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ABSTRACT
Seagrass meadows create significant benthic structure, which attenuates wave
energy and near-bottom currents, altering mixing across the seagrass canopy and
reducing bottom shear stresses. This enhances the deposition of suspended sediment and
increases light availability to the benthos. To quantify how meadow structure influences
the physical environment, spatial and temporal density gradients within Zostera marina
and Thalassia testudinum meadows in South Bay, Virginia, and Florida Bay, Florida,
were monitored. Results show that seagrass beds create a hydrodynamic shear layer with
an inflection point of instability at the top of the canopy, which imparts substantial
turbulent mixing. Seagrass beds were found to reduce near-bottom mean velocities by 25
to 85% depending on both canopy development and location within the meadow, while
wave heights were reduced 10 to 70% compared to adjacent unvegetated regions.
Attenuation of both velocities and waves increased with increasing seagrass canopy
cover. Wave orbital velocities within the seagrass canopy were reduced by 20%
compared to flow above the canopy, primarily acting as a low-pass filter by removing
high-frequency wave motion. During maximum canopy development in the summer, bed
shear stresses were above the critical threshold for initiating sediment suspension only 20
to 55% of the sampling time, compared to 80 to 85% in the winter and spring when
seagrass canopy cover was lower. This compares to bed shear stresses that were greater
than the critical threshold at the bare site > 90% of the sampling time. Overall, seagrass
was found to stabilize sediment during most of the year (late spring to fall), creating a
positive feedback for growth.
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The Thalassia meadow in Florida had lower energy compared to the Z. marina

meadow in Virginia, and oscillatory flows due to waves led to enhanced turbulence and
mixing within the meadow as compared to unidirectional flows. In situ particle image
velocimetry (PIV) was used to quantify turbulent momentum transport across the
meadow. Turbulence was observed within the canopy at depths 2 to 3 times the
penetration length-scale for shear layer vortices, suggesting stem-wake generated
turbulence was formed within the canopy. This led to 3 times greater average Reynolds
stress within the sparse canopy compared to ambient conditions above the canopy, while
the dense meadow reduced Reynolds stress 16% across the canopy-water interface.
Though turbulence penetration into the dense canopy was restricted, momentum transport
was more efficient due to increased velocity shear at the top of the canopy, effectively
increasing the canopy’s ability to exchange fluids (and likely nutrients and gases), with
the overlying water column.
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CHAPTER 1:
Introduction

THEORETICAL FOUNDATION
Seagrass meadows are among the most productive and biodiverse ecosystems of
the world’s oceans and are in widespread decline (Waycott et al. 2009). The ecosystem
services provided by seagrass meadows contribute $19,004 ha-1 yr-1, placing them among
the most economically valuable ecosystems (Costanza et al. 1997). They are also
ecologically valuable, producing organic carbon in excess of their needs that is both
exported to neighboring systems and stored in the sediment (Duarte and Cebrian 1996).
Seagrass meadows serve as ecosystem engineers by altering the local hydrodynamic
environment and stabilizing sediment, creating positive feedbacks for their growth (Carr
et al. 2010). Further, meadows act as nursery habitat for many fish (Nagelkerken et al.
2000; Nagelkerken et al. 2001; Nagelkerken et al. 2002) and invertebrate (Ehrhardt and
Legault 1999; Sheridan 1992) species. The loss of seagrass systems has led to declines in
species richness, biomass, and production. Even with recovery of the seagrass
community, resiliency can remain low creating greater disturbance responses to natural
environmental variability (Dolbeth et al. 2007).
Seagrass meadows rely on light for photosynthesis, which is generally the limiting
factor for macrophytic growth (Barko et al. 1986), and controls the depth limit for
seagrass meadows (Dennisen and Alberte 1985). Photosynthetic rates in Thalassia
testudinum were found to increase with current velocity in low flow conditions, but under
higher flows there was no additional enhancement due to the carbon fixation limit of the
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seagrass (Koch 1994). Further, Nishihara and Ackerman (2006) found that the biological
response of Vallisneria americana influenced mass transfer rates, leading to smaller than
expected concentration boundary layers and diffusive sublayers, enhancing net
photosynthetic rates. Mass et al. (2010) determined that this enhancement of
photosynthesis by seagrass occurs instantaneously in response to increases in flow by
enhancing oxygen efflux from the organism leading to an increased affinity of the
RuBisCO to CO2. Photosynthesis is also indirectly affected by flow conditions due to the
potential light limiting effects of turbidity, which is ultimately driven by the creation of
horizontal shear stress resuspending sediments. As vegetation reduces turbulence near the
seafloor, sediment deposition is enhanced and tends to not remobilize (Christiansen et al.
2000), creating a positive feedback for seagrass growth. However, scouring around
individual canopy elements can occur with sufficiently high current velocity or large stem
diameters, through the flexible nature of seagrass blades tends to reduce scouring overall
(Bouma et al. 2009). Low shoot densities within seagrass meadows can also enhance
sediment suspension compared to an unvegetated seafloor through direct interaction of
the canopy elements with the flow (Lawson et al. 2012). When bed shear stresses become
sufficient for the suspension of sediment within the meadow, light quality decreases
(Lawson et al. 2007), reducing photosynthesis and therefore seagrass production. In the
Dutch Wadden Sea, the loss of seagrass meadows shifted the ecosystem to an alternate
stable state with a highly turbid water column that has arrested reestablishment despite
restoration efforts (van derHeide et al. 2007). This high turbidity state is a result of
sediment suspension that has occurred in the absence of the stabilizing influence of the
meadow on the sediment (van derHeide et al. 2007). Since the removal of seagrass leads
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to the breakdown of biophysical feedbacks, investigating the interaction of these plants
with their fluid environment is critical to recovery.
Sediments in seagrass systems collect detrital matter from increased
sedimentation and therefore serve as a nutrient supply (Chapelle 1995; Risgaard-Petersen
et al. 1998). In addition, seagrass meadows can grow in or near anoxic sediments, which
build up phosphate and ammonium as a result of increased alkalinity and sulfate
reduction processes (Hines and Lyons 1982). The delivery of nutrients, oxygen, and
carbon dioxide, the removal of waste, and the alteration of diffusive boundary layer
thickness controlling chemical and gas exchange at the sediment-water interface are
driven by the degree of flow penetration through the meadow. Thus, the influence of
meadows on current speeds and velocity profiles will govern sedimentation and
resuspension, which is critical for predicting the distribution of natural materials and
contaminants (Shi et al. 2006). Due to the reduction of velocity within seagrass canopies,
pressure gradients form that drive vertical flows on the downstream side of the stems and
cause exfiltration of the pore-water, advecting nutrients out of the sediment, where they
are produced by microbial activity, up into the canopy (Nepf and Koch 1999). Seagrasses
are able to take up nutrients both in the sediment, through the rhizome, as well as directly
from the water column, with their leaves (Cornelisen and Thomas 2004; RisgaardPetersen et al. 1998; Stapel et al. 1996). Nitrogen fluxes can be controlled by light
dependent nitrogen uptake in eelgrass leaves, accounting for 60% of the plant’s nitrogen
requirement for growth (Risgaard-Petersen et al. 1998). Bottom shear stress and turbulent
energy dissipation in T. testudinum meadows have been shown to influence ammonium
uptake rates on the seagrass leaves (Cornelisen and Thomas 2004). In a mixed
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community sparsely populated by seagrass, ammonium uptake occurred near the masstransfer limit (Cornelisen and Thomas 2009). Nutrient flux across the sediment water
interface also occurs in seasonal patterns (Boynton and Kemp 1985) and can be released
through sediment resuspension (Laima et al. 1998; Wainright 1990). Gacia and Duarte
(2001) discovered that 85% of annual sediment deposition in seagrass beds was due to
the re-settling of locally resuspended particles. This suggests that although the particles
may not be transported out of the system, resuspension may still be significant and
important to turbidity, nutrient dynamics, and aeration of the sediments. Therefore,
understanding how turbulence and mixing across seagrass canopies is driven by local
flow conditions is critical to restoration planning.
Most of the work to date on sedimentation, resuspension, and nutrient dynamics
around biological structures has not considered the effects of waves and is predominantly
composed of laboratory simulations and hydrological modeling based on uncertain drag
coefficients (Abdelrhman 2003; Fonseca and Fisher 1986; Ghisalberti and Nepf 2002;
Ghisalberti and Nepf 2005; Nepf et al. 2007; Peterson et al. 2004; Shi et al. 2006). The
dynamics of waves are vastly different from unidirectional flows, are characteristic of
many marine systems, and are not well understood in seagrass beds (Bryan et al. 2007).
While unidirectional flow skims over beds (Koch and Gust 1999), waves cause blades to
oscillate back and forth increasing fluid exchange across the canopy. This waving of
seagrass blades drives flow within the canopy (Ackerman and Okubo 1993). Grizzle et al.
(1996) found that in an undulating seagrass canopy, the tips of the blades contacted a
greater amount of water and experienced enhanced turbulent mixing. Overall, the degree
of flow reduction by the canopy is a function of velocity, wave frequency, and meadow
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morphology (distance from the edge of the canopy, shoot density, strap-bladed or
cylindrical blade morphology, and depth below the surface) (Fonseca and Fisher 1986;
Verduin and Backhaus 2000), the result of which causes sedimentation (Gacia and Duarte
2001). Orbital velocities reaching the seagrass meadow cause blades to oscillate,
disrupting the development of a boundary layer and skimming flow over the meadow.
This facilitates the exchange of nutrients and waste products within the canopy. In T.
testudinum meadows, oscillatory flows were found to enhance uptake rates of ammonium
dependent on water velocity and turbulent kinetic energy (Thomas and Cornelisen 2003).
The delivery of nutrients to the seagrass blades stimulates growth and photosynthesis.
Waves can also increase pore water exchange between the sediment and overlying water
column (Precht and Huettel 2003), and the interaction of waves and currents can increase
bottom shear (Bricker et al. 2005), resulting in greater resuspension potential (Jing and
Ridd 1996), and reducing the minimum depth limit for seagrass growth (Stevens and
Lacy 2012).
Seagrass systems worldwide have been threatened for some time (Waycott et al.
2009). Seagrass meadows in the Everglades have suffered from disease (Robblee et al.
1991), sulfide toxicity (Carlson et al. 1994), decreased light availability (Hall et al. 1999),
and severe fluctuations in salinity (Zieman et al. 1999). In the coastal lagoons of Virginia,
seagrass meadows were devastated by eelgrass wasting disease and a destructive
hurricane (Orth et al. 2006; Short et al. 1987). For these reasons, research efforts for this
dissertation concentrate on seagrass systems in Florida and Virginia with the goal of
understanding hydrodynamic parameters contributing to sediment resuspension and
ecosystem function. Integrated data on physical and biological interactions in these
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systems will aid in determining the thresholds for positive and negative effects of wave
motion, sedimentation, resuspension, turbulence, and fluid retention and circulation
within seagrass meadows. Understanding these relationships in situ allows for more
appropriate modeling of these ecosystems, more precise predictions of future growth, and
has vast impacts on the success of conservation planning.

RESEARCH QUESTIONS
This study investigates biophysical interactions within two different seagrass
ecosystems under current and wave dominated flows. Specifically, this study focuses on
the following questions:
(1) How does seagrass shoot density and meadow morphology influence
turbulence and wave development?
(2) What are the combined effects of waves and currents, in concert with meadow
morphology, on sediment suspension?
(3) How are the driving mechanisms for mixing across a seagrass canopy
influenced by shoot density and flow conditions?
In order to investigate the influences of shoot density on local hydrodynamics,
physical parameters of water velocity, turbulence intensity, wave height and period, and
suspended sediment concentration were measured across a spatial density gradient of
Zostera marina in a temperate, lagoonal system in coastal Virginia. Since canopy height
and location within the meadow also influence the hydrodynamics and resulting sediment
suspension, the same meadow was monitored seasonally over a one-year period. By
holding the location constant, alterations to the fluid environment, as compared to an
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unvegetated site, were controlled by the seasonal senescent pattern of the meadow.
Finally, to determine fine-scale mixing parameters, two different density Thalassia
testudinum meadows in the clear, relatively low energy waters of Florida Bay were
monitored utilizing an underwater particle image velocimetry technique.

DISSERTATION OUTLINE
The chapters that follow detail field experiments employed to investigate these
biophysical interactions. Chapters 2 and 3 address research questions 1 and 2. First, in
Chapter 2, results from a spatial density gradient study are presented. Four locations, one
unvegetated and three within a large Z. marina meadow in South Bay, Virginia, were
chosen with shoot densities varying from 150 to 560 shoots m-2. Each of the four sites
was measured over a 5-week period from May to June 2010. Results quantify the
influence of both shoot density and the location within the meadow on wave development
and turbulence magnitude. Further, differences in turbulence under tidal- and wavedominated flows are presented. Lastly, the relative responses of sediment suspension to
bed shear stresses from combined current and wave flows based on both shoot density
and the location within the meadow are discussed.
In Chapter 3, alterations to the seagrass meadow due to seasonal growth and
senescence are presented. The highest density seagrass and unvegetated sites from
Chapter 2 were monitored for 1 year, following the data presented in Chapter 2, in June
2010 (Chapter 2 data), October 2010, January 2011, March 2011, and June 2011. Results
quantify how changes in meadow structure control wave development and turbulence
magnitudes near the seafloor, and how oscillatory motion penetrates the meadow as a
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function of seagrass shoot density. Also, how canopy development (through seasonal
senescence and re-growth) controls the degree of sediment suspension, shifting the
environment from depositional to erosional through the seasons, is discussed.
Chapter 4 addresses the third research question of fine-scale mixing within a
seagrass meadow through the use of a novel in situ particle image velocimetry (PIV)
system. PIV allows for detailed visualization of flow and turbulence structure over a 70cm2 area across the seagrass canopy. Due to the two dimensional spatial resolution,
mixing at the canopy can be investigated through analysis of the turbulent kinetic energy
(TKE) budget and the efficiency of momentum transport. A spatial density gradient
across T. testudinum meadows in Florida Bay was established and mixing parameters
were analyzed for unidirectional and oscillatory flows.
Finally, Chapter 5 summarizes conclusions of the influence of seagrass structure
on flow attenuation, turbulence structure, wave development, and sediment suspension.
Also, comparisons between these similar meadows, in very different environments, are
addressed.
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CHAPTER 2:
Wave and tidally driven flows in eelgrass beds and their effect on sediment
suspension*

*This chapter has been published, with citation: Hansen, JCR, and MA Reidenbach
(2012) Wave and tidally driven flows in eelgrass beds and their effect on sediment
suspension. Marine Ecology Progress Series 448: 271-287.

ABSTRACT
Seagrass beds alter their hydrodynamic environment by inducing drag on the
flow, thereby attenuating wave energy and near-bottom currents. This alters the turbulent
structure and shear stresses within and around the seagrass bed that are responsible for
the suspension and deposition of sediment. To quantify these interactions, velocity,
pressure, and sediment measurements were obtained across a density gradient of an
eelgrass Zostera marina bed within a shallow coastal bay (1 to 2 m depth). Eelgrass beds
were found to reduce near-bottom mean velocities by 70 to 90%, while wave heights
were reduced 45 to 70% compared to an adjacent unvegetated region. Wave orbital
velocities within the eelgrass bed were reduced by 20% compared to flow above the bed,
primarily acting as a low-pass filter by removing high-frequency wave motion. However,
relatively little reduction in wave energy occurred at lower wave frequencies, suggesting
that longer period waves were able to effectively penetrate the seagrass meadow.
Average bottom shear stresses (!! ) at the unvegetated region were !! = 0.17 ± 0.08 N m–
2

, significantly larger than the critical stress threshold necessary for sediment entrainment
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of 0.04 N m–2. Within the eelgrass bed, !! = 0.03 ± 0.02 N m–2 and stresses were below
the critical stress threshold during 80% of the time period of measurement. Expansion of
eelgrass within the coastal bay has thus altered the dynamics of the seafloor from an
erosional environment to one that promotes deposition of suspended sediment, enhancing
light penetration throughout the water column and creating a positive feedback for
eelgrass growth.

INTRODUCTION
Seagrass ecosystems have been viewed as depositional environments for sediment
because the structure of the meadow serves to reduce flow and attenuate bottom shear
stresses (Gruber and Kemp 2010; Koch et al. 2006; Ward et al. 1984). Studies of direct
particle trapping by seagrasses and seagrass epiphytes confirm that seagrass meadows
buffer against sediment resuspension and increase sediment retention, therefore reducing
erosion in the coastal zone (Agawin and Duarte 2002; Gacia and Duarte 2001). When
fluid flow encounters individual seagrass blades or a seagrass bed, drag is imparted on
the flow and a velocity gradient develops, creating a boundary layer (Denny 1988).
Momentum loss due to drag by the canopy leads to the reduction in resuspension;
however, reduced resuspension and increased sediment accumulation may not occur at
the same rate everywhere within the meadow, and are dependent upon local flow
dynamics and sediment supply from within and outside the meadow (Chen et al. 2007).
Whether bulk flow is able to move through the seagrass canopy or is diverted above or
around it is dependent on shoot density and bed spatial heterogeneity (Fonseca and Koehl
2006; Nepf et al. 2007). Reduction in velocities within seagrass beds is often
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accompanied by skimming flow, which increases velocities above the seagrass canopy
relative to ambient flow conditions (Fonseca et al. 1982). This creates an inflection point
of instability in the velocity profile, and shear layers are developed near the top of the
canopy (Bouma et al. 2009; Widdows et al. 2008), which can locally enhance turbulent
mixing into the canopy (Nepf and Vivoni 2000). Canopy friction exhibits a strong
positive relationship to the percent of the water column occupied by the seagrass
(Fonseca and Fisher 1986), and greater flow reductions are found inside canopies with
increasing shoot density (Peterson et al. 2004). However, the impact of seagrass on
within-canopy turbulence is less clear, and suggests that mixing rates and turbulent
kinetic energy (TKE) are highly dependent upon seagrass density and morphology
(Granata et al. 2001; Widdows et al. 2008; Worcester 1995).
Within shallow-water environments where seagrasses are abundant, local flow
dynamics can be drastically altered depending on whether currents are dominated by
tides, wind-generated waves, storm surge, or a combination of these factors (Fonseca and
Cahalan 1992; Koch and Gust 1999; Koch et al. 2006). The increase in oscillatory flows
caused by waves has been linked to enhanced turbidity (Granata et al. 2001). The
nonlinear interaction between waves and currents leads to changes in the hydrodynamics
and shear stresses imposed on the seafloor from those expected under either condition
independently (Jing and Ridd 1996). Typically when waves are present in unvegetated
seafloor regions, an oscillatory wave boundary layer develops that is more strongly
sheared than the boundary layer formed under steady conditions alone (Grant and
Madsen 1979). This wave boundary layer results in greater drag on the mean flow and
increased bottom shear stresses. Sediment resuspension has been found to be
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predominately controlled by waves in shallow coastal bays, occurring periodically and
corresponding to high wind events (Lawson et al. 2007), suggesting sediment suspension
is episodic in nature. Many studies have described how seagrasses attenuate waves
(Bradley and Houser 2009; Fonseca and Cahalan 1992; Koch and Gust 1999); however,
how this attenuation impacts bottom shear stresses and within-canopy turbulence, which
are ultimately responsible for the suspension of sediments from the seafloor, is largely
unknown.
Most studies that have addressed the impacts of seagrass density and morphology
on flow and sediment dynamics have been based on laboratory flume experiments or
numerical modeling (Bouma et al. 2009; Carr et al. 2010; Chen et al. 2007; Heller 1987).
These studies have determined that the thickness of the shear layer at the top of the
canopy is directly related to the vegetation density; as density is increased under a
constant velocity, the exchange is reduced, as is the penetration depth of the mixed layer
into the canopy (Ghisalberti and Nepf 2002). For waves that are typically generated in
fetch-limited shallow coastal bays, wave energy decreases with depth, and the magnitude
of wave energy that reaches the seafloor depends heavily on the wave period, wave
height, and overall water depth (de Boer 2007). According to modeling efforts, wave
energy attenuation increases with increasing shoot density (Chen et al. 2007), but the
degree of flow reduction by the canopy can also be a function of distance from the edge
of the canopy and the mean depth at which the seagrass resides below the surface
(Fonseca and Fisher 1986; Verduin and Backhaus 2000). However, the lack of field
studies on these interactions makes it difficult to understand the role of seagrass structure
on near-bottom turbulence, bottom shear, and sediment dynamics (de Boer 2007).

!

13

Consequently, it is important to explore the dynamic interactions between seagrass
meadows and fluid motion on multiple spatial and temporal scales.
Within the coastal bays of Virginia, USA, the once dominant seagrass species
Zostera marina (eelgrass) virtually disappeared during the 1930s due to a pandemic
infestation of a parasitic fungus, called wasting disease, combined with a destructive
hurricane (Orth et al. 2006; Short et al. 1987). The discovery of several small, natural
patches of eelgrass in the mid-1990s suggested that certain locations within the coastal
bays were adequate for plant growth (Orth et al. 2006). Survival and expansion of these
plots initiated an intensive, large-scale eelgrass seeding program to re-establish the
Virginia coastal bays (Fig. 2.1) as a self-sustaining seagrass ecosystem (Orth et al. 2012).
The shallow depths of Virginia coastal bays, typically < 2 m depth, make the bottom
sediments susceptible to current- and wave- induced sediment suspension. These coastal
bays also lack any significant riverine discharge, and therefore turbidity is primarily
controlled by local resuspension (Lawson et al. 2007). In addition, low pelagic primary
productivity in the coastal bays suggests that light attenuation is primarily controlled by
non-algal particulate matter (McGlathery et al. 2001; Sand-Jensen and Borum 1991).
High suspended sediment concentrations (SSC) can attenuate light penetration through
the water column that can limit benthic primary production (Zimmerman et al. 1995). As
a result, subsequent changes in the fluid environment due to the eelgrass expansion now
being observed in these coastal bays (Orth et al. 2012) may improve water quality and
reduce turbidity, thus increasing light penetration to the seafloor, which has been shown
to have a positive feedback effect on seagrass growth (Carr et al. 2010; Madsen et al.
2001).
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In coordination with the seagrass seeding program, the focus of the present study

was on the relationships between physical and biological forces controlling water
circulation, flow structure, and suspended sediment within the seagrass beds and the
Virginia coastal bay system. The goals were to quantify: (1) the spatial variation of
Zostera marina morphology across the meadow, (2) the velocity and turbulence levels
above and within the Z. marina canopy, (3) the bottom shear stresses due to combined
currents and waves, (4) and the response of the SSC to local turbulence and shear stress
magnitudes. These parameters were compared to flow and sediment dynamics occurring
in an adjacent unvegetated region.

Fig. 2.1. Study sites, located
off the eastern shore of the
Delmarva Peninsula,
Virginia, USA. The 4 study
sites within and outside the
eelgrass bed are labeled on
the aerial image of South
Bay. Location of the
eelgrass bed within South
Bay is outlines in white.
Bare: a predominantly
unvegetated site

METHODS
Seagrass studies were performed in South Bay, one of the coastal bays within the
Virginia Coast Reserve (VCR), where ongoing seagrass restoration efforts are being
performed. The VCR is characterized by contiguous marsh, shallow bay, and barrier
island systems and is a National Science Foundation – Long Term Ecological Research
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(NSF-LTER) program site (Fig. 2.1). Reseeding of eelgrass Zostera marina in South Bay
began in 2001 (Orth et al. 2012). Field studies were performed in May and June of 2010,
with instrument deployments and field data collection occurring over a 72 h period at
each site. Three seagrass sites were chosen of varying density, each surrounded by a Z.
marina dominated area of at least 700 m2. During summer 2010, the total eelgrass cover
in South Bay was estimated to be 1020 ha (Orth et al. 2012). A predominantly
unvegetated site, containing only very few, small patches of eelgrass within the region,
was also monitored as a reference for flow characteristics in the absence of any
considerable benthic vegetation (“Bare” in Fig. 2.1). Eelgrass density was measured in
the field via 0.25 m2 quadrat shoot counts, while blade length and width were measured
in the laboratory from eelgrass collected at each site (Table 2.1). The 3 sites, labeled Sites
1, 2, and 3 in Fig. 2.1, contained Z. marina of varying densities of 560 ± 70, 390 ± 80,
and 150 ± 80 shoots m–2, respectively. Mean blade lengths ranged from 16 to 28 cm.
Densities between each of the 3 sites, as well as mean blade lengths, were significantly
different from one another (one-way ANOVA, p < 0.05). Measurements were taken
throughout 3 consecutive weeks from June to July 2010, a period in the growing season
Table 2.1. Zostera marina. Morphometrics during the summer of 2010 at 3 neighboring sites
in South Bay, Virginia, USA. Eelgrass density was measured using in situ 0.25 m2 quadrat
shoot counts. Blade length is the mean length of all eelgrass blades measured, maximum
length is the average of the longest 10% of all blades, and blade width was measured at the
midpoint along the length of the blade. Values are ± SD. nblades: number of blades measured for
length and width; ndensity: number of 0.25 m 2 quadrats measured
Blade
length
(cm)

Max.
Length
(cm)

Blade
width
(cm)

nblades

Density
(shoots m-2)

ndensity

Site 1

21 ± 8

33 ± 3

0.29 ± 0.08

158

560 ± 70

9

Site 2

28 ± 13

51 ± 3

0.41 ± 0.12

176

390 ± 80

8

Site 3

16 ± 9

34 ± 4

0.26 ± 0.07

73

150 ± 80

21
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when the eelgrass is near peak biomass (Orth et al. 2006). Mean water depth at all study
sites ranged between 1.4 and 1.8 m. Bathymetry for the coastal bays throughout the VCR
is provided in Fagherazzi and Wiberg (2009).

