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ABSTRACT

We develop methods to quantify marsh edge morphology using airborne LiDAR data and
validate these methods with in-situ observations. We then apply these methods within the
context of oyster reef restoration within the shallow coastal bays of Virginia, USA by comparing
retreat and morphology quantified at paired reef-lined and control marsh edges at ten different
marsh sites. Retreat metrics were analyzed between 2002 and 2015, utilizing a LiDAR derived
edge for the year 2015 from points of maximum slope and aerial imagery pre-2015. Retreat was
also compared before and after oyster reef restoration to determine if reefs slow erosion. We
found that slope statistics from airborne LiDAR elevation data can accurately capture marsh
edge morphology. Retreat rate, measured at edges typically found near the vegetation line, was
not significantly different between reef-lined and control marshes and ranged from 0.14 to 0.79
m yr'!. Both retreat rate (p = -0.90) and net movement (p = -0.88) were strongly correlated to
marsh edge elevation. Exposed control marshes had significantly greater mean and maximum
slope values compared to reef-lined marshes. The mean edge slope for exposed marshes was
11.4° and for reef-lined marshes was 6.0°. We hypothesize that oyster reefs are causing an
elongation of the marsh edge by reducing retreat at lower elevations of the marsh edge.

Therefore, changes in marsh edge morphology may be a precursor to changes in marsh retreat
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rates over longer timescales and emphasizes the need for repeated LiIDAR measurements to

capture processes driving marsh edge dynamics.

Keywords: marsh edge, morphology, LIDAR, oyster reefs, retreat
1. INTRODUCTION

1.1. Remote sensing of marshes

Conservatively, 1-2% of marshes are lost per year (Duarte et al. 2008), with loss
accelerating over the last two centuries (Davidson 2014). Although it has been found that
marshes may be able to keep pace with sea level rise in the vertical dimension (Blum et al.
2020), marsh edge erosion in the lateral dimension reduces areal marsh platform habitat (Kirwan
et al. 2010, Mariotti & Fagherazzi 2013). For marshes found along coastal bays, lateral
migration that is associated with eroding edges has been recorded at rates greater than 1 m yr'!
(Kastler & Wiberg 1996, Day et al. 1998, McLoughlin et al. 2015). These rates are likely
affected by edge morphology, where different erosional processes are responsible for

transporting sediment (Van de Koppel et al. 2005, Leonardi et al. 2016a).

To determine marsh edge characteristics and their rates of change, it is necessary to have
an accurate means for measuring and monitoring spatial morphology. Remote sensing is
increasingly being utilized for topographic analyses of marshes and proves advantageous over
other surveying techniques by providing a method for non-invasive data collection that also
produces robust, accurate datasets (Schenk & Csatho 2002). Specifically, the creation of digital
elevation models (DEMs) through Light Detecting and Ranging (LiDAR) surveys has been
useful for characterizing marshes at broader scales than surface elevation tables and erosion

markers can capture (Mattheus et al. 2010). Other derivatives of elevation, such as slope, aspect,
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and curvature, have been fundamental in remotely sensing the characteristics of various
landscapes (Glenn et al. 2006). Because change in ocean shorelines using LiDAR has been
largely successful (Stockdon et al. 2002), this technology is likely to be useful in analyzing
marsh edges as well. While previous studies have largely relied on aerial imagery to capture
horizontal change in marsh edge location (e.g. Kastler & Wiberg 1996, McLoughlin et al. 2015,
Leonardi et al. 2016a), this imagery cannot readily provide information about marsh edge
elevation and steepness. LiDAR elevation mapping of salt marshes has been largely successful
at classifying vegetation types (Morris et al. 2005, Hladik et al. 2013) and geomorphic features
(Millette et al. 2010, Chassereau et al. 2011, Chirol et al. 2018), although there can be elevation
errors in regions of dense vegetation owing to reduced laser penetration (Schmid et al. 2011,
Medieros et al. 2015). LiDAR has also been used to monitor marsh edge retreat and volumetric
accretion rates (Mattheus et al. 2010, Zhao et al. 2017). However, few studies have utilized
remote sensing to describe marsh margins compared to those describing platform elevations and
vegetation (Goodwin & Mudd 2020). Within marsh margin studies, both in-situ and remote
sensing methods have been developed to locate marsh edges based on elevation and slope
measurements (Goodwin et al. 2018, Farris et al. 2019, Goodwin & Mudd 2020). Goodwin and
Mudd (2020) showed that airborne LiDAR data with a resolution of 1 m? can be used to
adequately locate marsh margins in macrotidal settings. With repeated measures, detailed
quantification of erosional processes such as those accomplished for other coastal shorelines
(White & Wang 2003, Obu et al. 2017) are likely feasible for marsh edges. However, the utility
of LiDAR-based topographic analysis of marsh edge morphology and retreat rates in microtidal

systems remains to be verified.

