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Abstract Salt marshes can experience a significant land loss
through erosion and retreat of their perimeter edges. Rates of
shoreline change between 1957 and 2007 were determined for
four salt marshes in a Virginia coastal bay using aerial photo-
graphs and the Digital Shoreline Analysis System (DSAS).
High average rates of lateral erosion of 1.0–1.6 m year−1 were
found at three marshes, while the edge of the fourth marsh,
along the mainland edge of the bay, remained stable. Erosion
rates were temporally consistent during the 50-year period at
the three eroding sites, although there was a significant spatial
variation in rates of change along the length of the edges at
these sites. A simple parametric wave model and the SWAN
(Simulating WAves Nearshore) spectral wave model were
used to calculate incident wave energy flux along the marsh
boundaries at each of the sites. Values of wave energy flux
agreed fairly well between the two models but are sensitive to
the manner in which wave energy flux is calculated. A stron-
ger relationship was found between wave energy flux and
volumetric erosion rates along the marsh edges than with
lateral erosion rates. This is an important consideration when
examining the effects of future sea level rise on marsh loss.
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Introduction

The location of salt marshes in the transitional zone between
terrestrial and marine landscapes confers on them a vital
economic and ecological role. Among the many ecosystem
services they provide, marshes serve as a unique habitat for
many floral and faunal species; filter nutrients and sediments
from the water column; provide a breeding ground and pro-
tective nursery for many fish and bird species; and act as a
coastal buffer against strong winds, waves, and storm surge
(Boorman 1999). The location of salt marshes within the
intertidal zone also makes them vulnerable to erosional pro-
cesses. A combination of natural and anthropogenic processes
is currently leading to a widespread loss of these critical
ecosystems in many parts of the world (Nicholls et al. 1999;
Kennish 2001; Valiela et al. 2009).

Salt marsh erosion is primarily driven by relative sea
level rise, land subsidence, and wave attack along marsh
edges (Day et al. 1998). Relative sea level rise and sub-
sidence have been shown to cause significant surface and
interior marsh erosion on both the Gulf (e.g., DeLaune
et al. 1983; Reed 1990) and Atlantic (Phillips 1986a;
Finkelstein and Hardaway 1988; Kearney and Stevenson
1991) coasts of the USA. However, marshes may also
experience significant erosion along their perimeter edges
due to waves (e.g., Downs et al. 1994; Wray et al. 1995;
Schwimmer 2001). As waves attack the marsh edge, they
dislodge sediment and remove pieces of marsh, leading to
a lateral retreat of the edge and a loss of marsh area. Sea
level rise is predicted to cause more rapid erosion of
marsh boundaries in coastal bays due to increases in water
depths and wave heights (Mariotti et al. 2010). An in-
crease in storminess, which has been observed on the
Virginia coast over the past century (Hayden and
Hayden 2003), is also likely to accelerate marsh edge
erosion (Schwimmer 2001).
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Lateral erosion of salt marshes is of particular importance
when assessing marsh loss potential because, while many
marshes appear to be stable vertically (Kirwan et al. 2010),
the horizontal marsh edge is rarely in equilibrium (Fagherazzi
et al. 2013; Mariotti and Fagherazzi 2013). Even in the ab-
sence of sea level rise, marshes are susceptible to irreversible
horizontal erosion fromwaves in areas with a large expanse of
open water adjacent to the marsh (Mariotti and Fagherazzi
2013). This is evident in some of the bays of the lower
Delmarva Peninsula, where salt marshes have been able to
keep pace with sea level rise vertically (Christiansen 1998;
Willis 2009; Fagherazzi et al. 2013; Wiberg, unpublished
data) but experience horizontal erosion rates on the order of
1 m year−1 (Wray et al. 1995; Kastler and Wiberg 1996).

Long-term changes in the position of marsh boundaries are
commonly measured using historical aerial photographs (e.g.,
Phillips 1986a; Kastler and Wiberg 1996; Erwin et al. 2004).
The Digital Shoreline Analysis System (DSAS), an extension
of the geographic information system (GIS) software ArcGIS
9.3 (ESRI, Redlands, CA), was designed to compute shoreline
rate-of-change statistics (Thieler et al. 2009). DSAS has been
used to analyze changes in shoreline position in a range of
coastal systems, including sandy beaches (Thieler and
Danforth 1994; Morton et al. 2005; Esteves et al. 2009),
coastline cliffs (Addo et al. 2008; Brooks and Spencer
2010), estuarine and lagoon boundaries (Cowart et al. 2010;
Kuleli 2010), and coastal wetlands (Borrelli 2009;
Gorokhovich and Leiserowiz 2012). The more recently devel-
oped AMBUR (Analyzing Moving Boundaries Using R)
software has also been shown to be useful for quantifying
shoreline change (Jackson et al. 2012; Eulie et al. 2013).

Previous studies of marsh boundary change have noted the
importance of wind waves in controlling marsh edge erosion
(e.g., van der Wal and Pye 2004; Mariotti et al. 2010; Tonelli
et al. 2010; Mariotti and Fagherazzi 2013). Schwimmer
(2001) observed a direct relationship between wave energy
and shoreline erosion rates at salt marshes in Rehoboth Bay,
Delaware. Marani et al. (2011) presented a dimensional anal-
ysis to relate the rate of retreat, R, of marsh edge scarps;

average incident wave energy flux, P; scarp height, h; water
depth, d; and effective marsh cohesion, c. Their resulting
relationship
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was tested successfully against erosion rates in the Venice
lagoon, where they concluded that f(h/d)/c was roughly con-
stant and, therefore, VER ¼ αP, where volumetric erosion rate
(VER)=Rh is the volume of marsh sediment removed by edge
erosion and α is a coefficient of proportionality.

In situ measurements of wave heights and energy provide
an accurate assessment of wave conditions at specific loca-
tions within marshes and along marsh boundaries (Moeller
et al. 1996; Moller et al. 1999; Bouma et al. 2005); however,
they are limited spatially and usually relatively short in dura-
tion. Wave models developed and verified for shallow-water
systems have been proven to be a useful and effective alter-
native means of estimating the spatial and temporal character-
istics of waves in shallow bays (Carniello et al. 2005;
Callaghan et al. 2010; Mariotti et al. 2010).

In this study, aerial photographs and DSAS were used to
determine rates of marsh edge erosion or progradation over a
50-year period at four representative sites in a shallow coastal
bay on the Eastern Shore of Virginia as well as spatial and
temporal trends in marsh shoreline change. While marsh loss
at these sites may also occur through tidal creek widening or
dissection and interior ponding, the focus of this study is on
changes along the perimeter edge at the intersection of the
marsh and coastal bay. Marsh edge erosion rates at each site
were compared with average incident wave energy flux
calculated using the Young and Verhagen (1996) parametric
wave model for shallow bays and the SWAN (Simulating
WAves Nearshore) (Booij et al. 1999) spectral wave model.
Linear erosion rates were combined with scarp height mea-
surements to evaluate the applicability of the Marani et al.
(2011) volumetric erosion relationship (Eq. 1) to this coastal
system. Potential changes in erosion rates associated with
predicted increases in sea level along the US mid-Atlantic
coast were also examined.

