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Abstract

Seagrasses are ecosystem engineers, forming extensive meadows that provide critical
habitat and modulate local morphodynamics. Their canopies induce drag on flow to attenuate
mean flow and reduce near-bed flow velocities, which can shield the bed from erosion and
sediment suspension. Alternatively, seagrass loss can enhance erosion and sediment suspension,
which can be initiated through short-lived extreme events, or chronic long-term disturbances.
Physical process and disturbances can govern the evolution of seagrass meadow ecosystems. In
two separate chapters, this research examined 1) the influence of climate variability and storms
on seagrass loss and erosion at a high spatial resolution, and 2) how flow attenuation by seagrass
varies across tidal cycles and at different locations in the Choked Passage meadow, on the
Central Coast of British Columbia. We used high resolution multibeam echosounder (MBES)
bathymetry and backscatter data from 2018 to 2021, drone mapped seagrass delineations from
2014 to 2021, and wind and wave data from 2014 to 2021. Flow data (i.e. velocity magnitude,
velocity direction, and acoustic backscatter) above the seagrass canopy was collected with an
Acoustic Doppler Current Profiler (ADCP) along transects and moored to the seafloor over a
tidal cycle. Sediment samples were collected from the bed to estimate critical shear stress and
verify sediment classes from an acoustic backscatter analysis. From 2018 to 2021, the meadow
experienced significant erosion (net surface lowering of -18,768 m®) and loss of seagrass (10%
reduction), which we attribute to the preceding winter storm activity driven by moderate La Nifia
conditions. The spatial patterns of erosion and seagrass loss was non-uniform across the
meadow. Coupled erosion and seagrass loss resulted in the generation and/or expansion of
blowouts. We observed a trend of a reduction in seagrass coverage following winters with a high
number of storm events and/or high recorded storm intensity from 2014 to 2021. We believe the
Choked Passage seagrass meadow undergoes cyclic behaviour with reduction in seagrass
coverage during energetic ENSO years, followed by a recovery period during weak years. The
ADCP was used to detect the seagrass canopy height, measure flow, and estimate shear stress.
Overall, flow is fastest in the northern section of the main meadow, particularly in the north-west
corner where the meadow is patchy. Moreover, flow appears to accelerate through the meadow
interior, which suggests that topographic steering and the strength of incoming currents exceeds
the ability of seagrass to dampen flow velocity. During the transition from peak flood to ebb,

flow velocity remained heightened for longer above the southern meadow and lagged the other



sections. Shear stress results indicate that sediment can be transported as bedload and in
suspension under peak flow velocities at some of the sites examined within the meadow. Shear
stress is largest in the meadow center and lower towards the southern margin of the main
meadow. Based on our results, when sediment transport is initiated under peak tidal and/or
extreme conditions, sediment is likely primarily transported as bedload, creating the observed
sand wave and blowout bedforms. This research demonstrated linkages between extreme storms
(during ENSO years), seabed morphology, and seagrass coverage, and examined the variability
in the interaction between flow, seagrass, and sediment transport. Geomorphic processes and
disturbances have an important influence on ecosystem structure and function over time,
therefore, it is important to understand how these processes operate and are modified by external
drivers. The results of this study have significant implications on seagrass conservation,
restoration, and the evolution of coastal landscapes.
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1.0 Introduction

1.10 Seagrass

Seagrasses are marine flowering plants that are ubiquitous to temperate and tropical
coastlines (Short et al., 2007). These marine plants form extensive meadows that provide critical
habitat, food, and modulate local hydrodynamic, sediment transport, and biogeochemical
processes (Duarte and Chiscano, 1999; McRoy and Helfferich, 1977). There are three major
families of seagrasses: Hydrocharitaceae, Cymodoceaceae, and Zosteraceae, with approximately
60 total species in the world (Les et al., 1997; Orth et al., 2006). Zostera marina is one of the
most widely distributed species of seagrass in the Northern Hemisphere (Larkum et al., 2006). In
temperate regions, maximum biomass occurs during the summer, followed by a winter period of
senescence (Olesen and Sand-Jensen, 1994). Seagrasses colonize on soft substrates of mud and
sand and are limited to depths above 6m. Their distribution is primarily controlled by light
availability, sediment type, and wave exposure (Duarte, 1991). Seagrasses prefer areas relatively
protected from wave-exposure (Koch et al., 2009). However, their distribution is highly variable
at a given site, as they are modified by variability in physical forces (Frederiksen et al., 2004).
To withstand the hydrodynamic conditions of coastal areas, seagrasses establish strong rhizomes
embedded into the seafloor to withstand the hydrodynamic forces of the nearshore environment.
This extensive network of roots and rhizomes is important in binding sediments (Duarte and
Chiscano, 1999). Their widespread distribution and ability to modify their environment to create

favorable conditions contributes to their high ecological significance (Waycott et al., 2009).

Seagrass meadows are highly productive nearshore ecosystems that serve as critical
habitat for a diversity of species (Orth et al., 2006). Seagrasses are an important food source for
many species of herbivorous marine mammals, sea turtles, and fishes, and foraging habitat for
many species (Espadero et. al., 2020; Ganter, 2000; Orth et al., 2006). Individual seagrass blades
are colonized by epiphytes (e.g. macroalgae, phytoplankton, and bacteria) that exploit the light
and nutrient availability within patches of seagrass, which subsequently support micro-grazing
organisms, such as gastropods, zooplankton, polychaete worms, and other invertebrate groups
(Orth and VVan Montfrans, 1984). Not only do seagrass meadows provide abundant food

resources, but their structural complexity serves as shelter to avoid predators and harsh



environmental conditions (Bostrom and Mattila, 1999), making it ideal juvenile nursery habitat
(Heck Jr., Hays, and Orth, 2003).

1.20 Seagrass Hydrodynamics

Hydrodynamics is defined as the movement of fluids, and includes flow velocity,
acceleration, and the forces acting on and generated by fluids. Hydrodynamics contribute to
coastal landscape change, ecosystem processes, and exert a significant influence on all aspects of
marine environments (Koch et al., 2006). In settings with un-vegetated bottoms and
unidirectional flow, velocity profiles follow the logarithmic law of the wall (Kundu et al., 2015).
The law of the wall recognizes three distinct flow zones (Figure 1 A): a thin viscous sub-layer, a
logarithmic layer, and a turbulent outer layer, or Ekman layer, where the magnitude of turbulent
flow depends on boundary roughness elements and the thickness of the viscous sub-layer (Le
Roux, 2004).
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Figure 8 - A) Velocity profile of a smooth boundary with weak currents (solid line) and strong
currents (dashed line) showing three zones: viscous sub-layer, logarithmic layer, and Ekman
layer (i.e. turbulent outer layer). B) Velocity profile of a rough boundary layer over a seagrass
canopy, where the logarithmic profile begins above the height of the roughness

elements. Figure modified from Koch et al., 2006.

Velocity profiles are measured through the Law of the Wall with the following formula
(Spalding, 1961):



u(z) = %lnzi (Eq.1)

o

In equation 1, u(z) is the mean velocity at height z above the bed, u«is shear velocity, K is
the Von Karman constant, and z, is the roughness length. Fitting the logarithmic relationship
between velocity and roughness to measured velocity profiles can be used to estimate bed-shear
stress, drag (i.e. fluid resistance), and eddy viscosity (Lefebvre et al., 2010; Rippeth et al., 2002).
The shape of the logarithmic profile is modified by acceleration and deceleration, such as those
caused by tides, variations in upstream roughness, bedforms, stratification, current meter array
errors, and waves (Dyer & New, 1986). In aquatic environments, submerged vegetation modifies
the flow, altering the velocity profile (Figure 1 B; Koch et al., 2006). Flow through submerged
vegetation shows generally the same three layers as in unvegetated bottoms, but with a thicker
diffusive boundary layer due to the canopy roughness, and an inflection point of maximum shear
at the canopy water interface and base of the logarithmic layer (Lacy & Wyllie-Echeverria, 2011;
Lefebvre et al., 2010; Nepf, 2012).

Vegetation density is one of the most important parameters influencing hydrodynamics
and sediment transport within patches of submerged aquatic vegetation (S. Lawson et al., 2012).
Many studies have identified a threshold in vegetation density that promotes either erosion or
deposition (S. Lawson et al., 2012; Yager & Schmeeckle, 2013). These thresholds are referred to
as the dense and sparse canopy limits (Belcher et al., 2003; Nepf, 2012). In sparse canopies,
stem-scale turbulence is generated throughout the meadow and acts on the bed to suspend
sediment (Figure 2 a; Nepf, 2012). As well, horizontal flow may be diverted around individual
stems, creating stem-wakes and local scour (Nepf, 1999). At densities between the sparse and
dense canopy limits, canopy-scale turbulence, or Kelvin-Helmotz vortices (Figure 2 b;
Ghisalberti & Nepf, 2002; Nepf, 2012), creates a region of strong shear directly above the
canopy. Canopy-scale turbulence may penetrate the meadow and act on the bed to suspend
sediment depending on the canopy height and magnitude of turbulent energy. Above the dense
canopy limit, canopy-scale turbulence often lacks sufficient energy to penetrate through the
canopy (Figure 2 c; Nepf, 2012). Moreover, at high densities much of the flow may be diverted
vertically above the canopy (S. Lawson et al., 2012), or laterally around the patch (Larsen &

Harvey, 2011). The most turbulence and sediment suspension is produced at densities between



the sparse and dense canopy limits (S. Lawson et al., 2012; Moore, 2004). In this manner, dense

vegetation shields the bed from turbulence and bed-shear stresses (Nepf, 2012).
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Figure 9 - Mean velocity profiles of flow through submerged seagrass at the sparse and dense
canopy limits. Here, H is water depth, h is canopy height. (a) Rough boundary-layer profile of a
sparse canopy, where ah < 0.1. (b) Canopy-scale turbulence generated at densities between the
sparse and dense limit, where ak >0.1. (c) Flow profile through a dense canopy (ah > 0.23),
where the bed is shielded from canopy-scale turbulence (Figure from Nepf, 2012).

1.20 Coastal & Seagrass Morphodynamics

Coastal landscapes are driven by physical forces and geomorphic processes, which
generate a dynamic environment with diverse habitats and landforms, at many different spatial
scales (Nepf, 2012; van der Heide et al., 2007). Morphodynamics refers to feedbacks between
hydrodynamic processes, sediment transport, and bed morphology (Wright and Thorne, 1977).
This interactive process of coastal morphodynamics is shown in Figure 3, where external forces
drive hydrodynamics, influencing sediment transport and bathymetry through erosion and
deposition. The creation of bedforms and bathymetric changes then in turn modifies the local
hydrodynamics to feedback into this process. Biogenic habitats (e.g. seagrass meadows and kelp
forests) also fit into this feedback, by modifying and being modified by hydrodynamics and
sediment transport (VVacchi et al., 2017).
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Figure 10 - Framework of coastal morphodynamic models, modified from Ribas et al., 2015 to
include the influence of seagrass.

Sediment transport is controlled by hydrodynamics, but influenced by the presence of
bedforms, bathymetry, and vegetation that interfere with flow (Belcher et al., 2003). Vegetation
controls sediment transport and spatio-temporal patterns of erosion and deposition by altering the
velocity, shear stress, and turbulence of the flow (Follett & Nepf, 2012; Yager & Schmeeckle,
2013; Zong & Nepf, 2011). Broadly speaking, aquatic vegetation tends to trap sediment and
increase deposition locally by generating drag and reducing flow velocities and bed-shear stress
below the critical thresholds for sediment transport (Vargas-Luna et al., 2015, p.; Yager &
Schmeeckle, 2013). Moreover, vegetative-drag breaks up the laminar flow field, creating
unstable fluid-vortices and turbulence. The production of turbulence reduces the mean velocity
of the flow field but can act on the bed to create shear stresses under certain conditions (Nepf,
2012). If the bed-stresses exceed the critical shear stress threshold, then sediment will become

entrained and transported (Duran et al., 2012).



Given that seagrass heavily influences morphodynamics (Vacchi et al., 2017), they are
important to incorporate into sediment transport and coastal landscape change models (Zhu et al.,
2021). Within seagrass, bed morphology (e.g. bed-level, slope, sediment type) vary as a function
of sediment supply and hydrodynamic forces (Bos et al., 2007; van Katwijk et al., 2010), and are
influenced by seagrass characteristics (e.g. meadow extent, canopy height, blade density; Lacy &
Wyllie-Echeverria, 2011). This dynamic interaction between seagrass, flow, and sediment,
creates complex patterns of sediment transport, bed morphology, and meadow configuration
(Frederiksen et al., 2004; Nepf, 2012; Zhu et al., 2021), which vary across seasonal and tidal
cycles (Hansen & Reidenbach, 2012; Hasegawa et al., 2008).

Like other types of aquatic vegetation, seagrasses attenuate wave and current energy
within their canopy, resulting in a reduction of near-bed mean velocities and wave-orbital
velocities (Hansen & Reidenbach, 2012). In general, flow reductions may be proportional to the
canopy height relative to water depth (Ward et al., 1984); however, flexible blades can bend
downwards under high flow velocities, which can temporarily reduce canopy height and drag.
Seagrass characteristics (e.g. blade height and density) are heterogenous across space, therefore,
its effect on flow and sediment transport is highly variable (Allaoui et al., 2016; Carr et al.,
2016). Both deposition and resuspension can operate concurrently within a meadow, but the
relative magnitude of each process depends on meadow characteristics (Nepf, 1999; van Katwijk
et al., 2010), flow velocity, and sediment grain size (de Boer, 2007). Much of the knowledge
related to the morphodynamics of seagrass meadows has been generated from flume studies and
applied to numerical models. However, several field studies provide important information

relevant to the morphodynamics of seagrass meadows.

A field study by Lacy and Wyllie-Echeverria (2011), stationed an acoustic doppler
velocimeter (ADV) and pulse-coherent acoustic doppler current profiler (PCADCP) examined
flow and turbulence through Z. marina canopies of different densities in Puget Sound. They
observed increased canopy drag in higher density canopies, resulting in a greater flow
attenuation. In sparse Z. marina canopies, each blade acted as an individual roughness element to
increase drag and turbulence (Lacy & Wyllie-Echeverria, 2011). In agreement with many flume
studies (Hasegawa et al., 2008; Luhar et al., 2008), this study demonstrated that the mean flow

fields and shear stress varies with vegetation density, canopy height, and current speed. In



addition, they observed strong turbulent mixing and large-scale velocity fluctuations at the
canopy-water interface, through intermittent sweeps (i.e. downward mixing of high momentum
fluid) and ejections (i.e. upward mixing of low momentum fluid), which transport fluid between
the canopy and the overlying water. Sweep events can cause blades to bend, while ejections lift
(Hansen & Reidenbach, 2012) blades upright (Lacy & Wyllie-Echeverria, 2011).

Another field study by Hansen and Reidenbach (2012), deployed an ADV, to measure the
attenuation of wave and tidal flows, turbulence, and shear stress under different Z. marina
canopy densities in the Virginia Coast Reserve (VCR). They observed large reductions in near-
bottom velocities (70-90% reduction), wave height (45-70%), and wave orbital velocities within
the canopy (20% reduction), which increased with canopy density. Velocity attenuation reduced
Reynolds stress by 60%. Both turbulent kinetic energy (TKE) and shear stress were reduced
within the canopy relative to flow above the canopy, but TKE remained higher within the canopy
than shear stress, likely due to stem generated TKE. Flow velocity and suspended sediment
concentration (SSC) decreased with distance from the meadow edge into the interior, thus
retaining fine sediments (Hansen & Reidenbach, 2012). Moreover, seagrass canopies were most
effective at attenuating high frequency wave energy (Hansen & Reidenbach, 2012), which agrees
with the results of Bradley and Houser (2009). Ultimately, seagrasses serve as a low-pass filter
on high frequency waves, but attenuation decreases with wave height (Bradley & Houser, 2009;
Hansen & Reidenbach, 2012). Given that seagrass density is greatest during the summer (Olesen

& Sand-Jensen, 1994), flow and wave attenuation is maximized during peak summer biomass.