1.2. Marsh edge processes
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Marsh edge morphologies vary widely ranging from sharp cliff faces to gently sloping
edges (Allen 2000, Tonelli et al. 2010, McLoughlin et al. 2015). The different morphologies are
largely influenced by the local erosional processes taking place. These processes are dependent
on tidal water level relative to platform elevation because it affects where and how tidal and
wave energy is received. Elevation can dictate if breaking wave action is more important in
defining edge morphology than bottom stresses caused by frictional drag over adjacent tidal flats
(Tonelli et al. 2010, Francalanci et al. 2013). Three different erosional processes have been
described in shaping marsh edge morphology in shallow coastal environments, including those
found along the mid-Atlantic region of the USA (McLoughlin 2010, Priestas et al. 2015). The
first process is undercutting and toppling. This occurs when sediment is more quickly eroded
from the lower layers of substrate resulting in a platform overhang, which eventually bends and
topples creating sharp, vertical scarps (Schwimmer 2001, Tonelli et al. 2010, Francalanci et al.
2013). This occurs most often where sediment is sandy and less cohesive. Secondly, root
scalping occurs when waves break at elevations similar to the platform and weak areas in the
vegetation mat detach, leaving the underlying sediment susceptible to erosion (Priestas et al.
2015). This can lead to a terrace or step-like marsh edge morphology. Lastly, bioerosion
influences morphology where burrowing organisms are present in sufficient densities to weaken
sediment causing cracks that widen and lead to block detachment (Schwimmer 2001) and sharp
scarps. Marsh edges characterized by undercutting or crack formation are likely to be more
prone to failure and rapid retreat, compared to terraced or gently sloping marsh edges where
flow-generated bottom shear stresses entrain sediment at a slower rate (Francalanci et al. 2013).

1.3. Marsh edge and oyster reef coupling
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Often found near marsh edges, oyster reefs are thought to behave as a coupled dynamical
system with adjacent marshes (McGlathery et al. 2011). Therefore, the presence of oyster reefs,
and the hard, stable substrate they form, may be a crucial component shaping marsh edge
characteristics. Oysters reefs themselves can have different morphologies depending on the
tidal-driven current and wave environment (Bahrs & Lanier 1981, Lenihan 1999), including
those running either parallel or perpendicular to shorelines (fringe reefs) as wells as, irregular
mounds found further from shore (patch reefs). These differences can be important because it is
well established that oyster reefs can change the hydrodynamic energy in estuarine environments
by increasing drag on the flow (Dame & Patten 1981, Whitman & Reidenbach 2012, Volaric et
al. 2020) and attenuating wave energy (Chowdhury et al. 2019, Wiberg et al. 2019).
Concurrently, oyster reefs also stabilize estuarine sediments by reducing resuspension and
encouraging deposition of fine particles (Meyer et al. 1997, Reidenbach et al. 2013, Colden et al.
2016,). Combined, these environmental alterations suggest that oyster reefs can help mitigate
marsh edge erosion. Erosion rates measured at marsh edges along the south and east coasts of
the United States have shown that oyster reefs, especially in low wave energy environments, can
have mitigative effects on erosion (Meyer et al. 1997, Piazza et al. 2005). Because oysters
within Virginia’s coastal bays are primarily intertidal (Hogan & Reidenbach 2019), the ability of
oyster reefs to alter both the local mean flow (Volaric et al. 2018) and wave energy (Wiberg et
al. 2019) varies as water depth changes due to tides. Wave dissipation is most effective when

water depth over the reefs is relatively shallow (Chowdhury 2019, Wiberg et al. 2019).

1.4. Study Objectives

The goal of this study is to first develop a general methodology using airborne LiDAR

elevation data to accurately locate and characterize marsh edges bordering coastal bays in a
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microtidal environment using slope statistics. We then apply these methods to investigate if
there are observable differences in marsh edge retreat and morphology at marshes both exposed
to open water and those located behind natural and restored oyster reefs. To examine whether
retreat is affected by oyster reef restoration, we build on a dataset of digitized shorelines from
aerial imagery for mainland marshes from 2002 and 2009 (McLoughlin et al. 2013) and compare
these to LiDAR collected in 2015 to analyze retreat for various marsh edges within Virginia,
U.S.A. coastal bays. We quantify rate of retreat for reef-lined and control locations and rate of
retreat before and after reef construction. Additionally, we compare marsh edge morphology for
these same sites using the derived slope statistics. We then use the data to determine what
relationships exist between marsh edge morphology and the physical environment to determine

factors that can make marshes more vulnerable to retreat.

2. Materials & Methods

2.1. Study Site

The marshes and oyster reefs considered in this study are located within the Virginia
Coast Reserve (VCR) on the eastern side of the Delmarva Peninsula, Virginia, USA. The VCR
is a National Science Foundation Long-term Ecological Research (LTER) site encompassing
over 100 km of coastline and coastal bays (Figure 1). The VCR contains many diverse coastal
habitats including salt marshes, oyster reefs, and mudflats. Oysters in the VCR are of the species
Crassostrea virginica and found largely in the intertidal zone. The coastal bays experience a
mean tidal range of approximately 1.2 m with limited freshwater input (Marotti & Fagherazzi
2013). Narrow inlets through barrier islands connect the bays to the Atlantic Ocean and create a
gradient of flushing and water residences times (Safak et al. 2015). Winds are dominantly from

the north-northeast direction in winter and from the south in summer (Wiberg et al. 2019) and
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wave-driven erosion has been found to be the primary driver of marsh migration within these
shallow coastal bays (Tonelli et al. 2010, Mariotti & Fagherazzi 2013, Leonardi et al. 2016b).
Wave energy impacting the marsh edge depends on a combination of water depth, fetch distance,

wind direction, and drag imposed along the seafloor (Fagherazzi & Wiberg 2009).