Instrumentation
A coordinated package of instrumentation was deployed at each site for a
minimum of 72 h. Two Nortek Vector acoustic Doppler velocimeters (ADVs) were
deployed at each site, and velocity was quantified at a single point within a 1 cm3
sampling volume located 15 cm below each sensor. One ADV was located within the
meadow with its sampling volume at z = 0.1 m above the seafloor, and the other ADV
was located above the meadow with its sampling volume at z = 0.5 m. To measure
velocities within the meadow, a small eelgrass patch of 15 cm diameter (the size of the
instrument probe) was removed to prevent blades from blocking the sampling volume. In
addition, values with poor correlation factors, often due to the probes being exposed at
low tide, were removed. Velocities were measured at each site in 10 min bursts every 20
min at a sampling rate of 32 Hz. Each ADV was equipped with a pressure sensor, which
was used to determine the water depth and characterize the wave climate. Wind data were
obtained from a meteorological station in Oyster, Virginia, located approximately 4 km
from South Bay (Fig. 2.1).
Sediment grain size distribution was characterized at each site using a laser
diffraction particle size analyzer (Beckman Coulter LS I3 320). Sediment samples were
sieved at 1 mm to remove large organic matter, such as eelgrass blades and roots, and
then bleached to remove particulate organic matter. The size class distribution was found,
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and D84, the grain size diameter for which 84% of the sample grain diameters are smaller,
was computed from the resulting size distribution curve. At least 2 samples were
collected and analyzed from each site. Sediment D84 at the bare site was 157 ± 7 µm,
while, at the eelgrass sites, sediments were finer at 130 ± 17 µm. SSCs were measured
using 2 optical backscatter sensors (OBSs; Campbell Scientific OBS3+). One OBS was
placed within the meadow to quantify SSC at z = 0.1 m, and another, above the canopy at
z = 0.5 m, where z is the vertical distance above the seafloor. To perform laboratory
calibrations of the OBS, sediment samples were collected, suspended, and known
volumes of suspended sediment were mixed into 60 l of filtered seawater. Suspended
sediment sample volumes were then dried and weighed, and a linear regression was
formed between the backscatter intensity from the OBS and the SSC. Each calibration
had an R2 > 0.99.

Wave-turbulence decomposition
Instantaneous velocity measurements were collected in the east-north-up (ENU)
reference frame using the internal compass and tilt sensors of the velocimeters and were
time-averaged independently for every 10 min burst interval. Velocities were then rotated
for each burst interval into the dominant direction of horizontal flow, u. Mean velocity
and turbulence statistics were computed along the dominant flow direction (u), transverse
direction (v), and vertical direction (w). The 10 min time interval was chosen because in
statistical tests, 10 min often emerges as the best balance between obtaining convergence
of the mean statistics while minimizing velocity drift due to changes in flow conditions
(Gross and Nowell 1983).
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In flows with both waves and currents, the variance in velocity associated with

waves is often much larger than that associated with turbulence and some form of wave –
turbulence decomposition must be performed (Trowbridge 1998). When waves and
currents are present, the instantaneous horizontal and vertical velocities can be written as:
u = u '+u~ + u
~+w
w = w'+ w

(1)

where ! and ! are the horizontal and vertical components of the mean velocity, ! and !
are the wave-induced orbital velocities, and !′ and !′ are the turbulent velocities. To
determine motions that contribute to the turbulent Reynolds stress, !′!′, turbulent
motions must be separated from that of waves. The method of wave-turbulence
decomposition that was employed uses spectral decomposition, known as the phase
method (Bricker and Monismith 2007), where the phase lag between the u and w
components of the surface waves are used to interpolate the magnitude of turbulence
under the wave peak. The wave stress is calculated through the spectral sum:

~ = f Nyquist S ~ ~ ( f )d ( f )
u~w
uw
∫
− f Nyquist

(2)

where !!! (!) is the 2-sided cross-spectral density (CSD) of the wave-induced orbital
velocities, f is frequency and fNyquist is the Nyquist sampling frequency, which is half the
sampling frequency of the discrete signal. The turbulence spectrum can be expressed as
the difference between the spectrum of raw velocities and that of wave-induced orbital
velocities such that:

Su 'w' ( f ) = Suw ( f ) − Su~w~ ( f )
The CSD of the spectra in Eq. (3) are then integrated to obtain the turbulent Reynolds
stress:

(3)
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~
u' w' = uw − u~w

(4)

U j = U( f j ) and W j = W ( f j ) are the Fourier transforms of u(t) and w(t) at the
frequency fj in the Fourier transform. For a finite data series, the integral of the wave
stress becomes:
j=N / 2

~=
u~w

~

∑U

j

~
×W j

(5)

j =− N / 2

where N is the number of data points
used in the Fourier transform and the
magnitude of !! is the difference
between the raw Wj and the
turbulence !′! interpolated below
the wave peak, via a least-squared fit
straight line, as shown in Fig. 2.2. !!
Fig. 2.2. Power spectral density (PSD) of the
horizontal velocity, Suu, for a 10 min representative
data series computed at z = 0.1 m at the bare site,
where z is the vertical distance above the seafloor.
Solid circles: region encompassing wave peak;
squares: region of the spectra outside the wave
domain. Grey solid line: least squares fit to the data
outside the wave domain. The wave component of
the stress is removed by subtracting the PSD formed
above the grey line that encompasses the region of
the wave peak

is solved for by expressing the wave
stresses in terms of power spectral
density (PSD):

Sww j =

2
1
Wj
df

(6)

The same method is used to solve for !! . The Fourier coefficients can be written
in phasor notation as:

~=
u~w

~

∑U

j
j = wave _ peak

~
×W j =

∑

j = wave _ peak

~ ~
U j W j cos(∠W j − ∠U j )

(7)
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where ∠W j and ∠U j are the phases of the Fourier coefficients. The wave stress is then
found by integrating the wave component of CSD, !!! (!), over the width of the wave
peak and subtracting it from the integral of the total stress, Suw(f), over the full frequency
spectrum in order to obtain the Reynolds stress, as in Eq. (4).

Wave orbital velocities
The spectral density of surface elevation, S

ηη

p,

was computed using the pressure

signal from the ADV located at z = 0.5 m as:
2

Sηηp

( cosh(kh) % S pp
=&
#
2 2
' cosh(kz ) $ ρ g

(8)

where Spp is the spectral density of the pressure, k is the wave number (m-1, =2π/L where
L is wavelength), h is the mean water depth, z is the vertical distance above the seafloor,
g is gravitational acceleration and ρ is density (Dean and Dalrymple 1991). Significant
wave height (Hs) and average period (T) were then computed using the first (m0) and
second (m2) moments from the S p power spectrum:
ηη

T = m0 / m2

H s = 4 m0

(9)

2

where m0 = Sηηp ( f )d ( f ) and m2 = f Sηηp ( f )d ( f ) .

∫

∫

To determine the interaction between eelgrass structure and wave-induced flows,
wave orbital velocities were calculated and compared above and within the eelgrass
meadow. Adjacent to the seafloor, vertical orbital velocity approaches zero and thus the
horizontal component of the orbital velocity accounts for the majority of particle motion.
The horizontal orbital velocity can be calculated from spectra of the horizontal velocity
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components, u and v, by summing the contributions from wave spectra across each
frequency component (Wiberg and Sherwood 2008):

&
#
uos2 = 2$∑ Su~u~ j Δf j + ∑ Sv~v~j Δf j !
j
% j
"

(10)

where uos is equivalent to the root-mean-squared (rms) orbital velocity. Since only the
wave spectra are used and not the full spectrum, this method removes water motion due
to turbulence and currents driven by the tides. Eq. (10) can then be applied to velocities
above and within the canopy to determine seagrass impacts on orbital wave motion.

RESULTS
Physical characteristics of wind speed, water temperature and depth, as well as
depth-averaged water currents, significant wave height, and SSCs measured at each
Zostera marina site are shown in Fig. 2.3. The bay had a mean depth of approximately
1.6 m, and the average wind speed between May and June 2010 was 2.3 ± 1.2 m s–1. Over
the course of the sampling period, water temperatures in the bay steadily increased from
21 to 30°C. The flow regime in South Bay was tidally dominated; therefore, water
velocities were low at high and low tide and intensified during ebbing and flooding tides.
In addition, flows were typically not symmetric, with ebbing tides characterized by
slightly higher velocity magnitudes than flooding tides. Mean tidal amplitude and
significant wave height at each site are shown in Fig. 2.4A. Tidal amplitudes ranged from
0.58 to 0.73 m, while Hs ranged from 0.18 ± 0.08 m at the bare site to 0.05 ± 0.02 m at
eelgrass Site 3. Time-averaged velocities at z = 0.5 and 0.1 m at each site are shown in
Fig. 2.4B. The bare site showed a 40% reduction in velocity between z = 0.5 and 0.1 m
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Fig. 2.3. (A) Wind magnitude and direction, (B) water temperature, (C) water depth, (D) magnitude of
burst-averaged water speed (!! ) at z (vertical distance above the seafloor) = 0.5 m, (E) significant wave
height (H s), and (F) suspended sediment concentration (SSC) at z = 0.1 m. Locations of missing or no
data correspond to time periods when velocimeters or sediment sensors has poor signal quality. Note
the non-continuous time record, where days between successive monitoring of sites have been removed

due to frictional interaction with the seafloor. In comparison, velocities within the
seagrass canopy (z = 0.1 m) showed a 70% reduction in velocity compared to z = 0.5 m
due to the combined influence of friction by the seafloor and drag induced by the
seagrass canopy.
Waves within these coastal bays were predominately formed by winds, the Hs of
which is controlled by the fetch and bottom topography over which they propagate
(Lawson et al. 2007). At the bare site, strong winds were mostly to the north. During
these periods, wind-generated waves traveled over stretches of South Bay devoid of
eelgrass, with average wind speeds (±1 SD) of 2.6 ± 1.4 m s–1. At the eelgrass sites, there
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Fig. 2.4. (A) Average tidal amplitudes and significant wave heights (Hs) with error bars representing
±1 SD. The average across all sites was 0.65 ± 0.11 m. (B) Time-averaged velocity magnitude of the
study sites during tidally dominant flow conditions (±1 SD). z: vertical distance above the seafloor

were no consistent patterns in the wind direction, with winds oscillating from northward
to southward (Fig. 2.3A). Average wind conditions at Sites 1, 2, and 3 were 2.3 ± 1.2, 2.4
± 1.1, and 1.9 ± 1.0 m s–1, respectively. For all sites, there was a minimum of 5 km of
fetch to both the north and south. Hs increased at all sites during periods surrounding high
tide and was reduced during low tide
(Fig. 2.3E). Overall, there was a 45 to
70% reduction in measured Hs at the
eelgrass sites compared to the bare
site, although changes in wind
magnitude and direction during
sampling played a factor in wave
development and the overall amount
Fig. 2.5. Significant wave height (Hs) as a function
of mean wind speed. Bars represent ±1 SD.
Estimates of Hs were computed as running means
over a ±0.5 m s-1 averaging window of wind speed

of wave reduction (Fig. 2.5). In
general, the rate of increase in Hs with

increasing wind speed was considerably smaller at the eelgrass sites than at the bare site.
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Turbulent kinetic energy and Reynolds stress
At each site, flows were separated into time periods where wave action was a
significant contributor to the overall flow and those with minimal wave action where
flows were dominated by tidally driven currents. Tidally dominated flows were those
where the PSD of the wave component of the frequency spectrum, !!! , constituted <
10% of the overall power density, Suw, measured at z = 0.5 m. Overall, at the bare site,
tidally dominated flows occurred 15% of the time, while, at the eelgrass sites, due to
wave attenuation across the canopy, tidally dominated flows occurred approximately
25% of the time. There was no statistical difference in time-averaged mean velocity
during periods in which tidally dominated or wave- dominated flows occurred. Both
Reynolds stress (!′!′) and turbulent kinetic energy, !!" = 0.5(!! ! + ! ! ! + ! ! ! ), were
computed at each site (Fig. 2.6), where !′, !′, and !′ are the turbulent velocity
fluctuations in the dominant horizontal, transverse, and vertical directions, respectively.
At the bare site during tidally dominated time periods, Reynolds stresses, !′!′, were
similar at the z = 0.5 and 0.1 m elevations, whereas there was up to a 60% reduction in
Reynolds stress magnitude at the eelgrass sites. Although standard deviations for TKE
and Reynolds stress were large at all locations, this was primarily due to variations in
velocity magnitude caused by waves and tides. Confidence intervals for mean estimates
were typically quite small, and locations where significant differences were found
between mean estimates of TKE and !′!′ at z = 0.1 and 0.5 m are denoted with an
asterisk in Fig. 2.6. Comparisons of !′!′ within the canopy versus that above the canopy
at each site indicated that the largest reduction in !′!′ coincided with the most dense
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Fig. 2.6. (A) Reynolds stress (−!′!′, ±1 SD), (B) turbulent kinetic energy (TKE, ±1 SD) for tidally
dominated flow conditions, (C) Reynolds stress and (D) TKE for wave-dominated flow conditions. *
Locations where confidence intervals of mean estimates were significantly different between z
(vertical distance above the seafloor) = 0.1 and 0.5 m

eelgrass canopy, Site 1, followed by the mid-density, Site 2, and then the most sparse
canopy, Site 3. TKE also showed reductions within the canopy versus above the canopy,
but the magnitude of the reduction was significantly less than that of the Reynolds stress.
This may be due to the added stem-generated TKE formed by flow interaction with the
seagrass blades (Verduin and Backhaus 2000).
To compute Reynolds stress and TKE for wave- dominated flow conditions, the
wave components of the PSD were first removed, as in Eq. (3), and then the remaining
turbulent component of the PSD was integrated. Overall, the addition of waves did not
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statistically alter the magnitude of Reynolds stress or TKE at either the bare site or
eelgrass sites (Fig. 2.6C,D). Reynolds stress was typically reduced within the seagrass
canopy compared to above the canopy although trends of greater reductions of withincanopy !′!′ with higher seagrass densities were not as evident under wave-dominated
conditions as they were in tidally dominated flows.

Quadrant analysis of turbulence
Quadrant analysis is a useful technique to describe how turbulent fluctuations
contribute to the transport of momentum, sediment, and gases throughout the bottom
boundary layer (Lu and Willmarth 1973). Depending upon the flow field, highmomentum fluid overlaying the seagrass canopy can be advected downwards into the
canopy, or low-momentum fluid residing within the canopy can be advected upwards out
of the canopy. Velocity fluctuations, !′ and !′, were normalized by their respective
standard deviations and were divided into 4 quadrants based on the sign of their
instantaneous values. Contours of the turbulent probability distribution function (pdf) are
shown in Fig. 2.7 for turbulent motions within and above the eelgrass bed at Site 1 during
periods with no wave action. Quadrants are listed from Q1 to Q4. The 2 dominant
quadrants responsible for momentum transfer are Q2 (!′ < 0, !′ > 0), where turbulent
ejections of low-momentum fluid are transported vertically upwards, and Q4, where
sweeping events transport high-momentum fluid downward towards the seagrass
meadow. These ejection/sweep phenomena result in intermittent flushing of water masses
from within the canopy (Grass 1971). Typically, momentum transport is dominated by
ejection and sweeping events and shows a predominance of values in Q2 and Q4, which
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Fig. 2.7. Quadrant analysis of the probability density functions (pdf) of !′ and !′ distributions
normalized by their standard deviation (std) at (A,B) Zostera marina Site 1 for (A) z (vertical
distance above the seafloor) = 0.5 m and (B) z = 0.1 m, showing the dominance of turbulent
sweeping events in Quadrant 4 (Q4), and at (C,D) the bare site for (C) z = 0.5 m and (D) z = 0.1
m

held true for flows above the eelgrass canopy (Fig. 2.7A). The total contribution to
Reynolds stress within each quadrant was found by summing the absolute value of the
!′!′ contributions within each quadrant and dividing by the total contribution from all
quadrants: Q1 (15 %), Q2 (36 %), Q3 (15 %), and Q4 (34 %). This indicated that the
combined Q2 and Q4 contributions accounted for approximately 70% of the total
Reynolds stress, which is similar to results determined in other studies of flow over highroughness topographies (Bennet and Best 1996; Lacey and Roy 2008). There was a fairly
even distribution of stresses between Q2 and Q4, indicating that the turbulent ejection of

!

28

low-momentum fluid from near the top of the seagrass canopy was similar to that of
sweeps of high-momentum fluid towards the canopy.
Within the seagrass canopy, at z = 0.1 m, distinct changes in the contribution to
the stress from various components occurred (Fig. 2.7B), where motions within Q4 were
dominant. The total contribution to Reynolds stress within each quadrant was: Q1 (7 %),
Q2 (32 %), Q3 (6 %), and Q4 (55 %). This signifies that the principal exchange of water
masses within the canopy was driven by sweeps of high-momentum fluid from above the
canopy downwards into the canopy. For the bare site (Fig. 2.7C,D), there was still
dominance in Q2 and Q4, with 75 and 79% of the total Reynolds stresses found at z = 0.5
and 0.1 m, respectively. However, there was a fairly even distribution of stresses between
Q2 and Q4 at both elevations, similar to the flow structure formed above the seagrass
canopy. For instance at z = 0.1 m, contributions were: Q1 (11 %), Q2 (40 %), Q3 (10 %),
and Q4 (39 %).

Velocity spectra and wave orbitals
PSDs of the horizontal velocities during tidally dominated flow conditions at the
bare site showed a distinct –5/3 slope, indicative of an inertial subrange at both z = 0.1
and 0.5 m (Fig. 2.8A). There was general agreement between the 2 elevations, with
slightly higher energy at low frequencies (< 1 Hz) for z = 0.5 m, indicative of higher
mean flows, but lower energy at higher frequencies (> 1 Hz), indicating lower turbulent
energy within the inertial subrange. Within the eelgrass meadow, there was a reduction in
the magnitude of the PSD across all frequencies within the canopy compared to flow
above the canopy (Fig. 2.8B).
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Fig. 2.8. Power spectral density (PSD) of horizontal velocity at the (A) bare site (horizontal
component of the mean velocity [!! ] = 9.7 cm s-1) and (B) Site 2 (!! = 8.4 cm s-1) during tidallydominated flow conditions. Spectra are formed by averaging 9 independent spectra of n = 2048
velocity records that occur within a 10 min time period. PSD for the (C) bare site (!! = 10.8 cm s-1,
significant wav height [Hs] = 19 cm) and (D) mid-density eelgrass Site 2 (!! = 6.2 cm s-1, Hs = 14 cm)
during wave-dominated flow conditions. Vertical line represents the frequency at and above which
wave motion is expected to be attenuated at z (vertical distance above the seafloor) = 0.1 m according
to linear wave theory. Flattening of the power density at high frequencies (> 0.4 Hz in Panels B, C,
and D) indicates that the noise floor of the instrument has been reached and the velocity signal is
indistinguishable from noise

PSD of wave-dominated flow conditions showed similar trends outside the wave
domain of the frequency spectrum for both the bare and eelgrass sites. Within the wave
domain at the bare site (Fig. 2.8C), there was little wave energy attenuation, indicating
that oscillatory motion due to waves was effective at generating wave-induced orbital
motions near the seafloor. Within the wave domain at the eelgrass site (Fig. 2.8D), wave
energy was still able to penetrate the eelgrass canopy, with little reduction of wave
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energy at z = 0.1 m at frequencies smaller than the wave peak. However, at both the bare
and eelgrass sites, but especially within the Zostera marina canopy (Fig. 2.8D), the bulk
of energy loss occurred at wave frequencies within the wave domain at approximately f
> 1 Hz, where short period wave oscillations (T = 1/f) attenuated before reaching the
bottom. This agrees with wave theory that suggests waves will attenuate before reaching
the seafloor for !! =

!/(4!ℎ) (Wiberg and Sherwood 2008). At a given elevation

above the seafloor, z, waves with !! =

!/[4! ℎ − ! ]will be attenuated.

PSD for frequencies between 0 and 2 Hz for both horizontal and vertical
velocities are shown for the bare site in Fig. 2.9. These plots include the tidally
dominated contributions to the spectra at small frequencies (i.e. f < 0.3 Hz), as well as the

Fig. 2.9. Two-dimensional power spectral density (PSD) at the bare site of horizontal velocities
(A) Suu at z = 0.5 m and (B) Suu at z = 0.1 m, showing only minor attenuation of the wave
frequency band. Two-dimensional PSD of vertical velocities (C) Sww at z = 0.5 m and (D) Sww at z
= 0.1 m, showing substantial attenuation of the wave frequency band, as predicted by wave theory.
Black lines indicate ! = !!/[4!(ℎ − !)], where g is gravitational acceleration, h is water depth, z
is the vertical distance above the seafloor, and f is the frequency at and above which linear wave
theory predicts wave motion is attenuated. Regions with no data are during low tide when
velocimeters had poor signal quality
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Fig. 2.10. Two-dimensional power spectral density (PSD) at the Site 2 of horizontal velocities (A)
Suu at z = 0.5 m and (B) Suu at z = 0.1 m. Attenuation of the wave energy within the canopy
primarily occurs at high frequency (f) within the wave band of the spectrum. Two-dimensional PSD
of vertical velocities (C) Sww at z = 0.5 m and (D) Sww at z = 0.1 m, showing substantial attenuation
of wave energy at all f-values within the wave band. Black lines indicate ! = !!/[4!(ℎ − !)],
where g is gravitational acceleration, h is water depth, z is the vertical distance above the seafloor,
and f is the frequency at and above which linear wave theory predicts wave motion is attenuated

wave component of the PSD, which typically spans the range 0.3 < f < 1 Hz. Frequency
analysis within the wave domain of the frequency spectra for the bare site indicate that
there was a general trend of a reduction of wave energy near the seafloor for the vertical
velocity, Sww, PSD, but a fairly uniform distribution of wave energy throughout the water
column for the horizontal, Suu, PSD. Peak wave frequency at high tide was approximately
f = 0.5 Hz (T = 2 s), but as the water depth decreased, peak wave frequency increased to
approximately f = 1 Hz, indicating a reduction in the peak wave period to T = 1 s.
For Site 2, similar trends emerged in a reduction of vertical wave energy (Sww)
within the seagrass bed compared to flow above the canopy (Fig. 2.10). There were also
reductions in wave energy within the horizontal component of the velocity, Suu, due to the
wave-dampening effect that the eelgrass had on the flow. However, as is also shown in
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Fig. 2.8 for an individual spectrum, much of the reduction in wave energy occurred at the
high frequencies within the wave band (f > 1 Hz), which can be attributed both to
attenuation due to the interaction with the seagrass and due to the natural attenuation of
the waves with depth. The shorter period waves that formed over the seagrass bed
(average T = 1.4 ± 0.3 s) tended to attenuate with depth to a greater extent than the longer
period waves that formed over the bare site (average T = 1.7 ± 0.4 s), as predicted from
linear wave theory. Also of note was the reduction in power density at low frequencies, f
< 0.3 Hz, indicating a reduction in the energy of the mean flow, u, within the canopy.
The wave-orbital velocity, uos, at z = 0.5 and 0.1 m was computed following Eq.
(10), and estimates for each site are
shown in Fig. 2.11. At the bare site,
there was only a 3% difference in
measured uos between the z = 0.5 and
0.1 m elevations. At all 3 eelgrass
sites there was an overall reduction
Fig. 2.11. Wave orbital velocities, uos (Eq. 10),
computed utilizing spectra of horizontal wave
velocities, !!!! and !!!!! , at z (vertical distance above
the seafloor) = 0.5 m and z = 0.1 m and wave orbital
velocities, uom (Eq. 12), at z = 0.1 m, computed
utilizing linear wave theory and estimates of freesurface displacements. Agreement between uos and
uom at z = 0.1 m suggests wave velocity decay is
primarily due to wave attenuation of high-frequency
wave motion with depth, and not from interaction
with the eelgrass.

in wave orbital motion by 20 ± 5%
within the canopy compared to
above, and orbital velocities at the
eelgrass sites were less than half that
produced over the bare site. To
determine the extent to which this

orbital wave reduction within the eelgrass canopy was due to natural attenuation with
depth or due to interaction with the eelgrass bed, orbital velocities computed through
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local velocity spectra (Eq. 10) were compared to estimates of bottom wave-orbital
velocities using pressure sensor measurements of displacement of the free surface. Using
linear wave theory for small-amplitude, monochromatic waves, the horizontal component
of orbital velocity, uo, can be computed as:
uo =

πH cosh(kz )
T sinh(kh)

cos( kx − ωt )

(11)

where H is the rms of wave height (m), ω is the radian of wave frequency (rad s–1), x is
the position in the wave orbital (m), and t is time (s). As the velocities vary sinusoidally
with the x- and t-values throughout the wave period, the above equation can be simplified
to the rms of the maximum orbital velocity when |cos(kx-ωt)| = 1:
u om =

πH cosh(kz )
T sinh(kh)

(12)

Linear wave theory assumes the bed is frictionless; therefore, estimating wave
velocity decay with depth using linear wave theory (Eq. 12) and comparing it to
computed orbital velocities using local velocity measurements within the canopy (Eq. 10)
should indicate the relative dampening of wave velocity due to frictional interaction with
the seagrass canopy. Fig. 2.11 indicates there is good agreement between measured
within-canopy orbital velocities and those estimated from linear wave theory, suggesting
that within-canopy dampening of wave orbitals was primarily due to natural attenuation
of high-frequency wave motion with depth and not from flow interaction with the
eelgrass.