Using similar methods, Hansen and Reidenbach (2013), found the reduction in flow
velocities to be much greater in summer (60%) than in winter (40%), which is the period of
meadow senescence, low biomass, and increased storm frequency. Similar to velocity, SSC was
lower in the seagrass sites during peak summer biomass, whereas SSC was enhanced during the
winter under minimum seagrass density. Furthermore, SSC was almost 2x greater in unvegetated
sites than those in seagrass during peak summer biomass. As in Lacy and Wyllie-Echeverria
(2011), this study observed short-lived turbulent sweeps and ejections, which mixes the fluid
across the shear-layer in the canopy-water interface and is the dominant turbulent motion within
the meadow in all seasons (Hansen & Reidenbach, 2013). Moreover, Hansen and Reidenbach
(2017), showed further evidence that turbulence production at the shear layer may extend into



within the canopy in sparse densities, but is significantly reduced in dense canopies. Turbulent
ejections were the dominant form of momentum transfer within low density patches, whereas
sweeps were dominant in high density patches (Hansen & Reidenbach, 2017). This agrees with
the findings of Finnigan (2000) and suggests that sweeps enhance fluid exchange between the
canopy and the overlying water over a short time (Finnigan, 2000; Hansen & Reidenbach, 2017).
Turbulence is reduced within the canopy, however, the efficiency of momentum transfer is
increased, due to sweeps and ejection events (Hansen & Reidenbach, 2013). Additionally,
Hansen and Reidenbach (2017) found that turbulence produced by wave oscillatory motion was
significantly greater than from currents. However, there was a significant reduction in vertical
mixing efficiency and stresses under wave-driven flows (Hansen & Reidenbach, 2017).
Ultimately, these patterns of flow attenuation and momentum transfer within meadows modify

local sediment transport and bed morphology.

By reducing water currents, seagrasses enhance deposition and reduce resuspension,
which drives sedimentation patterns within meadows (Terrados & Duarte, 2000). Generally,
meadows tend to accumulate fine grained sediments, such as sand, mud, and silt (de Boer, 2007;
van Katwijk et al., 2010). A key study by Bos et al. (2007) transplanted Z. marina seedlings on
unvegetated sediment in the Wadden Sea and observed a net deposition of 5-7 mm of fine silt
and sands (Bos et al., 2007). Expanding on these results, Van Katwijk et al. (2010) observed that
in dense seagrass beds with reduced flow velocities, there is an increase in fine silt and organic
material. Alternatively, sparse beds showed an increase in larger grained sand content, with a
smaller reduction in flow velocity (van Katwijk et al., 2010). Other studies have also found that
changes in sediment composition depend on flow velocity, seagrass density, and underlying
sediment type (Oreska et al., 2017; Widdows et al., 2008). Based on Hjulstrom’s curve, larger
grains require higher velocities to transport, whereas transportation of fine grains can be initiated
at relatively lower flow velocities (Hjulstrom, 1939). However, clays and silt can form cohesive
bonds and require higher velocities to initiate transportation, which may alter this general pattern
of resuspension within beds with higher clay and silt content (de Boer, 2007). Both velocity and
seagrass density can vary seasonally and across a tidal cycle, which modifies these sedimentation
patterns (Herman et al., 2001; Lacy & Wyllie-Echeverria, 2011) and generates spatially and
temporally variable patterns of sediment transport and the subsequent bed morphology
(Jankowska et al., 2014).



Within a seagrass meadow, edges are the most dynamic location, while the interior is
typically stable (Carr et al., 2016; Chen et al., 2007; Gruber & Kemp, 2010). Flow may be
concentrated along edges and interact with the bed and seagrass blades to generate shear stress,
turbulence, and scouring along the margins (Chen et al., 2007; Fonseca et al., 2007; Zhu et al.,
2021). As flow travels through the meadow edge, suspended sediment can be trapped by
individual blades and flow velocities reduced to levels below the threshold to transport
suspended sediment (Carr et al., 2016), which can increase local bed-levels (Zhu et al., 2021).
This creates a region of increased deposition immediately downstream of the meadow edge
(Beudin et al., 2017; Zong & Nepf, 2011), until most suspended sediment is removed from the
water column (van der Heide et al., 2007; Zhu et al., 2021). Sections of the interior and edges
with lower densities and canopy gaps may experience increased scouring and resuspension
(Colomer et al., 2017; Hansen & Reidenbach, 2012). In areas of high-moderate plant densities,
such as interiors, sediments are stabilized by the reduction in turbulence and shear stresses below
thresholds required to transport sediment (Lacy & Wyllie-Echeverria, 2011; Zhu et al., 2021),
even in moderately exposed environments (Bos et al., 2007). These conclusions are generally
useful to understand the patterns of flow and sediment transport throughout a meadow. However,
have been generalized from the combination of flume studies, relatively small-scale field studies,

and modelling efforts.

At the meadow-scale, feedbacks between patches, gaps, and hydrodynamics govern the
evolution of the meadow through the transport of sediment and mechanical disturbance (Larsen
& Harvey, 2011; Uhrin & Turner, 2018), which vary across the growing season (Hansen &
Reidenbach, 2013; Hasegawa et al., 2008), and through natural and anthropogenic disturbances
(Short & Wyllie-Echeverria, 1996; Walter et al., 2020). As biomass, density, and extent
increases, sediment accumulates and increases bed-level across the growing season (Bos et al.,
2007). A recent study by Zhu et al. (2021), used the coupled Delft3D-FLOW and SWAN models
to predict sediment and flow dynamics at different seasons in the VCR. At peak densities (400-
500 shoots m), the model predicted that flow velocity and SSC were reduced by 60% and 85%,
respectively. As well, flow was concentrated along the meadow edges causing scour.
Alternatively, with low seagrass densities (50-100 shoots m) flow velocities and SSC were
considerably higher, and erosion was enhanced in the interior (Zhu et al., 2021). Although this

model produced reasonable simulations, it relies on uniform seagrass characteristics averaged



across the entire meadow and has a grid size of 70 m. Therefore, this model cannot resolve
heterogenous seagrass patterns (e.g density changes, canopy gaps), which influences the
production of turbulence, bed-shear stress, and sediment transport (Carr et al., 2016; Ganthy et
al., 2013), and oversimplifies the predicted morphodynamics.

The dynamic interplay between seagrass, hydrodynamics and sediment transport yields
heterogenous patterns of bed-level changes and suspended sediment concentrations due to fine-
scale variability in turbulence, shear stress, scouring, and deposition (Bos et al., 2007; Carr et al.,
2016; Ganthy et al., 2013). Both flume and field research have yielded somewhat contradictory
results related to the morphodynamics within seagrass and similar types of flexible vegetation
(Bouma et al., 2007; Heide et al., 2010; Widdows et al., 2008). The tendency for seagrass to
stabilize sediments and enhance deposition or generate erosion and resuspension is not yet fully
understood (Tinoco et al., 2020), possibly due to simplification of complex spatio-temporal
patterns. Therefore, further field studies under different physical settings with varying seagrass

characteristics will help resolve the local drivers of seagrass morphodynamics.

1.30 Seagrass Patch Dynamics

Seascape ecology, an application of landscape ecology in marine environments, examines
the spatio-temporal pattern dynamics and heterogeneity of habitats. Seascape structure can be
represented with the ‘patch-matrix’ model, where patches of a particular habitat (e.g. seagrass)
are embedded within a matrix of a different habitat (e.g. sand; Bell, 1999). Spatial pattern
metrics characterize the configuration and composition of landscapes at three levels of spatial
hierarchy: patch, habitat class, and seascape (Pittman, 2017; Turner & Gardner, 2015; Wedding
etal., 2011).

Seagrass landscapes can range from contiguous seagrass cover to complex fragmentated
seagrass patches, driven in part by depth, sediment type, and exposure to physical disturbances
(Bell, 1999; Duarte et al., 2006). Seagrasses typically colonize fine sandy substrates and depths
less than 6 m, as they require sufficient light conditions for photosynthesis (Duarte, 1991;
Frederiksen et al., 2004). Canopy gaps can originate from disturbances through the removal or
mortality of vegetation, or changes in local topography and soil/sediment quality that are not

suitable for seagrass growth (Bell, 1999). Areas exposed to greater wave and current energy
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often have a lower patch size, aerial coverage, and number of patches, as these disturbances
prevent growth and enhance seagrass losses (See Figure 4; Uhrin & Turner, 2018). Moreover,
seagrass patches can migrate across the nearshore in response to disturbances and sediment
transport processes (Fonseca et al., 2007). The configuration of patches and gaps influences
habitat quality, ecosystem function, and sediment transport processes (Bostrom et al., 2011,
2014; Carr et al., 2016).

Figure 11 -Schematic diagram of the effect of wave exposure on seagrass spatial pattern. Figure
from Uhrin & Turner 2018.

Increasing canopy gaps, or patchiness, is associated with fragmentation. Habitat
fragmentation is the process where a contiguous patch is broken up into smaller more isolated
patches and can be related to natural and/or anthropogenic disturbances (Fahrig, 2003; Folkard,
2019). Fragmented meadows have increased amount of edge, which results in a reduction of
seagrass shoot density (Yarnall et al., 2022). Because dense seagrass patches modify flow,
heavily fragmented seagrass canopies are dampened in their ability to reduce flow and sediment
resuspension (Folkard, 2005, 2019; Nepf, 2012). A 2017 study by Pace et al., examined the patch
dynamics of a Posidonia oceanica meadow in relation to a gradient of wave and energy
exposure. They concluded that increased near-bed shear forces lead to increased meadow
patchiness (i.e. fragmentation) and configuration. Moreover, they found that both patch size and

shape complexity were primarily driven by wave climate (Pace et al., 2017). Seagrass patchiness
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and complexity can be modified through exposure to continuous tidal currents and average wave

conditions, or through disturbances of differing magnitude, frequency, and duration.

Physical disturbances are one of the main drivers of seagrass spatial pattern (Uhrin &
Turner, 2018). Here, a disturbance is defined as an event that disrupts the structure of an
ecosystem, community, or population, and modifies resource availability or the physical
environment (Turner, 2010). There are three main categories of disturbances that influence
seagrass spatial pattern: Pulse, Press, and Ramps (Figure 5). Pulse disturbance are low frequency
high magnitude events, such as an extreme storm or cyclone. A press disturbance occurs rapidly
and maintains constant level, such as persistent pollution. A ramp disturbance is the gradual
increase in biophysical conditions that slowly disturbs the seagrass landscape over time, for
example ocean acidification (Pittman, 2017). Short-lived disturbances operate in tandem with
other physical drivers (e.g. wave exposure and tidal currents) to control seagrass spatial pattern
over time. Increase in patchiness and canopy gaps reflects the spatially variable hydrodynamics,
disturbances, and recovery of seagrass. The balance between recovery and losses depends on the
life history traits and reproductive strategies of the seagrass species and the frequency and
magnitude of disturbance (Duarte et al., 2006).
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Figure 12 - Three main disturbance categories that influence seagrass spatial pattern and patch
dynamics. From Pittman 2017.
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1.40 Seagrass Threats and Restoration

A recent meta-analysis on global seagrass communities are in decline by 1%-2%
each year (Dunic et al., 2021). Seagrass declines are the result of multiple anthropogenic
stressors amplified by natural processes (Orth et al., 2006). Seagrass meadows are almost
exclusively monospecific, which makes them vulnerable to disease outbreaks. In the 1930s,
approximately 90% of Z. marina meadows were lost in the North Atlantic Ocean, primarily due
to seagrass wasting disease (Waycott et al., 2009). Seagrass wasting disease, caused by slime
mould Labyrinthula sp. resulted in the most significant global loss in seagrass coverage to date
(Larkum et al., 2006). Most human populations live near our coastlines, which has resulted in
extreme anthropogenic pressures. In particular, the armouring of shorelines with breakwaters,
rock-walls, and groins, has altered the sediment dynamics and inhibited the natural migration of
meadows (Orth et al., 2006). Under predicted climate change scenarios, armoured shorelines will
likely prevent the landward migration of seagrasses with rising sea-levels, referred to as ‘coastal
squeeze’ (Mills et al., 2016). Deteriorating water quality due to excessive nutrient and sediment
run-off from industries (e.g. agriculture and logging) and urban development within watersheds
can have deleterious effects on seagrasses (Waycott et al., 2009). Fisheries directly and indirectly
impact seagrasses by physically disturbing meadows with bottom-trawlers, boat-propellors,
mooring, and trophic cascades by predator removal that increase seagrass herbivory (Colomer et
al., 2017; Hughes et al., 2013). Another major stressor facing seagrass is accelerating global
climate change, which may amplify seagrass declines through the cumulative effects of all
stressors. Increasing sea-surface temperature, storm frequency, extreme climatic events, and
shifts in large-scale oceanic process, have been attributed to losses in seagrasses, and are
expected to become even more prevalent in the future (Orth et al., 2006). The widespread
degradation of seagrass meadows has led to a considerable effort to restore these valuable
habitats (van Katwijk et al., 2016).

A European study observed a reversal in the declining trends for seagrass meadows in
certain locations (de los Santos et al., 2019). This provides evidence that with proper
management action, restoration, and conservation efforts, we may be able to prevent further loss
of seagrass meadows and even restore those previously lost. However, different seagrass species

vary in their recovery trajectories, reflecting their different growth rates and tolerances to
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environmental conditions (de los Santos et al., 2019). Z. marina is the most widespread species
of seagrass in the Northern Hemisphere, and as a generalist, may be more easily restored than
more specialized seagrasses (Short et al., 2007). The invasion of non-native seagrasses (e.g.
Zostera japonica) may hinder seagrasses recovery by outcompeting and displacing native
seagrasses (Williams, 2007). To conserve global seagrass biodiversity and ecosystem function, it
is important to understand the different physical and environmental requirements, as well as life

history traits, of seagrass species, and how they may influence seagrass restoration.

In order to combat widespread seagrass losses, significant measures have been
implemented to recover seagrass beds through improving water quality and planting. Although
restoration efforts have lead to full or partial recovery of seagrass meadows (Orth et al., 2012),
many restoration attempts have failed (Tanner & Parham, 2010). A global analysis estimated a
success rate of only 37% for seagrass restoration efforts (van Katwijk et al., 2016). The reason
for these restoration failures is believed to be partially explained by inadequate site selection due
to physical setting, regime shifts (i.e. non-linear change in the stable state of a system after
reaching a threshold; Stallins & Corenblit, 2018), or altered feedback loops (Nystrom et al.,
2012). A recent study by Moksnes, Eriander, Infantes, and Holmer (2018) examined the factors
inhibiting natural seagrass recovery in areas that experienced severe losses. Although drastic
improvements to regional water quality were made, there was no natural seagrass recovery. This
study concluded that recovery was inhibited due to a regime shift in these areas where local
morphodynamic processes now acted as a positive feedback loop preventing seagrass growth.
Following the loss of the meadow, the system shifted to a new regime state lacking the negative
feedback mechanisms that enhances seagrass colonization and growth (Moksnes et al., 2018).
The failure of restoration projects highlights the need for more comprehensive research on the
key processes and feedbacks related to seagrass morphodynamics, which will have important

implications for restoring lost and degraded seagrass meadows.

Feedback loops often dictate the non-linear response of seagrass ecosystems to changes in
environmental conditions (Nystrom et al., 2012). Negative feedback loops (i.e. self-dampening)
help to maintain system stability by mitigating effects of changes in environmental conditions
and system states (Walker et al., 2006). Seagrasses are photosynthetic organisms, therefore, their
distribution is dependent on light availability (Duarte, 1991). The seagrass-sediment-light
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feedback has been identified as a major driver in the trajectory of seagrass ecosystems. When
seagrass meadows attenuate flow velocity, there is a reduction near-bed turbulence and shear
stresses, which promotes sediment deposition and retention (Hansen & Reidenbach, 2012).
Water turbidity is reduced as sediment is captured from the water column, which improves light
penetration and enhances seagrass growth (Lawson et al., 2007). As patches of seagrass
continues to grow and expand, they further enhance the conditions suitable for seagrass meadow
ecosystems (Lacy & Wyllie-Echeverria, 2011). Once the state variables (i.e. density, extent, and
biomass) have reached specific threshold values, the system will maintain its stable state, and

buffer environmental disturbances below a certain magnitude (Moksnes et al., 2018).