2.2. Method development: LiDAR-based classification of marsh edges

A USGS airborne LiDAR dataset covering the extent of the VCR was collected in 2015
(Dewberry 2016) and was used to classify land area and locate marsh edges. The LiDAR
elevation dataset was converted into a raster with pixel dimensions of 0.76 m x 0.76 m and
projected in WGS84 UTM Zone 18 and vertical datum NAVDS8S. It has 95% confidence values
for vertical accuracy of 12.5 cm for non-vegetated and 17.7 cm for vegetated terrain (Dewberry
2016). Each surveying flight was conducted within two hours of low tide, however, some
intertidal features were still underwater and were assigned (i.e., hydroflattened) to the level of
the water surface elevation. From preliminary investigation of the LiDAR elevations, we found
that the LiDAR survey captured the transition of many marsh platforms into surrounding

mudflats, making identification of marsh edge location and morphology possible.

To determine if marsh edge morphology and retreat are affected by adjacency to oyster
reefs, ten different marsh edges with fringing oyster reefs or adjacent to patch oyster reefs
(within approximately 20 m of visible land) were chosen for investigation, referred to as reef-
lined marshes (Table 1, Figure 1). For each site, we paired the reef-lined marsh with a nearby
control marsh without an adjacent reef but having the same shoreline orientation. Edges varied in
length between approximately 100 to 300 m. A point and shapefile dataset provided by The
Nature Conservancy was used to locate areas of restored reefs with known build dates. The reefs

include a combination of fringe and patch reefs restored using either deposited oyster or whelk
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shell. Build dates span from 2003 — 2019, forming 62 reefs covering a total of 51.8 acres. Two
additional reef locations (Site 6 and Site 7, Table 1) from a 2008 NOAA funded survey of oyster
reefs (Ross & Luckenbach 2009) were included to supplement the restored reef data. Patches
within 40 m of a marsh edge were included in reef acreage for these two locations (Table 1).
Many of these patch reefs are now considered ‘reference’ or ‘natural’ because of their decades
old age, though all reefs in the region have been impacted by human activity and they were likely
restored in some capacity through protective efforts. Additional details on edges and associated
reefs are found in Table 1. Only reefs restored prior to 2015, when LiDAR elevation data was
acquired, were included in this analysis. Restored reefs allowed us to place a date on the reefs
and test for their ability to provide coastal protection. For each pair of edges, a marsh edge was
first digitized where the scarp was visible on the elevation layer at resolution 1:1000.
Approximately the same length of edge was digitized for both control and reef-lined marshes at

each site, although length varied by site to conform to oyster coverage.

Marsh surface slope was calculated using the 3D Analyst Slope tool in ArcMap 10.5 after
removal of hydroflattened elevations which were identified locally as pixels with a constant
minimum low elevation extending to the bay. The tool employs the average maximum technique
with 8 neighbors around a center cell to find the maximum rate of elevation change, where the

expression:
lope d ~(tan—t [42° 4 4% ), 180
slope degrees an = T o —
is used to calculate the degree of slope at each pixel using data from the 8 neighboring pixels.

At each marsh, we used the Linear Sampling toolbox added to ArcMap 10.5 to cast

perpendicular transects 5 m apart extending 10 m in each direction from the digitized edge and
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extracted terrain slope data every meter along each transect. For each transect, we found the
point of maximum slope, and used that as a proxy for the marsh edge in 2015 (Figure 2). The

mean of these values was calculated to give an average edge slope for each marsh.

Additionally, a 10 m buffer was created around each edge and slope data was extracted to
determine the mean slope in the buffer area around the edge using the zonal statistics tool (Figure
2). Zonal statistics extract the data from each pixel within a given polygon to calculate statistics
for an area. This can be useful to describe marsh edges that are more ramped, or terraced, and
not well described by just a single edge location. It also allows for a repeatable method of

determining slope at each marsh. These 10 m buffer locations are referred to as ‘buffer areas’.

To validate the utility of using airborne LiDAR for characterizing marsh edge
morphology in a microtidal system, we compared remotely-sensed marsh elevation and edge
descriptions with measured in-situ data obtained in 2010 (McLoughlin 2010). The in-situ edge
surveys were obtained with a Trimble R8 GNSS System for 5 edges at 4 different marshes
located within Hog Island Bay, Virginia. We recreated elevation profiles extending from the
mudflat into the marsh platform for multiple transects at each marsh edge and compared the
modeled and in-situ elevation profiles and morphologic descriptions with extracted slope
statistics. Although there was a time difference of 5 years between datasets, the use of a stable

marsh edge and marsh platforms allowed for comparisons to be made.

