-
tured finite element hydrodynamic model that calculates water depths 
and velocities by solving the depth-averaged form of the shallow water 
equations (Luettich et al., 1992; Luettich and Westerink, 2004). The 
unstructured, high-resolution, finite element mesh used in this study 
contains 1,005,008 elements and 540,114 nodes (Bacopoulos and 
Hagen, 2017) (Fig. 1). Bounded by the Western North Atlantic Tidal 
(WNAT) domain westward of the 60-degree West meridian, the mesh 
includes high-resolution along the coast and within the intertidal zones 
of the estuaries located in the South Atlantic Bight (Bacopoulos et al., 
2011; Bacopoulos and Hagen, 2017). Within the South Atlantic Bight, 
86 % of all nodes are located within inshore features, with 56 % being in 
intertidal areas to accurately simulate tidal flows and energy exchange 
through the complex creek-marsh network and continental shelf (Blan-
ton et al., 2004). 

The seven dominant deep water astronomic tidal constituents were 
used to force the model across the open-ocean boundary (O1, K1, Q1, M2, 
N2, S2, and K2) (Hagen et al., 2006). Tidal forcing was simulated over 45 
days with a one-second time step, allowing sufficient duration to capture 
the frequencies of each astronomical constituent (Bacopoulos and 
Hagen, 2017). The tides were ramped using a hyperbolic tangent func-
tion for the first 10 days of the simulation. The last 35 days of simulated 

water levels and currents were used to extract the amplitude and phase 
for 23 tidal constituents at each mesh node (Giardino et al., 2011). 
Time-series of the water surface elevation, η, were computed using tidal 
resynthesis: 

η(t) =
∑N

i=1
ai cos(ωit+ αi) (1) 

ωiwhere t is time, N is the number of tidal constituents (23 for the 
model, 37 for the observed values) (Bacopoulos et al., 2011), and for 
each constituent i, ai is amplitude, is the angular frequency, and αi is 
phase angle. The total water depth, H, was calculated by adding the 
change in water surface elevation to depth relative to the mean sea level 
(MSL), h, at each node. 

Similarly, the velocity in the x- and y-direction, Ui,x and Ui,y, is equal 
to the magnitude of the summed directional velocities for each tide 
constituent, where both the x and y velocity for each constituent are 
contingent upon their corresponding amplitude and phase angle. 

Ux(t) =
∑N

i=1
ai,x cos

(
ωi,xt+αi,x

)
(2)  

Uy(t) =
∑N

i=1
ai,y cos

(
ωi,yt+αi,y

)
(3)  

U =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ux + Uy

√
(4)  

2.3. Oyster reef model 

The oyster reef model was run for each mesh node in the hydrody-
namic model, constrained between − 82◦ to − 76◦ Longitude and 
27◦–35◦ Latitude. Each node’s time-varying water depth and flow speed 
magnitude were used to calculate the responding oyster reef height and 
sublayer volumes. The oyster reef model assumes a structure as follows, 
based on Housego & Rosman (2016). The live oyster layer is above the 
dead shell layer volume, and sediment fills in the gaps between the shells 
of the live and dead oysters. As adult oysters grow and juveniles are 
recruited to the reef, the oyster layer volume increases. As oysters 
perish, the oyster layer volume decreases, and the shell left behind 
contributes to the dead shell layer volume. The growth in the shell layer 
is counteracted by shell degradation. Instead of being situated below the 
reef layer, sediment is assumed to fill in the gaps between the individual 
shells and individual oysters, and in some cases, fill the reef and begin 
settling at the top of the oyster layer. Sediment is removed by erosion, 
decreasing the sediment layer volume (Fig. 2). Because the grain size 
and sea floor substrate are assumed to be constant, the weight of the reef 

Fig. 2. Oyster reef system structure and processes among and between layers. 
Adapted from Housego & Rosman (2016). 
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is assumed to pose no bearing on the risk of land subsidence. 
The model utilizes the same governing equations as those in the 

HR16 model, consisting of three coupled differential equations repre-
senting oyster layer volume Ot (Eq. (5)), dead shell layer volume Bt (Eq. 
(6)), and sediment layer volume St (Eq. (7)). The original equations used 
in the HR16 model have been rearranged to calculate layer volumes at 
specified timesteps rather than their rate of change, where volume is in 
units of cubic meters per square meter of area. Parameters and values are 
provided in Table 1. 

Ot =

⎡

⎢
⎢
⎢
⎣

b1f (Ot− 1)

b2(Ot− 1) + 1
⏟̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅⏟

growth

−

⎡

⎢
⎣μf + ε(1 − f )
⏟̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅⏟

mortality

⎤

⎥
⎦(Ot− 1)

⎤

⎥
⎥
⎥
⎦

Δt + (Ot− 1) (5)  

Bt =

⎡

⎢
⎣[μf + ε(1 − f )]
⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟

mortality

(Ot− 1) − γ(Bt− 1)
⏟̅̅̅ ⏞⏞̅̅̅ ⏟
degradation

⎤

⎥
⎦Δt + (Bt− 1) (6)  

St =

⎡

⎢
⎣(C⋅Ws)
⏟̅̅̅ ⏞⏞̅̅̅ ⏟
deposition

− E⏟⏞⏞⏟
erosion

⎤

⎥
⎦Δt + (St− 1) (7) 

In the growth term of the oyster layer volume equation (Eq. (5)), b1 

and b2 represent non-density dependent and density-dependent growth, 
respectively. The mortality term is present in both the oyster layer 
volume equation and the shell layer volume equation (Eq. (6)), where μ 
is the annual mortality rate of oysters that are not covered by sediment, 
whereas ε denotes the annual mortality rate due to sediment smothering. 
The fraction of the live oyster layer not covered by sediment is given by 
f. In the sediment layer volume equation (Eq. (7)), γ is the annual shell 
degradation rate, C is the sediment concentration above the reef, Ws is 
the settling velocity, and E is erosion. All parameters and associated 
values independent of depth and velocity are consistent with those used 
in the HR16 model (Table 1). 