This feedback loop is dependent on seagrass density and biomass, where destabilizing
effects may occur below a biomass and density threshold when flow velocities are high. This
causes a shift to a positive feedback loop (i.e. self-amplifying), which inhibits seagrass growth
and colonization (Lawson et al., 2012). The positive feedback loop follows the same mechanism
as the negative seagrass-sediment-light feedback, but in the reverse direction. When the state
variables decrease to below a critical threshold value, the ability of seagrass to prevent
resuspension is compromised. As more sediment is resuspended, turbidity increases, and light
penetration into the seagrass canopy decreases. Given that seagrasses require sufficient light
conditions for photosynthesis, this inhibits growth and can accelerate meadow loss (Moksnes et
al., 2018; van der Heide et al., 2007). Once a meadow is lost, the system becomes dominated by
unvegetated sand and drifting algae, which leads to further sediment resuspension and erosion
(Moksnes et al., 2018). This process whereby a stable state transitions into an altered stable state
following a large-magnitude disturbance is referred to as a regime shift (Nystrom et al., 2012).
Regime shifts and altered feedback loops have important implications for conservation

management and restoration projects of seagrass meadows (van der Heide et al., 2007).

1.50 Thesis Structure and Research Questions

Most field studies on sediment and seagrass dynamics have occurred in relatively low-
energy estuarine systems, therefore, our current understanding of these biophysical processes
may not be relevant to all seagrass systems. Off the Central Coast of British Columbia, Canada,
the Z. marina seagrass meadow within Choked Passage is exposed to significant current and

wave energy (Prentice et al., 2019) and is relatively free from human disturbance. Therefore, this
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site presents a unique opportunity to study the natural biophysical processes operating in an
undeveloped and hydrodynamically exposed environment. The objective of this research is to
examine the morphodynamics (i.e interaction between flow, sediment transport, and bed

morphology) of the Choked Passage seagrass meadow.

This thesis is organized into two research chapters with different, but related research

questions:

e Chapter 2.0: How do storm events influence seagrass and bed level? and are bed-level

changes linked to changes in seagrass coverage?
e Chapter 3.0: How does tidal flow behave within and outside of the meadow? and do

tidal currents drive sediment transport in Choked Passage?
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2.0 Bio-geomorphic response of an exposed seagrass meadow to storm events

2.10 Abstract

Seagrasses serve as ecosystem engineers by providing critical habitat and reducing near bed
flow velocities to shield the bed from erosion and sediment suspension. Seagrass loss can
enhance erosion and sediment suspension, which can be initiated through short-lived extreme
events, or chronic long-term disturbances. Natural and anthropogenic disturbances can govern
the evolution of seagrass meadows. This study examined how climate variability and storms
influence seagrass and bed morphology in the Choked Passage seagrass meadow off the Central
Coast of British Columbia. We used high resolution multibeam echosounder (MBES)
bathymetry and backscatter data from 2018 and 2021, drone mapped seagrass delineations from
2014 to 2021, and wind and wave data from 2014 to 2021. From 2018 to 2021, the meadow
experienced significant erosion and loss of seagrass, which we attribute to the preceding winter
storm activity driven by moderate La Nifia conditions. Coupled erosion and seagrass loss
resulted in the generation or expansion of blowouts. The spatial patterns of erosion and seagrass
loss was non-uniform across the meadow and at times decoupled. In locations where seagrass
loss was decoupled from bed level changes, we observed increased fragmentation without
blowout formation. We observed a reduction in seagrass coverage following winters with a high
number of storm events and/or high recorded storm intensity from 2014 to 2021. We believe the
Choked Passage seagrass meadow undergoes cyclic behaviour with reduction in seagrass
coverage during energetic ENSO vyears, followed by a recovery period during weak years, which
is likely coupled to sediment erosion and deposition in certain areas of the meadow. Geomorphic
processes and disturbances have an important influence on ecosystem structure and function over
time, therefore, it is important to understand how these processes operate and are modified by
external drivers. Climate variability is predicted to increase, while seagrasses continue to decline
worldwide, and effort should be made to understand how seagrass will respond to the changing

climate.

2.20 Introduction

Globally, there has been a rapid decline in seagrasses due to a myriad of anthropogenic
stressors (Waycott et al., 2009), such as deteriorating water quality, coastal development, and
climate change (Orth et al., 2006). Seagrasses are marine flowering plants that are widely
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distributed across temperate and tropical coastlines (Short et al., 2007). Seagrasses are ecosystem
engineers (Bos et al., 2007), forming extensive meadows that provide critical habitat, modulate
local hydrodynamics, sediment transport, and biogeochemical processes (Duarte & Chiscano,
1999). Their canopies induce drag on flow to attenuate flow and reduce near-bed flow velocities
(Hansen & Reidenbach, 2012; Koch et al., 2006). This process shields the seabed from shear
stress, erosion, and sediment suspension. Alternatively, loss or changes to seagrass habitat can
enhance erosion and sediment suspension, which can be initiated through short-lived extreme

events, or chronic long-term disturbances (Bostrém et al., 2017; Cabaco et al., 2008).

Natural and anthropogenic disturbances can govern the evolution of seagrass meadows
(Short & Wyllie-Echeverria, 1996; Walter, 2020). Large disturbances can cause seagrass
mortality and/or blade uprooting, which destabilizes the sediment to cause erosion (Robbins &
Bell, 2000). For example, a recent study observed a regime shift to an erosional environment
following severe collapse of Z. marina due to cumulative effects of dredging, siltation, and
shifting climate in the Morro Bay estuary, CA, USA (Walter, 2020). Another study documented
a 50% loss in Posidonia oceanica, coupled with significant sediment erosion and burial after an
extreme storm event in the NW Mediterranean (Oprandi et al., 2020). Under certain conditions,
wave exposure and storm activity can be linked to gap formation and habitat fragmentation
within seagrass meadows (Bell, 1999; Frederiksen et al., 2004; Pace et al., 2017; Stevens &
Lacy, 2012).

The frequency and intensity of natural disturbances are controlled by weather patterns,
climate change, and EIl Nifio—Southern Oscillation (ENSO). Strong ENSO events (i.e. El Nifio
and La Nifia) can cause severe storms and lead to coastal erosion on the Pacific Coast of North
America (Barnard et al., 2015, 2017). The increase in wave energy and storm severity associated
with these events can reduce seagrass coverage, increase fragmentation and canopy gaps, and
erode sediment (Duarte, 2002; Oprandi et al., 2020; Short & Wyllie-Echeverria, 1996). Given
their high ecological value, it is important to understand the physical processes that drive the
distribution and health of seagrass meadows, particularly under a changing climate (Orth et al.,
2006).

Seagrass meadows are a mosaic of seagrass patches, embedded with patches of

unvegetated sediment, where biotic and abiotic factors control their spatial pattern (Frederiksen
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et al., 2004). Remote sensing techniques, such as drones and multibeam acoustic echosounders
(MBES or multibeam) are well-suited to examine the complex patterns and biophysical changes
(e.g. sediment and seagrass coverage) within a seagrass meadow (Gumusay et al., 2019).
Multibeams can be used to map seabed bathymetry and substrate types (Brown et al., 2019),
while drones can produce high resolution seagrass delineations (Nahirnick et al., 2019). These
methods together can help identify the relationship between seagrass and bed morphology.
Moreover, by pairing these data sources with climatological data, we can determine how storms
and climate variability influences the spatial pattern of seagrass and bed morphology.

Most field studies on sediment and seagrass dynamics have occurred in relatively low-
energy estuarine systems (Carr et al., 2016; Hansen & Reidenbach, 2013; Hansen & Reidenbach,
2012; Nardin et al., 2018). Therefore, our current understanding of these biophysical processes
may not be relevant to all seagrass systems. Off the Central Coast of British Columbia, Canada,
the Zostera marina seagrass meadow within Choked Passage is exposed to significant current
and wave energy (Prentice et al., 2019) and is relatively free from human disturbance. Therefore,
this site presents a unique opportunity to study to natural biophysical processes operating in an
undeveloped and hydrodynamically exposed environment. The objective of this study is to
examine the relationship between the seagrass meadow and bed morphology over time and
whether changes to seagrass and sediment are linked to storm activity and climate variability.
Specifically, we will answer the following questions: 1) How do storm events influence seagrass
and bed level? and 2) are bed-level changes linked to changes in seagrass coverage? To answer
these questions, we analyzed high resolution bathymetry data from 2018 and 2021, seagrass
delineations from 2014 to 2021, and wind and wave observations from 2014 to 2021. The results
from this research will provide important insight into the geomorphology of seagrass meadows
and generate novel information on the dynamics of a large meadow in a high-energy

environment.

2.21 Study Area

Choked Passage is located on Calvert Island, approximately 60 km north of VVancouver
Island, British Columbia (Figure 1). The Choked Passage seagrass meadow is situated on a
shallow shoal in water depths of -2.0 m to -11.0 m. The meadow is one of the largest in the

region with near-contiguous area of 367,300 m? (Olson et al., 2018), an average blade density of
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81 m?, and blade length of 1.65 m (Monteith et al., 2021). This meadow is situated between
Calvert Island (334 km?) to the east and exposed islets to the west. Kelp forests of Nereocystis
luetkeana form around the rocky reefs, and large patches of unvegetated sand are located along
the shoreline of Calvert Island (Olson et al., 2019). The bottom substrate is predominately coarse
to fine sand with a high shell content. This area is highly dynamic, with minimal freshwater
input, in a macro-tidal setting with high-current tidal exchanges (Prentice et al., 2019; Hakali,
2021).
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Figure 1 - (A) Map of Choked Passage on the northwest of Calvert Island, British Columbia,
Canada (B), showing (C) 2021 bathymetry and seagrass extent, seabed sample site locations, and
direction of flood flow. Seagrass data was provided by the Hakai Institute and data from the
West Sea Otter Buoy (#46204) was acquired from the Department of Fisheries and Oceans
(DFO).

2.30 Methods

2.31 Storm and Weather Analysis
Hourly wave and wind observation data was acquired from the Department of Fisheries
and Oceans (DFO) West Sea Otter station (#46204; Figure 1 A). First, the data was subset from

2012-2022 to determine a 10-year monthly baseline of significant wave height (m), wind speed
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(m/s), and wind direction (°). A 14-day moving average was calculated from the raw significant
wave height data from 2014 to 2021 to match our observation period. Next, the wave data was
subset to include only observations during the months of January, February, March, October,
November, and December of each year, as significant storms occur during these winter months.
The number of hourly measurements per winter month greater than 3 times the standard
deviation of that month from the 10-year baseline were extracted from 2014 to 2021. It is
assumed that these events represent true significant wave events with the ability to perform
geomorphic work. The Oceanic Nifio Index values (i.e. ENSO strength indicator based on sea
surface temperature) for each year from 2014 to 2022 were obtained from the National Oceanic
Atmospheric Administration (NOAA) National Weather Service Climate Prediction Center
(NOAA, 2022).

2.32 Seagrass Spatial Analysis

The Hakai Institute has performed unmanned aerial vehicle (UAV) surveys to acquire
ortho-mosaic images of Choked Passage and map the seagrass extent each summer since 2014.
The seagrass area was calculated for each shapefile from 2014 to 2021. To determine the
changes in seagrass extent for the years with MBES surveys, each shapefile was converted to a
Boolean raster, where 1 = seagrass presence and 0 = no seagrass. Simple raster math was
performed between the 2018 and 2021 seagrass Boolean raster’s to calculate whether each cell

experienced seagrass loss, gain, or no change.

To examine seagrass structure, spatial pattern metrics were calculated for 2021 using
FRAGSTATS. First, the meadow was segmented into zones for analysis. Next, we calculated the
Shape Index and Perimeter-Area Fractal Dimension for 2021. Shape Index is the ratio between
the patch perimeter and a hypothetical minimum patch perimeter to describe patch complexity.
The Perimeter-Area Fractal Dimension describes the patch complexity independent of scale
(McGarigal et al., 2012).

2.33 MBES Data Collection & Processing

Multibeam echo-sounders (MBES) emit short length acoustic pings that transmit acoustic
energy to the seafloor in a fan-shaped swath (Parnum & Gavrilov, 2011). The ping is scattered
off the bed and returns to the receiver array, while the length of time delay and the angle of

returning ping are used to calculate bathymetric and morphological parameters of the bed
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(Lamarche & Lurton, 2018). In July and August of 2018, the Hakai Institute surveyed Choked
Passage using a Teledyne Seabat Reson T50-R MBES mounted to the hull of a 23 ft aluminum
research vessel (Hakai Blue). On May 6-8" and August 4’5" 2021, Choked Passage was
surveyed again using a Norbit iWBMS Turnkey MBES mounted to the Hakai Blue. Data was
collected at 400-550 kHz with an FM beam form, dynamic ping rate, and auto pulse width. An
AML Minos X sensor was deployed at the beginning and end of each survey day to measure

sound velocity profiles of the water column.

To examine geomorphic changes within the meadow, seagrass was removed from the
bathymetry surfaces. Otherwise, natural changes in the seagrass meadow would be interpreted as
bed-level changes. Each point cloud was imported into Cloud Compare, and a Cloth Simulation
Filter (CSF) was performed to extract ground points (Zhang et al., 2016). The filtered point cloud
was exported as a raster at 1 m resolution and loaded into ArcGIS. A shapefile of the 2018 and
2021 meadow extent was used as a mask to clip the meadow from the raster. The clipped raster
was aggregated into a 2 m resolution with each cell containing the minimum value of each input
cell, to ensure the cell value was that of the seabed and not vegetation. Next, the 2 m raster of the
meadow was merged with a 2 m raster of Choked Passage without a CSF filter. Figure 3 shows
the depth profile of the bathymetry with seagrass (A) and after the seagrass was removed (B).
The combination of CSF and aggregation sufficiently removed the seagrass from the seabed
(Figure 3 C & E). Finally, the .tiff raster files were loaded into Cloud Compare and co-registered

in the z-direction to each surface.
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B) 2018 soundings and profile with seagrass

C} 2018 soundings and profile with seagrass removed

D) Aug 2021 soundings and profile with seagrass

E) Aug 2021 soundings and profile with seagrass removed

—— Transect
—— Profile
Point

Figure 2 — Confirmation of seagrass removal from MBES bathymetry necessary for surface
differencing. A) Point cloud of August 2021 MBES bathymetry (m) and transect line in Cloud
Compare, B) July/August 2018 MBES soundings and profile with seagrass soundings and C)
without seagrass soundings, D) August 2021 MBEs soundings and profile with seagrass
soundings and E) without seagrass soundings.

2.34 Change Detection - M3C2

The Multiscale Model to Model Cloud Comparison (M3C2) plugin was used in Cloud
Compare to quantify bed-level changes from each surface (Lague et al., 2013). The M3C2
algorithm works exclusively on the point cloud (i.e. not gridded surfaces) to calculate the local
distance between two clouds, and uses the roughness and registration error to estimate the 95%
confidence interval of each points distance estimate (Lague et al., 2013). The registration errors
for the co-registered surfaces were 0.093 m, 0.051 m, and 0.093 m. Only distances in the Z-
orientation were calculated, to determine the vertical change of each point between each cloud.
Finally, the calculated M3C2 distances and significant changes (95% confidence interval) were

exported as a 2 m raster.

2.35 Substrate Classification

The backscatter data and cleaned bathymetry files were processed using QPS FMGT
software to create backscatter mosaics for the three time periods to be classified. The mosaics, a low
pass filtered bathymetry, a hillshade of the bathymetry and a seagrass polygon, all at 1 m resolution

were loaded into ArcGIS to perform an unsupervised classification of backscatter following the
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methods of Bosma (2019). Using the isocluster tool, a classification of the mosaic was performed
based on similar areas. Three classes were identified based on the resulting maps, and prior
knowledge of the seafloor. Rock features were identified via two methods: the Arc-Chord Ratio
(ACR) rugosity was calculated and areas with steep slopes identified by thresholding ACR. Next a
bathymetric position index (BPI) was determined to find areas which are sufficiently different from
the surrounding neighbourhood. A sensitivity analysis was performed to derive the best inner and
outer radius for calculations in this method. Finally, cells were identified as rock when both the BPI
and ACR marked them as outliers from the overall topography. A fourth class was created for all
cells containing rock. Lastly, using the seagrass polygon, all cells that were covered by the seagrass
polygon, were added to a fifth class, representing seagrass. These steps were performed for all
backscatter mosaics from July/August 2018 to May 2021 and August 2021. However, the results
were inconsistent with the changes that were detected in the multibeam topography and differed from
the other two surfaces. The material that was designated as fine sand around the southern meadow in
July/August 2018 and May 2021, was classified as cobble/boulder in August 2021 with little change
in bed surface elevation. We suspect some of these errors are related to different water column
properties that are not adequately accounted for when creating the mosaic. For this reason, we refrain
from showing the August 2021 and discuss pre- and post-storm change using July/August 2018 and
May 2021, only.