2.3. Quantifying marsh edge retreat and morphology occurring at reef-lined and control marshes

2.3.1. Marsh site selection and physical environments

We compared the elevations between reef-lined marsh and control marsh locations at

each site to determine if the two marshes were well paired and determine the drivers of retreat
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and morphology by extracting elevation to 10 m buffer areas (See 2.2). Elevations are reported
in meters NAVDS88. Platform elevation, taken to be the mean of the maximum point of elevation
along transects spaced every 5 m along the digitized edge, and marsh edge elevation, the

elevation at the point of maximum slope along transects, were analyzed (See 2.2, Figure 2).

Wave exposure along the marsh edge was estimated using the local fetch distance. Fetch
was previously modeled for the VCR in ArcMap 9.2 using scripts from USGS (Kremer &
Reidenbach 2020). Mean fetch for summer 2015 was made into a raster grid of 30 x 30 m
pixels, after being weighted by the proportion of time wind came from each direction. Direction
was based on 10° increments and wind data came from the Wachapreague NOAA station
(Kremer & Reidenbach 2020). Fetch data was extracted to each buffer area and the mean value
was used to represent each location. Where the previously modeled fetch dataset did not cover
the entire buffer area, the average of the partial data was used. In cases where there was no data
present, the average of the 3 values nearest the approximate ends and midpoint of the digitized

edge were averaged, each within 50 m of the digitized edge.

2.3.2. Marsh retreat

For the five mainland marsh sites (Sites 2, 3, 4, 6, & 7, Figure 1), we quantified changes
in marsh edge position between the years 2002, 2009, and 2015. These dates were chosen
because mainland marshes were previously digitized in the VCR for years 2002 and 2009 from
aerial imagery (McLoughlin et al. 2015) and LiDAR was taken in 2015. To compute the marsh
edge for 2015 we connected the points of maximum slope (see 2.2) along transects at each
marsh. The points were manually inspected and edited to account for edge effect discrepancies.
To determine marsh retreat, shorelines and baselines edited in ArcGIS ArcMap 10.5 were

imported to R. We used digitized shorelines for years 2002, 2009, and 2015. The Analyzing
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Boundary Movement Using R (AMBUR) package in R was used to assess marsh edge
movement (Jackson et al. 2012). Transects were drawn every 5 m and filtered using a moving
window of 5 transects along the length of each marsh (Jackson et al. 2012). The intersections of
transects with shorelines were used to calculate and analyze end point rate (EPR m yr'!"), which is
the rate of shoreline change between the youngest and oldest shorelines, and net change in
shoreline movement (NC m) between the years 2002 and 2015. We used a 2-way ANOVA to
explain the difference in mean retreat values from 2002 — 2015 with factors including type of
marsh edge (reef-lined or control) and site (o = 0.05). We also analyzed the rate of retreat before
(2002-2009) and after (2009-2015) reef restoration using percent change in EPR and NC. The
percent change analysis between time periods was completed where mainland adjacent reefs had
known restoration dates after 2009 (Sites 2, 3, & 4). Again, two-way ANOVAs were used with
percent change in EPR and NC as dependent variables and marsh type and site as independent

variables.
2.3.3. Marsh edge morphology

We used the 10 m radius buffer at each marsh to capture the edge topography for all 10
sites. As previously described (Section 2.2), slope statistics were calculated using zonal
statistics. Using the transect method (described in Section 2.2), the points representing the slope-
defined edge were found and averaged to find the mean edge slope for each marsh. A 2-way
ANOVA was used to determine if marsh edge morphology for the buffer area mean slope and
mean edge slope were explained by type of marsh (reef-lined or control) and site. To validate
the use of a 10 m radius buffer search area, the slope data was compared with results from a
smaller, 5 m radius buffer region. We found that although values differed slightly, the same

patterns for reef-lined and control marshes were observed for mean, standard deviation, and CV
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of slope for 5 m and 10 m buffer areas. We used the 10 m buffer areas for analysis because they

offer a more complete picture of the marsh and mudflat system.
2.2.4. Drivers of marsh edge retreat and morphology

Spearman’s rank correlations were used to examine possible relationships between EPR,
NC, and physical (mean fetch, mean platform elevation, and mean edge elevation) and slope
variables because of the non-normal distribution of the retreat data. We also analyzed whether
mean edge slope and buffer area mean slope, our metrics for marsh edge morphology, were
correlated with the physical variables for each location (n = 10). Pearson’s correlation methods
were used for the normally distributed, continuous variables with one mean value for each

location (n = 20).
3. RESULTS
3.1. Method development: LiDAR-based quantification of marsh edges

Remotely-sensed airborne LiDAR elevations were strongly correlated with in-situ GPS
elevation data (r* = 0.92, n = 114, Figure A1). Overall, we found that LIDAR and in-situ
elevation profiles agreed for the stable marsh and marsh platforms (Figure A2). The comparison
of profiles from in-situ (2010) and LiDAR (2015) surveys captures the lateral retreat that
occurred in 5 years’ time. We found the highest buffer area mean slope and edge slopes at the

scarped edge marshes and the lowest values at the ramped marsh (Table A1, Figure A3).
3.2. Marsh retreat and morphology occurring at reef-lined and control marsh edges

3.2.1. Marsh edge retreat
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Results for shoreline movement suggested considerable variability in EPR (end point rate
m yr'!) and NC (net change m) across the sites for the period from 2002 to 2015 with values
ranging from (mean = se) -0.79 £ 0.07 to -0.14 £ 0.01 m yr!' and -10.05 + 0.84 to -1.74 £ 0.17 m,
respectively (Table 2, Figure 4, Figure 5). The results of the 2-way ANOV As suggested that
there was no significant difference in retreat for reef-lined and control marsh edges for mean
EPR (p=0.91) and mean NC (p = 0.91) from 2002 — 2015 (Figure 5). However, there were
significant differences in mean EPR (p <0.01) and mean NC (p < 0.01) with site, where site 4,

Brownsville, experienced significantly greater retreat compared to other sites.