Study Area

This study was conducted at salt marsh sites fringing Hog
Island Bay, a shallow coastal bay near the southern end of the
Delmarva Peninsula (Fig. 1). Hog Island Bay is a part of the
Virginia Coast Reserve (VCR) Long Term Ecological Re-
search (LTER) site. The VCR is a barrier-lagoon-marsh sys-
tem that extends over 100 km along the Atlantic side of the
peninsula. Hog Island Bay covers an approximate area of
100 km2, with a maximum fetch between mainland and island
(WNW-ESE) of roughly 11.5 km. The mean water depth of
the bay is 2.1 m with respect to mean sea level, and about
50 % of the surface area is less than 1 m at mean low
water (Oertel 2001). Tides within the bay are semidiurnal,
with a mean tidal range of 1.2 m. Mainland, island, and
back-barrier salt marshes are prevalent within the bay
system and cover approximately 30 % of the total surface
area (Oertel 2001). The VCR is an area of low population
density, and therefore, the marshes are minimally impact-
ed by human development, shoreline stabilization struc-
tures, and heavy boat traffic.
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Four representative marsh sites were chosen for their vary-
ing shoreline orientation and wind exposure within the bay
(Fig. 1). The Hog Island (HI) marsh site is a back-barrier
marsh located on the southern portion of Hog Island. It is
the most seaward of the four sites and is predominately
oriented toward WNW. The Chimney Pole (CP) marsh site
is on the interior edge of a large marsh island inside of Quinby
Inlet near the northern tip of Hog Island; the shoreline faces
WSW. A previous study (Kastler and Wiberg 1996) indicated
that some areas of this marsh have experienced a significant
lateral retreat (1.2 m year−1). The third site, Matulakin Marsh
(MM), lies at the northern limit of the bay. This marsh extends
into the lagoon from the mainland, and its edge faces SSW.
The fourth site is located on Fowling Point (FP), a large
mainland marsh. This is an especially low-lying marsh that
is fronted by an extensive mudflat and faces ESE toward
the bay interior. Because Hog Island Bay is the largest of
the VCR bays and none of these marshes are particularly
sheltered, all of the sites have relatively large fetches
(>5 km) in at least some directions. A steep or nearly
vertical scarp is present at the edge of HI, CP, and MM
(Fig. 2), while FP has a gentle sloping edge extending
from the mudflat to the marsh interior. Sediment charac-
teristics of the marshes differ among the four sites, with
median grain sizes in the range of medium sand, fine
sand, coarse silt, and fine silt at FP, HI, CP, and MM,
respectively (McLoughlin 2010).

Methods

Aerial Photographs

Aerial photographs were obtained for the selected sites based
on availability and image quality. Photographs were obtained
for 1957, 1989, 2002, and 2007, spanning a 50-year period; no
photographs of an adequate quality for this analysis existed
between 1957 and 1989. The earliest images collected were
1:20,000 black and white aerial photographs flown in 1957 for
the Farm Service Agency of the United States Department of
Agriculture. The 1989 images were 1:20,000 color-infrared
photographs shot on a NASA flight for the National Park
Service. The final two sets of images were digital
orthophotographs flown in 2002 (1:4,800) and 2007
(1:2,400) through the Virginia Base Mapping Program
(VBMP). The 1957, 2002, and 2007 images were obtained
in digital formats, while the 1989 images existed only as film
transparencies and were scanned with an Epson Expres-
sion 10000XL scanner. The ground resolution for the
1957, 1989, 2002, and 2007 photographs was 0.3, 0.7,
0.6, and 0.3 m, respectively.

The 2002 and 2007 photographs were obtained in their
orthorectified form and thus required no post-processing.

The 1957 and 1989 photographs were georectified in
ArcGIS using ground control points (i.e., road intersec-
tions and corners of buildings where present); because
permanently constructed features are rare in the VCR,
tidal creek intersections were used as ground control
points in their absence (Kastler 1993; Higinbotham et al.
2004). The 2007 digital orthophotograph served as the
base layer to which the images were rectified. A root
mean square (RMS) error for the ground control points
within 5 m was considered sufficient for the images to be
used in the shoreline change analysis (Hughes et al.
2006), a condition that was met for both the 1957 and
1989 photographs.

Total positional uncertainty (Ut) of the marsh shorelines
was calculated following Cowart et al. (2010) as

U t ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
r þ E2

d1957 þ E2
d1989 þ E2

d2002 þ E2
d2007

q
ð2Þ

where Er is the rectification error, and Edi is the digitization
error for the marsh edge in year i, where i=1957, 1989, 2002,
and 2007. Previous studies have used RMS error to represent a
rectification error in uncertainty calculations (Fletcher et al.
2004; Cowart et al. 2010). Because RMS errors could not be
obtained for all 4 years in this study, we used the locations
of stable control points to determine positional accuracy.
Five stable features (i.e., roads, houses, and the most stable
creek intersections) were digitized at each site for each
photo; the maximum distance between these features was
measured and averaged for each site to obtain an estimate of
positional accuracy. Digitization errors were determined by
digitizing the same stretch of marsh edge three times for
each image and finding the average maximum distance
between the lines along the length of the edge. The posi-
tional and digitizing errors for the respective marsh sites are
presented in Table 1. The Ut of the marsh edges was less
than ±5 m at all of the sites, which equates to an annual
error of less than ±0.1 m year−1 when distributed across the
50-year period of analysis. The positional uncertainties of
the marsh edges are similar to those found in other coastal
studies (Moore and Griggs 2002; Fletcher et al. 2004;
Cowart et al. 2010).

Shoreline Change Analysis

For each aerial photograph, we digitized an approximately 3-
km-long stretch of the marsh edge at each site. Shoreline
change statistics were calculated based on the four digitized
shorelines for each site using DSAS. Three inputs were re-
quired for each site: a set of digitized shorelines, a baseline
that runs adjacent to the marsh shorelines, and a set of shore-
normal transects that are cast off of the baseline (Fig. 3). In this
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study, transects were spaced at 10-m intervals along the marsh
edge to provide an adequate spatial resolution to represent

rates and trends over the 3-km stretch of shoreline; more
closely spaced transects did not prove to be necessary for the

Fig. 1 Locations of the marsh
sites in Hog Island Bay at the
southern end of the Delmarva
Peninsula (inset). FP Fowling
Point, MM Matulakin Marsh, CP
Chimney Pole, HI Hog Island

A B

C D

Fig. 2 Representative
photographs of the marsh edge at
HI (a), CP (b), MM (c), and FP
(d)
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scale or scope of this analysis. Individual transects that were
oriented in problematic or inappropriate positions (i.e., direct-
ed landward or at extreme angles) were edited manually to
provide a more suitable position with reference to the shore-
lines; fewer than 15% of transects needed correction. A linear
regression rate (LRR) for each transect was calculated by
fitting a least squares regression to shoreline date versus
horizontal distance from the baseline. The slope of the regres-
sion line is the change in shoreline position as a function of
time (Morton et al. 2004; Thieler et al. 2009). Themean rate of
change for each marsh shoreline was determined by averaging
the LRRs for each transect across the entire length of the
marsh edge. The distribution of R2 values for the best fit lines
at each marsh site was used to evaluate whether erosion rates
have been constant over time.

Statistical analyses were performed using the statistical
software SPSS 18 (SPSS, Chicago, IL). Rates of change were
compared between sites using a one-way analysis of variance
(ANOVA). Due to heteroscedastic data, the Welch option in
SPSS was used to perform Welch’s variance-weighted
ANOVA to correct for unequal variances. Post hoc compari-
sons were performed using Dunnett’s C test.