2.36 Grain Size Analysis

Seven sediment samples were collected by divers from the seabed in Choked Passage in
August 2021 (Figure 1 C). Samples were immediately frozen and transported to the lab for grain
size analysis. The frozen samples were thawed at room temperature for 24 hrs, and then oven
dried at 110°C for 24 hrs. Fragments of organic material (e.g. macro-algae, invertebrates) were
removed from the sample prior to drying. The dry samples were burned at 500°C for 1 hr to
combust any other organics within the sample. Due to the high shell-content of Choked Passage
sediments, clumps and aggregations were broken up by hand, rather than a mortar and pestle to
prevent damaging the shells and altering their size. Approximately 500 g of each sample were
collected for sieve grain size analysis. The finest grain sediments within the receiving pan were
collected for hydrometer analysis of fine sands, silts, and clays (ASTM, 2017; Hossain et al.,
2021; Kalra & Manard, 1991).
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2.40 Results

2.41 Climate Variability and Seagrass Coverage

The dominant wind direction was South-East from 2014 to 2021 and 2018 to 2021
(Figure 4 A & B) with maximum wind velocities reaching up to 25 m/s. A secondary wind
direction was from the North-West, which was enhanced during the 2018 to 2021 period, with
wind velocities reaching up to 15 m/s. According to NOAA’s Oceanic Nifio Index (ONI), the
winter of 2015/2016 was a very strong El Nino event, while 2020/2021 and 2021/2022 were both
moderate La Nifia events (Figure 4 C). All other years were weak ENSO years. Hourly
significant wave height (m) observations and a 14-day average are shown in Figure 4 D. The
average significant wave height was 2.73 m +/- 0.60 cm during this time period. The winter of
2015 and 2016 had the highest number of hours with increased wave heights (i.e. significant
hourly wave height observations greater than 3x the monthly standard deviation) (N > 1500, on
average 12h/day), and 2014 had the fewest events (Figure 4 E). The largest significant wave
height (0.4 m) was recorded in the winter of 2020 (Figure 4 F).
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Figure 3 - Wind rose for West Sea Otter station (#46204) from A) 2014 to 2021 and B) 2018 to
2021 showing the distribution of wind speed (ws, m/s) and direction (°) during both time periods.
C) Oceanic Nino Index from 2014- 2021. D) Time series of significant wave height (m) hourly
observations (gray line) and a 14-day moving average from West Sea Otter station (#46204). E)
The number of winter wave height events greater than or equal to three times the monthly
standard deviation for each year from 2014 to 2021. F) Boxplot of hourly significant winter wave
height observations per year showing median (black horizontal line, range between 25 and 75
percentile values (grey box) and outliers (dots). G) Choked Passage seagrass meadow area (km?)
from 2014 to 2021, note the y-scale from 0.25 — 0.40 km? to emphasize change in area.

The spatial extent of the Choked Pass seagrass meadow varies each year (Figure 4 G), the
greatest total coverage occurred in 2020 with 0.39 km?. There was a slight decrease in area from
2014-2016, followed by an increase from 0.33 km? in 2016 to a maximum of 0.39 km? in 2020,
and a sudden 10% reduction in area in 2021. Figure 5 A shows the change in seagrass coverage
from 2018 to 2021, our two observation windows. The southern portion of the meadow
experienced the most significant changes and lost a total 12,486 m? of seagrass. The rest of the
meadow lost a total of 7,601 m?, most of which occurred in the interior of the North-East and
North-West portion of the meadow. The southern portion lost a disproportionate amount of
seagrass coverage from 2018 to 2021. Gain in seagrass coverage occurred along the meadow
edges, particularly in the South of the main meadow, in the center of the main meadow, and

along the corridor connecting the main and southern meadow.
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Figure 4 - Change in seagrass cover (A) and significant surface difference (m) at a 95%
confidence interval (B) in Choked Passage from Jul/ Aug 2018 - Aug 2021, (C) significant
surface difference (m) from Jul/Aug 2018 - May 2021, and (D) May 2021 — Aug 2021. Imagery

collected in August 2021 by the Hakai Institute.
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2.42 Surface Difference

Within Choked Passage, there were considerable bed-level changes between the survey
periods (Figure 5 B-C). The significant surface differences from July/August 2018 — May 2021,
May-August 2021, and July/August 2018-August 2021 are presented in Table 1. Overall,
Choked Passage experienced erosion and net surface lowering of -18,768 m* from Jul/August
2018 to August 2021. Deposition occurred mainly outside the meadow, with a large depositional
feature located in the northern part near a sand spit (Figure 6B). We presume that this was
formed from a barge beached on the sandspit for the nearby fishing lodge. An erosional feature
can be observed on the aerial imagery and is believed to be the source of the material (Figure 6
B). Therefore, we will not include this feature in our discussion and interpretation of natural bed
level changes in Choked Passage. Most of the erosion in the meadow (-29,391 m®) occurred
between Jul/August 2018 and May 2021 (Figure 6C), predominately in the North-West and
North-East portion of the main meadow, while the center remained stable within the detection
limits. Deposition occurred on the slope leading into the meadow in the North-West. From May
2021 to Aug 2021, sediment was deposited in the North-West region and the center of the main
meadow, while erosion occurred in the North-East and on the slope leading into the meadow in
the North-West (Figure 6D). The volume of material deposited offset the ongoing erosion and a
net surface raising occurred (2,630 m?, Table 1). The southern meadow experienced very little

change during both observation periods.

Table 1 — Summary statistics of significant surface differences (m) and volumetric changes (m?)
at 95% confidence intervals between each MBES survey.

Mean Total volume | Total volume Net surface
Time Period (m) SD (m) of erosion of deposition | volume change
(m°) (m°) (m°)

Jul/Aug 2018

_ May 2021 -0.28 0.44 -29,391 + 6,804 -22,587

May — Aug

2021 0.05 0.28 -5,067 + 7,697 +2,630

Jul/Aug 2018

_ Aug 2021 -0.26 0.43 - 25,281 +6,513 -18,768

2.43 Seabed Grain Size and Backscatter Characteristics
All seabed sediment samples were predominately sand (Table 2) with differing amounts

of shell material. The finest material occurred in the southern meadow (S1) and near the sandspit
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in the north (E1), with respective median grain size diameters of 0.13 mm and 0.16 mm. All
other samples were slightly coarser, with median grain size diameters between 0.2 mm and 0.25
mm in the main meadow. A significant amount of shell fragments were present in the majority of
sediment samples, ranging from whole shells in largest clast size to very fine fragments in the
smallest clast size. The southern meadow (S1) and sandspit (E1) samples both contained the least
amount of shell fragments. All other sites contained large quantities of shell fragments. The main
meadow interior site 11 and western edge (E3) sites all contained the highest proportion of shell

fragments.

Table 2 - Grain Size distribution values of seabed sediment samples in Choked Passage collected

in August 2021.

Site D10 D30 D50 D60 D90
(mm) (mm) (mm) (mm) (mm)
El 0.084 0.11 0.16 0.2 0.33
E2 0.1 0.18 0.25 0.3 0.51
E3 0.084 0.125 0.21 0.28 0.55
E4 0.09 0.14 0.22 0.28 0.50
11 0.09 0.16 0.24 0.3 0.42
12 0.86 0.12 0.2 0.24 0.41
S1 0.09 0.16 0.13 0.3 0.4

Three sedimentary classes, one bedrock, and one seagrass class were identified within the
Choked Passage seabed from the multibeam backscatter surface for July/August 2018 and May
of 2021 (Figure 6). Only these two backscatter surfaces were classified into sediment groups, due
to a significant error with the August 2021 backscatter. Two of these classes occurred in the
vicinity of our bed sediment samples (Figure 1), which are referred to as Sand (yellow) and
Sand/Mixed Shell Hash (blue). Sand was the dominant class within Choked Passage and
occupied the greatest area around the meadow and in the southern unvegetated region. The final
class, Gravel/Cobble (lavender) is located predominately outside of the meadow in the deeper
areas and was identified based on information from the Hakai Institute. Bedrock was identified
around rocky outcrops and islands. The major differences between July/August 2018 and May
2021 was the appearance of the large depositional feature made up of sand adjacent to the

northern sandspit, some small patches of sand in the deeper northern section outside of the
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meadow, and increased gravel/cobble in the southern meadow and the surrounding area (Figure 6
B).

A) Jul/Aug 2018

Bedrock

Gravel/Cobble

Sand/Mixed Shell Hash|
| Sand

Seagrass

Figure 5 - Substrate classification map of four sedimentary classes and seagrass derived from
acoustic multibeam backscatter for A) July/August 2021 and B) May 2021. Imagery provided
by the Hakai Institute.

2.44 Zonal differentiation

Choked Passage was segmented into four different zones based on the results of surface
differencing, seagrass loss/gain, and general physical setting (Figure 7). Zone 1 experienced the
greatest significant erosion and seagrass loss. Zone 2 experienced minor changes, with seagrass
growth and a few small patches of erosion and deposition. Zone 3 experienced significant
erosion and both seagrass loss and gain within the meadow. Zone 4 encompasses the southern
meadow, which lost a significant amount of seagrass coverage but with almost no erosion or

deposition.
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Figure 6 - Map of Choked Passage zones 1-4. Zones are divided based on regions of surface
difference and seagrass coverage change from 2018 to 2021.
2.45 Seagrass spatial patterns and seabed surface difference

The spatial pattern metrics for seagrass delineations collected in August 2018 and 2021
are presented in Table 3 along with the significant surface differences for each zone from
Jul/Aug 2018 - August 2021. Zone 1 has the highest Patch Shape Index in 2021, followed by
Zone 4; Zones 2 and 3 have similar, lower values. All but Zone 2 experienced an increase in
Patch Shape Index from 2018 to 2021. Zones 1 and 3 have the greatest Fractal Dimension Index
in 2021, followed by Zone 2 and 4. All zones experienced a decrease is Fractal Dimension Index
from 2018 to 2021. All four zones experienced overall net surface loss (i.e., erosion). Zone 1 had
the greatest amount of erosion per square meter, while Zone 4 had the least amount of surface

change. Zone 3 experienced more erosion than Zone 2.
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Table 3 — Mean depth (m), spatial pattern metrics from seagrass delineation for July/August
2018 and August 2021, and significant surface differences (95% confidence interval) from 2018
to 2021 for Zones 1-4 in Choked Passage.

Mean | Patch | Patch Fractal Fractal Total Erosion Total Deposition Net
Zone | depth | Shape | Shape | Dimension | Dimension | volume of | per area | volume of | per area surface
(m) | Index | Index Index Index erosion (m*m32) | deposition | (M*m3) volume
Aug | Aug | Aug 2018 | Aug 2021 (m3) (md) change
2018 | 2021 (mm?

1 -6.43 1.56 2.61 1.26 1.36 -12244.98 -0.18 416.26 0.01 -0.17
2 -7.65 1.93 1.83 1.18 1.05 -1013.56 -0.02 425.60 0.009 -0.012

3 -7.04 1.42 1.86 1.28 1.37 -12801.06 -0.07 23.52 0.0001 -0.07
4 -7.24 1.94 2.26 0.83 1.3 -180.60 -0.003 6.20 0.0001 -0.003

2.46 Seabed morphology and substrate classification

The erosion observed in Zone 1 coincided with the appearance and/or enlargement of

blowouts in the North-West, which were visible in the multibeam surface as unvegetated, smooth

patches within dense vegetation, and ranged from 5 m — 25 m in diameter (Figure 8 A & B). In

the northern-most area of Zone 1, smooth sand waves appear, ranging from 5 m — 25 m in length,

and become larger in areas of erosion and seagrass loss (Figure 9 A & B). In Zone 4, the

southern meadow, seagrass generally appears to be less dense and patchier than in Zone 1. It

appears that seagrass loss led to greater patchiness, without the formation of blowouts or erosion

in Zone 4 (Figure 8 & 9 C & D). In the southern edge of Zone 3, a few blowouts appear from
2018 to 2021 (Figure 8 & 9 C & D).
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Figure 7 - Morphology of the Choked Passage seagrass meadow for Zone 1 (A and B) and 4 (C
and D) in Jul/Aug 2018 and Aug 2021.
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Figure 8 - Significant surface differences (m) at a 95% confidence interval for Zone 1 & 2 in A)
July/August 2018 — May 2021, B) May 2021 — August 2021, and Zone 4 in C) July/August
2018 — May 2021, and D) May 2021 — August 2021. Surface difference raster is overlain on
hillshade surfaces from May 2021 (A and C) and August 2021 (B and D) surfaces.
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The seabed substrate classification (Figure 10 A & B) shows coarse material in the
blowouts in the North-West region and a range of grain sizes with some shells around the sand
waves. In the South (Figure 8 A & B), the gravel/bolder class is absent and sand and sand/mixed
shells material persist. The southern portion of the main meadow shows more shell material in
August 2021 than in July/August 2018.

[ Seagrass Extent
Seabed Classification
] Rock
N | Sand

Figure 9 - Substrate and seagrass classification map for Zone 1 (A and B) and 4 (C and D) in
July/Aug 2018 and Aug 2021.

2.50 Discussion

2.51 Seabed and seagrass response to storm events

Significant seabed erosion occurred in the seagrass meadow of Choked Passage from
July/August 2018 to May 2021, which persists in August 2021. The meadow, which had been
expanding since 2016, was reduced by 10% in area from 2020 to 2021. The winter of 2020/21
was a moderate La Nifia event, which in British Columbia are associated with extreme winds,
wave heights, and storm intensity (Abeysirigunawardena & Walker, 2008; Allan & Komar,
2006; Heathfield, 2013). A particular record-breaking storm was reported in the media in
November 2020 (Fretwell, 2020), which caused extreme water levels and wave heights due to
coincidence of a King tide and the storm surge. Under severe storms, seagrass shoots can be
uprooted in exposed meadows (Fourqurean & Rutten, 2004; Oprandi et al., 2020; Peralta et al.,

2005), and seabed sediment can be mobilised (Ferret et al., 2010). Because the few years prior to
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this winter were less energetic (Figure 4), we assume that the erosion and loss of seagrass
occurred during this stormy winter, whether in a single event or through a sequence of strong
storms is not clear. This assumption is supported by a considerable amount of research which
have found seagrass loss after storms events and erosion following seagrass loss (De Falco et al.,
2000; Oprandi et al., 2020; Rasheed et al., 2014; Walter, 2020). Alternatively, other examples of
seagrass loss have been attributed to the ‘seagrass-sediment-light feedback’, where the loss of
seagrass increases resuspension, reduces water clarity, and inhibits seagrass growth (Lawson et
al., 2012; Moksnes et al., 2018). However, this process has been found primarily in shallow
protected and/or estuarine systems (Carr et al., 2016; Hansen & Reidenbach, 2013; Hansen &
Reidenbach, 2012; Nardin et al., 2018), as opposed to the relatively deep and exposed Choked
Passage meadow. Due to the relatively coarse grain sizes, low turbidity (Hakai Institute, 2021),
and lack of nearby river systems, this feedback cycle cannot explain the observed seagrass-
sediment dynamics. We argue that significant storm activity led to erosion and seagrass l0ss in
Choked Passage. No other study has examined the cumulative effects of storm activity on

erosion, bed morphology, and seagrass in this region.

