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ABSTRACT

Oysters are ecosystem engineers that shape coastal aquatic environments through hydrodynamic
influence, which is governed by the reef structure. Hydrodynamic studies have investigated effects of
oyster reefs as whole systems, overlooking the spatial variability inherent in canopy structures. In this
research, a field investigation was undertaken to characterize spatial variability of flow dynamics within a
single eastern oyster (Crassostrea virginica) reef and query how the local canopy density influences the
hydrodynamic environment. High-resolution flow measurements were taken within and above the oyster
canopy over a range of flow conditions. Hydrodynamics were compared across reef locations as the oyster
canopy density increased from sparse to very dense. Unique hydrodynamic behaviors were observed
within and above all canopies. For example, flow attenuation was more complete within the canopy (70%-
99% attenuation of incident flows) as compared to above (48%-65%). Canopies consisting of moderately
dense to dense clusters of oysters exhibited similar hydrodynamic behaviors, characterized by high levels
of flow attenuation (64%-97%) and turbulent mixing (mean turbulence intensity up to 30 times the shear
velocity). Locations with sparse canopy density and the greatest density, where oysters were packed
homogeneously rather than clustered, also greatly attenuated flows (70%-99% attenuation of incident
flows) but were characterized by lower turbulent mixing (mean turbulence intensity 1-5 times the shear
velocity). Flow augmentation (60% increase in flow speed relative to incident flow) was observed only
above the homogeneously dense canopy, indicating development of a shear layer above the canopy.
Quadrant analysis revealed that turbulent patterns observed in the vicinity of the homogeneous dense
canopy were relatively orderly as compared to the sparse, moderately dense, and dense clustered
canopies. Study findings quantify hydrodynamic variability found within natural intertidal oyster reefs,
with applications to the design of reef-based natural infrastructure and prediction of how reefs may affect

flow and sediment transport.
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CHAPTER ONE: INTRODUCTION

Background of the Study

In the intricate tapestry of aquatic ecosystems, oysters emerge as pivotal players: they are ecosystem
engineers that alter the natural environment and provide resources to other species (Jones et al., 1994).
They form complex reef structures that provide ideal breeding grounds for fish, invertebrates, and other
aquatic species (Lenihan & Peterson, 1998). Beyond their role as providers of habitat, oysters influence
environmental quality through filter-feeding mechanisms of water filtration, which serves to enhance
overall water clarity and quality (Dame et al., 1989). Additionally, oysters are capable of sequestering

carbon, aiding in mitigating climate change.

Over the last few decades, the majority of the world's population has settled in coastal areas, and this
trend is expected to persist in the future (Small & Nicholls, 2003). This global demographic shift has led to
anincrease in anthropogenic activities in coastal environments, while simultaneously exposing these areas
to heightened flood risks and storms intensified by rising sea levels (Borsje et al., 2011; Donnelly et al.,
2004). Consequently, the imperative for coastal protection through sustainable shoreline protection
systems, such as natural barriers and eco-friendly engineering solutions, is now more critical than ever

(Borsje et al., 2011; Temmerman et al., 2013).

Furthermore, their reef structures can be referred to as nature's breakwater, attenuating waves and
stabilizing shorelines due to their ability to withstand hydrodynamic forces and grow reefs in pace with
sea-level rise (Bouma et al., 2014). By mimicking nature, many sustainable approaches have been
developed to address coastal erosion and flooding. The living shoreline concept is one example of adapting
natural elements such as seagrass and oyster reefs to provide structural support to shorelines instead of

conventional hard shoreline protection methods (Bilkovic et al., 2016). Nonetheless, the success rates of



these types of projects are still hindered due to a lack of in-depth knowledge. Therefore, it is important to
study these nature's engineers as it will benefit mankind in coming up with solutions to tackle climate
change and sea-level rise. Central to this inquiry, this research study focuses on eastern oysters
(Crassostrea virginica) and understanding how the canopy condition of reefs influence flow

hydrodynamics.

Spanning the waters of the Gulf of Mexico and the Atlantic Ocean, eastern oysters are resilient and
adaptable, their life cycle closely connected with the ebb and flow of coastal environments. Oyster
spawning occurs when they encounter adequate salinity and temperature conditions (Kraeuter et al.,
2007; Shumway, 1996), and oyster larvae usually attach to hard substrates such as seawalls, mangrove
prop roots, or existing oyster shells. Once attached, they start developing shells, and as they continue to
settle and reproduce, they form complex structures called reefs. In a reef, oysters cluster together with a
cement-like bond, varying spatially throughout the reef with different heights, density levels, and
orientations (Fig. 1). Despite their importance, quantifying the extent and dynamics of oyster reefs has
posed a formidable challenge to researchers due to the structural complexity within reefs. Hogan and
Reidenbach used remote sensing methods employing Light Detection and Ranging (LiDAR) technology to
determine the physical characteristics of oyster reefs (Hogan & Reidenbach, 2019). Cannon et al. (2023)

utilized 3D laser scanning methods to map the surface of oyster reefs.

Building upon the foundational understanding established in the preceding discussion, the forthcoming
literature review chapter delves deep into past research activities focused on oyster reefs. By analyzing
the breadth and depth of studies examining oyster reef ecology, this review aims to uncover evolving
insights into oyster reef dynamics and characteristics. Through a comprehensive analysis of seminal
studies and contemporary research findings, it seeks to identify gaps, challenges, and opportunities for
future investigation, thereby formulation of research questions that will guide the subsequent sections of

this study.



Figure 1. Eastern Oyster Reef in Mosquito Lagoon, illustrating distinctive heterogenous cluster
arrangements.



CHAPTER TWO: LITERATURE REVIEW

This chapter provides a comprehensive overview of oyster reefs and their influence on flow parameters,
crucial for shaping and refining the research objectives and hypotheses. The first section offers an overview
of the physical and biological attributes of oyster reefs. It discusses the geomorphological formations and
ecological features that shape oyster habitat preferences and growth dynamics, drawing on insights from
seminal studies in the field. In the subsequent section, the focus reaches into the arrangement and
dynamic processes within oyster reefs. It explores how factors such as reef structure, spatial distribution,
and ecological interactions influence reef dynamics, incorporating findings from observational and
experimental research. Transitioning from the discussion on arrangement and dynamics, the section on
"Oyster Reef Characteristics: Morphology and Classification" examines the physical morphology and
classification systems of oyster reefs. It reviews historical classifications proposed by researchers and
presents contemporary approaches to categorizing oyster reef structures, highlighting the importance of
intra-reef variations in understanding reef ecology. Finally, the section focusing on the interplay between
hydrodynamics and reef structure investigates how flow patterns and structural attributes shape oyster
reef ecosystems. It synthesizes findings from field measurements, and experimental studies to explain the

hydraulic processes governing sediment transport, larval dispersal, and reef stability.

Oyster Reef Ecology and Dynamics
Habitat Preferences and Growth Dynamics

Oysters are known to form dense vertical clusters that rise above the surrounding soft sediment, thus
creating reefs (Bertness et al., 1998; Coen et al., 1999). However, the growth and structure of these reefs
can vary considerably across habitats and geographical ranges. Eastern oyster reefs may exhibit as
intertidal or subtidal fringing or patch reefs, ranging from small patches to expansive areas (Burrell, 1986;

Coen et al., 1999; Kennedy et al., 1996; Mackenzie, 1983, 1996) Research suggests that oysters are most



abundant in areas offering partial predation refuge, such as low-salinity waters (< 15 ppt) or intertidal
zones, with water temperature and salinity positively correlated with oyster growth (Kraeuter et al., 2007,
Shumway, 1996). However, high air temperatures can pose a threat to intertidal oysters (Byers et al.,

2015a; Malek & Breitburg, 2010).

Regarding the relationship between inundation time and reef dynamics, longer inundation durations on a
reef extend oyster submergence, thereby prolonging feeding and enhancing growth (Bahr, 1976; Bartol et
al. 1999; Roegner & Mann, 1995). Nonetheless, increased submergence time does not unilaterally lead to
higher growth rates, as other factors like reduced desiccation stress also play a role (Crosby et al., 1991;
Peterson & Black, 1988). Prolonged submersion can even have adverse effects on oyster survival, with
subtidal oysters experiencing higher rates of predation and biofouling compared to intertidal counterparts

(Byers et al., 2015b; Fodrie et al., 2014).

When considering reef base and substrate construction, it is crucial to mimic the vertical relief and
interstitial space provided by mounded oyster shells to ensure viable oyster populations and the
coexistence of natural reef communities (Drexler et al., 2014). Research indicates significant variations in
oyster density among habitats such as artificial substrates (e.g., seawalls), mangroves, and natural reefs,
with natural reefs exhibiting the lowest mean density but the highest shell heights (37.9 + 14.6 mm) and
lowest biomass (289 g/m?), followed by mangroves (32.1 mm * 13.8 mm, 346 g/m?) and seawalls (33.4
mm * 13.8 mm, 507 g/mz) (Bobo et al., 1997; Brown et al., 2005; Drexler et al., 2014). This suggests that
oysters prefer a distributed arrangement with sufficient substrate space for attachment, while substrate
size and exposure time during tidal cycles significantly influence shell growth. Additionally, oysters from
natural reefs exhibit higher resilience against parasitic infections like Perkinsus marinus, likely due to
prolonged submergence during tidal cycles, increasing the risk of disease invasion in reef habitats and
thereby favoring the prevalence of reef-based oysters (Bobo et al., 1997; Brown et al., 2005; Drexler et al.,

2014).



The arrangement of oyster reefs is influenced by various factors, including the location of the reef (subtidal
or intertidal), oyster species, and water level conditions such as salinity. When considering the structure
of an oyster reef, it primarily comprises biogenic sediment from oysters, including skeletal shell material
and bio deposits (feces and pseudo feces), along with sediment from shoreline erosion and resuspension

(Bahr & Lanier, 1981; Grabowski et al., 2005; Hargis, 1999; River et al., 1988).

Reef structure is governed by reef accretion and erosion rates. Reef accretion involves oyster shell
production, bio deposition, and allogenic sediment, while reef erosion entails bioerosion, predation, and
dissolution. Research conducted by Rodriguez et al. (2014) on eastern oysters at the Coastal Marine
Research Reserve in North Carolina revealed that higher growth rates can be expected on newly
constructed intertidal oyster reefs (1-2 years old) compared to older intertidal reefs (close to 10 years old).
Initially, all oyster reefs were constructed at approximately the same elevation below sea level. Oyster
reefs rapidly increase in height during the first few years, with growth rates declining as reefs approach
the upper limit of the tidal range due to heightened stress from limited inundation. Vertical accretion of
the reef crest is mainly driven by the need for refuge from biofouling, predation, and diseases. Intertidal
oyster reefs, in particular, provide more conducive environmental conditions for oyster growth.
Experimental evidence indicates that intertidal reefs grow 34% faster than subtidal oysters and attract
fewer marine organisms, resulting in less fouling (Bishop & Peterson, 2006). This provides more space for
oyster larvae settlement. Rodriguez et al. (2014) further explains that the growth of the oyster reef will be

halted when it reached to the upper limit of the tidal range.

Regarding suitable locations for oyster reefs, research by Salvador de Paiva et al. (2018) on Pacific oyster
reefs in the Netherlands found a positive correlation between active or growing reefs and eroding tidal
flats, with a negative correlation observed on accreting tidal flats. This suggests that when an oyster reef
is located adjacent to accreting tidal flats, they are more prone to burial from sediments, resulting in higher

mortality rates. Hence, the surrounding environment directly interacts with reef development.
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Additionally, studies by Bahr & Lanier, (1981) and Grizzle, (1990) highlighted the significant impact of
physical variables such as tidal ranges on individual reef size and overall areal coverage within an estuary.
Salvador de Paiva et al. (2018), highlights that the shape of the tidal flat where the oyster reef is located
affects its development, with larger elevation changes found in convex tidal flats than concave ones.
Authors further noted that more protuberant or sunken reefs are more likely to experience high growth,

as tidal flats subjected to erosion tend to be submerged in water for longer durations than concave reefs.

