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The Connections Between Spatial and Temporal Variations of Hydrodynamic Conditions

and Deposition Across a Marsh Surface Restored through Managed Realignment

by Megan Elliott

Abstract

As sea levels rise and coastal flooding increases, our current hard engineering sea defences will
get increasingly expensive to maintain. Nature-based solutions, such as salt marsh restoration
with the managed realignment (MR) of dykelands, have the ability to provide flood protection as
sea levels rise. This thesis measured hydrologic variables and sediment parameters across a MR
site located within the Chignecto Isthmus in the Bay of Fundy. This data was used in conjunction
with marsh surface data from a co-occurring study, Lewis (2022), to link site inlet conditions to
surface sediment deposition. Varying hydrologic and topographic factors interacted, creating the
spatiotemporal deposition patterns measured. These interactions guided statistical models of
deposition prediction, which were assessed for their practicality and accuracy. This research will
inform future MR restoration trajectory models.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

Land and infrastructure around of the Bay of Fundy are being threatened by rising sea
levels and other effects of climate change. Low-lying farmland surrounding the Bay of Fundy
occupies former tidal wetlands, currently protected from tides and storm surges by dykes. Some
of these dykes are at a high risk of erosion or overtopping, and maintenance costs are increasing
(van Proosdij et al., 2018). In areas where the farmland behind the eroding dykes is
underutilized, the preferred option may be managed realignment (MR). During this process new
dykes are created further inland, sections of the old dykes are graded to natural marsh elevations,
and tidal inlets and channels are created. This allows tides to inundate the former agricultural
surface and deposit sediment (French, 2006), providing an opportunity for salt marsh species to
re-establish, creating a restored salt marsh with room to migrate inland (Pontee, 2013; Torio &
Chmura, 2016; van Proosdij et al., 2023). These processes may be limited by insufficient
sediment deposition with respect to the rising sea levels (Gardiner et al., 2007; Singh et al., 2007;

Valiela et al., 2018), causing these marshes to drown (Kirwan & Temmerman, 2009).

The landscape trade-offs between the agricultural dykelands and these new MR sites are
being studied by the Landscape 1 — Bay of Fundy Dykeland Futures!, part of the ResNET project
funded by the Natural Sciences and Engineering Research Council (NSERC) (Sherren et al.,
2021). One of the goals of Landscape 1 is to determine how long until marshes restored through
MR are able to provide protective services and if they accrete enough to keep pace with sea level
rise (SLR), continuing these services. As a part of the ResNET project, this thesis will explore

the potential connections between the inlet hydrodynamics, topography, and sediment deposition

thttps://www.nsercresnet.ca/landscape-1---bay-of-fundy.html



patterns on a MR site using visual and statistical analyses. The findings of this study aim to
improve predictions of restoration trajectories and accretion modelling in relation to SLR. This
chapter will cover literature on natural marshes describing hydrologic, topographic, and other
variables affecting the availability, movement, and deposition of sediment. It will also include
current MR salt marsh research, sedimentation modelling, and the specific questions this thesis

will address.

1.1 Sea Level Rise Resilience with Salt Marshes and Managed Realignment Sites in the Bay
of Fundy

Climate change has caused thermal expansion of the ocean and melting of vast amounts
of ice from polar ice caps and land ice (Cazenave & Nerem, 2004; Le Bars, 2018; Mitrovica et
al., 2001), driving sea levels to rise at an accelerated rate (Oppenheimer et al., 2019). The
immediate danger of SLR is not the slow rise of mean water levels over time, but rather the
influence of high-water levels on coastal flooding caused by storm surges. It is expected that 0.2-

4.6% of global populations could flood annually by the year 2100 (Hinkel et al., 2014).

Areas of Nova Scotia and New Brunswick are currently subsiding, compounding SLR
effects (James et al., 2014). During the last ice age this area was situated at the forebulge of the
Laurentide ice sheet and was therefore higher than its current elevation. Since the glaciers have
retreated, this area has been sinking due to isostatic adjustment. Combined with the eustatic sea
level rise, the relative sea level rise (RSLR) for the area is estimated to be 0.8 to 1m by the year
2100, in a worst-case scenario for greenhouse gas emission rates (James et al., 2014), but could
reach up to 1.4 to 1.6m by the year 2100 including higher contributions from the West Antarctic

Ice Sheet (James et al., 2021). In the Bay of Fundy, with some of the highest tides in the world,



tidal ranges are expected to expand with climate change, causing even greater flooding during
storm surges (Greenberg et al., 2012). As a result, the Bay of Fundy area is at high risk for

extreme flooding before the end of the century.

Coastal defences are needed to prevent damages from expected flooding associated with
climate change. Current strategies being implemented include hard engineering solutions such as
sea walls, breakwaters, and dykes or levees, all of which require high maintenance costs that are
expected to increase with sea levels. New infrastructure will require even higher initial costs in
anticipation of SLR (Narayan et al., 2016). In the Bay of Fundy, the cost of maintaining dykes

could reach $12-71 billion by 2100 (Hinkel et al., 2014).

The research for this study was performed in the Chignecto Isthmus. As of 2022, SLR
adaptation plan options in the area include raising or building new dykes, possibly building steel
sheet pile walls, and building water control structures downstream of existing bridges. These
options range from $200-300 million in initial costs with $7.31 to 10.98 million in operating
costs (Government of New Brunswick et al., 2022). It may, however, be possible in some areas
to transition from these current hard engineering practices into more resilient natural

infrastructure that can provide additional co-benefits (Narayan et al., 2016).

Nature-based SLR defences could provide sustainable and cost-effective options, due to
their ability to self-regulate and respond to environmental changes. Hybrid solutions such as MR
combine hard engineering and nature-based solutions, where the benefits of dykes and salt
marshes are combined. Salt marshes are known for their ability to protect coastlines from
flooding, since their vegetation can attenuate waves and storm surges, preventing higher water

levels (Anderson & Smith, 2014; Augustin et al., 2009; Gedan et al., 2011; Shepard et al., 2011).



This vegetation can also provide protection for new dykes on MR sites, reducing maintenance

costs, and additional protection for the areas behind the dykes (French, 1999; Virgin et al., 2020).

There are, however, possible drawbacks of using salt marshes and therefore MR to
combat SLR. If water levels increase to a critical threshold without accreting enough sediment to
keep pace with SLR, vegetation will degrade and drown (Kirwan & Temmerman, 2009). Salt
marshes must be able to adapt to these changes. Sediment must accrete and roots expand so the
salt marsh surface, or platform, will rise. The marsh will also migrate inland to shallower areas
as sea levels rise (Nyman et al., 2006; Singh et al., 2007). The ability of a salt marsh to adapt to
SLR is limited by sediment accretion and barriers, such as dykes and sea walls, preventing inland
migration (Pontee, 2013; Torio & Chmura, 2016), resulting in “coastal squeeze” (Doody, 2004).
It is estimated that from 2 to 95% of salt marshes could drown or degrade from 2080 to 2100,
depending on uncertainty of global SLR projections (Gardiner et al., 2007; Singh et al., 2007;
Valiela et al., 2018). MR may mitigate coastal squeeze, however current research, especially in
North America, is limited in understanding the morphological evolution and sediment dynamics

of these sites.

1.2 Sediment Dynamics on Natural Marshes

1.2.1 Sediment Flux on Natural Salt Marshes

Vertical sediment accretion is the result of sediment travelling to an area, depositing, and
accumulating over time (Figure 1.1). The amount of sediment travelling through a specific area
carried by the tidal flow through tidal creeks, channels, or inlets, is referred to as the sediment
flux (Murphy & Voulgaris, 2006; Poirier, 2014; van Proosdij, 2001). The sediment flux is used

to calculate the sediment budget of an area, which is defined by the sediment flux into the area



on the flood tide minus the sediment flux out of the area on the ebb tide (Poirier, 2014; van
Proosdij, 2001). The vertical flux, or the settling or resuspension of the sediment, depends on
sediment availability, settling velocities of the grains and flocculated particles, and the energy of
the water (Green et al., 2014; Lund-Hansen et al., 1999; Wang et al., 2013). As water slows
down around slack tide, more sediment will fall out of suspension, depositing on the bed, which

may then resuspend on the ebb tide as the marsh drains (Hill et al., 2013; O’Laughlin, 2012).
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Figure 1.1. Flow chart of vertical accretion with associated variables (FitzGerald et al., 2008).




1.2.2 Effects of Hydrodynamics and Marsh Inlet and Channel Interactions on Sediment Flux
The interactions between the hydrodynamics of the tide and the topography of the marsh
surface affect how sediment is dispersed and deposited around the marsh. Depending on the
height of the tide, the head of the water being restricted by the inlet and channels creates changes
in velocity across the site (Bayliss-Smith et al., 1979). Larger tides and narrower channels will
result in higher velocities (Bayliss-Smith et al., 1979; Friess et al., 2014; O’Brien, 1969). These
higher velocities create more turbulent energy causing scour (Friess et al., 2014) and
resuspension of sediment which results in higher suspended sediment concentrations (SSC)

(O’Laughlin & van Proosdij, 2013; Xie et al., 2010) and a higher sediment flux.

During high enough tides, the marsh surface will begin to flood after the channels are
filled. As the water reaches marsh surface elevations, there is an initial rapid increase of velocity
then a decrease in velocity, or a flood velocity pulse (Bayliss-Smith et al., 1979;
Davidson-Arnott et al., 2002). These pulses can transport water and sediment further up onto the
surface of the marsh (Bayliss-Smith et al., 1979). Also, pulses on the ebb tide can resuspend
newly deposited sediment (Hill et al., 2013). This means larger tides transport more sediment
further from the inlet and further from the channels, doing the most work in importing and

redistributing sediment (O’Laughlin, 2012; Voulgaris & Meyers, 2004).

Flow restriction from a smaller cross-sectional area can cause a reduction of the tidal
prism, or the total volume of water entering and leaving the site (O’Brien, 1969). A smaller tidal
prism may mean less sediment is allowed to enter the site; however, the restriction could cause
higher velocities and therefore higher SSC, promoting higher sediment flux. Smaller channels
also promote flood dominance, resulting in infilling with imported sediment, further reducing the

tidal prism (Friedrichs & Perry, 2001).



The grain size of the sediment also has an impact on sediment transport, where the
smaller the grain size, the lower the settling velocities, and the more easily the grains will stay in
suspension. This relationship is complicated by smaller particles such as silt and clay that can
flocculate together from electrochemical forces (Green et al., 2014), increasing their settling
velocity, making them more likely to settle (Guo et al., 2017; Kranck, 1980; Kranck & Milligan
1992; O'Laughlin et al., 2014; Winterwerp, 1998). High velocities can also cause higher SSC
from the breakup of flocs due to turbulence (Curran et al., 2004; Hill et al., 2013). When velocity
and therefore turbulence are low enough, flocculation occurs causing increased settling.
Flocculation has a square dependency on particle concentration therefore high SSC can lead to

greater vertical flux of sediment (Winterwerp et al., 2006).

1.2.3 Effects of Hydrodynamics and Marsh Surface Interactions on Sediment Flux
Sediment is deposited on the salt marsh platform during tides that are high enough to
flood out of the channels. The amount of sediment deposited at a specific point on the marsh

depends on elevation and the distance from the source of the water flooding the surface.

Deeper water over the marsh surface means there is a larger volume of water and
therefore more sediment available for deposition above that point on the marsh. Also, longer
inundation times allow more sediment to settle, resulting in higher deposition rates (Voulgaris &
Meyers, 2004). Therefore, elevation can play a significant role in sediment deposition (Leonard,
1997), where sediment deposition decreases with increasing elevation (Chmura et al., 2001; Hill

et al., 2013; Reed et al., 1999; Richard, 1978).

The distance the water has travelled from the water source, such as the distance to the

tidal creek, or the distance to the marsh edge, reflects how far the water has travelled through the



channels and over the marsh, losing velocity along the way. As the velocity decreases, sediment
settles onto the marsh surface (Reed et al., 1999), affecting the amount of deposition further from
the source (Butzeck et al., 2015; Davidson-Arnott et al., 2002; Temmerman et al., 2003; van
Proosdij, 2001). Areas further from the water source also receive finer sediment, since the

coarser material has fallen out of suspension (Poirier et al., 2017).

1.2.4 Seasonal, Atmospheric, and Biological Effects on Sediment Flux

Atmospheric conditions can also influence SSC and sediment flux by resuspending
sediment on unvegetated surfaces. Dale et al. (2018) showed that SSC levels can be elevated for
three days after a rainfall of 1 to 2 mm-hr. This effect increases when the precipitation occurs at
low tide when mud flats are exposed (Murphy & Voulgaris, 2006). The winter months can bring
more storms which have higher winds, contributing to more wave action, and more precipitation,
which can increase suspended sediment levels (Law et al., 2019; Poirier, 2014). Wind can also
resuspend sediment at shallower depths (van Proosdij, 2001), and resuspend flocs, resulting in

lower amounts of finer deposited material (Law et al., 2019).

Vegetation can help promote deposition and prevent resuspension by dampening wave
action and slowing tidal currents (Davidson-Arnott et al., 2002; Leonard & Luther, 1995; van
Proosdij et al., 2006; van Proosdij et al., 2013). Microorganisms can also reduce erodibility on
mud surfaces by forming biofilms (Carriére-Garwood, 2013; Garwood et al., 2015). This can
increase resuspension in the winter when biofilms are lost. These seasonal factors affecting

sediment merit research across a range of seasons.



1.3 Sediment Dynamics on Managed Realignment Sites

The initial agricultural surface of a MR site differs greatly from a natural marsh when a
site is first breached. The marsh surface may experience rapid sedimentation after initial tidal
water inundations (Virgin et al., 2020; Wollenberg et al., 2018). This means that in this period
there will only be elevation gain from sediment accretion, or loss from compaction and
decomposition of organic matter from the covered agricultural lands. In the first couple of years
of restoration, a restoring marsh will not be fully covered in vegetation, possibly causing
differences in hydrodynamics and sedimentation compared to a natural marsh including more
resuspension and different deposition patterns. These differences could continue for an unknown
amount of time which may also affect the time for these restored salt marshes to deliver

protective services.

The old dykes surrounding the restored marshes may be advantageous, sheltering the
restoring marsh from wave action, preventing resuspension, and promoting accretion (Vuik et al.,
2019), though the effects would end after dyke erosion occurs. Erosion from the scour of the
newly constructed inlets and channels (Friess et al., 2014) may also add to the sediment budget
of the site, encouraging deposition on the marsh surface. These rates may change as the inlet,
channels, and marsh surface move toward a morphological equilibrium. Models of sediment
deposition and accretion and the morphological evolution of the sites in this environment are

needed to quantify this in conjunction with MR site changes.

MR is relatively new in the Bay of Fundy and within the last decade studies have been
performed to try and predict the restoration trajectories of the reclaimed marshes (Bowron et al.,
2011; Byers & Chmura, 2007; MacDonald et al., 2010; Norris et al., 2022). A few of these

studies focused on erosion and accretion (van Proosdij et al., 2010; Virgin et al., 2020). The high



concentrations of fine-grained sediment in the macrotidal Bay of Fundy (Amos & Mosher, 1985;

Poirier, 2014), may help marshes to keep pace with SLR, improving restoration trajectories.

1.4 Deposition and Accretion Models for Natural Marshes

Previous sediment and accretion models on natural salt marshes have used topographic
variables such as elevation (D’Alpaos et al., 2011), distance to creek and marsh edge (Butzeck et
al., 2015; Temmerman et al., 2003), and estimated SSC (Schile et al., 2014). These studies used
hydrologic variables mostly limited to measured water depth and SLR estimations. Best et al.
(2018) incorporated tidal hydrodynamics, wave action, and geomorphological changes, though
these changes were limited to marsh elevation. Some of these past studies have large portions of
the models dedicated to the effects of vegetation, however, MR sites take years to become fully
vegetated (Wollenberg et al., 2018). To be applied to MR sites, this thesis will need to
incorporate the unique, fast-paced changes caused by rapid erosion of inlet(s) and channels at

these sites (Friess et al., 2014; Lewis, 2022; van Proosdij et al., 2010).