Growth in the context of the model refers to the growth of the layer 
volume. The growth represents both adult oysters and juvenile recruit-
ment in a single term. The non-density-dependent growth parameter, b1, 
is the fractional rate of increase without competition and is governed by 
biological parameters. The b2 term encompasses growth influenced by 
the reduction of food concentration due to the oyster population 

filtering the surrounding water, where filtering removes food from the 
water above the reef. Here, it is assumed that the reduction of food 
supply is counteracted by vertical mixing. As a result, the food con-
centration profile is logarithmic and increases with height from the bed 
and is a function of velocity. 

Because of the impact of smothering of sediment on fitness (Adams 
et al., 1995), it is assumed that oysters that are covered by sediment do 
not contribute to growth. As a result, the fraction of the oyster popula-
tion not covered by sediment, f, is multiplied by the oyster layer volume 
so that the oyster growth rate only applies to the oysters that can 
contribute to reef growth. 

The mortality term is the sum of the normal mortality rate per year, 
μ, and the additional mortality that occurs due to smothering by sedi-
ment ε. The mortality rate of oysters in the absence of sediment per year 
is multiplied by the oyster layer volume times the fraction of the oyster 
population that is not covered by sediment f . Similarly, the mortality 
rate of oysters covered in sediment is multiplied by (1 − f), the fraction 
of oysters that are covered by sediment. The mortality of oysters in the 
oyster layer, Ot , contributes the shell layer volume. The accumulation of 
shell is counteracted by the shell degradation term, which is the rate of 
shell degradation per year, γ, times the shell volume of the previous 
timestep. 

The amount of sediment within the reef is a crucial factor in oyster 
mortality. The sediment layer volume is equal to the volume of sediment 
deposited onto the reef, which is a function of the sediment concentra-
tion above the reef C and settling velocity Ws minus the volume removed 
due to erosion E. Sediment filtered by oysters is not removed from the 
deposition term, as the sediment is returned to the reef as pseudofeces. 
The sediment concentration profile is assumed to follow a Rouse sedi-
ment concentration profile next to the reef (Housego and Rosman 2016; 
Eq. (8)), where downward settling and upward turbulent mixing coun-
teract each other (van Rijn, 1993). 

C =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Cs,a

(
H − (hO +hB)

hO +hB
⋅

a
H − a

)Ws/κu∗flat

(hS < hB) or (hB < hS < hB +hO)

Cs,a

(
H − hS

hS
⋅

a
H − a

)Ws/κu∗flat

hS > hB +hO

(8) 

If the top of the shell layer is above the top of the sediment layer, the 
sediment concentration at the top of the reef is equal to the depth in-
tegrated sediment concentration Cs,a multiplied by the product of the 
unoccupied water to reef height ratio and some reference height a near 
the bed to the total water depth minus the reference height ratio, all to 
the power of settling velocity Ws (Eq. (9)). If the sediment layer is above 
the top of the shell layer, the ratio of unoccupied water to the reef height 
is instead the ratio of unoccupied water to the sediment layer height. 

Ws =
ρs − ρw

ρw
⋅
gd2

18ν (9) 

Cs,a, the depth integrated sediment concentration (Eq. (10)), is the 
product of an intermediate value of total suspended sediment concen-
tration Cs,avg (Eq. (11)) recorded by Fugate & Friedrichs (2002) and the 
integral of Eq. (8), where z is equal the largest of either total reef height 
hB + hO, or the sediment layer height hS. 

Cs,a = Cs,avg

⎡

⎣
∫H

a

(
H − z

z
⋅

a
H − a

)Ws/κu∗flat

dz

⎤

⎦

− 1

(10)  

Cs,avg = 4E− 6(H − a) (11) 

Erosion, E, is dependent upon the relative heights of each layer and 
only occurs when there is sufficient shear stress to induce sediment 
motion (Eq. (12)). The Shields parameter θ, a ratio of the effects of shear 

Table 1 
Parameters and values used in the HR16 model. All values are taken from 
Housego & Rosman (2016).  

ϕO Volume fraction occupied by oysters 0.6  

ϕB Volume fraction occupied by shell 0.6  
ϕS Volume fraction occupied by sediment 0.4  
Q Individual oyster filtration rate 1 E− 6 m3/s 
M Mean biomass (dry weight) of individual oyster 0.0003 Kg 
V Mean volume of individual oyster 5.6 E− 5 m3 

k Von Karman constant 0.4  
cf Ambient food concentration 0.0001 kg/m3 

l Ratio of respiration to assimilation 0.67  
zref Height at reference food concentration 1 M 
zbed Height just above bed 0.01 M 
μ Mortality rate in the absence of sediment 0.4 year− 1 

ε Mortality rate of oysters covered in sediment 0.94 year− 1 

γ Oyster shell degradation rate 0.2 year− 1 

d Sediment grain size 0.0001 M 
ρw Density of water 1027 kg/m3 

ρs Density of sediment grains 2650 kg/m3 

ν Kinematic viscosity of water 1 E− 6 Pa • s 
g Gravity 9.81 m/s2 

a Some reference height 0.03 M 
E0 Bed erodability constant 29.7509 m/year 
θc Critical shields parameter 0.05 m− 1 

m Decay rate of shear stress 0.02  
CD Drag coefficient at top of reef 0.01   
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stress and the effects of gravitational forces (Shields, 1936) (Eq. (13)), 
must be greater than the critical Shields parameter θc to induce sediment 
motion. If this condition is not satisfied, or when the shear stress acting 
on the sediment is not sufficient, erosion is equal to zero. When this 
condition is met and erosion occurs, it is a function of the shear stress 
acting on the bed τbed, the sediment density ρs, the water density ρw, the 
gravitational constant g, and is the sediment grain size d. 

E =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

E = E0
θ − θc

θc
(θc < θ)

0 (θc > θ)

(12)  

θ =
τbed

(ρs − ρw)gd
(13) 

The shear stress acting on the sediment depends on how much, if any, 
sediment is protected by the reef (Eq. (14)). If the top of the sediment 
layer is between the live oyster and shell layer, the sediment will be 
shielded from shear stress acting against the reef. Consequently, the 
amount of sediment to be eroded decreases, as the shear stress experi-
enced by the sediment decays exponentially with increasing distance 
from the top of the reef (Whitman and Reidenbach, 2012). However, if 
the sediment layer is above the top of the reef, the shear stress acting on 
the sediment is simply a function of friction velocity. 

