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Abstract: The bay-marsh boundary is a dynamic topographic feature. Advances in remote sensing 

provide cost-effective, high-resolution mapping technologies to detect change at fine scales. 

However, many questions remain about how to best apply these technologies and quantify change 

at bay-marsh boundaries. We combine UAS photogrammetry and boat-mounted echosounding to 

map the bay-marsh boundary over two consecutive years and use a previously collected Lidar 

dataset for decadal timescale comparisons. We evaluate accuracy, lateral and volumetric change 

rates, and how this approach compares to traditional methods of quantifying change. Results indicate 

an elevation uncertainty of 0.07 m for the topobathymetric DEMs. Volumetric erosion rates between 

marsh shorelines were -0.78  0.22 and -0.25  0.15 m3m-1yr-1 at an 8-year and annual sampling interval 

respectively. Lateral erosion rates were -1.57  0.15 and -1.54  0.07 m yr-1 at an 8-year and annual 

sampling interval respectively and were weakly correlated with volumetric change rates, even within 

morphologically similar sections of the marsh edge. Measured volumetric change rates of the marsh 

edge were reasonably estimated with limited vertical data at decadal timescales, suggesting that this 

change could be approximated with an RTK system. However, high-resolution mapping remains 

essential for assessing annual, event-driven, or small-scale change. 

Keywords: coastal change; salt marsh; drones; echosounder; photogrammetry; structure-from-

motion; marsh retreat; intertidal morphology 

 

1. Introduction 

Salt marshes provide a wide range of ecosystem services, such as nursery habitat for fishes and 

birds [1,2], improved water quality [3], carbon sequestration [4], and storm buffering [5]. The extent 

of salt marshes is inherently dynamic and cycles of progradation and retreat have been well 

documented. Contemporary salt marshes formed largely due to slowing rates of eustatic sea level 

rise (SLR) (<1 mm yr-1) in the late Holocene [6–8]. This stabilization of sea levels allowed for bay 

infilling that facilitated salt marsh expansion [9,10]. Accelerating rates of SLR and a decreased 

delivery of sediment to coastal systems, starting in the postindustrial period, has led to global losses 

of salt marsh area [11–14]. 

Considerable attention has been given to salt marsh adaptation to changing environmental 

conditions, particularly regarding vertical accretion to avoid drowning [15–20]. Salt marshes are also 

vulnerable to shoreline retreat, where wave-driven erosion of the marsh edge can result in rates of 

lateral retreat that commonly exceed 1 m yr-1 [9,21–25]. Thrust on the marsh scarp increases with 

increasing water level and wave height until the marsh is inundated and thrust rapidly decreases 

[23]. As such, moderate, yet frequent, storms account for the largest proportion of marsh retreat 

because the scarp of the marsh is often inundated during large storm surge events [24]. While SLR 

may increase marsh retreat rates due to increased water depths and wave heights [26], marsh land 

loss occurs independent of SLR when wave-driven marsh retreat is greater than sediment supply 

from rivers, tidal flats or offshore [14,27]. 
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Conventionally, marsh shoreline erosion is quantified in terms of rates of lateral retreat of the 

marsh edge [25,28–32]. These assessments used data collected from RTK/total station surveys, erosion 

pins, or georeferenced aerial photography, together with moving boundary analysis to quantify rates 

of lateral change of marsh-edge position. A number of studies have found significant correlations 

between rates of lateral retreat and wave power at the marsh edge [28,29,33], while other studies have 

not [34]. McLoughlin et al. [29] found a stronger relationship between wave power and volumetric 

erosion rates than with lateral erosion rates along marsh shorelines, consistent with a dimensional 

analysis by Marani et al. [28] that argued that average incident wave energy flux, a measure of wave 

power, is proportional to volumetric erosion rate rather than the rate of linear retreat. 

Some studies estimate volumetric erosion by multiplying lateral retreat rates by a representative 

height (e.g., scarp height). These volumetric approximations are constrained by limited vertical 

elevation data and assume that erosion is confined to the marsh shoreline (inner edge, Figure 1). 

However, a single vertical metric poorly represents the complex morphology of the marsh edge, and 

erosion may extend on- and off-shore of the inner edge to include the lower elevations of the intertidal 

marsh and the upper elevations of the intertidal flat (entire edge, Figure 1). A more comprehensive 

approach to quantifying volumetric marsh retreat involves resolving the 3-dimensional morphology 

of the bay-marsh boundary, including the shallow intertidal flat, over time and quantifying change 

across all morphodynamic zones. 

 

Figure 1. Idealized cross-section of a retreating bay-marsh boundary showing elevation profiles at time 1 and 

time 2 and the difference between the elevation profiles. Morphodynamic zones are specified based on the 

elevation difference profile. 

Advancements in remote sensing, such as Structure-from-Motion (SfM) photogrammetry 

collected from an unoccupied aerial system (UAS), present cost-effective opportunities to map 

subaerial landscapes at high spatial and temporal resolutions that resolve detailed morphologies and 

detect fine-scale rates of change. These techniques have been widely applied to various landscapes 

for morphologic mapping [35–39] and have also been applied specifically to salt marshes, mainly to 

monitor ecological health [40–43]. Few of these studies have mapped the marsh edge, partially due 

to their motivations, and because of the logistical challenges of mapping in the lower intertidal. 

Vessel-based sidescan and multibeam sonar represent a comprehensive, yet expensive, solution to 

shallow water mapping [44,45]. Single-beam sonar sacrifices spatial coverage, but dramatically 

improves affordability and ease of use [44,46]. Within shallow bays, quantitative assessments of 

bathymetric change are only beginning to emerge as enough time has passed to facilitate detectable 

change [44]. 