1.5 Purpose and Research Questions

This thesis will explore the connections between hydrology, topography, and sediment
deposition on a restoring marsh surface through one year of restoration and create a simple
statistical model to improve predictions of restoration trajectories and accretion modelling.
Sediment accretion, or compounded deposition, is a result of sediment flux through these sites,
which may be unique on MR sites in the Bay of Fundy. Sediment flux is affected by the
hydrodynamics of the tide, the topography of the site, and other environmental factors such as

weather and biological effects. These variables can potentially be used to create the statistical

10
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model to predict deposition at a specific point on the marsh. Three fundamental questions will be

addressed in this thesis:

e How do the sediment flux and hydrologic factors at the inlet of a restoring salt marsh
vary temporally?

e How does sediment deposition vary spatially and temporally on a restoring salt marsh?

e Can hydrologic factors measured at the inlet and topographic factors be used to model

deposition across a restoring salt marsh?
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CHAPTER 2 STUDY SITE AND METHODS
2.1 Managed Realignment Study Site

2.1.1 Converse Managed Realignment Site

This study was conducted within the Converse restoration site, a recently constructed
managed realignment site located near Amherst, Nova Scotia, on the Chignecto Isthmus (Figure
2.1). This site is part of the Making Room for Wetlands? project, funded by Fisheries and Oceans
Canada’s Coastal Restoration Fund (2017-2022). The Converse restoration site sits near the
mouth of the Missaguash river which empties into the Cumberland Basin, connected to the

Chignecto Bay in the Upper Bay of Fundy.

As part of the realignment process, a new dyke was constructed with material from the
old dykes as well as excavated material from the agricultural area beside the new dyke. This
excavation created a borrow pit, which was studied separately to determine how fast the area
would infill with new sediment from the incoming tidal water (Lewis, 2022). Areas of the dyke
were graded to the natural surrounding marsh surface level to allow flooding over these areas.
Finally in December 2018, the aboiteau was dug out, creating a tidal inlet, allowing water from
the Missaguash tidal river to inundate the area. The pre-breach image in Figure 2.2a shows the
aboiteau location and eroding dykes surrounding the site. Figure 2.2b shows the dug inlet and
graded areas as bare ground during Year 1 of restoration. The predicted restored area of the site

was ~ 15.4 ha (Bowron et al., 2020).

2 https://lwww.transcoastaladaptations.com/making-room-for-wetlands
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Figure 2.1. Location of Converse Restoration Site in the Chignecto Isthmus.
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Year 1, in image b) (Bowron et al., 2020).
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2.1.2 Bay of Fundy Tides and Sediment Conditions

The Bay of Fundy tides are some of the largest in the world, reaching over 15m in the
Upper Bay (Desplanque & Mossman, 2004) that can erode and resuspend bed sediment. Along
with freshwater sediment input and cliff erosion, they have created sand flats that progress into
shallow estuaries with silt and clay in Chignecto Bay (Amos et al., 1991). Estuaries and inlets in
the Upper Bay of Fundy have very high concentrations of fine-grained sediment in suspension

(Amos & Mosher, 1985; Poirier, 2014).

Tides can be separated into their harmonic constituents, caused by different astronomical
gravitational forces, which create different sinusoidal variations in tide height over different
cycle periods (Desplanque & Mossman, 2004). In the Bay of Fundy, the major harmonic
constituents consist of 2 high tides per day (diurnal), 2 spring tides per month, and 1 perigee tide
per month (Table 2-1). The spring and perigee tides line up every 206 days creating the largest
tides of the year, the perigean spring tides (Desplanque & Mossman, 2004). During the study

period of this thesis, in 2020 and 2021, the peaks of this cycle were in the fall and spring.

Table 2-1. Tidal harmonic cycle lengths in the Bay of Fundy (Desplanque & Mossman, 2004;
van Proosdij & Page, 2012).

Cycle Period (days)
Diurnal 0.517
Spring-neap 14.77
Perigee-apogee 27.55
Perigean-spring 206

2.1.3 Previously Collected Data
This research draws upon variables and data collected by others at the Converse site and
is described as part of the site characterization. Sediment-related parameters were measured in

December 2018 and August 2019, reported in Ellis et al. (2018) and Bowron et al. (2020), as part
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of a 5-year post restoration monitoring program associated with the Making Room for Wetlands
project. The restoration area was mapped with orthophotos, and digital surface models (DSM)
derived from Remotely Piloted Aircraft System (RPAS) surveys (Akyol, 2020; Lewis, 2022).
RPAS flights were taken approximately monthly throughout the spring/summer/fall field seasons
to monitor topographic changes on the marsh (Lewis, 2022). The drainage system including the
inlet, constructed channels, agricultural ditching, and newly forming channels, seen in Figure

2.2b, were monitored and studied in Lewis (2022).

Elevation and accretion were monitored across the site using four Rod Surface Elevation
Tables (RSETSs) (Cahoon et al., 2002) and 30 marker horizons, installed across the site in
summer 2018, and measured annually. Since elevation changes also depend on growing and
decomposing vegetation, RSET measurements combined with cores from surrounding marker
horizons show the amount of sediment accretion versus elevation changes due to decomposing

organics and root system expansion (Lynch et al., 2015).

2.2 Overview of Methods

For this thesis, data were collected for five or six tides for each of three deployments that
took place in August and November 2020 and July 2021 of Year 2 and Year 3 of restoration,
respectively. Observations were taken at tide, season, and annual temporal scales. Variables
measured in this study relate to the availability and movement of sediment, shown in the
literature, and are summarized in the flow chart in Figure 2.3. Hydrologic variables including
water depth, velocity, and SSC were measured over each tide at the inlet to capture the temporal
variations of inlet conditions. Cross-sectional measurements of the inlet were also taken for each

deployment as part of a co-occurring study in Lewis (2022). These hydrologic and cross-

16



sectional measurements were also used to calculate the discharge and sediment flux at the inlet.
Additional velocity and SSC measurements were taken in the channels to help understand the

dispersion of sediment throughout the site.

Variables relating to deposition were measured for each tide at different surveyed stations
to observe the spatial and temporal variations of deposition across the restoring marsh surface.
These included deposition per tide, the grain size distribution of deposited sediment per tide, and
at some locations, the initial suspended sediment concentration per tide. Once clear linkages
were established between hydrologic and topographic variables and deposition, a selection

process was performed to find the best model to predict deposition at a point on the marsh.
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Figure 2.3. Flow chart of variables affecting deposition and sediment accretion measured in this
thesis.

2.3 Spatial Layout and Setup of Instruments and Stations
To observe the spatial variations of deposition and sediment flux at the Converse site,
instruments were placed in the inlet, channels, and on the surface of the marsh (Table 2-2, Figure

18



2.4). At the inlet, a Nortek Aquadropp Acoustic Doppler Current Profiler (ADCP) and ISCO
automated water sampler were deployed. The ADCP was located on the floor of the inlet with
the x axis pointing downstream, aligned with the flow direction (Figure 2.5). The ground and
ADCP sensor height were measured with an RTK GNSS for each deployment. The ADCP was
programmed to take measurements every 10 seconds for 30 cells above the ADCP, set to 0.2m in
distance, with a 0.2m blanking distance from the ADCP to the first cell, totalling 6.2m above the
ADCP sensor. This height purposely exceeded the top of the inlet and the highest potential tides.
An ISCO automated water sampler pumped 500 ml water samples at 15-minute intervals, 9.5m
to the pumping unit situated on the remnant dyke (Figure 2.6). The inlet nozzle was located 10

cm from the bed as close to the ADCP as possible (Figure 2.5).

Table 2-2. All Stations with instruments used and variables measured.

Station Instruments/Equipment Variables Measured
Inlet e ISCO Automated Water e SSC (grain size
Sampler subsamples)
e Acoustic Doppler Current e Velocity
Profiler (ADCP) e Depth
V1, V3 e Acoustic Doppler e SSC
Velocimeter (ADV) e Velocity
e Turbidity Sensor e Depth
V2 e ADV e Velocity
e Depth
R1 e Turbidity Sensor e SSC
Marker Horizon (MH) e Sediment Trap e Deposition
Sediment Stations e Tile Sediment Trap e Grain Size
n=8
Rising Stage Bottle e Sediment Trap e Deposition
(RSB) Sediment e Tile Sediment Trap e Grain Size
Stations e Rising Stage Bottle (RSB) e Initial flood SSC
n=6 (grain size

subsamples)
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Figure 2.4. Converse deployment map with station legend. Orthomosaic created with imaging
from a DJI Phantom 4 RTK Remotely Piloted Aircraft System (RPAS), piloted by Samantha
Lewis on July 25, 2021, processed in Lewis (2022).
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Figure 2.5. Acoustic doppler current profiler (ADCP) with ISCO automated water sampler
nozzle to the left of the ADCP, taken August 23, 2020 (TransCoastal Adaptations, 2020).

Figure 2.6. ISCO automated water sampler body setup on dyke beside inlet, taken November
15, 2020.
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In the channels, Nortek Acoustic Doppler Velocimeters (ADVs) and Ruskin RBR
turbidity sensors were used at the locations indicated in Table 2-2 and Figures 2.4 and 2.5. The
ADVs were placed in the thalweg of their respective locations, with sensors located 25cm above
the bed, taking a sample volume 10cm from the bed. The x axis was pointed downstream (Figure
2.7). The ADVs were programmed to sample at a rate of 16 Hz, with 4800 samples per burst (5
minutes) every 600 seconds (10 minutes). The ground and sensor height of each ADV was

measured with an RTK GNSS for each deployment.

Figure 2.7. Acoustic doppler velocimeter (ADV) with RBR turbidity sensor setup in channel
thalweg (station V3), taken August 21%, 2020 (TransCoastal Adaptations, 2020).
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A Ruskin RBR XR-420 (Figure 2.8) was located at the R1 station and a Ruskin RBRsolo®
was situated at station ADV3, and an additional RBRsolo® at V1 during the July deployment.
These instruments were set on continuous mode, measuring every 10 seconds. All sensors were

placed in the thalweg of the channel, with sensors placed 10cm above the bed.

Figure 2.8. Ruskin XR-420 RBR turbidity sensor in thalweg of channel (R1 station), taken August
21%, 2020 (TransCoastal Adaptations, 2020).
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Deposition and grain size samples were collected for each tide at the sediment stations,
surveyed with an RTK GNSS. Each sediment station had a sediment trap consisting of a
numbered Whatman 90mm CATS5 filter paper set on top of a supporting sponge between 2
aluminum sheets with a 90mm circular cut out (Poirier, 2014; van Proosdij, 2001) (Figure 2.9).
These were held together by long-shanked bolts and nuts, where the bolts were sunk into the
ground with around 0.5 to 2cm clearance depending on how flat the area was. The traps were
visually levelled upon deployment. After each tide the filter papers were transferred to petri
dishes and swapped for clean traps and filter papers. These stations also had sediment trap tiles
measuring 6”’x6” that were laid rough side up to prevent sediment from sliding off the tiles and
to better simulate the marsh surface. The sediment deposited from each tide was scraped off the
tile into a sample vial and swapped for clean tiles. The traps and trap tiles were retrieved for

cleaning to prevent contamination of the next tide’s deposited material.

The rising stage bottle (RSB) sediment stations had an RSB as well. The RSB consisted
of a 500ml Nalgene bottle and a rubber bottle stopper with 2 tubes coming out of the top of the
bottle, one to let water in, and the other to let air out, to only collect the initial tidal water
(Graczyk et al., 2000) (Figure 2.9). The bottles were placed directly on the ground, attached to

the stake by a hose clamp, with the intake tubes 20 cm above the bed.

Marker horizon station locations were chosen to be at the same locations as the
pre-existing marker horizons, and MH2A was also co-located with an RSET station. The RSB
station locations were the same as the previous borrow pit study on the Northeast section of the
site. Due to limited resources, initial SSC was limited to these stations. Two stations, MH05 and
RS4 (Figure 2.4) were located in foreshore marsh vegetation for comparison between natural

foreshore and the restoration site.
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Figure 2.9. Sediment station (pre-collection) with sediment trap, tile, and rising stage bottle
(RSB), taken July 23, 2021 (TransCoastal Adaptations, 2020).

2.4 Data Processing and Variables for Analysis
2.4.1 Inlet Hydrologic Variables

2.4.1.1 Inlet Hydrologic Data Processing

Water level data from the ADCP was converted to the CGVD2013 datum, adjusted for
the ADCP sensor height of each deployment. This gave the water surface elevation (WSE)
relative to the DEM. The WSE was used to relate other recorded and calculated hydrologic
variables to the site’s topography. The current speeds resolved from the ADCP beams for the X,
y, and z directions were used to calculate the velocity magnitude for each cell above the ADCP,
using Equation 2-1. The Storm post-processing program (Nortek, 2018) was also used to

visualize the average velocity for each submerged cell for each timestep over the tides.

Equation 2-1. Velocity magnitude using vector components.

U= \/uxz + uy? + u,?
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The cross-sectional area of each cell was calculated using the combined data points from
the inlet shape from Lewis (2022) for each corresponding deployment, and the elevation points
of the top and bottom of each ADCP cell. Horizontal trapezoid areas were calculated using this
combined set of data points and summed for the total cross-sectional area of each ADCP cell.
Discharge and sediment flux values were calculated from these pre-calculated cell areas using
equations from section 2.4.1.2 and the SSC data from the ISCO for each timestep for each
completely submerged cell. If the WSE was less than the elevation of the top of a given ADCP
cell at a given timestep, the cell was considered not submerged during that timestep and all
variables were set to zero for the cell. The average velocity of the submerged cells for each
timestep was used for the depth averaged velocity (DAV). Discharge values were summed for all
cells at each timestep to get the depth summed instantaneous discharge, and the sediment flux
values were summed to get the depth summed instantaneous sediment flux values. These were

calculated in and plotted against WSE using MATLAB.

The ISCO water samples were processed using suction with a measured volume of
sample being filtered onto pre-weighed 0.8um Millipore filter papers. Filters were then dried and
reweighed to 0.001g precision. The net weight of the sediment filtered from the water samples
and volume of samples were used to calculate the SSC of each ISCO sample. The SSC values
were used to produce box and whisker plots of the SSC distribution over each available tide for
all deployments. A set of ISCO samples from one tide from each deployment had subsamples

taken for grain size analysis described in section 2.4.3.

26



2.4.1.2 Calculations for Discharge, Sediment Flux, and Sediment Budget

Sediment flux depends on the concentration of sediment in the water and discharge: the
current velocity combined with the cross-sectional area of the given area. In tidal creeks, this is
the submerged cross-sectional area of the creek. The instantaneous sediment flux through an inlet

or channel can be written as Equation 2-2 (Poirier, 2014).

Equation 2-2. Instantaneous sediment flux using discharge.

Qst(xsa) = Qwe X SSC;

Where Qs¢(xsq) IS the instantaneous sediment flux, @,,; is the instantaneous discharge,
and SSC; is the instantaneous sediment flux. Q,,; can be broken down further in Equation 2-3
(Poirier, 2014). The variable U, represents the velocity of the water and A(h,) represents the
cross-sectional area of the channel. The SSC was assumed to be fully mixed throughout the
water column for simplification and due to the results of this study showing high velocities and

all particle grain sizes being below 64 um (Nordin & Dempster, 1963).

Equation 2-3. Instantaneous sediment flux using velocity and cross-sectional area.

Qst(xsa) = S5C; X Ut X A(he)

The cross-sectional area was broken down into the ADCP cells for the ADCP cell
velocities as described in section 2.4.1.1 for these calculations. The cross-sectional area of the

channel can also be represented in Equation 2-4 (Poirier, 2014).