τbed

ρw
= u∗

2 =

⎧
⎪⎪⎨

⎪⎪⎩

CD,reef U2 hS > hB + hO

CD,reef U2e− 1
m (hO+hB − hS) hB < hS < hB + hO

(14)  

2.3.1. Influence of water depth and velocity 
Because the growth and mortality terms of the oyster layer equation 

(Eq. (4)) influence the fraction of oysters not covered by sediment, the 
relative height of the sediment layer plays a crucial role in determining 
the reef height and the oysters’ ability to survive. Deposition and 
erosion, the two components of the sediment layer equation, are influ-
enced by water depth and velocity. 

The HR16 model assumes constant depth and velocity. However, the 
HR16 + Hydro model considers the spatial and temporal variations in 
depth and depth-integrated velocity. HR16 + Hydro performs calcula-
tions at each specified node, with depth and velocity being a function of 
time and the tidal harmonic data obtained from the ADCIRC simulation. 
Including tidal influence is particularly significant in the intertidal zone, 
where oyster reefs experience both submergence and emergence. 
Growth is assumed to be zero for time steps when the oyster reef extends 
above the water column. 

Fig. 4. 14-day tide resynthesis of NOAA observed and ADCIRC simulated tides at a) South Ossabaw Island, Bear River, Georgia; b) S. Newport River, Georgia; c) St. 
Simons Island, Georgia; d) Bailey Cut, Satilla River, Georgia; e) Kings Bay, Georgia; f) Fort Pulaski, Georgia; g) St. Mary’s River, Georgia; h) Head of Mud River, 
Georgia; i) Bull Street, Savannah River, Georgia; j) Palmer Johnson Shipyard, Wilmington River, Georgia; k) Port Wentworth, Georgia; l) Skidaway Institute, 
Skidaway, Georgia; m) Priest Landing, Wilmington River, Georgia; n) Richmond Hill, Ogeechee River, Georgia; o) Range A Light, Bear River, Georgia; p) Sunbury, 
Sunbury Channel, Georgia; q) Crispen Island, Turtle River, Georgia; and Dungeness, Seacamp Dock, Georgia. 
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2.3.2. Model parameters 
In the oyster reef model, the governing equations were calculated 

using MATLAB scripts. The oyster layer volume Ot, shell layer volume 
Bt, and sediment layer volume St were calculated for each mesh node at 
a 3 h timestep. This timestep was optimal for maintaining accuracy 
while considering the computational expense of performing the calcu-
lations across the model domain. The model has a total run-time of thirty 
years. To minimize memory usage, the values Ot , Bt, and St were saved 
every 6 months. 

The initial conditions for Ot, Bt , and St were 0.01 m, 0.13 m, and 
0.01 m, respectively, based on Housego and Rosman (2016) to yield the 
highest steady-state reef height. The initial height corresponds to the 
mean sea level value. The initial velocity was the magnitude of the x- 
and y-direction velocity per node at timestep 1. Total water depth H, 
flow velocity U, change in water level η, oyster layer volume O, shell 
layer volume B, sediment layer volume S, the fraction of oysters not 
covered by sediment f , shear stress τbed, erosion E, and sediment depo-
sition were stored at every 6 months of the simulation. 

2.3.3. Assumptions 
The HR16 + Hydro model incorporated several general assumptions 

from the HR16 model. Some of these assumptions include a constant 
water temperature of 30 ◦C, regardless of the time of day, season, or 
climate change-related temperature fluctuations. Live oysters were 
assumed to have a constant size, with a shell length of 80 mm, a volume 
of 55.7056 mL, and a biomass of 0.3 g (dry weight) per oyster, irre-
spective of their stage in the life cycle. Mortality was attributed to pre-
dation and disease, but these factors are not distinguished in the 
mortality term of the live oyster layer equation and the dead shell layer 
equation. Instead, they are combined into one natural mortality rate. 
While the mortality rate of oysters buried by sediment is constant per 
volume of oyster, the total mortality due to sediment smothering is 
volume dependent. In other words, the rate itself was assumed not to 
change. Finally, the rate of dead shell degradation was assumed to be 
constant. Like the mortality rate mentioned in the second assumption, 
dead shell degradation is dependent on dead shell volume, but the rate 
at which shell degrades is constant (Jordan-Cooley et al., 2011). 

The model did not account for human influence on the reef or hy-
drologic system, such as sea level rise, changes in sediment regime, 
harvesting, or pollution. It was assumed that there is no competition for 
space or food with other species, and the reef is inhabited by oysters only 
- no space is occupied by other species. Lastly, the sediment grain size 
was assumed to be constant, so sediment deposition depends only on 
changes in depth and velocity. 

3. Results 

3.1. Hydrodynamic simulation 

The ADCIRC simulation results were validated by constructing a 14- 
day tide resynthesis using the computed tidal harmonic constituent data 
and comparing the resulting water surface elevations with observed data 
collected at eighteen NOAA gages along the Georgia coast (Fig. 4). The 
NOAA stations measuring harmonic constituent data are displayed in 

Fig. 3. NOAA stations used in tidal resynthesis. The eighteen stations measure 
tidal harmonic constituent data. The station name, ID, and coordinates are 
presented in Table 2. 

Table 2 
NOAA stations used in tidal resynthesis as labeled in Fig. 3. The station name 
associated with each station depicted in Fig. 3 and the corresponding NOAA 
Station ID and geographic coordinates are presented.  