The response of the seabed and meadow to storms was not spatially uniform and not
always directly coupled. Specifically, erosion is greatest in the shallowest parts of the shoal,
which experiences seagrass loss, but the largest seagrass loss occurs in the South, where no
detectable bed level changes occur. We will refer to the former area as ‘morphologically active’,
whereas the southern meadow will be described as ‘morphologically inactive’. In the
morphologically active area of the meadow, seabed erosion and seagrass loss are coupled to the
appearance and expansion of morphological features such as blowouts and sand waves (Figure 7
C& D). Blowouts are grass-free depressions with pronounced vertical relief along their margins
common to hydrodynamically exposed meadows (Fonseca & Bell, 1998; Koch et al., 2006), and
are primarily formed through physical disturbances (Kirkman & Kuo, 1990). Blowouts often
consist of coarser sediment than the surrounding areas as increased flow velocities in the grass-
free area prevent finer sediments from settling (Bos et al., 2007). This agrees with our
observation of particularly coarse sediment in the blowout regions. It is reasonable to presume
these features were formed or expanded due to the increased hydrodynamic forces during the
2020/2021 winter storms. In Choked Passage, they occur around rocky islands and shores. It is
possible that storm energy would have been the greatest or most chaotically distributed near
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these shallow, rocky boundaries, where wave reflection, refraction and turbulence can occur.
During periods of reduced disturbances, blowouts can recover (i.e. infill) through re-colonization
of seagrass and coalescence of patches to form a more continuous meadow (Walker et al., 2006).
Sand waves have also been previously observed in exposed meadows (Fonseca & Bell, 1998;
Koch et al., 2006) and are indicative of bedload transport. In Choked Passage, sand waves are
concentrated in a single area near the northern slope of the shoal in shallowest water. Significant
erosion is focused on the southern margin of this sand wave area, increasing the areas extent,
while seagrass loss and growth occurs within the interior of this area (Figure 8A &B). Based on
the observed severe significant wave heights, seagrass loss, erosion, and minimal suspended
sediment (Prentice et al., 2019), we postulate that sediment transport is predominately limited to
extreme conditions, removing both sediment and seagrass blades, and through small-scale
bedload transport in select areas. Given that there is no overall bed-level change in the southern
meadow, this loss could be related to the ongoing transport of material through the patch, rather
than an actual loss of substrate material. The center region of the morphologically active main
meadow exhibits only few blowouts, little bed level change and seagrass gain in many areas.
Because seagrass meadows are spatially complex and exposed to varying levels of disturbances,
they can experience loss/gain and erosion/deposition simultaneously within a single meadow
(Allaoui et al., 2016; Carr et al., 2016; Kendrick et al., 2000).

The morphologically inactive, southern meadow had large seagrass losses from 2018 to
2021, but minimal erosion and no blowouts, which suggests that this area within Choked Passage
responds to extreme disturbances with increased seagrass patchiness and fragmentation
independent of bed level changes. Some of the finest grain sizes and substrate classes within
Choked Passage are found in the southern meadow, which suggests reduced exposure to currents
and wave energy compared to the main meadow (Hjulstrom, 1939; Orton & Reading, 1993). For
flow coming from the North (ebb direction), the southern meadow is in the flow ‘shadow’ of the
main meadow and in a region of flow deceleration due to flow expansion into deeper water (Best
& Kostaschuk, 2002). For flow coming from the South-West (flood direction), obstruction by
rocky islands and increased roughness reduces the incoming flow. The southern meadow is
bordered by Wolf Beach to the South and may experience frequent exchange of sediment with
the beach. Given these background conditions, a few possible explanations for our observations
in the southern meadow include: 1) bed level changes did occur, but where already reversed by
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May 2021, 2) seagrass loss occurred without bed level change due to increased turbidity
(Moksnes et al., 2018) from eroded materials in the main meadow, 3) the seagrass loss in the
main meadow negatively affected seagrass growth in the southern meadow (e.g. Grech et al.,
2018; Mari et al., 2021), or 4) seagrass loss occurred through independent stressors (e.g. heat
stress, pollution, animal burrowing/grazing; Guerrero-Meseguer et al., 2017; Walter, 2020) only

affecting the southern meadow.

2.52 Meadow cycling and recovery

Seagrass ecosystems are resilient to disturbances and can recover given that intensity and
duration of the disturbance does not exceed a certain threshold that inhibits recovery (Nowicki et
al., 2017; Nystrom et al., 2012). Strong seedbanks and adapted reproductive strategies enable
recovery after plants are removed (Orth et al., 2006; VVercaemer et al., 2021). The seven years of
seagrass delineations available suggest a general trend of a reduction in seagrass coverage
following winters with a high number of storm events and/or high recorded storm intensity.
Following the very strong EI Nifio year in 2016, when the meadow measured its smallest
recorded extent, the Choked Pass meadow entered a period of recovery. In 2020, it reached
maximum coverage area and was reduced following the 2020-2021 moderate La Nifia year. Our
results indicate a significant bio-geomorphic response of seagrass meadows and their sediments
to extreme storm events in this study area. Given that there is no available bathymetry data prior
to 2018, we cannot determine whether this bio-geomorphic response occurs in previous ENSO
years with significant storm activities and whether the seabed undergoes recovery during more
quiescent years. We observed potential recovery through sediment deposition from May —

August 2021 in areas that had experienced erosion.

We speculate that there is a bio-geomorphic cycle of seagrass coverage and
morphodynamics guided by ENSO activity in Choked Pass. Increased storm magnitude and/or
frequency associated with ENSO events induce sediment erosion, seagrass loss, increased
patchiness, and the expansion of blowouts and sand waves. The meadow can recover during
weak ENSO vyears, through seagrass growth and expansion, which may promote deposition and
sediment retention (de Boer, 2007), until the next significant ENSO year. Future research should
continue to survey the Choked Passage bathymetry annually to pair changes in seagrass coverage

with bed-level changes over a longer time series to confirm whether this bio-geomorphic cycle
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exists. Climate change is expected to increase the frequency of La Nifia events (Cai et al., 2015).
The cumulative effects of increased storm activity and anthropogenic impacts (e.g. coastal
development, pollution, dredging) could push seagrass systems past a threshold in an alternative
state of erosion, seagrass loss, and limited recovery (Unsworth et al., 2015).

2.60 Conclusion

This study used bathymetry, sediment backscatter, and seagrass delineations from repeat
MBES and drone surveys to examine the relationship between the Choked Pass seagrass
meadow and bed morphology over time and determine whether changes are linked to storm
activity and climate variability. From 2018 to 2021, the meadow experienced significant erosion
and loss of seagrass, which we attribute to the preceding winter storm activity driven by
moderate La Nifia conditions. Spatial patterns in bed level and seagrass changes were not
uniform and at times decoupled. We found concentrated erosion along the meadow edges, which
are the shallowest and closest to rocky margins. Seagrass loss occurred in these regions, but was
highest in the southern meadow, where the bed appears stable. Coupled erosion and seagrass loss
resulted in the generation or expansion of blowouts. Despite the significant loss of seagrass near
the meadow edge, the interior of the meadow continues to infill seagrass gaps. In locations where
seagrass loss was decoupled from bed level changes, we observed increased fragmentation
without blowout formation, however, it is unclear why. Future research should aim to identify
the drivers of these observed differences in the southern vs northern meadow. We believe the
Choked Pass seagrass meadow undergoes cyclic behaviour with reduction in seagrass coverage
during energetic ENSO years, followed by a recovery period. The observed recovery of the
eroded bed material suggests the meadow has entered this period of seagrass and sediment

recovery, until the next significant ENSO year, creating a bio-geomorphic cycle.

Seagrass meadows provide valuable ecosystem services and provide critical habitat for a
diversity of species. This study demonstrated linkages between extreme storms (during ENSO
years), seabed morphology, seagrass loss and patch complexity on the Central Coast of British
Columbia. Ultimately, we have answered our two research questions: increased storm activity
may result in seagrass loss, bed-level reductions (i.e. erosion), and creation of morphological
features (i.e. blowouts and sand waves), and bed-level reductions are linked to changes in

seagrass coverage, however, both of these results depend on the location within the meadow.
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Geomorphic processes and disturbances have an important influence on the ecosystem structure
and function over time (Corenblit et al., 2011), therefore, it is important to understand how these
processes operate and are modified by external drivers. Climate variability is predicted to
increase, while seagrasses continue to decline worldwide (Cai et al., 2015; Orth et al., 2006), and
effort should be made to understand how seagrass will respond to the changing climate. The
results of this study have significant implications on seagrass conservation, restoration, and the

evolution of coastal landscapes.
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3.0 Tidal flow over seagrass beds on the Central Coast of British Columbia
3.10 Introduction

Seagrasses are known as ecosystem engineers because they modify their physical
environment to create highly productive nearshore ecosystems (Bos et al., 2007; Orth et al.,
2006). Seagrasses induce drag on flow to attenuate mean flow and near-bed velocities (Hansen &
Reidenbach, 2012; Koch et al., 2006). This process can shield the seabed from shear stress,
erosion, and sediment suspension. However, the influence of seagrass on flow and sediment
transport depends on the magnitude of currents and waves, seagrass characteristics (i.e. density
and blade height), grain size, and local topography (Nepf, 2012; van Katwijk et al., 2010; Yager
& Schmeeckle, 2013). The stable conditions generated by seagrasses serve as critical habitat for
a diversity of ecologically and economically important species (Kennedy et al., 2018; Orth et al.,

2006). Moreover, seagrasses help protect our coasts from erosion, improve water quality, and
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sequester carbon (Mcleod et al., 2011; Mtwana Nordlund et al., 2016). Therefore, it is important

to understand how seagrass influences flow and sediment in different locations across a meadow.

In seagrass and other submerged aquatic vegetation (SAV), velocity profiles typically
show three layers: a logarithmic flow layer above the canopy and an attenuated layer below,
separated by a mixing layer with an inflection point of maximum shear directly above the canopy
(Lacy & Wyllie-Echeverria, 2011; Nepf, 2012). Sediment transport is driven by flow velocity
and the production of bed-shear stress and turbulence (Le Bouteiller & Venditti, 2014). Applying
the logarithmic relationship between velocity and different roughness elements to measured
velocity profiles can be used to estimate shear velocity and bed shear stress. By knowing grain
size properties, the critical shear stress thresholds can be estimated to determine the potential for
sediment transport (Rijn, 2007). Typically, the seagrass canopy creates drag on the flow to
reduce velocity and decreases bed shear stress, which inhibits bed load transport and
resuspension (de Boer, 2007; Folkard, 2019). Flow velocity varies spatially due to heterogenous
canopy characteristics (e.g. blade height and density), differences in exposure and topographic
steering, therefore, the magnitude of this process can be highly variable within a single meadow.

Although the general hydrodynamics of seagrass meadows are relatively well-
understood, there are only a few field studies which have examined the relationship between
flow, seagrass, and sediment transport (de Boer, 2007; Folkard, 2019). Much of the knowledge
of seagrass hydrodynamics has come from simplified laboratory studies, or field studies in
relatively protected and similar physical settings (Folkard, 2019; Hansen & Reidenbach, 2012;
Koch et al., 2006; Nepf, 2012). Seagrasses have diverse morphologies, exist in many different
coastal regions, and are exposed to different biophysical processes (Hughes et al., 2009; Koch et
al., 2006; Short et al., 2007). More field studies examining seagrass hydrodynamics in different
environments that capture the complex bio-physical conditions within a single meadow are
needed to improve our overall understanding of seagrass hydrodynamics, refine modelling effort,

and contribute to seagrass conservation and restoration.

Acoustic Doppler Current Profilers (ADCP) allow for precise and high-resolution flow
measurements across a relatively large spatial area, and can detect seagrass canopy height
(Warren & Peterson, 2007). Off the Central Coast of British Columbia, Canada, the seagrass

meadow within Choked Pass is exposed to significant current and wave energy (Prentice et al.,
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2019), and is relatively free from human disturbance. Therefore, this site presents a unique
opportunity to study seagrass hydrodynamics within an undeveloped and hydrodynamically
exposed environment. For this study, we aim to examine the interaction between current flow
and seagrass and how it varies spatially across a relatively exposed meadow. Specifically, we
will answer two questions: 1) How does tidal flow behave at different locations within and
outside of the meadow? and 2) Do tidal currents drive sediment transport in Choked Passage? To
answer these questions, we analyzed flow data from a 1200 kHz ADCP deployed on the bed
looking up and along transects mounted to a vessel looking down.

3.20 Study Area

Choked Passage is located on Calvert Island, approximately 60 km North of VVancouver
Island, British Columbia (Figure 1). The Choked Passage Zostera marina seagrass meadow is
situated on a shallow shoal in water depths of -2.0 m to -11.0 m. The meadow is one of the
largest in the region with near-contiguous area of 367,300 m? (Olson et al., 2019), an average
blade density of 81 m?, and blade length of 1.65 m (Monteith et al., 2021). Seagrass densities
vary at different locations within the meadow (Figure 2). This meadow is situated between
Calvert Island (334 km?) to the east and exposed islets to the west. The bottom substrate is
predominately coarse to fine sand with high shell content. This area is highly dynamic, with
minimal freshwater input, in a macro-tidal setting with high-current tidal exchanges (Prentice et
al., 2019; Hakai, 2021). Choked Passage is ebb dominated which flows from the north to the

south. Flood currents travel north through the meadow from the southwest (Hakai, 2021).
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Figure 1 - Choked Passage study area showing (A) ADCP longitudinal and cross-passage
transect lines over bathymetry seagrass extent, moored ADCP, and seabed sample sites from
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Figure 2 - ROV acquired images of seagrass canopy at different locations within the Choked
Passage meadow. A) Dense interior canopy in the north-eastern section towards the shoreline
with epiphytes and drift algae, B) Less-dense southern meadow patch, C) Moderately dense
interior towards northern meadow edge, and D) un-vegetated sand outside of the meadow with
biofilm and drifting algae.

3.30 Methods
3.31 Data Collection

A 1200 kHz Teledyne Workhorse Sentinel ADCP was deployed on the seabed at four
different locations for 6-7 hours during the ebb tide May 6™ to 10™, 2021 (for location see Figure
1). The instrument was set to send out five pings per ensemble at a 0.37 ping rate and recorded
measurements into 0.25 m bins. On May 12, 2021, a 1200 kHz Teledyne Workhorse Sentinel
ADCP was mounted to a 23 ft aluminum research vessel (Hakai Blue) to survey transects A and
B (Figure 1). One ping was sent out every 0.84 seconds at 0.25 m depth bins and set to water
mode 1. It took approximately 15 min to complete one line and lines were surveyed every 20
min. The cross-sectional transects (Figure 1) were surveyed on May 13", 2021, which took
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approximately five minutes to complete. All transects were surveyed during flood tide and early-

mid ebb. A total of 35 transects were surveyed from May 12-13, 2021.

3.32 Water Sampling

To quantify suspended sediment concentrations, water samples were collected at various
sites along the transects A and B (see Appendix F). A 5 L Niskin bottle was deployed to collect
water samples and estimate total suspended material (TSM) at different times a tidal cycle.
Samples were collected near slack low and high tide to prevent the Niskin bottle from drifting
under high currents and interfering with the sample collection. Water samples were transferred to
clear Nalgene sample bottles and brought to the lab for processing.

Prior to sampling, approximately 40 MF-Millipore Membrane Filters with a 0.45 pm
pore size and a 47 mm diameter were rinsed with 10 mL of DI water through a mild vacuum
(See Appendix F for detailed steps). The filters were then transferred into an oven for 24 hours at
60 °C. Filters were weighed three times to the nearest 3" decimal of a gram using a Mettler
Toledo NewClassic MF ML104 and averaged to determine the filter weight. The filters were
placed on filtering apparatus and 3L of the sample were filtered under a mild vacuum and
transferred to an oven to dry for 24 hours at 60 °C. The initial weight of each filter was
subtracted from the post-filtered weight and divided by the volume of sample filtered to

determine the total suspended material per volume.

3.33 Grain Size Analysis

Nine sediment samples were collected by divers from the seabed in Choked Pass in
August 2021 (See 6.3 Appendix C Figure 9). However, only the four in closest proximity to the
moored ADCP deployments were assessed for this study (Figure 1). Samples were retrieved by
hand and stored in Ziploc bags. Samples were immediately frozen and transported to the lab for
grain size analysis (See Appendix C for detailed steps). The frozen samples were thawed at room
temperature for 24 hrs, and then oven dried at 110°C for 24 hrs. Fragments of organic material
(e.g. macro-algae, invertebrates) were removed from the sample prior to drying. The dry samples
were then burned at 500°C for 1 hr to combust any other organics within the sample. Due to the
high shell-content of Choked Pass sediments, clumps and aggregations were broken up by hand,
rather than a mortar and pestle to prevent damaging the shells and altering their size.
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Approximately 500 g of each sample were collected for sieve grain analysis. The finest grain
sediments within the receiving pan were collected for hydrometer analysis of fine sands, silt, and
clays (ASTM, 2017; Hossain et al., 2021; Kalra and Manard, 1991).