Marsh Edge Elevation and Scarp Height

Elevation and height of the marsh edge scarps at our study
sites were determined by surveying along the edge of CP,
MM, and HI using a Trimble R8 GNSS survey system and
were post-processed to yield elevations accurate to ~20 mm
and horizontal positions accurate to 10 mm. As no distinct
scarp was present at FP, edge morphology at that site was
characterized by five edge-normal profiles that extended from
>100m inland to 10m seaward of the shoreline corresponding
to mean sea level (MSL).

Wave Conditions at the Marsh Edges

Wave conditions in Hog Island Bay were computed using
both the Young and Verhagen (1996) parametric model for
depth-limited environments and SWAN (Booij et al. 1999), a
third-generation directional spectral wave model that accounts
for shoaling, refraction, breaking, and bottom friction. The
Young and Verhagen (1996) model (hereafter YV96) calcu-
lates significant wave height and peak period, given a wind

speed of 10 m above the surface, fetch, and average water
depth along the fetch. SWAN was executed through the wave
module in the Finite Volume Coastal Ocean Model (FVCOM,
Qi et al. 2009), using an unstructured bathymetric grid that
was generated for circulation and sediment transport studies at
the VCR (e.g., Mariotti et al. 2010). Wave data from Hog
Island Bay during winter 2009 (Mariotti et al. 2010) were
available for testing calculated wave conditions. Measure-
ments of waves and water levels were made from 10 Jan to
10Mar 2009 using RBR-Global tide and wave gauges atMM,
FP, and a site in the central portion of the bay (CB); measure-
ments at CP and HI were made from 11 Jan to 12 Feb 2009
using Nortek Aquadopps. In all cases, waves were recorded at
2 Hz for 5 min every half hour from which standard methods
(see, e.g., Wiberg and Sherwood 2008) were used to deter-
mine half-hourly significant wave height and period.

We used the YV96 model to calculate wave height and
period for the year-long period from 1 Oct 2008 to 30 Sep
2009 based on winds and water levels recorded every 0.1 h at
the National Oceanic and Atmospheric Administration
(NOAA) tide station in Wachapreague, VA, about 20 km
NNE of Hog Island Bay (Fig. 4; www.tidesandcurrents.
noaa.org); <2 % of wind values and <1 % of water levels
were missing during this 12-month period and were filled in
by interpolation. YV96 assumes winds are measured 10 m
above the surface, whereas the anemometer at the
Wachapreague station is mounted on top of a shed on a dock
at a height significantly less than 10 m. Wachapreague winds
were compared with winds at two other nearby locations to
determine an appropriate correction for anemometer height:
NOAA’s Kiptopeke station (KHLV2 with anemometer at 6.
4 m, located near the southern tip of the Delmarva Peninsula),
and Chesapeake Light station (CHLV2 with anemometer at
43 m, located about 30 km southeast of the southern tip of the
Delmarva Peninsula; www.ndbc.noaa.gov). Increasing
Wachapreague winds by a factor of 1.75 and Kiptopeke
winds by a factor of 1.1 while reducing CHLV2 winds by a
factor of 0.75 is consistent with an anemometer height of 10m
and brings the means and standard deviations of wind speeds
at the three sites to within 25 % of each other. These
adjustments were applied to all wind data used here (Fig. 4).

For every hour of the 2009 wind and water level record
from Wachapreague, fetch and average depth along the fetch
were calculated from wind direction and a digital elevation

Table 1 Errors associated with
positional accuracy (Er) and digi-
tization (Ed1957, Ed1989, Ed2002,
Ed2007) used to calculate total (Ut)
and annual (Ua) uncertainty.
Values for the individual sites and
an average for the entire analysis
are provided

Site Er (m) Ed1957 (m) Ed1989 (m) Ed2002 (m) Ed2007 (m) Ut (m) Ua (m year−1)

FP 2.51 0.42 0.34 0.41 0.21 2.61 0.05

HI 1.72 0.48 0.44 0.47 0.32 1.93 0.04

CP 2.72 0.44 0.45 0.62 0.45 2.90 0.06

MM 4.64 0.56 0.52 0.54 0.35 4.75 0.09

Average 2.90 0.48 0.44 0.51 0.33 3.03 0.06
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model (DEM) of the bay and surrounding region. Elevations
of the portions of the land surface above MSL were raised by
0.5 m to reflect the height of the marsh vegetation canopy;
wave energy is dissipated and wave formation is inhibited
when water levels are within the height of the marsh canopy
(Knutson et al. 1982; Moller et al. 1999). Waves in shallow
bays are strongly depth controlled (Fagherazzi and Wiberg
2009), and depths of the tidal flats adjacent to fringing
marshes are shallower than the average depth of the bays. To
account for the effects of locally shallower depths on wave
height and period compared to wave conditions consistent
with the average depth over the full fetch distance, we ran
YV96 with inverse distance-weighted average depths as well
as unweighted average depths. The tidal range in Hog Island
Bay is 10 % larger than values recorded at Wachapreague, but
otherwise, water levels at the two sites are in excellent agree-
ment (correlation coefficient=0.93 at CB for 10 Jan–10 Mar

2009). The distribution of water levels in Hog Island Bay,
based on measured tides in Wachapreague over the period
1996–2000, is shown in Fig. 4d.

SWAN was run on the VCR model domain for 4 wind
speeds (5, 10, 15, and 20 m s−1) and 12 wind directions,
resulting in 48 simulations at water levels ranging from −0.2
to 1.0 m above MSL (six depth increments). In the simula-
tions, winds were kept constant throughout the model domain.
The frequency of winds associated with each of the 4 wind
speeds and 12 directions (Fig. 4) was calculated for the 2009
wind data recorded at Wachapreague, for a 20-year wind
record (1988 to 2007) from CHLV2 and for 2009 (calendar
year) wind data from CHLV2; less than 4 % of the 20-year
record and <1 % of the 2009 record were missing. The 2009
wind records for Wachapreague and CHLV2 are offset by
3 months because of data gaps in fall 2009 at Wachapreague
and fall 2008 at CHLV2.

Fig. 3 An example of the three
required DSAS input feature
classes (baseline, shorelines, and
transects) for a portion of the
marsh edge at CP
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Water level records over the 20-year period from 1988 to
2007 are not available for the VCR, so it was not possible to
calculate wave height and period time series for those 20 years
as we did using YV96 for 2009. Instead, 20-year average
wave conditions at each site were calculated as the
frequency-weighted average of the wave conditions calculated
using SWAN for the 48 wind speed and direction combina-
tions and 6 water depths described above. The SWAN-
generated wave values analyzed below are from nodes of the
model grid that bordered the four marsh edges that are the
focus of this study. These wave conditions were interpolated
to provide significant wave height, dominant period, and wave
direction at the depth of the base of each marsh edge scarp.
The same approach was used to calculate wave conditions
using SWAN for 2009.