Map 
ID 

Station NOAA 
station ID 

Longitude Latitude 

1 Port Wentworth 8,670,424 81. 1417◦ 32.1433◦

2 Bull Street, Savannah River 8,670,681 81.0917◦ 32.0817◦

3 Palmer Johnson Shipyard, 
Wilmington River 

8,670,893 81.0467◦ 32.0233◦

4 Skidaway Institute, Skidaway 8,671,086 81.0233◦ 31.9900◦

5 Priest Landing, Wilmington 
River 

8,671,315 81.0117◦ 31.9633◦

6 Fort Pulaski 8,670,870 80.9033◦ 32.0350◦

7 Richmond Hill, Ogeechee River 8,671,489 81.2900◦ 31.9433◦

8 Range A Light, Bear River 8,672,667 81.1817◦ 31.7933◦

9 Sunbury, Sunbury Channel 8,672,875 81.2783◦ 31.7667◦

10 South Ossabaw Island, Bear 
River 

8,673,171 81.1417◦ 31.7233◦

11 S. Newport River 8,674,301 81.1900◦ 31.5750◦

12 Head of Mud River 8,674,975 81.3200◦ 31.4867◦

13 Crispen Island, Turtle River 8,676,808 81.5500◦ 31.2133◦

14 St. Simons Island 8,677,344 81.3967◦ 31.1317◦

15 Bailey Cut, Satilla River 8,678,322 81.5917◦ 30.9850◦

16 Kings Bay 8,679,511 81.4917◦ 30.7783◦

17 Dungeness, Seacamp Dock 8,679,758 81.4717◦ 30.7633◦

18 St. Mary’s River 8,679,964 81.5483◦ 30.7200◦

Table 3 
Root mean squared error (cm), MSE/VAR, correlation coefficient (R2), relative 
bias, and scatter index between the NOAA-observed water levels and ADCIRC- 
modeled water levels.  

Station RMSE 
(cm) 

MSE
VAR  

R2 Relative 
bias 

SI 

South Ossabaw Island 0.708 0.032 0.985 − 0.283 − 2.177 
S. Newport River 1.213 0.094 0.935 − 0.825 − 3.712 
St. Simons Island 0.748 0.038 0.971 − 0.316 − 2.307 
Satilla River 1.256 0.110 0.921 − 0.958 − 4.161 
Kings Bay 1.926 0.292 0.840 − 1.778 − 5.037 
Fort Pulaski 0.902 0.051 0.974 − 0.364 − 2.204 
St. Mary’s River 1.450 0.252 0.894 − 1.293 − 4.865 
Head of Mud 1.480 0.121 0.925 − 1.216 − 4.480 
Bull Street 1.812 0.150 0.886 − 1.575 − 4.743 
Palmer Johnson 

Shipyard 
1.538 0.134 0.902 − 1.313 − 4.658 

Port Wentworth 1.860 0.150 0.888 − 1.923 − 5.641 
Skidaway Institute 1.575 0.141 0.891 − 1.378 − 4.771 
Priest Landing 1.305 0.109 0.943 − 0.956 − 3.997 
Richmond Hill 1.686 0.392 0.892 − 1.258 − 4.069 
Range A Light 1.500 0.129 0.942 − 1.252 − 4.557 
Sunbury 1.407 0.115 0.945 − 1.094 − 4.244 
Crispen Island 2.078 0.202 0.882 − 2.637 − 6.923 
Dungeness 1.960 0.287 0.823 − 2.366 − 6.586  
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Fig. 3 and information regarding each station is presented in Table 2. 
The accuracy of the resynthesized water levels was assessed by 

calculating the root mean squared error (RMSE) (Eq. (15)) and the ratio 
of mean squared error (MSE) to population variance (VAR) (Eq. (16)), 
where Mt is the measured values, Mt is the mean of the measured values, 
Ct is the computed values, and t is time. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N

∑

t
(Mt − Ct)

2

√

(15)  

MSE
VAR

=
1
N

∑
t(Mt − Ct)

2

1
N− 1

∑
t(Mt − Mt)

2 (16) 

For water levels at the eighteen stations selected, the minimum and 
maximum RMSE were 0.708 cm and 2.078 cm, respectively. The highest 
errors were associated with stations located further upstream in reaches 
of tidal creeks, where there is insufficient availability of recent bathy-
metric data. The mean tidal range for the modeled water levels is 3.27 m 
and 2.46 m for the computed water levels. Normalized by the tidal 

range, the maximum RMSE is less than 1 % of both the modeled and 
computed tide ranges and thus can be regarded as negligible. Similarly, 
the largest MSE/VAR was 0.392, observed at the Richmond Hill station. 
RMSE, MSE/VAR, correlation coefficient (R2), relative bias, and scatter 
index values for all stations included in the resynthesis are presented in 
Table 3. 

The ADCIRC simulation was further validated through comparison 
between the four dominant tidal constituents in the region (Fig. 5). For 
both amplitude and phase, the high correlation coefficient (0.981 and 
0.977, respectively) indicates good agreement between measured and 
computed values. Similarly, the RMSE of modeled amplitude values 
versus observed was 1.138 cm. As the lower amplitude values were 
around 18 cm, an error of 1.138 cm can be considered negligible. In 
contrast, the lowest phase values within these four constituents were less 
than 1◦, compared to the RMSE for phases being 3.23◦, indicating 
greater error. 

3.2. Oyster reef model 

The HR16 + Hydro model predicts the final oyster, shell, and sedi-
ment layers. Reef height is equal to the sum of the oyster and shell layers 
if the sediment layer does not exceed the top of the oyster layer; 
otherwise, it is the sum of all three layers (Fig. 2). Generally, regions 
between tidal inlets and channel edges exhibit the highest predicted 
final oyster layer heights. Reefs adjacent to the coastline show an in-
crease in height as the distance to the shoreline decreases (Fig. 6). The 
hydrodynamic conditions associated with these increases are charac-
terized by greater depths and higher flow speeds, given the combination 
does not result in sediment deposition onto the reef. Reef height itself is 
primarily velocity limited, where the largest drivers of mortality are 
influenced by flow speed more than depth. In contrast, the reduction in 
breaking wave height by the reefs are depth limited rather than velocity 
limited, where the reduction of water column depth is directly related to 
the depth at which the reef is located. 

The pronounced variations in oyster growth at small distances 
highlight the sensitivity of sediment deposition to velocity and depth 
(Fig. 7). This is due to an intermediate velocity threshold existing be-
tween ~0.8 and ~1.8 m s− 1 where sediment begins to infiltrate the live 
oyster layer, resulting in a different behavior of the sediment regime 
(Eqs. (7) and (14)). 

