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Abstract

Salt marshes are valuable ecosystems, and there is concern that increases in the rate of sea level rise along with anthropogenic
activities are leading to the loss of vegetated habitat. The area of vegetated marsh can change not only through advance and retreat
of the open fetch edge, but also due to channel widening and contracting, formation and drainage of interior ponds, formation and
revegetation of interior mud flats, and marsh migration onto upland areas, each of which is influenced by different processes. This
study used historical aerial photographs to measure changes in the extent of vegetated marsh over approximately 70 years at study
marshes located in three long-term ecological research (LTER) sites along the US East coast: Georgia Coastal Ecosystems
(GCE), Virginia Coast Reserve (VCR), and Plum Island Ecosystems (PIE). Marsh features were categorized into vegetated
marsh, ponds, interior mud flats, and channels for three time periods at each site. The three sites showed different patterns of
change in vegetated marsh extent over time. At the GCE study site, losses in vegetated marsh, which were primarily due to
channel widening, were largely offset by channel contraction in other areas, such that there was little to no net change over the
study period. The study marsh at VCR experienced extensive vegetated marsh loss to interior mud flat expansion, which occurred
largely in low-lying areas. However, this loss was counterbalanced by marsh gain due to migration onto the upland, resulting in a
net increase in vegetated marsh area over time. Vegetated marsh at PIE decreased over time due to losses from ponding, channel
widening, and erosion at the open fetch marsh edge. Digital elevation models revealed that the vegetated areas of the three
marshes were positioned at differing elevations relative to the tidal frame, with PIE at the highest and VCR at the lowest
elevation. Understanding the patterns of vegetation loss and gain at a given site provides insight into what factors are important
in controlling marsh dynamics and serves as a guide to potential management actions for marsh protection.
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Introduction

Salt marshes are intertidal wetland habitats found in
protected areas in the temperate zone. They provide many
important ecosystem services including storm protection,
nursery habitat, nutrient cycling, and carbon storage (as
reviewed in Barbier et al. 2011; Temmerman et al. 2013).
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Marshes are subject to changes in sea level and have his-
torically kept pace with rising seas. However, global rates
of sea level rise (SLR) have been increasing over the past
century (Church and White 2011), from an estimated
1.4 mm year ' from 1901 to 1990 to 3.6 mm year ' for
20062015 (Oppenheimer et al. 2019). These rates are ex-
pected to increase even further, with some model estimates
projecting global sea level rise rates of 15 mm year ' by
2100 (Oppenheimer et al. 2019). This has raised concerns
regarding potential drowning and consequent loss of veg-
etated marsh area. Human activities that affect sediment
delivery to the coast (Fagherazzi et al. 2013; Ganju et al.
2017) or provide barriers to marsh migration (Torio and
Chmura 2013) can also have consequences for marsh ex-
tent, as can the legacy of direct manipulations such as
ditching and draining (Adamowicz and Roman 2005;
Coverdale et al. 2013).

Shifts in the area of salt marsh vegetation are manifest as
changes in the features of a salt marsh, such that the net
change in vegetated area over time is a consequence of
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advance and retreat of the marsh edge, channel widening and
contraction, formation and drainage of ponds, interior mud flat
formation and revegetation, and migration of the marsh onto
the upland (Fig. 1). Each of these shifts is responding to dif-
ferent processes, and it is therefore instructive to understand
their relative importance when evaluating overall changes in
vegetated marsh area.

The location of the marsh edge naturally advances and
retreats over time (Fagherazzi 2013). In eroding areas, wave
action physically removes material from the seaward edge of
the marsh, thus leaving no substrate for plants (Schwimmer
2001). Wave-induced erosion is more severe in places with
large fetch (Day et al. 1998; Kearney et al. 1988) or those with
heavy boat traffic (Browne 2017). SLR exacerbates this type
of marsh loss by increasing the depth of the adjacent body of
water and allowing for the generation of larger waves and their
propagation to shore (Mariotti and Fagherazzi 2013).