Wave Energy at the Marsh Boundary

The potential impact of surface waves on marsh edge erosion
was quantified in terms of wave energy flux (units of W m−1;

also referred to as wave power, Schwimmer 2001, or wave
power density, Marani et al. 2011) at the marsh edges. Wave
energy flux at the marsh edges was calculated using methods
similar to those of Mariotti et al. (2010) and Marani et al.
(2011). Incident wave energy flux is given by

Pi ¼ ρgH2
s

8
cgcos αð Þ ð3Þ

whereHs is significant wave height, cg is wave group velocity,
ρ is water density, g is gravitational acceleration, and α is the
angle between the direction of wave propagation and a line
normal to the marsh edge. For YV96, waves are assumed to
propagate in the direction of the wind, so α is the angle
between the wind and shoreline directions (αwind). SWAN
computes wave direction, including effects of refraction. In
this case, α is the angle between wave direction and the shore-
normal direction (αwave). If the wave crests fully refracted to
be shore parallel,αwave=0. However, water depths at the bases
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Fig. 4 Wind roses of directional wind data obtained from two NOAA
meteorological stations in Virginia: aWachapreague, from 1 Oct 2008 to
30 Sep 2009, and b Chesapeake Light (CHLV2), from 1 Jan 2009 to 31
Dec 2009, and c CHLV2 from 1988 to 2007. The Wachapreague winds
were increased by a factor of 1.75, and the CHLV2winds were decreased
by a factor of 0.75 to adjust the wind measurement heights to approxi-
mately 10 m above the surface. The 2009 records from Wachapreague

and CHLV2 (shown for comparison) are slightly offset because data from
CHLV2 were not available for much of fall 2008, and data from
Wachapreague were intermittent in fall 2009. However, wind roses for
Wachapreague differed only slightly for 1 Oct 2008–30 Sep 2009 com-
pared to 1 Jan 2009–31 Dec 2009. d Distribution of water surface
elevations (relative to mean sea level (MSL)) from 1996 to 2000 at
Wachapreague, VA; values in Hog Island Bay are about 10 % larger
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of the marsh scarps (CP, MM, and HI) averaged 0.8 m below
MSL. As a result, the short period waves (1–3-s average
period) formed in these shallow bays generally did not
fully refract such that 0<αwave<αwind. We set Pi=0
when cos(αwind)<0, that is, when wind approached the
marsh edge from the back-marsh direction.

Marsh shorelines at the four study sites were subdivided
into one to four segments to capture marked changes in marsh
edge orientation within each site (Fig. 5) that would affect
incident wave energy flux and therefore, potentially, erosion
rates. Incident wave energy fluxwas calculated for eachmarsh
edge segment based on the YV96 and the SWAN wave
calculations.

To obtain annual average incident wave energy flux at each
site using YV96, the annual time series of incident wave
energy flux, PYV, was averaged over the full year with Pi=0
when water levels were above the marsh platform (Tonelli
et al. 2010).

For the SWAN results, incident wave energy flux for each
segment was calculated using Eq. 3 for each wind speed, wind
direction, and water depth combination. The resulting values
of Pjk, where j refers to the wind speed and direction combi-
nation and k refers to water level, were used to calculate the
frequency-weighted average over all wind speeds and direc-
tions for each water level, Pk

Pk ¼
X48

j¼1
f jPjk ð4Þ

where fj is the probability of occurrence of each of the 48
possible combinations of wind speed and direction. Values of
Pkwere calculated for 20-year (1988–2007) and 1-year (2009)
probability distributions of winds from CHLV2 (Fig. 4).

Average incident wave energy flux acting on the scarp was
calculated as the frequency-weighted sum of the incident
wave energy flux over the height of the scarp as

PSWAN ¼
XKT

kz¼KB
εkzPkz ð5Þ

where εkz is the fraction of time that the water surface is within
any increment of elevation in the water level record (Fig. 4d),
andKB andKTare the indices of the elevations corresponding
to the scarp base and top, respectively. Elevation increments
of 0.025 m were used in the summation in Eq. 5, with values
of incident wave energy flux for each increment, Pkz, deter-
mined by interpolation of the SWAN-derived values of Pk,
which varied nearly linearly with water depth, to the finer
vertical grid. Because the summation does not extend to water
surface elevations above the top of the marsh edge scarp,
values of PSWAN calculated using Eq. 5 are consistent with

values of PYV obtained by setting Pi=0 when water levels
were above the marsh surface.

For both methods of calculating wave conditions, site
average wave energy flux was calculated as the length-
weighted average incident wave energy flux over all segments
within each site.

Results

Erosion Rates

Average rates of change of marsh edge position differed
significantly among the four sites over the 50-year period
from 1957 to 2007 (Welch’s ANOVA, F=736.4, df=3,
p<0.0001; Table 2). MM experienced the greatest rate of
lateral erosion, averaging 1.6±0.03 m year−1, followed by
CP at 1.3±0.04 m year−1 and HI at 1.0±0.04 m year−1. The
mean rate of change at FP (0.02±0.02 m year−1) was negligible
compared to that at the other sites and fell within the margin of
uncertainty for the shorelines at that site (Table 1). The high
coefficient of determination (R2) values for the linear regres-
sions performed on the DSAS transects indicated a strong
linear relationship between year and distance from the baseline
at MM, CP, and HI (Table 2, Online Resource 1), suggesting
that lateral erosion rates have been relatively constant at these
sites over the last 50 years. Smaller R2 values were obtained for
the best fit lines along transects at FP (mean R2=0.60), which
may be associated with the small rates of change obtained for
the marsh edge at this site but could also reflect greater tempo-
ral variability in rates of shoreline change.

At the three eroding sites (HI, CP, and MM), rates of
change of shoreline position varied spatially along the total
length of the marsh edge (Fig. 5). The edge at MM had the
greatest rates of erosion, with over 95 % of the edge
experiencing lateral erosion rates in excess of 1 m year−1

(Table 3). The percentage of the shoreline dominated by
higher erosion rates (>1 m year−1) decreased from MM to
CP to HI. Sixty percent of the shoreline at HI eroded at less
than 1 m year−1, compared to less than 5 % at MM. Erosion
rates along HI and CP trended from higher values at the
northern ends of the study sections to lower rates at the
southern ends (Fig. 5). FP exhibited a less variable pattern of
change along its edge and was dominated by a single shoreline
change class (erosion between 0 and 0.5 m year−1). HI and FP
were the only sites to exhibit areas of progradation; however,
these accretion areas constituted less than 4 % of the HI
shoreline while 29 % of FP’s edge prograded over the 50-
year period.

Average marsh edge elevation varied significantly
(p<0.05) among the four study sites, ranging from
−0.09 m (FP) to 0.39 m (MM) (Table 2). Within-site
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variation in elevation was also considerable at the eroding
sites. Elevation at CP increased relatively steadily from a
low of close to MSL at the northwestern end to greater

than 0.5 m at the southeastern end of the study reach, with
an intermediate high region (~0.4 m) bordering a large
tidal channel that intersects the marsh edge (Fig. 5a).