3.2.1. Spatial analysis of oyster growth 
To evaluate the flow velocities and total water depths that yield the 

highest oyster layer and reef heights, heights were plotted against 
various hydrodynamic variables to examine how velocity and depth 
influence factors that contribute to either growth or mortality (Fig. 8). In 
all cases, the response of oyster layer height and total reef height falls 
into one of two regimes. The first regime (regime 1, or R1) is categorized 
as situations where sediment layer has not infiltrated the oyster layer, 

Fig. 5. Root mean squared error, MSE/VAR, correlation coefficient (R2), relative bias, and scatter index between NOAA-observed and ADCIRC-simulated amplitude 
and phase for the M2, S2, N2, and K1 constituents for all stations. 

Fig. 6. Predicted final reef heights at the Georgia Coast.  
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while the second regime (regime 2, or R2) is where the sediment layer 
has infiltrated the oyster layer, resulting in additional mortalities due to 
smothering by sediment. This distinction impacts the calculation of 
adjusted sediment concentration (Eq. (10)) and shear stress (Eq. (14)) 
equations that account for the relative position of the live oyster layer 
and sediment layer. 

At year thirty, the highest oyster layer height is observed at velocities 

of 0.115 m/s (Fig. 9). Velocities below this threshold are categorized 
under the first regime (R1). Oyster layer height increases linearly with 
depth until reaching approximately 1.7 m, where the overall highest 
oyster layer height is observed at a 1.86 m depth and a 0.115 m/s flow 
speed. Beyond this velocity (R2), oyster layer height is reduced to less 
than 10 cm but continues to increase with velocity, albeit at a smaller 
growth rate. Starting at 0.08 m/s, oyster layer height increases loga-
rithmically with velocity, with lower final reef heights observed at 
smaller depths coupled with lower velocities. 

The change in oyster growth rates in response to velocity is attrib-
uted to the transition from a sediment-free oyster layer to the onset of 
smothering by sediment deposition (Fig. 10). After this transition, the 
growth and mortality terms begin to account for smothering by sedi-
ment, where growth is limited to the fraction of oysters free from sedi-
ment and mortality increasing at the same magnitude as the reduced 
growth rate. 

3.2.2. Analysis of reef compositions 
As the simulation progresses, the percentage of the total reef height 

composed of dead shell approaches two values: approximately 66 % in 
regime 1 and 78 % in regime 2 (Fig. 11). At the thirty-year timestep, the 
values associated with higher velocities are still approaching 66 % and 
may reach equilibrium values beyond 30 years. At depths greater than 1 
m, oyster layer height and the percentage of reef that is composed of 
shell follow a closely related exponential decay pattern, with greater 
deviation observed at lower depths and a slower rate of convergence to 
these values. 

The two equilibrium values are analogous to the change in growth 
rate when sediment infiltrates the oyster layer. Because the equations for 
the sediment layer change when this condition is met, both the growth 
and the mortality terms of the oyster layer equation become dependent 
upon the fraction of the oyster layer covered by sediment. As a result, the 

Fig. 7. Oyster layer height and sediment layer height time series at areas between tidal inlets along the Georgia coast. In a) areas of higher reef heights, the b) growth 
rate of the reef was able to surpass that of sediment deposition, reducing the mortality rate from sediment deposition. In contrast, c) areas where reefs performed 
relatively worse were associated with d) mortality rates greater than growth rates due to the deposition of sediment, reflecting the sensitivity of reefs to spatially 
varied physical constraints. 

Fig. 8. Oyster layer height response to average velocity magnitude and total 
water depth after 30 years. 
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mortality rate increases while the growth rate decreases, subsequently 
increasing the shell layer to oyster layer ratio. 

3.3. Application in design of nature-based solutions 

Wave breaking is depth-limited (Kamphuis, 2020), and the final reef 
height determines the percentage of the water column occupied by the 
reef. This, in turn, affects the reduction in breaking wave height 
(Fig. 12). Breaking wave height, Hb, is often computed as: 

Hb = γhb (17)  

where hb is the depth of the water column at the point of breaking times 
and γ is the breaker index (~0.78) (McCowan, 1894). The reduction in 
water column height due to the precense of the reef structure reduces the 
likelihood of wave heights exeeding the waveheight/wavelength ratio 
required for breaking (1/7) (Webb, 2017), the breaking wave height 
itself, and the likelihood of waves propagating further inland. 

The greatest reduction in wave breaking height, and thus the greatest 
potential to dissipate wave energy (Kamphuis, 2020), occurs in regions 
between tidal inlets and along the edges of channels. These areas are 

associated with greater final reef heights. However, as the degree of 
wave height reduction depends on the reef’s height relative to the water 
column depth, reduction in wave heights are observed in areas where 
the oyster reef is relatively shorter as well. 

Unlike the reef height itself, reduction in breaking wave height is 
depth limited rather than velocity limited. This is evident by water 
column height reductions consistently reaching as high as 50 % for all 
velocities greater than 1 cm/s, despite lower reef heights after 
~0.8–0.18 m/s (Fig. 13). This suggests that it is possible to incorporate 
oyster reef living shorelines as a nature-based solution without the 
requirement of maximum oyster growth. Instead, a sufficient growth 
rate is necessary for the population to persist and supply the mortality 
needed to maintain the shell layer. 

4. Discussion 

4.1. Wave attenuation by predicted oyster reefs 

To assess the ability of the predicted oyster reefs within the South 
Atlantic Bight to provide shoreline protection, the final reef heights 
associated with each node and their reduction in bathymetry were used 
in several ADCIRC + SWAN simulations. The SWAN (Simulating WAves 
Nearshore) model, coupled with ADCIRC, incorporated storm surge and 
wave generation as well as dissipation (Dietrich et al., 2012) in several 
synthetic storm simulations. The SWAN component of the model uses 
the same unstructured mesh as the previous ADCIRC simulations. 

The synthetic storms included in these simulations belong to a 
collection of 1060 tropical synthetic storms developed by the U.S. Army 
Corps of Engineers Coastal Hazards System (CHS) South Atlantic Coastal 
Study (Nadal-Caraballo et al., 2020) (https://chs.erdc.dren.mil/). Eight 
storms were selected to assess the performance of oyster reef breakwa-
ters along Coastal Georgia (Fig. 14). The chosen storms exhibit variation 
in parameters such as track angle with respect to north (θ), central 
pressure deficit (∂P), radius to maximum wind speeds (rmax), velocity of 
the storm (vf ), and maximum wind speeds vwind. This range in parame-
ters enables the assessment how oyster reefs attenuate waves across 
different storm intensities and angle of approach towards the shoreline 
(Table 4). 