A spatial gap in subaerial and subaqueous data is a common challenge in mapping land-water 

boundaries, creating whitespace (i.e., missing data) at the interface between the land and the water. 

At the bay-marsh boundary, whitespace might be eliminated by completing UAS SfM surveys during 
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low tide and bathymetric surveys during high tide to establish overlap between datasets. Integrating 

mapping technologies in this way could increase the spatial and temporal resolution of morphologic 

mapping and improve our ability to quantify change. Still, many questions remain as to how best to 

apply these technologies to mapping and evaluating change at the bay-marsh boundary and how 

they compare to traditional methods. 

Developing improved metrics of volumetric change at the bay-marsh boundary is central to 

understanding drivers of marsh retreat, forecasting future rates of marsh loss due to shoreline 

erosion, and constructing the sediment budgets necessary to characterize marsh resilience to changes 

in climate and land use [47]. However, assessments of volumetric change that resolve the complex 

morphology of the bay-marsh boundary do not exist. This study addresses this gap by repeatedly 

mapping the high resolution morphology of a bay-marsh boundary, quantifying change, and 

specifically addressing the following questions: (1) What spatial resolution and vertical accuracy can 

be achieved by combining UAS SfM and single-beam echosounding to map elevations across the bay-

marsh boundary? (2) What is the contribution of various parts of the bay-marsh boundary to 

volumetric change? (3) Are lateral change rates correlated to volumetric change rates of the marsh 

edge? (4) What are the tradeoffs of mapping and quantifying change of the bay-marsh boundary at 

high resolutions compared to traditional methods? To answer these questions, we mapped the high-

resolution morphology of a bay-marsh boundary using UAS SfM in combination with single-beam 

echosounding and constructed digital elevation models (DEMs) for two consecutive years. A Lidar 

dataset collected 8-years prior is used for longer-term comparisons. Morphodynamic change is 

quantified in terms of lateral and volumetric change rates and changes to cross-shore slope. 

2. Methods 

2.1. Site Description 

Hog Island Bay is located within the Volgenau Virginia Coast Reserve (hereafter the VCR), 

located on the Atlantic side and southern extent of the Delmarva Peninsula and part of the traditional 

territory and homelands of the Accomack people (Figure 2). The VCR is a near-wholly undeveloped 

coastal zone that includes 14 barrier islands protecting back-barrier bay-marsh systems, all of which 

vary in size and configuration. Small watersheds line the mainland, though none supply significant 

freshwater or sediment to the back-barrier system [48,49]. The primary external sediment source is 

sediment import from the coastal ocean during storms [50]. Agriculture dominates watershed land 

use, but runoff is sufficiently low to maintain excellent water quality in the back-barrier system [51]. 

SLR is 5.8 +/- 0.6 mm yr-1 at the nearest long-term tidal gauge [52]. The semidiurnal tides have a mean 

tidal range of 1.2 m [53]. About half of the bays are less than 1 m deep during mean low water, and 

areas deeper than a few meters are confined to large channels [54]. The highest magnitude winds that 

drive sediment resuspension tend to occur in the winter and approach from the SSE-SSW and N-NE 

[53]. Salt marsh vegetation in the intertidal marsh is dominated by Spartina alterniflora, with a mean 

stem height of 30 cm, though these heights are highly variable [53]. 

Short Prong Marsh (SP) is a mainland marsh in the southwest corner of Hog Island Bay that 

faces northeast (Figure 2). A portion of SP is protected by oyster reefs constructed in 2018, which can 

attenuate wave energy, depending on reef configuration and water level, and may influence 

morphodynamic change at the bay-marsh boundary [55]. Morphology of the marsh edge varies 

spatially. Generally, the northwest region of SP is prominently scarped. The scarp is less distinctive, 

but still present, in the central region, fronted by oyster reefs, and in the southwest region. Terraced 

features are scattered along the bay-marsh boundary a few meters offshore of the vegetation line. 

Maximum fetch is large (>9 km). 
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Figure 2. Delmarva Peninsula (left), with closeups of Hog Island Bay (bottom right) and Short Prong Marsh (top 

right). 

2.2. Data Collection 

UAS flights were completed using a DJI Phantom 4 RTK drone to map the subaerial bay-marsh 

boundary using SfM. The DJI Ground Station RTK application was used for flight planning, allowing 

for automated piloting of an identical flight path each time a marsh was surveyed. Imagery was 

collected using a 20-megapixel camera with a 1-inch CMOS senor and a mechanical shutter that 

mitigates risk of rolling shutter blur. Flights were completed at an altitude of 100 m, providing a 

ground sample distance of approximately 3 cm. Photographic overlap was 80%. All UAS operations 

were completed in compliance with Federal Aviation Administration Part 107. Positioning was 

determined using two Emlid Reach RS2 GNSS RTK receivers with theoretical uncertainties of 7 mm 

+1 ppm in the horizontal and 14 mm +1 ppm in the vertical, meaning that the horizontal accuracy, for 

example, is 7 mm plus 1 mm per kilometer of distance from the base station. One receiver served as 

the base station and the other as a rover used to locate GCPs for SfM processing and provide ground-

truth data along the marsh and intertidal flat to assess final DEM accuracy. Six acrylic GCPs along 

the marsh edge and intertidal flat were included in each survey (Figure 3). SfM data also used UAS 

onboard RTK and received corrections from the Emlid base station. A total of 276 ground-truth data 

points were collected including 110 on the vegetated marsh, 67 on the marsh shoreline, and 99 on the 

intertidal flat. All SfM surveys were completed during low tide to maximize exposure of the intertidal 

flat. 