A B

C

D

Fig. 5 Linear regression rate
(LRR) for transects at CP (a),
MM (b), HI (c), and FP (d). Blue
hues indicate progradation and
red hues indicate erosion. White
bars and numbers indicate the
marsh segments used in our
analysis of incident wave energy
flux, which depends on marsh
edge orientation

Table 2 Mean rates of shoreline change and R-squared (±1 S.E.) for the linear regressions performed on transects at the study sites, along with mean
elevation heights and tidal flat depths near the marsh edges

Site Mean rate of changea (m year−1) Mean R-squared Marsh edge elevation (m) Tidal flat depthb (m)

FP 0.02±0.02* 0.60±0.021 −0.09±0.03 −0.55±0.04
HI 0.98±0.04* 0.91±0.010 0.16±0.01 −0.84±0.04
CP 1.28±0.04* 0.95±0.008 0.27±0.02 −0.66±0.04
MM 1.62±0.03* 0.98±0.003 0.39±0.01 −0.73±0.03

*p<0.05, significant differences in the mean erosion rates
a Greater than 200 transects were used to calculate mean rates of change
bDepths were measured ~5 m offshore of marsh edge
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Elevations at MM were more variable, with a small but
measurable decrease from about 0.5 m at the western end
to 0.4 m at the eastern end and with shorter wavelength
(~100–500 m) variations of ~0.4 m. No large-scale trend
in elevations was present at HI, but at the intermediate
scale (~500–1,000 m), elevation variability was in the
range of 0.2–0.6 m. Because FP lacked a distinct scarp
over much of its edge, we defined the location of the edge
in terms of the edge of vegetation rather than the geomor-
phic form of the edge. Its elevation was consistently close
to MSL.

The morphologies of the marsh edges we examined fell
into three broad categories. FP lacked a distinct scarp
(Fig. 2d) and was characterized by a gradual increase in
elevation from offshore to a local maximum about 8 m
into the marsh. The edge along much of CP (Fig. 2b) and
portions of HI was characterized by a terrace below the
marsh edge that extended several meters offshore. A dis-
tinct scarp lacking any intermediate terrace was present
along the edge of MM (Fig. 2c) and large stretches of HI
(Fig. 2a). We characterized the depth of the base of the
scarp as the alongshore average depth at a distance of
roughly 5 m offshore of the scarp top, beyond the extent
of any terrace. This depth varied from 0.66 to 0.84 m
below MSL for the eroding sites (Tables 2 and 4). For FP,
the average depth 5 m offshore of the edge (0.55 m below
MSL) was well beyond the base of any small marsh edge
scarp that was intermittently present along this marsh
edge.

Volumetric erosion rate for each marsh segment was cal-
culated as lateral erosion rate times scarp height, defined as an
elevation difference between the top of the marsh and the
depth 5 m offshore (Table 4). This assumes that scarp height
and morphology have been roughly constant over the 50-year
period of interest. While it is unknown whether edge mor-
phology has remained constant over this entire period, our

observations during the past 5 years suggest that edges have
tended to retain their morphology (e.g., terraced or unterraced)
as they erode. Among the sites, volumetric erosion rates are
strongly correlated to lateral erosion rates (R2=0.86).

Wave Energy Flux at the Marsh Boundary

Significant wave heights calculated using the YV96 wave
model agree relatively well with wave measurements in the
central region (CB) of Hog Island Bay (Fig. 6b) and near
the edges of MM (Fig. 6c) and FP, the sites with the longest
wave records; correlation coefficients between measured
and calculated wave heights were 0.67 for CB, 0.74 for
MM, and 0.71 for FP. Correlation coefficients for the sites
with the shorter wave measurements were 0.73 for HI and
0.64 for CP. Generally, comparable correlation coefficients
(0.66, 0.61, and 0.71 for CB, MM, and FP, respectively)
were obtained for wave heights determined using SWAN
(Safak and Wiberg 2012). The largest wind event during
the year-long record (days 60–61, Fig. 6) was characterized
by winds from the NNE and peak storm surge in excess of
0.5 m. Measured waves in CB reached peak values of
0.89 m during this event, while the MM site recorded
almost no increase in wave height, owing to the presence
of the adjacent marsh in the direction from which the wind
was blowing (Fig. 6c). Therefore, even during high wind
and water conditions, little wave energy was present when
winds approached a marsh edge from the back-marsh di-
rection. Wave periods in Hog Island Bay varied tidally,
with most values in the range of 1–3 s.

Annual averages of wave energy flux for each marsh
segment calculated using YV96 (PYV-09) and mean values
for each site are listed in Table 5. Also tabulated are values
determined from the SWAN model for the same time
period (PSWAN-09) and for the 20-year record (PSWAN-20).
Regardless of the method used to calculate incident wave
energy flux, site-averaged values were greatest at MM and
least at FP. Of the intermediate sites, PYV-09 was higher for
CP than HI, following the trend of measured erosion rates,
whereas PSWAN-09 and PSWAN-20 were higher for HI than
CP (Table 5).

A scatter plot of PYV-09 versus PSWAN-20 for all marsh
edge segments yielded an R2=0.60 and a slope that was not
significantly different from 1.0 (Fig. 7a). The most notable
point of disagreement was the edge segment HI-3 (Fig. 5);
without this point, the R2 increased to 0.87. Values of
PSWAN-09 and PSWAN-20 were very well correlated (R2=
0.99; Fig. 7b) with a slope of 0.95, suggesting that the
wind record from 2009 is representative of the longer-term
(1988–2007) wind and wave climate in the VCR.

Wave energy flux calculated from the year-long wave time
series obtained using YV96 (PYV-09) was significantly corre-
lated (p<0.05) with VERs for individual segments and for the

Table 3 Percentage of transects that fall within specified shoreline
change classes

Rate of change (m year−1) Percentage of transects

FP HI CP MM

Progradation

0–0.5 23.1 3.4 0 0

>0.5 5.5 0 0 0

Erosion

0–0.5 68.1 20.1 18.4 0.8

0.5–1.0 3.3 39.8 12.6 3.7

1.0–1.5 0 12.9 26.9 42.3

1.5–2.0 0 15.2 31.4 31.3

>2.0 0 8.7 10.8 22.0
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site means (Fig. 7e, Table 6). The correlation between linear
erosion rate (LER) PYV-09 was not significant for the segments
but was significant for the site means (Fig. 7c). Wave energy
flux calculated using SWAN and the 20-year probability dis-
tribution of winds at CHLV2 (PSWAN-20) was not significantly

correlated with VER or LER for individual segments but was
for site means (Fig. 7d, f; Table 6). Segment HI-3 strongly
influenced the goodness of fit of PSWAN-20 versus VER;
eliminating this point from the regression yielded a significant
relationship (Fig. 7f, Table 6).

Table 4 Marsh segment morphology and erosion rates

Site Segment

Seg No. Length (m) Anglea Erosion rate (m year−1) Marsh edge elevation (m) Flat depth (m) Eroded volume
(m3 m−1 year−1)

FP All 1,650 110 0.02±0.02 −0.09±0.03 −0.55±0.04 0.01

HI 1 195 290 2.01±0.06 0.11±0.01 −0.80±0.07 1.83

2 515 300 1.21±0.08 0.18±0.02 −0.79±0.05 1.17

3 260 295 0.65±0.05 0.31±0.02 −0.89±0.13 0.78

4 468 270 0.60±0.04 0.08±0.01 −0.87±0.06 0.57

CP 1 98 200 1.99±0.04 0.02±0.003 −0.69±0.05 1.42

2 244 230 1.29±0.08 0.17±0.03 −0.65±0.06 1.05

3 307 265 1.43±0.07 0.33±0.02 −0.64±0.07 1.39

4 163 310 0.37±0.02 0.53±0.02 −0.60±0.13 0.42

MM 1 158 170 1.31±0.05 0.46±0.03 −0.65±0.05 1.46

2 532 210 1.38±0.04 0.49±0.01 −0.76±0.05 1.73

3 1,000 225 1.80±0.04 0.34±0.01 −0.75±0.04 1.95

a Degrees from north (0) to the bayward-directed perpendicular to the marsh edge
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Discussion

Erosion Rates

The marsh edges at HI, CP, and MM all experienced an
average erosion rate at or above 1 m year−1 (Table 2). Erosion
rates equal to or greater than 1 m year−1 have also been found
along marsh shorelines in coastal systems in Europe and the
Atlantic coast of the USA (e.g., Wray et al. 1995; Day et al.
1998; van der Wal and Pye 2004). Erosion rates at CP agreed
well with those reported by Kastler and Wiberg (1996), who
found an approximate erosion rate of 1.2 m year−1 between
1949 and 1990 at their study site on the marsh island; this
study found rates between 1.0 and 1.5 m year−1 in the same
vicinity. The rapid erosion along the edges ofMM, CP, and HI
is supported by the presence of steep or vertical scarps at these
sites, which is a characteristic feature of retreating marsh
edges (Schwimmer 2001). The low rates of shoreline change
found at FP are consistent with the morphology of its edge,
which is marked by a gentle gradient between mudflat and
marsh interior and suggests a stable or prograding shoreline
(van Eerdt 1985; Fagherazzi et al. 2006).