Bottom shear stresses and suspended sediment
The total stress imparted to the seafloor was quantified using a combined bottom
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shear stress, !! , calculated as the square root of the sum of the squares of the shear stress
due to currents, !!"##!"# , and due to waves, !!"#$ (Wiberg and Smith 1983) such that:
!! =

!
!
!!"#$
+ !!"##$%&

(13)

Wave shear stresses were determined by:
!

!!"#$ = ! !! !!!!

!! = 0.04

!! ! !!.!"
!!!!

(14)

such that fw is the wave friction factor, ub is the bottom orbital velocity, which can be
approximated as uos measured near the seafloor (Wiberg and Sherwood 2008), and kb is
the characteristic roughness length of the bottom, which is defined as 3D84 (Lawson et al.
2007). D84 is the sediment grain diameter such that 84% of grain diameters are smaller,
and was measured to be 157 µm at the bare site and 130 µm within the seagrass canopy.
Computation of the current shear stress within vegetation is not well described, especially
in the presence of wave activity, but under unidirectional currents, a useful
parameterization is through estimates of near-bottom TKE (Stapleton and Huntley 1995;
Widdows et al. 2008):
!
!!"##$%& = !!∗!"##$%&
= 0.19!(!"#)

(15)

Although waves can alter Reynolds stresses and TKE in the presence of a mean
current (Grant and Madsen 1979), our findings within South Bay suggest only minor
alteration in the magnitude of TKE in the presence of small-amplitude wind waves;
therefore Eq. (15) can be reasonably applied.
Fig. 2.12 shows the magnitude of the total bottom shear stress at each site. At the
bare site, median bottom shear stress was !! = 0.17 N m-2, but within the eelgrass bed,
median !! ≤ 0.035 N m-2 at all sites. Although the critical shear stress that can initiate
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sediment resuspension was not directly quantified in South Bay, estimates within Hog
Island Bay, which is directly adjacent to
South Bay in the VCR, were performed
by Lawson et al. (2007) and found to be
!!" = 0.04 N m-2 over unvegetated sites
adjacent to seagrass beds. This value is
in relative agreement with !!" = 0.05 N
m-2 found by Widdows et al. (2008) for
sediments in the North Sea, where
adjacent Zostera marina beds had a
!!" = 0.07 N m-2. The increase in

Fig. 2.12. Bottom shear stress (τb) at each site
calculated as the square of the sums of the wave
and current bottom stresses. Horizontal line within
the box indicates median τb, while the lower and
upper edges of the box represent the 25th and 75th
percentiles, respectively. Vertical lines extending
from the box indicate the minimum and maximum
measured τb

sediment stabilization within the Z. marina bed was found to be due to increased
abundance of the microphytobenthos and lower densities of grazers. This suggests that
!!" = 0.04 N m-2 is likely a reasonable estimate for unvegetated regions, and a
conservative estimate for the eelgrass bed in South Bay. At the 3 eelgrass sites, measured
!! was below the critical threshold for sediment entrainment during 80% of the sampling
time period. However, !! at the unvegetated site was significantly larger than !!" ,
suggesting that sediment resuspension was occurring during a significant fraction of the
sampling period.
OBSs were deployed at each site, measuring SSCs at z = 0.1 and 0.5 m. SSC
estimates at these elevations were averaged to create a mean SSC within the water
column. Since flow and suspended sediment measurements were conducted at different
time periods at each site, direct cross-site comparisons of SSC for the same time periods
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could not be conducted. Therefore, to determine if events of elevated magnitudes of
bottom shear stress correlated to increases in SSC, a Pearson linear correlation was
performed, which is defined as the covariance of the 2 variables divided by the product of
their standard deviations. Elevated SSC events were determined by taking the temporal
mean of the 72 h data set from each site and locating periods of time when τb was greater
than its mean. At the bare site (mean SSC = 56 mg l–1), there was a Pearson correlation
coefficient of 0.72 between elevated levels of τb and increased SSC. At Site 1 (mean SSC
= 43 mg l–1), which is closest to the bare site, there was a correlation of 0.58, while at Site
2 (mean SSC = 23 mg l–1) and Site3 (mean SSC = 27 mg l–1) there were correlation
coefficients of 0.26 and 0.23, respectively. Therefore, within the eelgrass meadow there
was a decreased tendency for periods of high SSCs to correspond with periods of high
bottom shear stress, suggesting that elevated levels of SSC within the seagrass bed were
derived, in part, from non-local resuspension.

DISCUSSION
Zostera marina beds in this Virginia coastal bay were found to substantially lower
overall mean currents compared to adjacent bare site flow conditions. Average velocities
were 2 to 3 times higher at the bare site than at the eelgrass sites, without a substantial
change in tidal forcing. In addition, near-bed flows were dramatically reduced, with mean
velocity at z = 0.1 m at the bare site of 10.0 cm s–1, while average flows at the 3 eelgrass
sites were 1.2 cm s–1, a 70% reduction compared to flow above the eelgrass canopy.
Along the density gradient, ranging from 150 to 560 shoots m–2, the greatest flow
reduction within the canopy compared to above the canopy occurred at Site 2, which was
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the mid-density site with 390 ± 80 shoots m–2. The eelgrass at this site, however, also had
a significantly higher mean (28 cm) and maximum blade length (51 cm) compared to the
other two Z. marina sites. Although seagrass density has been found to play an important
role in flow reduction (Ackerman and Okubo 1993), the blade length is also important in
modifying the canopy friction (Fonseca and Fisher 1986), leading to a proportional
reduction in fluid velocity (Gacia et al. 1999; Thompson et al. 2004). The smallest
within-canopy flow reduction occurred at Site 3, which had the lowest eelgrass density
and smallest average blade length. This suggests that both eelgrass density and blade
length can have an impact on flow processes. Overall, the presence of seagrass structure
serves to substantially reduce velocity magnitude as compared to the unvegetated
seafloor (Hasegawa et al. 2008).
Tidally and wave-dominated flows were separated using the magnitude of the
power density within the wave band of the frequency spectra. For tidally dominated flow
conditions, the magnitude of the turbulent Reynolds stress typically decreased within the
canopy compared to flow above, and within-canopy !′!′ reductions increased with
increasing seagrass density. The highest relative turbulence levels within the eelgrass bed
were found at the lowest eelgrass density, Site 3, and were of similar magnitude within
and above the canopy. This transition from low turbulence in high-density beds to
elevated turbulence in low-density beds agrees with findings within other seagrass
systems and laboratory measurements, which indicate enhanced turbulence due to stemgenerated wake turbulence (Nepf et al. 1997; Widdows et al. 2008). This enhanced
turbulence can be intensified at the canopy–water interface (Abdelrhman 2003), where
strong shear layers develop. Under wave-dominated flows, this relationship between
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turbulence intensity and seagrass density became less apparent, but both Reynolds
stresses and TKE values were of similar magnitude with and without the presence of
wave action. Quadrant analysis indicated that much of the turbulent motions within the
canopy were dominated by sweeping events, where high-momentum fluid was
transported downward into the canopy. These sweeps constituted 55 % of the turbulent
motion, compared to 32 % for ejections of low-momentum fluid transported upwards out
of the canopy. Strong sweeping motions into the canopy were also observed by
Ghisalberti and Nepf (2006), who found that sweeps were followed by weak ejection
events (!′ < 0, !′ > 0), which occurred at frequencies twice that of the dominant
frequency of the coherent vortex formed at the top of the canopy.

Wave attenuation due to interaction with the seagrass canopy
Significant wave heights and wave periods were computed from pressure records
obtained from the ADVs at a sampling rate of 32 Hz. Wave periods at all sites ranged
between 1 and 2 s, representing wind- generated gravity waves. There was a 45 to 70%
reduction in average Hs at the eelgrass sites compared to the bare site. For both the bare
and eelgrass sites, the majority of energy lost within the wave band occurred at high wave
frequencies, ≥ 1 Hz. This is in general agreement with wave theory, which predicts that
waves with !! >

!/(4!ℎ) will be attenuated before reaching the bottom (Wiberg and

Sherwood 2008). Mean wave periods were T = 1.7 ± 0.4 s and T = 1.4 ± 0.3 s at the bare
and eelgrass sites, respectively. As evident from PSD graphs, waves were not
monochromatic and typically spanned a range of frequencies between f = 0.3 and 1 s–1.
At the bare site, measured mean wave orbital velocities were within 3% of each other at
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both z = 0.5 and 0.1 m. With the presence of eelgrass structure, the horizontal orbital
velocities were found to decrease by approximately 20% within the canopy versus above.
That shorter period waves formed over the eelgrass canopy suggests that natural wave
attenuation with depth was a major contributing factor in the measured reduction in
orbital velocities within the canopy. However, little reduction in low-frequency wave
motion within the canopy indicates that oscillatory flows were also effective at
penetrating the eelgrass canopy for longer period waves. This suggests that storm events,
which tend to increase Hs and T in combination with storm surge (Chen et al. 2005), may
be effective in generating oscillatory flows through the seagrass canopy, increasing
bottom shear stresses and ultimately leading to sediment resuspension. This agrees with
the results of Bradley and Houser (2009), who found that the ability for seagrasses to
attenuate wave energy decreases as wave heights increase, but that seagrasses also serve
as a low-pass filter where higher frequencies in the spectra tend to be more attenuated.
Their results also suggest that the rate of energy dissipation is not uniform over a range of
wave frequencies, and waves at higher frequencies are attenuated, but waves at lower
frequencies are less affected by the seagrass.

Bottom shear stress and sediment dynamics
Total bottom shear stress was estimated by summing contributions from orbital
wave motion due to waves and turbulence from the mean current. Overall, bottom shear
stress at the bare site was found to be !! = 0.17 ± 0.08 N m–2, which was 5 times greater
than at any of the eelgrass sites. Within the eelgrass canopy the mean !! at the 3 sites
ranged between 0.025 ± 0.02 and 0.032 ± 0.03 N m–2. A conservative estimate of the
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critical shear stress for sediment erosion was !!" = 0.04 N m-2, which was measured in
an adjacent coastal bay with similar water depth and sediment characteristics (Lawson et
al. 2007). Bottom shear stress was found to be below the critical bottom stress threshold
for erosion 80% of the time within the eelgrass meadow. In the absence of eelgrass,
depth-averaged SSC = 56 mg l–1, and elevated levels of SSCs were well correlated
throughout the water column with periods of high bottom shear stress (Pearson linear
correlation coefficient = 0.72). However, with the addition of eelgrass structure, increases
in depth-averaged suspended sediment were no longer well correlated with enhanced
bottom shear stress. Correlation between !! and elevated SSC occurred most closely at
Site 1 (mean SSC = 43 mg l–1, correlation coefficient = 0.58), which is located closest to
unvegetated sites within the bay and the edge of the eelgrass meadow (Fig. 2.1), where
sediment resuspension is expected to be most pronounced. Further from regions devoid
of eelgrass, correlations between elevated !! and SSC drop considerably, where at Site 2
(mean SSC = 23 mg l–1) and Site 3 (mean SSC = 27 mg l–1) correlation coefficients were
0.26 and 0.23, respectively. This suggests that suspended sediment measured within the
canopy was, to some magnitude, advected into the canopy from non-vegetated regions of
the bay. Although wave activity has been shown to be a dominant driver initiating the
suspension of sediment within these shallow coastal bays, previous studies have shown
that wave activity alone does not necessarily induce the transport of sediment (Heller
1987). Rather, the combination of both waves and currents acts to distribute sediment
throughout the seagrass bed. The stress exerted by wave motion acts to suspend sediment
above the seafloor, but, ultimately, unidirectional currents will cause a net transport of
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sediment, even if such a unidirectional current alone produces conditions below the
threshold to initiate sediment suspension.
Overall, our results indicate that turbulence, wave heights, and wave orbital
velocities were reduced in magnitude by the eelgrass canopy. This resulted in lowered
suspended sediment within the eelgrass meadow as compared to adjacent unvegetated
areas. In addition, between 2003 through 2009, monthly turbidity levels within the
vegetated areas were found to be significantly lower than levels outside of the vegetated
areas under summer conditions (Orth et al. 2012). Within the eelgrass canopy, SSC
showed significant decreases over time, with median SSC decreasing approximately 75%
between 2003 and 2009, and coincided with increased retention of fine sediments. These
findings relate well with trends found in previous studies where flow reduction by
seagrass meadows ranged from 25 to 80% (Koch and Gust 1999; Lacy and WyllieEcheverria 2011; Nepf 1999) and turbulence was reduced 30 to 50% (Granata et al.
2001). In a study by Gruber and Kemp (2010) with a similar current and wave regime as
that in our study, reductions in SSC of up to 60% were found, which varied directly with
seagrass biomass via seasonal senescence of a Stuckenia pectinata meadow. Our findings
using different density sites within the same eelgrass bed suggest the opposite trend of
lower SSC values at less dense seagrass sites. These opposing trends are likely due to site
location within the meadow and local exposure to wind and wave activity. Locations that
were further from the canopy edge and locations where waves propagated further
distances across the eelgrass canopy had greater reductions in flow and suspended
sediment. These findings suggest that seagrass density and meadow size both play roles
in sediment suspension.
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There is evidence to suggest that seagrass patches below a minimum size, and

possibly locations close to the canopy edge, act to enhance near-bed turbulence and cause
scouring (Fonseca and Koehl 2006; Heller 1987). Once the bed reaches a minimum
density and patch width, turbulence reduction occurs, switching the local flow
environment from erosional to depositional. Although it is still unclear what minimum
size causes this transition, our findings suggest that the expansion of the eelgrass canopy
within South Bay has altered the hydrodynamics from a net erosional environment to one
that promotes deposition of suspended sediment. This has enhanced light penetration
throughout the water column and created a positive feedback for eelgrass growth.
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CHAPTER 3:
Seasonal growth and senescence of a Zostera marina seagrass meadow alters wavedominated flow and sediment suspension within a coastal bay*

*This chapter has been published, with citation: Hansen, JCR, and MA Reidenbach
(2013) Seasonal growth and senescence of a Zostera marina seagrass meadow alters
wave-dominated flow and sediment suspension within a coastal bay. Estuaries and
Coasts doi: 10.1007/s12237-013-9620-5.

ABSTRACT
Tidally driven flows, waves, and suspended sediment concentrations were
monitored seasonally within a Zostera marina seagrass (eelgrass) meadow located in a
shallow (1 to 2 m depth) coastal bay. Eelgrass meadows were found to reduce velocities
approximately 60% in the summer and 40% in the winter compared to an adjacent
unvegetated site. Additionally, the seagrass meadow served to dampen wave heights for
all seasons except during winter when seagrass meadow development was at a minimum.
Although wave heights were attenuated across the meadow, orbital motions caused by
waves were able to effectively penetrate through the canopy, inducing wave-enhanced
bottom shear stress (!! ). Within the seagrass meadow, !! was greater than the critical
stress threshold (= 0.04 Pa) necessary to induce sediment suspension 80 to 85% of the
sampling period in the winter and spring, but only 55% of the time in the summer. At the
unvegetated site, !! was above the critical threshold greater than 90% of the time across
all seasons. During low seagrass coverage in the winter, near-bed turbulence levels were
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enhanced, likely caused by stem-wake interaction with the sparse canopy. Reduction in τb
within the seagrass meadow during the summer correlated to a 60% reduction in
suspended sediment concentrations but in winter, suspended sediment was enhanced
compared to the unvegetated site. With minimal seagrass coverage, τb and wave statistics
were similar to unvegetated regions; however, during high seagrass coverage, sediment
stabilization increased light availability for photosynthesis and created a positive
feedback for seagrass growth.

INTRODUCTION
Seagrass meadows induce hydrodynamic drag on the flow that reduces water
velocities and attenuates wave energy (Ackerman and Okubo 1993; Bryan et al. 2007;
Carr et al. 2010; Gambi et al. 1990; Granata et al. 2001; Koch and Gust 1999; Peterson et
al. 2004). These plants also serve to shelter the seafloor from hydrodynamic shear
stresses (Bouma et al. 2009; Sand-Jensen 2008; Vogel 1981), which has been found to
reduce the resuspension of sediments (Carr et al. 2010; Gacia and Duarte 2001; Granata
et al. 2001; Ward et al. 1984). This has led to the view that seagrass meadows serve as
depositional environments for sediment (Gacia et al. 1999; Gruber and Kemp 2010).
Seagrasses require incident light radiation for growth (Duarte 1991); therefore, the
stabilizing effect they have on sediments, and the corresponding increase in light
penetration to the seafloor, creates a positive feedback for their growth (Carr et al. 2010).
Since the relative amount of open space within a meadow influences the magnitude of
bed shear reaching the seafloor, seagrass density can control the degree of sediment
resuspension (de Boer 2007). Though meadows are often net depositional, spatial and
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temporal variability within seagrass meadows can create localized enhancement of
sediment suspension and transport. Recent findings support a more dynamic seagrasssediment interaction, where sediment scouring occurs on the edge of meadows (Chen et
al. 2007), and low densities of seagrass can actually enhance sediment suspension
(Lawson et al. 2012). This switch from an erosional to depositional environment may
depend on the development of skimming flow over the meadow, where a shift can occur
from horizontal flow diversion around individual seagrass blades in low-density seagrass
systems (i.e., blades per square meter of seafloor), causing scouring around individual
shoots (Nepf 1999), to vertical diversion above the meadow, reducing water velocities
and turbulence adjacent to the bed within a high-density seagrass canopy (Lawson et al.
2012).
In addition to seagrass density, the magnitude of fluid shear stresses impacting the
seafloor in shallow-water environments can be controlled by whether flows are
dominated by tidal currents or orbital wave motion. The interaction between waves and
currents is nonlinear and leads to changes in the hydrodynamics and shear stresses
imposed on the seafloor from those expected under either condition independently (Jing
and Ridd 1996). Luhar et al. (2010) found that seagrasses caused only minor reductions
of in-canopy oscillatory motions produced by waves, in contrast to unidirectional flows
that can be significantly damped within a meadow. Typically, when waves are present, a
thin, oscillatory wave boundary layer develops that is more strongly sheared than one
formed under steady currents alone (Grant and Madsen 1979). This wave boundary layer
induces greater drag on the mean flow and increased bottom shear stresses. For waves
that are typically generated in fetch-limited shallow coastal bays, wave orbital motions
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decrease with depth and the magnitude of wave energy that reaches the seafloor depends
on the wave period, wave height, and water depth (de Boer 2007; Chen et al. 2007;
Fagherazzi and Wiberg 2009). Although wave energy attenuation increases with
increasing shoot density (Chen et al. 2007), the degree of flow reduction by the canopy
can also be a function of distance from the edge, and the depth at which the seagrass
resides below the surface (Fonseca and Fisher 1986; Verduin and Backhaus 2000).
Within a Thalassia testudinum seagrass meadow, the density of the canopy was important
in controlling mixing across the canopy-water interface (Koch and Gust 1999), and with
relative increases of wave- versus tidally-driven currents, near-bed velocities and shear
stresses increased. With waves, orbital motions cause the canopy to oscillate, which
limits the development of skimming flows, thereby enhancing the interaction of water
masses across the canopy-water interface and increasing bed shear stresses (Koch and
Gust 1999).
In temperate climates, Zostera marina meadows typically germinate in the fall,
between mid-October to November in the coastal bays of Virginia, USA (Moore et al.
1993; Orth et al. 2012), and flowering shoots mature in late spring to early summer
(May-June). The meadow reaches maximum blade density and coverage midsummer,
begins senescence in late summer, and has sparse coverage over the winter (Orth et al.
2012). The sloughing of leaves in the senescent seagrass meadow effectively thins the
meadow density and shortens the canopy height. Such changes to seagrass blade density
and height have been shown to influence fluid velocities within meadows (Fonseca and
Koehl 2006; Nepf et al. 2007), where canopy friction exhibits a strong positive
relationship to the percent of the water column that is occupied by the seagrass (Fonseca
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and Fisher 1986). In Gacia and Duarte (2001), resuspension of sediment was greatest
with minimum canopy development, while deposition occurred under maximum aboveground canopy biomass conditions. Studies also show that mixing rates and turbulent
kinetic energy are highly dependent upon seagrass density and areal cover of the canopy
(Granata et al. 2001; Hansen and Reidenbach 2012). These findings suggest that
throughout the year, the hydrodynamic regime and physical forces will vary greatly,
altering the rates and dynamics of sediment erosion and deposition.
Though flow dynamics in seagrass meadows have been investigated in a number
of studies; to date, most research has focused on observations conducted during the
summer under full-growth conditions, while few studies have considered how structural
and morphological changes that occur in seagrasses throughout the seasons of the year
impact flow and sediment suspension. In order to determine the effects of seasonal
growth and senescence of a seagrass meadow on hydrodynamics and sediment
suspension, a Z. marina meadow in South Bay, Virginia, was monitored in summer, fall,
winter, and spring conditions from June 2010 to June 2011 and compared to flow and
sediment dynamics occurring at an adjacent, primarily unvegetated region. The goals of

Fig. 3.1. Delmarva Peninsula,
USA showing the landmass,
barrier islands (grey), and
coastal bays. Labeled points
represent the Long-Term
Ecological Research (LTER)
station where wind data were
gathered, the unvegetated
reference site (unvegetated),
and the seagrass site (seagrass)
within the large Z. marina
meadow in South Bay, Virginia
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this study were to quantify the (1) seasonal variability of Zostera marina morphology
within a coastal bay, (2) flow and turbulence structure within and above the seagrass
meadow due to the combined influence of waves and tidally driven flows, and (3)
response of suspended sediment concentrations to variations in the magnitude of bed
shear stresses.

METHODS
Study area
Field studies were performed within a Z. marina seagrass (eelgrass) meadow in
South Bay, Virginia, USA (Fig. 3.1); a coastal bay within the Virginia Coast Reserve
(VCR) where ongoing seagrass restoration efforts are being performed (Orth and
McGlathery 2012). The VCR is characterized by contiguous marsh, shallow coastal bay,
and barrier island systems and is a National Science Foundation Long-Term Ecological
Research site. South Bay lacks any significant riverine discharge, and therefore turbidity
is primarily controlled by local resuspension. The shallow depth of South Bay, typically
< 2 m, makes the bed sediments susceptible to suspension from both wind waves and
tidal currents (Hansen and Reidenbach 2012). In addition, low pelagic primary
productivity in the coastal bays suggests that non-algal particulate matter primarily
controls light attenuation (McGlathery et al. 2001).
A high-density seagrass site and an adjacent unvegetated reference site within
South Bay were examined in June 2010 (summer), October 2010 (fall), January 2011
(winter), March 2011 (spring), and June 2011 (summer). Mean air temperature during
sampling within each season was 21, 20, 0, 7, and 24 °C, respectively. During June 2010,
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the total Z. marina cover in South Bay was estimated to be 1,020 ha (Orth et al. 2012).
The unvegetated site, located adjacent to the meadow containing very few, small patches
of seagrass, was monitored as a reference for flow characteristics in the absence of any
considerable benthic vegetation.
During each season, seagrass shoot density was measured in the field, while blade
length and the number of blades per shoot were measured in the lab from seagrass
collected at each site (Table 3.1), and canopy height was calculated as the average of the
longest 2/3 of the seagrass blade lengths (Koch et al. 2006). Blade width and the spacing
between blades were obtained via image analysis in ImageJ from pictures captured during
each season. In order to quantify the meadow structure, a metric was developed
incorporating the blade area and meadow density. Following Nepf (2012), frontal area is
defined as ah, where a = d/ΔS2, d is blade width, ΔS is the spacing between canopy
elements (i.e., seagrass blades), and h is the canopy height. Values for each season are
listed in Table 3.1.
Table 3.1. Zostera marina seagrass morphometrics for South Bay Virginia. n represents the number of
samples for each average. Values represent the mean and standard deviations. Canopy height represents
the average of the longest 2/3 of the seagrass blades sampled and frontal area is calculated as ah, where a
= d/ΔS2, d is blade width, ΔS is the spacing between canopy elements, and h is the canopy height

blade
length
(cm)

n

canopy
height
(cm)

n

density
(shoots
m-2)

n

blade
width
(cm)

n

blades/
shoot

n

frontal
area

Jun
2010

21±8

158

25±5

105

560±70

9

0.3±0.1

19

4.8±1.3

33

2.9±1.3

Oct
2010

19±7

59

23±5

39

350±50

6

0.2±0.1

25

3.0±0.9

20

0.7±0.3

Jan
2011

13±7

52

16±5

34

310±60

4

0.2±0.1

20

2.6±1.0

20

0.3±0.1

12±5

91

15±3

60

350±90

6

0.2±0.1

20

4.0±1.4

20

0.5±0.3

23±11

93

29±8

62

440±140

10

0.2±0.1

82

4.2±1.2

22

1.3±0.9

Mar
2011
Jun
2011
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Instrumentation
Two acoustic Doppler velocimeters (ADV, Nortek® Vector), coupled with optical
backscatter sediment sensors (OBS, Campbell Scientific® OBS 3+), were placed at z =
0.5 and 0.1 m above the seafloor at the seagrass and unvegetated sites to quantify velocity
and suspended sediment concentrations for a 72-h period. Measurement heights were
chosen to obtain fluid velocities and sediment concentrations both within and above the
seagrass meadow. In order to prevent seagrass from interfering with the measurements, a
0.15-m diameter patch of grass was removed from below each sensor head. Velocities
were measured at each site in 10-min bursts every 20 min at a sampling rate of 32 Hz.
Instantaneous velocity measurements were collected in the east, north, and up reference
frame using the internal compass and tilt sensors of the velocimeters, and then rotated for
each burst interval to align the flow along the dominant flow direction, u, while
minimizing flow in the transverse direction, v, and leaving the vertical direction, w,
unchanged. Each ADV was equipped with a pressure sensor, which was used to
determine the water depth and characterize the wave climate with parameters such as
significant wave height (Hs), average wavelength (L), and wave period (T) using linear
wave theory (Dean and Dalrymple 1991). To obtain general flow characteristics at each
site, a high-resolution Nortek Aquadopp© acoustic Doppler current profiler (ADCP)
measured water velocities in 3-cm bins, between 0.2 and 1.0 m above the bottom at a
sampling rate of 1 Hz for 10-min bursts every 20 min. During each season, two ADVs
along with two OBSs were placed within the seagrass meadow for 72 h, then moved to an
adjacent unvegetated seafloor for 72 h. During instrument deployments within the
seagrass meadow, an additional ADCP and OBS sediment sensor were simultaneously
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deployed at the unvegetated site to collect water velocities, water depth, and suspended
sediment concentrations. Wind data were obtained from a meteorological station in
Oyster, VA, USA located approximately 4 km from South Bay.
Calibrations to relate backscatter intensity obtained from the OBS to suspended
sediment concentrations were performed using sediment collected from the seagrass
meadow and unvegetated site (technique described in Hansen and Reidenbach 2012).
Sediment grain size distributions were characterized using a laser diffraction particle size
analyzer (Beckman Coulter LS I3 320). D84, the grain size diameter for which 84% of the
sample grain diameters are smaller, at the unvegetated site was 157 ± 7 µm; while at the
seagrass site, sediments were finer at 130 ± 17 µm.