  

Figure 3. Constructed GCPs installed onto (A) the marsh platform and (B) the intertidal flat. 
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Echosounding data was collected using a CEESCOPE Hydrographic Survey System, featuring a 

boat-mounted transducer and an integrated NovAtel RTK GNSS receiver. The transducer employs a 

single-beam echosounder with a ping rate of 20 Hz and an accuracy up to 1 cm  0.1% of depth. All 

echosounding surveys were completed during high tide to maximize navigability of the bays and 

overlap with the SfM surveys. The echosounding survey pathway included 6 cross-shore transects 

spaced approximately 150 m apart and one alongshore transect near the marsh shoreline. SfM and 

echosounding surveys were completed in late summer of 2022 and 2023, following the same flight 

plan and survey path both years. 

2.3. Data Processing 

Agisoft Metashape Professional, version 1.8.4, was used to process UAS imagery using SfM [56]. 

First, imported images were aligned at the highest accuracy by approximating the camera position to 

create tie points as a sparse point cloud. GCPs were manually linked to their surveyed positions in 

no less than 10 photos. Sparse cloud filtering was completed through gradual selection, based on 

reconstruction uncertainty, projection accuracy, and reprojection error. A dense point cloud was 

created at the ultra-high quality setting and manually cleaned. Ground points were classified based 

on max angle (1), max distance (0.05 m), cell size (2 m), and erosion radius (0 m) [57]. A DEM was 

created from the ground points as a regular grid and an orthomosaic was constructed from the 

seamless merging of the imagery. Surveys were processed using UAS onboard RTK and GCPs. 

Resulting orthomosaics and DEMs were exported to GIS and clipped to exclude all subaqueous areas. 

Echosounding data was collected and processed using the Hydromagic hydrographic survey 

software by Eye4Software, which georeferences depths with RTK positioning to determine the 

position and elevation of each data point. The conversion of raw transducer data to depth depends 

on the speed of sound in water. A sensitivity test was completed to assess the effect of variations in 

salinity, pressure, and water temperature on sound velocity and depth. Salinity is relatively constant 

in the bays at 31 ppm (no significant terrestrial freshwater source). The effects of pressure on 

sounding velocity are negligible and considered constant. Daily temperature variations in the bay 

could have an influence over sound velocity, and therefore, depth. These variations were accounted 

for using water temperature data from the NOAA station at Wachapreague, VA (ID: 8631044; 

https://tidesandcurrents.noaa.gov). 

2.4. Pre-exisiting Lidar Data 

The USGS led an aerial Lidar survey in 2015, covering the entire Virginia portion of the 

Delmarva Peninsula [58]. The spatial extent of the dataset differs from marsh to marsh due to tidal 

variations, but includes the marsh edge in most areas, including SP. Vertical uncertainty of the DEM 

was tested with 113 checkpoints that were evenly distributed throughout the surveyed area, 

including non-vegetated terrain, such as bare earth, open terrain, and urban terrain, and vegetated 

terrain, such as forest, brush, tall weeds, crop, and high grass. Elevation uncertainty was calculated 

as the Root Mean Square Error (RMSE) between the DEM value at the checkpoint pixel and the 

surveyed elevation of the checkpoint at a 95% confidence level. The resulting bare-earth DEM has a 

resolution of 1 m and a vertical uncertainty of 12.2 cm. This dataset is leveraged as a baseline of 

comparison for this study. 

2.5. Morphology and Morphodynamic Change 

DEMs were generated to visualize morphology and evaluate morphodynamic change in terms 

of lateral shoreline change rates and volumetric change rates. SfM and Lidar DEMs were clipped to 

exclude all water. Processed soundings were imported into GIS and trimmed so that the spatial extent 

of the data points was approximately the same for both years to ensure that change comparisons 

between surveys represented measured change, rather than an effect of interpolation. The soundings 

were initially interpolated at a 5 m resolution using the natural neighbor method and were resampled 
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to 0.03 m to retain the high resolution of the SfM DEMs when merging DEMs. The echosounding and 

SfM DEMs were stitched together using the Mosaic to New Raster tool in ArcGIS Pro to create seamless 

DEMs of the bay-marsh boundary for 2022 and 2023. The 2015 Lidar DEM has a 1 m resolution. The 

DEMs from UAS SfM were resampled to a 1 m resolution when compared to the Lidar DEM. The 

Minus (Spatial Analyst) tool was used to map elevation differences by subtracting DEM values of 

earlier DEMs from latter DEMs, such that negative values represent erosion and positive values 

represent deposition. 

Metrics of morphodynamic change were evaluated for the entire alongshore length of the marsh 

(overall) and subdivided into three alongshore regions: the northwest region (NW), the central region 

fronted by oyster reefs (Reef), and the southeast region (SE). Temporal intervals between datasets 

allow for morphodynamic change comparisons at two timesteps, the 8-year timestep spanning 2015 

to 2023 and the annual timestep from 2022 to 2023. 

The marsh shoreline was determined for the SfM and Lidar datasets to measure lateral changes 

of the marsh edge. The marsh shoreline can be accurately identified as the vegetation line through 

imagery or as an abrupt elevation change through elevation data [59]. SfM datasets have the 

advantage of both imagery and elevation data. When marsh morphology exhibits complex features, 

like multiple abrupt elevation shifts (e.g., terraces), imagery is a useful tool for verifying the true 

shoreline, which generally corresponds to the vegetation line. The vegetation line of each orthomosaic 

was manually digitized in GIS for the SfM datasets. For the 2015 Lidar DEM, a slope map was 

generated using the Slope (Spatial Analyst) tool in ArcGIS Pro where the marsh scarp was identified 

as the maximum slope. The furthest onshore extent of the scarp was digitized as the shoreline. On- 

and off-shore baselines were manually drawn to approximate the general shape of the shorelines. 