Channels often have alternating sections of edge advance
and retreat due to internal sediment redistribution and chan-
nel current gradients, which leads to erosion on outside bends
where the current is stronger and deposition along the inside
(Burns 2018; Eisma 1998; Seminara 2006). However, they
can also expand or contract due to changes in the tidal prism
caused by SLR (D’Alpaos et al. 2010; Hughes et al. 2009).
Under conditions of prolonged inundation, the vegetation
along the channel edge can become stressed, causing plants
to die back (Downs et al. 1994). This has been seen, for
example, in Rhode Island, where a historical analysis

Fig. 1 Conceptual diagram
showing the different types of
lateral marsh expansion and
contraction considered in this
study
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indicated that 35 of 36 marshes studied were experiencing
channel widening, with higher loss rates in marshes that were
at lower elevations (Watson et al. 2017). Herbivory and
burrowing by crabs can also affect channels through the re-
moval of stems as well as through the excavation of burrows,
which leads to both channel widening and headward erosion
(Hughes et al. 2009; Perillo et al. 1996; Vu et al. 2017), and
there is evidence that this phenomenon has increased in re-
cent years (Crotty et al. 2017). Changes in drainage patterns
can also lead to recolonization of the channel edge and sub-
sequent channel narrowing. This process can be rapid due to
positive feedbacks between plants and sediment trapping
(Morris et al. 2002).

Vegetation in the marsh interior may convert to interior
mud flats (referred to as mud flats, below) or ponds through
several different mechanisms (Passeri et al. 2015; Schepers
et al. 2017) (Fig. 1). In many cases, these features form in
low-lying areas where prolonged inundation causes vegeta-
tion stress and organic matter decomposition. Thus, mud flats
and ponds observed as horizontal features on the marsh sur-
face can be indicative of a loss of vertical elevation (Downs
et al. 1994; Hughes et al. 2009). Wrack deposition (Hartman
1988; Pennings and Richards 1998) and marsh dieback (Alber
et al. 2008) are two other phenomena known to result in mud
flats. Although plants can recolonize these bare areas, they can
also convert to ponds, particularly in places where the marsh
cannot keep up vertically with SLR (Downs et al. 1994,
Kearney et al. 1988). Ponds and mud flats can also form due
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to physical mechanisms such as creek blockage from
slumping and ice rafting (Redfield 1972). In many cases,
ponds are natural features, and there are historical records of
ponds in mid-Atlantic and northeastern US marshes
(Harshberger 1916). However, Wilson et al. (2014) docu-
mented an increase in marsh ponding between 1938 and
1994 when ditches originally dug to promote drainage were
allowed to fill in.

Once created, ponds and mud flats can follow one of sev-
eral paths, depending on the conditions. For example, these
areas can revegetate, particularly if they have been formed by
wrack or another short-term disturbance. Ponds may also re-
vegetate if they connect with a tidal channel that allows them
to drain. Both ponds and mud flats can be persistent, with little
to no change over decades, or they can expand, getting larger
and deeper over time. In some cases, they may enter a “run-
away expansion path,” which may occur once these features
reach a critical minimum width, and wave erosion takes over
as the main driver of expansion (Kearney et al. 2002; Mariotti
and Fagherazzi 2013). Whether ponds and flats expand over
time is influenced by the rate of external sediment deposition
in relation to relative SLR (Mariotti 2016).

Finally, the area of vegetated marsh can expand when
plants move upslope, encroaching on areas that were formerly
uplands (Fig. 1). Marsh migration generally occurs as a result
of increased inundation of the marsh-upland border by salt
water due to SLR. Over 10 years in Elkhom Slough, CA,
Wasson et al. (2013) measured upslope migration of the
marsh-upland boundary by 20 cm in the vertical direction
and 100 cm in the horizontal direction. This migration corre-
lated with an increase in inundation time. A steep slope to the
upland (Kirwan et al. 2016) and resistant forest vegetation
(Field et al. 2016) can slow down or inhibit this horizontal
shift. The presence of static structures at the marsh-upland
boundary such as shoreline armoring can also prevent this
horizontal migration. This condition of limiting the extent of
the intertidal area between rising seas at the marsh edge and
human development on the upland is often referred to as
“coastal squeeze” (Torio and Chmura 2013). Note that it is
also possible for upland border to shift into marsh habitat,
which might occur when fill is used to build a bulkhead or
other structure that encroaches onto the marsh.