Significant alongshore variability in shoreline change was
observed at the three eroding marshes. This variability in
erosion along the length of a marsh edge appears to be a
common feature of salt marshes in coastal bays and also has
been observed at marsh sites in Delaware Bay (Phillips

1986a), Rehoboth Bay (Schwimmer 2001), Chesapeake Bay
(Wray et al. 1995), and the Albemarle-Pamlico Estuarine
System (Cowart et al. 2010, 2011). Much of the alongshore
variability in marsh erosion may be attributed to small-scale,
local variations along the edge, such as the morphology of the
edge or vegetation characteristics (Phillips 1986b). The char-
acteristics and morphology of the edge determine its exposure
to wave activity and may influence its erosion resistance
(McLoughlin 2010; Priestas and Fagherazzi 2011).

If, as Marani et al. (2011) argue, wave power is linearly
proportional to volumetric erosion rate rather than simply the
rate of horizontal retreat, then some of the observed variability
in erosion rates might be explained by offsetting variations in
marsh scarp height. At CP, the erosion rate was generally higher
where the marsh height was lower (Fig. 8), but depths to the
base of the scarp were larger and less variable than elevations
above MSL to the top of the scarp (Table 4). As a result,
volumetric erosion rates were only modestly less variable than
horizontal erosion rates along the edge at CP (Table 4). Patterns
of elevation and erosion rates showed less correspondence at
HI and MM (Fig. 8), though at all sites, large excursions in
elevation, which are often accompanied by variations in ero-
sion rates, were generally observed at locations where tidal
creeks intersect the marsh edge (Fig. 5).

A variety of factors in addition to marsh morphology can
affect the erodibility of the marsh edge, including sediment
composition, stratigraphy, compaction, vegetation character-
istics, invertebrate activity, and nearby oyster reefs. Sediment
characteristics have been shown to have a significant impact
on erosion rates at other marsh sites (Feagin et al. 2009;
Cowart et al. 2010), with areas of coarser substrate eroding
more easily than those with finer sediment. However, sedi-
ment characteristics do not tend to vary significantly along the
edge of individual marshes in the VCR (McLoughlin 2010;
Taube 2013) and a negative relationship was found between
median grain size and site mean erosion rates for the four sites
considered here (McLoughlin 2010). Therefore, sediment size
alone cannot explain within-site variability in rates of shore-
line change in this study. Understanding how different char-
acteristics of a marsh can impact its erosion resistance and
contribute to spatial variability in erosion rates is a complex
issue that merits further research but is beyond the scope of the
present analysis.

Despite spatial variability, erosion occurred at tempo-
rally consistent rates from 1957 to 2007 at MM, CP, and
HI. This is indicated by the high coefficients of determi-
nation associated with the linear fits to shoreline position
as a function of time along the DSAS transects at the
three sites (Table 2). This temporal uniformity in erosion
was also noted at marsh islands in Chesapeake Bay
(Wray et al. 1995). Cyclic periods of erosion and
progradation have been observed at some marsh sites
(Schwimmer and Pizzuto 2000; Cox et al. 2003; van

Table 5 Incident wave energy flux (W m−1)

Site Seg No. PYV-09
a PSWAN-09

b PSWAN-20
b

FP All 0.7 0.1 0.1

HI 1 6.1 6.6 6.2

2 6.0 4.9 4.8

3 8.6 17.0 15.9

4 5.0 7.7 7.4

Avg 6.1 8.2 7.9

CP 1 7.4 4.6 4.3

2 9.2 7.9 7.4

3 9.3 9.4 8.7

4 4.6 3.8 3.6

Avg 8.1 7.2 6.8

MM 1 12.7 13.0 12.7

2 15.7 15.1 14.4

3 11.4 11.2 10.7

Avg 12.9 12.6 12.1

a Incident wave energy flux calculated using a year-long record of winds
and water depths from Wachapreague, VA, and the Young and Verhagen
(1996) wave model
b Incident wave energy flux calculated using a 1-year (SWAN-09) and 20-
year (SWAN-20) probability distribution of winds from CHLV2
(Fig. 4b, c), a 5-year distribution of water levels from Wachapreague
(Fig. 4d), and the SWAN wave model
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der Wal and Pye 2004); if these cyclic periods existed at
the Hog Island Bay sites, we would expect to see less
consistent rates of erosion through time. The relatively
steady rates of erosion observed at our marsh sites indi-
cate that wind and wave conditions, sediment supply, and
the internal characteristics of the marsh edge have not

changed enough over the duration of the study to strong-
ly impact erosion rates.

The coefficients of determination tended to be smaller
at FP than at the other sites, and there are multiple
possible explanations for this. One important consider-
ation is that the rate of shoreline change observed at FP
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Fig. 7 The relationship between
incident wave energy fluxes
calculated using YV96 (year-long
record) and SWAN (20-year
record); the solid line has a 1:1
slope (a). The relationship
between incident wave energies
calculated using SWAN and a 20-
year (1988–2007) and 1-year
(2009) probability distribution of
winds at CHLV2; the solid line
shows a 1:1 relationship (b).
Correlation between incident
wave energy flux at the marsh
boundary and lateral erosion rate
(c, d) and volumetric erosion rate
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calculate wave conditions. Values
shown in c and e were calculated
using the Young and Verhagen
(1996) parametric wave model
applied to a year-longwind record
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Square symbols represent site
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Table 6 Results of regression analysis between erosion rates and values
of wave energy flux calculated from two wave models. Results for the
regression analysis between lateral erosion rates and wave energy flux for

the 12 segments were not significant for both the Young and Verhagen
(1996) and SWAN calculations and, therefore, are not included