There was no statistically significant difference in percent change of retreat variables for
the time periods 2002-2009 and 2009-2015 with marsh type or site for both EPR (p =0.7,p =
0.5) and NC (p = 0.7, p=0.5) (Table 3). No clear patterns were found in change in retreat for
reef-lined and control marshes at these sites. Contrary to our hypothesis, the greatest percent

reduction in retreat rate (EPR) and movement (NC) was observed at a control marsh, Site 2B.
3.2.3. Marsh edge morphology

Marsh edges without adjacent oyster reefs (control locations) had a greater buffer area
mean slope (p= 0.005), indicating steeper topographies, compared to reef-lined marshes (Figure
6). The mean buffer area slope for reef-lined marshes was 2.5°, while that for control marshes
was 3.7°. There was no significant difference in mean slope with site (p = 0.07). Similar results
were found for edge slope, where control locations had significantly higher edge slope values
(p=0.01), compared to reef-lined marsh locations (Figure 6), but no significant difference with
site (p = 0.5). The mean edge slope for control marsh locations was 11.4°, while the mean for
reef-lined marsh locations was 6.0°. The greatest difference, 15.6°, was observed at Site 1, and

the smallest was less than 1° at Site 2. Slope statistics (Figure 6) largely correspond with marsh
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edge elevation data (Figure 3A), where control marshes have higher elevations and slope values,
except for Site 7, where the pattern is reversed, and the higher reef-lined edge also has higher

slope values.

3.2.4. Regression and correlation analyses

The physical data extracted from each marsh edge, including buffer area elevation, edge
elevation, platform elevation, and mean fetch, are shown in Figure 3. While there is variation
between sites, the reef-lined and control edges at each site often have similar values. We also
found that for reef-lined locations the marsh platform was found to be higher than the affronting
reefs. Relative to NAVDS88 mean platform elevation was 0.07 m, mean reef crest was -0.69 m,
and the mean difference between the platform elevation and reef crests was 0.76 m. Correlation
analyses between retreat and explanatory variables for the 5 sites (n = 10, marsh and control
edges) suggest that marsh edge elevation was the only variable significantly correlated with
retreat variables. There were strong significant negative correlations for EPR (p =-0.90, p <
0.001) and NC (p =-0.88, p <0.01) with the elevation of the marsh edge (Table 4). The negative
correlation corresponds to an increase in onshore movement of the marsh edge with increased
marsh edge elevation. Mean fetch (EPR p =0.13, NC p = 0.14) and mean platform elevation

(EPR p=0.14, NC p =0.13, Table 4) both showed negative, but not significant, relationships.

The only significant correlations between physical and slope variables were with
platform elevation (Table 4). Buffer area mean slope showed a significant positive correlation
with mean platform elevation (p = 0.65, p <0.01) and non-significant correlations with mean
edge elevation (p = 0.12, p = 0.67), and mean fetch distance (p = 0.07, p=0.77). Similar results
were found for correlations with mean marsh edge slope. There was a significant positive

correlation with mean platform elevation (p =0.76, p <0.001), a moderate though non-significant



10

11

12

13

14

15

16

17

18

19

20

21

Marsh Edge Morphology 15

positive correlation with mean edge elevation (p =0.35, p = 0.13), and almost no correlation with
mean fetch (p = 0.01, p=0.98). This indicates that marshes with more highly elevated platforms

are more likely to have greater sloping edges.

For both EPR and NC, there was very low correlation to marsh edge slope (p = 0.07 and

p = 0.05, respectively) and buffer area mean slope (p = 0.44 and p = 0.42).
4. DISCUSSION
4.1. Drivers of Morphology and Retreat

We developed and validated a technique using remotely-sensed elevation to quantify
marsh edge morphology and retreat that can be used to monitor change with repeated measures.
The LiDAR dataset used to characterize slope yielded a wide range of slope values, with edge
slopes ranging from 2.6 ° to 26.0° and buffer area mean slopes ranging from 1.5% to 11°. A
methodology using remotely-sensed elevation data can capture the morphology of large sections

of the marsh edge more quickly and easily than in-situ measurements.

We found that higher marsh edges were correlated with greater rate of retreat (EPR) and
net change (NC) and that marsh edges are likely to be more steeply sloping if they have high
platforms. These correlations support that marsh edge erosion is driven by wave action and
previous findings that highly elevated platforms are more likely to be undercut and experience
greater edge erosion compared to more gently sloping morphologies (Schwimmer 2001, Moller
& Spencer 2002, McLoughlin 2015). The importance of platform elevation is also highlighted
by studies that suggest marsh elevation and tide level can affect the energy driving erosion of the

marsh edge since wave thrust is significantly decreased when a marsh is submerged, but
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otherwise increased as water becomes deeper owing to the larger waves that can develop (Tonelli

et al. 2010, Wiberg et al. 2019).