Marshes are naturally dynamic in the horizontal direction,
and the types of lateral marsh expansion and contraction
shown in Fig. 1 may all occur simultaneously. Schieder
et al. (2018) demonstrated that marshes along Chesapeake
Bay experienced net erosion at the marsh-water boundary
while simultaneously shifting horizontally onto the upland.
Observed rates of marsh migration onto the upland were large-
ly equal to or greater than the erosion documented at the
marsh-water boundary, such that the net effect on marsh ex-
tent was neutral over the study period. However, it is rare to
see a study that evaluates each of these processes separately.

By analyzing changes across the entire marsh, one can devel-
op a holistic understanding of which types of vegetation loss
and gain are occurring and what processes are important in
controlling marsh dynamics at a given site.

We present three case studies of historical change in vegeta-
tion extent in salt marshes over the last 70 years: one where
marsh vegetation was lost, one where the change was net neu-
tral, and one where vegetated area increased. We quantified
historical changes in marsh features (channels, mud flats and
ponds, and the location of both the seaward and marsh-upland
border) to determine how much they each contributed to ob-
served shifts in the overall area of vegetated marsh. We also
evaluated the elevation of the various marsh features in the pres-
ent day as well as their upland slopes to gain insight into the
causes of the changes and the potential of each site to adapt to
future conditions. This type of information can serve as a guide
to potential management actions for marsh protection.

Methods
Study Area

Salt marshes located at three long-term ecological research
(LTER) sites were used as case studies for this research:
Georgia Coastal Ecosystems (GCE), Virginia Coast Reserve
(VCR), and Plum Island Ecosystems (PIE). As described be-
low, these marshes vary in tidal range, SLR rate, and sediment
supply, and hence we expected that they were likely to exhibit
differences in the relative importance of the various types of
vegetated marsh change observed over time. We selected a
focus area of approximately 18-25 km? for detailed study at
each site. The choice of focus area was constrained in part by
the boundaries of the LTER site and available aerial imagery,
but in each case, it included a portion of the marsh-upland
boundary and the main bay or sound.

Georgia Coastal Ecosystems, GA (GCE)

The GCE LTER is situated at the midpoint of the Georgia coast-
line. The salt marshes within the GCE are typical of those found
in the southeastern USA and are dominated by salt marsh cord
grass, Spartina alterniflora, although Juncus romerianus and
other species can be found in the high marsh along the upland
transition (Hladik and Alber 2014). This analysis focused on a
25-km? section of largely unmodified marsh adjacent to the
mainland behind Sapelo and Wolf Islands that is dominated by
S. alterniflora (Fig. 2). The suspended sediment concentrations
at this site average approximately 40 mg L' and range from 3 to
130 mg L' (Alber 2018). Tidal and SLR data were derived from
the National Oceanic and Atmospheric Administration’s
(NOAA) tidal datum for the closest station (Fort Pulaski,
Savannah, Station ID 8670870). GCE is considered mesotidal,
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Fig. 2 Three LTER study sites
with inset maps showing the
locations of the Plum Island
Ecosystems (PIE), Virginia Coast
Reserve (VCR), and Georgia "
Coastal Ecosystems (GCE), I
LTER sites along the US east
coast. The black line delineates
the study area used for this
analysis. The PIE study area is
21 km?, VCR is 18 km?, and GCE
is 25 km?
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with a mean tidal range of 2.1 m for the 1983-2001 tidal epoch.
The relative rate of SLR for the period of this study (1942-2013)
was 2.88 +0.17 mm year ', with a more recent (1986-2016) rate
of 430 +0.32 mm year ' (PMSL 2019).

Virginia Coast Reserve, VA (VCR)

The VCR LTER site is located on the Delmarva Peninsula
(Fig. 2) (McLoughlin et al. 2015). We focused on an 18 km?
section of salt marsh adjacent to Hog Island Bay, one of a
number of shallow bays included in the VCR study area.
This site is largely vegetated by S. alterniflora. Average
suspended sediment concentration is 25 mg L' and ranges
from 3 to 48 mg L' depending on the season (Lawson et al.
2007). This site has a mean tidal range of 1.2 m for the 1983—
2001 tidal epoch (Kiptopeke, VA, Station ID 8632200).
Relative SLR at this station was 3.53 +0.30 mm year ' for
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the period of this study (1949-2013), with a recent rate (1986—
2016) of 4.32+0.83 mm year ' (PMSL 2019).