Reef Structure and Live Oyster Density

Oyster reefs represent distinct ecosystems that exert significant physical and biological influence on
estuaries. Physically, they act as natural filters, removing suspended particulate matter (Newell, 1988) and
altering current patterns (Lenihan, 1999b). Biologically, they play a crucial role in phytoplankton removal
and contribute to the production of substantial oyster biomass (Dame & Patten, 1981). Characterized by
unique geomorphological features, oyster reefs typically exhibit lower slopes compared to adjacent sand
bars or tidal flats. Research by Cannon et al. (2022) conducted in Mosquito Lagoon, Florida, revealed that

both natural and successfully restored oyster reefs in this region have slopes ranging from 6% to 18%.

When examining oyster canopy dynamics, it becomes evident that oysters on natural reefs form vertically
oriented clusters that extend above the reef bed, creating a roughness sublayer significantly larger than
that of mud and sand substrates (Cannon et al., 2022; Stiner & Walters, 2008; Styles, 2015). Cannon et al.
(2023) further investigated eastern oyster canopy characteristics, observing variations in average canopy
height varied from 36 mm to 49 mm and live oyster shell length varied from 37.6 mm to 58.8 mm across
restored and natural reefs in Mosquito Lagoon, Florida. Similarly, Walters et al. (2020) reported
comparable mean shell heights (46.3 + 1.4 mm) for restored eastern oyster reefs in Mosquito Lagoon six

months after deployment( Cannon et al., 2023).



In terms of oyster density, Walters et al. (2020) observed approximately 922-1053 oysters per square
meter in a set of restored reefs in Mosquito Lagoon. Additionally, Ridge et al. (2015) and Grizzle et al.
(2018) documented an overall mean live eastern oyster density of 1383 individuals per square meter, with
a mean shell height of 46.5 mm, in the Rachel Carson Reserve, North Carolina, and its nearby coastal

environment.

Oyster Reef Characteristics: Morphology and Classification

Grave, (1905); Price, (1954); and Smith et al. (2003)delineate three distinct oyster reef morphologies:
string reefs, fringe reefs, and patch reefs. String reefs, characterized by elongated form perpendicular to
tidal flow, exhibit heightened productivity and a prominent vertical structure, as documented by Woods
et al. (2005). Conversely, fringe reefs, narrow formations located along tidal channels, display a lower
vertical profile and a shorter lifespan compared to string reefs (Smith et al., 2003). While fringe reefs serve
as optimal settling grounds for oyster larvae due to the proximity to tidal currents, their reef crests are
vulnerable to sediment burial due to low sediment resuspension. The elevation of relief significantly
influences reef growth dynamics, with Colden et al. (2016) highlighting higher oyster survival rates on
crests of tall reefs with faster flow speeds (0.1 m reef height), attributed to reduced sediment deposition
and increased particulate flux while, oyster mortality is greatest at bases of reefs with low vertical relief
(0.1 m) due to sedimentation. Colden et al. (2016) conducted field experiments to assess the
hydrodynamic and sediment dynamic implications of reef orientation, finding that reef oriented
perpendicular to flow demonstrate greater longevity and stability over time. Moreover, sediment

surrounding perpendicular reefs exhibits finer characteristics compared to parallel and circular reefs.

Oyster Reef Classification

Despite the significance of oyster reefs, there exists no universally accepted classification system for oyster

reefs. Smaal et al. (2009) introduced one such classification, defining oyster reefs as clusters of oysters



with a minimum diameter of 50 cm, located within proximity to other oyster patches, with a maximum
distance of 10 m between them. However, this classification overlooks intra-reef variations. In an effort to
address this gap, Hitzegrad et al. (2022) proposed a more comprehensive intra-reef classification system.
Utilizing high-resolution Digital Elevation Models (DEM) and Structure-from-Motion (SFM)
photogrammetry, they developed this classification based on visual observations in the field and statistical
analyses of bed topography. Their proposed system includes seven structural classifications, such as
Central Reef, Transitional Zone, Cluster |, Cluster II, Patch |, Patch I, and Garland, based on observations of
Magallana gigas oyster reefs in the Central Wadden Sea, Germany. The authors suggest that such intra-
reef classification allows for a more nuanced understanding of hydraulic processes, sediment transport

dynamics, and larval distribution within oyster reefs.

Reef Rugosity

Reef rugosity is closely linked with reef building, as it promotes sediment trapping by reducing shear stress
on sediments (Rodriguez et al., 2014). Reef rugosity serves as a critical index for assessing the structural
complexity of biological formations, providing insight into their intricate arrangements. Initially proposed
by Michael Risk in 1972, rugosity quantifies complexity by comparing the actual length of a surface to its
straight or horizontal length over a specified distance (Michael Risk, 1972). While this method is cost-
effective and straightforward, it may not capture the precise structural intricacies present on a reef. Oyster
reefs, for instance, exhibit varying rugosities across their formations due to the arrangement of different
cluster types, resulting in varied hydrodynamic flow patterns throughout the reef. Understanding these
precise rugosity variations is crucial for comprehending full-scale flow dynamics. Cannon et al., (2023)
utilized 3D interpolation of point cloud data obtained from laser scans of eastern oyster reefs, creating a
0.5 x 0.5 grid to estimate reef rugosity. By defining the total irregular surface area divided by the bed
area beneath the canopy, they observed rugosity ranging from 1.28 to 1.56 across three restored reefs
and one natural reef in Mosquito Lagoon. Additionally, they measured the fractal dimension of the reef
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canopy, reflecting canopy complexity, which ranged between 2.67 and 2.74. The fractal dimension is a
concept that measures the complexity and irregularity of a structure and is strongly correlated with human
visual perception of roughness (Pentland, 1984). It varies from 2 to 3 for three-dimensional surfaces, with

values closer to 3 representing more complex surfaces (Cannon et al., 2023).

Hydrodynamic and Structural Characteristics of Oyster Reefs

In the previous section, past research findings were explored regarding the identification of the structure
of oyster reefs, canopy ecology, and habitat preferences. This section shifts the focus to research findings
on oyster reefs, with a particular focus on their influence on hydrodynamics and manipulation, as well as

canopy roughness parameters affecting these dynamics.

Flow Velocity and Wave Attenuation

When focusing on flow velocity and wave attenuation, Wiberg et al. (2019) observed a significant
reduction in wave heights within the intermediate water depth range, approximately several 10 cm below
and above the reef crest, in a study conducted in Ramshorn Bay and South Bay, Virginia. However, the
impact of reefs on wave height was less pronounced at higher water depths. The greatest change in wave
height across the reef was noted when the water depth was within £0.25 m of the reef crest elevation.
Similarly, Cannon et al. (2022) observed an average attenuation of 25% when comparing waves in a
channel to waves encountering a reef. However, during this study, all restored, and reference reefs were
submerged by water. In terms of flow velocity, it undergoes attenuation when flowing over a rough surface
due to skin friction and form drag forces created by the roughness, resulting in increased shear forces and
turbulence, thereby reducing velocity. On smooth surfaces, flow tends to exhibit laminar flow and higher
velocities. Styles (2015) observed this phenomenon when measuring flow velocity over sand banks and

oyster banks. Similarly, Kitsikoudis et al. (2020) measured mean flow velocity over degraded and living
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oyster reefs, noting lower mean flow values over living reefs compared to degraded reefs. This suggests

that mean flow velocity can serve as a measurement parameter for oyster reef enhancement efforts.

Furthermore, Cannon et al. (2022) measured flow velocities at two profiles: above (9.5 cm) and within (2
cm) the canopy, observing 84%-97% velocity attenuation with respect to channel flow near the bed and
51%-65% attenuation above the canopy. These findings underscore the role of oyster reefs in altering flow
dynamics and wave characteristics within their vicinity, highlighting their significance in coastal protection

and habitat enhancement efforts.

Turbulence Observed in Vicinity of Oyster Reef

Numerous studies have underscored the importance of turbulence around oyster canopies in creating
favorable hydrodynamic conditions for oysters. Dame (1996) suggests that flow-induced instabilities
around the rigid shell of oysters lead to eddy shedding and turbulence generation, thereby enhancing
mixing and dispersion. Similarly, researches by Chang & Constantinescu (2015), Fuchs et al. (2013),
Hubbard & Reidenbach (2015) and Kitsikoudis et al. (2016) indicate that oyster clusters within the flow
convert flow kinetic energy into turbulence, serving as a cue for oyster larvae. Turbulence on an oyster
reef can primarily result from two phenomena: bed-generated turbulence and turbulence due to eddies
shed from oysters (Kitsikoudis et al. 2020). The presence of elevated turbulence can lead to higher energy
events on an oyster reef. Sumer et al. (2003) suggest that elevated turbulence can increase sediment
transport rates, while Yang et al. (2016) confirm greater rates of sediment flux under elevated turbulence

within simulated vegetation canopies.

Styles (2015) further builds on these findings, suggesting that oysters tend to cluster near areas favorable
for turbulent eddy formation, as eddies trap particles and increase residence time. Reynolds stress, a
measure of turbulent momentum transport in a flow field, was found to be higher over oyster reefs

compared to sand banks in studies conducted by Styles (2015), with maximum Reynolds stress reaching
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2 2

22 cm?s~2 over oyster reefs compared to 6 cm?s~2 over sand banks. Additionally, higher Reynolds stress

was observed along the channel of the oyster reef compared to cross-channel stress.

Turbulence generally scales with local velocity, with higher velocities associated with enhanced mixing
rates. Cannon et al. (2022) observed the highest mixing rates above the oyster canopy, with mean vertical

3 to

turbulent energy dissipation and turbulent shear production estimates ranging from 10~* m?s~
1073 m?s73 and 10~ m?s™3 to 10™* m?s~3 respectively. Cannon et al. (2022) further observed that
turbulence characteristics within the canopy of restored reefs were more variable compared to above the

canopy with turbulent shear production (P) being on average, 3—4 times greater than turbulent dissipation

(&) for the above canopy.

However, Kitsikoudis et al. (2020) observed that the turbulence dissipation and production rates were on
the order of magnitude of 10~* m%s~3and within the canopy (1 cm), the dissipation rate was lower than
the production rate in reference and degraded reefs. Above the canopy of reference reefs (5 cm), they
observed a more balanced pattern between turbulence production and dissipation. However, these values
were lower than the dissipation values recorded by Styles (2015), who observed dissipation rates varying

from 10™* m?s™3 to 103 m?s~3, aligning with the dissipation rates observed by Cannon et al. (2022)

Furthermore, in a review of dissipation rates in other aquatic canopies besides oyster reefs, Reidenbach

et al. (2006) observed dissipation rates ranging from 10~ m?s™3 to 10~> m%s~3at 10 cm above fringe

coral reefs. Similarly, Kibler et al. (2019) noted dissipation rates on the order of magnitude of 10~° m?s~3
and 107 m?2s~3 for flows through mangroves and emergent marsh grass, respectively. Additionally,
Pieterse et al. (2015) observed dissipation rates on the order of magnitude of 1073 m?s~3 near the bed
of a tidal channel in a salt marsh. The varying values for dissipation rates can be attributed to the complex

nature of aquatic canopies, including differences in canopy characteristics and dissipation rate

measurement distances and methods.
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These findings collectively underscore the complex interplay between canopy structure and turbulence

dynamics, highlighting the importance of turbulence in shaping ecosystems.

Roughness and Drag Coefficient

Styles (2015) calculated the drag coefficient (C;) on oyster reefs located in North Inlet Estuary, South
Carolina using the quadratic drag law method, which relates Reynolds stress to mean flow. Additionally,
Styles (2015) computed the hydraulic roughness (z,) based on the drag coefficient. From the results, he
reported that the C,; and z, over oyster banks are an order of magnitude higher than those over sand
banks (C; Oyster reef =0.0174-0.0322 / C; Sand = 0.0036-0.0048). Similarly, Wright et al. (1990) observed
drag coefficients, friction velocity, and roughness estimates of 0.008, 3-8.5 cms™?!, and 1 cm over oyster
beds using the log profile technique. Furthermore, Whitman & Reidenbach, (2012) measured turbulence
guantities over oysters and reported a drag coefficient of 0.019 and a hydraulic roughness of 1.7 cm. They
further stated that increased bed roughness is beneficial for larval recruitment, and vertically oriented
roughness elements create interstitial regions that aid in larval recruitment and provide shelter against
high velocity and bed shear stress. Kitsikoudis et al. (2020) also measured the drag coefficient on natural
reefs and observed a mean of approximately 0.031, higher than that observed by Whitman & Reidenbach,
(2012). This disparity is mainly attributed to the measurement location, as Whitman & Reidenbach, (2012)
estimated C; 40 cm above the oyster reef with a vertical offset, while Kitsikoudis et al. (2020) and Styles,
(2015) measured drag forces 1 cm and 10 cm from the bed, respectively. Additionally, research by Bartol
& Mann, (1999) observed that the complex three-dimensional structure created by years of successive

settlement on oyster reefs provides physical and biological refugia for oysters.