3.34 ADCP Data Processing

All ADCP data was processed in MATLAB (see Appendix E for detailed steps). First,
GPS coordinates were converted to local east, north, up (ENU) coordinates (Gilcoto, Jones, and
Luis Farifia-Busto, 2009). The flow velocity measurements were corrected for boat motion using
bottomtrack, internal time delay, and magnetic declination (Rennie & Millar, 2004). All bins
below the bed profile and/or above the water surface were removed, and any missing bed or
surface values were interpolated (Wild, 2020). In addition, the first and last 6% of the bins in the
dataset were removed, as these bins typically contain sidelobe interference at 20° beam
positioning (Yorke and Oberg, 2002).

The location of each ADCP transect deviated at times slightly from the planned transect
line. For better comparison between different measurement times and to remove data at the start
and the end of a transect when the line was approached, a linear fit was conducted through all
position measurements of all transects for each line. Equidistant position values along the linear
fit where extracted every 10 m to create an ‘average’ transect line, which represents the average
route travelled by the vessel. Each ADCP transects was then shifted onto the average transect by
finding the ensemble closest to each equidistant point, but never more than 10 m away. All other
ensembles were discarded as they were collected too far away from the other data. Of the 35
ADCP transects surveyed (see Appendix E Figure 19), only those collected during peak flood
velocity, strongest ebb flow, and low tide were used for spatial flow analysis and canopy
detection. The tidal stage and water height of each transect used for spatial flow analysis are
shown in Figure 3 and Table 1. All longitudinal transects (A&B) were surveyed on May 12,
2021, between mid-flood to mid-ebb. All cross-passage transects (W, X,Y, Z) were surveyed on
May 13, 2021, between mid-flood to mid-ebb. A total of 5 transects were used for each tidal
stage group (i.e. peak flood, strongest ebb, and low tide). Because no transects were surveyed
during peak ebb conditions, those taken during the strongest ebb conditions of our survey

window were grouped together.
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Figure 13 — Tidal heights during ADCP transect start times used for flow spatial analysis during
peak flood, strongest ebb flow, and low-tide from May 12 — 14, 2021 over the Choked Passage
seagrass meadow.

Table 11 — Summary of ADCP transects surveyed on May 12-13 over the Choked Passage
seagrass meadow.

Transect ID Line Tidal Stage
TS006 W Peak flood
TS007 X Peak flood
TS009 Y Peak flood
TS010 Y4 Peak flood
LS007 A Peak flood
LS008 B Peak flood
TS031 W Strongest ebb flow
TS032 X Strongest ebb flow
TS033 Y Strongest ebb flow
TS034 Z Strongest ebb flow
LS019 A Strongest ebb flow
L.S020 B Strongest ebb flow
TS026 W Low tide
TS027 X Low tide
TS028 Y Low tide
TS029 Z Low tide
LS015 A Low tide
LS016 B Low tide

Backscatter was used to detect the canopy for each low tide transect. For each vertical

profile, the difference between each ADCP depth bin was calculated to find the maximum
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difference (i.e. spike). If the maximum difference was greater than 30 dB that signalled the top of
the seagrass canopy. All velocity measurements at or below the canopy were removed. Figure 3
illustrates the canopy detection and removal process, where spikes in backscatter are shown as
bright dots in panels A and D. All values below these bright dots were removed from the velocity

profiles in panels B and D (Figure 3).
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Figure 4 — Example of ADCP profiles used to calculate canopy height and remove values below
the seagrass canopy. A) Backscatter profile (dB) of transect TS026 with location of seagrass
canopy shown as bright spheres and B) velocity profile (m/s) after removal of measurements
below canopy. C) Backscatter profile (dB) of transect TS004 with location of seagrass canopy
shown as bright spheres and B) velocity profile (m/s) after removal of measurements below
canopy. Scale bars for transect profiles are E) velocity in m/s and F) backscatter in dB.

3.35 Shear Velocity & Critical Threshold for Sediment Transport

Shear velocity (u,) was calculated for each moored ADCP deployment following
Lefebvre (2010) and Wilkinson (1984), which fits a logarithmic profile to one or several layers
in the ADCP velocity profile if the velocity profile follows the law of the wall (here given for
heights above the bed (z) normalised by water depth (h)):

)=t
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Where u is the flow velocity at height z/h, « is the von Karman constant (0.41) and zg is
the roughness length (Spalding, 1961). Ebb flow is strongest in Choked Passage, therefore, we
only used ebb velocity measurements above 0.38 m/s to estimate maximum shear velocities and
stress. This yielded a measurement period of 30 — 80 min. Tests were conducted to determine the
best height of fit (i.e. water column depth with the highest goodness of fit of the logarithmic
profile) for a range of averaging windows. In this approach, a moving average over the velocity
profiles is applied and the best height for a fit for each averaged profile is calculated by
determining the height that yielded the highest R-squared. The best fit height that occurred most
often at each site and with an R-squared > 0.95 for all averaged profiles was recorded and the
above steps were repeated for the next averaging window. The best fit heights were then
examined with typical average velocity profiles to determine final fits. Once, u, was known,
shear stress was derived with the formula below, where py is water density.

T= ul*p,

Based on the number of log-segments needed to adequately represent the velocity profile,
interpretations can be made as to what roughness layer (and log segment) represents each
roughness element. Total shear stress over a vegetated, sandy sediment can be partitioned into
shear stress contributions from vegetation, bed form roughness, and grain roughness, where only
the shear stress related to grain roughness is responsible for sediment transport.

Ttot = Tveg T Tmorph T Tgrain
We assumed that bed form roughness was minimal at the deployment locations (,,orpn =

0). The grain size distributions of four sample sites were used to estimate the critical shear stress
for incipient motion and suspension of bed material. The non-dimensional critical shear stress of
incipient motion 7, ,,,, for the D10, D50, and D90 of all sites was estimated using the Brownlie
(1981) formulation of the Shields curve as modified by Parker et al (2003):

TZr,mot = 0.5(0.22 Rep_0'6 + 0.06 * 10(_7'7Rep_0'6)

Where Re, = %DD is the Particle Reynolds Number, y, is the submerged specific

gravity of sediment (1.65), g is gravitational acceleration, D is the grain diameter, and v is the

kinematic viscosity of water (1.00x10° m?s1). Next, the non-dimensional critical shear stress for
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suspension of particles ¢, g,s was calculated using the Bagnold (1966) criterion for the relation

between critical shear velocity of suspension uy, s, ;and sediment fall velocity v:

* 2 2
_Ucersus Vs

fersus =7y gD yegD

Where v, was determined using the relation by Dietrich (1982) as specified by Parker

(2016). For grain sizes < 0.1 mm 7, sus = Térmor SINCE all material eroded immediately goes into

suspension.

3.40 Results & Discussion
3.42 Longitudinal Transect ADCP Profiles

Detailed velocity profiles for Transect A are shown in Figure 7. All profiles generally
show flow acceleration towards the north during the flood and deceleration towards the south
during the ebb caused by topographic steering. Moreover, there is a low flow area near the bed
over the northern slope of the meadow shoal during all tidal times, separating the high flows in
the northern most end of the transect and the meadow. Approaching peak flood (Figure 7 B&C),
flow accelerated in the northern and southern meadow, but less in the meadow interior, rather the
interior meadow velocity remains consistently high until slack high conditions. During the
transition from flood to ebb around slack, (Figure 7 C&D) flow velocity remained heightened for
a longer duration in the southern meadow than the main meadow. In other words, it appears the
deceleration in the southern meadow lags the main meadow interior and northern sections of
Choked Passage as ebb flow enters the passage from the north. The effect of flow steering by
topography over the southern end of the main meadow and the meadow interior to the north is
more pronounced during the ebb (Figure 7 F& G), where flow decelerates and accelerates with
changes in water depth. However, during this study period, the transects were not surveyed
during peak ebb conditions. Future work should continue to survey both transects at both peak
ebb and flood conditions, however, that may require surveying peak ebb and flood on different

days, as peak conditions may arise during the evening, when surveying is hazardous.
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Figure 5 — Velocity magnitude profiles of longitudinal transect Line A surveyed seven times on
May 12, 201. A) 005, B) 007, C) 010, D) 012, E) 015, F) 017, G) 019. I) Water level and tidal
stage of each transect. J) Average flow velocity (m/s) over time during transect survey period.

Velocity profiles for Transect B are shown in Figure 8. Similar, to Transect A, all profiles
show the trend of flow acceleration towards the northern meadow portion during the flood and
deceleration towards the south during the ebb. The flow captured along these lines north of the
meadow is influenced by a sharp morphological feature. All profiles, expect for 006 (Figure 8 A)
show flow reductions on the lee side of the sharp feature, which varies based on the direction of
flow between flood and ebb. Near peak flood (Figure 8 A & B), flow appears to accelerate
within the interior and northern meadow and beyond the meadow, despite an increase in water
depth. As seen along Transect A (Figure 7 C&D), during the transition from flood to ebb around
slack (Figure 8 B-D), flow decelerated first in the north and the interior, while the southern
meadow remained heightened for longer and lagged the other sections. However, due to the
missing values from the vessel departing too much from the transect line, this process was less
visible in Transect B than A. As flow transitions into ebb, flow first accelerates in the north and
the northern most edge of the meadow, as it travels from north to south. The low-flow zone on
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the lee side of the sharp feature is pronounced during the strongest ebb time period, and flow

begins to accelerate into the interior meadow towards the south.
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Figure 6 — Velocity magnitude profiles of longitudinal transect Line B surveyed seven times on
May 12, 201. A) 006, B) 008, C) 011, D) 013, E) 016, F) 018, G) 20. I) Water level and tidal
stage of each transect. J) Average flow velocity over time during transect survey period.

3.41 ADCP Measured Seagrass Canopy & Flow Velocity

The measured seagrass canopy heights along ADCP transects agree well with the
mapped distribution within Choked Passage (Figure 5). This method successfully depicted the
patchiness of the southern meadow, the relatively dense and high canopy interior, as well as the
increasing patchiness at the northern margin of the interior meadow. Percentage of seagrass
canopy within the water column was greatest during low tide transects and reached up to 1.2 m
in the interior meadow. During strong tidal currents, canopy height was lower and reached a
maximum of 0.8 m, due to blade bending. At water depths around 7.5-8.5 m during the strongest
measured ebb flow over the main meadow, seagrass canopies occupy between 5-10% of the
water depth. Within the interior, there were several areas that seagrass was not detected, this may
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have resulted from the sparse seagrass in certain areas of the interior, or simply may reflect a gap
within the seagrass canopy. Moreover, there are several instances of seagrass detection outside of
the meadow extent. These detections may be caused by kelp, drifting algae, or other material
near the bed, causing a similar spike in backscatter. Given the strict depth limits of Z. marina
(Duarte, 1991), most of these seagrass detections outside of the meadow extent and in deeper

sections likely do not reflect actual seagrass.
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Figure 7 — A) Seagrass canopy height (m) detected from low-tide ADCP transects on May 2021
in Choked Passage, British Columbia.

During both peak flood and strongest ebb conditions, flow velocity is greatest in the
northern section of Choked Passage outside of the meadow and reduced in the southern section
(Figure 6). During peak flood, flow accelerates as it flows from the south towards the north-west
corner of the meadow, adjacent to rocky islands, and over the meadow interior (Figure 6 A). The

fastest flood flow over the main meadow occurs in the region of increased seagrass patchiness in
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the northwest. The strongest ebb tides measured during this study showed overall similar spatial
trends as peak flood conditions (Figure 6 B). Flow is fastest over the northern margin of the main
meadow, decelerates in the meadow center to accelerate again over the southern end of the main
meadow. The lowest ebb flow velocities occur over the southern meadow. The cross-sections
were collected slightly earlier during the ebbing tide and show overall lower flow velocities, that

are inconsistent with the longitudinal profiles.
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Figure 8 — A) Peak flood depth-average velocity (m/s) measurements and B) strongest ebb
depth-averaged velocity (m/s) measurements from May 2021 ADCP transects in Choked
Passage, British Columbia.

3.43 Total Suspended Material

The average total suspended material (TSM) was 1.45 mg/L + 0.33 mg/L. Overall, the
measured TSM were low for nearshore coastal systems (Loos & Costa, 2010), and were
consistent among slack low and high tide conditions, different water depths, and locations within
the meadow. This indicates that there is minimal suspended sediment in the water column during

these times in Choked Passage, however, this method of TSM measurement can capture micro-
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organisms and organic material (Réttgers et al., 2014), therefore actual concentrations of
suspended sediment may be lower, and are likely higher during periods of stronger current
speeds. In the future, a Loss on Ignition should be performed to collected water samples to
remove all organic material and quantify the amount of suspended sediment and organic material
in the water column. In Choked Passage, material maybe temporarily transported as bed-load,
which requires lower sustained shear stress and velocity for relatively coarse sand grains
(Fernandez Luque & Van Beek, 1976).

Table 12 - Total suspended material (mg/L) measured from water samples at different locations,

tidal stage, and depth in Choked Passage. See 6.6 Appendix F Figure 20 for map of water sample
locations.

Sample ID | Site ID | Tidal Stage | Depth (m) | TSM (mg/L)
Al-L Al Low 6 1.64
A2-L A2 Low 25 1.03
A3-L A3 Low 3 1.61
Ad-L A4 Low 4 1.09
B1-L B1 Low 6 2.16
B2-L B2 Low 3 143
B3-L B3 Low 3 0.99
B4-L B4 Low 4 1.19
Al-H Al High 7 127
A2-H A2 High 4 154
A3-H A3 High 5 1.29
A4-H A4 High 6 1.66
B1-H B1 High 10 1.46
B2-H B2 High 5 1.32
B3-H B3 High 5 2.06
B4-H B4 High 5 141

3.44 Critical Threshold for Incipient Motion, Shear Velocity & Shear Stress

The grain size distributions of bed samples for four locations within the meadow were
used to estimate critical shear stress for incipient motion and suspension of bed material. The
location of bed samples are shown in Figure 1; D10, D50, and D90 of the four samples are given
in Table 3. All samples consist mostly of sand, with the finest material found at GS_South and

coarsest material at GS_Centre. A significant amount of shell fragments were present in most
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sediment samples, ranging from whole shells in largest clast size to fine fragments in the smallest
clast size. The greatest proportions of shell fragments were found in GS_West and GS_Center,
while the lowest proportions and smallest sizes were found in GS_South. The critical shear stress
required to initiate motion of the D50 at GS_South is largest, while the other sites have similar
T¢rmot- 10e critical shear stress for suspension of the D50, however, is largest at GS_Centre and
smallest at GS_South. Once initiation of motion begins at GS_South, it only requires a small
increase in shear stress to suspend the grains, while bedload continues for a while at the other

locations.

Table 13 — Grain size diameters, dimensionless critical shear stress for sediment motion, and
suspension for bed samples in Choked Pass.

Bed D10 D50 D90 TZr,mot TZr,mot T:r,mot Tz'r,sus t:r,sus t:r,sus
Sample (mm) | (mm) | (mm) D10 D50 D90 D10 D50 D90

GS_ West | 0.084 0.21 0.55 0.056 0.025 0.016 | 0.056 | 0.166 | 0.767

GS_East 0.086 0.20 041 0.055 0.026 0.017 | 0.055 | 0.152 | 0511

GS_Centre | 0.090 0.24 0.42 0.052 0.023 | 0.017 | 0.052 | 0.213 | 0.530

GS_South | 0.090 0.13 0.4 0.052 0.038 | 0.017 | 0.052 | 0.063 | 0.493

The stationary flow data revealed that DPL 2 is located in the shallowest water,
experienced the strongest flow, and consequently the longest peak ebb (flow > 0.38 m/s) duration
(~80 min) (Table 4). All other sites experience peak ebb for approximately 33 — 43 minutes. DPL
4 was situated in the deepest water and outside the meadow. Water level fluctuated by 0.34-0.44
m during peak ebb for DPL 1, DPL 3, and DPL 4, and by 0.62 m for DPL 2.

Table 14 — Maximum depth-average ebb flow velocity, high tide water depth at start of ebb, low

tide water depth at the end of ebb, duration of peak ebb, and change in water level during peak
ebb for each deployment (DPL1-4).