Two simulations were conducted per storm, where all inputs and 
parameters other than bathymetry were identical. The first simulation 
was performed with the original bathymetry, thereby not considering 

Fig. 9. Reef height to average velocity magnitude a) in the absence of sediment 
(R1) and b) when sediment produces additional mortalities (R2). 

Fig. 10. Oyster layer height response to sediment deposition after thirty years. 
Second regime exhibits smaller final reef heights. 
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the presence of oyster reefs. The second simulation accounted for 
reduced total water level caused by the presence of reefs in the water 
column, resulting in new bathymetry within the mesh. Both maximum 
water surface elevations and significant wave heights for each node 
were computed for both simulation scenarios 

The different node elevations were compared to assess the change in 
storm-related hydrodynamic impacts when oyster reef breakwaters are 
deployed. A reduction in maximum significant wave height is observed 
for all storms irrespective of their intensity or approach angle to the 
shore (Fig. 15). Due to counterclockwise wind rotation, the greatest 
wave attenuation is concentrated north of each storm track for most 

storms, excluding storms whose tracks are close to shore-parallel at 
small distances from the coast. This may suggest that oyster reefs present 
greater performance as wind waves approach perpendicular to the 
shoreline. While the reefs at their predicted elevations were observed to 
reduce maximum significant wave heights across all storms, it is 
important to note that oyster reefs do not necessarily reduce total water 
levels. The vertical relief of oyster reefs has been found to attenuate 
waves with heights less than double the reef height (Chowdhury et al., 
2019), but does not block flow entirely unless the water depth is less 
than that of the reef. As such, the dissipation of wave energy and wave 
breaking produced by reefs reduces wave heights as opposed to the total 

Fig. 11. Temporal analysis of percent of reef height that is composed of dead shells in response to mean sea level at a) year 5, b) year 15, c) year 22, and d) year 30.  

Fig. 12. Reduction of breaking wave height at Skidaway Island, Georgia.  
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water level at depths greater than the reef height (Fig. 16). 
While several studies highlight the promising ability of oyster reefs 

to protect shorelines (Chauvin, 2018; Chowdhury et al., 2019; Scyphers 
et al., 2011; Wiberg et al., 2018), there is a lack of evidence supporting 
the success of both ecological and engineering performance in oyster 

reef breakwaters simultaneously. Morris et al. (2021) found that envi-
ronments conducive to oyster reef growth were associated with minimal 
added wave attenuation enhancements, whereas areas in which reefs 
were likely to provide greater attenuation were associated with a more 
unfavorable habitat. Prior studies found wave attenuation to be signif-
icant when the reef elevation meets or surpasses the water level 
(Chauvin, 2018; Wiberg et al., 2018), but is associated with lower reef 
heights. The predicted final reef heights in our oyster reef model suggest 
the greatest reduction in water levels are consistent with these studies, 
given that the highest final reef heights are positioned at greater depths. 
As a result, when designing for shoreline defense, consideration for lo-
cations that are likely to result in a greater proportion of the water 
column being occupied should supersede that which prioritizes overall 
reef growth alone. 

The results of the simulations operate on the assumption that reef 
exists at each node predicted by the oyster reef model. As a result, there 
is difficulty in attributing changes in hydrodynamics observed in the 
model to a particular reef location. Changes in radiation stress gradients 
produced by reef breakwaters were seen across large spatial scales and 
may suggest resulting flow impacts on surrounding areas when a reef is 
isolated. However, these impacts were not reflected in the storm simu-
lation results but should be considered in future model developments. 
Moreover, isolating reefs to small areas of interest presents an oppor-
tunity for improved validation and utility as a tool for designing oyster 
reef breakwaters. Nevertheless, as a first-pass simulation, the model 
results indicated that oyster reefs reduce significant wave heights during 
storm events at depths consistent with prior studies. 

4.2. Model sensitivity 

The sediment layer height was observed to increase with velocity, 
which was initially counter-intuitive. The sediment deposition term (Eq. 
(6)) hinges on both depth and velocity. Before reaching a critical flow 
speed, sediment deposition isn’t substantial enough to elevate the 
sediment layer above the shell layer. The deposition rate does not out-
pace the growth rate which increases due to the greater vertical mixing 
of food particles triggered by higher flow speeds (Housego and Rosman, 
2016). 

However, as sediment concentration above the reef (C) increases 
exponentially, which occurs when the sediment layer reaches the oyster 
layer, increased mortality due to smothering by sediment and stunted 
growth rates ensue. After this point, an increase in velocity results in 
taller oyster layers. This is partially due to sediment motion induced by 
adequate shear stress, which erodes sediment from the reef, and the 
augmented transport of food throughout the water column resulting 
from the same. This was also observed in the original HR16 model 
during their analysis of final reef height on flow speed (Housego and 
Rosman, 2016). It is known that oysters are sensitive to sediment 
deposition (Colden and Lipcius, 2015; Jordan-Cooley et al., 2011; 
Powers et al., 2009; Rose, 1973), but quantification of sediment-induced 

Fig. 13. Reduction in breaking wave height by reef in response to average a) velocity magnitude and b) total water depth.  

Fig. 14. Tracks of synthetic storms selected for simulation. *Storms 158 and 
160 have identical storm tracks but differ in intensity. 

Table 4 
Parameters for each synthetic storm. Maximum wind speed for each storm is the 
maximum observed within the South Atlantic Bight.  