Wave-turbulence decomposition
In flows with both currents and waves, the covariance in velocity associated with
waves is often larger than that associated with turbulence, and a wave-turbulence
decomposition must be performed. When waves and currents are present, the
instantaneous horizontal and vertical velocities can be written as:

u = u '+u~ + u
~+w
w = w'+ w

(1)

where ! and ! are the horizontal and vertical components of the mean velocity, ! and !
are the wave-induced orbital velocities, and !′ and !′ are the turbulent velocities. Most
methods of wave-turbulence decomposition rely on two or more spatially separated
velocity sensors to decouple wave motion from that of turbulence (Trowbridge 1998), or
use simultaneous free surface displacement and velocity measurements to estimate wave
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motion at depth (Benilov and Filyushkin 1970). Although these methods work well over
relatively smooth beds, neither
technique can be applied where bed
topography significantly alters
oscillatory flow structure outside the
relatively thin wave-boundary layer.
A method of wave-turbulence
decomposition that can be employed
within seagrass systems uses a spectral
decomposition, known as the Phase
method (Bricker and Monismith 2007),
where the phase lag between the u and
w components of the surface waves

Fig. 3.2. Power spectral density (PSD) of the
horizontal velocity, Suu, for a 10-min representative
data series computed at z = 0.5 m at the seagrass
site. The region encompassing the wave peak is
denoted by the solid circles, while the squares
represent the region of the spectra outside the wave
domain. The grey solid line represents the least
squares fit to the data outside the wave domain. The
wave component of the stress,
, is removed by
subtracting the PSD formed above the grey line that
encompasses the region of the wave peak

from one velocity sensor are used to interpolate the magnitude of turbulence under the
wave peak. In this method, the turbulent Reynolds stress can be quantified as the
difference between the total stress and the wave stress (Hansen and Reidenbach 2012):

~
u' w' = uw − u~w

(2)

Both the total stress and wave stress can be computed from the Fourier transforms of the
individual velocity components, u and w. For example, the wave stress becomes:

~=
u~w

j=N / 2

~* ~

∑U W
j

j

(3)

j =− N / 2

where Uj = U(fj) is the Fourier transform of u(t) at the frequency fj and * denotes the
complex conjugate of Uj, which is multiplied by Wj, the Fourier transform of w(t) at the
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frequency fj. Equation 3 assumes that waves and turbulence do not interact, and the
magnitude of !! is the difference between the raw Uj and the turbulence !′! that is
interpolated below the wave peak via a least squares fit straight line, as shown in Fig. 3.2.
The same method was used to solve for !! . Since waves dominate the spectra under the
wave peak, this method also assumes that the phase difference between u and w is
dominated by the wave flow. Estimates for !" were computed in a similar manner as Eq.
3 by using the full spectrum Uj and Wj. Estimates of !′!′ from the Phase method were
compared to the Benilov and Filyushkin (1970) method outside regions impacted by the
seagrass canopy and agree to within ± 10% !′!′.
For time periods when waves were present, the horizontal wave orbital velocity,
uos, was calculated by summing the contributions from wave spectra across each
frequency component of the horizontal and transverse velocity, u and v (Wiberg and
Sherwood 2008). uos is equivalent to the root mean squared orbital velocity and was
computed both at z = 0.5 and 0.1 m. Techniques for wave-turbulence decomposition and
estimating uos are described more fully in Hansen and Reidenbach (2012).

Bottom shear stress
The total bed shear stress, !! , was calculated as the square root of the sum of the
squares of the bed stress due to waves, !!"#$ , and currents, !!"##$%& (Wiberg and Smith
1983), from wave orbital velocity and turbulent kinetic energy measured at z = 0.1 m
above the seafloor:
!! =

!
!
!!"#$
+ !!"##$%&

(4)
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Bottom shear stress due to waves was calculated from Fagherazzi and Wiberg (2009):
!

!!"#$ = ! !! !!!!

!! = 0.04

!! ! !!.!"

(5)

!!!!

where fw is the wave friction factor, kb is the characteristic roughness length estimated as
3D84 (Lawson et al. 2007), and ub is the bottom orbital velocity, which was approximated
using estimates of uos computed at z = 0.1 m. The current shear stress was estimated as
(Stapleton and Huntley 1995; Widdows et al. 2008):
!!"##$%& = !!∗!!"##$%& = 0.19! !"#

(6)

where TKE is the turbulent kinetic energy calculated from the turbulent portion of the
velocity spectrum:
!"# = 0.5(!! ! + ! ! ! + ! ! ! )

(7)

Values of TKE were used to estimate shear stress instead of Reynolds stress (where

τ = − ρ u ' w' , commonly called the covariance method) because the covariance method
assumes a logarithmic velocity profile has formed within an equilibrium boundary layer,
which is rarely observed within a seagrass canopy. Although waves can alter Reynolds
stress and TKE in the presence of a mean current (Grant and Madsen 1979), previous
findings within South Bay (Hansen and Reidenbach 2012) suggest only minor alteration
in the magnitude of TKE in the presence of small-amplitude wind waves, and therefore
Eq. 6 can be reasonably applied.

RESULTS
Average blade length and canopy height for each season are listed in Table 3.1,
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Fig. 3.3 (a) Wind speed, arrows denote the direction toward which the wind is blowing, with
northward up and eastward to the right; (b) water temperature; (c) water depth at the seagrass site; (d)
root mean square horizontal water velocities averaged over 10-min burst intervals at z = 0.5 m above
the seafloor at the seagrass site; (e) significant wave height (Hs) over the seagrass meadow; and (f)
near-bed suspended sediment concentrations (SSC) within the seagrass meadow at z = 0.1 m. Breaks in
data represent periods when the instrument was out of the water, or in (e) when waves were not present

and were statistically greater in the summer (June) and fall (October) than in January and
March (one-way ANOVA with Bonferroni multicomparison, p < 0.05). Both the shoot
density (shoots per square meter) and blades per shoot were statistically lower in winter
than summer, creating a more patch-like distribution (one-way ANOVA with Bonferroni
multicomparison, p < 0.05). The blade frontal area decreased from a maximum value of
2.9 ± 1.3 during June 2010 to a minimum value of 0.3 ± 0.1 in January 2011.
Physical characteristics at the seagrass site for each season are shown in Fig. 3.3.
Hourly wind speeds ranged between 0.1 and 8.2 m s-1, while wind speeds averaged over
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the 3-day deployments varied from 1.7 to 3.3 m s-1 between seasons (Fig. 3.4). The
unvegetated site was 0.8 km to the
northwest of the seagrass site, and
fetch distances from each site to
surrounding barriers were mapped at
30° intervals. Wind directions were
variable between seasons, and
depending upon wind direction, fetch
Fig. 3.4. Average wind speed (± 1 standard
deviation) and direction at both the unvegetated and
seagrass sites for each season. Compass plots are
histograms of wind direction with concentric rings
each representing 20 vector samples and chords at
30° intervals

length ranged from 1 to 15 km at the
seagrass site and 0.9 to 16 km at the
unvegetated site. The range of fetch

lengths was not significantly different between sites (one-way ANOVA, p > 0.6). Water
temperature throughout the year ranged from 2.6°C during January 2011 to 28.1°C
during June 2011. Dominant tidal flow was along a northeast/southwest direction at both
the seagrass site and adjacent unvegetated site for all seasons. Mean depth at the seagrass
site was 1.1 m and at the unvegetated site was 1.4 m, while tidal amplitude ranged from
0.5 to 0.8 m (Table 3.2). Significant wave heights at the unvegetated site ranged on
average from 0.13 ± 0.05 to 0.21 ± 0.07 m throughout the year. At the seagrass site,
significant wave heights ranged from 0.10 ± 0.03 m during June to 0.18 ± 0.09 m during
January.
Seasonal variations in mean velocities above (z = 0.5 m) and within (z = 0.1 m)
the seagrass canopy and adjacent unvegetated reference site (z = 0.5 m) are shown in Fig.
3.5a. Mean velocities at the unvegetated site did not vary significantly at z = 0.5 m

!

57
Table 3.2. Temporal averages of suspended sediment concentration (SSC), ± 1 standard error, water
depth, and tidal amplitudes (± 1 standard deviation) during seasonal deployments at both an unvegetated
reference site and over the seagrass meadow

Seagrass
SSC
(mg l-1)

Seagrass
SSC
(mg l-1)

Unvegetated
SSC
(mg l-1)

z = 0.5 m

z = 0.1 m

z = 0.1 m

Jun
2010

33±3

26±2

Oct
2010

16±1

Jan
2011
Mar
2011
Jun
2011

Seagrass
Depth
(m)

Seagrass
Tidal
Amplitude
(m)

Unvegetated
Depth
(m)

Unvegetated
Tidal
Amplitude
(m)

57±3

0.99±0.43

0.57±0.11

1.49±0.55

0.73±0.12

19±1

15±2

1.04±0.59

0.83±0.08

1.44±0.49

0.62±0.11

21±2

33±3

17±1

1.07±0.42

0.59±0.04

1.38±0.57

0.81±0.05

23±2

27±2

25±2

1.15±0.49

0.65±0.09

1.27±0.41

0.52±0.03

21±2

17±2

50±1

1.04±0.49

0.67±0.09

1.50±0.51

0.68±0.06

between seasons (one-way ANOVA, p = 0.18). Within the seagrass meadow, velocities
were significantly smaller during the summer (June 2010, 2011) than at any other time of
year (one-way ANOVA with Bonferroni multicomparison, p < 0.05). In addition, there
was a significant difference between the velocities measured at the seagrass and
unvegetated sites during every season (one-way ANOVA with Bonferroni
multicomparison, p < 0.05), with the greatest reduction in flow between the two sites
occurring during the summer (55 to 60% at z = 0.5 m) and least reduction during winter
(40% at z = 0.5 m). Figure 3.5b shows that as frontal area increases, so does the percent
velocity reduction within the canopy (at z = 0.1 m) compared to above (at z = 0.5 m).
Average velocity reduction across all seasons between z = 0.1 and 0.5 m at the
unvegetated site was 44%. At the unvegetated site, a logarithmic flow profile developed
throughout the entire bottom boundary layer. However, at the seagrass site, greater
attenuation of velocity occurred adjacent to the seafloor due to flow interaction with the
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Fig. 3.5. (a) Average velocities ( 1 standard error) at z = 0.5 m above the seafloor at the
unvegetated reference site, at z = 0.5 and 0.1 m at the seagrass site, measured simultaneously. (b)
Percent velocity reduction (± 1 standard error) within the seagrass canopy (at z = 0.1m) compared to
above the canopy (at z = 0.5m). Secondary y-axis represents the seagrass canopy frontal area per unit
area of seafloor (± 1 standard deviation)

meadow, creating an inflection point in the velocity profile at the top of the seagrass
canopy (Fig. 3.6), which was strongest during summer.

Waves and orbital motion
Waves in South Bay were
locally developed wind waves with
average wave periods (T) ranging
from 1.4 to 1.9 s. Significant wave
heights (Hs) ranged from 0.10 to 0.21
m during sampling at both sites, but
were smaller over the seagrass
meadow than the unvegetated seafloor

Fig. 3.6. Vertical profiles of horizontal velocity
averaged over a single ebbing tide at the unvegetated
and seagrass sites during simultaneous deployments
in June 2011. Horizontal line represents the canopy
height

for all seasons except winter, even
though wind speeds were statistically similar within each season (Fig. 3.7, one-way
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Fig. 3.7. (a) Significant wave period, T, and (b) significant wave height, Hs, for each season
calculated from linear wave theory (± 1 standard error). Asterisks (*) above graphs indicate values
are statistically different between the unvegetated and seagrass sites within the season

ANOVA, p > 0.08). In addition, the reduction of Hs and T in the seagrass meadow scaled
with increased seagrass canopy area, where the largest difference in Hs and T between the
seagrass meadow and unvegetated site occurred during the summer. Wave development
depends not only on frictional interaction with benthic vegetation, but also on wind speed
and water column depth. Significant wave height and period plotted against wind speed
(Fig. 3.8a,b) show that waves were larger and had longer periods over the unvegetated
seafloor than over the seagrass meadow for any given wind speed except for weak wind
conditions (≤ 2 m s-1) where there was no statistical difference in Hs (one-way ANOVA,
p > 0.05). Additionally, both significant wave height and wave period were lowest for the
fully developed meadow in the summer for all wind speeds. Wave height and period also
increased with increasing water depth, but for any given water depth, waves were larger
and had longer periods at the unvegetated site than compared to the seagrass site for all
seasons of the year (Fig. 3.8c,d) except for January. In general, wave dynamics within the
seagrass canopy matched the unvegetated site most closely during January, when
seagrass cover was minimal.
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Fig. 3.8. (a) Average wave period, T, and (b) significant wave height, Hs, plotted as a function of
wind speed (± 1 standard error). (c) Average wave period, T, and (d) significant wave height, Hs,
plotted as a function of water depth (± 1 standard error). Data collected at the seagrass site during
each season were averaged using a running mean with a 0.8 m s-1 averaging window for wind speed
and 0.2 m for water depth. Solid black line represents best-fit line for all seasons at the unvegetated
site

Horizontal orbital velocities (uos) above and within the meadow were computed
using spectra of the horizontal wave motions. As expected, during all seasons orbital
motions were greater at z = 0.5 m than at z = 0.1 m due to natural attenuation of shortperiod waves with depth (Fig. 3.9). Orbital motions were highest within the seagrass
meadow in January and March when larger waves were able to develop due to the low
percent cover of the seagrass. In January, the absence of seagrass cover also allowed
longer period waves to develop (shown in Fig. 3.7a). In summer (June 2010 and June
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2011), wave periods and orbital velocities were decreased, suggesting that the significant
seagrass structure attenuated wave development over the meadow.
To determine the extent to
which reduction of wave orbital
velocities within the seagrass canopy
was due to natural attenuation with
depth or interaction with the seagrass
blades, orbital velocities (uos)
computed through velocity spectra
Fig. 3.9. Horizontal orbital velocities, uos, above (z =
0.5 m) and within (z = 0.1m) seagrass meadows
from spectral analysis, as well as expected orbital
velocities, uom, calculated via linear wave theory.
Linear wave theory predictions were never
significantly greater than horizontal orbital
velocities measured from spectral analysis (one-way
ANOVA, p < 0.05). Error bars represent ± 1
standard error

were compared with estimates of wave
orbital velocities (uom) using pressure
sensor measurements from the ADV.
From linear wave theory for small

amplitude, monochromatic waves, the horizontal component of orbital velocity, uom, was
computed as (Dean and Dalrymple 1991):

uom =

π H s cosh(kz)
T sinh(kh)

(8)

where Hs is the significant wave height, k is the wave number such that k=2π/L where L
is the wavelength, T is wave period, z is the location above the seafloor, and h is the
water column depth. The wavelength, L, was calculated according to linear wave theory
for intermediate waves as: ! = !! tanh(

!!!
!!

!

), where !! = !! ! ! .

Linear wave theory assumes the bed is frictionless and therefore, estimating wave
orbital velocity decay with depth using linear wave theory (Eq. 8) and comparing it to
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computed orbital velocities using local velocity measurements within the canopy (uos)
should indicate the relative dampening of wave orbital velocity due to frictional
interaction with the seagrass canopy. At the seagrass site, the orbital motion predicted by
linear wave theory at z = 0.1 m within the seagrass canopy was not significantly greater
than that quantified through velocity spectra during any season of the year (one-way
ANOVA, p > 0.05), suggesting that seagrass did not have a significant impact on the
attenuation of wave orbital motion with depth (Fig. 3.9). This suggests that although
seagrass attenuates the amplitude of waves as they propagate across the meadow, orbital
motions are not attenuated due to direct interaction with the seagrass blades within the
canopy.
The power spectral density (PSD) of horizontal velocities, Suu, was examined to
quantify the relationship between meadow structure, wave period, and turbulence
intensity (Fig. 3.10). The velocity time series from each season was first filtered to select
for wave-influenced periods, where the wave portion of the PSD accounted for greater
than 10% of the total energy. The frequency spectrum was then averaged over the
remaining time series to obtain the average frequency distribution in each season. Figure
3.10a shows spectra comparing the unvegetated and seagrass sites in June 2011 while
Fig. 3.10b shows spectra for January 2011. Although velocity measurements were not
measured simultaneously within the seagrass and unvegetated sites, winds were
comparable within each season, and therefore, wave statistics can be generally compared.
The reduced magnitudes of Suu within the seagrass meadow were indicative of lower
turbulent energy compared to the unvegetated site, with greater reductions in Suu
occurring in the summer. Peaks in the spectra that occur between f = 0.2 and 1 Hz were
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Fig. 3.10. Power spectral density (PSD), Suu, for periods with wave activity for (a) June 2011 and (b)
January 2011. Spectra were formed by averaging individual spectra, of length n = 2048 velocity
records, over time periods when the wave portion of the PSD accounted for greater than 10% of the
total energy of the flow. Peaks in the PSD between frequencies (f) of 0.2 ≤ f ≤ 1 Hz represent water
motion due to waves. Flattening of the spectra at high frequencies (f > 5 Hz to 10 Hz) represents the
noise floor of the instrument

due to orbital wave motion and indicated that wave energy was reduced within the
meadow during June compared to the unvegetated site (one-way ANOVA, p < 0.05), but
was not significantly reduced during January (one-way ANOVA, p = 0.98). In addition,
wave motion at low frequencies was reduced within the seagrass meadow in June (0.3 < f
< 0.6 Hz) compared to the unvegetated site, but was not substantially altered during
January; all suggesting that under high seagrass meadow development, both wave heights
and wave periods were reduced.

Turbulence and momentum transport
After removal of orbital motions due to waves, Reynolds stresses were calculated
from the turbulence portion of the velocity spectrum at z = 0.5 and 0.1 m within the
seagrass meadow (Fig. 3.11). Reynolds stress was then normalized by ΔU2, which is
defined as the difference between velocities measured at z = 0.5 and 0.1 m (ΔU = U0.5m U0.1m). The greatest reduction of within-canopy Reynolds stress occurred in June, when
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the canopy frontal area was greatest. In October, during initial senescence of the meadow,
turbulence levels increased within the canopy, and in January and March, when the
meadow frontal area was minimal,
enhanced turbulence within the
canopy was measured relative to
above (at z = 0.5 m). Compared to
the unvegetated site, the most
dramatic reductions of within-canopy
Reynolds stress occurred in summer,
with enhanced Reynolds stresses in
winter. The absolute magnitude of
Reynolds stress followed these same

Fig. 3.11. Reynolds stress for turbulence portion of
velocity spectrum above (z = 0.5 m) and within (z =
0.1 m) the seagrass meadow and at the unvegetated
site (z = 0.1 m). Reynolds stress is normalized by
ΔU2, which is defined as the difference between mean
velocities measured at z = 0.5 m and 0.1 m, ΔU=
U0.5m-U0.1m. Error bars represent ± 1 standard error

normalized trends throughout the
seasons at both the unvegetated and seagrass sites.
To determine how turbulent fluctuations contribute to the transport of momentum
throughout the bottom boundary layer, quadrant analysis was performed. Velocity
fluctuations, !′ and !′, were normalized by their respective standard deviations and
divided into four quadrants based on the sign of their instantaneous values (Lu and
Willmarth 1973). The two dominant quadrants responsible for momentum transfer are
quadrant 2 (Q2), where turbulent ejections of low momentum fluid are transported
vertically upward (!′ < 0, !′ > 0), and quadrant 4 (Q4), where sweeping events transport
high momentum fluid downward towards the seafloor (!′ > 0, !′ < 0). These ejections
and sweeps lead to periodic mixing across the seagrass canopy-water interface.
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Fig. 3.12. Quadrant analysis of the probability density functions (pdfs) of !′ and !′ distributions
normalized by their standard deviation at (a) z = 0.1 m above the seafloor at the unvegetated site
and (b) z = 0.1 m at the seagrass site, which shows the dominance of turbulent sweeping events in
quadrant 4

Contours of the turbulent probability distribution function (pdf) are shown in Fig. 3.12
for turbulent motions at z = 0.1 m at the unvegetated and seagrass sites in June 2011
during periods with no wave action (i.e., energy within the wave portion of the PSD
accounted for less than 10% of the total energy). At the unvegetated site, the distribution
of momentum was balanced between Q2 and Q4 with Q1 (16%), Q2 (33%), Q3 (16%),
and Q4 (35%). In comparison, at the seagrass site, the distribution was Q1 (11%), Q2
(26%), Q3 (10%), and Q4 (53%). These sweeping events transport high momentum fluid
down into the meadow from the overlying water. The combined Q2 and Q4 contributions
accounted for 79% of the total Reynolds stress in the seagrass canopy, compared to 68%
at the unvegetated site. This indicates that though Reynolds stress was smaller within the
seagrass canopy, turbulent motions were more efficient in the vertical transport of
momentum compared to the unvegetated site. The increasing shift toward motion in Q2
and Q4 also correlated with increasing canopy frontal area. In January and March,
combined Q2 and Q4 shifts are 74 and 73%, respectively, at z = 0.1 m. With increased
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seagrass canopy development in the summer, contributions to Q2 and Q4 increased to 87
and 79% during June 2010 and 2011.