DPL 1 DPL 2 DPL 3 DPL 4
Max. d.a. ebb 0.40 0.43 0.39 041
flow [m/s]
HT W::E:?]; depth 914 8.22 8.98 9.62
LT wz}'ﬁa depth 6.96 5.88 6.70 6.30
Duration [min] of 33.2 81.8 371 43.1
peak ebb
A water level
during peak ebb 0-34 002 >-% o
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Figure 9 demonstrates the effect of the averaging window on the distribution of best fit
heights for velocity profiles during peak ebb at each deployment site. 10-minute averages
showed a range of best fit heights, often clustering around certain heights (e.g., DPL 1 and 4
around 0.4). 30-minute averages over almost entirely all profiles collected during peak ebb for
DPL 1, 3, and 4, reduced the cluster and showed the emergence of one dominant fit height mid
water column. For the longer DPL 2, two dominant peaks remain, even with a 30-min averaging
window. Example average velocity profiles are shown in Figure 10. Next to the dominant peaks
emerging from 30-minute averaging, additional inflection points can be seen for DPL 1, 2, and 3
that occur at the secondary histogram peaks visible in the top panels of Figure 9. Based on these
observations, it appears that all three deployments 1, 2, and 3 are best represented by three log
linear segments, converging between z/h = 0.31 — 0.4 and z/h = 0.58-0.61. DPL 4 appears to be

best represented by two log linear segments, converging at z/h = 0.4 (Figure 10
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Figure 14 - Distribution of best fit heights (z/h) for average velocity profiles collected during
peak flood flow. A) — D) show results for DPL 1 to DPL 4, top to bottom show different
averaging windows (10, 20, and 30 min).
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Figure 15 — Example averaged velocity profile for ebb flow > 0.38 m/s from moored ADCP
deployments in May 2021. Red lines show three (two for DPL 4) log fit segments derived for the
example profiles from which shear velocity was derived. Dashed lines show heights for logfits
used in shear velocity estimates. Maximum height of the canopy is indicated in green (z/h = 0.1).
Top to bottom: 10-minute to 30-minute averages.

Given that all velocity profiles from deployments inside the meadow are best
approximated by three log-linear segments, and the one deployment outside the meadow by two
segments, we assume the following: the upper inflection point, ranging from between 0.58 — 0.61
reflects the top of the vegetation roughness layer, while the lower inflection point represents the
top of the grain roughness layer. This assumes that bedform roughness is negligible. The shear
stress available for sediment movement should then be equal to the shear stress derived from the
lower log fit segments. Shear velocities derived from each log-linear segment, roughness lengths,
and calculated shear stresses are given in Table 5. Accordingly, the shear stress available for

sediment movement during this peak ebb period is largest at DPL 1 and lowest in DPL 3.
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Table 15 - Average shear velocities u= and roughness height z0 derived from 30-minute moving
average velocity profiles under ebb flow > 0.38 m/s. Log fits were conducted for the grain
roughness layer, the vegetation roughness layer, and the full water column (z/h = 0.88). Shear
stress as calculated from shear velocity is also given.

DPL1 |DPL2 | DPL3 | DPL4
u,, grain 0.0482 | 0.0403 | 0.0239 | 0.032

[m/s]
u,,veg [m/s] | 0.0592 | 0.0696 | 0.0547 | -
u,, full [m/s] | 0.0978 | 0.0929 | 0.0784 | 0.083
20, grain [m] | 0.1858 | 0.1264 | 0.0142 | 0.05

z0,veg [m] 0.3158 | 0.4059 | 0.2768 | -
z0, full [m] 0.9394 | 0.7162 | 0.6779 | 0.76
T, grain[Pa] | 2.32 1.62 0.57 1.02
T, veg [Pa] 3.50 4.84 2.99 -
7, full [Pa] 9.56 8.63 6.15 6.89

Using the D50 of the four bed samples, the dimensionless bed shear stress 7" is calculated
as.

* T )
(Ps=Pw)gDso

T
The D50 of the main meadow sediment ranged between 0.2 - 0.24 mm, which resulted in
dimensionless bed shear stresses between 0.15 — 0.72 for the three deployments within the main
meadow. Critical shear stress thresholds for motion of the D50 ranged from 0.23-0.26. The range
of dimensionless bed shear stress values are all above the critical shear stresses needed for
initiation of motion of the D50, however, the maximum value of dimensionless shear stress is

insufficient to cause suspension at DPL 3.

3.50 Conclusion

This study examined spatial patterns of canopy height and flow during peak flood and
strong ebb, as well as examined whether sediment transport can occur under peak ebb flow
velocities at different locations within the Choked Passage seagrass meadow using ADCP data.
We investigated how tidal flow behaves over the seagrass meadow and whether tidal flow is
responsible for sediment transport. Flow is very dynamic and spatially variable within the
meadow. Overall, flow is fastest in the northern section of the main meadow, particularly in the
north-west corner where the meadow is patchy. Moreover, flow appears to accelerate above the

canopy through the meadow interior, which suggests that topographic steering and the strength
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of incoming currents exceeds the ability of seagrass to dampen flow velocity. During the
transition from peak flood to ebb, flow velocity remained heightened for longer above the
southern meadow and was lagged relative to the other sections. Shear stress results indicate that
sediment can be transport as bedload and in suspension under peak flow velocities at some of the
sites examined within the meadow. Shear stress is largest in the meadow center and lower
towards the southern margin of the main meadow. At this location, peak shear stresses are
insufficient to cause suspension of the D50. Our shear stress estimates stem from peak ebbing
conditions and are representative of a short (~30 minute) time window during a tidal cycle
(except for DPL 2, which experienced fastest flow over a longer duration). Suspension may
therefore be generally limited, which agrees with observation of low total suspended matter in

water samples.

There may be other biophysical factors limiting sediment transport, such as algae and
biofilm, which may increase the shear strength of the seabed (Fang et al., 2014) and could
explain further the low suspended sediment concentrations observed in Choked Passage. Flow
above the southern meadow is larger during peak tidal flows when compared to the main
meadow. The finer bed sediment at this location requires larger bed shear stress to go into
motion than bed sediment of the main meadow, but the critical shear stress for suspension is
lower than in the main meadow. For example, the shear stress at DPL 3 would be sufficient to
entrain and suspend those grains. Unfortunately, we do not have a deployment in the southern
meadow to determine bed shear stress during peak ebb.

Additional research is needed to fully understand the flow dynamics within the Choked
Passage seagrass meadow. Future studies should aim to compare the differences between peak
ebb and peak flood, as well as seasonal differences between winter and summer seagrass
condition. Moreover, acoustic backscatter could be calibrated to quantify suspended sediment
concentrations across different locations within the meadow and over a tidal cycle. The results
from this study provide insight on the complex morphodynamics within Choked Passage and
indicate the need for more research on hydrodynamically exposed seagrass meadows.
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4.0 Conclusion

This research examined the morphodynamics (i.e. the interaction between flow, sediment
transport, and bed morphology) of the Choked Passage seagrass meadow, on the Central Coast of
British Columbia. Each chapter examined a different component of the morphodynamic drivers

within Choked Passage (climate variability, storm events, and tidal cycles).

In chapter two , I used bathymetry, sediment backscatter, and seagrass delineations from
repeat MBES and drone surveys to examine the relationship between the Choked Passage
seagrass meadow and bed morphology over time and determine whether changes are linked to

storm activity and climate variability. From 2018 to 2021, the meadow experienced significant
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erosion (net surface lowering of -18,768 m®) and loss of seagrass (10% reduction), which we
attribute to the preceding winter storm activity driven by moderate La Nifia conditions. The
spatial patterns of erosion and seagrass loss was non-uniform across the meadow. Coupled
erosion and seagrass loss resulted in the generation or expansion of blowouts. In locations where
seagrass loss was decoupled from bed level changes, we observed increased fragmentation
without blowout formation. Future research should aim to understand why seagrass loss and
blowout formation/expansion is coupled in some areas but not all, and whether these features
form during or are lagged after a storm event. We observed a trend of reduction in seagrass
coverage following winters with a high number of storm events and/or high recorded storm
intensity from 2014 to 2021. We expect the Choked Passage seagrass meadow undergoes cyclic
behaviour with reduction in seagrass coverage during energetic ENSO years, followed by a
recovery period. The observed recovery of the eroded bed material suggests the meadow has
entered this period of seagrass and sediment recovery, until the next significant ENSO year,
creating a bio-geomorphic cycle. However, the current timeseries is unable to resolve whether
this cycle truly occurs in Choked Passage. Future research should continue to survey the Choked
Passage seagrass to develop a longer time series in order to uncover the significance of the

proposed bio-geomorphic cycle.

In chapter three, an ADCP was moored to the seafloor to measure flow overtime at
different sites and was mounted to a vessel to survey transects lines across the meadow. The
objective of this research section was to examine how flow behaves within and outside the
seagrass meadow, and whether tidal currents drive sediment transport. The ADCP measured
canopy height, flow velocity and direction along transect lines. The moored ADCP data were
used to estimate shear stress. Overall, flow is fastest in the northern section of above the canopy
of the main meadow, particularly in the north-west corner where the meadow is patchy.
Moreover, flow appears to accelerate through above the canopy in the meadow interior, which
suggests that topographic steering and the strength of incoming currents exceeds the ability of
seagrass to dampen flow velocity. During the transition from peak flood to ebb, flow velocity
remained heightened for longer above the southern meadow and lagged the other sections. Shear
stress results suggest that sediment can be transport as bedload and in suspension under peak
flow velocities at some of the sites examined within the meadow. Shear stress is largest in the

meadow center and lower towards the southern margin of the main meadow, due to reduced flow
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in the south. Total suspended material is relatively low within Choked Passage under low and
high tide conditions. Shear stress results indicate that sediment can be transport as bedload and

suspension under peak flow velocities at most of the sites examined. When initiated, sediment i

S

likely primarily transported as bedload, creating the observed sand wave and blowout bedforms

in chapter two. Future research should collect ADCP flow data during the winter storm period t
determine how storm events modify flow and sediment transport. Moreover, future research
should aim to quantify the concentration of suspended sediment using the ADCP acoustic

backscatter.

This research provides a comprehensive overview of the morphodynamics of the Choke
Passage seagrass meadow on the Central Coast of British Columbia. By studying a highly
dynamic and relatively exposed seagrass meadow, we improve the overall understanding of
physical processes of seagrass meadows. Morphodynamics have an important influence on the
ecosystem structure and function over time (Corenblit et al., 2011), therefore, it is important to
better understand these processes. Climate variability is predicted to increase, while seagrasses
continue to decline worldwide (Cai et al., 2015; Orth et al., 2006), and effort should be made to
understand how seagrass will respond to the changing climate and physical environment. The
results of this study have significant implications on seagrass conservation, restoration, and the

evolution of coastal landscapes.
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6.0 Appendices

6.1 Appendix A: Additional Tables & Figures.

{ A) Dul/Aug 2018  B) May 20210

Figure 1 - Multibeam bathymetry (1 m resolution) with seagrass soundings and seagrass extent in
(A) in July/August 2018, (B) May 2021, and (C) August 2021.
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Figure 2 - Frequency of cell-by-cell surface differences between each MBES survey of Choked
Passage. (A) All of Choked Passage from 2018-August 2021, (B) inside the meadow from 2018-
August 2021, (C) all of Choked Passage from 2018 — May 2021, (D) inside the meadow 2018 —
May 2021, (E) all of Choked Passage from May 2021 — August 2021, (F) inside the meadow
from May 2021 — August 2021.
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Figure 3 - Aerial imagery of sandspit in A) 2018 and B) 2019, and C) the appearance of an
erosional feature in 2020, which persists into D) 2021. E) Map of surface differences (m) from
July/August 2018 to August 2021 showing a large depositional feature adject to the sandspit.
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Figure 7 - ROV acquired images of seagrass canopy at different locations within the Choked
Passage meadow. A) Dense interior canopy in the North-Eastern section towards the shoreline
with epiphytes and drift algae, B) Less-dense southern meadow patch, C) Moderately dense
interior towards Northern meadow edge, and D) un-vegetated sand outside of the meadow with
biofilm and drifting algae.
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Figure 8 - Map of seagrass density surveys performed by the Hakai Nearshore Ecology Team
from in August 2021.
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Figure 11 - Velocity profiles for ADCP cross-sectional transect line Y surveyed on May 13,
2021, showing water elevation during each transect number, water depth and canopy height, and
average flow velocity during each survey.
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2021, showing water elevation during each transect number, water depth and canopy height, and
average flow velocity during each survey.

6.2 Appendix B: MBES processing of May & August 2021 data

The MBES bathymetry was acquired with QPS Qinsy software and the raw sonar files
were stored as Qinsy database files (.dbf). The data was imported into QPS Qimera to clean the
soundings and generate a dynamic 3D surface. The data was projected with NAD83 UTM Zone
9N, with the CGVD 2013 vertical datum, and the CGG2013 geoid model.

A dynamic surface with a 0.50 m cell size was generated. Because, the MBES survey ran
for multiple days, separate dynamic surfaces were created and cleaned for each survey day and
merged after processing and cleaning. First, the data was cleaned with a medium spline filter and
additional soundings (i.e. multi-detect) were removed from the surface. Outliers were removed
from the soundings from each survey line using the swath tool. Due to the large swath width of
the Norbit iWBMS, the outer beams away from nadir contained high levels of noise. These noisy
outer beams were removed manually with the slice and swath editors and automatically with the

reject specific beam(s) filter. Kelp and organic matter were thoroughly cleaned from the static
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features (i.e. rocks and islands) in order to co-register and detect vertical changes between the
surfaces. The dynamic surface interpolation tool (iterations = 3 and minimum neighbours =

3)was used conservatively to fill in gaps.

Finally, the cleaned surfaces were exported as an ASCII ArcView grid file and imported
into ArcGIS Pro. The surfaces from each survey day were merged into one with the Raster
Calculator from the Spatial Analyst Toolbox. The following expression was used:
Con(IsNull(inputRasterWithGaps), inputRasterToFillGaps, inputRasterWithGaps). This
expression created a new raster with cells from the first survey day (inputRasterWithGaps) and

filled missing cells with values from the following survey day (inputRasterToFillGaps).

In order to examine geomorphic changes within the meadow, the vegetation was removed
from the bathymetry surface. Otherwise, natural changes in the seagrass meadow, would be
interpreted as changes to the seabed. The point clouds were imported into Cloud Compare, and a
Cloth Simulation Filter (CSF) was performed to extract ground points (Zhang et al., 2016). The
filtered point cloud was exported as a raster and loaded into ArcGIS. A shapefile of the 2021
meadow extent was used as a mask to clip the meadow from the raster. The clipped raster was
aggregated into a 2m resolution with each cell containing the minimum value of each input cell,
to ensure the cell value was that of the seabed and not vegetation. Next, the 2m raster of the
meadow was merged with a 2m raster of Choked Pass without a CSF filter. Then the .tiff raster
files were loaded into Cloud Compare and fine referenced in the z-direction to the August

bathymetry surface.

6.3 Appendix C: Grain Size Analysis

Nine sediment samples were collected from by divers from the seabed in Choked Pass in
August 2021 (Figure 9). Samples were retrieved by hand and stored in Ziploc bags. Samples
were immediately frozen and transported to the University of Victoria. Once in the lab, the
frozen samples were thawed at room temperature for 24 hrs, and then oven dried at 110°C for 24
hrs. Large pieces of organic material (e.g. macro-algae, invertebrates) were removed from the
sample prior to drying. The dry samples were then burned at 500°C for 1 hr to combust any other
organics within the sample. Due to the high shell-content of Choked Pass sediments, clumps and
aggregations were broken up by hand, rather than a mortar and pestle to prevent damaging the
shells and altering their size.
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Figure 13 - Map of sediment samples collected from the Choked Pass seagrass meadow. Samples
were collected by divers in August of 2021.

Table 16 - Locations of Choked Pass sediment samples collected in August 2021.