Sediment Deposition

The suspension feeding mechanism of oysters plays a crucial role in filtering organic, inorganic, and

particulate matter from the water column, as documented by Nelson et al. (2004) and Newell (1988). Base
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on the scientific finding eastern oysters can clean approximately over 100 liters of water per day per
individual, while pseudo feces deposited by oysters can amount to one to two times the oyster's dry tissue
weight per week (Haven & Morales-Alamo, 1966), significantly increasing particle settling rates compared
to normal gravity deposition (Dame, 1999). Flow velocity directly influences sediment deposition and
erosion dynamics. Reidenbach et al. (2013) conducted field experiments on intertidal oyster reefs along
the Virginia coastline, revealing a positive correlation between sediment fluxes to the benthos and mean
flow velocities below 10 cms™!. Sediment suspension decreases and erosion initiates at velocities
exceeding 10-15 cms™?, consistent with findings by Dame et al. (1985). Kitsikoudis et al. (2020) observed
a higher fraction of fine sediment in reference oyster reefs with elevated turbulence and kinetic energy

due to canopy density compared to degraded reefs with low turbulence mixing.

High sedimentation rates can adversely affect oyster recruitment, with larvae and adult oysters at risk of
burial, thus impeding recruitment and growth (Mackenzie, 1983). Lenihan, (1999) noted that
sedimentation was seasonally highest at the bases of the reefs, resulting in greater mortality compared to
oysters on the reef crest. Similar patterns were observed by Reidenbach (2012), who found lower
suspended sediment concentrations at higher elevations on eastern oyster reefs. These findings suggest
that the physical structure and location of the habitat can notably influence the growth and survival of

oyster communities.
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Problem Statement and Significance of the Study

In light of the insights gained from the extensive review of past research on oyster reefs, it has been noted
that eastern oysters present a unique structural arrangement that varies spatially and influences flow
hydrodynamics within their habitat. The surface of natural oyster reefs forms vertically oriented clusters
with uni- or multi-directional arrangements, protruding into the water column and creating roughness
several orders of magnitude larger than the roughness height of mud or sand (Cannon et al., 2022; Stiner
& Walters, 2008; Styles, 2015). The density of these clustered oyster shells varies across the reef, resulting
in diverse canopy densities throughout. While previous hydrodynamic research has predominantly treated
oyster reefs as singular systems, measuring hydrodynamic parameters accordingly, the reality is that oyster
reefs can be further subdivided into subsystems based on variations in oyster canopy cluster
arrangements. This study primarily aims to identify how these different canopy densities influence flow

dynamics and understand how these subsystems contribute to overall reef hydrodynamics.

The significance of this research study lies in its potential to address the critical gap in our understanding
of reef hydrodynamics. It aims to bridge the knowledge divide between the overall reef hydrodynamic of
reef system and their subsystem level contribution with a focus on the canopy density. Further this
research gives a new perspective of looking at reef hydrodynamic in a micro scale point of view, that help
to understand the to capture intricate hydrodynamic information that will be beneficial in ecosystem
restoration and conservation of oyster reefs. Moreover, this study leads the path to understand other
scientific parameters such as sediment transport, nutrient transport etc. in the point of view of subsystem

levels.

15



Research Motivation and Objectives

The research is designed as an experimental investigation to identify the hydrodynamic variability of flow
within an oyster reef. While researchers have studied flow in the vicinity of oyster reefs as a single system,
none have investigated the spatial variability of flow changes within an oyster reef. Documenting the
heterogeneity of flow within a single reef serves as the primary motivation behind the research study. The
study hypothesizes that structure of the oyster canopy profoundly influences the local hydrodynamic
environment such that considerable hydrodynamic variability may be present within a single reef. The
author further posits that the hydrodynamic variability will not be random, but rather a systematic
response to canopy configuration, such that specific and predictable hydrodynamic signatures may be
found along a gradient of canopy densities, as well as within and above the oyster canopy. When designing
natural living shoreline systems that include oyster reefs, it is crucial to base created habitats on the natural
reef morphology and function. The reef condition as found in nature represents the natural design process,
integrating evolutionary-scale processes to create dynamic equilibrium within coastal ecosystems. This
study primarily focuses on capturing the micro-scale signature of flow within an oyster reef based on
different cluster arrangements. The objectives of this study are thus to compare hydrodynamic parameters
within a single oyster reef across varied canopy densities to assess the influence canopy variation to flow

and propose a generalized classification oyster canopy from a hydrodynamic perspective.
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CHAPTER THREE: METHODS

Study Location

A field investigation was conducted in Mosquito Lagoon, a microtidal estuary situated along the Atlantic
coast of Florida, USA. Mosquito Lagoon, the northernmost region of the Indian River Lagoon system (IRL),
is characterized by extensive development along shorelines in its northern half and limited development
along southern shorelines connected to Canaveral National Seashore (CANA) and Merritt Island National
Wildlife Refuge (Phlips et al., 2015). It is primarily dominated by semi-diurnal tidal currents (Smith, 1990)
with seasonally varying water levels. The climatic conditions in Mosquito Lagoon are humid subtropical,
with temperatures ranging from 25-30°C and salinity levels between 10-40 ppt (Down & Withrow, 1978)
It has a mean water depth of 1.7 m and is characterized by wind-driven circulation. Additionally, it is
subject to long water residence times and, more recently, high nutrient loadings (Smith, 1993; Steward et
al., 2006). Mosquito Lagoon is home to various aquatic species and numerous intertidal eastern oyster
reefs. One intertidal reef was selected for investigation (Fig. 2), primarily because local hydrodynamic
processes were conducive to investigation. The study reef was situated amongst many other reefs in a
shallow, protected bay created by permanent vegetated islands. Notably, the reef chosen for study was
positioned directly downstream of a relatively narrow channel through which primary tidal exchange
occurred, making it an ideal place to discern the reef impact to the incoming flow signature. The study
reef also exhibited diverse variation in canopy density, which was necessary for this study. The patch reef
area was approximately 2500 m?, consisting of an outer transition zone between the fully developed reef
and the seafloor bed. The inner reef area was approximately 1450 m? consisting of reference condition,

fully developed oyster canopy.
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Figure 2. Study location in Mosquito Lagoon and locations of velocity data collection.

Canopy Classification and Site Selection

Preliminary topographic and visual canopy classification surveys were conducted at the study reef. It was
observed that the reef boundary areas were comprised of tightly clustered oysters with high elevation.
Moving within the reef, the elevation became lower, and clusters of oysters were more widely distributed.
Sites for hydrodynamic data collection were selected from diverse locations of the heterogeneous reef
canopy. The reef canopy structure was classified using a methodology inspired Hitzegrad et al., (2022) by
visual inspection during low water levels. The canopy was classified into Sparse (SPA), Moderately Dense
(MOD), Dense Clustered (DEN), and Dense Homogeneous (H-DEN) categories (Fig. 3). Moreover, canopy
height for each density type was obtained using the FARO x330 terrestrial high-resolution laser scanner,

following the methodology outlined in Cannon et al. (2023)(Appendix). It was observed that MOD, DEN,
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and H-DEN canopies had approximate heights of 2.7 cm, 4.3 cm, and 6.7 cm, respectively. Additionally, it

was noted that SPA canopies lack vertical development.

The Sparse (SPA) canopy type was found primarily in the lowest elevations of the reef, where the reef side
slope transitioned to the sandy channel bed (Fig. 3a) and was submerged even during low water levels.
Typically located at the outer radius of the reef, this canopy was characterized by loose, disarticulated
oyster shells, few live oysters, and bare sandy sediments. Live oysters were predominantly oriented
horizontally, with few clustered oysters protruding vertically into the water column. The Moderately Dense
(MOD) canopy (Fig. 3b) was found in the middle of the reef, characterized by vertically oriented clusters
with moderate density. The arrangement and orientation of clusters were not homogeneous, but
clustered, and disarticulated shell was present on the bed between clusters. No bare sediments were
observed between the clusters. The middle of the reef exhibited a basin-like structure, with the central
area depressed compared to the reef edges. As a result, the Moderately Dense canopy was subject to
longer periods of inundation as compared to Dense (DEN) and Dense Homogeneous (H-DEN) canopy
types, (Fig. 3c and d) which were found at the highest reef elevations. The Dense canopy types were
situated at the outer edges of the reef and characterized by packed, vertically oriented formations. The
Dense Homogeneous (H-DEN) canopy was found at the highest reef elevations and was inundated the
least of any canopy type. The homogeneous canopy resembled cleanly cut grass, perfectly oriented
vertically with uniform height and no space between individual oysters. The bed of disarticulated shells
was hardly visible. The Dense Cluster (DEN) arrangement by contrast was non-homogeneous and clusters
resembled a flower-like pattern around 360 degrees. Dense Clustered (DEN) canopies were located in
areas with slightly lower elevation compared to Dense Homogeneous (H-DEN) canopies but at a higher

elevation than Sparse (SPA) and Moderately Dense (MOD) canopy types.
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Figure 3. Canopy Configurations within the reef: a) Sparse Canopy, b) Moderately Dense canopy, c) Dense
canopy, d) Dense Homogenous canopy.

Hydrodynamic Data Collection

Flow transects were measured with acoustic velocimeters in the channel, incident to the reef and in
various locations of the study reef canopy through flood tides during seasonal low and high water levels.
All instruments were aligned to a common coordinate system and orientated toward 270°N facing the
channel. The instruments were aligned to capture three-dimensional velocity components of the flow: the
u velocity component along the main flow direction, the v velocity component along the cross-channel
direction, and the w component in the vertical direction. Within the reef canopy, velocity profiles (each
approximately 2.5 cm) were recorded using two Nortek Vectrino Profilers (Fig. 4), each with a 4 cm
blanking distance and a sampling rate of 100 Hz. The profilers were positioned to record flow dynamics
simultaneously near the bed (within the oyster canopy, profile midpoint 5 cm above bed) and above the
canopy (profile midpoint 10 cm above bed, within 5 cm of the canopy top). The bottom distances (from

the probe to bottom) were 10.5 cm and 15.5 cm, respectively.
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Figure 4. Position of instruments above and within the oyster canopy.

Flow approaching the reef was recorded in the channel with a Nortek Aquadopp HR profiler. The HR
Profiler was positioned facing up in the channel. It had a blanking distance of 10.1 cm and was initialized
to measure flow velocity up to a depth of 86 cm. The profiler recorded velocity at a cell size of 20 mm and
consisted of 43 cells. It sampled data in a burst mode, with continuous samples taken at 2 Hz frequency,
and the interval between bursts was 6 hours. An Onset Hobo U20L Water level logger was positioned with
the HR Profiler with a 5-minute interval for data collection. Both the HR Profiler and the water level logger
were installed approximately 42 m from the nearest leading edge of the reef. Incoming flow incident to
the reef was recorded with a Nortek Vector Profiler installed approximately 10 m from the leading edge of
the reef. The Vector probe was installed 20 cm from the bottom to measure flow (32 Hz) at a point 5 cm
above the bottom. A R.M. Young 05103L wind sensor was installed close to the study reef to record wind
speed and direction at 1-minute intervals. Hydrodynamic data collection was repeated for each canopy
density (SPA, MOD, DEN and H-DEN) when water levels were seasonally low (Spring) and high (Fall) to

capture the range of variability in annual flows.

During low water levels, reef canopy height was manually characterized using quadrat sampling methods.