Equation 2-4. Instantaneous sediment flux using velocity, width, and height.

Qstxsay = SSCe X Uy X W X hy

The variable W represents the width of the water column and h; is the depth of the water.
The total sediment flux over a period of time is the sum of the average sediment flux between
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instances, represented in Equation 2-5 (van Proosdij, 2001). Where y is the instantaneous

sediment flux, and X is the timestep.

Equation 2-5. Total time-averaged sediment flux.

n—-1
Vi — Yi+1)
Qs = z % (Xi41 — x;)
i=1

The sediment budget was assumed to be the difference between the flood and ebb

sediment flux values (Poirier, 2014; van Proosdij, 2001).

2.4.2 Channel Hydrologic Data Processing

A MATLAB script from Purcell (2020) was adapted to process the burst measurements
of the ADVs, and then plot the velocity magnitude against WSE with the ADCP script described
in section 2.4.1.1. The WSE was calculated from the pressure sensor readings and adjusted for
the sensor height in mCGVD2013 of each ADV for each deployment. The data from the RBR
turbidity sensors were converted to SSC units using an equation generated from the dry-sediment
calibration process described in the Campbell scientific turbidity sensor user guide (Campbell

Scientific INC., 2014).

2.4.3 Marsh Surface Deposited and Suspended Sediment Sample Processing

The filter papers from each sediment trap sample were dried and weighed to 0.001g
precision to determine the deposition weight per unit of area, using the pre-weights of each
numbered filter paper and the effective area of the sediment trap (the cut-out area) where the
sediment settled (Poirier, 2014; van Proosdij, 2001). Deposition was plotted in MATLAB against

topographic variables and mapped using ESRI ArcGIS Pro.
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The tile trap scrape samples were subsampled for disaggregated inorganic grain size
(DIGS) analysis, where the DIGS can show the aggregation and settling conditions of the
sediment sample (Law et al., 2019; Milligan & Kranck, 1991; Milligan & Loring, 1997). The
subsamples were dried and digested in 30% hydrogen peroxide to remove organic material. The
samples were then disaggregated using an ultrasonic probe. The samples were processed through
the Beckman-Coulter Multisizer 111 electroresistance particle counter to measure the grain size
distribution. The samples were diluted depending on the aperture of the tube used (30 um and
200 um) to prevent coincidence error, where two particles enter the sensing zone at the same

time. Samples were re-sonicated before processing with each aperture.

A MATLAB script called MergeProcessor with integrated folders and functions
(Carriére-Garwood, 2013; Newgard, 2012) was used to merge the DIGS data from each aperture
to get the entire spectrum of grain size data for the sample. Additionally, a MATLAB script
(Curran et al., 2004) was used to calculate the floc fraction with the merged data files, where the
floc fraction is a value from 0 to 1 used to describe the amount of material in the sample
deposited in floc form, with 1 being fully flocculated. GRADISTAT, developed in Blott & Pye
(2001), was used to determine the D50 value as a single representative value for the grain size of
each sample. Scripts were adapted from the merge processor to plot and layer DIGS curves for

further analysis. The D50 and floc fraction values were also mapped using ESRI ArcGIS Pro.

The RSB samples were processed using the same procedures as the ISCO samples in
section 2.4.1.1 and plotted against inlet SSC and deposition in MATLAB. A set of RSB samples
from one tide from each deployment (and all for July due to a lack of samples) were subsampled

for the DIGS process described above.
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2.4.4 Topographic Variables

The topographic variables elevation, distance from creek (Dc), and distance from inlet
(Di) were obtained for each station. The elevation used was from the survey data of each station.
The station survey coordinates, and a channel system map developed in Lewis (2022) were used
to measure and calculate the Euclidian distance from the station to the nearest creek, and the
distance of the station to the inlet, following the flow path of water, in ESRI ArcGIS pro. In the

case of MHO5 and RS4, Di was the distance to the marsh edge, following the path of water.

2.4.5 Predicted Tides and Weather Data

The predicted maximum tide heights (PMTH) were retrieved for deployment planning to
ensure the tides would flood the marsh surface and to examine temporal placement of the
deployments with respect to the tidal harmonic cycles. The PMTH was also assessed for its
usefulness in predictive deposition models since this data is posted for every tide in a 12-month
period. The data was retrieved from the Canadian Hydrographic Service®. The station used was
Pecks Point (00190), located 19.3km from the Converse site. PMTH was plotted in MATLAB

for 2020 and 2021 and compared to the deployment dates and used in statistical modelling.

Weather data was retrieved from Environment Canada historical weather and climate
data®. The Nappan Auto station in Nappan, Nova Scotia was used, located 9.3km from the
Converse site. Precipitation was plotted in MATLAB for 2020 and 2021 and compared to the
deployment dates. A wind rose using the maximum wind gust data was also plotted with this

data using a MATLAB script from Pereira (2023).

3 https://tides.gc.ca/en/tides-currents-and-water-levels
4 https://climate.weather.gc.ca/historical_data/search_historic_data_e.html

30


https://tides.gc.ca/en/tides-currents-and-water-levels
https://climate.weather.gc.ca/historical_data/search_historic_data_e.html

2.5 Statistics and Modelling

2.5.1 Statistical Models Overview

Three statistical models were proposed, each using the deposition weight per unit area
and a different set of variables to determine the best formula for predicting deposition at a point
on the marsh surface. This was to create a map of sedimentation, based off the methods of
Temmerman et al. (2003), where the model formula was applied to rasters of topographic
variables to create the map. The first model was from Temmerman et al. (2003) used as a known,
working reference model. The development of the other two models was theorized based on the
visual data analysis of this study and literature review. One model included the hydrologic and
topographic variables measured in this study and the other used PMTH and the topographic
variables. The best model formula can be applied to the digital elevation model (DEM) and
distance from channel model (DFC) rasters that were developed in Lewis (2022) for the

Converse site, making a similar map as Temmerman et al. (2003).

2.5.2 Working Reference Model

The formula from Temmerman et al. (2003) is shown in Equation 2-6, that predicts the
sedimentation rate at a point on a marsh. SR is the sedimentation rate per spring-neap cycle
(g'm), H is the tidal intensity (the elevation of the marsh point adjusted with the cumulative
depth), Dc is the distance to the creek, and De is the distance from the marsh edge, following the
creek system. The coefficients are k, I, m, and n, calculated in Temmerman et al. (2003), using
SAS/STAT software and field data. The field data included water level and sedimentation
measurements of 15-day spring-neap cycles at points across a marsh surface. The equation was

applied to each raster cell of the study’s marsh, each cell having an H, Dc, and De value.
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Equation 2-6. Temmerman et al., (2003) sedimentation rate model formula.

SR = ke'tlgMPcgnDe

The sedimentation rates used in this thesis would be single-tide marsh surface deposition,
having the same g-m units as the 15-day cycle sedimentation rates. The tidal intensity in
Temmerman et al. (2013) was calculated with the elevation of a point adjusted with the
cumulative depth over the tide. This would need to be calculated for every point on the marsh, or
every cell in the DEM, for each tide. On large scales over many varying tides this would require
additional software modules to make these calculations. For simplicity, only elevation was used
for the purpose of this study, however, a post-analysis model was tested with the H variable to
determine the impact of only including elevation. The De value used was the distance to the inlet
(Di) following the flow path of water, as there is no marsh edge on the MR site. With these
substitutions, Equation 2-7 was used for the Temmerman et al. (2003) adjusted model as a

working reference model to compare to the new models.

Equation 2-7. Adjusted Temmerman et al., (2003) sedimentation rate model formula.

Deposition = ke'Ee™PcenDi

2.5.3 Hydrologic Topographic Model

2.5.3.1 Model Theory
Deposition depends on the influx of sediment and the distribution of that sediment
through the channels and across the marsh surface. This means that if the marsh, channels, and

flow across the marsh were uniform, the sediment would be distributed uniformly. This would
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result in the net sediment (influx of sediment minus outflux, Equation 2-8) divided by the surface

area of the marsh in Equation 2-9.

Equation 2-8. Net sediment equation.

Sediment in — Sediment out = Net Sediment

Equation 2-9. Net sediment equally distributed on marsh surface.

Net Sediment
Surface Area of Marsh

Deposition over uniform marsh for uniform tide =

In reality, the marsh has channels with varying cross-sections and three-dimensional
variations in the marsh surface. The sediment laden water, with varying times of entry, will
encounter different topographic features, experiencing different losses of energy (Bayliss-Smith
et al., 1979), where sediment will settle along the way. This results in variations in sediment
available for deposition at different points on the marsh, changing throughout the tide. On the
ebb tide, as the marsh drains, sediment can be resuspended, redistributing, and/or carrying it out
of the marsh (Hill et al., 2013; Traynum & Styles, 2007). A simplified version of this can be
described in Equation 2-10 below, where the hydrology, topography, and their interactions are
both needed to determine sediment distribution across the site, where the deposition is

represented as the final deposition of the tide at a point on the marsh surface.

Equation 2-10. Hypothesized point deposition formula.

Depositiony,int
= Hydrologic factors over time (sediment carrying and driving factors)

* Topographic factors of marsh channels and surface (dividing factors)
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2.5.3.2 Model Variables

The hydrologic and topographic variable (Hydro/Topo) models used all hydrologic inlet
and topographic variables mentioned in section 2.4, including the cross-sectional area, water
depth and inlet width used in the inlet variable calculations (Figure 2.10). For this study there

were seven hydrologic and three topographic variables that were tested.

Deposition was measured on a tidal basis, where hydrologic variables were measured
throughout the tide, and topographic variables were constant. To choose a single value for each
tide for each hydrologic variable, it was hypothesized that the most representative value would
be the sum of the variable over the tide, validated by the results of this study. The cumulative
depth was used for the same logic in Temmerman et al. (2003), to reflect the magnitude and
frequency of the variables. The width of the inlet was calculated using similar logic. Since the
width of the inlet at the water surface does not uniformly increase as the water rises, the
cumulative sum of the submerged widths was used, calculated with the lines dividing the

trapezoids used for calculating the cross-sectional area.
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Figure 2.10. Model variables contributing to deposition, divided into marsh surface and MR site
inlet variables.

2.5.4 Predicted Maximum Tide Height Model
In this model, instead of using the hydrologic variables measured, the variable used in

conjunction with the topographic variables was the predicted maximum tide height from the



Canadian Hydrographic Service tidal predictions. The topographic variables and model theory
remained the same as the Hydro/Topo models. The PMTH models were assessed alongside the

Hydro/Topo models.

2.5.5 Model Selection Process

2.5.5.1 Model Setup and Selection Process Overview

The three proposed formulas were evaluated in models where deposition was the
response variable, which had groupings, or random effects variables, in this dataset that included
the tide and station location of samples (Table 2-3). Additionally, this data had fixed effects
variables (predictors) such as the hydrologic and topographic variables. Because there were
random and fixed variables in this dataset, mixed models were used in R with the Ime4 library
(Bates et al., 2015). Individual models and results were organized in Excel between steps to
manage the large number of models. The variables were also scaled, and deposition data was
normalized. A mixed linear model using only the month of the deployment, representing the time

of year, was tested against a null model, to determine if the time of year was significant.

Akaike Information Criterion (AIC) values were used to determine the best fitting model
for the least number of unknowns (Bolker et al., 2009; Portet, 2020; Vrieze, 2012), where AIC
values are a calculated measure of fit that penalizes models for having more parameters (Bolker
et al. 2009). AIC is a value with no maximum or minimum limit and no value the models are
aiming for, as it is only used to compare models to each other. These are the best comparative

model values to use when determining models for predictions (Bolker et al., 2009).
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Table 2-3. Proposed models with random and fixed variables.

Model Random Fixed variables Formula
variables
Temmerman Location Elevation, Dc, Di Deposition = ke'Ee™Pce™Pi
et al. (2013)
Hydro/Topo Tide, Depth, Widths, Area, Deposition
Location Velocity, Discharge, = (Hydrologic variables)

SSC, Sediment Flux, * (Topographic variables)
Elevation, Dc, Di
PMTH Tide, PMTH, Elevation, Dc, Di Deposition
Location = PMTH
* (Topographic variables)

The Hydro/Topo and PMTH models had an additional series of selection stages to find
the optimal combination of variables for the final model testing. There were many ways to
combine the 10 variables in a model: using different levels of combinations (e.g., using velocity
and area versus discharge), adding versus multiplying, regression type (linear, polynomial, etc.),
and other considerations. However, combining some of these options (e.g., multiplying 10
polynomial variables) would create too many terms with regard to the number of independent
variables, which would create models that are overfitted (Portet, 2020; Vrieze, 2012). For this
reason, the number of terms that could be used to create a working model was limited. A
structured analysis (Figure 2.11) was designed to assess hydrologic and topographic variable
interactions among themselves, and then between these groups to create a model balancing

accuracy and the number of terms.

2.5.5.2 Selection Process Steps

The first step in the analysis was to test the best regression with deposition for each
individual predictor variable, based on the R? values. The hydrologic variables were then
assessed in a three-part analysis to test each of the resulting variables (sediment flux, discharge,
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and area) against their constituents, shown in Figure 2.12 where each level corresponds to a
different coloured box. For example, discharge was tested against velocity and area, but also
against velocity, depth, and widths. Alternative combinations were also tested, such as only
velocity and widths. These combinations were tested with the cumulative flood, cumulative ebb,
and the net and average of these flood and ebb values with linear, polynomial, added, and
multiplied versions. Each set of flood, ebb, net, or average variables was only tested with itself,
e.g., average variables were only tested with other average variables, to simplify the process. The
models with the lowest AIC from each level of the hydrologic variables was taken as the best

model, along with the alternative model with AIC values within this range.

Topographic variables were then tested for their interactions with each other, with the
same combination factors as the hydrologic variables (Figure 2.12, corresponding to orange).
Individual topographic variables were then tested against each individual hydrologic variable
(including PMTH), using the same combinational factors (Figure 2.12, corresponding to red).
This was used in the next step to determine how the formulas should be combined. For example,
if the only two interactions were Di and Dc (Equation 2-11a) and Dc and Area (Equation 2-11b),
the resulting formula encompasses both the interactions (Equation 2-11c), where Dep is

deposition.

Equation 2-11. Example of combining topographic and hydrologic formulas, where a) is the
topographic formula, b) is the hydrologic formula, and c) is the combination if Dc interacts with
all hydrologic variables and Di.

a) Dep ~ Dc = Di + Elevation
b) Dep ~ Area
C) Dep ~ Area * Dc + Di * Dc + Elevation
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Figure 2.11. Statistical model development process structure.
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Figure 2.12. Model variables contributing to deposition with associated model development
steps indicated. Hydrologic variables were tested in 3 levels with respect to sediment flux and its
contributors, then topographic variables were tested, then hydrologic and topographic variables

against each other.

Since some formulas included polynomials of variables, some polynomial terms (e.g.,

Dc, Dc?, and Dc®) needed to be eliminated to reduce the overall number of terms when

hydrologic and topographic formulas were combined. This is why the step combining the

formulas was paired with a polynomial reduction. Each pair of polynomial terms were tested

together as well as each individual term, to find the best combination for a working model.
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The best combined Hydro/Topo and PMTH models were then selected using an ANOVA
test, where the models are listed according to the number of terms, and models significantly
better than the next model (based on AIC) on the list are given a significance value based on a
Chi-squared test. A process of elimination was performed using these values to find the
significantly best models, where the models remaining were equivalent models, not significantly
better than the other. The modified Temmerman et al. (2003) model was introduced in this step.
The conditional and marginal R? values were then found for the models and the coefficients of

each term for each model were determined and analyzed.
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CHAPTER 3 RESULTS

Data were successfully collected for a total of 16 spring tides: six in August 2020, and
five each in November 2020 and July 2021, though not all tides had full sets of data. Restrictions
associated with the COVID-19 pandemic resulted in the cancellation of the spring 2021
deployment. At the inlet, the ADCP did not capture the last two tides of August and the last tide
of July, due to the battery dying (Table 3-1). Technical issues were encountered for the ISCO for
two of the July tides. This allowed sediment flux at the inlet to be calculated for only 11 tides. In
the channels, ADVs and RBRs were able to capture most tides (Table 3-2). The extra RBR at V1

was only deployed in July due to previous turbidity sensors having technical difficulties.