While our findings support the important role of marsh edge and platform elevation on
marsh retreat and edge morphology, the correlations were made with only 10 and 20 sections of
marsh edge, for retreat and morphology, respectively. The majority of reefs fronting the reef-
lined edges were restored reefs, which may reflect an effect of decision-making by managers to
restore reefs in front of lower elevated marshes that may be less likely to erode, presenting a
potential factor in reef placement. Oysters may also preferentially grow along low elevation
edges, helping to explain why we found reef-lined edges at lower elevations with corresponding
lower slope values, except at one site (Site 7). At that site, the reef-lined edge was more highly
elevated and had higher slope values, consistent with marsh edge elevation being the most
important predictor of marsh slope. Platform elevation was also significantly, though less
strongly, correlated with mean slope and edge slope (0.65 and 0.76 respectively; Table 4). These
relationships among physical and retreat variables suggest that highly elevated marsh edges are
most susceptible to retreat and should be targeted by coastal managers when trying to identify
vulnerable shorelines. While there was not a significant relationship between retreat and marsh
edge slope variables, this data was limited by the number of sites available from LiDAR data
matched with restored reefs, and time between reef construction and data acquisition. Increasing
the scale of the investigation with repeated LIDAR measurements and the addition of more sites

may yield more clarifying results.

4.2. Morphology and retreat applied to oyster presence

Our results indicate that the presence of oyster reefs affects marsh edge morphology, with

reef-lined marshes having more gently sloping edges compared to marsh edges lacking an
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adjacent reef. We did not find significant correlations between mean fetch distance and marsh
morphology and retreat. Although there was no significant difference between reef-lined and
control marshes for retreat variables, retreat rates ranged from 0.14 to 0.79 m yr'!' over the years
2002 — 2015 (Table 2) and were similar to past observations within Virginia’s coastal bays and
the Mid-Atlantic region (Schwimmer 2001, Taube 2013, McLoughlin et al. 2015). McLoughlin
et al. (2015) and Taube (2013) both studied marshes within the VCR using shorelines from
imagery from 1957 to 2009. McLoughlin et al. (2015) surveyed marshes at 4 sites bordering a
large coastal bay; 3 of 4 had rates of erosion near or greater than 1 m yr! (0.98 — 1.63 m yr'!).
Taube (2013), who focused on mainland-bordering marshes, found 5 of 8 marshes to be
retreating between 0.15 and 0.27 m yr'!, one extreme location retreating at 1.58 m yr!, and 2
prograding marshes (0.46 and -0.0004 m yr''). Our rates of retreat more closely correspond to
the findings from Taube (2013), who also observed marshes retreating both in the presence and

absence of oyster reefs.

The marsh edges derived using the locations of maximum slope found from LiDAR data
largely agreed with the edges digitized from aerial imagery for the years 2002 and 2009
(McLoughlin 2013). Therefore, it is likely that the points of maximum slope are also closely
defining the vegetation line at the marsh edge. This is also observed when manually inspecting
the edges drawn from maximum slope locations. The data shows that the mean slope of the edge
and buffer area slope are lower for reef-lined marshes, but no significant difference is found in
retreat along the upper elevations of the marsh edge nearer the vegetation line and platform. We
hypothesize that this is because erosion along the subtidal toe of the marsh edge, which is at an
elevation similar to the reefs (Hogan & Reidenbach 2019), is reduced due to the presence of

oyster reefs while the rate of retreat of the intertidal marsh edge is relatively unchanged by the
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presence of reefs. From this, we can hypothesize that reefs cause the marsh edges to elongate by
stretching the marsh edge transition from the platform towards the lower intertidal zone, thereby
causing the morphology to become less steep. Over time, oyster presence may begin to
influence erosion rates along the upper marsh edge near the vegetation line due to increased
frictional wave dissipation and/or other physical factors, such as advancing vegetation, along the
elongated marsh edge. Our data are too limited to test this hypothesis and repeated LiDAR
measurements over multiple years to decades may be necessary to capture these changes

occurring at marsh edges due to the presence of oyster reefs.
4.3. Limitations of data extracted from LiDAR

The elevation and derived slope data used to compare morphology and create the marsh
edges are dependent on the resolution and accuracy of the LIDAR measurements. While
rasterized LiDAR elevation data on the order of 1 m? has been reported to satisfactorily describe
edges (Goodwin & Mudd 2020), the resolution of the data limits the accuracy of derived
calculations. Elevation data can be distorted over highly sloped terrain because values of
elevation can change dramatically over short distances (Hodgson & Bresnahan 2004) and
therefore more accurate estimates of slope, and often higher values, are found with reduced cell
size (Grohmann 2015). The error associated with derived slope is also proportional to resolution
and for high-resolution DEMs, error from slope algorithms is less important than error derived
from the data (Zhou & Liu 2004). Determining error propagation is possible by using raw
LiDAR data and plotting root mean square errors (RMSE), but also requires knowledge of

spatial dependencies and autocorrelations (Hunter & Goodchild 1997).