Quadrats of 0.25 m? in size were centered around the Vectrino locations. Within each quadrat, every solid
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element, including clustered shells or individual shell elements, was measured with Vernier calipers along
both the vertical and largest horizontal axes. Sediment characteristics were assessed through a transect at
the study reef. Seven bulk sediment cores (diameter: 7.2 cm) were collected, capturing transects from the
channel bed just off the reef, two samples along the reef slopes, and four samples within the reef canopy.
The sediment cores were extracted to a depth of approximately 15 cm, along with water trapped in the
core tubing. Subsequently, sediment samples were oven-dried at 110°C for more than 24 hours, and
particles were carefully manually separated. Organic matter content (OM) was evaluated for each core
based on the mass lost on ignition (16 hours at 550°C) of 20 g samples of sand and finer sediments (D < 2
mm). Cores from each location underwent separate particle size analysis, conducted using a combination
of wet and dry sieve analysis to improve the accuracy of mass estimates for silt and clay sediments(ASTM,

2006, 2013).

Data Analysis

The relevant wind data for the data collection period were extracted from the sensor and the wind speed
distribution was plotted using a histogram to identify the frequency of different wind speed intervals for
each day. Subsequently, wind rose diagrams were developed to visualize the distribution of wind directions
and corresponding wind speeds for each day. Finally, a set of wind rose diagrams was developed to
compare the wind characteristics during low water and high-water studies. Gauge pressure recorded by
the water level logger difference was derived by subtracting the atmospheric pressure at the site from the
measured absolute pressure. The water depth (h) was determined using Equation 01 and 02, where AP
represented the pressure difference, p denoted water density, g was gravitational acceleration, and h
signified water depth. Elevation points acquired through RTK surveying for both the channel and canopy
locations were utilized to extrapolate water level data. The elevation discrepancy was computed to extend

water level projections from the channel to all canopy locations (Fig. 5).
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Figure 5. Water level projection using elevation difference. h is measured water depth, E1 and E2 are
measured ground surface elevation, h2 is depth projected above.

Mean Flows and Flow Attenuation:

Velocity measurements underwent quality control by removing data with less than 20% Signal-to-Noise
Ratio (SNR) and less than 75% correlation. Resultant gaps in the data were replaced by linear interpolation.
The data relevant to exact data collection were obtained, with all disturbances discarded. All time series
were despiked to remove further noise and anomalies using the phase thresholding algorithm (Goring &
Nikora, 2002; Wahl, 2003). The mean velocity time series were calculated by averaging quality-controlled
time series data over 120 seconds of sampling with a 50% overlap. Here, it was assumed that the flow was
guasi-steady over 2-minute data segments. Streamwise velocity profiles (U) (Eq 03) and their directionality
(Eq 04) were calculated using quality-controlled and time-segmented mean © and ¥ velocity components
for each instrument station. The velocity attenuation calculation involved plotting canopy flow against
both channel and incident flow velocities and fitting a linear trendline to the data. Subsequently, the
deviation of the canopy flow from the channel flow and incident flow was determined by the departure
of the slope of the least squares line from 1:1 line. Flow attenuation (A;) was calculated by subtracting

the least square line slope from 1, as demonstrated in the equation Eq 05.
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U=+Vu?+ v2 Eq (03)
0= tan‘lg Eq (04)

A; = 1 —slope of the least squares line Eq (05)

Here & represents the mean flow velocity in the x-direction, and ¥ represents the mean flow velocity in
the y-direction. Flow attenuation (4;) is defined as the one minus the ratio of flow within the canopy to
the incident flow. Flow attenuation was calculated separately for each canopy type and position,
considering both within- and above-canopy measurements. Additionally, the calculations were performed

separately for both low- and high-water seasons.

Turbulent Fluctuations

Flow measurements were decomposed to eliminate interference from waves before analyzing the
fluctuating portion of the velocity timeseries. While the contribution from waves was observed to be
minimal during the low water season, some contribution of waves was observed during the higher water
measurements. Instantaneous velocity measurements captured from the flow measuring devices consist
of wave oscillations ( ;), turbulent fluctuations ( u;), that both deviate from the mean flow (@) as in Eq

(06):

!

u = u;+u t+u Eq (06)

Here u; represent the instantaneous three-dimensional velocity vector (u, v, w). For each 120s segmented
velocity timeseries, the energy associated with mean flow (i), fluctuation associated with surface
waves( 1; ), and turbulence (u;) were separated using the phase separation method (Bricker &

Monismith, 2007). After removing wave variation, analysis of turbulence was undertaken.
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Reynolds stresses were calculated to characterize the intensity and direction of turbulent fluctuations.
These stresses were employed to quantify the variation of turbulence intensities with depth ratio. The
turbulent fluctuation component was derived from the wave-removed Reynold decomposition (above in

Eg 06). When considering a homogeneous flow with density p, the Reynold stress tensor (T{j) can be

defined as Eq (07):

!

Tij = PW Uy Eq (07)

Where u; and u; are mean velocity fluctuation in x and y directions of Cartesian coordinates, respectively.

If the density is constant the Reynold stress component can be represented as Eq (08):

Eq (08)

For three-dimensional space, six unique components of Reynold stress can be represented, where i and j

can take values of x, y, z corresponding to Cartesian coordinates (Eq 09).

Ty = u' 2

th, =V
Tww = W' 2 Eq (09)
Tyw = u'W'

Ty = UV

Ty = W'V

The Reynolds stress components play a key role in transporting momentum in turbulent flow, leading to

the mixing and redistribution of fluid momentum. In this study, Reynold stress components of u'w’, and

w'v' and w'? are used to characterize turbulent fluctuations in each canopy type. As the squared
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horizontal turbulent velocity fluctuations (i.e. u'%and v’z) can be prone to large errors in wave-affected
environments (Hansen & Reidenbach, 2017), and the vertical velocity term w’ has a less impact from
waves due to elliptical structure of wave induced orbital velocities (Cannon et al., 2022), this term provides

a more accurate representation of turbulent energy in the study conditions.

The Reynolds stress was employed for the estimation of boundary shear stress. There is no universally
accepted methodology for calculating bed shear stress, particularly in complex, non-canonical boundary
layers that exist within biological canopies, and various methodologies exist in the literature for its

estimation (Yager et al., 2018).

In this study, the direct covariance measurement method was utilized to estimate boundary shear stress,
as it has been observed to perform slightly better near the bed (Kim et al., 2000). and within complex flow
fields such as oyster canopy (Kitsikoudis et al., 2020). The direct covariance measurement method
estimates boundary shear stress based on the velocity time series variance and covariance, and it is also
known as the Reynolds shear stress method. (tgs, Eq 10). Here p is the density of water, u'w’ and v'w’

are Reynold stress components.

Trs = p\/u’w’2 + W Eq (10)

Friction velocity (u,) was estimated from the boundary shear stress to characterizes the effect of viscous

shear stress at the solid boundary (Eq 11).
u, = [ Eq (11)
The drag coefficient (C;) was determined by the ratio between the friction velocity (u,) and the

horizontally- averaged velocity (U, = Vu? + v?, Eq 12, Schlichting, 2000; Whitman & Reidenbach, 2012)
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to describe the resistance experienced by a fluid particle when moving through the flow field in the vicinity

of a solid obstacle.
2

Turbulent dissipation rate (& ) was estimated using a second order structure function (Wiles et al., 2006),
to represent the rate at which turbulent kinetic energy is being converted due to viscous dissipation of
turbulent eddies. The second order structure function D(z,r) was defined at a location within the flow

z using v’ (fluctuation component of the velocity) (Eq 13).

D(z,r) = (W' (2) —v'(z+1))? Eq (13)

D(z,r) is the mean square of the velocity fluctuations difference between two points separated by

distance r . The structure function was fit as shown in Eq 14:
D(z,1) = N + Ar?/3 Eq (14)
where N account for Doppler noise and the coefficient A is defined as given Eq 15,
A= C2e2/3 Eq (15)

where CZ is an empirical coefficient with a value of 2 (Pope 2000) and ¢ is turbulent dissipation rate.

Turbulent production (P) was calculated as the product of Reynolds stress and the velocity gradient ( %

and g, Tennekes & Lumley, 1972.) as shown in Eq 16:

ou —— 0V

P=uW£—vw£ Eq (16)

The turbulence intensity (u,,,s) was calculated as is the root mean square of the turbulent velocity

fluctuation (Eq 17):
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’ 1 _
U =Urps = \/;Z{V(ul - u)z Eq (17)

Scaled turbulence intensity is often used to explain the degree of turbulence present in a fluid relative to
the flow velocity. The universal expression for turbulence intensity can be derived by normalizing raw

intensity by the friction velocity (Eq 18-21).

Intensity x direction = Z— x 100 Eq (18)
Intensity z direction = V:—’ x 100 Eqg (19)
Intensity y direction = Z—’ x 100 Eq (20)

y+=% X 100 Eq (21)

However, as friction velocity was originally defined for unobstructed flows, determining its value at oyster
canopies poses challenges due to potential deviation from canonical boundary layer scaling. Turbulence
within these canopies is generated from the combination of bed shear stress and oyster canopy interaction
(Cannon et al., 2022). Given the uncertainty of estimating friction velocity complex flows such as found
within oyster canopy (Kastner-Klein & Rotach, 2004) normalization was done using a turbulent velocity
scale derived from locally measured Reynolds shear stress. This approach has been adopted by researchers
in similar environments (D. Cannon et al., 2022; Reidenbach et al., 2006). Researchers such as Nakagawa
et al., (1975) and Nezu, (1977) among others, have described turbulence intensity variation with channel
depth ratios (y/h) over rough beds, where y is the distance from the bed to the flow measuring point and
h is the water depth. This enables the comparison of turbulence in the main sub-regions of the channel,
such as the wall region, intermediate region, and free stream region. In this study, turbulence intensity is

compared in regions of flow within the oyster canopy and directly above the oyster canopy.
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Quadrant Analysis

Quadrant analysis (Lu & Willmarth,1973) was undertaken to describe how instantaneous turbulent
fluctuations contribute to momentum distribution throughout the boundary layer of each canopy type. A
quadrant analysis was conducted, separating the u’ and w' velocity component from the canopy flow
velocity data into four quadrants based on the sign of their instantaneous values. Here u'and w' are

calculated by subtracting the mean flow, & from the instantaneous velocity, u;.

After computing the values of turbulent velocity fluctuations (u’and w'), a probability distribution function
(PDF) for the Reynolds stress associated with the product u'w’ was determined. This PDF was then utilized
to generate contour plots, enabling the identification of Reynolds stress distribution across quadrants.
These plots were analyzed as visual aids to understand the spatial distribution of Reynolds stress

concerning flow ejections and sweeping motions.
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CHAPTER FOUR: RESULTS

The results can be categorized into two main sections according to scale. Reef-scale results document the
influence of the reef as a whole on local flow patterns, whereas canopy-scale results document the
variability within the reef. At the reef scale, the study hypothesizes that the reef will attenuate incident
hydrodynamic energy and that the reef’s effect to the local flow field will vary with water level. Canopy-
scale results test the hypothesis that flow hydrodynamics will be influenced and altered by the various
canopy density types present within the oyster reef ecosystem. Since the data collection was conducted
in a highly dynamic environment where external factors, such as water level, wind, and flow speed, vary
temporally, reef-scale results explain the interaction of ambient environmental factors with the reef,
supporting a clearer understanding of the canopy-scale results. Despite the experiment being conducted
under varying water levels, including high and low water conditions, it's notable that the H-DEN canopy
remained unsubmerged during low water levels. Consequently, data collection was not possible for either

within- or above-canopy measurements for the H-DEN canopy during these low water periods.

Reef-scale Hydrodynamics

Ambient environmental conditions (wind speed and direction, water level and current speed) varied from
the Spring (seasonal low water level measurements) to Fall (seasonal high water level measurements).
Throughout data collection, the prevailing wind direction was from northeast to southwest. Median wind
speeds during low water level measurements varied within the range of 2.5 to 3.2 m/s, and were only
slightly greater during high water levels, varying within the range of 2.5 to 4.8 m/s (Fig. 6a& b). Within
seasons, wind conditions recorded from day to day varied only slightly (Table 1). For instance, during the
high water level measurements, windspeeds recorded on the day that the H-DEN canopy flows were

measured were 0.8-4.6 m/s, almost 48% lower than the day the SPA canopy flows were measured.
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Table 1. Relative wind speed and direction recorded with respect to SPA high and low water.