Cross-shore transects were cast at 1 m intervals between the baselines and filtered using the Analyzing 

Moving Boundaries using R (AMBUR) software package to account for curvature of the shoreline [60]. 

Capture points were generated at the intersection of the transects and shorelines and then analyzed 

to calculate lateral change rates. The associated uncertainty is presented in the supplementary 

materials. 

Cross-shore elevation profiles were created using the transects generated in AMBUR to visualize 

cross-sectional morphology, quantify elevation differences and volumetric change, and evaluate 

slope. Points were generated at 10 cm intervals along each transect, and elevations were extracted 

from each DEM at the location of each point. Transects and shorelines were overlain in GIS, 

intersection points were generated, and the distance from the intersection points to each transect 

point was calculated. For each point, the elevation difference was computed between 2015 and 2023 

(8-year timestep) and 2022 and 2023 (annual timestep). Representative elevation profiles were 

generated for each year to visualize morphologic changes at the 8-year and annual timesteps for the 

marsh overall and by region. First, bins were created every 1 m across-shore for the 8-year timestep 

to match the resolution of the Lidar dataset and 0.1 m for the annual timestep to retain high-resolution 

for the SfM dataset. Elevations and elevation differences were averaged across transects within each 

bin and plotted with distance to the shoreline of the earlier dataset on the x axis (e.g., zeroed at the 

2015 shoreline for the 8-year timestep, and 2022 for the annual timestep), providing representative 

elevation and elevation difference profiles for each region (Figure S1). Morphodynamic zones were 

distinguished where the inner edge is the area between marsh shorelines, the entire edge includes 

the inner edge and the erosional area that tapers on- and off-shore, and the intertidal flat begins at 

the offshore bound of the edge (Figure 1). The offshore bound of the intertidal flat was calculated as 

the mean offshore distance of the MLLW contour from the 2022 and 2023 DEMs. The intertidal flat 

for the 2015 Lidar dataset, and all comparisons at the 8-year timestep, represented a truncated 

intertidal flat because the Lidar data does not include the lower elevations of the intertidal flat. 

Volumetric change rates per alongshore length were calculated by averaging elevation differences 

within each morphodynamic zone for each transect, multiplying by the width of the zone, and 

dividing by the timestep. 
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2.5.1. Traditional Estimates of Volumetric Change 

Two approaches were used to estimate volumetric change rates assuming limited access to 

vertical data, intended to approximate traditional methods for calculating volumetric change at the 

bay-marsh boundary. Given the wide availability of shoreline position data from RTK surveys or 

aerial photography, both approaches used the lateral shoreline change data described above, but 

differed in the way marsh edge height was approximated. Approach 1 assumed a uniform edge 

height derived from the representative elevation profiles by extracting the elevation of the top of the 

marsh edge and at the bottom of the marsh cliff. For approach 2, marsh edge height was measured 

every 30 meters alongshore using the transects generated during the AMBUR analysis. Elevations for 

edge height were extracted at points A-D in Figure 4 for each transect where elevations at A and B 

were taken at time 1 and C and D at time 2. The mean edge height between time 1 and time 2 was 

multiplied by lateral retreat of that transect to determine volumetric change. While approach 1 

constrains the vertical component by a single approximation of marsh edge height, approach 2 

approximates marsh edge height from measurements at intervals on the order of 10s of meters, a 

method that might be reasonable using RTK surveying. 

 

Figure 4. Cross-sectional schematic of a retreating bay-marsh boundary at time 1 and time 2 with the colored 

dotted lines representing the location of the marsh shorelines. Black dots, A-D, represent the elevation 

measurements used to estimate marsh edge height and approximate volumetric change. 

2.6. Vertical Uncertainty 

SfM DEMs, echosounder points, and ground-truth RTK points were used to assess elevation 

uncertainty (𝑈𝑒) by calculating Root Mean Square Error (𝑅𝑀𝑆𝐸): 

𝑈𝑒 =  √
1

𝑛
∑(𝑥𝑖 − 𝑥̂𝑖)2

𝑛

𝑖=1

 

(1) 

where 𝑛 is the number of data points, 𝑥𝑖 is the true value, and 𝑥̂𝑖 is the estimated value. Ground-

truth RTK points were collected in 2023 and used as true values to calculate RMSE for the 2023 SfM 

DEM. Ideally, echosounder points would be validated against RTK points. However, collecting boat-

mounted single-beam data creates major challenges in occupying the same location with handheld 

RTK. Instead, SfM data is used as the true value to calculate RMSE for echosounder points (estimated 

value) where the datasets overlap in the intertidal flat, similar to other works that use independent 

datasets to evaluate uncertainty of echosounder data [61]. The root square sum (RSS) was used to 

determine uncertainty associated with elevation differences (𝑈𝑑𝑖𝑓𝑓): 
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𝑈𝑑𝑖𝑓𝑓 =  √𝑈𝐸1
2 + 𝑈𝐸2

2 

(2) 

where 𝑈𝑒1 and 𝑈𝑒2 are the elevation uncertainties of the differenced datasets [62]. The cross-shore 

length scale ( 𝐿 ) and timestep ( 𝑇 ) were accounted for to evaluate uncertainty associated with 

volumetric change rates (𝑈𝑣𝑜𝑙): 

𝑈𝑣𝑜𝑙 =  𝑈𝑑𝑖𝑓𝑓  ×  𝐿 ÷ 𝑇 

(3). 

3. Results 

3.1. Elevation Uncertainty 

[58]Elevation uncertainty (𝑈𝑒 ) varied based on processing method and feature. In all cases, 

processing data with both onboard UAS RTK and GCPs provided the best agreement with ground-

truth elevations. Overall, 𝑈𝑒 was low (0.07 m) (Table 1, Figure 5), including on the marsh (0.09 m) 

where it is often challenging to detect bare earth on the vegetated surface, even when using a point 

filtering protocol [40,43,57,63]. The shoreline (i.e., the top of the marsh cliff) had the highest 𝑈𝑒 of 

any feature (0.11 m), owing to its steep slope. The 𝑈𝑒 was lowest on the intertidal flat for both SfM 

and echosounder data (0.06 m). 