Method Slope Intercept R2 p

PYV-09 vs. LER Site means 0.13±0.09 0.05±0.77 0.95 0.026

PYV-09 vs. VER All segs 0.11±0.07 0.26±0.63 0.54 0.006

Site means 0.15±0.0.05 −0.05±0.44 0.99 0.007

PSWAN-20 vs. LER Site means 0.13±0.12 0.08±0.98 0.92 0.043

PSWAN-20 vs. VER All segs except HI-3a 0.10±0.08 0.43±0.67 0.49 0.017

Site means 0.15±0.0.08 −0.02±0.73 0.98 0.012

aPSWAN-20 and VER were not significantly correlated for all segments but were if segment HI-3 was removed from the regression as an outlier; see text
for further explanation. PSWAN-20 vs. LER was not significant even when HI-3 was removed
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is less than the positional error associated with shoreline
measurements for that site, and consequently, this error
might introduce scatter in the results. The lack of an
eroding scarp at this site and the gentle slope of the edge
also leave it more susceptible to shoreline positional error
related to tidal stage in different images. In some ways,
this is similar to the difficulty in assessing shoreline
position on sandy beaches. The presence of the vegetation
line near the edge of the marsh helps to mitigate some of

these tidal uncertainties. However, a continuous vegeta-
tion line was not always present along the marsh edge at
FP or may have been submerged in some lower-lying
areas, making it difficult to interpret the exact boundary
between marsh and mudflat. In addition, this shoreline
may have undergone fluctuating periods of erosion and
progradation. Because we only have aerial photographs to
rely on, we are not able to provide a definitive explana-
tion for the lower coefficients of determination at FP.
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Wave Energy Flux

Wave energy flux (or wave power) is the wave-related metric
most often used to explain wave-driven marsh retreat
(Schwimmer 2001; Marani et al. 2011). Wave energy flux is
well defined for a monochromatic wave of given height and
period in water of a specified depth (Eq. 3). However, there
are a number of approaches that can be and have been taken to
extend this to a metric of wave energy expended on a marsh
boundary.

Schwimmer (2001) estimated wave power using a method
similar to our approach with SWAN. He calculated wave
power for a range of values of wind speed and direction, with
associated fetch and water depth, then normalized each value
by its frequency of occurrence and angle between the wind
direction and the shoreline, and summed over all wind condi-
tions producing waves that could impact the shoreline. The
resulting values for Rehoboth Bay, Delaware, which averages
about 1 m deeper than Hog Island Bay, were on the order of
700 W m−1 (Schwimmer 2001). Mariotti et al. (2010) used a
similar approach to estimate wave power at marsh boundaries
in the VCR, with wave conditions calculated over a 2-day
period for a range of wind speeds and directions. Waves were
calculated using the wind wave-tidal model (WWTM; Defina
2000; D’Alpaos and Defina 2007) and were tested against the
same wave data from Hog Island Bay that we used. Wave
power at marsh boundary elements in the model grid was set
to the average wave power over the 2-day time series to
account for effects of tidal variations in water depth on wave
power. The average wave power estimates of Mariotti et al.
(2010), termed wave factor at the marsh boundary (WFB),
ranged from 0 to 600 W m−1 over the whole VCR, with the
highest values generally associated with winds from the NE
accompanied by storm surge.

Marani et al. (2011) also used a version of WWTM to
calculate a year-long time series of wave conditions at sites
within the Venice lagoon, from which incident wave power
density was obtained for specific sites based on the orientation
of the marsh. This was then averaged over the year-long
record for times when the water level was at or below the
top of the marsh scarp. Values of incident wave power density
calculated by Marani et al. (2011) for the Venice lagoon
ranged from 0 to 70 W m−1, nearly 10 times smaller than the
Mariotti et al. (2010) estimates for the VCR, but ~5 times
larger than the values we calculated for the VCR.

Some of the difference between values of P calculated by
Mariotti et al. (2010) and those calculated by Marani et al.
(2011) and in our study can be attributed to the treatment of
conditions when water depths are high enough to submerge
the marshes. Mariotti et al. (2010) averaged wave power over
several full tidal cycles regardless of whether water levels
topped the marsh. The largest water depths are associated
with the largest fetches, wave heights, periods, and wave

power but often exceed the height of the marsh platform.
Including these wave conditions greatly increases values of
P. Marani et al. (2011) examined relationships between ero-
sion rates and wave power density calculated when water
levels greater than marsh elevation were included or excluded
and found that including water levels above the marsh in-
creased the scatter in the relationship, as might be expected
given the rapid dropoff in wave thrust on the marsh edge once
water levels overtop the surface of the marsh (Tonelli et al.
2010; Marani et al. 2011). However, if Marani et al. (2011)
averaged P over only those times when water levels were at or
below the top of the marsh scarp, rather than accounting in
some fashion for times when water levels were above the
marsh scarp by, e.g., setting P=0 for these instances as we
did, their values would be larger. In our calculations, averag-
ing P only over those times when water levels were at or
below the top of the marsh scarp increased the values in
Table 5 by 30 % to more than 100 % (average increase is
87 %).

Similarly, the manner in which winds blowing from the
back-marsh direction are accounted for impacts values of P.
Averaging over only those times when the winds were blow-
ing across the water toward the marsh edge (cos(αwind)>0 in
Eq. 3) would increase values of P by another factor of 2 in our
calculations. Excluding times when winds are from a specific
direction introduces the possibil i ty of obtaining
unrepresentatively high average values at sites oriented in a
direction from which winds seldom blow but are able to
produce sizeable waves, and which are otherwise character-
ized by small wave conditions. This is true, e.g., of the
eastward-facing FP site, where winds approach the marsh
edge from its bayward side only 36 % of the time, compared
to about 49–65 % for the westward-facing HI site.

The analysis above indicates that study-to-study differ-
ences in values of incident wave energy flux of roughly a
factor of 4 could be explained by the approach used to calcu-
late average P. In addition to these methodological consider-
ations, differences in P among studies of marshes in different
regions could also be the result of site differences including
bay and marsh morphology, sediment characteristics, and
biota, as well as wind speed and direction.

Relationship Between Erosion Rates and Wave Energy Flux

The stronger relationship between VER and PYV-09 for the
marsh segments (12 total), compared to that of LERs and PYV-
09, is consistent with the results of the Marani et al. (2011)
analysis. For marshes with a fairly uniform scarp height along
the length of their edges, VER and LER differ by only a
constant; however, the marshes in our study area varied con-
siderably in elevation (Fig. 8), in large part owing to the
presence of marsh features like tidal channels that intersect
the eroding edge. Twomarsh edge segments with high erosion
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rates and low elevation (CP-1 and HI-1) help to illustrate the
difference between LER and VER in relation to P. These sites,
which had the highest values of LER (Table 4), lie far enough
from the best fit line to keep the regression between PYV-09

and LER (Fig. 7c) from being significant. The high LER at
CP-1 and HI-1, when multiplied by their relatively low scarp
heights (Table 4), produced values of VER that more closely
conformed to the trend indicated by the other segments,
resulting in a significant relationship (Fig. 7e, Table 6).

Neither VER nor LER for the 12 marsh segments was
significantly correlated with PSWAN-20 (Fig. 7d, f; Table 6).
One point, HI-3, stands out in the relationship between
PSWAN-20 and VER (Table 5, Fig. 7d), as the point with
the highest value of PSWAN-20, but a relatively low value
of VER. This point had a strong influence on the regres-
sion between PSWAN-20 and VER. Including HI-3 in the
regression yielded no significant correlation (p=0.12, R2=
0.23), while excluding it produced a significant correla-
tion (p=0.02, R2=0.49), suggesting that it is a potential
outlier. This suggests that PSWAN-20 values at HI-3 were
unusually high, or VER was unusually low. PSWAN-20

values for HI-3 are likely overestimated because, while
the scarp is relatively high and appears to be exposed to
waves from a large range of directions (Fig. 5), there is a
small marsh island (Rogue Island) about 1.5 km southeast
of HI-3 that limits the fetch from this direction when
water depths are below the surface of that marsh. In the
SWAN calculations, the surface of the marsh was charac-
terized in essentially the same way as the bay bottom,
without any specific accounting for effects of marsh veg-
etation on waves. In reality, marsh vegetation attenuates
wave energy (Moller et al. 1999), thereby effectively
increasing the height of the marsh as an obstacle to wave
generation and propagation within the bay. We accounted
for the impact of marsh vegetation on waves and fetch in
the YV96 wave calculations by increasing the heights of
surfaces above MSL in our DEM by 0.5 m, resulting in
much lower values of PYV-09 for that site (Table 5), in line
with the other values (Fig. 7e).