Direction
W Level 9
ater Leve Canopy Speed (%) (degrees)
Low MOD -14.4 81.7
Low DEN -28.8 26.9
High MOD -22.1 52.4
High DEN -7 63.2
High H-DEN -48 3.6
a) b)
N N
w E W E
EEO0- 1 mis
1 - 2.3 mss
(] 2.3 - 3.6 m/s
[ 36-4.9mis
S S
High water level Low water level

Figure 6. Wind speed and direction recorded during seasonal a) high and b) low water levels.

The water level in the channel and over the reef increased consistently throughout the flood tide data
collection period each day (Fig. 7). The change in tidal amplitude varied throughout the study period, with
amplitude ranging from 3 to 22 cm during high water level measurements and remaining consistent (~7

cm) throughout all low water level measurement days.
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Figure 7. Channel depth variation during high (H) and low (L) water level measurements.

Current Direction and Magnitude

Analysis of current direction in the channel, incident to the reef and above/within the reef canopy
indicates that flow-reef interaction was governed primarily by water level with respect to the reef crest.
During the seasonal low-water condition, the reef was not fully submerged even at high tide, whereas the
reef was fully submerged for much of the time during the seasonal high-water condition. When the reef
crest was exposed, tidal currents were routed around the reef, producing flow directionality above and
within the reef canopy that sometimes varied substantially from the channel and incident flow direction
(Fig. 8a, Table 2). However, when the reef crest was fully submerged and water flowed over the reef,
current directions above the reef canopy were better aligned with the incoming flow (Fig. 8b). Flow
direction within the canopy was generally dispersed over a wider range than above-canopy flows,

suggesting the influence of flow interaction with canopy elements.
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Figure 8. Stream flow directionality within and above the canopy at: a) low water level, b) high water
levels.

During low water measurements, mean flow speeds within the canopy were very low (< 1 cm/s) and
gradually decreased as canopy density increased (Fig. 9a). Above the canopy, velocities were also typically
below 2 cm/s during the low water measurements. Within-canopy flow speeds increased marginally
during high-water measurements, with the highest mean within-canopy flow recorded in the DEN canopy
(2.4 cm/s). However, flow speeds increased more substantially above the canopy, where the highest mean

stream flow was recorded above the H-DEN canopy (10.29 cm/s, Fig. 9d, Table 2).
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Figure 9. Boxplots of current speed observed during at low water levels a) within and b) above the
canopy, and at high water levels c) within and d) above the canopy. Note the different y-axis scaling in
part d.

Moreover, overall flow statistics can be derived for each location considering both low and high water
levels. It can be said that the incident flow gradually diminishes as it progresses: first from above the
canopy, and then is at a minimum within the canopy itself (Fig. 10). The one exception to this pattern is
observed at the H-DEN above the canopy, where flow is higher than the incident flow. This exception can
be attributed mainly to the development of a shear layer above the canopy of H-DEN due to its dense and

uniform canopy structure.
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Table 2. Within- and above-canopy flow statistics with flow direction change shown relative to the
channel flow direction.

Speed (cm/s
Wat Direction change Direction P (cm/s)
ater Location (degrees) Min Mean Max
Level
Within Canopy
SPA 25 East 0.05 0.68 2.99
Low MOD 264 East to South 0.09 0.39 0.77
DEN 24 East to South 0.02 0.23 0.57
SPA 12 East to South 0.08 1.07 2.56
_ MOD 316 North to 0.07 0.48 1.83
High South
DEN 10 East to South 1.52 2.39 3.52
H-DEN 120 North to East 0.12 1.00 2.19
Above Canopy
SPA 287 North to East 0.10 0.81 2.40
Low MOD 43 North to East 0.04 0.30 0.82
DEN 4 East 0.02 0.76 3.21
SPA 13 East to South 0.48 2.40 4.41
High MOD 18 East to South 0.04 1.52 3.94
i
E DEN 9 East to South 2.88 5.35 8.09
H-DEN 157 East to South 6.97 10.29 12.59
) 20 . b) 20 .
-:‘g::\d:pr;t il;):\l/e [ Incident Flow
I Canopy Within = -g:::s: C\:l‘:::
2157 1 B15] d
E 13.10 8,
é 10.81 1220 é 10.48 10.29
g 10 g 10 9.03
o S
2 n
240 239
1.52
081468 0.300.39 976, 00 001 0.48 =
. SPA MOD DEN SPA MOD DEN H-DEN
Location Location

Figure 10. Mean flows incident to the reef and above and within the canopy during a) low water levels

and b) high water levels.
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Canopy-scale Hydrodynamics

This section examines hydrodynamic variation in the oyster canopy and distinguishes hydrodynamic
parameters among different canopy types and positions with respect to the canopy. It commences by
presenting the findings derived from velocity attenuation rates specific to each canopy type. Following
this, turbulence intensity and its distribution are presented. Furthermore, a comprehensive analysis of
turbulence generated by the canopy is conducted, focusing on parameters such as turbulence dissipation
and production. Additionally, canopy drag coefficients specific to each canopy type are estimated. Finally,
insights into the structure of turbulence stemming from the canopy is presented, employing contour plots

for visualization.

Velocity Attenuation

Velocity attenuation is assessed in the context of channel flow and incident flow near the reef. Analyzing
velocity attenuation enables understanding the extent to which the reef and canopy impact the flow.
Velocity attenuation at low water levels within and above the canopy was uniformly high with respect to
incident flows (Fig. 11a-b); attenuation values almost always surpassed 90%, with similar values across
canopy types. All canopies typically exhibited slightly higher attenuation in incident flow than in channel
flow, reflecting that flows generally were attenuated slightly along the channel slope approaching the reef
(Fig. 12a-b). When water levels were high, attenuation rates varied among the canopy types and more

variation with respect to canopy position was evident.

Within the canopy, MOD, DEN, and H-DEN all attenuated more than 90% of the incident flow, while lower
attenuation of approximately 70% was observed within the SPA canopy. By comparison, above-canopy
attenuation was lower, at around 48% for the SPA canopy and 64-65% for the MOD and DEN canopies.

Interestingly, above the H-DEN canopy, attenuation was negative, indicating that the flow speed above this
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canopy was higher than incident flow- near the reef. This indicates formation of a shear layer over the

canopy due to its homogeneous canopy structure arrangement (Fig. 12c&d).
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Figure 11. Velocity attenuation from incident to canopy flows by canopy density during low water levels
a) above and b) within the canopy, and during high water levels c) above and d) within the canopy. The

black dashed 1:1 line represents no change in velocity.
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Figure 12. Mean velocity attenuation relative to channel and incident flows during low water levels a)
within and b) above the canopy, and during high water levels c) within and d) above the canopy.

Turbulence Production and Dissipation

Turbulence dynamics can be quantified and analyzed into dissipation and production terms based on the
turbulence budget equation, focusing on how these components vary across the canopy (Fig. 13). During
periods of low water levels, the water column was insufficient to calculate turbulence parameters above
the canopy. Additionally, the H-DEN canopy remained unsubmerged; hence, neither within-canopy nor

above-canopy data was collected for the H-DEN canopy during low water levels.

Within the SPA canopy, turbulence production dominated during periods of low water levels, though both
production and dissipation were consistently low over the data collection period. Notably, dissipation
remained relatively constant, whereas production exhibited numerous fluctuations (Fig.13b). Conversely,

during periods of high-water levels within the SPA canopy, production consistently dominated, especially
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towards the end of the flood tide when fluctuations were more pronounced. Above the canopy, dissipation
prevailed consistently throughout the observation period, with the amplitude of turbulent production

decreasing towards the end of the flood tide (Fig. 13a).

In the MOD canopy, dissipation was dominant during low water levels and began to decrease as water
depth incrementally increased. Both turbulence production and dissipation displayed higher fluctuations
during this period (Fig. 13d). Similarly, during high water levels within the MOD canopy, dissipation
remained dominant and consistent, while production exhibited higher levels of fluctuation, especially
during a slow increase in water depth. Above the canopy, production dominated, with higher fluctuations

observed compared to dissipation, indicating a more intense injection of energy into the system (Fig. 13c).
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Within the DEN canopy, dissipation dominated during periods of low water levels and remained consistent
throughout the data collection period. Turbulence production exhibited higher fluctuations (Fig. 13f).
During high water levels within the DEN canopy, turbulence dissipation remained dominant, aligning
closely with the increasing water depth trend. Production remained relatively consistent throughout this
period. Above the canopy, dissipation prevailed over production, gradually increasing over the data
collection period. Turbulent production displayed higher fluctuations, suggesting an intensified energy

injection (Fig. 13e).

In the HDEN canopy, turbulence production dominated within the canopy, characterized by numerous
fluctuations, while dissipation remained relatively consistent but lower than production values. Above the
canopy, turbulent production was observed at a high level, accompanied by pronounced bursting
phenomena. Additionally, during the middle of the data collection period, a reduction in the rate of change
in water depth led to an increase in production. Turbulence dissipation-maintained consistency, similar to

within the canopy (Fig. 13g).

Upon calculation and plotting of the mean turbulence dissipation and production parameters for each
canopy type, it was observed that the average values of turbulence production and dissipation recorded
during low water levels ranged approximately from (0.09 —0.94) X 107°m?s™3 and (0.27 —
0.59) X 10~%m?s~3 respectively(Fig 19a). Similarly, for the high-water level, there were notably higher
turbulence production and dissipation values, approximately two orders of magnitude higher for both
within and above the canopy. Within the canopy, the average values ranged from (0.01 —
0.35) X 107*m?s™3 and (0.02 — 0.14) x 10~* m?2s~3 for turbulence dissipation and production
respectively. Above the canopy, turbulence production and dissipation levels ranged from (0.04 —

0.87) X 10™*m?2s73 and (0.02 — 2.61) X 10~* m?s~3 respectively (Fig. 13a, ¢ & g, Fig. 14c&e).
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When conducting further analysis of the canopy, types, it was observed that for the SPA the highest mean
turbulent parameters were found to be 0.03 x 10~% m?s™3 (within the canopy high water level) and
0.04 X 10~* m?s~3 (above the canopy high water level) for turbulent production and dissipation
respectively. For the MOD Canopy, the highest mean turbulent parameters were 0.02 X 10~% m?s~3
(within the canopy high water level) and 0.07 x 10~%* m?s™3 (above the canopy high water level) for
turbulent production and dissipation respectively. Similarly, for the DEN Canopy, the highest mean

2

turbulent parameters were 0.71 X 10* m?s™3 (above the canopy high water level) and 0.87 x

10~* m?s~3 (above the canopy high water level) for turbulent production and dissipation respectively.
Lastly, for the H-DEN Canopy, the highest mean turbulent parameters observed were 2.61 x 10~* m?s~3

(above the canopy high water level) and 0.5 x 10™* m?s™3 (above the canopy high water level) for

turbulent production and dissipation respectively.

Since these values were collected on different days, direct comparison of dissipation and production values
among canopy types is challenging. However, by plotting the ratio of turbulence production to dissipation,
it is still possible to analyze which turbulent parameter dominates among the canopy types, even without

normalization.
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Figure 14. Mean turbulence production and dissipation (a, ¢ & e) and ratios of production to dissipation
(b, d &f).

When observing the turbulence production to dissipation ratios in low water levels within the canopy,
except for SPA canopies, turbulence dissipation is dominant in the rest of the canopies (Fig. 14b).
Moreover, a higher ratio between production and dissipation is observed in the SPA canopy. For high water

levels, it is observed that within the canopy, SPA and HDEN canopy types have turbulence production
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dominance, while MOD and DEN canopies have dissipation dominance (Fig. 14d). Above the canopy, MOD
and HDEN have turbulence production dominance, while SPA and DEN canopies have turbulence
dissipation dominance (Fig. 14f). This insight helps to quantify the differences among canopy types more

clearly in terms of turbulence.