One tide of each deployment had deposition data that was contaminated or not collected
due to weather or time constraints with rising tides, where the proportions of successfully
collected samples is shown in Table 3-3. Tide heights allowed most of the 14 stations to have
data collected for most tides, however two stations with the highest elevations had few samples.
These two stations only had one scrape sample, collected during the highest tide: Tide 4 in
November. A total of nine tides that had both deposition and sediment flux data available were

used for the statistical models.

Table 3-1. Inlet and deposition data per tide available for sediment flux and statistics.

August 2020 November 2020 July 2021

T1 T2 T3 T4 T5 T6 T1 T2 T3 T4 T5 T1 T2 T3 T4 T5
ADCP X X X X X X X X X X X X X
ISCO X X X X X X X X X X X X X X
Sediment X X X X X X X X X X X X X
Stations
Sediment x X X X X X X X X X X
Flux
Statistics X X X X X X X X X
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Table 3-2. Channel instruments data available per tide.

August 2020 November 2020 July 2021

T1 T2 T3 T4 T5 T6 T1 T2 T3 T4 T5 T1 T2 T3 T4 T5
V1 X X X X X X X X X X X X X X X
V2 X X X X X X X X X X X X X X X
V3 X X X X X X X X X X X X X X X X
RBRV3 x x x X X X X X X X X X X X X X
R1 X X X X X X X X X X X X X X X
RBR V1 X X X X
Table 3-3. Sediment station samples acquired versus planned, per deployment.

Deployment Deposition Grain Size Incoming SSC

Samples Samples Samples

August 2020 67/70 (5 tides) 49/70 (5 tides) 28/30 (5 tides)

November 53/70 (4 tides) 42/70 (4 tides) 29/30 (4 tides)

2020

July 2021 48/70 (4 tides) 34/70 (4 tides) 19/30 (4 tides)

3.1 Temporal Variations of Inlet Sediment Flux and Hydrodynamics and Interactions with

Site Topography

Temporal variations were observed for the duration of the tide, individual tides, position

in harmonic cycles, and restoration year of deployments. The water surface elevation (WSE),

velocity, discharge, and sediment flux over the tide all showed expected interactions between the

marsh topography and tide hydrology. Velocity and cross-sectional area changes both had

visually noticeable effects on the discharge, as well as sediment flux along with changes in

suspended sediment concentrations (SSC). The SSC and therefore sediment flux were also

affected by rainfall during the July deployment.
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3.1.1 Water Surface Elevation at Inlet

The change in water surface elevation (WSE) over time did not follow a smooth
sinusoidal tidal curve, showing interactions between the tide and the topographic features of the
site (Figure 3.1). At elevations around 5.8m CGVD2013 water floods outside the main channels
and starts to flood secondary channels (Figure 3.2), referred to as “bankfull” level. At 6.2m, the
entire marsh surface is flooded, referred to as “full site” level. WSE within this range does not
change as fast with time (Figure 3.1), resulting in distortions in the curve, more easily seen in the
velocity data. Tides with a maximum WSE of around full site level to 6.6m, in Figure 3.1, appear
to have similar total tide inundation times, possibly indicating interactions before reaching the
site as the tide moves up the Bay of Fundy and Missaguash River. For example, the lowest tide
in November (6.2m) appears to have the same total inundation time as the 6.6m November tide.
This means the maximum WSE and inundation time would be poorly representative of the tide
for statistical modelling, so cumulative hydrologic variables were used in the statistics to capture

the entire tide in one variable.
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Figure 3.1. Water surface elevation (WSE) relative to high tide (RHT) at inlet for each available

tide, overlayed from all deployments with bankfull and full site elevation levels indicated.
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Figure 3.2. Site flooded to bankfull level (5.8 m CGVD2013). Orthomosaic and DEM for flood
map created with imaging from a DJI Phantom 4 RTK Remotely Piloted Aircraft System (RPAS),
piloted by Samantha Lewis on a) June 1, 2020, and b) July 25, 2021, processed in Lewis (2022).

3.1.2 Tidal Harmonic Cycles and Predicted Tides

The PMTH showed the deployments in relation to the tidal harmonic cycles, reflecting
the heights of the tides seen in the deployments. The November deployment was almost at the
height of the 206 day, perigean-spring cycle, shown in Figure 3.3, where November had the
highest tides recorded, also seen in Figure 3.1. August was closer to the middle of this cycle and

July closer to the trough, but still in their spring tides of their respective months. July had some
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of the lowest tides recorded; the only tides not to flood the entire site. Based off of the PMTH of

the tides recorded, around 15% of tides during the study period flooded the entire marsh surface.
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Figure 3.3. Predicted maximum tide height (PMTH) (chart datum) over study period, using data

from the Canadian Hydrographic Service.

3.1.3 Current Velocities at Inlet

Velocities at the inlet were sensitive to the marsh elevation, showing interactions with the

topography of the marsh. Velocity rapidly increased up to around 0.5 m-s* after the tide reached

bankfull levels. The velocity is seen increasing at different rates, with changing WSE in Figure

3.4, where velocity is represented as depth averaged velocity (DAV). When the WSE reached

full site levels the velocity suddenly dropped before increasing again back to the same velocities.

There was a rapid shift from flood to ebb velocity with some depth averaged velocities on the
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ebb tide reaching 1 m-s™. These patterns, however, were not seen in the two lowest tides in July
which did not reach full site levels and had little change in velocity over the entire tide. During
the highest tide in November 2020, velocity decreased as water levels reached around 6.7m to
7m. At this elevation, observed in the field, the water was able to flood over the sections of the

dyke that were graded to natural marsh platform elevations in the dyke realignment process.
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Figure 3.4. Depth averaged velocity (DAV) versus WSE over each available tide, overlayed from
all deployments with bankfull and full site elevation levels indicated.
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Within deployments, the higher the maximum WSE of the tide, the faster the maximum
flood and ebb velocities were. In August, the inlet current velocities on the ebb tide differed
greatly compared to November 2020 and July 2021, reaching a DAV of 1 m-s™*, matching the
highest November tide, a half a metre higher (Table 3-4). August had the highest individual cell
velocities of 2 m-s* at the surface, almost reaching the thalweg. November Tide 4 matched these
velocities, reaching 2 m-s™* at the thalweg (Figure 3.5), possibly creating scour. The flood and
ebb velocities grew weaker after the August deployment, with the exception of the 7m

November tide.

Table 3-4. Average and maximum depth averaged velocity (DAV) values for flood and ebb of
each deployment.

Deployment Flood Ebb
Avg DAV(m-s?!) Max DAV(m-s?) Avg DAV(m-s?) Max DAV(m-s?)
Aug. 2020 0.248 0.696 0.257 1.170
Nov. 2020 0.229 1.053 0.181 1.150
Jul. 2021 0.157 0.620 0.139 0.952

3.1.4 Cross-sectional Area of Inlet

There were changes in the cross-sectional area of the inlet between each deployment, as it
eroded and evolved, growing toward an equilibrium form as observed in the field and reported in
Lewis (2022). The inlet was smallest in August 2020, then slightly widened in the two and a half
months leading to the November 2020 deployment (Figure 3.6). There was more noticeable
widening and change in shape in the eight and a half months leading up to the July 2021

deployment.
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Tide Height August 2020 November 2020 July 2021 (m/s)
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(m CGVD2013)
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Figure 3.5. Velocity plots from the Storm64 program showing velocity of the rising and falling
water. Plots are divided into maximum tide height increments with maximum tide height in the
upper left of each plot.
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Figure 3.6. Cross-sectional data of inlet for each deployment (Lewis, 2022).

November had the largest tides of all deployments, promoting high velocities, being near
the peak of the 206-day perigean-spring tidal cycle (Desplanque & Mossman, 2004), however,
the general velocity reduction after August showed the effects of the change in cross-sectional
area of the inlet. Figure 3.7 visually shows the evolution of the inlet/\VV3 area and V3 channel
over the study period, where the area widens and becomes more smoothly sloped toward the
inlet. This demonstrates the fast-paced morphological changes of MR site inlets and channels

caused by the hydrodynamics as the site moves toward a stable equilibrium.
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Figure 3.7. Inlet/V3 area for: a) August 2020, b) November 2020, and c¢) July 2021 deployments
(TransCoastal Adaptations, 2020; TransCoastal Adaptations, 2021).
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3.1.5 Discharge Rates at Inlet

Comparing the discharge patterns to the velocity patterns, the effects of the cross-
sectional area can be seen. Looking at the discharge versus WSE in Figure 3.8, the same patterns
can be seen as observed in the velocity curves. Instantaneous discharge rapidly increases from
<10 to >20 m*s! after the WSE reaches bankfull level but did not have the same decrease and
increase around full site level as the velocity data did. Generally similar tides had similar
discharge values, regardless of velocities, indicating interactions with the cross-sectional area.
November 2020 had the highest average and maximum discharge for the flood and ebb tide
(Table 3-5). August 2020 and July 2021 had similar maximum flood and ebb discharge values,

but August had higher average values, though this is not visually apparent in Figure 3.8.

3.1.6 Suspended Sediment Concentration at Inlet

All deployments had higher SSC values on the flood tide, except for the end of the
November tides (Figure 3.9). SSC was highest in November on the flood and ebb tides, where
the maximum flood SSC was around 1390 mg-L* (Table 3-6). July had nearly the same
maximum flood values as November, but low ebb values like August. In all deployments, larger
tides had higher SSC values, except for the two largest tides in August which had the lowest
SSC. The SSC values over the tide were most consistent between the July deployment tides.
August had the most variable concentrations between tides, particularly on the flood tide,
possibly indicating erosion. The very first value measured in July was not included since it was
around twice the value of the highest measurement of all deployments, uncharacteristic of July
and other deployments. This may have been a result of contamination upon setup, being the first

sample after the setup of the instrument.
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Figure 3.8. Instantaneous depth summed discharge versus WSE over each available tide,
overlayed from all deployments with bankfull and full site elevation levels indicated.

Table 3-5. Average and maximum instantaneous discharge values for flood and ebb of each
deployment.

Deployment Flood Ebb
Avg Discharge Max Discharge Avg Discharge Max Discharge
(m3.s-1) (m3.S-1) (mS.s-l) (mS,S-l)
Aug. 2020 9.63 29.40 10.30 47.10
Nov. 2020 9.17 46.60 7.43 48.20
Jul. 2021 6.84 29.10 6.20 43.90
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Figure 3.9. Box and whisker plots of inlet SSC distribution of all tides relative to high tide (RHT)
for each deployment, with y axis scaled to channel instrument SSC levels.

Table 3-6. Minimum, maximum, and average SSC values of flood and ebb for each deployment.

Deployment Flood Ebb
Min SSC MaxSSC MeanSSC MinSSC Max SSC  Mean SSC
(mg-L™")  (mg-.L")  (mg'L")  (mgL?) (mgLt)  (mgL?)
Aug. 2020 131 858 455 80.0 526 201
Nov. 2020 358 1390 1010 289 2060 583
Jul. 2021 434 1230 850 161 338 248
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3.1.7 Precipitation and Wind

There was little precipitation before or during the August and November 2020
deployments, except for a rainstorm on the last tide of the November deployment, where
deposition samples were washed away and/or contaminated. In July 2021 there was no
precipitation during the deployment (Figure 3.10), however, the highest precipitation event of the
study period occurred two days before. The maximum precipitation rate was 7.9 mm-hr? and
there were 10 hours of consecutive rain greater than 1 mm-hr, with eight hours of rain above 2
mm-hr?, where the 1 to 2 mm-hr? rainfall threshold increases SSC levels for three days, reported
in Dale et al. (2018). This was a 42mm rainfall with 19mm the previous day for a total of 61mm

over two days.
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Figure 3.10. Daily precipitation over the study period from Nappan Auto weather station, using
data from Environment Canada.
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Wind was not directly measured in this study, due to a lack of instrument availability,
however wind gust data was available at the Nappan Auto station (Table 3-7). July experienced
the lowest maximum wind gusts, and the November deployment experienced the highest. Wind
direction was fairly similar for all deployments, predominantly coming from the Southwest
(Figure 3.11). In Figure 2.4, the Southwest direction lines up with the longest fetch length of the
site, causing small waves observed in the field. This also lines up with the Cumberland basin,

causing waves to propagate up the Missaguash river to the site, possibly through the inlet.

Max Wind Gust Speeds in km/hr
[y, > 80

Wind Rose
[0 <u, <80 N
60 < u, <70
50 < u, <60
40 = v, <50
GO < v, <40

Figure 3.11. Wind Rose of 2020-2021 Nappan, NS maximum wind gust data using MATLAB
script from Pereira (2023), using data from Environment Canada.
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Table 3-7. Wind data for each deployment, from Nappan Auto weather station, using data from
Environment Canada.

Date Direction of Max Wind  Speed of Max Wind
Gust (° from North) Gust (km-hr?)

Aug 20, 2020 240 48

Aug 21, 2020 230 38

Aug 22, 2020

Aug 23, 2020 240 48

Nov 13, 2020

Nov 14, 2020 320 34

Nov 15, 2020 310 42

Nov 16, 2020 150 65

Jul 23, 2021

Jul 24, 2021

Jul 25, 2021 170 31

Jul 26, 2021

3.1.8 Sediment Flux at Inlet

The instantaneous sediment flux compared to the change in WSE exhibited the same
patterns as velocity and discharge, though SSC variations between tides had a more noticeable
impact in some cases. Over the study period the instantaneous sediment flux varied from a low
average of approximately three to four kg-s™in August to approximately five to nine kg-s?in
November on the flood and ebb tides (Figure 3.12, Table 3-8). All tides had a positive calculated
sediment budget (Table 3-9), meaning sediment was imported, except for Tide 1 in August. This
and the other tide in August with relatively low instantaneous sediment flux patterns had similar
discharge to other tides, but this was overshadowed by low SSC values. The November tides
imported the highest amounts of sediment, where Tide 4, the highest tide, imported the most.
With only a 0.5m maximum WSE difference from the other tides, it was an order of magnitude
higher than the other tides in its influx of sediment. There was also a spike at the end of this tide
corresponding with the last SSC value of the tide (the second highest SSC value of all

deployments) as the channels drained.
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Figure 3.12. Instantaneous sediment flux versus WSE over each available tide, overlayed from
all deployments with bankfull and full site elevation levels indicated.

Table 3-8. Average and maximum instantaneous sediment flux values for flood and ebb of each
deployment.

Deployment Flood Ebb

Avg Sediment Max Sediment Avg Sediment Max Sediment
Flux (kg-s?) Flux (kg-s?) Flux (kg-s?) Flux (kg-s™)

Aug. 2020 3.64 14.00 2.61 11.30
Nov. 2020 8.96 53.00 4.82 32.70
Jul. 2021 5.13 20.00 2.86 15.00
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Table 3-9. Maximum water surface elevation, total sediment input, output, and sediment budget
of each available tide for each deployment.