Storm ID θ 
(deg) 

∂P 
(hPa) 

rmax 

(km) 
vf (km/h) vw,max 

(mph) 

158 − 60◦ 48 26 22.3 77.93 
160 − 60◦ 8 120.3 17.6 27.72 
185 − 60◦ 148 34.8 9.8 155.2 
451 − 40◦ 18 56.5 18.5 53.32 
466 − 40◦ 138 43 9.7 120.5 
736 − 20◦ 8 142.3 22.4 29.01 
752 − 20◦ 8 82.9 30.9 37.89 
1006 0◦ 118 10.1 15.2 157.6 
1037 0◦ 58 18.7 14.4 86.02  
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mortality varies with hydrologic regime. 
Greater sediment concentrations at higher velocities are a charac-

teristic of the Rouse sediment concentration profile (van Rijn, 1993). 
Here, the deposition process is influenced by the suspended sediment’s 
elevation and quantity within the water column rather than the settling 
velocity (Fig. 17). Consequently, increased velocities lift sediment 
higher in the water column and enhance the deposition potential onto 
the reef. 

To determine when the sediment layer height reaches the oyster 
layer, a separate simulation, independent of ADCIRC, was conducted 
where depth was varied from 0 to 11 m and velocity was varied from 
0.05 to 1 m/s, with a timestep of 0.1 years. The depth, velocity, and 
timestep combination was recorded when the sediment layer height 
exceeded the shell layer height. The results of this simulation suggest 
that regime changes within the first five years occur at 0.125 m/s when 
depths are greater than 6 m, with the velocity threshold increasing 
exponentially with decreasing depths (Table 5). The time at which the 
sediment layer reaches the oyster layer is indicative of the moment at 
which the rate of sediment deposition has outpaced the growth rate of 
the oysters. For each depth, increasing the velocity past the initial 
threshold value results in the regime change occurring at a later time, 

indicating a higher ratio of growth rate to deposition rate (Fig. 18). 

4.2.1. Sediment grain size 
Sediment deposition and erosion are both functions of grain size d. 

The model assumes a constant grain size of 0.1 mm, consistent with that 
of the HR16 model. A separate, smaller scale simulation was conducted 
to evaluate whether variations of grain size influence model predictions. 
In this simulation, depth and velocity were assumed to be 3 m and 0.1 
m/s, respectively, to ensure that grain size is the only parameter influ-
encing results. Grain size was varied between a minimum mud grain size 
value, 0.001 mm (Wentworth, 1922) and maximum sand grain size 
value of 2 mm (Peralta et al., 2000). 

Grain size, oyster layer height, and fraction of oysters occupied by 
sediment were plotted to evaluate the response of sediment deposition. 
Across the range of grain sizes, oyster layer height remained largely 
unaffected by increased sediment diameter, with the notable exception 
of diameters within the 0.012–0.019 mm range. 

Within this range, sediment deposition is observed to reach a value 
substantial enough to infiltrate the oyster layer, consequently causing 
additional mortalities. Deposition within this range displayed a 
Gaussian distribution with a peak at approximately 0.05 mm. 

Fig. 15. Change in significant wave height resulting from the presence of the predicted final oyster reef heights across storms with ranging maximum wind speeds 
and angle of approach with respect to the shoreline. The wind speed for storms a) 1006, b) 1037, c) 752, d) 736 are 158 mph, 86 mph, 37.9 mph, and 29 mph, 
respectively. 
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Deposition, as calculated by the product of sediment concentration 
above the reef C (Eq. (8)) and the settling velocity Ws (Eq. (9)) also 
depends on the reef height, and the calculation for C depends on 

whether the sediment layer has covered the top of the reef. As Ws is 
present the numerator and the integrated denominator of C, it can be 
hypothesized that this behavior is restricted to the observed range due to 
complex dynamics and result from specific numerical combinations of 
reef height and grain size values of which results in Cs,a being small 
enough to increase C. 

Similarly, shear stress, τb, is also unaffected by grain sizes beyond the 
range observed. Like deposition, the calculation of τb depends on the 
current categorization of the reef structure regime. While d is not present 
in the shear stress equation (Eq. (14)), τb is calculated based on the 
relative layer heights of the reef and therefore responds to the relative 
sediment layer height which is determined by the deposition observed in 
previous timesteps. 

For sediment motion to be induced, the shields parameter θ must 
reach the critical shields value θc of 0.05. θ is a function of both τb and d 
itself. Within the grain size range that results in deposition, there exists a 
sufficient shear stress and an optimal grain size where θ is above 
threshold for erosion to occur (Fig. 19). 

The oyster layer height was observed to exhibit fluctuations as the 
grain size incrementally increased within the specified range, where 
erosion is greater than erosion at certain diameters, until a slightly larger 

Fig. 16. Change in maximum water elevation resulting from the presence of the predicted final oyster reef heights across storms with ranging maximum wind speeds 
and angle of approach with respect to the shoreline. The wind speed for storms a) 1006, b) 1037, c) 752, d) 736 are 158 mph, 86 mph, 37.9 mph, and 29 mph, 
respectively. 

Fig. 17. Interaction between van Rijn concentration profile and increasing 
velocity. z is elevation above the bed, H is the total water column depth, and u is 
the flow speed. 
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size threshold is met, resulting in deposition overtaking erosion. Because 
erosion increases with greater sediment amount within the reef, states of 
greater erosion and greater deposition alternate as the simulation pro-
gresses (Fig. 20). 

Nevertheless, it can be concluded that grain size does not influence 
model results if the observed grain size does not fall within this range. It 
should be noted that the range at which this behavior occurs also de-
pends on depth and velocity but can be determined on a case-by-case 
basis. Furthermore, this behavior is observed only with very small 
grain sizes. 

4.3. Limitations and future work 

This study only considered depths less than 11 m and found that 
oyster layer height did not exhibit significant variation with water 
depth, consistent with previous studies measuring depth of inundation 
(Byers et al., 2015), but showed lower final reef heights when more time 
was spent emerged from water. Generalizing these patterns may be 
difficult, as an oyster’s elevation on the reef, which has been shown to 
have a significant influence on growth (Bartol et al., 1999), is not 
accounted for in the model. Elevation of live oysters on the reef is 
assumed to have no effect on the depth and flow velocity – the live oyster 
layer, in the model, will experience the same sedimentation, erosion, 
and other effects. The elevation of oysters on the reef regulates the 
impact of dissolved oxygen and predatory pressure, where oysters 
growing near the bottom face disadvantages (Campbell and Hall, 2019; 
Lenihan et al., 2001). On the other hand, higher elevations on the reef 
can result in drying out and lower food availability (Michener and 
Kenny, 1991; Kingsley-Smith and Luckenbach, 2008). 