FP had the lowest erosion rate of all the marsh segments
investigated in this study. This site is fronted by a large
mudflat, which can hinder the development of large waves
and provide a greater area for wave energy dissipation
(Fagherazzi et al. 2006). The lack of a distinct scarp at FP
made it harder to assign a depth for the calculations of incident
wave energy flux, which was taken as the depth at the base of
the marsh edge for the scarped sites. The elevation of the
shoreline at this site is −0.1 m, and a scarp, where it is present,
is only 0.1–0.2 m high. We chose a depth of 0.35 m for the
wave energy flux calculations that was intermediate between
the shoreline elevation and the depth 5 m offshore (Table 4).
Varying the depth for the calculations of PYV-09 and PSWAN-20

between −0.1 and −0.5 m resulted in small decreases or

increases in P for FP but did not change whether the correla-
tions were significant or not.

The linear relationship between incident wave energy flux
and volumetric erosion rates found using wave conditions
calculated with YV96 had an intercept that was not signifi-
cantly different from zero for both the segment values and the

site means, consistent with the relationship VER ¼ αPpro-
posed byMarani et al. (2011). If the intercept is set to 0 for the
regression between PYV-09 and VER for the segments, the
slope of the relationship is 0.14, essentially the same as the
slope for the site mean values (0.15; Table 6). The results
obtained for PSWAN-20 and VER were similar when HI-3 was
treated as an outlier. The relationship between incident wave
energy flux and volumetric erosion rate, while significant, is
marked by considerable scatter (Fig. 7). Marani et al. (2011)
simplified their relationship for marsh edge erosion to

VER ¼ αP by rearranging Eq. 1 to obtain VER/P=f(h/d)/
c and finding that VER/P did not vary significantly with h/d.
We also found no significant relationship between VER/P and
h/d. However, a variety of factors can affect the erodibility, or
effective cohesion, of the marsh edge, as discussed above, and
likely contributed to the scatter in the relationship between P
and VER. Site mean values, which averaged over the within-
site variability of erosion rates and wave energy flux, yielded
significant relationships for both the YV96 and SWAN wave
conditions and both lateral and volumetric erosion rates.

Implications for Erosion Rates Under Higher Sea Level

Sea level rise and possible climate change-related increases in
storm magnitudes and frequencies will likely impact future
rates of marsh edge erosion within the VCR. Several recent
studies have suggested that marsh loss rates associated with
sea level rise could be more impacted by marsh edge erosion
than marsh inundation (Kirwan et al. 2010; Mariotti and
Fagherazzi 2013). Manymarshes along the mid-Atlantic coast
of the USA accrete sediment through inundation and storm
deposition (Stumpf 1983) at rates that maintain an equilibrium
with rising sea levels; the perimeter edges of marshes, in
contrast, are rarely able to maintain an equilibrium
(Fagherazzi et al. 2013). Sea level rise has averaged about
4 mm year−1 along the Delmarva and New Jersey coasts
during the last 50–100 years, but there is strong evidence that
the rates of sea level are increasing (Sallenger et al. 2012). As
sea level rises, bay depths in the VCR are likely to increase,
allowing for the possibility of larger waves and higher rates of
marsh edge erosion.

We estimated incident wave energy flux using YV96 for
bay depths 0.4 m greater than current depths. At current rates
of sea level rise, this would represent 100 years, but the time
frame would be shorter if rates of sea level rise increase. In
making our estimates, we assumed that the marsh elevation is
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able to keep pace with sea level rise (as seems likely for
marshes in the VCR; Kirwan et al. 2010) and that the wind
climate does not change. Average incident wave energy flux at
the marsh edge scarps was estimated to increase by roughly
55 % with a 0.4-m increase in water depths. Our results, as
well as those of Marani et al. (2011), suggest that this 55 %
increase in P will be accompanied by a 55 % increase in
volumetric rates of marsh edge erosion. However, if the
marshes build vertically to keep pace with sea level while
the bases of the scarps remain roughly at current elevations,
then scarp height will also increase as sea level rises. A 0.4-m
increase in marsh elevation would increase scarp heights at
our study sites by an average of 40 %. If lateral erosion rates
remained equal to those observed over the last 50 years,
volumetric erosion rates would also increase by 40 %. This
means that lateral erosion rates would only have to increase by
an average of 10 % to account for a 55 % increase in volu-
metric erosion rates. On the other hand, if a 55% increase in P
led to a 55 % increase in lateral erosion rate, as would be
expected if there was a linear relationship between P and LER,
and marsh elevations were to keep pace with sea level rise,
then volumetric erosion rates would experience a much larger
increase. The differences in these future scenarios have
implications for marsh area loss and sediment budgets for
shallow bays as sea level rises and highlight the need for
understanding the relationship between rates and forcing
of marsh edge erosion.

Conclusions

Analysis of the marsh edge at four salt marshes in Hog Island
Bay revealed that rates of change along the edges varied
significantly between sites over a 50-year period. The edges
at three of the marshes analyzed (MM, CP, and HI) eroded
rapidly, with all three sites experiencing lateral erosion rates at
or above 1 m year−1. In contrast, the edge at the mainland
marsh, FP, remained stable. Lateral erosion occurred at a
temporally consistent rate over the period of study for the
three eroding sites, so this system does not appear to experi-
ence cyclic periods during which erosion slows or accelerates.
Significant within-site spatial variability with respect to
shoreline change was found at the eroding marshes. The
marsh edge at these sites was defined by localized stretches
where similar erosion rates occurred.

Our estimates of wave energy flux made using the Young
and Verhagen (1996) and SWAN models agreed fairly well
with each other but are significantly smaller than those calcu-
lated in previous studies in our study area and in other coastal
bays. Some of the differences among studies are likely related
to the manner in which times when water levels are above the
marsh surface and when winds blow from the back-marsh

direction are treated in calculating average wave energy flux at
the marsh boundaries. We found a positive correlation
between volumetric erosion rates and incident wave energy
flux calculated using both the Young and Verhagen (1996) and
SWAN models. This is consistent with the results of a dimen-
sional analysis by Marani et al. (2011) and indicates that the
volume of sediment eroded from the marsh edge is directly
related to wave energy flux at the marsh edge in shallow
coastal bays, regardless of the method used to calculate wave
conditions. The relationship between wave energy and lateral
erosion rates was not significant for individual segments of the
marsh shorelines, but a significant correlation did exist when
wave energy flux and shoreline change rates were averaged
over the entire length of a marsh edge.

The results of this analysis reinforce the important role of
waves in driving erosion along the perimeter edges of marshes
in shallow coastal bays. This has potentially large implications
for marsh loss as sea level rises. Our analysis suggests that
volumetric rates of erosion are likely to increase as sea level
rises but that rates of lateral retreat will increase much more
slowly if marshes are building vertically and scarp heights
increase as sea level rises.
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