Tide Max WSE Total Sediment Total Sediment Sediment Budget
(m CGVD2013) Input (kg) Output (kg) (kg)
Aug. T1 6.38 21600 26200 -4580
Aug. T2 6.58 12800 9460 3330
Aug. T3 6.48 30200 22100 8060
Aug. T4 6.56 12700 9680 3040
Nov. T1 6.21 34900 9760 25200
Nov. T2 6.57 72900 35200 37800
Nov. T3 6.51 54700 20100 34600
Nov. T4 7.03 118000 57200 60500
Nov. T5 6.66 75600 34600 41000
Jul. T2 5.97 9670 4850 4820
Jul. T3 6.92 51000 30900 20200

3.2 Channel Conditions versus Inlet Conditions

3.2.1 Current Velocities in Channels

The ADVs in the channel showed similar patterns as the inlet velocity. Station V3,
showing the DAV closest to the inlet, has the same rapid shift of flood velocity to ebb velocity as
the inlet data (Figure 3.13). The station also showed similar peak flood and ebb velocities of
around 0.6 to 0.8 m-sX. The two lowest July tides, however, show very low velocities from 0 to
0.2 m-s’ on the flood and ebb tides, which changed very little over the tide. Station V2, about
halfway to the borrow pit, showed similar velocities and patterns, except for the two lowest July
tides displaying similar velocities and patterns as the rest of the tides. There was also a slight
reduction in velocity before and after high tide at this station. At station V1, furthest from the

inlet, and closest to the borrow pit, there was a much more prominent reduction of velocity
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before and after high tide. This shows that velocity progressively reduces as water gets further
from the inlet, where stations were not consistently higher or lower than the other, mostly with

only a ~0.2m difference in elevation.

In conjunction with the reduction in velocity, the WSE gets progressively lower, further
from the inlet as well during all deployments. There was approximately a 0.5m difference of
maximum WSE between the inlet and station V1. This shows that there is a slope in the water

surface during the tide, in the channels across the marsh.

3.2.2 Suspended Sediment Concentrations in Channels

The turbidity measured in the channels showed different concentrations of sediment
reaching different parts of the site, but with similar tidal patterns as the inlet. The V3 station
leading to MHO1 and MHO3 in Figure 2.4 shows clear differences in SSC patterns between the
August and November deployments (Figure 3.14a,b). In this data, high spikes of SSC can be
seen during and past the ebb tide, as the site continues to drain, further referred to as “post-ebb”.

These spikes in Figure 3.14a were consistent for all August tides.
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These three post-ebb spikes in the August deployment tides correlate to three different
surfaces draining. From bankfull to full site level, there are three distinct layers of elevation in
this area. The lowest stage being the channels, the second being the agricultural drainage
ditching, and the third being the flat sections of previously agricultural field separated by the
ditches. In Figure 3.15a, the flood map was made using the June 2020 digital elevation model
(DEM), which clearly shows these three layers of elevation. In Figure 3.15b, the flood map was
made using the July 2021 DEM, where there has been clear sediment infilling and far less
post-ebb SSC spikes in the July 2021 V3 data. Infilling of ditches would reduce the amount of
water draining from this location, therefore reducing velocity and erosion, resulting in a

reduction of suspended sediment over the deployments in the V3 data.

The R1 station, located close to the inlet, shows the same change in SSC trends as the V3
RBR data (Figure 3.16). However, R1 does not show the same ebb tide and post-ebb patterns,
though there are still spikes in all deployments. In July, the readings continue for much longer, as
the sensor was at a lower elevation, capturing the post-ebb tide readings and marsh surface

drainage SSC levels. Both the V3 and R1 stations had higher SSC than the inlet (Figure 3.9).

The RBR at V1 was located closer to the borrow pit, furthest from the inlet, showing that
only a portion of the concentration of sediment travelled to this area of the site (Figure 3.17). The
rest likely fell out of suspension due to a reduction in current velocity as the water travelled
through the site (Poirier et al., 2017; Reed et al., 1999). V1 also had a shorter inundation time,
but the same shaped SSC curve as the other channel stations and inlet. This shows that further

from the inlet, SSC is greatly reduced, but maintains the same patterns.
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Figure 3.14. Change in SSC over time at V3 for all deployments where a) is scaled to 15000
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Figure 3.15. Flood maps of 5.8 and 5.9m CGVD2013. Orthomosaic and DEM for flood map
created with imaging from a DJI Phantom 4 RTK Remotely Piloted Aircraft System (RPAS),
piloted by Samantha Lewis on a) June 1, 2020, and b) July 25, 2021, processed in Lewis (2022).
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Figure 3.17. Change in SSC over time at V1 for July deployment.
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3.3 Temporal Variability of Marsh Surface Deposited and Suspended Sediment

3.3.1 Inlet versus Marsh Surface Suspended Sediment Concentrations

Since the RSBs collected one measurement per tide as the marsh flooded, these values
were compared to the average SSC of the flood tides at the inlet (Figure 3.18). The RSB SSC
stayed constant until the inlet SSC reached around 800 mg-L ™, where the RSB SSC began to
increase. There are few RSB SSC values comparable to the inlet SSC values, except the two
tides in August. This showed a decrease in SSC between the inlet and stations, indicating there is
settling before the tide reaches the stations. Both the RSB SSC and inlet SSC showed November
having the highest SSC, July the second highest, and August the lowest. There are clear
connections between the inlet and station SSC levels, however, there are likely other variables

influencing this connection.
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Figure 3.18. Flood Average SSC at inlet versus all RSB SSC stations, separated by deployment
with 1:1 ratio line.
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3.3.2 Temporal Variations of Marsh Surface Deposited and Suspended Sediment

Deposition from sediment traps varied between tides and deployments, where Figure
3.19a,b are examples of high deposition, and Figure 3.19c¢ is an example of little deposition.
Values between stations ranged from 5.2 to 1400 g-m™ per tide (Table 3-10) depending on the
tide and topographic variables of the stations. Depending on the tide height, some stations were
not inundated, and therefore had no deposition or RSB SSC samples. The lowest tide inundated
57% of stations and 6 of the 13 tides inundated the whole site, covering all stations. The lowest
tide deposited sufficient sediment for a tile scrape sample for 21% of stations, where only one
tide, November Tide 4, deposited enough sediment for a scrape sample for all stations. The two
highest elevation stations, MH05 and MHOQ9, only received enough deposition for tile scrape
samples after Tide 4 in November, where they received 140 and 250 g-m. November received

the most deposition on average and August received the least.

Table 3-10. Maximum, minimum, and average deposition values for each deployment (g-m2) per
tide.

August 2020 November 2020 July 2021
Max 590.0 1400.0 870.0
Min 21.0 5.2 15.0
Average 180.0 310.0 230.0

Deposition had a strong relationship with the RSB SSC, including the temporal variations
between tides and deployments. This relationship was also observed to compare how much of
the sediment making it to the stations was deposited. As initial SSC increased, deposition
increased as well (Figure 3.20), where variations between tides and deployments were similar.
One station did not fit this trend; RS6 had the highest initial SSC, but the lowest deposition.

November had the highest SSC and deposition, July the second highest, and August the lowest.
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Figure 3.19. Examples of sediment stations with a and b) high amounts of deposition and c) low
amounts of deposition. Picture a) was taken at RS2 after July Tide 1, b) taken at MH11 after July
Tide 3, and c) taken at MH13 after November Tide 2 (TransCoastal Adaptations, 2020;

TransCoastal Adaptations, 2021).
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Figure 3.20. Deposition versus RSB SSC of all RSB sediment stations, separated by deployment.

3.4 Spatial Variability of Sediment Deposition and Marsh Surface Suspended Sediment
Concentrations

3.4.1 Spatial Variability of Deposition

Stations across the site had varying amounts of deposition with spatial variations and
features visualized when mapped. The higher the depositional average, the higher the variability
in deposition values at the station seen in Figure 3.21, with the channel system developed in
Lewis (2022). The borrow pit, at the northeast side of the site shows progressively less
deposition further into the borrow pit, between RS3 and RS1. Stations RS6 and MH17, on the
east side of the restoration site, had consistently lower deposition than other stations. These
stations were located in an area with few channels. These few channels were classified in Lewis

(2022) as relic channels from the historical salt marshes before the dyking of the area.
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Figure 3.21. Average deposition in g ‘m* and standard deviation for all deployments.
Orthomosaic created with imaging from a DJI Phantom 4 RTK RPAS, piloted by Samantha
Lewis on July 25, 2021, processed in, with channel system shape from, Lewis (2022).

The average D50 and floc fractions from the tidal deposition scrape samples in Figure
3.22 represent the characteristics of the material deposited by the tides at each station. Most
stations have similar D50 and floc fraction values, in the medium to coarse silt range around 0.7
to 0.9 mm with 78% to 91% flocculated material. MHO05 and MHO09 had only 1 scrape sample
each out of all deployments: Tide 4 in November, where the D50 and floc fraction values were

both very low. The stations RS6 and MH17 had very high D50 values and low floc fractions.
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There were also variations seen in the grain size distributions between tides and deployments
(Appendix A). In November the grain size was coarser for all stations and in July the grain size

was finer than August and November for all stations.
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Figure 3.22. D50 (um) and floc fraction averaged for all deployments. Orthomosaic created with
imaging from a DJI Phantom 4 RTK RPAS, piloted by Samantha Lewis on July 25, 2021,
processed in, with channel system shape from, Lewis (2022).

3.4.2 Suspended and Deposited Grain Size Distributions
Grain size distributions and floc fractions of the inlet and RSB suspended sediment and

the deposited material allowed comparison between the characteristics of the incoming sediment,
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the sediment reaching the stations, and the deposited material. The grain size was coarsest at the
inlet (Appendix A), the RSB sediment was finer and finally, the deposited sediments had a
coarser distribution than the corresponding RSBs (Appendix A). The grain size distribution of
the deposited sediment was proportional to the distribution of the RSB sediment at the station,
where coarser RSB samples had coarser deposition. This pattern was the same for all RSB
stations, except RS6, where the RSB grain size and floc fractions were similar to other stations,
but the deposited sediment was very coarse with low floc fractions. RS5 had the smallest
difference between the deposited sediments and SSC. At the inlet for August and November,

there was coarser material on the flood tide, and coarser material overall in November.

3.4.3 Topographic Variables and Deposition

Deposition depended on a number of topographic factors including elevation, distance
from channel (Dc), distance from inlet (Di), and surrounding topography. In Figure 3.23, all
deposition values for each deployment are displayed compared to the station elevation, where the
amount of deposited sediment is shown to decrease with increasing elevation. Dc and Di
appeared to have curved, nonlinear relationships with deposition, where deposition was highest
within a certain range (Figure 3.24). The nearest and farthest stations from the channels had the
lowest deposition and stations three to eight metres from the channel had the highest deposition.
Deposition increased with distance from inlet until it peaked around 350m, where deposition
decreased with increasing distance from the inlet (Figure 3.25). RS6 did not follow the same
trends for elevation or Di and MH17 followed none of the same topographic variable trends as

the other stations.
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Figure 3.23. Deposition per tide versus station elevation, separated by deployment.
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Figure 3.24. Deposition per tide versus Euclidean distance of station from channel, separated by

deployment.
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Figure 3.25. Deposition per tide versus distance of station from inlet, following channel system,
separated by deployment.

3.5 Statistical Models of Predicting Deposition

In the statistics portion of this analysis, three models were proposed: the modified
Temmerman et al. (2003), hydrologic and topographic variable (Hydro/Topo) model and the
PMTH model. The Hydro/Topo and PMTH models resulted in the best variables to use and the
best interactions between them for predicting deposition for the proposed variables of the
models. The modified Temmerman et al. (2003) model was a working model as well, providing
comparison for the other models, though it was not as predictive with this dataset as the other

models.

There were 16 planned tides, with 14 stations, resulting in 116 deposition samples
measured with all hydrologic variables available. RS6 and MH17 stations were removed from

the statistical analysis, as they did not follow any of the topographic trends, which left 98
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deposition data points. For all steps combined, there were 820 official models tested (Appendix

B Table B-1 to Table B-8), with more models tested while steps were formulated and adjusted.

3.5.1 Singular Variable Regressions

Topographic variables Dc and Di had nonlinear, curved patterns when plotted with
deposition, so polynomial and similar shaped regressions were tested. Additionally, since some
variables affect other variables that contribute to the sediment flux (Figure 2.10), therefore
multiplying their effects, it was hypothesized that polynomial regressions would be the best
regressions. For example, cross-sectional area affects velocity and velocity affects SSC, where
all these variables affect sediment flux. If velocity and SSC are a function of cross-sectional area,
then cross-sectional area goes into sediment flux three times, meaning sediment flux is a function
of the cross-sectional area cubed. Initially, each variable for the Hydro/Topo and PMTH models
was tested for their conditional R? values for each regression to determine what regression
should be used in the models. Most of the highest R? regressions were third order polynomials,
as seen previously in the visualization of Dc and Di. To simplify the models, only polynomial
regressions were used, however, because of overfitting from too many terms, linear model
alternatives were tested as well. This allowed models with more variables and multiplication of

variables to be tested, broadening the analysis.

3.5.2 Hydrologic Variables
The model with the lowest AIC from each level of hydrologic variables and the
alternative formulas that had AIC values within the same range, were taken as the best

hydrologic formulas (Table 3-11). The formulas with only one variable had polynomial
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regressions since models with more than one polynomial variable were overfitted and did not
converge. Models with more than two variables needed the variables to be added to work. In all
hydrologic variable levels, the constituents were favoured over the resultant, e.g., discharge and
SSC were favoured over sediment flux, except for the cross-sectional area, which was always

favoured.

Table 3-11. Best hydrologic variable formulas, judged by AIC value.

Hydrologic Formula AIC
Dep ~ Area + Area? + Area® * 98.7
Dep ~ Area * Velocity * 98.9
Dep ~ Widths + Depth + Velocity + SSC  ** 99.4
Dep ~ Area * SSC * 98.9
Dep ~ Widths + Depth + SSC * 100.8

*Average of cumulative flood and cumulative ebb of each variable
**Net of cumulative flood and cumulative ebb of each variable

3.5.3 Topographic Variables

Since there were so few topographic variables and elevation had a linear correlation in
the singular variable regression step, elevation was kept linear, while Dc and Di were tested,
mixed as linear and polynomial. Equation 3-1 was the best overall topographic formula with the
lowest AIC value. In the first step of the statistical analysis, Di and Dc were strongest as
polynomial regressions. In the best topographic formula Di had a linear regression, since Dc had
a stronger polynomial regression and only one variable could have a polynomial regression for

the model to work.
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Equation 3-1. Best topographic formula, judged by AIC value.

Dep ~ Elevation + (Dc + Dc? + Dc3) = Di

3.5.4 Individual Hydrologic and Topographic Variables

This step showed how each topographic variable combined best (added or multiplied)
with each hydrologic variable for the variables found in the best hydrologic formulas (Table
3-12). These results showed that elevation and Di were best added to all variables, and therefore
were best added to all the hydrologic formulas, except for PMTH. Dc was better either added or
multiplied depending on the hydrologic variable, so models were produced for each option,
adding or multiplying Dc to the entire formula. Di was also best added to any formula, so when
formulas were combined, Dc was multiplied by both the hydrologic formula and the added Di,

explained in section 2.5.5.2.

Table 3-12. Best combinations individual topographic and hydrologic variables.

Elevation Dc Di
Area add multiply add
Depth add multiply add
Widths add add add
Velocity add multiply add
SSC add add add
PMTH multiply multiply multiply

3.5.5 Final Models

The Hydro/Topo and PMTH models were constructed using the hydrologic and
topographic formulas and their interactions from the previous step. There were two models that
were equivalent and had significantly better fit than all other models (Table 3-13). The

Hydro/Topo models had the best (lowest) AIC values of 58.8 and 66.2, followed by the PMTH
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model with an AIC of 107.7. The Hydro/Topo models and the PMTH model were all statistically
significantly better than the modified Temmerman et al. (2003) model, which returned as
overfitted. Because of this, the modified Temmerman et al. (2003) was removed from further
consideration. The post-analysis test of the Temmerman et al. (2003) model using the tidal
intensity (H) instead of just elevation was slightly better, but the Hydro/Topo and PMTH models
were still statistically significantly better. The Hydro/Topo models were significantly better than
the PMTH model, since the PMTH model is unique, only using topographic and predicted

variables, the model was kept for analysis.