Our analysis used slope data calculated using a pixel size of 0.76 m in each dimension and a

moving kernel of 9 cells. The resulting slope values were therefore smoothed over this spatial
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dimension. Although, the agreement between the in-situ GPS and LiDAR data shows variability
at the point level as is expected from the published vertical accuracy (12.5 and 17 cm for non-
vegetated and vegetated terrain, respectively), the overall agreement was very high (r*> = 0.92,
Figure A1) and we are confident in the quality of the elevation data used in the slope
calculations. Since paired marshes are located close to one another, the accuracy in slope
measurements is likely similar between paired sites, enabling us to understand how slope
statistics compare between different locations, even if the slope values themselves are minorly

affected by data and algorithm error.
4.4. Conclusions

In conclusion, the marsh edge morphology and retreat values we extracted from airborne
LiDAR data supports that reef-lined marsh edges are more gently sloping compared to exposed
marshes and the change in morphology is likely a precursor to measurable change in retreat. The
elevation of the marsh edge was significantly correlated to retreat, while platform elevation was
significantly correlated to marsh slope. The methods presented here can be utilized for
monitoring future changes in marsh edge movement and morphology if repeated LiDAR surveys
are conducted. Additionally, our findings can be used to locate areas vulnerable to change to aid
in coastal management and conservation efforts. However, an integrated assessment of how
vegetation dynamics (van de Koppel et al. 2005, Faegin et al. 2009, Feagin et al. 2009,
Francalanci et al. 2013) and invertebrate behavior (Escapa et al. 2007, Davidson & Rivera 2010)
affect marshes and marsh edge dynamics may be necessary to create a more holistic

understanding of marsh retreat and morphology.
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4 7. TABLES

5 Table 1. Metadata for the paired locations including site, marsh type (A = reef-lined, B =

6  control), local reef name, edge length, type of restoration, shape, year restored, acres of reef

7 (N/A ‘not applicable’ describes control sites where there are no reefs present, therefore no

8 acreage), pixel count, the mean and standard deviation of slope extracted to each buffer area, and

9  for reef-lined marshes the mean reef crest elevation relative to NAVDS8 and local mean sea level
10  (Imsl). For patch reefs surveyed 2008, the acreage represents the area of reefs within 40 m from

11 the digitized edge.

Reef
Site  Marsh  Local reef Edge Type Shape Year Acreage Pixel Mean Std elevation
Type name Length Count (m
(m) NAVDS88/
m Imsl)
1 A Black Rock 175 shell ~ fringe 2010 0.88 5800 234 1.82 -1.0/-0.91
1 B 175 control control N/A N/A 5964 411 574
2 A Boxtreel 115 whelk  fringe 2012 0.55 2818 4.10 3.26 -0.98/-0.89
2 B 115 control control N/A N/A 2998 525 3.15
3 A Boxtree2 120 whelk  fringe 2012 0.54 3388 390 3.02 -0.88/-0.77
3 B 120 control control N/A N/A 3634 417 3.23
4 A Brownsville 180 shell fringe 2010 0.73 5225 324 242 -0.53/-0.44
4 B 180 control control N/A N/A 4892  3.76  3.41
5 A Cob 290 shell ~ fringe 2005 1.62 7500 1.64 097 -0.55/-0.44
5 B 290  control control = N/A N/a 9946 223  1.89
6 A Fowling 225 natural patch  Befor 0.76 7607 223  1.82 -0.44/-0.34
Point e
2008
6 B 225 control control N/A N/A 7538  3.71 1.89
7 A Hillcrest 170  natural patch  Befor 2.5 6109 231 1.69 -0.71/-0.67
e
2008

7 B 170 control control N/A N/A 6392 1.75 1.02
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0.97
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5356
6144
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7474

7484

1.46
3.37
1.60

4.62
2.12

3.81

27

0.70
3.25
1.128

4.023
1.76

3.56

Table 2. EPR (m yr'!') and NC (m) and standard error (SE) for each marsh from 2002-2015 where

marsh type A = reef-lined and B = control.

EPR
Site Marsh Local reef (myr?') EPR NC (m) NC (m)
Type name 2002- (myrl) 2002- SE
2015 SE 2015
2 A Boxtreel -0.26 0.02 -3.27 0.25
2 B -0.14 0.01 -1.74 0.17
3 A Boxtree2 -0.26 0.03 -3.26 0.34
3 B -0.22 0.04 -2.84 0.45
4 A Brownsville  -0.74 0.07 -9.4 0.85
4 B -0.79 0.07 -10.05 0.84
6 A Fowling 0.08 1.03
Point -0.29 -3.58
6 B 0.05 0.64
-0.42 -5.35
7 A Hillcrest -0.28 0.03 -3.62 0.4
7 B -0.24 0.05 -3.01 0.62

Table 3. Change and percent change from the periods 2002-2009 and 2009-2015 for end point

rate (EPR m yr'") and net change (NC m) of movement. White fill indicates reduced shoreward

movement, while grey indicates increased shoreward movement between the two time periods,

where marsh type A = reef-lined and B = control.