Table 1. 𝑈𝑒 (m) for SfM data (estimate) compared to RTK data (true) in 2023 and separated based on feature. 

Echosounder data (estimate) is compared to SfM data (true). 

Overall Marsh Shoreline Intertidal Flat Echosounder 

0.07 0.09 0.11 0.06 0.06 

 

Figure 5. Scatter plot comparing estimated to true elevations from 2023 where solid/dashed black lines represent 

the best-fit line for SfM/echosounder validation respectively and the grey line represents a 1-1 relationship. SfM 

data (estimate) is compared to RTK data (true) and colored based on feature. Echosounder data (estimate) is 

compared to SfM data (true) in red and collected solely in the intertidal flat. 

3.2. Elevation Mapping and Profiles 

Integration of SfM and echosounding mapping technologies facilitated the creation of seamless 

elevation maps from the lower intertidal marsh to the marsh cliff and into the subtidal flat for 2022 
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and 2023. Whitespace was eliminated by mapping the marsh and upper intertidal flat with UAS SFM 

at low tide and the entire intertidal flat through echosounding at high tide to create overlap in 

datasets between subaerial and subaqueous environments. Lidar alone was used to create the 2015 

map, which therefore did not include the lower elevations of the intertidal flat. 

DEMs from 2022 and 2023 resolve the detailed morphology of the bay-marsh boundary at a 0.3 

m resolution (Figure 6). However, the lower intertidal flat morphology is derived from echosounding 

data, and while the DEM cell size remains 0.03 m, detail is only resolved to 5 m in the DEM. Elevation 

profiles (Figure 7) show a cross-sectional view of the bay-marsh boundary morphology, including 

the alongshore variability and elevation uncertainty. Profiles include the lower intertidal marsh, the 

steep marsh cliff, and the intertidal flat. The intertidal flat terminates 50 m offshore, but the profiles 

continue, showing 2022 and 2023 elevations meeting within millimeters. Data from 2015 does not 

extend to lower intertidal elevations because no bathymetric data was collected in conjunction with 

this large-scale Lidar mapping effort. The 2015 and 2022 profiles converge to within millimeters of 

each other in the intertidal flat. 

 

Figure 6. (A) Orthomosaic of SP from 2023. (B) Topobathymetric DEM with tidal datums (MLLW, MSL, and 

MHHW) plotted as white lines. The horizontal black lines denote the transition from the northwest region (NW), 

the oyster reef region (Reef), and southeast region (SE). (C) Closeup of the DEM and (D) orthomosaic. (E) 

Difference maps comparing 2022 to 2023 and (F) 2015 to 2023, with the respective shorelines plotted. 
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Figure 7. Elevation profiles showing the cross-sectional morphology of the bay-marsh boundary across the entire 

study site. The solid lines represent the mean elevation of all transects within 1 m horizontal bins. Shading is the 

standard deviation, and error bars represent 𝑈𝑒. The x-axis is zeroed at the location of the 2015 shoreline. 

3.3. Morphodynamic Change 

Lateral change rates of the shoreline at SP were erosional over both timesteps and spatial 

variability was highest at the annual timestep (Figure 8, Table 2). Overall, the mean lateral change 

rates were -1.57  0.15 m yr-1 for the 8-year timestep and -1.54  0.07 m yr-1 for the annual timestep 

(Table 2). The rate of lateral erosion in the reef region significantly decreased from the 8-year (-1.61  

0.15 m yr-1) to the annual (-1.37  0.07 m yr-1) timestep and was significantly less than annual rates in 

the NW (-1.55  0.07 m yr-1) and SE (-1.70  0.07 m yr-1). 

 

Figure 8. (Left) Lateral change rates at the 8-year and annual timesteps separated by region where the dots 

represent the mean, the error bars represent uncertainty 𝑈𝑙𝑎𝑡, and the boxes are the interquartile range. (Right) 

Map of lateral change rates zoomed in to the NW region of SP with the 8-year timestep plotted just offshore of 

the annual timestep. 

Table 2. Lateral change rate means (m yr-1), uncertainty 𝑈𝑙𝑎𝑡, and standard deviations (SD). 

Timestep Region Mean U lat SD

Overall -1.57 0.41

Reef -1.61 0.64

NW -1.56 0.16

SE -1.53 0.26

Overall -1.54 0.83

Reef -1.37 0.98

NW -1.55 0.50

SE -1.70 0.92

8-year

Annual

±0.15

±0.07

 

Elevation difference profiles (Figure 9) allowed for the determination of morphodynamic zones 

(i.e., the entire edge, the inner edge, and the intertidal flat; Figure 1) for each region (Figure S1), and 

revealed a general pattern for a retreating bay-marsh boundary. The greatest magnitudes of erosion 

occurred within the inner edge (Figure 9). Erosion gradually decreased both on- and off-shore of the 

inner edge, defining the extent of the entire edge. 
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Figure 9. Elevation difference profiles at the 8-year and annual timesteps. The solid colored lines represent the 

mean elevation profile for a given year as in Figure 7. Solid black lines are the elevation differences, with the 

standard deviation represented by the grey shading and the 𝑈𝑑𝑖𝑓𝑓 as error bars. The red shading represents 

erosion of the edge; darker red shading is the inner edge specifically; blue shading is deposition in the intertidal 

flat. The x-axis is zeroed at the location of the 2015 shoreline at the 8-year timestep and the 2022 shoreline at the 

annual timestep. 