The marginal R? was 0.799 and 0.786 for the Hydro/Topo models, accounting for around
79-80% of the variation in deposition for just the fixed effects. This value was 0.643 for the
PMTH model, accounting for 64.3% of deposition. The conditional R? values of the Hydro/Topo
models were 0.817 and 0.801, meaning they both accounted for around 80-82% of the variation
in deposition for both fixed and random effects. The PMTH model had a value of 0.749,

accounting for 74.9% of the variation in deposition.

Table 3-13. AIC and R? values of best Hydro/Topo models and best PMTH model, judged by
significance.

AIC  Conditional R> Marginal R?

Area/Velocity 58.8 0.817 0.799
Area/SSC 66.2 0.801 0.786
PMTH 107.7 0.749 0.643

The two equivalent Hydro/Topo models were the same formula and variables, but one
had velocity and the other had SSC in the equation (Equation 3-2, Equation 3-3). The other

variables in these models were area, elevation, Dc, and Di. The PMTH model had PMTH as a
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polynomial, multiplied by elevation plus Di and Dc® (Equation 3-4), which was the best

polynomial term for Dc in this model. PMTH was stronger than Dc as a polynomial.

Equation 3-2. Area/SSC model formula.

Dep ~ Areag,q * Velocitya,y * (Dc + Dc? + Dc®) + Di * (Dc + Dc? + Dc?) + Elevation

Equation 3-3. Area/Velocity model formula.

Dep ~ Areagy,g * SSCqapg * (Dc + Dc? 4 Dc?) + Di * (Dc 4+ Dc? + Dc?) + Elevation

Equation 3-4. PMTH model formula.
Dep ~ (PMTH + PMTH? + PMTH?3) * Elevation + (PMTH + PMTH? + PMTH?3) = Dc3

* Di

3.5.6 Final Model Interactions of Variables

In both Hydro/Topo models, elevation, Dc polynomial terms, and SSC had negative
correlations with deposition, where deposition decreased with the increasing variable. This is
shown in Figure 3.26 visualizing the Area/Velocity model as an example with all terms and
interactions. Also in both models, the area, velocity, and Di had positive correlations; as the
variable increased, deposition increased as well. In the PMTH model, the PMTH polynomial
terms had both positive and negative correlations, and elevation, Dc®, and Di all had negative
correlations. Dc interacted with all variables except elevation. Area interacted with SSC and
velocity as well. Di only interacted with Dc, and elevation interacted with no variables. In the

PMTH model, all variables interacted with PMTH.

The largest coefficients in both Hydro/Topo models were the Dc*Di (positive

correlation) and Dc polynomial terms (negative correlation) (Tables B-9 to B-11, Appendix B).
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These terms have the largest impacts on predicting deposition for this dataset. In the PMTH
model, Di*Dc*PMTH? and the PMTH*Dc terms had the largest, positive correlations, and

Dc*PMTH? had the largest negative correlation.

Elevation

Velocity

Area-Velocity Velocity-Dc

Area-Velocity-Dc

—»  Positive corellation
—————p Negative corellation

Deposition

Figure 3.26. Conceptual chart of Area/Velocity model terms and positive/negative correlation,

where Dc is distance from creek and Di is distance from inlet.
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CHAPTER 4 DISCUSSION

The results of this study showed the interconnectivity of the hydrodynamics, topography,
and sediment patterns through similar spatial and temporal variations, statistically linking
associated variables. This chapter will further define these connections and statistics by
discussing the temporal variations of hydrologic variables at the inlet and spatial and temporal
variations of deposition on the marsh surface. These will then be related with channel data to
show the connection between inlet hydrodynamics and deposition patterns on the marsh surface.
It will then be discussed how this connection can be used to model deposition, and how this
changed over Year 2 and Year 3 of restoration at the Converse site. Model validation,

limitations, potential improvements, and future use of the models will be discussed.

4.1 Temporal Variations of Inlet Hydrologic Variables and Morphology

Temporal variations of water surface elevation (WSE) shaped the visual and statistical
analyses of this study, helping describe the hydrologic-topographic interactions on the managed
realignment (MR) site and analyze the use of predicted tides for deposition models. The temporal
variations of the other inlet variables showed the effects of the morphological changes at the inlet
on the hydrology as the MR site developed over one year of restoration. Variables affecting SSC
and the sediment flux included the size of the tides, the velocity affected by the tide height and

cross-sectional area that changed over the study period, and precipitation.

4.1.1 Water Surface Elevation Interactions with Topography
Initial observations show the change in WSE, as well as velocity changes, were

inconsistent over time, with visible distortions in the bankfull to full site range. This change in
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hydrodynamics was more visible in the velocity data, as the tide interacted with the site
topography, commonly seen in natural marshes (Bayliss-Smith et al., 1979; Davidson-Arnott et
al., 2002; Hill et al., 2013; O’Laughlin & van Proosdij, 2013; Reed et al., 1999; van Proosdij,
2001). Keulegan (1967) first explained that narrow, shallow, and long basins have a non-uniform
change in water level due to the incoming tidal water being affected by the basin shape. This
describes the Converse site in both the topography in relation to the tidal range, and the change
in WSE patterns seen at the inlet, as well as the surrounding area in the Bay of Fundy. The
reflections of the interactions of the tide with the topography of the site merited further

investigation into the use of inlet conditions for sediment modelling on MR sites.

Tides that flooded the whole site had similar inundation times despite having different
maximum WSE’s. This indicated that there are interactions between the tide and the shape of the
bay and river before the tide reaches the site. These observations led to the use of the cumulative
value of the variables for each tide for the statistical models, resulting in the Hydro/Topo models

explaining ~80% of the deposition.

4.1.2 The Use of Predicted Maximum Tide Height for Models

The predicted maximum tide height (PMTH) has a large dataset, available from the
Canadian Hydrographic Service for 12 months into the future, making this variable useful for
predicting cumulative deposition over a longer time period. However, it is not as accurate as
describing the tide using measured variables. Depending on how far the predicted tide station is
from the MR site, the PMTH is likely less accurate due to tide-basin interactions, storm surges,
atmospheric conditions, and other environmental factors. This is demonstrated in Figure 4.1,

where the PMTH values corresponding to the deployment tides are shown with the actual
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measured maximum WSE values. The 1:1 ratio line shows the differences between the predicted
and measured values, showing that the PMTH is somewhat reliable for statistical models, but has
clear error due to environmental factors. The PMTH differed from the expected tide height by ~
0.4 m to —0.2 m. The maximum tide height was also shown to be a less accurate representation of
the tide for the purposes of the statistical models in this study, further arguing PMTH is less
accurate for model use. Despite this and the predicted versus measured error, the PMTH model
with topographic variables still accounted for 75% of the variability of deposition for fixed and
random variables and 64% for just the fixed variables. This shows PMTH is usable for

deposition prediction but requires assessment of error.

In a literature review, no studies were found using predicted tide heights from a station
off-site for predicting deposition. Previous deposition and accretion models use on-site
measured, reported, or estimated hydrologic variables and/or SLR estimates (Best et al., 2018;
Butzeck et al., 2015; D’ Alpaos et al., 2011; Schile et al., 2014; Temmerman et al., 2003). The
rougher longer-term deposition estimates that can be provided by the PMTH model are further

discussed in section 4.5.2.
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Figure 4.1. Maximum measured WSE versus PMTH with 1:1 ratio comparison.

4.1.3 Temporal Variations of Inlet Cross-Sectional Area, Velocity, and Discharge

The Converse Restoration site experienced visible erosion and measurable changes in
inlet size during the study period as well as changes in velocity. In natural tidal basins, velocity
will also increase with larger tides causing a larger head of water from the restriction of the
creeks (Bayliss-Smith et al., 1979; Friess et al., 2014; O’Brien, 1969). Velocity will also change
over time as the inlet cross-sectional area changes (Boon & Byrne, 1981; van de Kreeke, 2004).
MR sites see large changes in cross sectional area of the inlet and channels each year after
development (Friess et al., 2014; Lewis, 2022; van Proosdij et al., 2010), meaning this pattern

could be even more prominent if the site was studied for a longer time period.

Although there were changes in velocity and cross-sectional area over the study period,

there was little visual change to the discharge data when plotted. This indicates there was no
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visually noticeable changes to the tidal prism over the study period. On natural marshes, inlets
and basins restricted by artificial fill or sedimentation, reducing the flow area, can have a
reduced tidal prism (O’Brien, 1969), increasing as the inlet erodes and the area moves toward an
equilibrium state. However, infilling in shallower areas can reduce the tidal prism of an area as
well (Boon & Byrne, 1981). At the Converse site, within the study period, the hypothesized
increase in capacity of the tidal prism from a wider inlet and channels, may be counteracted by
infilling in the shallower areas of the site demonstrated in Figure 3.15, further discussed in
section 4.4.2. This may not be the case for all sites, and this may change as Converse or other
sites develop. There may also have been changes in Year 1 of restoration, before the study

period.

4.1.4 Temporal Variations of Velocity in Relation to Graded Dykes

At the Converse MR site, water will fully flood the marsh before reaching the top of the
inlet. The largest tide (November Tide 4), after fully flooding the site, continued rapidly
increasing in velocity at the inlet before the shift to ebb tide. This was the only tide to flood over
top of the areas of the dyke that had been graded during the initial dyke realignment. As a result,
velocity slowed down as the water reached the graded dyke elevation, overtopping the graded
dykes. This shows the breach(es) on a MR site continue to promote higher velocities after the
water had flooded past bankfull levels, until the graded dykes are overtopped. The overtopping
of these areas may also bring in, erode, or resuspend more sediment. The tides that reached this
height made up approximately 9% of the tides in 2020 to 2021. This pattern may change as

dykes continue to erode and more water can flood over these areas on the largest tides.
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4.1.5 Temporal Variations of Suspended Sediment Concentrations

4.1.5.1 Temporal Variations of Velocity, Precipitation, and Suspended Sediment Concentration
Temporal variations of the changing inlet and channels, and therefore velocity, also affect
the SSC, affecting the transport of sediment on multiple levels. Higher velocities result in higher
SSC from resuspension (Hill et al., 2013), during tides with peak velocities around 1 to 1.2 m-s™
(O’Laughlin & van Proosdij, 2013). Higher amplitude tides cause higher SSC values on natural
marshes (Christiansen, 1998; Voulgaris & Meyers, 2004), because of these higher velocities
(Chen et al., 2006; O’Laughlin & van Proosdij, 2013). SSC also increases from the erosion of
channels experiencing high velocities. Xie et al. (2010) modelled inlet erosion, where the erosion
intensity was affected by the current velocities in the order of 1 m-s™. Also, velocities up to >2.5
m-s were recorded during the initial breach of the MR site in Friess et al. (2014), equated to the

initial erosion at the site.

At the Converse site, velocities reached up to 2 m-s™, so SSC was likely increased by
erosion and resuspension. This is supported by the SSC data directly inside the inlet being higher
than the inlet SSC data. The highest velocities were recorded during August, having the
narrowest inlet, and during the highest perigean-spring tide in November. As the channels eroded
over the deployments, SSC levels should have reduced with the decreasing velocity, depending
on the size of the tide. By this logic, the highest SSC should have been in August closer to when

the site was breached and November when the highest tides occurred.

November had the highest SSC values, however, August, with tides comparable in size to
July, had the lowest values. The expected SSC pattern was likely disrupted due to a large rain

event before the July deployment, increasing SSC levels and causing a larger fraction of finer
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material in the suspended and deposited sediment. The effects of rain events can last two to three
days following a large rainfall more than 1 to 2 mm-hr? (Dale et al., 2018), most evident when
mudflats have been exposed to the rain, eroding the exposed mud surface (Murphy & Voulgaris,
2006). Law et al. (2021) also reported that in the Bay of Fundy a 64.9mm rainfall doubled the
total suspended matter, increasing the fine-grained sediment and floc sizes, gradually decreasing

2.5 days later. With a total of 61mm over two days, rainfall effect can be seen in this dataset.

Two days before the July 2021 deployment, the maximum rate of precipitation was 7.9
mm-hr?. There were 10 consecutive hours of rainfall greater than 1 mm-hr?, with a total of eight
hours above 2 mm-hrt. With ~12-hour cycle tides, bare sediment was likely exposed to this
rainfall in the 10-hour period, adding to the effects of precipitation. Because of precipitation
causing elevated SSC levels in July, it cannot be shown in this dataset that higher velocities from

a smaller inlet and less developed MR site cause higher SSC.

4.1.5.2 Other Factors Affecting Suspended Sediment Concentrations

Studies have previously attributed higher SSC and deposition to certain seasons because
of weather and biological factors (Carriére-Garwood, 2013; Garwood et al., 2015; Law et al.,
2019; Poirier, 2014). In this thesis a statistical analysis was performed, comparing the
deployment to a null model, where the month was not found to be a significant factor.
Additionally, there were no visible seasonal precipitation or wind patterns through the study
period at the Converse site. However, there may be potentially underlying seasonal or other

factors that were not captured in this dataset.

Vegetation on natural marshes has been shown to attenuate wave and flow energy,

affecting SSC (Leonard & Luther, 1995; Davidson-Arnott et al., 2002; van Proosdij et al., 2006;
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van Proosdij et al., 2013). There were only two stations in the vegetated foreshore marsh, and
one station with agricultural vegetation, however, two of these stations were at the highest station
elevations. These stations received few deposition samples, so there were no noticeable patterns

associated with vegetation in the data.

4.1.6 Temporal Variations of Sediment Flux and Effects of Inlet and Channel Evolution

It was previously stated that limited research has been done on the impacts of MR site
evolution on tidal prisms and sediment flux. Previous work that produced a model for a natural
tidal inlet had demonstrated that both narrow and wide inlets can import a lot of sediment, where
narrow inlets cause higher SSC, and wider inlets allow more water carrying sediment into the
site (Dissanayake et al., 2009). However, if a site infills enough with this eroded and imported
sediment, the tidal prism is reduced (Friedrichs & Perry, 2001). In this dataset velocities
decreased and the inlet and channels widened, but the discharge data had no noticeable change
over the study period. With a relatively constant tidal prism and reduced velocities, this may
have resulted in a reduction in SSC and therefore the sediment flux and deposition over the study
period. However, this would have been overshadowed by the effects of precipitation. To test this
hypothesis, the hydrologic and morphodynamic factors would need to be measured without the
effects of precipitation. This could also change over the restoration period, so a longer study
would be needed to see the full picture of the effects of MR site evolution on sediment flux.
Changes may also occur as the graded dykes further erode at the site, allowing larger tides to

enter the site more easily and bring in more sediment.
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4.2 Spatial and Temporal Variations of Deposition on the Marsh Surface

4.2.1 Influence of Elevation, Distance from Channel, and Distance from Inlet

Elevation, Dc, and Di all played a role in the spatial distribution of sediment on the marsh
surface. As elevation increased, deposition decreased, as shown in past studies (Chmura et al.,
2001; Hill et al., 2013; Reed et al., 1999; Richard, 1978). Elevation may interact with other
variables, such as the sum of depths, where inundation time and depth would be derived from
their interaction (Temmerman et al., 2003). In the final models in this study, however, elevation
was not found to predict deposition better when interacting with other variables, except for the
PMTH model. The distance from source has also previously been found to have an impact on
deposition (Butzeck et al., 2015; Davidson-Arnott et al., 2002; Leonard et al., 1995; Temmerman
et al., 2003; van Proosdij, 2001). One form of this is the distance from creek, which was a very
strong predictor of sediment deposition in this dataset, interacting with distance from inlet,
cross-sectional area, velocity, and SSC. Di was the weakest predictor of all variables, however,
its interaction with Dc shows its importance in predicting deposition at a point on a marsh

surface.