-0.46/-0.36

-0.91/-0.82

-0.47/-0.36
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EPR EPR NC NC
Site Marsh Local (myr!') (@myr') EPR EPR (m) (m) NCA NC
Type Reef 2002-  2009- A %A 2002-  2009- % A
Name 2009 2015 2009 2015
2 A Boxtreel -0.27 -0.24  0.03 -12.5 -1.89 -1.38 0.51 -36.96
2 B -0.21 -0.05 0.16 -320 -1.45 -0.29 1.16 -400
3 A Boxtree2 -0.34 -0.15 0.19 -126.67 -2.41 -0.85 1.56 -183.53
3 B 0 -0.49 -0.49 100 0 -2.84 -2.84 100
4 A Brownsville -0.6 -0.9 -03 3333 -422 -5.17  -0.95 18.38
4 B 0.04 -1.93 -1.97 102.07 0.28 -10.33 -10.61 102.71

Table 4. Correlation tests performed between retreat (EPR and NC) and marsh edge slope values

with physical variables. Spearman’s correlation tests were performed with non-normal retreat

variables, and Pearson’s correlations performed with marsh slope variables.

Retreat Explanatory Correlation P-value
Variable variable estimate
EPR Fetch -0.51 0.13
Platform -0.50 0.14
elevation
Edge elevation -0.90 <0.001
Edge slope 0.07 0.84
Mean slope 0.44 0.21
NC Fetch -0.50 0.14
Platform -0.52 0.13
elevation
Edge elevation -0.88 <0.01
Edge slope 0.05 0.89
Mean slope 0.42 0.23
Buffer area Fetch 0.07 0.77
mean slope
Platform 0.65 <0.01
elevation
Edge elevation 0.12 0.67
Edge slope Fetch 0.01 0.98
Platform 0.76 <0.001
elevation
Edge elevation 0.35 0.13
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Figure 1. A) Marsh sites located in the Virginia Coast Reserve. At each site both a control and
reef-lined marsh edge were located for analysis. On the right, examples of marshes with B)
terraced, C) scarped, and D) ramped morphologies found in the VCR are shown. Photo credit for

C & D: Qingguang Zhu, UVA
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Figure 2. Slope data within the buffer area region for site 6B, a control marsh edge. Low to high
values of slope (degree) and shown from green to red. The in-situ surveyed edge is shown in
black, with perpendicular transects cast every 5 m with points every 1 m where slope data was

extracted to locate the marsh edge.
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Figure 3. Physical characteristics for each marsh including: A) Mean elevation within the buffer
areas at each marsh edge B) boxplot of edge elevations from transects at each site C) boxplot of
platform elevations from transects at each site D) mean fetch distance (m). Elevations are
measured in m NAVDS8S. Grey bars indicate reef-lined marshes and green bars indicate control
marshes at each site. For boxplots: boxes indicate the interquartile range (IQR) with the interior
line representing the median, whiskers the maximum and minimum (up to 1.5 times the IQR

range), and dots represent outliers beyond the range.
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Figure 4. Mean EPR (A) and NC (B) at each location for each time period. Grey bars indicate

reef-lined marshes and green bars indicate control marshes at each site.
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Figure 5. A) Mean EPR and B) NC with standard error bars for paired marshes at each site

between 2002 — 2015. Grey bars indicate reef-lined marshes and green bars indicate control

marshes at each site.
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Figure 6. A) Mean buffer area slope and B) edge slope at each site for control and reef-lined
marsh edges from transects. Grey bars indicate reef-lined marsh edges and green bars indicate
control marsh edges at each site. Components for boxplot are described in the caption for Figure

3.
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2 9. APPENDICES

3  Table Al. Slope (degree) statistics from buffer areas around marsh edges from Fowling Point
4  Marsh (FP), Chimney Pole Marsh (CP), Matulakin Marsh (MM), and 2 from Hog Island Marsh

5  (HI) surveyed in-situ by McLoughin et al. (2010, 2015).

Site In-situ edge  Min Max Range Mean Std
classification
Cp Terrace 0.01 29.7 29.6 7.4 5.5
FP Ramp 0.1 20.9 20.8 4.3 2.8
MM Scarp 0.1 334 334 11.0 6.0
HI_terrace Terrace 0.04 359 359 5.6 5.9
HI_scarp Scarp 0.1 40.3 40.2 8.1 9.3
6
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8  Figure Al. Validation of LiDAR elevation data with in-situ GPS elevations, where LiDAR data

9  was extracted to locations of in-situ data points at Fowling Point Marsh (n = 114).
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Figure A2. Mean elevation profiles (+ standard error from multiple transects) for A) an unstable
marsh (CP) showing lateral retreat in the 5 years between surveys and and B) a stable marsh
(FP). Distance from the edge is measured on the x-axis, where the edge is at 0 m and positive

values are towards the platform.
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Figure A3. Boxplots of edge slope values found along transects perpendicular to marsh edges. HI
scarp had a significantly greater maximum slope than all other marshes, while FP had a
maximum that was significantly lower. The maximum slope for CP, HI terrace (HI terr), and

MM, did not significantly differ from one another.