Moreover, the position and orientation of oysters on the reef were 
not considered. Studies have found oyster shell reefs perpendicular to 
flow promote reef persistence (Colden et al., 2016), and higher growth 
and lower mortality rates occur on reef crests where flow velocity is 
higher (Lenihan, 1999). Future adaptations of the model should simu-
late depth and changing velocity throughout the water column by in-
dividual oysters rather than the oyster layer. The former is accounted for 
in the model in that oysters are unable to grow if exposed during low tide 

but are still able to grow at high tide. 
The model’s assumption of constant grain size neglects turbulence 

variance with substrate material or bed material, creating inaccuracies 
in flow simulations. As such, validation requires field experiments 
assuming the same sediment properties as the model (Grizzle et al., 
1992). While additional analysis found that grain size does not pose a 
significant influence on model results, including spatially varied sedi-
ment composition and grain size using USGS data (U.S. Geological 
Survey, 2020) could account for land subsidence by factoring in reef 
weight and bed sediment composition and properties. However, because 
the reefs in this model are assumed to be those constructed in a living 
shoreline application, the substrate material of the bed is not influential 
to the ability of other oysters to settle. 

Recruitment success, reproduction rates, and disease susceptibility 
are greatly influenced by biophysical parameters like temperature and 
salinity (Bartol and Mann, 1997; Ford et al., 2012; Hofmann et al., 2001; 
Munroe et al., 2015; Powell et al., 2012). However, the purpose of this 
model is to isolate the role of hydrodynamics in influencing oyster reef 
growth and thus assumes all other biological needs are met. As such, 
salinity is not included in the model, and temperature is assumed to be a 
fixed value, limiting this study to geophysical impacts on reef growth. 
While absolute reef height does vary with temperature, the spatial dis-
tribution of taller reefs does not change. As a result, the model is still 
effective at assessing hydrodynamic conditions alone. Regardless, clas-
sifying a site as a suitable habitat requires further investigation with 
attention to both biophysical and ecological processes, and thus tem-
perature should be considered in future analyses. The HR16 model 
structures growth to include temperature (albeit constant), enabling 
integration of spatially or temporally varying temperature models. This 
expansion could determine the response to warming oceans due to 
climate change. 

Furthermore, validation of model results is limited by the availability 
of data in the literature. Field measurements of oyster growth show 
considerable variation (Harsh et al., 1995) likely due to heterogeneity of 
surface roughness and turbulence in flows. Lenihan et al. (1996) found 
oysters have higher growth rates with increasing velocities, with a 
maximum growth at velocities of 0.07 m/s (the highest flow speed 

Table 5 
Minimum velocity for change in regime at varying depths.  

Depth 
(m) 

0.5 1 2 3 4 5 6 7 8 9 10 11 

Velocity (m/s) 0.220 0.160 0.140 0.130 0.130 0.130 0.125 0.125 0.125 0.125 0.125 0.125  

Fig. 18. Variation in regime change with total depth, velocity magnitude, and time.  
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measured in the study), while other studies (Grizzle et al., 1992) 
observed increased growth with increasing velocities, but with growth 
peaking at 0.01 m/s and declining with further increasing speeds. 

Although the latter study’s maximum growth is an order of magnitude 
smaller than the model’s mid-range, model results indicate a range of 
velocities producing peak (and decline immediately following) growth 
rates that are dependent upon depth as well as the dynamic of growth 
rate and sediment deposition rate, and can be attributed to variation in 
both as well as initial layer heights (Housego and Rosman, 2016). 
Because variation of biological parameters is neglected, field-based data 
of biological metrics should be collected and used in a model simulation 
for validation in future efforts. 

5. Conclusions 

Oyster reefs can serve as natural breakwaters (Meyer et al., 1997) 
and therefore are a promising option for shoreline defense. However, 
successful implementation of oyster reefs a nature-based solution re-
quires meeting their survival needs (Morris et al., 2019). Modeling 
environmental conditions promoting successful reef growth can predict 
optimal areas for implementing reefs as a form of shoreline protection 
(Fuchs and Reidenbach, 2013; La Peyre et al., 2015). This model links an 
existing point-based model to a hydrodynamic model (ADCIRC) to 
predict the locations and associated hydrodynamic conditions of tallest 
final reef heights. 

Generally, the simulation predicts the tallest final reef heights near 
the shore between tidal inlets, at shallower depths of tidal inlets, and at 
tributary edges. While oysters are generally not found in tidal inlets, 
these locations serve as predictions on a first-pass, physical basis only, 
not accounting for extraneous factors like ecology, human influence, 
harvesting, or land subsidence. Nevertheless, analysis of oyster layer 
height and total reef height response to depth and velocity reflected a 
transition in behavior when sediment enters the oyster layer. Before this 
threshold, final oyster layer heights increase linearly with velocity, with 
the critical velocity at which the regime change occurs varying with 
depth and the time when the deposition rate outpaces the growth rate, 
ranging from 0.08 m/s to 0.18 m/s. Greater depths experience a regime 
change at the lower end of this range, and vice versa. 

The greatest potential for application as living shorelines, measured 
by the greatest percentage of the water column occupied by the reef and 
the subsequent reduction in significant wave height, lies where depths 
are less than 3 m, or where reefs occupy more than fifty percent of the 
water column. This occurs nearshore and close to the coastline but 

Fig. 19. a) Shields parameter across all grain sizes evaluated and b) the shields 
parameter within the range producing sediment infiltration. 

Fig. 20. Fluctuation in removal and deposition of sediment with varying grain size.  
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includes additional locations without high predicted final oyster layer 
heights. The increased range is attributed to the remaining shell layer 
during mortality, where the oyster layer growth rate sufficiently sup-
ports the oyster population that perishes and adds to the shell layer 
without population collapse. 

Although the model does not account for additional mortality or 
population decline contributors that may cause inaccuracies in pre-
dictions, incorporating spatially varying hydrodynamic variables lays 
the foundation for further adjustments, adaptations, and expansions. 
Future contributions to this model’s development will enhance its utility 
as a tool for designing nature-based infrastructure. 
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