Dc and Di both had polynomial relationships with deposition where the highest
deposition was in the range of 150 to 350m from the inlet, and three to eight metres from the
channel, respectively. This is similar to van Proosdij et al. (2006) where the highest deposition
values were measured five to ten metres away from the tributaries or margin, very close to the
Dc values in this study. This may indicate similarities with natural or vegetated sites for the Dc
and Di variables, though more data on vegetated sites would be needed for further conclusions.

Dc and Di interacted, where the highest deposition was at the optimal distance of both variables.
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4.2.2 Relic Natural versus Agricultural Drainage Areas

A certain area of the Converse MR site appeared to have very different spatial deposition
patterns, with little correlation with the previously described topographic variables. As
previously mentioned, RS6 and MH17 were located in an area with little drainage, seen in field
observations and in Figure 4.2. The evidence from the coarser material, low floc fraction, and
low deposition, despite the same availability of sediment as other stations, shows that sheet flow
may be resuspending the flocculated layer on the ebb tide. This causes the coarser, unflocculated
sediment to remain. On natural marshes, ebb pulses have already been shown to resuspend
sediment (Hill et al., 2013; O’Laughlin, 2012). RS6 had less deposition with higher tides, likely
from less water draining over the station on the ebb tide and possibly lower velocities, resulting

in less resuspension. This shows that larger tides can result in less deposition in these areas.

The Converse site has areas with relic natural channels from the historical salt marshes
before the dyking of the area as well as channels from agricultural ditching (Lewis, 2022). RS6
and MH17 were located in an area where the few drainage channels (Figure 4.2) were relic
natural channels, unlike areas in the rest of the site. The features of the other areas of the marsh
possibly enhanced sediment trapping on a larger scale due to less efficient drainage, resulting in
the infilling seen in section 3.2.2. The more natural drainage area possibly has more efficient
drainage than the agricultural areas and may achieve higher speeds and sheet flow, resulting in
resuspension, indicating this area may be at an equilibrium already, but may change with

vegetation.

91



Figure 4.2. Station areas of RS6 in picture a) and MH17 in picture b), showing surrounding
topography, taken on July 23", 2021 (TransCoastal Adaptations, 2021).
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4.3 Connecting Inlet Conditions to Marsh Surface Conditions

4.3.1 Spatiotemporal Variations of Velocity

Velocity was shown to reduce further into the site, where velocity reduction around high
tide was more prominent further from the inlet. There was also a slope in the water surface,
highest at the inlet, shown in the reduction of the maximum WSE between the inlet and each
channel hydrology station. This indicated the channels were restricting flow, causing the velocity
reduction. The data shows similar velocity trends as natural marshes (Bayliss-Smith et al., 1979;
Davidson-Arnott et al., 2002), though the patterns may change as the site further develops,

changing spatiotemporal patterns of deposition.

4.3.2 Spatiotemporal Variations of Suspended Sediment Concentrations and Grain Sizes

SSC showed very similar patterns as velocity through the site, where both velocity and
SSC decreased further from the inlet. The SSC at station V1, furthest from the inlet, was a little
over half of the SSC at the R1 station, just inside the inlet. V1 also had much lower velocities
than stations closer to the inlet. The RSB SSC was also lower than the inlet SSC, where only on
larger tides, RSB SSC increased. This means tides need to be large enough to maintain velocities
and therefore a higher SSC through the site. Less sediment will settle on the way to the point on
the marsh surface, providing a higher availability of sediment for deposition, further from the
inlet and channels. Reed et al. (1999) previously showed there is a reduction in SSC caused by
settling on the marsh surface, and Leonard et al. (1995) showed this was from the decreasing

velocities on the marsh surface.
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The reduction of velocity and SSC further from the inlet is also reflected in the grain size
data, where both suspended sediment and deposition grain size was finer, further from the inlet
and channels as larger grains fell out of suspension as velocities reduced. Grain sizes have also
been shown to progressively get finer with an increasing distance from creek on natural marshes

(Christiansen et al., 2000; Poirier et al., 2017).

A clear example of the impact of just the distance from the inlet on the velocity and SSC,
and therefore the amount of deposition, would be the RSB stations lining the water flow path
from the inlet through the borrow pit. In Figure 4.3, the inlet and RSB stations on the path are
shown on the map, where RS3 is the closest to the inlet, and RS1 is the furthest from the inlet. In
the deposition versus initial SSC plots, both variables decrease further from the inlet. Grain size
also becomes finer in both the RSB SSC and deposition samples (with the exception of the
coarse RS2 RSB sample, where high velocities from November Tide 4 caused coarse samples
across the marsh). This demonstrates settling between these stations as available sediment

reduces and becomes finer, further from the inlet with the reduction of velocity.

This data showed that the distance from inlet and distance from channel variables act
similarly and interact with each other. This supports the model results in this thesis and previous
work by Temmerman et al. (2003) on their natural marsh model, where the two variables
interact. At the MR site in Dale et al., (2017) there was constant deposition near the single inlet,
but periodic accretion further inland of the site. Though this area has 450 ha (also with a single
inlet), where the Converse site was 15 ha, it still shows a lack of deposition further from the
inlet. On a MR site, these interactions may change over time as the site evolves and the
hydrology of the site changes. In section 3.2.2, infilling of agricultural ditching resulted in

changes of SSC patterns over the tides within the study period, which may indicate measurable
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changes to the spatiotemporal variations of sediment deposition over the course of the marsh

restoration.
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Figure 4.3. RS3 to RS1 borrow pit area, demonstrating coarser particle settling between stations
as velocity slows further from the inlet.
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4.4 Overall Effects of Hydrology, Topography, and Morphology on Deposition Patterns

4.4.1 Summary of Interactions Between Hydrodynamics and Topography and Spatiotemporal
Patterns of Deposition

The interactions between the hydrodynamics and topography dominated the
spatiotemporal variations of deposition at this MR site and allowed the prediction of deposition
from topographic and inlet hydrologic variables. Larger tides created higher velocities, which
increased the SSC through erosion and resuspension. These higher velocities carried sediment
further into the site, resulting in a larger import of sediment and higher deposition overall, and
higher deposition further from the inlet and channels. The largest tide also flooded over the
graded dykes, reducing velocity at the inlet, but possibly introducing sediment in other parts of

the site. This means the biggest changes to the sites will be around the perigean-spring tides.

This supports another study in the Bay of Fundy on a natural marsh, where the largest
tides increased the sediment supply and redistributed the most sediment (O’Laughlin, 2012).
Around 9% of all tides through the study period were greater than or around the size of the

largest tide recorded, meaning those 9% of tides will have the largest impact on the site.

4.4.2 Summary of Managed Realignment Changes and their Effects on the Hydrodynamic-
Topographic Interactions and Spatiotemporal Patterns of Deposition

The discharge data and tidal prism appeared to be unchanged through the study period,
despite the widening inlet. As the inlet widened, velocity decreased. The slope of the water from
the inlet to the velocity stations in the site was indicative that the inlet was restricting the
incoming potential water. This did not appear to have large changes during the study period,

further indicating no change to the rate of water entering the site. The inlet may need to widen
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further until the velocity reduces to velocity levels outside the breach, where any further
widening of the inlet would not cause further velocity reductions, allowing higher discharge

rates.

The infilling documented in Lewis (2022) and shown in Figure 3.15 affected ebb SSC
patterns, seen at V3, showing its effects on the spatiotemporal patterns of SSC and possibly
deposition. Infilling is also known to reduce tidal prisms (Friedrichs & Perry, 2001). The
infilling during the study period was either not enough to see an effect on the tidal prism, or the
volume of sediment lost at the inlet was transported further into the site. This would mean the
total holding capacity for water in the site would remain unchanged. The discharge is controlled
by the inlet restriction rather than the surface area of the marsh available to be flooded, so any

potential impacts on the discharge data would be masked by the effects of the inlet restriction.

Lewis (2022) showed with the surface volume changes in the site that the erosion of the
inlet and channels may help feed the site, though the extent of the contributions from the inlet
area could not be determined. Dale (2018) showed sediment was imported into the large site in
their study, but greater levels of SSC inside the site showed that sediment was being redistributed
within the site. This supports that erosion of the inlet and channels is contributing to infilling on
the site. Infilling may be occurring in the less efficient flow paths, particularly agricultural
ditching, where more efficient flow paths, such as the relic natural channels around MH17 and
RS6, resuspension occurred, which may possibly indicate these areas are closer to an
equilibrium. Old dykes will also further erode in the future, possibly changing the hydrologic and

sedimentation patterns of the highest tides of the year.
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4.5 Application and Future Work of Models

4.5.1 Validating and Applying Deposition Models

To validate the Hydro/Topo and PMTH model formulas, they must be tested against
other deposition or equivalent variables from different datasets taken at the site. In Brunetta
(2022), a co-occurring study at Converse, deposition data was collected near the stations in this
dataset, as well as a few other stations, on the same tides during the July 2021 deployment. This
deposition data would have the same hydrodynamic data and different topography points,

allowing validation of the model formulas.

The model formulas would then be applied to each point on a raster of the topographic
variables, using the hydrodynamic data for a single tide to get a deposition value. In Lewis
(2022), elevation and distance from channel rasters were made, however distance from inlet
rasters would need to be generated. These rasters can be used, along with the hydrodynamic data
from this study to create a deposition map. Once deposition maps are made, they can be
compared to the elevation change maps in Lewis (2022) for validation, which may help analyze

the elevation change maps themselves, seeing what changes can be attributed to accretion.

4.5.2 Long-term Models: Using Predicted Maximum Tide Height Models

Since the Hydro/Topo models are not feasible in the long term due to the resources
needed, the PMTH model can use the predicted tides discussed in 4.1.2 and the topographic data.
The resulting equation can be used in the same way to make a deposition map. Only tides able to
inundate the surface would be used, where in 2020 and 2021, approximately 15% of tides

reached over bankfull level, based on the PMTH of the tides captured in the deployments.
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Additionally, if water level measurements are taken at the site, site-specific predictions can be
made. The Converse site had a water level recorder first installed in 2019, but there were issues

with the instrument (Bowron et al., 2020).

4.5.3 Long-term Models: Predicting Accretion

The long-term goal of the models in this study is to predict accretion rather than just
deposition, as cumulative deposition does not equate to the accretion. To convert deposition to
accretion, bulk density samples were taken in July 2021 at each station for future data processing
for this site. Accretion conversions would need to be calculated for each station by using
Equation 4-1 from Butzeck et al. (2015) where AR is accretion rate per year, SDR is sediment
deposition rate per year, and BD is the bulk density, though in this case AR and SDR would be
per tide. The final models would need to be re-run to accommodate this change, to acquire new
coefficients needed to predict accretion at a given point on the marsh. With these new
coefficients, the application of the equation from this model would be applied to the topographic
raster to generate an accretion map for a single tide. These values would then be used for a
cumulative accretion map, to have a total predicted accretion map, and validated with the marker

horizon accretion data.

Equation 4-1. Accretion calculation using deposition and bulk density (Butzeck et al., 2015).

AR (cm year™') = SDR(g cm™?year™1)/BD (g cm™3)

Because accretion is a longer-term variable measured on a yearly basis, there is more
likelihood for error in the models and cumulative accretion values, due to additional factors such
as ice rafting sediment, causing patches of high deposition and scouring the marsh surface

(Argow et al., 2011; FitzGerald et al., 2020; Gordon & Desplanque, 1983; Ollerhead et al., 1999)
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or storms causing high accretion rates, sometimes in conjunction with ice rafts (FitzGerald et al.,

2020).

4.6 Summary of Limitations and Future Recommendations

4.6.1 Managed Realignment Studies

The rainfall in July showed the effects of precipitation on SSC in MR sites, however, to
confirm the hypothesis that SSC and sediment flux and therefore deposition decrease as the MR
site evolves, another deployment at the Converse site like the ones described in this study would
likely clarify this. Additionally, continuation of the monitoring of the cross-sectional areas of
channels and site topography paired with channel hydrologic data may benefit future studies.
This may confirm that less water can move further into the site as the marsh surface infills with
the eroded material from the channels and inlet and the ambient SSC. This would mean the water
volume capacity is reduced further into the site but increases in the eroding channels,
maintaining a similar water volume capacity for the site. Another deployment would also show if
this would change deposition patterns on the surface of the site over time. It may also be
beneficial to study the few, large tides of the year in future work, as the largest tide had the
largest impacts on the site. The next steps for observing hydrologic and deposition patterns
would be to include vegetated or partially vegetated sites, and other MR sites in the Bay of

Fundy, and determining the impact of eroding dykes.

4.6.2 Statistical Models
The creation of the statistical models themselves have limitations, where statistical

modelling and assessing the models is evolving. More observations would allow better
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prediction, however the Hydro/Topo formulas already account for ~80% of the variation in
deposition, and the PMTH models account for 64% for just the fixed effects. The models did not
reflect the RS6 and MH17 area since these stations were not included in the models. This type of
area clearly has different deposition patterns and would need a separate analysis with more data

points.

Since MR sites share some of the same qualities with the Converse site, the models and
findings of this study may be useful at other MR sites in macrotidal environments. After
applying and validating the models, the models could be re-run and tested to see how applicable
the formula is to other MR sites in varying stages of restoration in the Bay of Fundy with
existing or future datasets. These other sites may have vegetation or multiple inlets, possibly
affecting the applicability of the models. The same variables and combinations of those variables
may still apply, however other parameters pertaining to additional features like multiple inlets

may need to be incorporated.
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CHAPTER 5 CONCLUSIONS

This thesis demonstrates the need for sediment dynamics research on MR sites,
particularly in the Bay of Fundy, to contribute to more informed restoration trajectory and
accretion models. MR site inlets and channels can erode rapidly causing relatively fast-paced
changes to the hydrodynamics on the site. The data collected in this study allowed the
observation of interactions between the hydrology of the tides and topography of the MR site,
resulting in the spatiotemporal deposition patterns. These patterns changed during the restoration

process, and showed how MR sites stabilize.

Hydrodynamic conditions at the inlet varied temporally over each tide and between
deployments during one year of site evolution. Overall, velocity decreased over the deployments
as the inlet and channels widened and evolved, with little change to the discharge or tidal prism.
The larger perigean-spring tides had higher velocity and SSC values, thus having a higher influx
of sediment through the inlet. Evidence also suggested a noticeable increase of SSC due to inlet
scouring, corresponding with higher velocities from a smaller inlet and higher tides. Reductions
in SSC and sediment flux as the site developed and velocities decreased could not be confirmed

due to precipitation before the last deployment raising ambient SSC.

Deposition varied temporally between tides and deployments. Spatial variations of
deposition depended on topographic variables including the elevation, the distance from channel,
and distance from inlet. An area of the marsh with little drainage did not follow these patterns,
where there was resuspension that increased with larger tides, caused by more sheet flow over
the area. This area had relic natural channels, where much of the rest of the site had less efficient

flow paths such as agricultural ditching that had infilling over the study period.
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The hydrologic variables worked in conjunction with the topographic variables. It is this
interaction with the hydrology and topography that dominated the spatiotemporal variations of
deposition at this MR site and allowed the prediction of deposition from topographic and inlet
hydrologic variables. The large perigean-spring tide recorded resulted in the largest import of
sediment and redistribution within the site. As the site evolved, the lack of change in the tidal
prism with eroded channels, lower velocities, and infilling indicated sediment volume lost at the
inlet may have shifted further into the site, infilling less efficient flow paths, most helped by the

perigean-spring tides.

These observations legitimized and guided a statistical analysis aimed at predicting
deposition at the Converse site, for the purpose of assisting future accretion models. Models were
produced that could predict deposition at a point on a marsh using hydrologic and topographic
variables explaining up to ~80% of the variation of deposition for just the fixed effects, where

the predicted tide models accounted for ~64%.