Comparing turbulence production and dissipation within and above different canopy types reveals notable
variations. Within the SPA canopy during high water levels, turbulence production within the canopy was
approximately 0.6 times smaller, while dissipation was roughly 4 times larger. In contrast, within the MOD
canopy, mean production above the canopy was approximately 8 times larger, while dissipation was
roughly 4 times larger than within the canopy. Similarly, within the DEN canopy, the mean production
above the canopy is expected to be approximately 5 times larger, while dissipation is projected to be about
2.5 times larger. However, when comparing turbulence production and dissipation between above and
within the HDEN canopy, the ratio indicates a substantial difference. Above the canopy, mean turbulent
production is projected to be approximately 52 times larger, while dissipation is estimated to be about 25

times larger. (Fig. 14c&e)

Turbulence Intensity

When plotting the turbulent intensity values relevant to each canopy type against the depth ratio on the
same platform, it is evident that except for HDEN above, the rest of the canopy types exhibit a relatively
similar distribution (Fig. 15). However, a key distinction lies in the fact that the HDEN canopy exhibits
slightly higher turbulence intensity variation values, spanning an intensity ratio range between 2 and 7. In
contrast, the turbulence intensity values for the other canopies are distributed within the range of 1 to 5.
Additionally, it is noteworthy that only MOD, DEN, and H-DEN canopies show turbulence values beyond

the depth ratio of 0.2, extending beyond the wall region.
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Figure 15. Turbulence intensity in all the canopies based on water levels: a) Considering full depth profile
stream flow direction, b) Vertical direction c) Cross channel direction.

Notable variation of turbulence intensity values unique to each canopy type was observed when
calculating the mean intensity values for each canopy type (Fig. 16). When observing the mean turbulence
intensity values at high and low water levels, notable differences can be seen, especially in canopies such
as DEN and MOD. This discrepancy is mainly influenced by the varying water levels received at the study
site during high and low water levels, affecting the fluctuation behavior of turbulence. Hence, it is suitable

to analyze the turbulence intensity values separately for high and low water levels.
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During high water levels, the highest intensities are recorded above the canopy of HDEN, more than two
times higher than the intensities observed within the HDEN canopy. In the DEN canopy, intensities above
the canopy are slightly higher than within, while in the MOD canopy, intensities within the canopy are
slightly higher than above. Interestingly, in the SPA canopy, both above and within the canopy exhibit

similar and balanced turbulence intensity values, a phenomenon also observed at low water levels.

In low water levels, the highest intensities are observed within the canopy of MOD and DEN, with intensity
values higher than those during high water levels. This is likely due to flow restrictions and flow
recirculation. The reduced water volume during low water levels may cause the space between canopy
elements to decrease, leading to increased flow restriction and intensified turbulence within the canopy

as the flow navigates through narrower gaps.
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Figure 16. Mean normalized turbulence intensities across different canopy densities: a) Low water level,
b) High water level.

Similarly, when observing the behavior of turbulence intensity in the cross-channel and vertical directions,
a consistent pattern of intensity distribution along the channel emerges. However, in the vertical direction
(w'), turbulence intensity values are slightly lower compared to those in the along-channel and cross-

channel directions (Fig. 15b&c).
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Drag Coefficient

When analyzing the drag coefficients during the high water level experimental data collection period,
notable variability was observed, highlighting the dynamic nature of the study area (Fig. 17). Notably, both
within and above the canopy, frequent fluctuations with substantial amplitudes were observed. The drag
coefficient remained relatively stable in most of the canopy types, except above the MOD canopy, where
it started to decrease towards the end of the flood tide (end of data collection, Fig. 17d). Conversely, in
the H Den above the canopy, the drag coefficient exhibited an increase towards the end of the flood tide
(Fig. 17h). Mean drag coefficients were computed from the time series data to delineate the canopy-
specific effects. The low water level drag coefficients were not considered due to the low flow velocities

observed in the study area.
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Figure 17. Variability of drag coefficients observed during high water level above and within canopies of
varying density: a-b) SPA canopy, c-d) MOD canopy, e-f) DEN canopy, g-h) H-DEN canopy.
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Mean drag coefficients recorded within the canopy ranged from 0.04-0.12 and tended to increase with
canopy density (Fig. 18a). Within-canopy drag coefficients were generally larger than those observed
simultaneously above the canopy (0.01-0.08, Fig. 18a-b). The exception was observed in the MOD canopy,
where the mean above-canopy drag coefficient was slightly larger than within the canopy (0.08 above
canopy as compared to 0.07 within canopy). Drag coefficients observed above the H-DEN canopy were the
lowest observed and the ratio of within and above-canopy drag coefficients was approximately five times

larger than the other canopy types, reflecting the production of the shear layer above the H-DEN canopy

(Fig. 18b).
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Figure 18. Comparison across canopy density of a) mean drag coefficients within and above canopy and
b) ratio between within- and above-canopy mean drag coefficients.

Quadrant Analysis

In interpreting the quadrant analysis within the study coordinate system, positive values of w' indicate
upward turbulence intensity, suggestive of turbulent ejection motions, while negative values imply
downward motion toward the bed, indicative of sweeping motion. Similarly, positive u’ and negative

u’ suggest intensities moving in the west and east directions, respectively. Within the SPA canopy during
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low water levels, it was observed that Q1 and Q4 exhibit higher stress values. It can be inferred that Q1
slightly dominates in this scenario. Above the canopy, the majority of intensities are distributed in Q1 and
Q4 quadrants, with Q4 dominating (Fig. 19a-b). During high water levels, directionality within the canopy
is opposite to that of low water levels. Q3 and Q2 have the highest distribution, and Q3 dominates.
Similarly, the majority of intensities above the canopy are distributed in Q2 and Q3 quadrants. However,
here, Q3 slightly dominates (Fig. 19c-d). Also, it is observed that the quadrants Q1 and Q3 are linked

together in all scenarios.
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Figure 19. Quadrant analysis for SPA canopy observed during low water levels a) within and b) Low above

the canopy and during high water levels c) within and d) above the canopy.
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Within the MOD canopy during low water levels, it is observed that Q3 and Q4 exhibit higher stress values.
It can be inferred that Q4 slightly dominates in this scenario. Above the canopy, intensities are distributed
among the Q2 and Q3 quadrants, with Q4 dominating (Fig. 20a-b). During high water levels within the
MOD canopy, Q1 and Q4 have the highest distribution, with Q4 dominating. Similar to high within the
canopy, the majority of intensities are distributed equally in Q1 and Q2, and Q4 quadrants above the
canopy. However, here, Q4 is slightly dominating (Fig. 20c-d). Additionally, it is observed that the quadrants

Q1 and Q3 are linked together during both high and low water levels.
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Figure 20. Quadrant analysis for MOD canopy observed during low water levels a) within and b) above the
canopy and during high water levels c) within and d) above the canopy.
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Within the DEN canopy during low water levels, Q3 and Q4 exhibit higher stress values, with Q3 slightly
dominating the overall distribution. In the above canopy, the majority of intensities are distributed among
the Q2, Q3, and Q4 quadrants, with Q2 dominating (Fig. 21a-b.) During high water levels within the DEN
canopy, Q3 and Q4 have the highest distribution, with Q4 dominating. Above the canopy, the majority of
intensities are distributed equally in Q3 and Q4 quadrants. However, here, Q4 is slightly dominating.
Additionally, we observed a consistent connection between quadrants Q1 and Q3 during both high and
low water levels, except above the canopy during low water levels. However, the separation between Q1

and Q3 is less pronounced during low water levels above the canopy. (Fig. 21c-d.)
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Figure 21. Quadrant analysis for DEN canopy observed during low water levels a) within and b) above the
canopy and during high water levels c) within and d) above the canopy.
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During high water levels within the H-DEN canopy, Q1 and Q4 have the highest distribution, with Q4

dominating. The majority of intensities are distributed in Q1 and Q3 quadrants, with Q1 slightly

dominating above the canopy. Q1 and Q3 are linked together, similar to other canopy types within the

canopy, while in the above the canopy, a clear separation can be observed (Fig. 22a-b)
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Figure 22. Quadrant analysis for H-DEN canopy observed during high water levels a) within and b) above

the canopy.

Moreover, a general quadrant plot can be developed separately for all canopy types by combining relevant

high water positions both within and above the canopy in order to identify the general difference among

canopy types. Upon analyzing the combined quadrant plot for the SPA canopy, it is evident that the

majority of turbulence intensities are concentrated around Q2 and Q3, indicating a prevalent sweeping

motion, with Q3 slightly dominating (Fig. 23a). In the combined MOD canopy plot, the majority of

turbulence intensities are concentrated around Q1 and Q4, with a sweeping motion towards the west

slightly dominating (Fig. 23b). Similarly, for the DEN canopy, after combining relevant scenarios, it can be

concluded that the majority of turbulence intensities are concentrated around Q3 and Q4, with a sweeping
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motion towards the west slightly dominating (Fig. 23c). Combining all scenarios for the HDEN canopy, it
can be observed that most turbulence intensities are concentrated around Q1 and Q4, with an ejecting
motion towards the west slightly dominating (Fig. 23d). Notably, there is a clear separation of Q1 and Q3
observed in MOD and HDEN canopy combined quadrant plots compared to other canopy types. However,
unlike the HDEN canopy, this pattern is not as clearly emergent in the MOD canopy when analyzed

separately for different water levels and positions within and above the canopy, as shown in Fig. 20.
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Figure 23. Combined quadrant plots for all the canopy types considering high water level and canopy
position: a) SPA canopy, b) MOD canopy, c) DEN canopy, d) H-DEN Canopy.

Finally, the total contribution of Reynolds stress within each quadrant can be found by summing u'w’

contributions, and it is observed that u'w’ contributions are almost equally distributed among the four
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guadrants. When comparing the contributions of Q1 and Q3 with respect to the other quadrants
considering high and low water levels, within and above the canopy, a comprehensive Table 3 &4 can be
obtained. Here, it can be observed that the Reynolds stress values are almost evenly distributed among

the quadrants.

Table 3. Reynold stresses Distribution among the quadrants for High water level.

Above -High
Canopy Type Q1 +Q3 Q2+Q4 | Q1 Q2 Q3 Q4
SPA 48.23 51.76 | 24.28 | 19.56 | 23.95 32.2
MOD 43.32 56.66 | 25.08 30.5| 18.24 | 26.16
DEN 49.61 50.39 | 27.96 | 27.42 | 21.65| 22.97
H-DEN 50.38 49.62 28.3 | 39.24 | 22.08 | 10.38
Within -High
Canopy Type Q1 +Q3 Q2+Q4 | Q1 Q2 Q3 Q4
SPA 55.13 44.86 | 22.08 22.1 | 33.05| 22.76
MOD 46.85 53.15| 19.54 | 16.61 | 27.31 | 36.54
DEN 37.62 62.37 | 19.76 | 41.02 | 17.86 | 21.35
H-DEN 49.12 51.16 | 24.86 | 17.78 | 24.26 | 33.38

Table 4. Reynold stresses Distribution among the quadrants for Low water level.

Above -Low
Canopy Type Q1 +Q3 Q2+Q4 | Q1 Q2 Q3 Q4
SPA 56.25 43.74 | 21.06 | 24.93 | 35.19 | 18.81
MOD 48.58 51.41 13.4 | 23.77 | 35.18 | 27.64
DEN 46.1 53.9 9.25 21.9 | 36.85 32
Within -Low
Canopy Type Q1 +Q3 Q2+Q4 | Q1 Q2 Q3 Q4
SPA 29.93 70.07 | 11.17 | 27.11 | 18.76 | 42.96
MOD 42.23 57.77 | 25.47 27.6 | 16.76 | 30.17
DEN 48.15 51.84 | 2295 | 31.79 25.2 | 20.05
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Sediment Analysis

Analysis of the core samples gathered along the reef transect (Fig. 24a) indicates that various sediment
size classes are present. Utilizing the uniformity coefficient provides insight into the uniformity of the
sediment. Particularly noteworthy is the variation in sediment distribution, ranging from non-uniform to
well-graded, observed in the middle of the reef and along its slopes. Conversely, the outer regions of the
reef exhibit a more uniform pattern (Fig. 24d). Upon analyzing the organic content, it was found to vary
from location to location within the sediment cores. Generally, the organic content of the reef ranges

from 22.8 g/kg to 86.2 g/kg (Fig. 24c).
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Figure 24. Variation in reef sediment characteristics: a) sediment core sample transect, b) grain size
distribution, c) organic matter content, d) uniformity coefficient relevant to each bulk core sample.
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CHAPTER FIVE: DISCUSSION

This section primarily focuses on explaining the results obtained from the analysis, especially by providing
appropriate interpretations with reference to existing literature. The discussion is divided into the
following sections: General Parameters Analysis, Flow Attenuation, Turbulence Intensity, Drag Coefficients,
Turbulence Production and Dissipation, Quadrant Analysis, Conclusion and Future Works. Flow
attenuation results can be regarded as providing a macroscopic view of the intriguing phenomena behind
the flow and various canopy interactions. Moving forward to discuss turbulence intensity, it will further
expose their behavior by identifying patterns and relationships. Further exploration into turbulence
dissipation and production parameters will help to quantify them more precisely. Additionally, quadrant

plots will aid in visualizing their behavior and explaining certain phenomena more effectively.