Bottom shear stress and suspended sediment dynamics
The total stress imparted to
the seafloor was quantified using a
combined bottom shear stress, !!
(Eq. 4), calculated as the square root
of the sum of the squares of the shear
stress due to waves, !!"#$ (Eq. 5),
and due to currents, !!"##$%& (Eq. 6;
Wiberg and Smith 1983). Over the
unvegetated seafloor, shear stress
was consistently greater than that
produced within the seagrass
meadow (Fig. 3.13a). At the seagrass
Fig. 3.13. Bed shear stress,

, at the (a) unvegetated

site and (b) seagrass meadow. Horizontal line within
the box indicates median
, while the lower and
th

site, !! was largest during January
(Fig. 3.13b) and lowest in the

th

upper edges of the box represent the 25 and 75
percentiles, respectively. Whiskers extending from
the box indicate the minimum and maximum
measured
. Horizontal red line across both plots
represents the critical stress threshold for the
suspension of sediment. Average suspended sediment
concentrations (± 1 standard error) measured at z =
0.1 m above the seafloor are plotted in green with the
secondary y-axis

summer.
Although the critical shear
stress that can initiate sediment
resuspension was not directly
quantified in South Bay, estimates
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within Hog Island Bay, which is directly adjacent to South Bay in the VCR, were
performed by Lawson et al. (2007) and found to be !!" = 0.04 N m-2 over unvegetated
sites adjacent to seagrass meadows. This value is in agreement with !!" = 0.05 N m-2
found by Widdows et al. (2008) for unvegetated seafloor sediments in the North Sea,
where adjacent Z. marina meadows had a !!" = 0.07 N m–2. Increased abundances of
microphytobenthos and lower densities of grazers were found to be the cause for
increased sediment stabilization within the Z. marina meadow. This suggests that !!" =
0.04 N m–2 is likely a reasonable estimate for unvegetated regions and a conservative
estimate for the eelgrass meadow in South Bay. To determine the influence of the
meadow on sediment suspension, shear events with magnitudes greater than this critical
shear stress necessary for sediment suspension were isolated. At the unvegetated site,
greater than 90% of the deployment times had bed shear that was sufficient for initiating
sediment suspension. Within the seagrass meadow, bed shear was greater than critical
shear stress for 55% of the deployment time period in the summer and fall, while winter
and spring had bed shear stresses that exceeded the critical stress threshold 80 to 85% of
the time. Corresponding reductions in suspended sediment concentrations (SSC) at the
seagrass site, as compared to the unvegetated site, were highest during the summer (60%
reduction). During the spring, the magnitude of SSC within the canopy was not
significantly different than that near the seafloor at the unvegetated site (at z = 0.1 m,
one-way ANOVA, p > 0.48). Interestingly, in winter SSC was significantly enhanced, up
to two times (one-way ANOVA, p < 0.05) in the seagrass meadow compared to the
adjacent unvegetated site (Table 3.2).
A two-dimensional PSD of horizontal velocities is shown for the seagrass site in
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Fig. 3.14a for frequencies between 0 and 2 Hz. This plot includes the tidally-dominated
contributions to the spectra at small frequencies (i.e., f < 0.3 Hz), as well as the wave
component of the PSD, which
typically span the range 0.3 < f < 1
Hz. Peak wave frequency at high
tide was approximately f = 0.5 Hz (T
= 2 s), but as the water depth
decreased, peak wave frequency
increased to approximately f = 1 Hz,
indicating a reduction in the peak
wave period to T = 1 s. Time periods
Fig. 3.14. (a) Two-dimensional power spectral density
of horizontal velocities at z = 0.1 m above the seafloor
at the seagrass site during March 2011. Black lines
indicate!! = !!/[4!(ℎ − !)], the frequency (f) at
and above which linear wave theory predicts wave
motion is attenuated due to water depth. Regions with
no data were during low tide when the velocimeter
had poor signal quality. (b) Corresponding suspended
sediment concentrations (SSC) at z = 0.1 m,
indicating correlation between periods of high wave
activity and increased SSC

with highest wave energy (i.e., high
PSD in the wave band 0.3 < f < 1
Hz), corresponded closely to time
periods with enhanced SSC (Fig.
3.14b). A Pearson linear correlation

factor, defined as the covariance of two variables divided by the product of their standard
deviations, was computed to determine the relationship between suspended sediment and
orbital motion near the seafloor. At the seagrass site, SSC values near the seafloor (z =
0.1 m) were positively correlated with wave orbital velocities in all seasons, with
correlation factors ranging from 0.47 to 0.67 (p < 0.05). However, enhanced SSC values
were not significantly correlated to enhanced mean currents, indicating waves were the
dominant mechanism initiating sediment resuspension.
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DISCUSSION
Z. marina meadows within a Virginia coastal bay were found to substantially
lower overall mean currents compared to an adjacent unvegetated site’s flow conditions
during all seasons of the year. Average velocities were 1.6 to 2.4 times lower at the
seagrass site than at the unvegetated site even though tidal amplitude was statistically
similar (average tidal amplitude during deployments at the seagrass site was 0.67 ± 0.10
m and at the unvegetated site was 0.67 ± 0.11 m; Table 3.2).
Near-bed flows within the seagrass meadow were dramatically reduced, but
varied seasonally in response to seagrass canopy area as expected. Yearly averaged, mean
velocity at z = 0.1 m at the unvegetated site was 9.2 cm s-1, while mean flow at the
seagrass site was 2.6 cm s-1. The greatest flow reduction within the canopy compared to
above occurred during June, while the smallest within-canopy flow reduction occurred in
January. This agrees with predicted shear layer development, where shear layers are
expected to form when ah > 0.1 (Nepf 2012). In shear layers, velocity profiles above the
meadow become logarithmic (Kaimal and Finnigan 1994), while velocities rapidly
decrease within the canopy, creating an inflection point near the canopy-water interface.
Due to seasonal changes in seagrass cover, altering both the canopy height and canopy
frontal area, the precise location of an inflection point could not always be determined.
However, ah > 0.1 occurs during all seasons of the year, with ah > 1 in the summer. For
sparse canopies, a coherent canopy shear layer is not formed, rather, characteristics of
both shear layer and rough-wall boundary layers are present, with reduced shear layer
development occurring as flow velocity increases (Lacy and Wyllie-Echeverria 2011).
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When ah > 1, the canopies become essentially cutoff from overlying flow (Luhar et al.
2008), dramatically reducing within-canopy velocities.
Tidally- and wave-dominated flows were separated using the magnitude of power
density within the wave band of the frequency spectra. In the fully developed canopy in
the summer, normalized Reynolds stress within the canopy was reduced by 75 to 85%
compared to measurements at the same elevation of z = 0.1 m at the unvegetated site. The
highest turbulence levels within the seagrass meadow were found at the lowest seagrass
canopy frontal area, and Reynolds stress was greater within the canopy than above in the
winter and spring. Turbulence enhancement can be caused both by reduced stem density
that can increase stem-generated wake turbulence (Nepf et al. 1997; Widdows et al.
2008), or by a reduction in meadow height, causing an intensification of turbulence closer
to the seafloor from the fluid shear layer formed at the top of the canopy (Abdelrhman
2003; Gambi et al. 1990). Additionally, in sparse canopies, significant turbulence can be
generated by flow interaction with the seafloor (Lacy and Wyllie-Echeverria 2011). Both
blade length and density contribute to changes in frontal area. Luhar et al. (2008) found
that when frontal area is substantially greater than ~ 0.1, the canopy acts as a dense
canopy. In dense canopies, within-canopy turbulence and flow are significantly reduced
and roughness length-scales decrease with increasing frontal area due to the mutual
sheltering of individual canopy elements (Luhar et al. 2008). When the frontal area
reaches approximately ≥ 1, flow is almost entirely displaced above the canopy,
substantially limiting turbulence that can contribute to sediment resuspension (Luhar et
al. 2008). Luhar et al. (2008) also noted that by reducing the momentum penetration, a
dense canopy shelters itself from high flow, which is critical during extreme events such
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as floods, and the reduction in bottom stress associated with dense canopies can stabilize
the bed and improve water clarity. Our results indicate that under summer conditions, the
Virginia seagrass meadow was acting as a dense canopy (frontal area of 1.3 to 2.9),
which both reduced bottom stress and stabilized sediments compared to the unvegetated
seafloor. Although there is a transition region for canopies with frontal areas between 0.1
and 0.5, Luhar et al. (2008) found when frontal area is less than ~ 0.1, the canopy acts as
a sparse canopy. In sparse canopies, the flow penetrates throughout the entire canopy and
turbulence intensities increase with frontal area, as stem-wake flow interactions are
enhanced (Raupach et al. 1996). Our results in winter (frontal area of 0.3 ± 0.1, within the
transitional region) agree with conditions found for a sparse canopy, which include flow
penetration through the canopy and increased turbulence intensities contributing to
enhanced bottom shear stress and sediment suspension compared to the unvegetated site.
Quadrant analysis indicated that during all seasons, turbulent motion within the
meadow was dominated by sweeping events of momentum, suggesting turbulence was
generated at the shear layer at the top of the canopy and momentum transport occurred
into the canopy. Although the magnitude of turbulence within the canopy was reduced
with increased seagrass coverage, the efficiency of momentum transport increased, as
evident from the greater relative contributions from both ejection and sweep motions of
turbulent eddies transporting momentum into the canopy. Strong sweep motions into the
canopy were also observed by Ghisalberti and Nepf (2006), who found that sweeps were
followed by weak ejection events (!′ < 0, !′ > 0) that occurred at frequencies twice that
of the dominant frequency of the coherent vortex formed at the top of the canopy.
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Wave interaction with the seagrass canopy
Wave periods and significant wave heights were computed from pressure records
obtained from the ADVs at a sampling rate of 32 Hz. Wave periods at all sites ranged
between 1 and 4 s, representing wind generated gravity waves. Over the year, there was a
35% reduction in Hs at the seagrass site compared to the unvegetated site. Most of this
reduction occurred during the summer, with no statistical difference in Hs during the
winter. As evident from PSD graphs (Fig. 3.10), waves were not monochromatic and
typically spanned a range of frequencies between f = 0.3 to 1 Hz. When comparing
attenuation of wave energy within this wave portion of the PSD, the largest reductions in
wave motion within the seagrass bed compared to the unvegetated site occurred at low
frequencies during the summer. Bradley and Houser (2009) found that waves at T ~ 2.6 s
were relatively unaffected by seagrass, but higher frequency waves (T ~ 1.5 s) caused
seagrass blade movement that tended to be out of phase with wave motion, increasing
frictional drag and wave energy attenuation. Waves in our study tended to be of shorter
period, and most of the attenuation in wave energy occurred between wave periods of T =
1.4 to 2.0 s. Although blade movement was not quantified in our study, this attenuation is
within the same frequency range as that found by Bradley and Houser (2009).
The ratio of wave orbital excursion length (A) to blade spacing (ΔS) can also be
used to indicate the significance of wave orbital motion reduction within the canopy
(Lowe et al. 2005a). As per Lowe et al. (2005a), A = uos/ω, where uos is the wave orbital
velocity and ω = 2π/Τ, is the radian wave frequency estimated directly above the canopy
at z = 0.5 m. For A/ΔS > 1, the attenuation of orbital motion within the canopy is
significant. Our measurements show that A/ΔS ranged between 0.5 during summer and
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0.75 during winter. This indicates that orbital motions are not significantly altered due to
direct interaction with the seagrass blades, and although tidally driven flows may be
damped, oscillatory motion was able to effectively penetrate the seagrass canopy. This
finding is similar to laboratory measurements of flow structure within and above a model
Z. marina meadow (Luhar et al. 2010), which found that although unidirectional flows
were reduced within the meadow, in-canopy orbital velocities were not significantly
altered. This suggests that throughout the year, storm events, which tend to increase Hs
and T (Chen et al. 2005), may be effective at generating oscillatory flows through the
seagrass canopy. However, since attenuation in wave amplitudes across the seagrass
meadow is least effective during time periods of low canopy area, this may ultimately
lead to seasonal increases in sediment resuspension during winter, as sediment
suspension within the meadow was sensitive to wave oscillatory motion. Overall, at
minimum frontal area in winter, average velocities were reduced, but the meadow
behaved similarly to an unvegetated seafloor in regard to significant wave height, orbital
velocities, and bottom shear stress. This agrees with findings from Bradley and Houser
(2009) that attenuation of wave energy across a seagrass meadow is the result of the high
density of seagrass blades and the aerial extent of the canopy, not the drag induced by
flow interaction with individual blades.

Sediment suspension
Overall, seasonal changes in the meadow frontal area strongly influenced wave
development, bed shear stress, and subsequent sediment suspension in the seagrass
meadow. During the summer, SSC at the unvegetated site was roughly double that within
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the seagrass canopy, while similar SSC were found in March and October within and
outside the seagrass meadow. Many studies have also found that with increasing seagrass
density, sediment resuspension is limited and sediment deposition occurs (Granata et al.
2001; Ward et al. 1984). Likely, this is caused by a transition from dense canopy cover
during summer, where the canopy is essentially cutoff from the overflow, to a more
sparse canopy cover, where the flow, vertical momentum, and mass transport is more
vigorous (Luhar et al. 2008). In addition, under low canopy development in winter,
although the magnitude of bottom shear was similar within the seagrass meadow and the
adjacent unvegetated site, sediment suspension was enhanced within the meadow. This
agrees with previous studies that have shown at low densities, seagrass enhanced
sediment suspension through scouring (Bouma et al. 2009). Finer sediment grain sizes
were also found within the meadow, likely caused by enhanced deposition in summer.
Since finer-grained particles typically resuspend at lower critical shear stresses than
larger particles, this may have contributed to greater wintertime resuspension compared
to unvegetated sites under similar bed shear stress conditions.
Although seasonal changes occur, Gacia and Duarte (2001) concluded that
seagrass meadows often reduce resuspension rather than enhance deposition, as
deposition only occurred during the summer and was only slightly increased. In yearly
studies within a seagrass canopy undergoing restoration along the Virginia coast,
turbidity levels during June-July, when the meadow was at peak biomass, showed
significant reductions over a 10-year period with increased seagrass blade density and
overall canopy size (Orth et al. 2012). Z. marina meadows also depend on seed
production and germination in order to expand cover (Orth et al. 2006). Increased orbital
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motion, turbulence, and flow through the canopy can serve to distribute seeds in the
spring (Orth et al. 2012), and the transport of seeds and other resources may be
particularly important within the meadow’s transition periods of senescence in the fall
and growth in the spring/summer. During summer, flow reduction and sediment
stabilization can serve to decrease turbidity and enhance the available light for
photosynthesis (Carr et al. 2010, 2012), creating a positive feedback for seagrass growth.
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CHAPTER 4:
Fine-scale mixing and momentum transport within a Thalassia testudinum seagrass
meadow

ABSTRACT
Seagrasses serve an important function in the ecology of Florida Bay, providing
critical nursery habitat and a food source for a variety of organisms. They also create
significant benthic structure that induces drag, altering local hydrodynamics that can
influence mixing and nutrient dynamics. The seagrass Thalassia testudinum was
investigated to determine how shoot density and morphometrics alter turbulence and
wave effects on mixing processes and fluid retention times. The spatial structure of
velocity and turbulence was determined using an in situ particle image velocimetry (PIV)
system. Fluid retention times were calculated by measuring the passage of a dye plume
both above and through the seagrass meadows using a fluorometer. Sparsely vegetated
and densely vegetated meadows were monitored, with shoot densities of 260 ± 25 and
485 ± 80 shoots m-2, respectively. Results of flow structure show that a typical
logarithmic boundary layer does not form; instead a shear layer with an inflection point
of instability forms at the top of the seagrass canopy. This shear layer imparts substantial
turbulent mixing, and the depth of penetration of the turbulence into the seagrass meadow
is a function of blade morphology and shoot density. Flow velocity was reduced within
the canopy compared to ambient values, with 44% and 52% reductions in velocity at the
sparse and dense canopies, respectively. Reynolds stress was reduced 16% across the
canopy-water interface of the dense canopy, compared to a 10% vertical reduction at the
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unvegetated site, while enhanced Reynolds stress was present within the sparse canopy.
Fluid retention times within the canopy were found to vary with shoot density. However,
oscillatory motion due to waves generated flow within the canopy that penetrated to a
greater extent than unidirectional currents. Both shoot density and flow conditions were
important drivers controlling mixing across the canopy-water interface.

INTRODUCTION
Significant aboveground biomass is created by seagrass meadows, which serves
as an obstruction to flow, altering local hydrodynamics that influence the meadow’s
productivity (Peralta et al. 2006; Schanz and Asmus 2003), photosynthetic rates (Koch
1994), nutrient uptake (Cornelisen and Thomas 2009; Thomas et al. 2000), and sediment
dynamics (Bouma et al. 2009; Hansen and Reidenbach 2012, 2013; Koch 1999; Ward et
al. 1984). Aquatic plant communities rely on the delivery of nutrients from the
surrounding water column (Taylor et al. 1995), which must cross the canopy-water
interface. This is particularly important in Florida Bay, where uptake of nutrients occurs
near the mass-transfer limit (Cornelisen and Thomas 2009), and nutrient concentrations
in the water column tend to be low due to the subtropical environment. Canopy-scale
hydrodynamics are also important for the recruitment of larvae into suitable habitats
(Eckman 1983; Grizzle et al. 1996) and the reproduction and distribution of seagrass
meadows through the exchange of pollen across the canopy (Ackerman 1997; Ackerman
2002; Gaylord et al. 2004).
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At the top of the seagrass canopy, significant drag is imparted to the flow,

creating a discontinuity and displacing the logarithmic velocity profile vertically above
the canopy into the water column (Ghisalberti and Nepf 2004). At the canopy-water
interface, the discontinuity creates an instability point in the flow and a shear layer is
developed (Nepf 2012). These shear layers grow to a finite thickness (Ghisalberti and
Nepf 2002) effectively separating the canopy into an upper region of exchange, driven by
turbulent transport, and a lower region of limited transport, driven by stem-generated
turbulence (Lacy and Wyllie-Echeverria 2011). In the upper region, transport occurs
through the development of Kelvin-Helmholtz vortices created by the velocity profile
instability (Raupach et al. 1996). These eddy structures not only carry momentum across
the canopy-water interface, but also promote the exchange of dissolved gasses (Anderson
and Charters 1982) and nutrients (Cornelisen and Thomas 2009).
The density of the seagrass meadow will also influence the turbulence and shear
layer structure. As the density of the seagrass meadow increases, energy generated by the
Kelvin-Helmholtz vortices in the shear layer is lost more rapidly, shortening the
penetration depth of turbulence into the canopy (Ghisalberti and Nepf 2004). Within
sparsely vegetated canopies, velocity profiles can be logarithmic (Nepf 2012) or resemble
disturbed boundary layers (Cornelisen and Thomas 2009) where turbulence is enhanced
(Lacy and Wyllie-Echeverria 2011; Hansen and Reidenbach 2013; Lawson et al. 2012)
due to stem-wake interactions with individual seagrass blades. In contrast, dense canopies
resemble mixing layers (Cornelisen and Thomas 2009), which are formed when
velocities in two adjacent regions flow at different speeds separated by a shear region
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containing an inflection point (Raupach et al. 1996). Typically, turbulence below the
mixing layer is negligible (Finnigan 2000; Lacy and Wyllie-Echeverria 2011).
Expected biophysical interactions are altered in the presence of waves. Oscillatory
motion leads to movement of the seagrass blades, enhancing exchange (Koch and Gust
1999) and nutrient uptake (Lowe et al. 2005a). Low frequency waves penetrate the
meadow (Bradley and Houser 2009; Hansen and Reidenbach 2012), while high frequency
oscillatory flows are attenuated by the relative motion of the seagrass blades (Bradley and
Houser 2009). This reduces the ability of the meadow to attenuate flow velocity and
enhances turbulence at the canopy-water interface leading to greater mixing (Koch and
Gust 1999). Enhanced fluid penetration under oscillatory flows also increases mass
transfer in benthic canopies (Lowe et al. 2005b). Further, the interaction of the canopy
with wave-induced flows is density-dependent (Hansen and Reidenbach 2012), and the
ability for seagrass canopies to reduce within-canopy turbulence is decreased in wave
dominated flows (Hansen and Reidenbach 2012). Lowe et al. (2005b) determined not
only that oscillatory flow enhances mass transfer, but as shoot density increases,
increases in mass transfer become more pronounced relative to unidirectional flows.
Therefore, in both sparse and dense seagrass canopies, oscillatory flows should enhance
turbulence, mixing, and mass transport.
Seagrass meadows in Florida Bay, USA suffered a large die-off event in 1987
(Zieman et al. 1999), which resulted in the loss of more than 4,000 ha (Robblee et al.
1991) due to changes to the freshwater supply that increased hypoxia (Robblee et al.
1991), sulfide toxicity (Borum et al. 2005; Carlson et al. 1994), and salinity (Zieman et
al. 1999). The removal of seagrass leads to major changes in flow patterns (Fonseca and
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Fisher 1986), and therefore, in light of historic and proposed future alterations to the
Everglades and Florida Bay ecosystems, understanding the biophysical interactions
within the seagrass meadows that control mixing across the vegetated canopy is critical to
understanding their persistence in this environment. This study aims to investigate mixing
parameters by quantifying flow and turbulence development in relation to the seagrass
shoot density, as well as the vertical structure and efficiency of momentum transport. An
in situ particle image velocimetry (PIV) system was employed under both wave- and
current-dominated forcing. In the presence of waves, velocity data was analyzed using a
spectral wave-turbulence decomposition method (Hansen and Reidenbach 2012) to
obtain spatial velocity maps of the turbulence structure across varying density seagrass
canopies. Velocity, Reynolds stress, and the turbulent kinetic energy (TKE) budget were
quantified across two different density Thalassia testudinum seagrass canopies in Florida
Bay under both unidirectional and oscillatory flow conditions.

METHODS
Study area
Florida Bay is characterized as a shallow basin, bordered by the Florida Keys,
which separate the bay from the Atlantic Ocean to the east and the Gulf of Mexico to the
west, with small island keys present throughout the bay. The study area was contained
within the Everglades National Park, which has an area of 1800 km2 with 1660 km2 of
seagrass; with Thalassia testudinum being the major species of seagrass in the area
(Zieman et al. 1989).
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Fig. 4.1. Study sites, located in
Everglades National Park, near
Bottle Key and within Rabbit Key
Basin in Florida Bay, FL, USA.
Two separate T. testudinum
meadows, labeled Sparse and
Dense, and an additional
unvegetated site as a comparison
to flows in the absence of benthic
structure, located near the sparse
site, were monitored. Wind data
was obtained from two NOAA
data buoy meteorological stations,
labeled Long Key Met. Station
and Molasses Met. Station.
Florida Keys map adapted from
NOAA NGDC coastline extractor

Three locations within Florida Bay were chosen as study sites, two seagrass sites
of different seagrass shoot densities, and an unvegetated site to serve as a comparison
point for local flow conditions in the absence of considerable benthic structure (Fig. 4.1).
The northeast portion of Florida bay tends to have sparse, patchy T. testudinum seagrass
beds, while further South mixed beds of T. testudinum and Halodule wrightii are present
(Zieman et al. 1989). The unvegetated site and the sparsely vegetated T. testudinum
seagrass sites were 0.22 km apart, near Bottle Key, with the dense mixed T. testudinum
and H. wrightii seagrass site located 29.8 km to the Southwest, in Rabbit Key Basin.
Within the mixed bed, T. testudinum shoot density was approximately double that of H.
wrightii. This is similar to the historic ratio of H. wrightii to T. testudinum (before the
1987-1991 die-off), reported as 1:1.31 across Florida Bay, which was reduced to 1:13.31
by 1994 (Hall et al. 1999). Further, the projected frontal area (defined as ah, where a =
d/ΔS2, d is blade width, ΔS is the spacing between canopy elements (i.e., seagrass blades),
and h is the canopy height; Nepf et al. 2012) of H. wrightii in this study was only 2.3% of
that provided by T. testudinum where they co-exist, and therefore the impact of H.
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wrightii on the flow dynamics is expected to be minimal. Shoot densities reported in this
study represent that of the T. testudinum only. Experiments at each site were conducted
during consecutive weeks in September 2009.
Table 4.1. Thalassia testudinum. Morphometrics of two seagrass meadows in Florida Bay, FL.
Density was measured in situ via shoot counts within 0.25 m2 quadrats. Canopy height, blade
width, and inter-blade spacing were measured in the lab through image analysis using ImageJ
software on pictures taken in the field

Sparse
Dense

Canopy
Height (cm)
15.2±2.0
37 ± 4.8

n
66
50

Density
(shoots m-2)
259±26
484±78

n
10
10

Blade
Width (cm)
0.74±0.27
0.80±0.19

n
50
40

Inter-Blade
(cm)
1.28±0.62
1.13±0.55

n
200
160

Seagrass morphometrics
Seagrass density was measured at each site by counting the number of seagrass
shoots per 0.25 m2 quadrat placed on the seafloor. Seagrass blade length, blade width,
canopy height, and the spacing between blades were measured via image analysis of the
canopy with ImageJ software. Canopy height was defined as the average of the longest
2/3 of the blade lengths as per methodology in Koch et al. (2006). The seagrass meadows
had significantly different densities of 260 ± 25 shoots m-2 and 485 ± 80 shoots m-2 (oneway ANOVA, p < 0.05), which will therefore be referred to as the sparse and dense
seagrass sites to represent their relative shoot densities, and significantly different lengths
with averages of 33 ± 7 cm and 14 ± 2 cm (one-way ANOVA, p < 0.05), respectively
(Table 4.1). This “dense” site is on the lower range of that present within Florida Bay;
average short-shoot density across the Bay in 1994 was 565.7 ± 50.5 (±SE) (Hall et al.
1999), between 1989 and 1995 short-shoot density was between 518 ± 49 and 768 ± 33
(±SE) (Zieman et al. 1999), and in 2005 it was reported to range from 665 ± 139 to 1533
± 137, with shoot density near Rabbit Key at 1233 ± 190 (Borum et al. 2005). Since shoot
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densities were on the lower range of what may be expected in Florida Bay, but both had
frontal areas greater than would be characteristic of a “dense” meadow (ah > 1), the
designation of “sparse” and “dense” was used to represent their relative densities in this
study.