Mean volumetric change rates of the inner edge were significantly different at the 8-year 

timestep compared to the annual timestep (-0.78  0.22 m3 m-1 yr-1 and -0.25  0.15 m3 m-1 yr-1 

respectively) (Figure 10 and Table 3). Mean volumetric change rates of the entire edge were not 

significantly different between timesteps (-0.88  0.42 m3 m-1 yr-1 at the 8-year timestep and -0.49  0.60 

m3 m-1 yr-1 at the annual timestep). The standard deviation and the interquartile ranges were similar 

from the inner edge to the entire edge at the 8-year timestep and increased from the inner edge to the 

entire edge for the annual timestep. This suggests increased spatial variability of volumetric change 

rates of the erosional area outside the inner edge, herein referred to as the fringe edge, at the annual 

timestep. 

Variations in lateral change rates by region were relatively small at the 8-year timestep, ranging 

from -1.53  0.15 m yr-1 in the SE to -1.61  0.15 m yr-1 in the reef region (Table 2). However, volumetric 

change rates across the inner edge ranged from -0.45  0.21 m3 m-1 yr-1 in the SE to -1.00  0.24 m3 m-1 

yr-1 in the reef region at the 8-year timestep (Table 3). Volumetric change rates were lowest in the SE 

region at the annual timestep (-0.08  0.15 m3 m-1 yr-1), despite a lateral change rate of -1.70  0.07 m 

yr-1. Lateral change rates were weakly correlated (0.25 < r < 0.5) to volumetric change rates at both 

timesteps for each region, except at the annual timestep in the SE where the relationship was not 

significant (Figure S3). This suggests that high lateral change rates do not necessarily imply high 

volumetric change rates. 

Elevation changes across the intertidal flat and the truncated flat were consistently positive, but 

within the margin of error for both timesteps (Figure 9). However, closure of the 2022 and 2023 

elevation profiles near and beyond MLLW suggests that uncertainty may be smaller than the 

indicated values (Figure 7). Deposition in the intertidal flat could be anticipated due to the 

redistribution of sediment eroded from the marsh edge. On longer timescales, deposition on the 

intertidal flat would be necessary for the flat to maintain its elevation relative to mean water level as 

sea level rises. 
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Figure 10. Mean volumetric change rates as dots and 𝑈𝑣𝑜𝑙 as the error bars. Boxes represent the interquartile 

range. Separated by timestep and morphodynamic zone. 

Table 3. The mean and standard deviation of volumetric change rates per alongshore distance (m3 m-1 yr-1) and 

𝑈𝑣𝑜𝑙 (± m3 m-1 yr-1) for each morphodynamic zone and region for both the 8-year and annual timestep. 

Vol. 

Change 

Rate 

U vol

Standard 

Deviation

Vol. 

Change 

Rate 

U vol

Standard 

Deviation

Vol. 

Change 

Rate 

U vol

Standard 

Deviation

Vol. 

Change 

Rate 

U vol

Standard 

Deviation

Overall -0.78 0.22 0.31 -0.88 0.42 0.37 0.06 0.19 0.17 - - -

Reef -1.00 0.24 0.24 -1.11 0.43 0.30 0.09 0.22 0.27 - - -

NW -0.88 0.22 0.24 -1.00 0.39 0.28 0.01 0.12 0.06 - - -

SE -0.45 0.21 0.18 -0.54 0.39 0.22 - - - - - -

Overall -0.25 0.15 0.23 -0.49 0.60 0.73 0.66 1.38 1.28 2.95 4.68 2.76

Reef -0.27 0.13 0.15 -0.80 1.05 0.40 0.29 1.15 0.60 3.81 4.45 3.04

NW -0.37 0.15 0.24 -0.90 0.84 1.29 0.24 0.80 1.36 3.64 4.50 2.76

SE -0.08 0.15 0.16 -0.08 0.13 0.15 1.03 1.70 0.43 1.52 5.00 1.33

8-year

Annual

Inner Edge Entire Edge Truncated Flat Intertidal Flat

Timestep Region

 

3.3.1. Traditional Estimates of Volumetric Change 

Volumetric change rates were estimated for the entire edge using a uniform measurement of 

marsh edge height for approach 1 and a spatially varied measurement for approach 2 (Figure 11 and 

Table 4). For the 8-year timestep, estimates of mean volumetric change rates were -0.78 and -0.76 m3 

m-1 yr-1 for approach 1 and 2 respectively, providing a good estimate of the measured mean of the 

inner edge (-0.78  0.22 m3 m-1 yr-1). Approach 1 poorly represents the distribution of volumetric 

change rates along the marsh edge while approach 2 represents the measured distribution reasonably 

well (Figure 11). The mean volumetric change rates were -0.46 and -0.47 m3 m-1 yr-1 for approach 1 

and 2 respectively at the annual timestep, compared to the measured mean of -0.25  0.15 m3 m-1 yr-1. 

Neither approach provided a good estimate of the measured mean or representation of the measured 

distribution at the annual timestep. 

Table 4. Mean and standard deviation of estimates of volumetric change rates (m3 m-1 yr-1) using limited vertical 

data compare to measured rates of the inner edge. 

Timestep Method Mean SD

Approach 1 -0.78 0.20

Approach 2 -0.76 0.35

Measured -0.78 0.31

Approach 1 -0.46 0.25

Approach 2 -0.47 0.34

Measured -0.25 0.23

8-year

Annual
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Figure 11. Density plots of volumetric change rates of the marsh edge per alongshore distance for each transect, 

based on 2 approaches of estimating volumetric change rates with limited vertical data. The measured values of 

the inner edge are from the comprehensive analysis provided above. 