General Parameters Analysis

When analyzing the external parameters influencing the study site, such as water level, wind, and flow
direction, it can be noted that throughout the experiment days, both during low and high-water levels,
the wind blew from the Northeast direction to the Southwest direction. There wasn't a notable difference
in wind speed among the experiment days of low and high-water levels. Furthermore, Weaver et al., (2016)
suggested that Ekman forcing from the wind would be negligible in the Indian River Lagoon system, based
on a research study conducted by Mied et al., (2010) on the Virginia coast reserve, due to the shared
characteristics of the two systems. Hence It can be inferred that the impact of the wind on the study results

may be minimal.
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Water level increased gradually in channel and over the reef throughout the experiment . However, during
high water levels, the water level increased with an increasing gradient, and during low water levels, it
increased at a much lower gradient. Since all parameters were normalized in the analysis, the effect from
the water level can be minimized. Moreover, when comparing the low water level and high water level
experimental values, such as mean velocity and turbulent parameters, high water levels seem to have
higher values, mainly due to the gradient difference of water levels for low and high water level

experiments.

When analyzing stream flow direction (Fig. 8 -Results section), except for MOD within the canopy, in all
other scenarios, the stream flow direction was from North-West to South-East, which is almost aligned
with the study conducted by Weaver et al., (2016), who observed the flow direction of the entire Indian
river lagoon system to be from North to South direction. However, within the MOD canopy layer, two main
opposite flow directions can be observed. This can be explained by the canopy structure and density. In
the MOD canopy, the cluster density is relatively low, allowing for less constraint on the flow compared to

DENS or HDEN canopies. Hence, flow channels can be observed within the MOD canopy.

When considering the stream flow speed, MOD canopy exhibits the lowest mean speed during both high
and low water levels compared to other canopies. This could be mainly due to the location of the MOD,
situated in the middle of the reef, where the flow has already interacted with many canopies before

reaching the measuring point of the MOD canopy, resulting in lower flow speeds.
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Flow Attenuation

Regarding water level, flow attenuation was generally higher during low water levels compared to high
water levels. This difference can be attributed to the flow speeds; during low water levels, the overall
water level was rising with a decreasing gradient, while during high water levels, it was rising with slightly
higher gradients. Consequently, the results obtained during low water levels may not be sufficient to fully

understand flow interactions with the canopy.

DEN

F/o

Incident flow

Figure 25. Distance from incident flow to canopy locations.

Within the canopy during high water levels, there was observed variability in flow attenuation among
different canopy types, with MOD and SPA canopies exhibiting the highest attenuation. Moreover, the
phenomenon of flow channeling within the MOD canopy can be another reason for the highest
attenuation recorded within the canopy. The unique structure and arrangement of the MOD canopy may
lead to the formation of distinct flow channels or pathways, causing the flow to be more constrained and
encountering increased resistance as it moves through the canopy. This constrained flow within the MOD
canopy can result in higher levels of attenuation compared to other canopy types where such flow

channeling may not be as pronounced (Fig. 25).

59



Highwater level within the canopy, the lowest attenuation is recorded at DEN, which can be attributed to
several reasons. Firstly, DEN is located at the edge of the reef close to the secondary channel, increasing
the likelihood of interaction with secondary flows. This interaction can result in higher flow velocities
compared to other locations, thus leading to lower attenuation. Additionally, the irregular arrangement of
oysters within the DEN canopy (canopy height variability) may create flow channels or pathways with less
obstruction. As water flows through these channels, it can accelerate due to reduced resistance compared

to the more densely packed and ordered structure of the HDENS canopy.

Above the canopy at highwater level, there is interesting variation in flow attenuation. The lowest
attenuation occurs in H-DEN, suggesting notably lower interaction above the canopy compared to DEN.
This phenomenon can be explained by the flow over a boundary with multiple changes in roughness. The
DEN canopy, with its varying roughness, creates disturbance layers that reduce overall flow velocity above
the canopy. In contrast, the more uniform roughness of HDEN results in less frequent changes in
disturbance layers and thus lower attenuation. Moreover, when comparing the drag coefficient ratio
values for above and within the canopy for DEN and HDEN, they are 2.1 and 10.1 respectively (Fig. 18b-
Results chapter). This disparity suggests a notable difference in drag force between above and within the
H-DEN canopy. Such canopy discontinuity can lead to the creation of an inflection point in the velocity
profile, where the profile resembles a free-shear-layer, as described by Luhar et al., (2008). This inflection
point signifies a transition in flow behavior between the canopy and the free stream, indicating a complex

interplay between the canopy structure and the surrounding flow dynamics.

Furthermore, focusing on boundary layer thickness can provide insight into these observations. The
boundary layer is a thin layer of fluid adjacent to a surface where viscosity effects are notable. Near the
surface, where the boundary layer occurs, fluid velocity is low, leading to the development of a pressure
gradient that drives flow in the direction of low pressure. In H-DEN canopy above, flow velocity is

accelerated due to the pressure gradient within the boundary layer, resulting in higher velocities compared
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to the incident flow. However, in DEN above canopy, the varying canopy heights may induce turbulence,
disrupting the development of the boundary layer and hindering flow acceleration. This turbulence can be
likened to a completely rough bed, which further hinders the acceleration of flow above the canopy (Fig.

26).

v

Figure 26. Development of boundary layer within the canopy types: a) SPA canopy, b) MOD canopy, c) DEN
canopy, d) H-DEN canopy.

Turbulence Intensities:

The highest turbulent intensity values, ranging between 2 and 7, are observed above the canopy of HDEN.
In contrast, turbulent intensities in other canopy types typically range from 0 to 5. Notably, both above
and below the SPA canopy, turbulent intensity records similar values, and during high water levels, the SPA

canopy exhibits higher intensity values compared to both MOD and DEN canopy types.
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When examining canopy turbulence intensity with the depth ratio, it is noted that MOD within the
canopies of high and low water levels, and DEN within the low water level canopy, show higher intensities
than above the canopy. Typically, higher intensity is expected above the canopy due to less obstruction to
flow. Moreover, in the MOD (both high and low water levels) and low water level DEN canopies, intensity
above the canopy occurs at a depth ratio higher than 0.2. According to literature, depth ratios less than
0.2 represent the wall region in unobstructed flows, where turbulence structure is mainly affected by wall
or surface properties, and bursting phenomena usually occur here. In the depth ratio range of 0.2-0.6,
known as the intermediate region, turbulence energy transforms into small-scale eddies, with limited
production or dissipation (Nakagawa et al., 1975). While this analogy cannot be directly applied here due
to canopy-induced flows, a noticeable similarity exists between the intermediate region in unobstructed

flow and the canopy flow region within the same depth range.

Interestingly, in the high water level DENS canopy, both above and within, intensities fall under the wall
region. Despite this, the DEN within canopy shows slightly lower intensity, due to higher drag force values.
Comparing the drag coefficient (C;) values, DENs within the canopy have notably higher Cd than above,
hindering the development of turbulent structures and leading to lower turbulence intensity within the
canopy. Further when comparing the within and above C; of HDEN canopy, the difference is even more
pronounced than in the DEN canopy. Consequently, HDEN above the canopy exhibits higher intensity than

within the canopy.

Moreover, due to the homogeneous canopy height in the HDEN canopy, a shear layer develops,
accelerating fluid particles and intensifying turbulent mixing above the canopy. In contrast, the
heterogeneity of canopy height in DEN and MOD canopies leads to the development of higher wakes and
weakens the shear, resulting in less turbulent mixing compared to the HDEN canopy. This explains the
lower range of turbulent intensities observed, especially during higher water levels in DEN and MOD

canopies, relative to SPA and HDEN canopy types. However, during low water levels, this phenomenon is
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not observed, with MOD and DEN within the canopy recording the highest mean intensity values,
approximately 3.6 and 3 respectively. This is attributed to flow recirculation and restriction occurring at

MOD and DEN canopies, leading to high turbulence within the canopy.

Drag Coefficient:

The drag coefficient (C;) characterizes the force created by a fluid when moving around an object or
surface. It can be considered a roughness measurement for the oyster canopy, providing insights into the
physical surface arrangement of the canopy. This parameter can be used to delineate similarities and
differences between various canopy types. Here, the drag coefficient is primarily calculated using the
covariance method. The calculated drag coefficients (C;) for the SPA canopy align closely with the
literature. Greenet al., (1998) reported C; values for natural horse mussels ranging from 0.008 to 0.01,
while Styles,(2015) observed C; values ranging from 0.01 to 0.03 when measured from 10 cm above the
eastern oyster bed. Kitsikoudis et al., (2020) found C, coefficients for degraded and natural reefs varying
within the range of 0.016 to 0.031 when measured 1 cm from the bed. However, these Cd values are
subject to variability due to the method used for calculation and the location of canopy measurement. For
example, Whitman & Reidenbach, (2012) observed a C; of 0.019 at the top of the oyster canopy when
measured 40 cm above the reef. C; values for the MOD, DEN and H-DEN canopy are not found in the
literature related to oyster canopies. Since this is the first study considering oyster canopy density
heterogeneity, many researchers have not focused on measuring C; based on canopy density, often

measuring C,; at locations adjacent to the reef or on the reef regardless of canopy density.

Comparing C; (Fig. 19a : Results chapter), it is noted that the DEN canopy creates almost similar drag as
H-DEN canopy. This can be explained by the morphological differences between the canopies. The H-DEN
canopy is almost box-shaped and cleanly cut, resulting in a clean separation of flow from its surface and

stable wake patterns. In contrast, the random arrangement of clusters in the DEN and MOD canopy
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introduces additional flow obstruction and form drag produced by flow over a spectrum of different-sized

roughness elements, notably affecting velocity and boundary shear stress (Kean & Smith, 2006)

When comparing the canopy drag of MOD within and above, it's observed that above the canopy drag is
higher than within the canopy. This can be explained by examining the structural arrangement of the MOD
canopy. Unlike the denser DEN or H-DEN canopy, the MOD canopy consists of only a few clustered oyster

shells, impacting the flow above the canopy and creating higher drag compared to within the canopy.

However, when comparing the within canopy Cd values of SPA and MOD canopy, they are almost identical.
This suggests that the MOD canopy is a development of the SPA canopy with live clustered oysters.
Furthermore, when comparing the C; of MOD above and DEN within, and H-DEN canopy, they all fall
within the range of 0.10-0.12. This suggests that the DEN and H-DEN canopy are developments of the
MOD canopy with much more randomly and haphazardly arranged clusters, and systematically arranged

clusters, respectively (Fig. 27).

Figure 27. Evolutionary Traits in Oyster Reef Canopies. Comparison of canopy drag values illustrates how
the MOD canopy exhibits traits of the SPA canopy, while the DEN and H-DEN canopies inherit
characteristics from the MOD canopy.
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Although the H-DEN canopy has a higher drag coefficient than all the canopy types, it doesn't result in
notably higher turbulent intensities. This implies that drag coefficient isn't the sole governing factor for

turbulence intensity; other factors like canopy roughness also play a role.

When comparing the C; ratio for within and above, it is noted that H-DEN canopy have a notably higher
ratio, equal to 10, while for the SPA and DEN canopy, it is almost equal to 2 and lower than H-DEN. This
substantial drag difference in H-DEN may contribute to vertical stratification of flow velocities. The flow
above the canopy may exhibit higher velocities and smoother flow conditions, while the flow within the
canopy experiences slower velocities and greater turbulence due to vegetation-induced drag. This vertical
stratification can affect the distribution of nutrients, oxygen, and other substances within the water
column, impacting biological communities and ecosystem processes. This may explain the substantial large

and healthy live oyster population observed in the H-DEN canopy compared to SPA, DEN and MOD

Turbulent Dissipation and Production:

The distribution of turbulent dissipation and production across different canopy types and water levels
reveals dynamic variations in turbulent parameters, highlighting the diverse energy transfer processes
within these environments. Decreasing flow velocities correlate with elevated turbulent production levels,

indicating intensified energy transfer.