Instrumentation
Water velocities were measured using two Nortek Vector© acoustic Doppler
velocimeters (ADVs), and located with their 1 cm3 sampling volume at z = 0.35 m and z
= 0.15 m above the bed at the unvegetated site, z = 0.3 m and z = 0.1 m above the bed
(z/h = 2.0 and 0.7, where h is canopy height) at the sparse seagrass site, and z = 0.5 m and
z = 0.3 m above the bed (z/h = 1.4 and 0.8) at the dense seagrass site. This ensured that
when seagrass was present, the sample volumes were placed at the same position relative
to the top of the canopy for each of the two seagrass sites, with one placed 0.15 m above
and the other 0.05 m below the canopy. Velocity and pressure were recorded at 32 Hz for
10 min bursts every 20 min over a 72 hr period in order to obtain high-resolution
temporal data. The 10 min time interval was chosen as the best balance between
convergence of mean statistics, while minimizing drift due to changes in flow conditions
(Gross and Nowell 1983). Data were rotated in post-processing from earth coordinates,
east, north, and up, to align with dominant horizontal flow direction, u, minimizing the
transverse direction, v, while leaving the vertical, w, unchanged. Velocity values with
poor correlations were removed, often due to interference from drifting wrack or from
fish swimming below the sensors.
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Wind data was obtained from the National Data Buoy Center C-MAN stations at

Molasses Reef, FL (MLRF1) and Long Key, FL (LONF1). The Molasses Reef station
was located 19.75 km from the bare and sparse seagrass sites, and the Long Key Station
was 13.65 km from the dense seagrass site. Using a two-year data set (from 1989-1991),
Wang et al. (1994) analyzed wind data from Miami Airport, Key West, Flamingo, and
Molasses Reef and determined that wind is spatially coherent in Florida Bay. Therefore,
the large spatial scale of the wind data presented in this paper is likely representative of
overall wind speed and direction at the different sites. Wind direction and magnitude
were reported once every 10 min for each site.

Particle image velocimetry
In order to investigate physical processes occurring at the seagrass canopy-water
interface, small-scale velocity fields were examined using an underwater particle image
velocimetry (PIV) system (Liao et al. 2009). A 532nm, 300mW laser (Laserglow
Technologies), and a high definition video camera (Sony HDR-HC7), equipped with a
530 ± 10 nm bandpass filter (Omega Optical 530BP10) to remove ambient light, were
used to capture particle motion. A convex lens was used to spread laser light into a 2 mm
thick sheet oriented parallel to the flow. The water was seeded with neutrally buoyant
100 µm clay particles. Particle motion was recorded by the video camera over a 12 cm by
6 cm viewing window at 30 frames per second.
High definition videos were first translated into individual images, then sequential
image pairs were processed using a cross-correlation analysis to track particle motions
over time using MatPIV, a PIV analysis software program written for Matlab® (Sveen

!

85

and Cowen 2004). Particle tracking relies on pattern recognition between sequential
frames determined via Fast-Fourier transform:
M −1 N −1

R( s, t ) = ∑∑ I1i , j (m, n) × I 2i , j (m − s, n − t )

(1)

m =0 n =0

such that I1 and I2 represent two sequential images, which have been divided into subwindows represented by i and j, s is the position of the particles, and t is the time between
images (Sveen 2004). Horizontal, u, and vertical, w, velocities are solved for each 32x32
pixel interrogation window with 50% overlap such that the final resolution is on a 16x16
pixel scale. Accuracy of the PIV measurements was found to be relative to the mean
velocity of the flow U, with an overall accuracy of ±6%U (Reidenbach et al. 2008). Ideal
particle seeding concentration for achieving high accuracy (~ 1%) typically ranges from
about 5 – 10 particles per interrogation window (Bertuccioli et al. 1999; Keane and
Adrian 1990); Bertuccioli et al. (1999) found 4.2 particle pairs per 64x64 interrogation
window was sufficient in a natural environment. Particle seeding for PIV data collected
in the seagrass meadows of Florida Bay, FL, ranged from 0 to 10 - 15 particles per
0.2x0.2 cm subwindow. Due to the planar nature of the PIV measurements, turbulence,
velocity, and vorticity can be measured in the boundary layer independent of the typical
flow structure assumptions of a logarithmic velocity profile, a constant stress layer, or an
inertial subrange within the turbulence spectra (Bertuccioli et al. 1999). This allows for
measurement in inhomogeneous flows, and the investigation of spatial variations in
turbulence without the use of Taylor’s frozen hypothesis (Nimmo Smith et al. 2002).
Turbulence magnitude is calculated by subtracting the temporal mean velocity (!,
!) from each instantaneous horizontal (u) and vertical (w) component of velocity,
! = ! + !′ and ! = ! + !′ (Cowen et al. 2001). The cross-correlation of the
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fluctuations from the mean are averaged over the time series to quantify turbulence
magnitude, !′!′. Turbulent kinetic energy (TKE) is calculated as:
!′! = !′!′ + 2.3!′!′

(2)

Since only the horizontal and vertical velocity components are measured with PIV, the
third component of velocity, !′!′, is estimated as 1.3!′!′ (Raupach et al. 1991).
Turbulence production (P) is equal to the turbulence magnitude multiplied by the velocity
!"

gradient, ! = −!′!′ !" . Turbulent dissipation was calculated according to Zhu et al.
(2006):

εD =

15 & ∂u 2
∂w 2
∂u 2
∂w 2
∂u ∂w #
ν $2
+2
+
+
+2
!
7 % ∂x
∂z
∂z
∂x
∂z ∂x "

(3)

where ν is the kinematic viscosity and brackets denote ensemble averages. Under
equilibrium conditions, turbulent production and dissipation tend to be in balance.
However, in non-equilibrium, turbulent kinetic energy will be transported, either through
turbulent transport or pressure driven transport (Reidenbach et al. 2010). Turbulent
transport (Tt) is computed from the vertical gradient in TKE, such that:

Tt = −

∂(0.5q " 2 w")
∂z

(4)

Wave-turbulence decomposition
When waves and currents are both present, velocity fluctuations are associated
with both waves and turbulence, and some sort of wave-turbulence decomposition must
be performed (Trowbridge 1998). Instantaneous horizontal and vertical velocities can be
written as:
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! = ! + !! + !

! = ! + !! + !

(5)

such that !′, !!′ are fluctuations in velocity due to turbulence, !, ! are fluctuations due
to waves, and !, !, are the mean velocity. To separate the contributions due to waves and
turbulence a spectral decomposition, the Phase method (Bricker and Monismith 2007),
was utilized on velocity data obtained via PIV. The phase lag between the u and w
components of surface waves were used to interpolate the magnitude of turbulence under
the wave peak (Hansen and Reidenbach 2012). The wave stress was then calculated
through the spectral sum of motions within the wave band of the velocity spectrum:

~ = f Nyquist S ~ ~ ( f )d ( f )
u~w
uw
∫
− f Nyquist

(6)

where S!! (f) is the two-sided cross-spectral density (CSD) of the wave-induced orbital
velocities and f is the frequency. Suw(f) was computed from the full spectrum and
integrated in a similar manner as Eq. 6 to quantify !". The turbulent Reynolds stress was
then found as the difference between the total stress and the wave stress:

~
u!w! = uw + u~w

(7)

Further details of this technique can be found in Hansen and Reidenbach (2012).

Quadrant analysis
Quadrant analysis describes the vertical transport of momentum (Lu and
Willmarth 1973), where fluctuations for horizontal and vertical velocities, !′ and !′,
were normalized by their standard deviations and divided into the four Cartesian
quadrants based on the sign of their instantaneous values. The total contribution to
Reynolds stress within each quadrant was found by summing the absolute value of the !′
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and !′ contributions for each quadrant and dividing by the total contribution from all
quadrants. Quadrants 2 and 4 are responsible for the vertical momentum transfer across
the seagrass canopy, and are termed turbulent ejections and sweeps, respectively.
Typically, momentum transport is dominated by these ejection and sweeping events,
which advect low momentum fluid vertically upwards out of the meadow or transfer high
momentum fluid vertically downward toward the seafloor. Contours of the turbulent
probability distribution function (pdf) were plotted, and the percent of the distribution in
each quadrant was calculated both within and above the canopy. Within the seagrass bed
this analysis aids in determining how turbulent motions contribute to momentum flux
across the canopy. Only time periods with no waves were analyzed.

RESULTS
Site characterization
Physical characteristics of each site are reported in Fig. 4.2. Winds were of greater
magnitude on average during the deployment at the sparse site, and further increased
during the deployment at the dense site (one-way ANOVA with Bonferroni
multicomparison, p < 0.05). Prevailing wind direction during the deployment at the bare
site was toward the Southwest, while winds during the sparse and dense deployments
were toward the Northwest (Fig. 4.2A). The fetch length at each of the sites was similar
(one-way ANOVA on fetch lengths at 30 degree intervals, p = 0.9); therefore wave
development was primarily dependent on wind magnitude. Water temperature was
consistent throughout the deployment period, with temperature ranges of 29 to 31 °C
(Fig. 4.2B).
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Average water column depths (± tidal amplitude) were 2.5 ± 0.04, 2.4 ± 0.03, and

2.6 ± 0.10 m at the bare, sparse, and dense sites, respectively. Water flow within the
Northeastern portion of Florida Bay is restricted from the tidal influences of the
neighboring Atlantic Ocean and the Gulf of Mexico by the numerous keys and shallow
banks (Wang et al. 1994); therefore, in this area wind driven currents dominate
(Holmquist et al. 1989). Thus, both the bare and sparse sites had small tidal amplitudes,
though their water depths were statistically different (one-way ANOVA with Bonferroni
multicomparison, p < 0.05). The dense seagrass site was deeper and more influenced by
tides from the Atlantic Ocean, resulting in significantly greater tidal amplitudes (one-way
ANOVA with Bonferroni multicomparison, p < 0.05). This also resulted in faster water
velocities at the dense site compared to the unvegetated or sparse seagrass sites (Fig.

Fig. 4.2. (A) Wind magnitude and direction, arrows denote the direction toward which
the wind is blowing with Northward up and Eastward to the right, (B) water temperature,
T, (C) water depth, H, and (D) horizontally averaged velocity, U, above the seagrass
meadow. Note discontinuous time record between successive monitoring of the sites
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4.2D). Therefore, to isolate differences in fluid parameters influenced by the seagrass
canopy structure, data comparisons between sites were via a percent reduction from
ambient conditions (above the canopy) or through normalization. Data was normalized
either by the maximum velocity in a vertical profile, or the shear velocity (u*) obtained
from a logarithmic best-fit to velocity data above the seagrass canopy using the law-ofthe-wall approximation (Fig. 4.3).

Fig. 4.3. Logarithmic best-fit to vertical profiles of horizontal velocity under unidirectionally(A,C) and wave- (B,D) dominant flow conditions at the sparse (A,B) and dense (C,D)
seagrass meadows. Equations represent the fit using the law-of-the-wall approximation.
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Velocity structure
The vertical velocity gradient in the water column was determined for each site
from the ADV measurements. Within
canopy velocities were reduced 44%
and 52% at the sparse and dense site,
respectively, compared to above the
canopy. These reductions were
significantly greater (one-way
ANOVA with Bonferroni
multicomparison, p < 0.05) than the
22% reduction in near-bed flows at

Fig. 4.4. Time averaged velocity, ± standard error,
taken at the same relative positions above and within
the seagrass canopy

the bare site (Fig. 4.4). Overall, velocities were reduced throughout the water column at
the sparsely vegetated site compared to the unvegetated site.
Velocities, measured at 2 mm spatial resolution across the seagrass canopy, were

Fig. 4.5. Mean velocity vectors at the bare site (A), sparse seagrass site (B), and dense seagrass
sites (C) under wave dominated flows. Length of the vector arrows indicates magnitude and
arrowheads indicate direction. Y axis is distance (cm) above seafloor, for the sparse site z/h = 0.9 1.6 and the dense site z/h = 0.89 – 1.16
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obtained from particle image velocimetry (PIV). At the bare site, unidirectional flow
existed through the water column that contained low mean-shear (Fig. 4.5A). At the
sparse site, unidirectional flows showed low shear above the meadow but a shear layer
developed near the top of the meadow. At both the sparse and dense sites, flow was
reduced within the seagrass canopy compared to above (Fig. 4.5B,C), but stronger mean
velocity shear developed within the dense canopy. Additionally, at the dense site,
negative mean vertical velocities indicate flow
into the meadow from the overlying water
column, which may suggest that within canopy
transport is dependent upon vertical exchange
across the canopy.
Shear layers developed due to the presence
of the seagrass structure, which included an
inflection point of instability at the canopy-water
interface (Fig. 4.6). Normalized velocity profiles
showed low vertical velocity gradients (dU/dz)
above the canopy, but high shear at the top of the
canopy, which increased with increasing seagrass
shoot density (Table 4.2). When waves were
present, the shear velocity, u*, decreased (Table

Fig. 4.6. Velocity profiles at the sparse
and dense seagrass sites normalized by
the velocity at the top of each profile.
Horizontal gray line represents the
seagrass canopy. Mean estimates were
formed by averaging horizontally
across all the PIV velocity vectors

4.2). During these periods, normalized wave dominated flows produced much higher
velocities within the dense meadow than under current-dominated flows (Fig. 4.6). The
profile development under wave-dominated flows was similar over both density
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meadows. Further, normalized velocity profiles show enhanced flow penetration into the
sparse meadow as compared to the dense meadow (Fig. 4.6).

Velocity spectra and orbital motion
Power spectral densities (PSDs) of horizontal velocities during current- and wavedominated flow conditions were determined for each site at two locations in the water
column, one above and the other within the seagrass canopy (Fig. 4.7), and compared to
equivalent elevations at the bare site. At the bare site, there was general agreement in the
spectra at both locations for each flow condition (Fig. 4.7A). The turbulence portions of
the spectra were also similar under current- and wave-dominated conditions. At the
sparse site, the differentiation between wave-dominant and current-dominant flows was
less distinct and a slight wave-peak can be seen both above and within the canopy under
both flow conditions (Fig. 4.7B). Across the dense canopy, there is a reduction in the
wave peak of the spectrum and a significant decrease in turbulence within the meadow
(Fig. 4.7C). This reduction in the turbulence spectrum occurs at the canopy-

Fig. 4.7. Velocity spectra at two locations in the water column at the bare (A), sparse (B), and dense
(C) sites for current- and wave-dominated flow periods (black and blue lines, respectively). Two
vertical locations in the water column, denoted upper and lower, were separated by 2 cm. At the
seagrass meadow sites, measurements were taken from 1 cm above (upper) and 1 cm below (lower) the
canopy
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Fig. 4.8. Variations in the natural logarithm of power spectral density (PSD) for horizontal
velocity, Suu, with depth at the dense seagrass site, where warmer colors represent greater
PSD, under unidirectional (A) and wave-dominated (B) flows. The depth range from -5 to
5 cm across the canopy represents z/h = 0.9 – 1.14. Horizontal black line is the canopy
height

water interface (Fig. 4.8A). Reduction in the wave spectrum also coincides with the
canopy-water interface; however, the gradient in the PSD is much smaller and is confined
to a narrow frequency band indicating the prevalence of the wave signature (Fig. 4.8B).
Further, under current-dominated flow, the turbulence spectral energy is much greater
than under wave-dominated flow conditions (Fig. 4.8).
Wave orbital velocities and peak wave periods were determined from the PSD of
horizontal velocity. Horizontal orbital velocity was calculated according to Wiberg and
Sherwood (2008):

u os = 2∑ S u~u~ j Δf j

(8)

j

where uos is equivalent to the root-mean-squared (rms) orbital velocity, !!! is the wave
portion of the velocity spectra, and f is the frequency. Profiles of orbital velocities were
obtained by averaging horizontally across the PIV viewing window and normalized by
velocity at the top of each profile. For both the sparse and dense seagrass meadows, rms
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orbital velocities were greater than average flow velocity. Further, rms orbital motion was
greater at the sparse site than at the dense site.

Turbulent kinetic energy
Turbulent kinetic energy (TKE) produced across the top of the seagrass canopies
was quantified using the spatial information of the velocity vectors obtained from the PIV
technique. The TKE budget can be represented by the following equation (Townsend
1976):

u
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(9)

where the terms on the left are advective flow terms, and on the right are production (P),
turbulent transport (Tt), pressure driven transport (Tp), and dissipation (ε), respectively. In
fully developed shear flows, the left hand side equals zero. Under equilibrium conditions,
production and dissipation are equal and in nonequilibrium conditions, TKE is
transported, either through pressure driven transport or turbulent transport. TKE
dissipation can also be calculated through the temporal data series obtained from the PIV
data as:
!
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(10)

where Suu(k) is the power spectral density as a function of the wave number, k, θ is the
phase angle, ε is dissipation, f is frequency, and u is horizontal velocity (Reidenbach et al.
2007). Using Taylor’s frozen turbulence hypothesis (Kundu 1990), wavenumber space
was converted to frequency space as f=Uk/(2π). Dissipation was then estimated through
Eq. 10 by determining the spectral intensity Suu at a given frequency, f, within the inertial
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subrange, isolated via a least squares fit straight line to the velocity spectrum in
frequency space.
To confirm the dissipation data, results from these two methods were compared
(Fig. 4.9). Overall, vertical profiles of dissipation were similar, reflecting the accuracy of
the PIV data. Differences between resulting profiles can be attributed, in part, to the
filtering of spatial TKE dissipation values based on the divergence between the
magnitudes of instantaneous dissipation and production (where production magnitudes <

Fig. 4.9. Vertical profiles of TKE dissipation, ε, under unidirectionally- (A,C) and wave- (B,D)
dominant flow conditions at the sparse (A,B) and dense (C,D) seagrass meadows. Dissipation
was calculated via two methods, (1) using the spatial matrix of velocity (blue lines) and (2)
using the -5/3 slope characteristic of turbulence on time series of velocity translated into
frequency space (black lines), ± 1 standard deviation on data averaged horizontally across the
spatial matrix. Horizontal gray lines represent the canopy height.
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10% of dissipation magnitudes were removed). Based on this filtration technique, the
average spatial resolution of the PIV data ranged from 0.2 to 1.9 cm. This compared to
eddy length scales for both density meadows under all flow conditions that ranged from
0.5 to 2 cm. Eddy length scale was computed through a modification of the integral time
scale, where the normalized autocorrelation function of the horizontal velocity was
computed on the horizontal spatial scale of the PIV for each time step and measurement
height. The autocorrelation series was then integrated to obtain the horizontal spatial
distance over which velocity remains highly correlated, reflecting the eddy scale. The
overlap in the eddy scale and spatial resolution scales suggests the data resolution is on
the order necessary to resolve locally developed turbulence eddies within the seagrass
meadows.
TKE production and dissipation were much greater above the dense seagrass
canopy than the sparse canopy due to the fully developed shear layer and larger ambient
velocities (Fig. 4.10). This strong shear over the dense canopy led to large production and
dissipation values between 1.5 and 3.5 cm (z/h = 1.04 – 1.09) above the canopy-water
interface (Fig. 4.10B). The peak in production at 1.5 cm above the canopy (z/h = 1.04) is
matched by large turbulent transport values suggesting redistribution of TKE above the
meadow, away from the shear layer (Reidenbach et al. 2010). Approximately 3 cm from
the canopy-water interface (z/h = 1.08), values return to equilibrium flow conditions
where dissipation and production are balanced and there is a net loss in turbulent
transport. These shear dynamics suggest enhanced vertical exchange above the canopy.
The open nature of the sparse canopy led to greater TKE dissipation within the
canopy where velocity gradients were enhanced by flow penetration below the top of the
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canopy (Fig. 4.10A). Peaks in production, dissipation, and turbulent transport occurred
adjacent to the top of the canopy as well, at about 1 to 1.5 cm below the median seagrass
blade length (z/h = 0.80 – 0.83). Across the sparse canopy the shear region is less well
defined and turbulent transport occurs over a larger vertical extent throughout the canopy.

Fig. 4.10. Vertical profiles of turbulent kinetic energy (TKE) dissipation, production,
and turbulent transport across sparse (A) and dense (B) seagrass canopies during current
dominated flows. Horizontal black lines represent the canopy height. Normalized depth,
z/h, at the sparse site were 0.53 – 1.18 and at the dense site, 0.86 – 1.4

Turbulence dynamics within the meadows were also quantified during periods of
wave dominant flows (Table 4.2). After removal of motion due to waves, TKE
production and dissipation were quantified and non-dimensionalized for comparison
across different ambient flow conditions. Normalization was performed by dividing P
4

and ε by u* /ν , where u* is the shear velocity, and ν is kinematic viscosity. At the dense
site, production and dissipation were enhanced 1 to 2 orders of magnitude, respectively,
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above the canopy, which resulted in greater dissipation than production of TKE. Above
the sparse seagrass canopy, dissipation was enhanced 5 to 13 times and production 2 to 6
times in wave-dominated flows. The presence of waves also shifted peaks in production
and dissipation toward the seafloor through the limitation of shear layer development
(Table 4.2).
Table 4.2. Maximum values and locations (z/h) of normalized turbulent kinetic energy (TKE)
production (P) and dissipation (Ɛ) at a sparse and dense Thalassia testudinum canopy, and shear
velocities (u*) from vertical profiles obtained with particle image velocimetry (PIV). Measurements
were taken during periods of both wave and current dominated flows, separated below, and normalized
by concurrent shear velocity and kinematic viscosity to non-dimensionalize values for comparison

P

Ɛ

z/h

u*
(cm s-1)

P
(wave)

Ɛ
(wave)

z/h

u*wave
(cm s-1)

Sparse

9.20E-2

1.42E-1

1.01

0.15

5.70E-1

2.26

0.94 (P), 0.95 (Ɛ)

0.06

Dense

1.36E-3

5.90E-4

1.04

1.77

7.54E-2

1.39E-1

1.01

0.17

Reynolds stress and momentum transport
Results from ADV measurements across the canopy-water interface showed a
16% decrease in Reynolds stress within the dense seagrass meadow (one-way ANOVA, p
= 0.05). At the sparse site turbulence was significantly enhanced within the meadow
(one-way ANOVA, p < 0.05), likely due to stem-generated turbulence as flow penetrates
the more open canopy. Utilizing PIV, Reynolds stress increased with height above the
canopy (Fig. 4.11). Flow penetration into the canopy at the sparse site led to greater
Reynolds stress during both wave-dominated and current-dominated periods as compared
to the dense site. Above the meadow, the vertical structures of the stress profiles at the
sparse and dense sites were similar. Overall, the presence of waves enhanced Reynolds
stress at both the sparse and dense meadows (Fig. 4.11).
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To determine the mechanisms driving mixing across the canopy, a quadrant

analysis was performed on the fluctuations in
horizontal, !′, and vertical velocities, !′, that
contribute to the Reynolds stress. ADV data was
first filtered to select for time periods both within
and above the meadow where there was turbulence
with very little motion due to wave activity (wave
energy < 1% of the total energy). The !′ and !′
values during these periods were then normalized
by their standard deviations over a 10 min
averaging window before the full subset of
samples was sorted into each of four quadrants.
Quadrants 2 and 4 are responsible for the
momentum transport through turbulent ejections
(Q2), where low momentum fluid is fluxed upward
into faster overlying flows, and sweeps (Q4),
where high momentum fluid is fluxed downward

Fig. 4.11. Vertical profiles of average
Reynolds stress normalized by shear
velocity, u*, across the sparse and
dense seagrass canopies in the presence
and absence of wave orbital motion.
Spatial flow characteristics were
obtained via particle image velocimetry
(PIV), which were post-processed with
a wave-turbulence decomposition to
obtain Reynolds stress when waves
were present. Grey horizontal line
represents the seagrass canopy height

toward the seafloor.
Momentum transport was evenly distributed between each of the quadrants at the
bare site: Q1 (20%), Q2 (29%) Q3 (22%), and Q4 (29%) at z = 0.35 m and Q1 (15%), Q2
(34%), Q3 (23%), and Q4 (28%) at z = 0.15 m above the seafloor. Above the canopy at
the dense site, ejection and sweeping events account for 52% of the Reynolds stress,
similar to values over the unvegetated seafloor. Within the canopy, this increases to 72%
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suggesting that mixing across the seagrass canopy is enhanced by turbulent momentum
transport near the canopy-water interface. At the sparse site, transport above the canopy
was distributed evenly into the Q2 and Q4 (Q1 = 19%, Q2 = 30%, Q3 = 20%, Q4 =
31%), and within the canopy was slightly dominated by turbulent ejections; Q1 (23%),
Q2 (29%), Q3 (25%), Q4 (23%).
Data collected by both the ADVs and PIV at the bare site exhibited even
distributions of momentum within all 4 quadrants, typical of isotropic turbulence (Fig.
4.12A). Using the spatial velocity data from the PIV, the distribution of the magnitude of
Reynolds stress in each quadrant was also examined. Vertical profiles of Reynolds stress
distributions were created by averaging horizontally across the PIV viewing window
(Fig. 4.12B). At the bare site, Reynolds stress was evenly distributed and of similar
magnitude in each quadrant (Fig. 4.12A,B). Further, Reynolds stress magnitudes did not
change with vertical distance above the unvegetated seafloor (Fig. 4.12B).
Sweeps of momentum from the overlying water column down into the canopy
dominated the distribution of Reynolds stress magnitudes at the dense seagrass meadow
(Fig. 4.12F). Above the canopy-water interface, 40% of momentum transport was
contained in Q4. Momentum transport through turbulent ejection caused by turbulence
generated at the top of the canopy was confined to a narrow region, about 4 cm, across
the canopy-water interface. About 2 cm into the dense canopy (z/h = 0.95), distribution
between Q2 and Q4 became equal, and Reynolds stress magnitudes approached zero, due
to significant attenuation of Reynolds stress inside the dense meadow (Fig. 4.12E,F).
The more open nature of the sparsely vegetated meadow led to a divergence from
the expected shift toward momentum transport dominated by turbulent sweeps. Above
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Fig. 4.12. Vertical profiles of percent distribution of Reynolds stress through quadrant
analysis of the distributions of !′ and !′ (A,C,E), and average Reynolds stress, !!!!!!
!′!′,
magnitudes in each quadrant (B,D,F) at the (A,B) bare, (C,D) sparse, and (E,F) dense
sites. Reynolds stress distribution between quadrants, (Q1,Q2,Q3,Q4) represents the
momentum transport in the system, where motion in quadrants 2 and 4 (Q2, Q4)
represent turbulent ejections and sweeps, respectively. Y axis represents depth, for the
sparse site z/h = 0.4 - 1.1 and the dense site z/h = 0.89 – 1.16. Horizontal lines in C-F
represent the seagrass canopy height
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the meadow at z = 0.3 m (z/h = 1.97), ADV data showed distributions in Q2 and Q4 that
were equivalent, each with about 30% of the total transport. Utilizing PIV to obtain finer
spatial resolution near the canopy-water interface, distributions between all quadrants
became more balanced, and within the canopy, momentum transport was dominated by
turbulent ejections (Fig. 4.12C). However, the distribution of Reynolds stress magnitudes
collected with the PIV technique show the greatest magnitude in Q4, peaking about 4 cm
below the canopy-water interface (z/h = 0.74, Fig. 4.12D).