Plum Island Ecosystems, MA (PIE)

The PIE LTER is located in northeastern Massachusetts.
Three major watersheds drain into Plum Island Sound, but
upstream dams limit the supply of sediment to the estuary.
The mean suspended sediment concentrations are 16 mg L™
with a range of less than 10 to 40 mg L™" (Hopkinson et al.
2018). The 21 km? site used in this study is positioned in the
salt marshes on the western mainland side of Plum Island
Sound (Fig. 2) and is dominated by the high marsh grass,
Spartina patens. The mean tidal range is 2.9 m for the
1983-2001 tidal epoch (Boston, MA, Station ID #8443970).
Relative SLR at this station was 2.47 = 0.32 mm year ' for the
period of this study (1938 to 2013), with a more recent rate
(1986-2016) of 4.67 +1.07 mm year ' (PMSL 2019).



166

Estuaries and Coasts (2021) 44:162-177

Data Acquisition

Three sets of aerial images were obtained for each site begin-
ning in the late 1930s and 1940s and ending in 2013 (Table 1).
GCE imagery was from 1942, 1972, to 2013; VCR imagery
was from 1949, 1957, to 2013, and PIE imagery was from
1938, 1971, to 2013. Vegetated marsh as well as other features
such as ponds, mud flats, channels, and upland areas was
manually digitized in ArcGIS 10.4. Manual delineation of
aerial images is a well-established technique of classifying
historical marsh extent for long-term studies (Downs et al.
1994; Erwin et al. 2004).

To provide consistency over time and across study sites, one
person digitized all of the imagery following a set of digitizing
rules. All features were digitized at a scale of 1:500 to 1:1500.
We only used low-water imagery to reduce the effects of tidal
flooding, and we excluded photographs if reflections made them
difficult to interpret. Digitization was also restricted to the center
of each aerial photograph where the least amount of warping
occurred, and where images overlapped, we only digitized fea-
tures that were present in both images to ensure that they were
stable. Finally, only features that met a 10-m minimum width
requirement were included, as those <10 m were too pixelated to
consistently delineate in the older imagery.

In addition to the study-wide digitizing rules, adjustments
were made as necessary to account for specific circumstances
at each site. At GCE, the 1972 dataset was missing one photo
along the upland boundary. A 1976 photo was therefore used
to fill that gap as it was the closest available imagery in time.
This was deemed acceptable as shorelines throughout the rest

Table 1 Description of aerial imagery used for the three time periods at
each of the LTER sites considered in this study: Georgia Coastal
Ecosystems (GCE), Virginia Coast Reserve (VCR), and Plum Island
Ecosystems (PIE). The error term (% Error) is a combination of pixel
resolution, georectification, and digitizer error (see text for details). The
date of the digital elevation model (DEM) used for each site is also
included

Site  Date Image Type Scale % Error
GCE Nov 28, 1942  Black and white 1:40,000 4%
Dec 2, 1972 Color aerial photograph  1:20,000 3%
Early 2013 Orthomosaic - 3%
2010 DEM - -
VCR Feb 2, 1949 Black and white 1:20,000 2%
Oct 20, 1957  Black and white 1:20,000 3%
Spring 2013 Orthomosaic - 3%
April 2015 DEM - -
PIE  Nov1,1938  Black and white 1:25,000 4%
June 11, 1971  Black and white 1:20,000 5%
April 2013 Orthomosaic - 2%
April 2005 DEM - -

of the 1976 photo closely tracked the 1972 shorelines. At
VCR, the study area boundary was modified to avoid reflec-
tance and defects in two of the 1949 images which made mud
flats impossible to digitize. This resulted in the exclusion of a
highly erosional portion of the VCR marsh. At PIE, ponds
were often located in groups with a thin, 1 to 2 m wide, barrier
between them. As this is not likely to be discernable in the
older imagery, these ponds were digitized as single features.

Data Analysis

We included three sources of uncertainty in assessments of the
accuracy of the location and size of digitized marsh features:
the consistency of the digitizer (D), the pixel resolution (P),
and the georectification error (G). These were combined to
calculate an error term (£) for the digitized polygons (Eq.
(1)) (Dolan et al. 1991; Romine et al. 2009).

E=+VD*+ P+ G (1)

Digitizer error was assessed by repeat digitization of poly-
gon features, pixel resolution was obtained from the imagery
(Table 1), and georectification error was calculated from root
mean square error (RMSE) values provided by the ArcGIS
software. Since this analysis used polygon rather than line
features, the error term was calculated in percent area rather
than absolute measurements so that it scaled appropriately
with the feature size. Errors for each image ranged from 2 to
5% (Table 1). These terms were used to determine whether
errors overlapped when images were compared.