In the SPA canopy, consistent patterns are observed for both production and dissipation during low water
levels, but during high water levels, production exhibits greater fluctuations, especially towards the end
of the flood tide. Above the canopy, dissipation remains constant while production decreases. In the MOD
canopy, higher fluctuations are observed in both production and dissipation during low water levels, with
dissipation remaining consistent during high water levels and production showing increased fluctuations,
particularly with slow changes in water depth. Above the canopy, production dominates with higher

fluctuations. Within the DEN canopy, dissipation remains consistent during low water levels, but increases
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during high water levels, aligning with rising water depth, while production remains relatively steady.
Above the canopy, dissipation dominates and gradually increases over time, with production showing
more fluctuations. In the HDEN canopy, during high water levels, turbulent production and dissipation are
consistent, but production is characterized by numerous fluctuations and intensified energy injection.
Above the canopy, dissipation remains consistent, while production is accompanied by pronounced

bursting phenomena, increasing towards the end of the flood tide as the change in water depth reduces.

When examining the turbulence production to dissipation ratio during low water levels, it becomes
evident that turbulence dissipation is more prominent, with MOD and DEN canopies exhibiting the highest

dissipation values, respectively.

In low water conditions, raw turbulent parameter values are lower in magnitude than during high water
levels. This phenomenon was also observed when analyzing normalized turbulent intensity values. During
high water levels, the highest intensities occur in MOD and DEN canopies, which are primarily governed
by turbulent dissipation rather than production. Plotting turbulent production to dissipation ratios further
illustrates that during high water levels, turbulent production dominates above all canopies except DENS
and SPA. Within the canopy, all canopies except MOD and DEN exhibit higher turbulent production ratios
(greater than 1). In low water levels, within the canopy, turbulent production only dominates in the SPA

canopy, similar to high water levels within the canopy.

Researchers such as Kitsikoudis et al., (2020) observed higher turbulence production over dissipation in a
natural reef and degraded reef 1 cm from the reef bed, and Pieterse et al., (2015) observed the same
pattern when measuring flow velocity in a tidal channel. Furthermore, Cannon et al., (2022) observed
turbulent production/dissipation ratios ranging from 3-4 in the above canopy of natural reef and restored
reef when measured from approximately 9.5 cm from the bed. Moreover, Kitsikoudis et al., (2020)

observed a somewhat balanced distribution of turbulence production to dissipation at the same natural
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reef when measured data from 5 cm from the bed. Since authors have not accounted for the canopy
arrangement and used different measurement heights, it is difficult to directly compare the turbulence
dissipation and production results obtained with this study. However, when considering the magnitudes
of turbulence production and dissipation, during high water levels, they are on the order of
10 ~* m?s~3and during low water levels, they are on the order of 10 ~® m?s~3. The high water level

values are similar to values observed by Kitsikoudis et al., (2020) and Pieterse et al., (2015) but lower than

2.3

the Styles, (2015) observed turbulent dissipation values, which were on the order of 10 ~3 m?s
Moreover, the low water level turbulence parameters were within the range of what Reidenbach et al.,
(2006) calculated, which was 10 ~® m?s~3 — 107> m?s~3 Here, he calculated dissipation rate at 10 cm
from a coral reef. Furthermore, when considering overall turbulence dissipation and production rates, the
imbalanced nature was seen, and researchers such as Finnigan, (2000) and Reidenbach et al., (2007) also
reported this discrepancy. The main cause of the imbalance between turbulence production and

dissipation is the turbulence generated from the shear layer at the top of the canopy that penetrates the

canopy Kitsikoudis et al., (2020)

Finally, when combining the turbulence information obtained from turbulence intensity values and
dissipation values, it can be said that each type of canopy behaves as entirely different regions, both above
and within the canopy. This factor can be further quantified based on turbulent dissipation and production.
The given Fig. 28 illustrates the regions that can be observed within and above the canopy based on high
water level turbulence intensity and production-to-dissipation ratio. Here, each canopy type has been

divided into two separate regions, considering both above and within the canopy.

67



A
7'
a) SPA b) MOD
@ Dissipation Epeliction
Intensity High Intensity Low
L == — —
—_— S
Production Dissipation
Intensity High @ Intensity High
A A
c) DEN
Dissipation
pe Production
Intensity High
ty Hig Intensity High
— = .
S 1]
Dissipation Production
. Intensity Low Intensity Low

o
>

Turbulent scales QO Turbulent scales

related to dissipation related to production

Figure 28. Canopy types divided into distinct regions based on the behavior of turbulence intensity,
dissipation, and production values: a) SPA canopy, b) MOD canopy, c) DEN canopy, d) H DEN canopy.

Quadrant Analysis:

Diversity in flow behavior and turbulent fluctuations, in terms of ejection and sweeping motions, can be
visualized through quadrant analysis, and developed contour plots considering their probability
distribution. Wallace et al., (1972) conducted the first quadrant analysis for Reynolds stress, and later, it
has been recognized the importance of recognizing the sign of the velocity fluctuation when analyzing
turbulent behavior. Typically, in the literature, the sign of the velocity fluctuation is classified into 4

quadrants (Q1(u, v), Q2(—u, —v), Q3(—u, —v), and Q4(u, —v)). Q2 and Q4 quadrants are considered as
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ejection and sweeping, while Q1 and Q3 are called outward and inward motions, respectively (Corinop &

Brodkey, 1969; Wallace et al., 1972; Wallace, 2016)

However, here, the definition of ejection and sweeping events is based on the dominant direction of the
instantaneous velocity fluctuation (Dimas et al., 2016). When the stream flow is aligned with the +u
direction, Q2 and Q4 quadrants are considered as ejection and sweeping, and if it is aligned with the -u
direction, Q1 and Q3 quadrants are considered as ejection and sweeping, respectively. Hence, in this study,
based on the flow analysis, the dominant flow direction is towards the -u direction, so Q1 and Q3 represent
ejection and sweeping motion, respectively. Ejection events involve the expulsion of low-speed fluid
parcels into higher-speed regions, while sweeping events involve the transport of high-speed fluid across

lower-speed regions.

When observing the Reynolds stress within the quadrants, the values are almost evenly distributed among
the quadrants. In DEN and MOD canopies, the total contribution of Q1 and Q3 is slightly lower than that
of Q2 and Q4. However, Reidenbach et al. (2012) observed greatly imbalanced behavior among the
quadrants, such as Q1 (8%), Q2 (33%), Q3 (7%), and Q4 (51%), showing a greater tendency towards
sweeping motion on a mature oyster reef. They also observed a balanced behavior in Reynolds stress
values on a restored oyster reef, such as Q1 (16%), Q2 (35%), Q3 (14%), and Q4 (35%). However, in this
study, such patterns were not generally observed except in the DEN within the canopy at high water level,
where the dominant quadrants shifted to Q2 and Q4, with Q2 having more than 40% of the Reynolds

stress, implying that ejection motion is dominating.

In summary, it can be said that except for DEN within the canopy, the Reynolds stress distribution is almost
equally distributed. This implies that canopy structure notably impacts turbulent fluctuations and leads to

enhanced mixing and redistribution of momentum.
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Conclusion

In conclusion, each canopy type contributes uniquely to reef development and influences overall flow
dynamics. Analysis of highwater level attenuation patterns revealed distinct attenuation behaviors,
indicating varying responses to incident flow. Specifically, the SPA canopy exhibited attenuation levels
ranging from 48% to 70%, while the MOD canopy ranged from 64% to 96%, and the DEN canopy ranged
from 64% to 90%. Notably, the H-DEN canopy displayed negative attenuation values, suggesting distinctive
canopy behavior patterns. Moreover, sediment analysis revealed spatial heterogeneity within the reef,
with varying sediment classes (0 to 10 mm) and organic content (22.8 to 86.2 g/kg) throughout the study

area. This underscores the reef's multifaceted nature, behaving combination of subsystems.

From the canopy scale turbulence analysis, it is evident that higher levels of turbulent mixing occur in the
DEN canopy above the canopy and MOD canopy within the canopy. Turbulent intensity values range from
0 to 30 in these cases, distinctly standing out from the rest of the canopies, which range from 0 to 5. This
disparity can be attributed to the uneven nature of the canopy arrangement and its interaction with
turbulence. This observation is supported by the turbulent dissipation, and quadrant analysis results.
Furthermore, it is noteworthy that turbulent dissipation is prominent in all the highest turbulent mixing
events, with the DEN above and MOD within the canopy recording turbulent production to dissipation

ratio values of 0.82 and 0.88 respectively.

When considering MOD and DEN canopies in terms of canopy density, it is noted that MOD canopy has a
lower density of live clusters compared to DEN. This could be attributed to the high level of turbulent
mixing within the MOD canopy layer, potentially hindering larval settlement by disrupting their swimming
patterns and attachment abilities. Additionally, the lack of vertical canopy structures in the MOD layer may
deter oyster larvae from residing in the canopy. Conversely, in the DEN canopy, the highest turbulent

mixing occurs above the canopy, creating an ideal environment for larval settlement within the canopy
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due to reduced turbulence. This allows for oyster larvae to attach to the within the canopy of the DEN
layer. Moreover, the higher level of mixing in the above canopy penetrates nutrients, oxygen, and other
substances within the water column, promoting an ideal environment for oyster larvae to settle down. In
the H-DEN above the canopy, intense turbulent mixing is observed. However, due to the canopy's uniform
shape, it promotes a shear layer above the canopy, which promotes vortex shredding in the wake region
above the canopy and leading to turbulence production dominance. This affects the dynamics of ejection
and sweeping motions within the turbulent boundary layer. As observed in the quadrant plot, these
motions are properly organized and ordered, resulting in a balanced distribution of nutrients and other
substances within the canopy. Consequently, oyster larvae tend to grow and flourish more densely than in

other canopy types.

When comparing the drag coefficient values, the highest values were obtained for the DEN and H-DEN
canopies, falling within the range of 0.11-0.12. Despite sharing similar numerical ranges, these canopies
exhibit distinct turbulent characteristics attributed to their morphological arrangements. Specifically, the
DEN canopy displays varying canopy heights, while the H-DEN canopy features uniform heights. Moreover,
when comparing within and above canopy types, clear differences emerge, underscoring the subtle nature
of each canopy. This observation supports the concept that each canopy can be further subdivided into
regions such as within and above, each exhibiting different turbulent parameters. Such findings emphasize

the complexity and heterogeneity inherent in canopy structures.

Overall, finding of this research study suggest there is potential to optimize reef growth and functionality
by manipulating flow regimes, which could pave the way for enhanced artificial reef development. Further
research in this area could explore the specific mechanisms driving turbulent mixing within different

canopy types and how they impact larval settlement and reef development.
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Future Work

Future research endeavors should prioritize the detailed examination of each canopy type within oyster
reef ecosystems, researching into specific aspects such as sediment transport dynamics. By conducting
comprehensive sediment transport studies, researchers can understand the distinct influence of each
canopy type on sediment movement and deposition. Furthermore, investigating nutrient levels, including
oxygen concentration, nitrogen concentration, and carbon content, across different canopy types is
essential. Such analyses will shed light on the underlying factors contributing to variations in canopy
density within oyster reefs. By unraveling the intricate relationship between nutrient availability and
canopy density, researchers can unravel key mechanisms shaping the structural diversity of oyster reef
canopies. In addition, it is imperative to explore canopy transition zones within oyster reefs to decipher
the intricate flow dynamics associated with changes in canopy density. This investigation will offer valuable
insights into how variations in canopy density influence flow patterns and nutrient distributions within
reef ecosystems. By learning the dynamics of canopy transitions, researchers can gain a deeper

understanding of the spatial heterogeneity within oyster reefs and its implications for ecosystem function.
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APPENDIX: REEF LASER SCAN ANALYSIS FOR CANOPY HEIGHT
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Figure 29. Laser Scan Analysis for Study site.
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