4. Discussion 

4.1. Elevation Uncertainty 

Vertical accuracy of SfM DEMs was greatest when using both onboard UAS RTK and multiple 

GCPs deployed across the site. Further testing of UAS RTK is needed to reduce reliance on GCPs for 

georeferencing. In our experience, substantial positioning offsets sometimes occurred when mixing 

products from different manufacturers of the base and rover for RTK surveying regardless of the 

baseline distance. Consequently, we used an Emlid base and rover to survey GCPs. However, the 

Emlid also served as the base for the DJI UAS RTK. It is unknown if using a DJI base would improve 

the UAS RTK. At its best, UAS RTK provides instantaneous solutions for each position. Using GCPs 

alone provides fewer positioning measurements (limited by the number of GCPs rather than photos 

taken) but has the advantage of averaging many solutions when surveying each GCP. GCPs can also 

be used as check points, or ground-truth points, to assess SfM accuracy. While surveying without 

GCPs would reduce labor, some amount of ground control is necessary to assess accuracy and verify 

validity of the data. 

 The low uncertainty observed on the intertidal flat (0.06 m) is likely due to the lack of both 

vegetation and steep morphologic features. Unless prominent pooling of water is present, the 

intertidal flat is an excellent surface for SfM at low tide. Dense vegetation increases error on the marsh 

because SfM constructs surfaces based online-of-sight in photographs. This was mitigated through 

point cloud filtering to distinguish bare earth from vegetation points. Elevation uncertainty on the 

marsh was 0.09 m, a low value compared to other studies where marsh elevation uncertainty using 

SfM ranges from 0.17-1 m [64–66], suggesting that the point cloud filtering was successful and 

vegetation was not prohibitively dense. For detecting the shoreline, ground-truth measurements 

were taken on top of the marsh scarp while DEM-derived values relied on digital extraction of the 

shoreline and may select an elevation lower on the scarp. Excellent agreement was observed between 

SfM and echosounder data near the marsh-flat border (Table 1), validating the mapping of 

morphology across the bay-marsh boundary by surveying the marsh and upper elevations of the 

intertidal flat during low tide using UAS SfM and the intertidal flat during high tide using 

echosounding. This result also supports a new method of validating boat-mounted echosounding 

data by creating overlap with UAS SfM. 

4.2. Morphodynamic Change 

Combining mapping techniques allowed us to construct high-resolution DEMs of the marsh-

bay boundary. We differenced DEMS collected one year and 8 years apart to quantify volumetric 
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change rates across different morphodynamic zones of the marsh edge. Whether those differences in 

volumetric change rates are significant is dependent on the temporal change in elevation values and 

their uncertainty. Uncertainty associated with volumetric change rates is a function of the combined 

uncertainty of the DEMs and the cross-shore length scale over which change is measured (equation 

3). Our analysis indicated an overall elevation uncertainty of 0.07 m, however, closure of our 

measured elevation profiles to within a few millimeters on the marsh platform and near and beyond 

MLLW (Figure 7) suggests that there was no offset between datasets and that the uncertainty may be 

smaller. 

Marshes in our study area lost 0.5 – 1.0 m3 m-1 yr-1 across their entire edge over the 8-year interval 

from 2015 – 2023. Volumetric erosion rates for the inner edge were 3 times greater at the 8-year 

timestep compared to the annual timestep, potentially reflecting a high level of interannual 

variability that averages out on decadal timescales. However, volumetric change rates for the entire 

edge did not differ significantly by timestep or from inner edge rates owing to the large uncertainty 

in erosion rates for the fringe edge. The fringe edge contributed approximately 50% of the volumetric 

erosion rate to the entire edge at the annual timestep and only 12% at the 8-year timestep, suggesting 

that the width of the fringe edge does not scale with time and may remain relatively constant. Given 

the mean volumetric erosion rate of the inner edge at the annual timestep (-0.25 m³ m⁻¹ yr⁻¹) and a 

constant contribution from the fringe edge (-0.24 m³ m⁻¹), after 10 years the fringe edge would account 

for less than 10% of total volumetric erosion, indicating that the contribution of the fringe edge to 

volumetric erosion becomes relatively unimportant on decadal time scales. 
Previous studies found that most marsh retreat was caused by moderate storms with a 2.5 month 

return period because the marsh edge tends to be inundated and protected from wave attack during 

larger storm surge events [67]. While retreat rates may be expected to respond to changes in the return 

period of moderate storms, our results show that rates of marsh lateral retreat have been 

approximately constant over the time interval of our study (8 years), consistent with other studies 

that have found nearly constant retreat rates over multiple decades [68]. Volumetric change rates 

were more variable spatially and temporally. 

High lateral change rates in the SE region at the annual timestep were observed due to retreat of 

the vegetation line (Figure 8 and Table 2). However, volumetric change rates were negligible due to 

little change in elevation (Figure 10 and Table 3). Overall, lateral change rates were only weakly 

correlated to volumetric change rates along the entire marsh edge (Figure S3). These findings suggest 

that alongshore variations in volumetric change rates are not necessarily proportional to lateral 

change rates, and that sometimes high lateral change of the vegetation line may occur despite little 

volumetric change. This weak relationship between lateral and volumetric change highlights the 

necessity of measuring volumetric change when quantifying marsh loss/gain contributions to 

sediment budgets. 