Fluid exchange and mass transport
Interactions of the seagrass
structure with turbulence generating
exchange across the canopy-water
interface were also observed by
investigating fluid retention times
within the meadow. Rhodamine WT
dye was released at depths equivalent
to the sampling volumes of the two
ADVs. Concentration curves were
obtained an average of 6 ± 2 m
downstream at these two vertical
locations for each of the three study
sites. By monitoring the concentration
at a point downstream over time, the

Fig. 4.13. Fluid flushing represented with the efolding time (±1 standard error), which is the length
of time for dye concentrations at a location to
diminish to 1/e of the peak concentration.
Concentration curves for Rhodamine WT dye were
obtained at two vertical positions in the water
column, equivalent to velocimeters’ sampling
volumes, at each of the three study sites (bare
seafloor, sparse seagrass canopy, and dense seagrass
canopy). * Denotes statistically significant difference
between bars (one-way ANOVA with Bonferroni
multicomparison, p < 0.05). Note all sites had
statistically different e-folding times between the two
vertical sampling locations
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e-folding time can be determined from this relationship (Abdelrhman 2002). The efolding time reflects the exchange of fluids from within the meadow, and is measured as
the time elapsed for the peak in dye concentration, C, to reduce to

1
C . During time
e

periods surrounding dye tracer studies, average ambient velocities were 2.8 ± 1.0, 1.5 ±
0.9, and 3.2 ± 1.4 cm s-1 at the bare, sparse, and dense sites, respectively. Though ambient
flow velocities were generally greater at the dense site, within the meadow, fluid flushing
times were significantly larger within the dense seagrass meadow than the sparse
meadow (one-way ANOVA with Bonferroni multicomparison, p < 0.05, Fig. 4.13),
indicative of lower exchange rates. However, flushing rates were not statistically
different between the three sites above the seagrass meadow (one-way ANOVA with
Bonferroni multicomparison, p = 0.1596). Near the unvegetated seafloor at z = 0.15 m,
dye dispersion was 2 times slower than at z = 0.35 m. In comparison, the addition of
seagrass structure enhanced the retention of fluids 4-fold within the canopy compared to
above, twice as great of a reduction as at the unvegetated site (Fig. 4.13).

DISCUSSION
Damping of tidal amplitudes in the central and northeastern portions of Florida
Bay leads to currents primarily driven by winds (Wang et al. 1994). Holmquist et al.
(1989) found tidal ranges of approximately 5 cm to 17 cm depending on location, which
agrees well with our findings of tidal amplitudes of 3 to 4 cm in the northeast and 10 cm
in the southwest, which is more heavily influenced by the Atlantic Ocean. At the sparse
site, flows were predominately generated by winds, where wind and velocity magnitudes
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above the meadow were well correlated (Pearson correlation factor 0.3, p < 0.05). This is
in agreement with Smith (2000) that demonstrated high correlation between wind stress
and surface flows at a northern site in Florida Bay.
Reductions in velocity across the seagrass canopy were due to the development of
shear, which peaks at the top of the seagrass canopy (Lacy and Wyllie-Echeverria 2011),
and creates vortices that control the exchange of mass and momentum across the canopywater interface (Nepf 2012). The thickness and magnitude of the shear layer controls the
degree of exchange across the canopy (Ghisalberti and Nepf 2004). Flow within the
canopy is driven by the turbulence at the top of the canopy (Finnigan 2000), and the scale
of penetration of turbulence into the canopy can be determined by:

δe =

0.23 ± 0.6
CD a

(11)

where CD is the canopy drag, estimated at ~1 for submerged canopies (Nepf 2012), and a
is the canopy frontal area per volume (Ghisalberti and Nepf 2004; Nepf 2012). For the
seagrass canopies in this study, this relationship predicts a penetration depth of ~ 2.6 cm
and 0.99 cm at the sparse and dense sites, respectively, suggesting greater exchange
within the sparsely vegetated canopy. Using the vertical profiles of velocity and Reynolds
stress the turbulence penetration can be directly measured, and was defined as the
location at which velocity or turbulence decayed to 10% of the maximum magnitude for a
set location and flow type. Using the TKE budget, the turbulence penetration depth was
also measured as the point at which dissipation and production converged, minimizing
turbulent transport through vortex creation. Average measured penetration depths at the
sparse meadow were 5.2 ± 0.9 and 2.4 ± 0.4 cm and at the dense meadow were 0 – 0.12
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and 3.0 ± 1.1 cm for unidirectional and wave-dominant flows, respectively. Turbulence
penetration was observed at a depth up to 2 to 3 times the predicted penetration lengthscale. Turbulence below the penetration depth may also represent turbulence generated in
the wakes of individual stems, while turbulence within the range predicted by the
penetration depth reflects the excursion of turbulence by vortices formed in the shear
layer at the top of the canopy (Nepf 2012). The turbulence penetration depth was greater
overall within the sparse canopy and was enhanced by wave action within the dense
meadow. The limited turbulence penetration under wave conditions at the sparse site was
likely due to the relatively shallow data collection.
Within the sparse canopy, dissipation rates of TKE were greater than production
throughout the canopy due to greater flow penetration into the more open meadow. This
greater flow penetration also led to increased Reynolds stress within the sparse canopy
below the canopy-water interface. Turbulent momentum transport occurred most
frequently through turbulent ejections. However, the magnitude of turbulent ejections
was small, while infrequent, but high magnitude turbulent sweeps occurred, altering the
overall dynamics of momentum transport. As turbulent vortices are generated at the
canopy-water interface strong sweeping events occur that penetrate the canopy
(Ghisalberti and Nepf 2002).
With an increase in shoot densities, TKE dissipation and production within the
dense seagrass canopy were near zero. Production of TKE outweighed dissipation above
the meadow, and peaked about 1.5 cm above the canopy (z/h = 1.04). Momentum
transport through turbulent ejections (Q2) was limited to a narrow area at the canopywater interface, but overall was characterized by weak Reynolds stresses generated by the
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canopy when averaged over all four quadrants. However, above the meadow, momentum
transport most frequently occurred through turbulent sweeps (Q4), and was characterized
by high magnitude for the overall Reynolds stress. Both above and within the canopy,
Reynolds stress was dominated by turbulent sweeping events (one-way ANOVA with
Bonferroni multicomparison, p < 0.05), suggesting a much greater reliance on momentum
transport from the overlying water column into the dense canopy.
Normalized dissipation rates of TKE were much greater across the sparse seagrass
meadow than the dense meadow. The development of a shear layer causes dissipation of
TKE to be high in the canopy (Finnigan 2000), dominating the TKE budget (Nimmo and
Smith 2002). Separating the canopy into two regions, a source of turbulence through
stem-wakes occurs in the lower canopy and a sink for shear layer turbulence occurs near
the canopy-water interface (Ghisalberti and Nepf 2004), while a significant increase in
seagrass density limits the development and penetration of turbulence within the canopy.
A net gain in the turbulent transport rate of TKE indicates vigorous redistribution of
turbulence, enhancing vertical exchange that serves to transport both momentum and
scalars (Finnigan 2000; Reidenbach et al. 2010). Increased turbulent transport rates
occurred at the top of the canopy for both the sparse and dense seagrass meadows, and
increased flow and turbulence penetration at the sparse site led to an additional region of
turbulent transport within the canopy.
Under unidirectional currents, momentum transport in vegetated canopies is
typically dominated by sweeping events (Finnigan 2000) carrying high momentum fluid
into the canopy from overlying flow. The prevalence of sweeping events over turbulent
ejections increases with increasing density (Finnigan 2000). This was confirmed for the
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T. testudinum meadows in Florida Bay, where at the sparse seagrass site, turbulent
sweeps accounted for 23% of the Reynolds stresses, which increased to 40% within the
dense seagrass meadow. Additionally, at the sparse canopy turbulent ejections accounted
for a greater percentage of the momentum transport, which is similar to the dynamics
expected over an unvegetated seafloor near the sediment surface (O’Connor and Hondzo
2008). Therefore, high density seagrass canopies act as a barrier to turbulence and
mixing, while sparse canopies present less of a barrier and can enhance turbulence due to
stem-wake generation of turbulence (Ghisalberti and Nepf 2004; Lacy and WyllieEcheverria 2011; Lawson et al. 2012).
Velocity penetrated deeper into the canopy in the presence of waves, and above
both density canopies the development of a logarithmic profile was displaced upward into
the water column. Previous studies have found that oscillatory motion always enhances
flow within the canopy (Lowe et al. 2005a) and in wave dominated flows canopy drag
does not influence oscillatory motion (Nepf 2012). The degree of reduction of oscillatory
motion by the seagrass canopy can be predicted via the ratio of wave orbital excursion
length (A) to blade spacing (ΔS), such that A/ΔS > 1 indicates significant attenuation
(Lowe et al. 2005a). The orbital excursion length was calculated as A = uos/ω, where uos
is the wave orbital velocity, and ω is the radian wave frequency (ω = 2π/T, with the wave
period (T) from directly above the canopy; Lowe et al. 2005a). For both density seagrass
meadows A/ΔS < 1, and therefore, orbital motion was expected to penetrate the seagrass
canopy. While A/ΔS < 1 for both canopies, the ratio was significantly greater at the dense
than at the sparse site (one-way ANOVA, p < 0.05). As expected, orbital velocities
penetrated deeper into the canopy, increasing rms velocities.
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Waves also created greater dissipation and production of TKE at both density

seagrass meadows by increasing the penetration depth and enhancing turbulence at the
top of the canopy (Koch and Gust 1999). Further, dissipation of TKE was increased to a
greater degree than production, which has been shown to occur due to flow generated by
the waving of seagrass blades (Koch and Gust 1999). This was particularly apparent over
the dense meadow, where the addition of waves shifted the turbulence environment from
being dominated by production to being dominated by dissipation of TKE. Though
greater turbulence was produced at the top of the canopy under wave conditions, results
suggests turbulence due to waves may not be efficient at transporting momentum.
The efficiency of turbulent momentum transport can be determined by calculating
a correlation coefficient for Reynolds stress (!′!′) (Finnigan 2000; Reidenbach et al.
2010):

ruw =

u ' w'

σ uσ w

(12)

where σu and σw are the standard deviations of instantaneous horizontal and vertical flow
velocities, respectively. Under wave forcing, the spectral wave-turbulence decomposition
was first employed, using Eq. 7, to remove oscillations in the horizontal and vertical
velocity signal due to waves, and !′!′ in eq. 12 reflects only the Reynolds stress due to
turbulence. The magnitude of the correlation coefficient indicates the degree of
organization of the turbulence, with increasing magnitude reflecting more efficient
momentum transport (Raupach et al. 1996). In vegetated layers, turbulent transport
becomes more efficient through the modification of turbulence by the canopy that
generates turbulent vortices (Ghisalberti and Nepf 2002; Raupach et al. 1996).
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Overall, averages of ruw = -0.16, and -0.03 for the sparse site, and ruw = -0.42, -

0.10 for the dense site under unidirectional and wave dominated flows, respectively, with
peak values of -0.5, -0.2, -0.6, and -0.1, respectively. These values are similar to
published peak efficiencies of -0.32 for boundary layers and -0.44 for pure mixing layers
(Ghisalberti and Nepf 2002). The overall increase in correlation values under
unidirectional current conditions indicates more efficient transport of turbulent
momentum than under wave-dominated flows. The decrease in efficiency with oscillatory
motion was also found by Ghisalberti and Nepf (2006) under monami waving of the
seagrass canopy due to the smaller, weaker vortices that were generated. White and Nepf
(2007) determined that within a rigid porous array the efficiency was low due to periodic
oscillations of the vortices that were formed. Below the canopy-water interface in the
sparse canopy, the addition of waves slightly enhanced momentum transport efficiency,
likely due to the increased penetration of turbulence as compared to the currentdominated flows. Efficiency is generally greater near the top of the canopy and decreases
with depth into a vegetated canopy (Raupach et al. 1996; Shaw et al. 1974), and greater
density canopies tend to be slightly less efficient (Raupach et al. 1996; White and Nepf
2007). From above the meadow to about 3.3 cm into the canopy (z/h = 0.91), turbulence
was more efficient at the transport of momentum in the dense meadow. Below this depth,
transport was more efficient in the sparse canopy. This suggests that more coherent
turbulent vortices formed over the dense seagrass canopy and near the canopy top, while
greater turbulence penetration at the sparse site displaced stronger vortices down into the
canopy.
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Though the efficiency of the momentum transport was low within the sparse

meadow, enhanced Reynolds stress and reduced shear development support mixing
across the canopy, shortening flushing times. Nepf and Vivoni (2000) found that
turbulence present within vegetated canopies increases exchange in the upper canopy,
leading to enhanced exchange of scalars (such as nutrients and gases) across the canopywater interface (Finnigan 2000). As seagrass shoot density increased, turbulence was
damped and shear across the canopy increased, reducing the vertical extent over which
mixing occurred. However, the turbulent transport of momentum into the canopy from
the overlying water column was more efficient. In the presence of waves, the efficiency
of momentum transport declined while turbulence within both density canopies
increased, similar to trends found within the sparse canopy under unidirectional flows.
Increasing current velocities have been found to stimulate seagrass photosynthesis and
respiration, directly controlling oxygen fluxes, by enhancing mixing through the
reduction boundary layers (Hume et al. 2011). However, wave dominated flows did not
enhance oxygen exchange within the meadow due to the increased tendency to enhance
sediment suspension limiting the light available for photosynthesis (Hume et al. 2011).
As the turbulence momentum efficiency also tends to decrease, waves enhance
penetration of flow into the meadow, but do not directly influence seagrass production.
These results suggest that as shoot density increases, mixing is limited to a narrower
region of the water column, and is displaced vertically above the canopy. Further, the
addition of waves enhanced mixing across the canopy boundary and increased turbulent
transport of momentum into the canopy. Our study highlights how increasing seagrass
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shoot density reduces turbulent mixing and exchange processes, while waves enhance
exchange processes.
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CHAPTER 5:
Conclusions

RESEARCH SUMMARY
The accelerating decline of seagrass meadows has placed these ecosystems among
the most threatened on earth (Waycott et al. 2009). It is therefore important to understand
how these biological systems interact with their physical environments. As the global
environment experiences climate changes, alterations to the physical environment will
occur, such as larger waves formed during more frequent and intense storm events (Chen
et al. 2005; Easterling et al. 2000). In places like Florida Bay, where there is high natural
variability, understanding the relationship between the meadow structure and physical
forcings will aid restoration planning. In a highly variable environment, separating
anthropogenic influences from natural cycles is difficult (Fourqurean and Robblee 1999).
Understanding the physical mechanisms driving in-canopy processes, and how seagrass
structure alters these processes is important for establishing the natural ecosystem
patterns of the Bay. Once the natural variability can be established, trends based on the
meadow structure can be used to determine where restoration efforts should focus and
what anthropogenic factors would be important to monitor. Similar examples can be
found for seagrasses worldwide. For example, in Virginia, Z. marina meadows were
slower to recover where they were separated from a natural source of seeds (Orth et al.
2006), and the establishment of seedlings was less successful when physical forces
resulted in the loss of seeds from the sediment surface (Marion and Orth 2012).
Therefore, in these senescent meadows, seasonal patterns of morphological changes can
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alter the physical environment and the proliferation of the meadow. Seagrass meadows in
both of these locations have suffered extreme die-off events. Seagrass die-off occurs in
response to increased temperature leading to decreased oxygen availability (Greve et al.
2003), sulfide toxicity (Borum et al. 2005), and decreased light availability (Carr et al.
2010; Lawson et al. 2007), all of which respond to alterations in the fluid environment.
Stresses within the meadows, such as increased nutrient loading and wave activity, can
also lead to shorter leaves that are more prone to breakage (La Nafie et al. 2012).
Therefore, understanding how seagrass structure and the fluid environment interact is
important in light of current seagrass decline and restoration efforts where the meadow
structure is rapidly changing. In addressing specific questions pertaining to the
biophysical interactions present in seagrass meadow the following was found:

(1) How does seagrass shoot density and meadow morphology influence turbulence and
wave development?
Both turbulence and wave development generally decreased within the
seagrass meadows compared to neighboring unvegetated sites, which correlated
well with shoot density and frontal area. With low meadow coverage, turbulence
within the canopy was enhanced through flow penetration into the vegetation.
Waves over the meadow were smaller and had shorter periods than those that
formed over the unvegetated seafloor. Though waves were generally higher
frequency, as orbital motion passed vertically into the canopy, the frequency of
the wave motion was preferentially attenuated in the higher frequency bands.
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Therefore, the meadows served as low-pass filters of wave energy near the
seafloor.

(2) What are the combined effects of waves and currents, in concert with meadow
morphology, on sediment suspension?
The influence of waves and currents on sediment suspension within the
meadow was quantified through a combined bed shear stress. Suspended sediment
concentrations were generally lower within the meadow than were present at the
unvegetated site. However, enhanced suspension compared to the bare site was
found in the winter when the canopy frontal area was at a minimum. Sediment
suspension within the meadows was also better correlated to local bed stresses
during this time. Poor correlation during other seasons suggests that measured
bulk suspended sediment concentrations arose in part through transport into the
meadow from the neighboring unvegetated seafloor. This was further supported
by decreased correlation coefficients across the spatial density gradient, where the
meadow had lower shoot density but was further from a sediment source. Even
with high shoot densities, suspended sediment concentration were positively
correlated to wave orbital velocities, but not mean currents, suggesting that waves
play an important role in the local suspension of sediments.
(3) How are the driving mechanisms for mixing across a seagrass canopy influenced by
shoot density and flow conditions?
The degree of mixing across vegetated canopies is limited by the
development of shear layers. These form coherent vortex structures at the canopywater interface, which have a constant penetration depth set by the canopy frontal
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area per volume (Nepf et al. 2007). However, enhanced flow penetration in the
sparse meadows led to enhanced turbulence deeper in the canopy than predicted
by the penetration of shear-layer vortices alone. With increasing seagrass density,
momentum transport across the canopy became more reliant on turbulent sweeps
of high momentum fluid into the canopy from the overlying water column, and
mixing was restricted to a narrower region characterized by more coherent vortex
structures. This led to an increase in the overall efficiency of momentum
transport. Further, in the presence of waves, though flow penetration into the
meadow was enhanced, the efficiency of momentum transport decreased for both
densities. Overall, the flushing-time for the canopies scaled with meadow
development, suggesting the density of the canopy restricts mixing across the
canopy-water interface.

SITE COMPARISON
Physical characteristics and study species
Using Florida and Virginia together as case studies, a larger-scale question of how
benthic biological structures interact with and alter their physical environment can be
addressed. While wind speeds in Florida were significantly greater than in Virginia
during sampling periods (one-way ANOVA, p < 0.05), the two sites experienced a
similar range of wind speeds overall (Fig. 5.1). Further, all sites at both locations had the
same range of fetch lengths (one-way ANOVA with Bonferroni multicomparison on
fetch lengths at 30° intervals, p = 0.31). The average water column depth was
approximately 1 m deeper in Florida, while tidal amplitudes were significantly greater in
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Fig. 5.1. Wind speed at each research site. X-axis represents the canopy frontal area to denote site
location.

Virginia (one-way ANOVA, p < 0.05). Therefore, we expect that in Virginia the meadow
would experience larger tidally-driven currents. Though there is potential for larger
waves to form in Florida, we expect the wave stress at the meadow to be similar to that in
Virginia due the attenuation of wave motion with depth.
The study species at the two locations are also comparable; both are strap-bladed
species (Kuo and den Hartog 2006) and the range of blade lengths, canopy heights, and
shoot densities monitored for the two different species’ meadows were not significantly
different (one-way ANOVA, p > 0.09, Table 5.1). Thalassia testudinum tended to have a
thicker leaf width than Zostera marina, leading to a larger frontal area for a comparable
shoot density (Table 5.1). Frontal areas, ah, for the two meadow types ranged from 0.27
in the Z. marina meadow during the winter to 8.6 in the dense T. testudinum meadow in
Florida. These values correspond to 0.02 < a < 0.2 cm-1, which is within literature values
for seagrasses, typically 0.01 < a < 1 cm-1 (Luhar et al. 2008). We expect frontal area, in
addition to shoot density, to be important in predicting changes to physical processes as it
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incorporates many of the important morphological attributes of the meadow. Frontal area
reflects the meadow structure through the projection of the meadow’s obstruction to flow
as the ratio of the space occupied by the meadow per unit volume of seafloor and water
column. However, shoot density neglects any role of canopy height or meadow
morphology. This main hypothesis was tested in this thesis by relating the attenuation of
velocity, turbulence, and wave development, normalized by ambient conditions, and
subsequent trends in mixing and sediment suspension to both shoot density and frontal
area, regardless of seagrass species.
Table 5.1. Seagrass morphometrics for South Bay, Virginia, and Florida Bay, Florida. Values represent
the mean and standard deviations. Canopy height represents the average of the longest 2/3 of the blades
sampled, ΔS is the spacing between canopy elements, and ah is the canopy frontal area. Number of
blades/shoot in Florida was obtained from literature values (Irlandi et al. 2002)
Site
Location

Site
Name

Blade
Length
(cm)

Canopy
Height
(cm)

Blade
Width
(cm)

Density
(shoots m-2)

Blades/Shoot

ΔS
(cm)

ah

VA

Site1

21 ± 8

25 ± 5

0.3 ± 0.1

560 ± 70

4.8 ± 1.3

1.6

2.87

VA

Site2

28 ± 13

36 ± 10

0.4 ± 0.1

390 ± 80

4.3 ± 0.9

2.1

3.85

VA

Site3

16 ± 9

20 ± 7

0.3 ± 0.1

150 ± 80

3.7 ± 1.0

8.8

0.37

VA

Oct-10

19 ± 7

23 ± 5

0.2 ± 0.1

350 ± 50

3.0 ± 0.9

2.8

0.69

VA

Jan-11

13 ± 7

16 ± 5

0.2 ± 0.1

310 ± 60

2.6 ± 1.0

3.2

0.27

VA

Mar-11

12 ± 5

15 ± 3

0.2 ± 0.1

350 ± 90

4.0 ± 1.4

2.4

0.54

VA

Jun-11

23 ± 11

29 ± 3

0.2 ± 0.1

440 ± 140

4.2 ± 1.2

2.1

1.35

FL

Sparse

14 ± 2

15 ± 2

0.7 ± 0.3

260 ± 30

2.7

2.9

1.35

FL

Dense

33 ± 7

37 ± 5

0.8 ± 0.2

480 ± 80

2.7

1.9

8.56

Seagrass influence on velocity structure
As expected, larger tidal fluctuations in Virginia led to higher average ambient
velocities above the meadow and at the unvegetated control site than were found in
Florida. However, the meadows behaved similarly in reducing near-bed flows within the
canopies. Percent reductions in velocity across the canopy-water interface were between
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44% and 83% for the full range of meadow types and shoot densities. Comparatively,
over a respective change in height above an unvegetated seafloor, average reduction in
fluid velocity was 44% in Virginia and 22% in Florida. This agrees well with findings
from a study by Lacy and Wyllie-Echeverria (2011), where flow reductions were
between 40% and > 70% for a Z. marina meadow in the Puget Sound, WA, of frontal
area per volume (a) approximately 0.02 cm-1. They found that flow reductions were
greater in more dense portions of the seagrass meadow, and concluded that even sparse
canopies formed a mixed shear-layer and rough-wall boundary layer that significantly
attenuated currents (Lacy and Wyllie-Echeverria 2011).
To establish a relationship between canopy structure and near-bed flows,
normalized velocity within the canopy, u/ΔU where ΔU is the difference in velocity
above the canopy to within, was plotted against both shoot density and frontal area (Fig.
5.2A,B). Normalized velocity varied linearly with seagrass density regardless of the
species type (R2 = 0.63), and frontal area was a poor indicator of near-bed flows (linear
best-fit R2 = 0.1). The degree of flow reduction within the canopy was also plotted
against seagrass density and frontal area. Variations in ambient conditions were
accounted for by quantifying the percent reduction in velocity across the canopy-water
interface. Further, to isolate the influence of the meadow, the percent reduction at each
seagrass site was divided by the percent reduction present over neighboring unvegetated
%!"#$%&'()!"

seafloor, i.e. %!"#$%&'()

!"!!"#$

(Fig. 5.2C,D). The degree of flow reduction varied

logarithmically with increasing meadow structure, and was more responsive to the overall
canopy structure, represented by the frontal area (R2 = 0.81), than density (R2 = 0.31).
These findings, consistent for very different tidal environments and two seagrass species,
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Fig. 5.2. (A,B) Normalized velocity near the seafloor (z2 = 0.1 m in Virginia, and 0.1 m, 0.15 m and
0.3 m at the bare, sparse and dense sites in Florida, respectively), where ΔU = Uz1– U z2 (where z1 = 0.5
m in Virginia, and 0.3 m, 0.35 m and 0.5 m at the bare, sparse, and dense sites in Florida, respectively)
as a function of (A) shoot density and (B) canopy frontal area, ah. (C,D) Normalized percent reduction
in velocity vertically across the canopy-water interface as a function of (C) shoot density and (D)
canopy frontal area, where normalization was performed by dividing the percent reduction at the
meadow by the percent reduction present at the bare site over the same vertical distance in the water
column

suggest that in-canopy velocities depend on the amount of open space on the seafloor for
fluid to move within, while the degree of penetration of currents into the canopy depends
on the full meadow structure presenting an obstruction to the flow. Ghisalberti (2009)
determined that the drag length scale, which incorporates the canopy frontal area per
volume, provided a more accurate measure of flow resistance for a wide range of canopy
types than porosity. The reduction of velocity compared to the bare site may be a result of
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increasing canopy friction with the meadow height (Fonseca and Fisher 1986), which is
incorporated into the frontal area calculation. The meadow’s ability to reduce current
velocities near the seafloor has been shown to stabilize the habitat by limiting sediment
suspension, enhancing organic detrital retention, and providing refuge for other
organisms (Fonseca and Fisher 1986).
The structure of velocity present within the two meadows was further enumerated
with vertical profiles for low- and high-density sites in both species’ meadows. The
sparse and dense sites in Florida (with densities of 259 and 484 shoots m-2, respectively)
and Site 3 and Site 1 during June 2011 in Virginia (with densities 150 and 440 shoots m-2,

Fig. 5.3. (A) Velocity profiles within the sparse and dense sites in Florida and
Virginia (Site 3 and June 2011 seagrass meadow) normalized by the velocity at the
top of each profile. (B) RMS velocity profiles within the sparse and dense sites in
Florida and Virginia normalized by rms velocity at the top of each profile.
Horizontal grey line represents the seagrass canopy. Mean estimates were formed
by averaging horizontally across the PIV velocity vectors
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respectively) were compared (Fig. 5.3A). In all instances, the presence of the seagrass
caused the development of a shear layer, as expected for meadows with ah > 0.1 (Nepf
2012). In both locations where profiles overlapped, enhanced flows were found in the
lower density canopies, consistent with the prediction from the relationship of in-canopy
flows to shoot density (Fig. 5.2 A). However, it is also clear that profiles in Virginia had
overall higher velocities than present in the meadows in Florida. Within the canopy,
enhanced flows in Virginia at the dense site compared to the Florida dense site could
arise from the lower canopy frontal area of the Z. marina meadow. Profiles represent
velocity normalized by the maximum value at the top of the canopy. Since the profiles do
not all cover the same distance across the canopy-water interface, this leads to normalized
velocities that only scale the shear development, not correcting for ambient conditions. In
Florida, the profiles all cross the canopy by ≥ 2 cm, allowing for the velocity at the top of
the profile to account for ambient conditions. Therefore, in Florida, normalizations served
to correct for both ambient conditions and scaling the shear development, which was not
possible in Virginia. As we found in Florida, it is also possible that wave motion present
within the meadow caused enhanced flow penetration in Virginia as waves were
generally larger in Virginia than Florida during our sampling periods.