These findings and models can be compared and applied to vegetated or partially
vegetated and more developed MR sites to further determine how they can contribute to
restoration trajectory and accretion models. This will help to determine timelines for accretion
and elevation changes due to sedimentation as the marshes grow and shift back into their original

protective coastal landscape.
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APPENDIX A

Table A-1. Coordinates and elevation values of stations.

Station Elevation Latitude Longitude
(CGDV 2013) (WGS84) (WGS84)
RS1 5.87 45.8429  -64.2673
RS2 5.53 45.8432  -64.2678
RS3 5.14 45.8434 -64.2683
RS4 6.05 45.8426  -64.2694
RS5 5.64 45.8418  -64.2689
RS6 5.83 45.8426  -64.2685
MH17 5.76 45.8422 -64.2679
MH13 5.95 45.8404 -64.2687
MH2A 6.12 45.8409  -64.2687
MHO09 6.40 45.8402  -64.2697
MH11 5.76 458411  -64.2703
MHO03 5.88 45.8408  -64.2719
MHO01 5.79 458398  -64.2732
MHO05 6.36 45.8426  -64.2735

115



Table A-2. Deposition values of each station for each tide of all deployments in mg-m™.

Station August 2020 November 2020 July 2021
T2 T3 T4 T5 T6 TL T2 T3 T4 T2 T3 T4 T5

RSI 550 200 680 290 360 230 370 360 7500 290 1300 290  59.0
RS2 2600 1300 290.0 1100 2800 2200 2900 5400 11000 29.0 750.0 30.0  460.0
RS3 5900 380.0 4000 2000 5700 3900 9300 7400 14000 180.0 850.0 730.0 870.0
RS4 1900 1500 180.0 1400 320 52 1900 830 450.0 140.0 180.0
RSS 4700 4700 4200 3900 5100 2900 10000 5100 12000 750 660.0 540.0 730.0
RS6 440 410 350 310 280 310 160 150 400 570 430 510  17.0
MHL7 910 1200 1400 790 710 180 340 220 1200 700 870 350  97.0
MHI3 5900 2300 490 1600 1500 590 610 1000 5500 280.0 280.0 360  220.0
MHZA " 5000 670 1400 1000 750 220 3200 180.0 620.0 60.0 87.0
MHO9 399 270 340 56.0 420 58 2500 18.0 21.0
MHI1 4200 2800 3300 2700 2500 150.0 490.0 4200 6400 91.0 4400 1700 380.0
MHO3 5100 1500 1900 1200 780 260 2200 1600 570.0 1200 190  93.0
MHO1 3500 790 2600 180.0 1200 1200 1600 290.0 510.0 7400 900 4500
MHO5 574 21.0 30.0 340 1400 15.0
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Table A-3. Tidal scrape sample data for station RS1 with D50, floc fraction, and number of samples.

Deposition
Sample

Rising Stage
Bottle (RSB)
Sample

Deposition RSB
Deployment D50 (um) Floc Number of D50 (um) Floc Number of
fraction Samples fraction Samples
Aug 2020 7.4 0.91 3 49 0.93 1
Nov 2020 8.4 0.84 3 0
Jul 2021 7.0 0.92 2 4.4 0.94 2
August 2020 November 2020 July 2021
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Figure A.1. Disaggregated inorganic grain size plots for station RS1, with different colours representing separate tides.
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Table A-4. Tidal scrape sample data for station RS2 with D50, floc fraction, and number of samples.

Deposition RSB
Deployment D50 (um) Floc Number of D50 (um) Floc Number of
fraction Samples fraction Samples
Aug 2020 8.1 0.91 5 0
Nov 2020 9.6 0.90 3 8.7 0.92 1
Jul 2021 7.8 0.91 4 5.9 0.93 2
August 2020 November 2020 July 2021
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Figure A.2. Disaggregated inorganic grain size plots for station RS2, with different colours representing separate tides.
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Table A-5. Tidal scrape sample data for station RS3 with D50, floc fraction, and number of samples.

Deposition
Sample

Rising Stage
Bottle (RSB)
Sample

Figure A.3. Disaggregated inorganic grain size plots for station RS3, with different colours representing separate tides.

Deposition RSB
Deployment D50 (um) Floc Number of D50 (um) Floc Number of
fraction Samples fraction Samples
Aug 2020 10.0 0.90 5 6.9 0.93 1
Nov 2020 9.4 0.90 4 7.1 0.90 1
Jul 2021 8.6 0.90 4 0.9 0.92 3
August 2020 November 2020 July 2021
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Table A-6. Tidal scrape sample data for station RS4 with D50, floc fraction, and number of samples.

Deposition RSB
Deployment D50 (um) Floc Number of D50 (um) Floc Number of
fraction Samples fraction Samples
Aug 2020 9.0 0.90 4 8.2 0.91 1
Nov 2020 11.2 0.90 3 8.4 0.91 1
Jul 2021 8.5 0.91 2 6.7 0.93 2
August 2020 November 2020 July 2021
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Figure A.4. Disaggregated inorganic grain size plots for station RS4, with different colours representing separate tides.
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Table A-7. Tidal scrape sample data for station RS5 with D50, floc fraction, and number of samples.

Deposition RSB
Deployment D50 (um) Floc Number of D50 (um) Floc Number of
fraction Samples fraction Samples
Aug 2020 9.7 0.89 5 0
Nov 2020 11.4 0.80 3 9.4 0.89 1
Jul 2021 9.1 0.90 4 6.7 0.91 4
August 2020 November 2020 July 2021
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Figure A.5. Disaggregated inorganic grain size plots for station RS5, with different colours representing separate tides.
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Table A-8. Tidal scrape sample data for station RS6 with D50, floc fraction, and number of samples.

Deposition
Sample

Rising Stage
Bottle (RSB)
Sample

Deposition RSB
Deployment D50 (um) Floc Number of D50 (um) Floc Number of
fraction Samples fraction Samples
Aug 2020 12.9 0.86 4 8.2 0.93 1
Nov 2020 16.4 0.60 3 6.9 0.92 1
Jul 2021 8.2 0.91 4 4.5 0.95 2
August 2020 November 2020 July 2021
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Figure A.6. Disaggregated inorganic grain size plots for station RS6, with different colours representing separate tides.
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Table A-9. Tidal scrape sample data for station MH17 with D50, floc fraction, and number of samples.

Deployment D50 (um) Number of
fraction Samples
Aug 2020 13.6 4
Nov 2020 21.3 2
Jul 2021 8.3 3
August 2020 November 2020 July 2021
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Figure A.7. Disaggregated inorganic grain size plots for station MH17, with different colours representing separate tides.
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Table A-10. Tidal scrape sample data for station MH13 with D50, floc fraction, and number of samples.

Deployment D50 (um)  Floc fraction  Number of
Samples
Aug 2020 8.7 0.90 5
Nov 2020 12.0 0.74 3
Jul 2021 7.9 0.85 3
August 2020 November 2020 July 2021
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Figure A.8. Disaggregated inorganic grain size plots for station MH13, with different colours representing separate tides.
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Table A-11. Tidal scrape sample data for station MH11 with D50, floc fraction, and number of samples.

Normalized Vol. Conc. (%)

Deployment D50 (um) Floc Number of
fraction Samples
Aug 2020 8.6 0.89 4
Nov 2020 10.5 0.85 4
Jul 2021 8.4 0.78 3
August 2020 November 2020 July 2021
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Figure A.9. Disaggregated inorganic grain size plots for station MH11, with different colours representing separate tides.
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Table A-12. Tidal scrape sample data for station MHO9 with D50, floc fraction, and number of samples.

Deployment D50 (um) Floc Number of
fraction Samples
Aug 2020 0
Nov 2020 7.2 0.79 1
Jul 2021 0
August 2020 November 2020 July 2021
10

- 8

2

5 6

c v \

o / \\

S 4

[=] \

> / .II

ke Vi |

I ’ 1

g 2 -/_ — |.I

o e |

=z e I,

10° 10"

Normalized Particle Diameter (p:m)

Figure A.10. Disaggregated inorganic grain size plots for station MHQ9, with different colours representing separate tides.
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Table A-13. Tidal scrape sample data for station MHO5 with D50, floc fraction, and number of samples.

August 2020

Deployment D50 (um) Floc Number of
fraction Samples
Aug 2020 0
Nov 2020 8.5 0.80 1
Jul 2021 0
November 2020 July 2021
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Figure A.11. Disaggregated inorganic grain size plots for station MHO5, with different colours representing separate tides.
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Table A-14. Tidal scrape sample data for station MHO3 with D50, floc fraction, and number of samples.

Deployment D50 (um) Floc Number of
fraction Samples

Aug 2020 9.3 0.90 2

Nov 2020 8.7 0.91 3

Jul 2021 9.7 0.91 2

August 2020 November 2020 July 2021
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Figure A.12. Disaggregated inorganic grain size plots for station MHO3, with different colours representing separate tides.
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Table A-15. Tidal scrape sample data for station MH2A with D50, floc fraction, and number of samples.

Normalized Vol. Conc. (%)

Deployment D50 (um) Number of
fraction Samples
Aug 2020 10.6 1
Nov 2020 9.1 3
Jul 2021 6.5 1
August 2020 November 2020 July 2021
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Figure A.13. Disaggregated inorganic grain size plots for station MH2A, with different colours representing separate tides.
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Table A-16. Tidal scrape sample data for station MHO1 with D50, floc fraction, and number of samples.

Deployment D50 (um) Floc Number of
fraction Samples
Aug 2020 9.4 0.89 5
Nov 2020 8.3 0.90 4
Jul 2021 7.8 0.90 3
August 2020 November 2020 July 2021
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Figure A.14. Disaggregated inorganic grain size plots for station MHO1, with different colours representing separate tides.
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Figure A.15. Disaggregated inorganic grain size plots for ISCO samples at inlet in August 2020 and November 2020, separated by
flood and ebb tides.
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APPENDIX B

The tables in this section describe the combinations of variables that were tested in a
more simplistic format, where some cells had multiple models, e.g., each cell for the hydrologic
single variables (B-1) and hydrologic expressions (B-2, B-3, B-4, B-6) was tested with the flood
and ebb cumulative values and net and average of the flood and ebb cumulative values. Multiple
models are indicated in the table description.

Table B-1. Single variable regression test matrix. Flood and ebb cumulative values and net and
average of flood and ebb cumulative values for this matrix were tested.

Linear  Polynomial Polynomial Exponential Power
second order third order
Depth - - - - -
Widths - - - - -
Area - - - - -
Velocity - - - - -
Discharge - - - - -
SSC - - - - -
Sediment Flux - - - - -
Elevation - - - - -
Dc - - - - -
Di - - - - -
PMTH - - - - -

Table B-2. Level 1 hydrologic variable formula test matrix. Flood and ebb cumulative values and
net and average of flood and ebb cumulative values for this matrix were tested.

Linear  Polynomial third order
Depth + Widths - -
Depth = Widths - -
Area - -
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Table B-3. Level 2 hydrologic variable formula test matrix. Flood and ebb cumulative values and

net and average of flood and ebb cumulative values for this matrix were tested.

Linear

Polynomial third order

Primary

Depth + Widths + Velocity

Area + Velocity

Depth = Widths = Velocity

Area x Velocity

Discharge

Alternatives

Depth + Velocity

Widths + Velocity

Depth * Velocity

Widths * Velocity

Table B-4. Level 3 hydrologic variable formula test matrix. Flood and ebb cumulative values and

net and average of flood and ebb cumulative values for this matrix were tested.

Linear

Polynomial third order

Primary

Depth + Widths + Velocity + SSC

Area + Velocity + SSC

Discharge + SSC

Sediment Flux

Depth x Widths * Velocity * SSC

Area * Velocity » SSC

Discharge * SSC

Level 1
Alternatives

Depth + Widths + SSC

Depth + Velocity + SSC

Widths + Velocity + SSC

Depth + SSC

Widths + SSC

Velocity + SSC

Depth * Widths * SSC

Depth x Velocity * SSC

Widths * Velocity * SSC

Depth x SSC - -
Widths = SSC - -
Velocity » SSC - -
Level 2 Area + SSC - -
Alternatives Areq = SSC - -
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Table B-5. Topographic variable formula test matrix.

Linear Polynomial third
order
Elevation - -
Dc - -
Di - -

Elevation + Dc - -
Elevation * Dc - -
Elevation + Di - -
Elev * Di - -
Dc + Di - -
Dc * Di - -
Elevation + Dc + Di - -
Elevation = Dc = Di - -
Elevation + Dc * Di - -
Elevation * Dc + Di - -
Elevation * Di + Di - -

Table B-6. Single topographic and single hydrologic variable test matrix. Flood and ebb
cumulative values and net and average of flood and ebb cumulative values were tested. Each cell
had a model with the variables multiplied and a model with the variables added.

Elevation Dc Di
Depth - - -
Widths - - -
Area - - -
Velocity - - -
SsC - - -
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Table B-7. Test matrix for combining best topographic formula versus hydrologic formula, based
on AIC number.

Dep ~ Elevation + (Dc + Dc? + Dc?)
* Di
Dep ~ Area + Area? + Area3 -

Dep ~ Area * Velocity * -

Dep ~ Widths + Depth + Velocity + ** -

ARYA
Dep ~ Area + SSC * -
Dep ~ Widths + Depth + SSC * -

*Average of cumulative flood and cumulative ebb values of variables
**Net of cumulative flood and cumulative ebb values of variables

Table B-8. Test matrix of solo polynomial terms within full models for polynomial reduction step.

Variable Variable? Variable3 Variable Variable Variable?
+ + +

Variable* Variable? Variable3
Dc - - - - - -

PMTH - - - - - -
Area - - - - - -
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Table B-9. Area/Velocity Model Coefficient Estimates, where all variables are scaled in R.

Model Terms Coefficient Estimate
Dc * Di 43.000
Dc? * Di 23.000
Dc3* Di 7.100
Velocityayg * Dc? 2.400
Velocityay * Dc? 1.600
Di 1.400
Areaayg * Velocityayg * Dc? 1.000
Velocityayg * Dc 0.610
Areaayg 0.370
Areaayg * Velocityayg * Dc? 0.360
Areaavg * Velocityayg * Dc 0.110
Areaavg * Velocityayg 0.046
Velocityayg 0.015
Elevation -0.340
Areaayg * Dc -0.630
Areaayg * Dc? -1.100
Areaayg * Dc3 -2.400
Dc -6.400
Dc? -26.000
Dc? -45.000
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Table B-10. Area/SSC Model Coefficient Estimates, where all variables are scaled in R.

Model Terms Coefficient Estimate
Dc * Di 45.0000
Dc? * Di 24.0000
Dc3* Di 7.2000
Di 1.4000
Areaayg * SSCayg * DC2 1.3000
Areaayg * SSCayg * Dc? 0.3700
Areaayg 0.3200
Areaay * SSCavg * DC 0.1400
Areaavg * SSCayg 0.0710
SSCayg -0.0062
SSCavg * DC -0.0900
Areaayg * Dc -0.2100
Areaay * Dc? -0.2700
Elevation -0.3600
Areaayg * Dc? -0.6000
SSCayg * Dc? -0.6100
SSCay * Dc? -0.7000
Dc3 -6.4000
Dc? -26.0000
Dc -47.0000
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Table B-11. PMTH Model Coefficient Estimates, where all variables are scaled in R.

Model Terms

Coefficient Estimate

PMTH? * Di * Dc? 5800.000
PMTH * Dc? 4100.000
PMTHS3 * Dc3 4100.000
PMTH 1500.000
PMTH? 1500.000
PMTH? * Elevation 590.000
PMTH? * Di 580.000
Di * Dc? -0.048
Di -0.120
PMTH? -0.200
Elevation -0.420
PMTH? * Di -290.000
PMTH * Di -290.000
PMTHS3 * Elevation -290.000
PMTH * Elevation -300.000
PMTH? * Di * Dc? -2900.000
PMTH * Di * Dc? -2900.000
PMTH? -3000.000
PMTH? * Dc? -8100.000
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