Elevation changes on the intertidal flat did not exceed the margin of error. A marsh edge 

volumetric erosion rate of 0.5 m3 m-1 yr-1, representative of our results (Table 3), spread over the 

intertidal flat (50 m) and the marsh platform fringe (~ 30 m) would create an annual deposit thickness 

on the order of 6 mm, indicating it would take over a decade to create a measurable change in flat 

elevation. Future work might refine change measurements in the intertidal flat with an in situ 

approach that measures relative change with the precision necessary to confidently detect millimeter- 

to centimeter-scale change or allow for multiple decades between measurements. Elevation 

measurements that extend onto the intertidal flat are valuable, not only for quantifying change within 

the flat, but also for measuring change across the marsh edge. As the timestep between surveys 

increases, the most recent survey needs to extend at least to the intertidal flat of the baseline survey 

to measure change of the marsh edge completely. Excluding intertidal flat data could result in 

missing contributions from the offshore area of the edge to volumetric change rates. 

4.3. Comparisons to traditional metrics 
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Traditional methods of assessing marsh retreat usually measure lateral change of the marsh 

shoreline from historical imagery. However, volumetric change is needed for sediment budgeting 

and has been correlated to wave energy [28,68], even with limited vertical data. Two approaches for 

estimating volumetric change rates with limited vertical data were compared to measurements made 

from high-resolution DEMs. The mean, spatial variability, and overall distribution of volumetric 

change rates of the inner edge were reasonably well estimated using a spatially varying edge height 

(approach 2) at the 8-year timestep (Figure 11, Table 4), suggesting that volumetric change could be 

estimated at decadal timescales with limited vertical data. In practice, approach 2 involves measuring 

the elevation of the top of the marsh edge, the elevation of the marsh toe just offshore of the marsh 

cliff or shoreline, and the elevation of the marsh toe or tidal flat near the approximate location of the 

previous marsh shoreline. In this example, these measurements are taken every 30 meters alongshore, 

a reasonable task with an RTK system depending on the scale. 

4.4. Oyster Reefs 

The oyster reefs that front a portion of the SP marsh edge were constructed in 2018 and provide 

the opportunity to highlight the value of mapping and quantifying change at a high-resolution along 

the bay-marsh boundary. Constructed oyster reefs can attenuate wave energy at the bay-marsh 

boundary [55], which could mitigate marsh retreat. The baseline survey for the 8-year timestep was 

conducted in 2015, 3 years prior to oyster reef installment, and the annual timestep represents surveys 

from 2022 and 2023, 4 and 5 years post-installment respectively. There was no significant difference 

between 8-year and annual timestep lateral change rates for the NW and SE regions (Figure 8). 

However, lateral retreat rates of the reef region at SP were significantly reduced from -1.61  0.15 m 

yr-1 at the 8-year timestep to -1.37  0.07 m yr-1 at the annual timestep, likely due to a reduction in 

wave attack from the oyster reefs. Maximum slope of the marsh edge decreased over time for the reef 

region and increased over time for the NW and SE region (Figure S4, Table S2). An intertidal flat 

contour was used to approximate the marsh toe in 2015 and 2022 (Figure 12). Erosion of the marsh 

toe was observed in the NW and SE regions while the marsh toe was stable in the reef region (Figure 

12). Although the top of the marsh scarp in the reef region continued to retreat, resulting in 

significantly erosional lateral and volumetric change rates, the stabilization of the marsh toe 

promoted an elongation of the reef-fronted bay-marsh boundary, similar to findings from previous 

work [69]. This analysis demonstrates the values of repeat high-resolution mapping to detect small-

scale change due to human intervention. 

 

Figure 12. Contours of the -0.5 m elevation for 2015 (before oyster reef installment) and 2022 (after oyster reef 

installment). The vertical black lines delineate the NW, Reef, and SE regions. 

5. Conclusions 

The detailed morphology of a bay-marsh boundary was mapped for two consecutive years using 

a combination of UAS SfM and boat-mounted echosounding, with a resolution of 0.03 m and a 
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vertical uncertainty of 0.07 m. A Lidar dataset collected 8 years prior was used to assess changes over 

decadal timescales. Erosion was measured between marsh shorelines (the inner edge), with 

volumetric change rates of -0.78  0.22 m3 m-1 yr-1 at the 8-year timestep and -0.25 0.15 m3 m-1 yr-1 at 

the annual timestep. Lateral change rates were -1.57  0.15 m yr-1 for the 8-year timestep and -1.54  

0.07 m yr-1 for the annual timestep. High lateral change rates were measured in a section of the marsh 

(SE), despite little volumetric change. Lateral and volumetric change rates were only weakly 

correlated along the marsh edge, emphasizing the importance of volumetric measurements when 

quantifying marsh retreat. Volumetric change rates were well estimated at the decadal timescale with 

limited vertical data, suggesting that RTK surveys, measuring elevations of the top and bottom of the 

marsh cliff and the intertidal flat at intervals on the order of 10s of meters, could be used to determine 

volumetric change of the marsh edge. This approach may be particularly valuable and efficient when 

the objective is to monitor volumetric retreat because resolving the high-resolution morphology of 

the bay-marsh boundary may be cost- or skill-prohibitive. A higher resolution mapping approach is 

valuable for evaluating change across the entire bay-marsh boundary at finer scales, making it 

particularly useful for assessing annual or event-driven changes, as well as changes at small spatial 

scales. 
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Abbreviations 

The following abbreviations are used in this manuscript: 
SLR Sea Level Rise 

MLLW Mean Lower Low Water 

SfM Structure-from-Motion 

UAS Unoccupied Aerial System 

DEM Digital Elevation Model 

VCR Volgenau Virginia Coast Reserve 

SP Short Prong Marsh 

AMBUR Analyzing Moving Boundaries Using R 

𝑈𝑒 Elevation Uncertainty 

RMSE Root Mean Square Error 

RSS Root Square Sum 

𝑈𝑑𝑖𝑓𝑓  Elevation Difference Uncertainty 

𝑈𝑣𝑜𝑙  Volumetric Change Rate Uncertainty 

SD Standard Deviation  
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