Seagrass influence on wave development
Wave development was damped by the Z. marina meadow in Virginia. Overall,
waves were larger with longer periods at the bare site over the full range of wind speeds
and water depths. Further, attenuation of wave development scaled with the canopy
frontal area; under the same depths and wind forcing, significant wave heights and
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periods were smallest in the summer and most similar to the bare site in the winter. While
overall wave periods were shortened as waves traveled across the meadow, linear wave
theory predicts that closer to the seafloor wave frequencies will appear to be lengthened
as higher frequency motions are attenuated through the water column. This predicted
vertical attenuation of wave frequencies with depth was clearly visible in decreases of Suu
within the wave band of the velocity spectra (0.3 < f < 1) at the unvegetated site as well
as the seagrass sites. Additionally, vertical attenuation of Suu across the canopy-water
interface within the meadow shows a relatively larger attenuation in the higher
frequencies of the wave band beyond that found at the bare site and greater than expected
from linear wave theory, suggesting the meadow acts a low-pass filter (Lowe et al. 2007).
Further, the shift to lower frequencies within the meadow was present within both the Z.
marina and T. testudinum meadows, and scaled with canopy frontal area. In the winter
and spring, Suu above and below the canopy-water interface were similar, with no
attenuation in the peak wave frequency. In Florida, profiles of Suu were obtained with PIV
data, which show attenuation occurred at the canopy-water interface (Fig. 4.8).
The translation of Suu in the wave band suggests that orbital motion resulting from
the long period frequencies of the wave band will penetrate the canopy. The degree of
penetration of orbital motion can be predicted by the ratio of the wave excursion length,
A, to the blade spacing, ΔS, such that A/ΔS > 1 indicates significant attenuation (Lowe et
al. 2005a). For the full density range of both Z. marina and T. testudinum meadows
monitored in this study, A/ΔS was < 1. Though orbital velocity was lower within the
canopy than above, this was due to the natural attenuation of wave motion with depth, as
measured bed orbital velocities, uos, were not significantly different than those predicted
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by linear wave theory, uom. This excursion of wave orbital motion into the canopy will
serve to enhance in-canopy flows (Lowe et al. 2005a). Though wave development was
limited within the meadow as compared to an unvegetated seafloor, oscillatory motion is
not altered by canopy drag, and therefore was expected to translate into the canopy
(Luhar et al. 2010; Nepf 2012).
Vertical profiles of rms velocities, equivalent to the wave orbital velocity (uos),
were obtained for sparse and dense canopy frontal areas in the Z. marina and T.
testudinum meadows (fig. 5.3B). Normalized rms profiles showed enhanced flows for
both canopy types as compared to mean flow velocity. The sparse canopies of both
species had similar in-canopy rms velocities, which were greater than those present
within the dense canopies, and showed deeper penetration of larger velocities. This
enhancement of in-canopy flow by waves resulted in increased Reynolds stresses,
decreased shear development, and greater TKE penetration into the meadow in Florida.
Similar trends have been found within T. testudinum and Posidonia oceanica meadows
(Granata et al. 2001; Koch and Gust 1999), and enhancement of turbulence by the
interaction of current and wave activity has been noted by Grant and Madsen (1979).
However, in Virginia temporally averaged Reynolds stress and TKE were not statistically
different under wave- versus current-dominated flows, though reductions in Reynolds
stress across the canopy-water interface were smaller with wave-dominance. Averages in
Virginia represent a much longer time series than is available from the PIV data.
Therefore, increases in turbulence with waves may occur on short time scales,
periodically enhancing mixing and fluid exchange across the canopy (Ghisalberti and
Nepf 2006; Lowe et al. 2005b). This indicates that for both species meadows, the full
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range of canopy areas studied benefit from the presence of waves as mixing across the
canopy-water interface facilitates the exchange of dissolved nutrients, waste-products,
and gasses within the canopy where the meadow can make use of resources for growth
(Lowe et al. 2005b; Thomas and Cornelisen 2003).

Seagrass influence on turbulence and mass transport
In systems where both currents and waves are present, it is necessary to separate
the influence of waves from that of turbulence; therefore, a spectral wave decomposition
was performed on all field data collected. To determine turbulence levels present within
the canopy, which serve to exchange water masses across the barrier formed by the top of
the canopy, both a single-point (ADVs) and a fine-scale spatial grid (PIV) of velocity
were measured. The Phase method for separating wave signals for turbulence was
employed on the ADV data and modified for use with the PIV data, allowing for the
examination of the spatial structure of turbulence across the canopy-water interface.
Study sites in Florida had a relatively clear water column and overall low energy, ideal
for collecting PIV data over more traditional acoustic methods. The clear water column
allowed for better control of the light quality and clearer images. Relatively low
suspended particulates led to much lower correlation values for ADV data, which created
larger error in the Reynolds stress calculation. In Virginia, ADV data was more robust
and instantaneous values with low correlations due to blade interference and exposure at
low tide were able to be removed. In Florida, after applying the wave turbulence
decomposition, 10 min averages with poor correlation values were filtered, shortening the
available temporal data set. However, spectral decomposition with PIV data resulted in
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less error and greater spatial resolution. This allowed for a detailed description of the
turbulence structure in both current and wave-dominated flows. PIV data in Virginia was
more difficult to obtain due to greater turbidity scattering light and blurring the image
quality. Short data sets were obtained when flow velocity was low during low tide. While
velocity data was obtained through both point measurements above and within the
canopy, as well as fine-scale spatial measurements at both locations, we found that highenergy, high-turbidity environments were more suited to acoustic measurements from the
ADV while low-energy, high-clarity environments were ideal for the optical
measurements of the PIV.
After removing the wave signal, Reynolds stress was normalized as
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, where

ΔU2 is the change in velocity vertically across the canopy. Temporal averages were
obtained after time periods with ΔU2 → 0 were removed. For all study sites in both
Virginia and Florida, average normalized Reynolds stress within the canopy decreased

Fig. 5.4. (A) Normalized Reynolds stress,
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, near the seafloor (z2 = 0.1 m in Virginia, and 0.1 m,

0.15 m and 0.3 m at the bare, sparse and dense sites in Florida, respectively), where ΔU = Uz1– Uz2 (z1 =
0.5 m in Virginia, and 0.3 m, 0.35 m and 0.5 m at the bare, sparse, and dense sites in Florida,
respectively) as a function of shoot density. (B) Percent reduction in normalized Reynolds stress within
the seagrass canopy compared to neighboring unvegetated sites. Negative percent reduction represents
!!!!!!!
!!!!
an increase in ! within the seagrass canopy
∆!
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linearly with increasing shoot density (fig. 5.4A, R2 = 0.18), suggesting the meadow
structure generally served to decrease near-bed turbulence. Further, the percent reduction
within the canopy to comparable near-bed values over a neighboring unvegetated
seafloor increased logarithmically with increasing seagrass density and frontal area (R2 =
0.65 and 0.45, respectively, fig. 5.4B). Low shoot density, with negative percent
reduction (

!!!!! !!!!!!
!!!!!

, where subscripts b and g represent the bare and seagrass sites,

respectively), showed an increase in turbulence compared to the bare site during similar
time periods (i.e. within the same season). While both frontal area and shoot density can
indicate in-canopy turbulence reduction compared to the bare site, enhancement of
turbulence within the meadow was better correlated to shoot density. The 3 lowest
densities, Z. marina Site 3, Z. marina meadow in January, and the sparse T. testudinum
meadow, all showed enhanced turbulence within the canopy. Turbulence can be produced
within the canopy through flow interaction with individual shoots and the excursion of
turbulent vortices formed by instabilities in the shear layer at the canopy-water interface
(Ghisalberti and Nepf 2004). For vegetated shear layers, vortex structures have a fixed
penetration into the meadow determined by the canopy frontal area per volume, a (Nepf
et al. 2007), such that increasing a leads to more limited vortex incursion. The canopies
with the 3 lowest densities also were within the 4 shortest canopy heights. Therefore,
stem-generated turbulence, as well as the combined influence of increased penetration
lengths and shorter canopy heights, caused enhanced turbulence near the seafloor.
The turbulence structure suggested by the ADV point measurements was
confirmed with vertical profiles of Reynolds stress obtained with the PIV (Fig. 5.5).
During wave-dominated flows, !′!′ from the turbulence portion of the velocity spectra
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were compared for the dense and sparse T. testudinum and Z. marina meadows (Z.
marina Site 3 and June 2011). The low density Z. marina meadow had the greatest incanopy turbulence, by an order of magnitude,
followed by the sparse T. testudinum meadow
(note-discontinuity in x-scale), while profiles from
the dense meadows had the least turbulence.
Further, both dense meadows had similar vertical
normalized turbulence magnitudes and profile
forms.
Vortices formed at the canopy-water
interface through the development of shear layers
enhance vertical mixing (Abdelrhman 2003;
Ghisalberti and Nepf 2004). Shear layers were
Fig. 5.5. Vertical profiles of average
Reynolds stress normalized by shear
velocity, u*, for sparse and dense sites
in Florida and Virginia (Site 3 and
June 2011 seagrass meadow). Spatial
flow characteristics were obtained via
particle image velocimetry (PIV),
which were post-processed with a
wave-turbulence decomposition to
obtain Reynolds stress in oscillatory
flow conditions. Grey horizontal line
represents the seagrass canopy height.
Note discontinuity in x-axis between
1.2 and 2

predicted to form for the full range of canopy
frontal areas in our study. In January, the Z.
marina meadow represented a frontal area near the
transition point for a sparse canopy, and therefore
had less shear development. Mixing across the
canopy-water interface is related to the momentum
transport, quantified through a quadrant analysis of

the probability density function (pdf) of !′ and !′. Near the sediment surface, ejections
(Q2) of low momentum fluid upward into the water column will contribute more to the
Reynolds stress (O’Connor and Hondzo 2008). Conversely, within vegetated shear
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layers, sweeps (Q4) of high momentum fluid into the canopy from the overlying water
column will dominate the momentum flux (Raupach et al. 1996). In general, over the
unvegetated seafloor in both Florida and Virginia, contributions to ejection and sweeping
events averaged 62% in the water column and 67% closer to the seafloor. Over the
seagrass meadows, ejection/sweep events accounted for an average of 66% of the
Reynolds stress, while in the canopy this increased to 71%. This shift represents an
increased dominance in sweeping events, in general agreement with previous studies
(Raupach 1981). The degree of increased prevalence of ejections controlling momentum
transport within the canopy was related to the canopy development. The change in the
percentage of the pdf distribution in Q4 across the canopy-water interface showed a
greater shift to momentum transport
dominated by turbulent sweeps with
increasing shoot density (Fig. 5.6).
This suggests that with increasing
shoot density, the seagrass becomes
more reliant on the transport of fluids
into the meadow from the overlying
Fig. 5.6. Shift in probability density function in
quadrant 4 (Δ%Q4) across the canopy-water interface
or over a comparable change in depth at a neighboring
unvegetated site (%Q4z1-%Q4z2, where z1 and z2 are
the measurement heights above the seafloor)
representing the frequency of turbulent ejections in the
Reynolds stress. Negative values represent a decrease
in the frequency of turbulent ejections within the
canopy

water column (R2 = 0.50). However, at
the lowest densities for both species of
seagrass there was a decrease in the
momentum transport through sweeps,
and rather, an increased tendency for

turbulent ejections within the canopy (Q2 dominance of 36% in the Z. marina meadow
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and 29% in the T. testudinum meadow). This shift to momentum transport predominantly
through turbulent ejections is likely due to enhanced Reynolds stresses from increased
flow penetration and larger vortices formed by the shear layer of the sparse canopies. PIV
analysis in Florida reflected the structure of Reynolds stress distributions under currentdominated flow conditions. Results suggested mixing was enhanced within the sparse
canopy, but limited to a narrow region near the canopy-water interface by more coherent
vortex structures at the dense site.
The efficiency of momentum transport was found to increase with increasing
canopy-frontal area for both meadow densities (Fig. 5.7). Enhanced efficiency near the
top of the canopy suggests that
turbulence formed here transported a
greater amount of momentum than
present in the surface layer above
(Finnigan 2000). While the
efficiency of momentum transport
was greater, mixing was reduced
with increasing density. Turbulence
values were low, flow was limited,
and the penetration depth of the shear
layer vortices was limited to a narrow

Fig. 5.7. Average efficiency of momentum transport
(ruw) obtained from PIV measurements under wavedominated flows within the sparse and dense sites in
Florida and Virginia (Site 3 and June 2011 seagrass
meadow) as a function of canopy frontal area.
Increasingly negative values indicate increased
efficiency

region. Increased efficiency in momentum transport thins the boundary layer, enhancing
the organism’s ability to exchange fluids and dissolved constituents (Hearn et al. 2001;
Thomas and Cornelisen 2003), which is particularly important within dense canopies
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where fluid exchange is restricted to a narrow region near the canopy-water interface. For
a wide range of canopy types, Ghisalberti (2009) found that the shear penetration into the
canopy was related to the canopy drag length scale, and controlled the residence of water
within the canopy. To investigate the residence time of water within the meadows in
Virginia and Florida, mixing across the canopy-water interface was quantified through
the e-folding time for dye dispersion. The e-folding time represents the flushing time of
fluids from within the meadow, and was calculated across the spatial density gradient in
the Z. marina (Sites1, 2, and 3) and the T. testudinum meadows. To determine the effect
of canopy structure on fluid exchange, flushing times within the canopy were normalized
by the e-folding time for dye dispersion above the canopy, then divided by the ratio of
velocity within the canopy to above. Normalized flushing times increased with increasing
canopy frontal area (R2 = 0.13) and density (R2 = 0.37), suggesting that increasing the
meadow structure serves to drastically reduce mixing and fluid exchange.

Sediment suspension and light limitation
Sediment grain size in Florida, D84 = 90 ± 31 µm, was similar within the sparse
meadow to that present within the Z. marina meadow in Virginia, D84 = 130 ± 17 µm;
however, within the dense meadow, the grain size increased to 646 ± 380 µm. This
increase in sediment grain size at the dense site leads to a reduced sensitivity of the OBS,
complicating the collection of suspended sediment data in Florida. Suspended sediment
and water column chlorophyll levels are typically low in the subtropical Florida Bay;
Phlips et al. (1995) found tripton levels near our research sites of 7 to 15 mg l-1. During
our study period, suspended sediment concentrations were frequently near the minimum
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concentration limit of the OBS, indicating that suspended sediment was not an important
factor within the meadows studied in Florida Bay. However, previous studies of sediment
suspension in the lagoonal systems in Virginia suggest that sediment suspension drives
light limitation for these seagrass (Lawson et al. 2007). Therefore, understanding the
influence of waves and currents on near-bed processes, and the effects of meadow
structure are important aspects of determining the growth parameters of the meadow in
Virginia.
Physical forcing by currents and waves on the seafloor was quantified through a
combined bed shear stress (as per Lawson et al. 2007). Both waves and currents are
essential for the transport of sediment. Wave activity will tend to initiate sediment
suspension; however, orbital motions induced by the waves will not necessarily transport
sediment, rather once sediment is suspended, it can be carried by unidirectional currents
that may not be sufficient for the initial suspension (Heller 1987). Over unvegetated
seafloor total bed shear stress (!! ) was greater than necessary to initiate the suspension of
sediment > 90% of the sampling periods with an overall average !! > !!" . In the absence
of significant benthic structure (ah < 0.6), !! > !!" within the meadow 80 to 85% of the
sampling time except at Site 3. Though the shoot density and frontal area were both low,
the location within the meadow led to smaller waves and lower bed shear stresses.
Therefore, the meadow structure, location, and physical environment are all important
parameters in understanding the influence of the meadow on sediment suspension. With
increased seagrass development (ah > 0.6) for both Sites 1 and 2, bed shear magnitudes
were greater than the critical threshold only 20 to 57% of the time. This reduction in bed
shear with increased meadow development led to a 60% reduction in SSC for meadows
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with ah > 1.3, whereas minimum development in the winter enhanced SSC compared to
the unvegetated site. Further, periods of increased SSC were significantly positively
correlated to !! at the unvegetated site during all deployments and within the meadow for
minimal canopy development. Correlation values decreased with increasing canopy
frontal area as well as with the location in the meadow. A drop in correlation values
suggests that the suspended sediment is in part transported into the meadow rather than
locally suspended. Therefore, the relatively close location of Site 1 to the edge of the
meadow and the unvegetated site where sediment is suspended resulted in slightly higher
correlations than present at Sites 2 or 3.
Seasonal changes in sediment size monitored in a Posidonia sinuosa meadow
showed a shift to finer sediments in the summer due to reduced water motion promoting
the settlement of sediment, and coarser values in the winter when motion was greater
(van Keulen and Borowitzka 2003), suggesting suspension of fine sediment in the winter
that had previously settled in the summer. Our results are consistent with these findings
on sediment suspension within seagrass meadows. Over time, the restored meadows in
Virginia show a shift toward finer sediment as the meadow ages (McGlathery et al.
2012), suggesting the seasonal patterns observed in the Z. marina meadow tend toward a
net deposition of fine sediment throughout the year. Additional studies have shown
sediment scouring around individual canopy elements (Bouma et al. 2009); therefore, for
the Z. marina meadow in the winter, the decrease in shoot density would enhance
scouring and the finer grain sediment would more easily be suspended than the coarser
sediment present at the bare site. Koch (1999) suggested that alternation between erosion
of sediment within a T. testudinum meadow on flood tides, and deposition during other
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parts of the tidal cycle when flows were weaker, may serve to maintain the depth of
seagrass meadows in the water column. In contrast, the more traditional view of
meadows as depositional environments would suggest that meadow depth would decrease
over time. Therefore the patterns of erosion in the winter and spring, versus SSC
translating into the meadow in the summer at higher canopy frontal areas, may aid the
meadow in maintaining a depth that balances their light and submergence requirements.
The percent reduction in SSC within the seagrass from the bare site varied
logarithmically with the canopy frontal area (Fig. 5.8, R2 = 0.47). Light intensity at the
seagrass canopy and over the
unvegetated seafloor was measured
with HOBO light loggers during all
deployments. Correcting for ambient
light availability above the water
column, the correlation between light
levels and SSC was determined. At
the bare site, SSC and light intensity
were significantly negatively
correlated, suggesting that as SSC

Fig. 5.8. Percent reduction in suspended sediment
concentrations (SSC) near the seafloor within seagrass
meadows from values at comparable depths over
neighboring unvegetated sites. Negative values
represent an increase in SSC within the seagrass canopy

increased, the available light decreased. This was also true for SSC above the seagrass
canopies in the winter and spring. Correlations tended to decrease as canopy frontal area
increased and as correlations between SSC and shear stress decreased. At the seagrass
meadow in June 2011, and at Sites 2 and 3, SSC and light were positively correlated,
with Pearson correlation values of 0.29, 0.3, and 0.07 (p < 0.05), respectively. This
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suggests that when SSC are from local suspension, the available light will decrease.
However, sediment that is likely transported into the meadow from neighboring bare
seafloor is not significantly decreasing light availability. Overall decreases in SSC
compared to the bare site, as well as within the canopy, suggest that with increased
canopy frontal area and protection from the surrounding meadow, the canopy shifts to net
deposition of sediment to maintain light quality for growth.

SUMMARY AND FUTURE DIRECTIONS
This research provides evidence that both shoot density and overall structure,
represented by the canopy frontal area, are important factors in predicting how flexible
biological structures interact with their physical environment. Physical forces within the
canopy were generally predicted by the shoot density. However, the reductions in
processes occurring within the canopy compared to a control (unvegetated) location were
often better predicted by the frontal area. It is likely that this difference is due to the role
of the canopy height in the development of the shear layer; however, additional research
is needed to perform a sensitivity analysis on the morphological properties controlling the
frontal area calculation for seagrass canopies. Canopy height scaled positively with shoot
density (R2 = 0.3), and was included in calculations of frontal area. Relationships between
flow properties and canopy height were similar to both density and frontal area, though
only normalized flushing times and reductions in suspended sediment concentrations
were more responsive to canopy height. Our research also showed an increase in the
efficiency of momentum transport with increasing meadow coverage, though the
mechanisms for this increase are not well understood. Finally, while sediment suspension
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was clearly a function of the meadow morphology, the influence of suspended sediment
on local light availability was inconclusive. Further investigation in how sediment
transported into the meadow influences light through alternating periods of settling and
wave induced resuspension is necessary.
Seagrass meadows in Virginia and Florida both exhibited the ability to alter their
physical environments to promote growth. In Virginia, the expansion of the meadow has
served to reduce current velocity and turbulence within the canopy, shifting the
environment from net erosional to one promoting sediment deposition during the
majority of the year; thereby promoting photosynthesis by enhancing light availability.
Lower canopy coverage in the spring promoted increased orbital motion, turbulence, and
flow within the canopy, which can serve to distribute seeds (Granata et al. 2001; Orth et
al. 2012) and promote further expansion of the meadow. As these meadows have also
been found to have shorter canopy heights and lower densities in the first four years of
their development (McGlathery et al. 2012), sediment scouring found in the low frontal
area meadows of our study indicates that early in meadow establishment, wave action and
sediment suspension will be particularly important. This may be further exacerbated by
the susceptibility of seedlings growing from seeds that have simply settled on the
sediment surface to disturbance (Marion and Orth 2012). Seasonal enhancement of
sediment suspension, and increased suspension in relation to low frontal area will create a
barrier to meadow establishment. However, seeds settling within or near larger
established meadows are likely to benefit from their proximity as was found in the spatial
density study in Virginia, where protection is offered from the wave and suspended
sediment damping occurring in the larger meadow. Finally, for both Z. marina and T.
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testudinum meadows, increased density reduced mixing to a narrow region near the
canopy-water interface that is driven by highly efficient momentum transport, while wave
penetration into a wide range of shoot densities enhanced exchange processes, thereby
increasing mass transport necessary to sustain an established meadow.
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