Site Name | Substrate Biotic Latitude Longitude Whole Sieved Mass
Community Sample (9)
Mass (g)
Choked E1 Sand Zostera marina 51.67881951 | -128.1147522 14358.3 536.4
Choked E2 Sand Zostera marina 51.67256649 | -128.1172077 1059.3 505.8
Choked E3 Sand Zostera marina 51.67492689 | -128.1237431 857.3 517.4
Choked E7 Sand Zostera marina 51.67888847 | -128.1259801 961.9 545.3
Choked 15 Sand Zostera marina 51.67349206 | -128.1180197 924.8 507.1
Choked 16 Sand Zostera marina 51.67482341 | -128.1194543 1112.3 518.3
Sandspit Sand Zostera marina 51.6790354 -128.1163 964.5 500.2
Wolf Beach Sand Zostera marina 51.67056667 | -128.1202167 940.5 526.5
Starfish Sand Zostera marina 51.68 -128.1248 638.2 503.4
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Approximately 500 g of each sample were collected for sieve grain analysis (Table 1).
Each sieve was cleaned for residues from prior usage. The weight of each sieve and pan were
recorded prior to shaking. Sieves were assembled in ascending order (Table 2). The sample was
poured into the top sieve and the lid was placed over the stack. Finally, the stack was placed into
the sieve shaker for 15 minutes. Once finished, the stack was removed, and each sieve and the
receiving pan were weighed.

Table 17 - Sieve number and size (mm) used in grain size analysis of particles greater than 0.075
mm.

Sieve Number Sieve Size (mm)

5 4

10 2

30 0.6
80 0.18
100 0.15
140 0.106
200 0.075

The finest grain sediments within the receiving pan were collected for hydrometer
analysis of fine sands, silts and clays (ASTM, 2017; Hossain et al., 2021; Kalra and Manard,
1991). Due to the small proportion of fine grains within each sample, it was not possible to
obtain the 40-50 g of the fine grains that is recommended for hydrometer analysis (Kalra and
Manard, 1991; Hossain et al., 2021). Therefore, the mass of fine sediments captured in the
receiving pan were used for hydrometer analysis, which ranged from 1.1 - 9.0 g. A 152H
hydrometer was used for this part of the analysis. The fines were placed in a beaker with 125
mL of a [40 g/L] Sodium hexametaphosphate (NaPO3) solution. The mixture was stirred until
mixed and let rest for 10 minutes. While resting, a control sample was prepared in a 1000 mL
graduate cylinder with 125 mL of the a [40 g/L] Sodium hexametaphosphate (NaPO3) solution
and 875 mL of distilled. The control sample was mixed thoroughly, and the hydrometer and
thermometer were inserted into the control to measure the zero correction, meniscus correction,
and the temperature. The zero correction is where the meniscus formed on the hydrometer stem
by the control solution. Values less than zero are negative corrections, while values between zero
and sixty are positive corrections. The meniscus correction is determined by the difference from

the top of the meniscus and the level of control solution graduated cylinder. The hydrometer
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readings are corrected with the meniscus correction value and either subtracted or added to the

original reading depending on the sign of the zero connection.

After the 10-minute rest period, the soil slurry sample was mixed with distilled water for
an additional two minutes, then transferred into a graduated cylinder and filled with distilled
water up to create a 1000 mL soil slurry solution. The final solution was inverted 30 times, and
the timer began. Once recording, the hydrometer was carefully placed in the sample.
Measurements were collected at the top of the meniscus, then removed from the soil slurry
solution and placed in the control sample until the next reading. Hydrometer readings and
temperature to the nearest 0.5°C were recorded at 10 15 secs, 20 secs, 40 secs, 1 min, 2 min, 4
min, 6 min, 8 min, 15 min, 30 min, 1.5 hr, 2 hrs, and 24 hrs.

After 48 hrs, the meniscus correction was applied to all readings. From the corrected
meniscus readings, the effective hydrometer depth (L) was determined using the values in Table
3. To determine the K value at specific temperatures, the specific gravity of the soil was assumed
to be 2.65 (Table 4). The equivalent particle diameter was calculated for each reading using this

formula:
D=L x: (Eq.1)

In equation 1, t is time in minutes, L is effective hydrometer depth, and D is particle
diameter in mm. Table 5 was used to determine the temperature correction factor (Ct). Then,
Table 6 was used to determine the correction factor a for the specific unit weight of solids
(g/cm?). The corrected hydrometer readings were calculated by the following formula:

R, = Ryctyar — Zero Correction + C; (Eq.2)

Using R, the percent finer were calculated using the following equation:

Re xa

P = x 100 (Eq.3)

N

In equation 3, Ws s the initial sample weight in grams. Finally, the percent fines is
adjusted with the following equation:

P X F00

Py = oo (Eq.4)
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In equation 4, Foo is the percent finer of the #200 sieve as a percentage.

Table 18 - Vales of effective depth based on hydrometer and sedimentation cylinders of specific
sizes for corrections for the Hydrometer 152H (Table 4.1; Hossain et al., 2021).

Corrected Hydrometer Reading | Effective Depth, L (cm) | Corrected Hydrometer Reading | Effective Depth, L {cm)
1] 16.3 31 11.2
1 16.1 32 11.1
2 16.0 33 10.9
3 15.8 34 10.7
4 15.6 35 10.6
5 15.5 36 10.4
6 15.3 37 10.2
7 15.2 38 10.1
8§ 15.0 39 9.9
9 14.8 40 9.7
10 14.7 41 9.6
11 14.5 42 9.4
12 14.3 43 9.2
13 14.2 44 9.1
14 14.0 45 8.9
15 13.8 46 8.8
16 13.7 a7 8.6
17 13.5 48 8.4
18 13.3 49 8.3
19 13.2 50 8.1
20 13.0 51 7.9
21 12.9 52 7.8
22 12.7 53 7.6
23 12.5 54 7.4
24 12.4 55 7.3
25 12.2 56 7.1
26 12.0 57 7.0
27 11.9 58 6.8
28 11.7 59 6.6
29 11.5 60 6.5
30 11.4
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Table 19 - Values of K to determine particle diameter in hydrometer analysis. If the specific
gravity is not known assume that it is 2.65 (Table 4.2; Hossain et al., 2021).

Temperature Specific Gravity of Soil Particles
2.45 2.5 2.55 2.6 2.65 2.7 2.75 28 2.85
16 0.0151 | 0.01505 | 0.01481 | 0.01457 | 0.01435 | 0.01414 | 0.01394 | 0.01374 | 0.01356
17 0.01511 | 0.01486 | 0.01462 | 0.01439 | 0.01417 | 0.01396 | 0.01376 | 0.01356 | 0.01338
18 0.01492 | 0.01467 | 0.01443 | 0.01421 | 0.01399 | 0.01378 | 0.01359 | 0.01339 | 0.01321
19 0.01474 | 0.01449 | 0.01425 | 0.01403 | 0.01382 | 0.01361 | 0.01342 | 0.01323 | 0.01305
20 0.01456 | 0.01431 | 0.01408 | 0.01386 | 0.01365 | 0.01344 | 0.01325 | 0.01307 | 0.01289
21 0.01438 | 0.01414 | 0.01391 | 0.01369 | 0.01348 | 0.01328 | 0.01309 | 0.01291 | 0.01273
22 0.01421 | 0.01397 | 0.01374 | 0.01353 | 0.01332 | 0.01312 | 0.01294 | 0.01276 | 0.01258
23 0.01404 | 0.01381 | 0.01358 | 0.01337 | 0.01317 | 0.01297 | 0.01279 | 0.01261 | 0.01243
24 0.01388 | 0.01365 | 0.01342 | 0.01321 | 0.01301 | 0.01282 | 0.01264 | 0.01246 | 0.01229
25 0.01372 | 0.01349 | 0.01327 | 0.01306 | 0.01286 | 0.01267 | 0.01249 | 0.01232 | 0.01215
26 0.01357 | 0.01334 | 0.01312 | 0.01291 | 0.01272 | 0.01253 | 0.01235 | 0.01218 | 0.01201
27 0.01342 | 0.01319 | 0.01297 | 0.01277 | 0.01258 | 0.01239 | 0.01221 | 0.01204 | 0.01188
28 0.01327 | 0.01304 | 0.01283 | 0.01264 | 0.01244 | 0.01255 | 0.01208 | 0.01191 | 0.01175
29 0.01312 | 0.0129 | 0.01269 | 0.01249 | 0.0123 | 0.01212 | 0.01195 | 0.01178 | 0.01162
30 0.01298 | 0.01276 | 0.01256 | 0.01236 | 0.01217 | 0.01199 | 0.01182 | 0.01165 | 0.01149

Table 20 - Temperature correction factors, CT (Table 4.3; Hossain et al., 2021).

Temperature (C) | factor (CT)
15 1.10
16 -0.90
17 -0.70
18 -0.50
19 -0.30
20 0.00
21 0.20
22 0.40
23 0.70
24 1.00
25 1.30
26 1.65
27 2.00
28 2.50
29 3.056
30 3.80
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Table 21 - Correction factors, a, for unit weight of solids (g/cm?®) (Table 4.4; Hossain et al.,
2021).

Unit Weight of Soil Solids, g/em3 | Correction factor, a

2.85 0.96
2.8 0.97
2.75 0.98
2.7 0.99
2.65 1

2.6 1.01
2.55 1.02
2.5 1.04

6.5 Appendix E: ADCP Processing

ADCP’s are instruments that transmit acoustic pings at a specific frequency and record
the return echoes that have scattered off particles at specified depth intervals (i.e. depth bins)
throughout the water column. Acoustic pings are emitted from four beams, which are oriented in
different directions to measure the north, east, and upward velocity components (Gordon, 1996).
ADCPs use principles from the Doppler Effect to measure flow velocity. Because suspended
particles are assumed to be moving at the same velocity as the water, the return echo is Doppler-
shifted to a lower frequency that is proportional to the relative velocity between the sensor and
the particles. The length of time for the echo to return to the sensor, the distance travelled
between consecutive pings, and shifted frequency of the return echo are used to measure flow
velocity and direction (Gordon, 1996). The returning backscatter is a function of suspended
sediment properties (i.e. grain size and concentration), flow velocity, direction, and seabed
morphology (Thorne & Hanes, 2002). ADCP’s are typically moored to the seafloor looking up

or mounted to a vessel looking down.

For this project, a 1200 kHz Teledyne Workhorse Sentinel ADCP was mounted to the
hull of a vessel looking down. data were acquired using VmDas and exported as .ENS files. A
total of 91 transects were run in Choked Passage (Figure 10). One ping was sent out every 0.84
seconds at 0.25m depth bins and set to water mode 1. Water modes specify the time lag and
pulse forms of the acoustic echo, which influences the quality of the flow measurement. Water
mode 1 is suitable for a broad range of conditions, including under high flow velocities (Rennie
& Millar, 2004).
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Figure 164 - Longitudinal and cross-passage ADCP transect lines surveyed in May and August
of 2021.

The MATLAB function rdradcp was used to convert the ADCP data into .mat files, and
all data was processed and analyzed in MATLAB. First, GPS coordinates were converted to
local east, north, up (ENU) coordinates (Gilcoto et al, 2009). The atan2 function was used to
calculate velocity direction in ENU. The flow velocity and direction measurements were
corrected for boat motion (Rennie & Millar, 2004). This method determines the Doppler shift in
frequency of the ADCP bottom-track echo, where the shift in frequency is proportional to the
boat velocity and removes the boat velocity from velocity data (Rennie, Millar, and Church,
2002). The differences between the internal ADCP and GPS clock, and the bottom-track and
GPS track velocities were used to identify and correct the ADCP internal time delay (2.15

107



seconds). A magnetic declination value of 17.21 was used to correct the flow direction for

magnetic variation.

Next, all vales with correlations below 200 counts were removed from the dataset. The
bed profile was determined from the bottom track depth values for all four beams for each
transect. Raw ADCP data will includes values below the actual seabed because the echoes can be
scattered multiple times during their path, which increases the amount of time for the echo to
return to the receiver, thus overestimating the distance from the sensor to the bed. All values
below the bed profile were removed. Missing bed profile values were interpolated (Wild, 2020).
In addition, the first and last 6% of the bins in the dataset were removed, as these bins typically
contain sidelobe interference at 20° beam positioning (Yorke & Oberg, 2002).

The ADCP was moored to the seafloor oriented up for four different deployments for a
duration of four to 28 hours during each survey period (i.e. 8 deployments total, four in May, and
four in August). The instrument sent out five pings per ensemble at a 0.37 ping rate and recorded
measurements into 0.25 m bins. Raw data was exported as .000 files. The MATLAB function
rdradcp was used to convert the ADCP data into .mat files, and all data was processed and
analyzed in MATLAB. First, the velocity magnitude was calculated by adding the squared
velocity measurement in each direction. GPS coordinates were converted to local east, north, up
(ENU) coordinates (Gilcoto et al, 2009). The rad2deg and atan2 function was used to calculate
velocity direction in ENU. Next, the profiles were cleaned to remove the values above the water

surface.

6.6 Appendix F: Total Suspended Material Measurements.

Water samples and turbidity measurements were collected during hull mounted ADCP
transects. Both longitudinal transects were surveyed during low and high tide on August 11,
2021. A 5L Niskin bottle was attached to an AML CTD-Tu and deployed simultaneously to
measure the turbidity profiles and collect a water sample for that specific depth bin and
ensemble. The AML density probe was located 1.32 m below the middle of the Niskin bottle.
The AML was lowered to a maximum depth of 1 m above the bed to not disturb the sediment
and contaminate the water sample. The exact ADCP ensemble that the Niskin bottle was

triggered was recorded for each sample collection. Therefore, the depth of the water sample can

108



be determined by adding 1.45 m to the maximum depth measured by the AML. The 5L samples

were transferred into clear Nalgene sample bottles

Figure 175 - Hull-mounted ADCP transects and water sampling stations collected on August 11,
2021.
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Table 22 - Water sample filtration data and total suspended material (TMS) collected on Aug 11, 2021 in Choked Passage, B.C.

Canada.
Sample | Site | Tidal | Depth Type Avg Total Dl Post- Post- Post- Avg Net TMS TMS
ID ID | Stage | (m) Pre- | Filtered | Rinse | Filtered | Filtered | Filtered | Post- change | (mg/mL) | (mg/L)
filter | Volume | Volume | weight | weight | weight | Filtered (mg)
weight | (mL) (mL) 1(mg) | 2(mg) | 3(mg) | weight
(mg) (mg)
Al-L | Al | Low 6 Whatman | 132.6 3000 100 137.4 137.8 137.4 1375 4.9 0.001644 1.64
A2-L | A2 | Low | 25 | Millipore | 98.5 3000 100 101.4 101.6 101.8 101.6 31 0.001033 1.03
A3-L | A3 | Low 3 Whatman | 131.3 3000 100 136.1 136.1 136.2 136.1 4.8 0.001611 1.61
Ad-L | A4 | Low 4 Millipore | 95.3 3000 100 98.4 98.6 98.7 98.6 3.3 0.001089 1.09
Bi-L | Bl | Low 6 Millipore | 96.0 3000 100 102.5 102.5 102.4 102.5 6.5 0.002156 2.16
B2-L B2 | Low 3 Whatman | 134.7 3000 100 138.7 139.1 139.2 139.0 4.3 0.001433 1.43
B3-L | B3 | Low 3 Millipore | 95.6 3000 100 98.3 98.6 98.8 98.6 3.0 0.000989 0.99
B4-L B4 | Low 4 Whatman | 130.8 3000 100 134.3 134.3 134.5 134.4 3.6 0.001189 1.19
Al-H | Al | High 7 Millipore | 95.8 3000 100 99.7 99.5 99.6 99.6 3.8 0.001267 1.27
A2-H | A2 | High 4 Whatman | 131.3 3000 100 136.0 136.0 135.9 136.0 4.6 0.001544 1.54
A3-H | A3 | High 5 Millipore | 95.4 3000 100 99.3 99.2 99.3 99.3 3.9 0.001289 1.29
A4-H | A4 | High 6 Whatman | 131.6 3000 100 136.5 136.4 136.7 136.5 5.0 0.001656 1.66
B1-H Bl | High 10 Whatman | 131.7 3000 100 136.0 136.2 136.0 136.1 4.4 0.001456 1.46
B2-H B2 | High 5 Millipore | 96.0 3000 100 99.9 100.0 100.0 100.0 4.0 0.001322 1.32
B3-H | B3 | High 5 Whatman | 130.1 3000 100 136.3 136.2 136.3 136.3 6.2 0.002056 2.06
B4-H | B4 | High 5 Millipore | 95.5 3000 100 99.6 99.7 99.9 99.7 4.2 0.001411 141
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