A subtraction analysis was performed using the UNION
tool in ArcGIS to evaluate change over time at each site.
This tool merges the datasets and creates new polygons, re-
vealing where features have changed. The subtraction analysis
was used to show overall changes from the first (1930/40s) to
the middle dataset (1950s—1970s), from the middle to the
present day (2013), and for the entire time period. The results
of the subtraction analysis were used to assess the conversion
of vegetated marsh either to or from other features so that we
could evaluate net change in vegetated marsh over time. As
part of this, we distinguished between changes in vegetated
marsh that occurred along interior channels as opposed to
those that occurred along the open fetch marsh edge.

DEM Analysis

An existing digital elevation model (DEM) was obtained for
each study site to evaluate the elevation of each of the digitized
features as well as the slope of the upland transition in the
present-day marsh. These DEMs were created from LiDAR el-
evations obtained for each LTER’s specific projects and so were
from different years (Table 1). The DEMs for PIE (Hopkinson
and Valentine 2017) and VCR (Dewberry and Davis, LLC
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2015) were flown when vegetation was low and had a vertical
accuracy of +0.20 m at PIE and + 0.12 m in the vegetated marsh
and £0.18 m in the unvegetated marsh at VCR. The DEM for
the GCE site was corrected to account for the presence of veg-
etation on the marsh, resulting in a vertical accuracy of £ 0.18 m
(Hladik and Alber 2012). The DEMs were all resampled to
10 m, which was the resolution of the coarsest data set.

We used the DEMs to determine the average elevation of
the pixels within each of the polygons classified as vegetated
marsh, ponds, and mud flats. The elevations were transformed
from NAVDS88 (m) and standardized relative to a local tidal
reference plane based on data from the closest long-term
NOAA tide gauge using the equation: (marsh elevation —
mean sea level)/(mean higher high water — mean sea level)
(Schile et al. 2014). This transformation provides a fractional
elevation that can be used for comparisons among sites as it
shows where the marsh features fall relative to the upper half
of the great diurnal range, which is the difference in height
between MHHW and MLLW. With this transformation, a
fractional elevation of 1 is equivalent to MHHW and a frac-
tional elevation of 0 is equivalent to MSL. For comparisons
with previous studies at these sites, we provide Figs. S1-S4
referenced to NAVDSS in the supplemental materials. We
also calculated the slope of the first 50 m of the upland tran-
sition along the upland border, as the amount of horizontal
area available for marsh expansion onto the adjacent upland
increases with decreasing slopes (Kirwan et al. 2016). We
considered slopes <3° to be most likely to experience horizon-
tal expansion (Field et al. 2016).

Results
Classification of Marsh Features

The study marshes at GCE, VCR, and PIE all included vege-
tated marsh, tidal channels, upland area, and either mud flats
or ponds. Upland area is in part a function of how the study
area boundaries were drawn, and so made up a different pro-
portion of each site. When only the marsh was considered, the
vegetated area averaged 64% of the study site at PIE, 74% at
GCE, and 80% at VCR. Tidal channel area was a smaller
portion of the study area at VCR (14%) than at the other two
sites (24% at GCE and 32% at PIE). Mud flats and ponds
comprised only a small proportion of the study marshes.
GCE had exclusively mud flats (2%), PIE had exclusively
ponds (4%), and VCR included both mud flats (6%) and a
very small area of ponds (<1%).

Changes at GCE

The areas of the various marsh features remained relatively
constant at the GCE site, with overlapping error terms
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associated with the values for the earliest (1942) as compared
to the latest (2013) datasets (Table 2). The area of vegetated
marsh decreased by only 0.23 km? (1%) over the study period,
with most of that occurring due to a net loss at the edges of
interior channels (Table 3, Fig. 3).

Although there was little net change in area, many features
within the GCE study site changed their locations over time.
Mud flats experienced both expansion and contraction, as
some areas converted from vegetated marsh to mud flats while
others were colonized by plants. However, the ratio of vege-
tated marsh:flats remained constant, 41:1, throughout the
study, with similar losses and gains within both the early
(1942-1972) and late (1972-2013) time intervals examined.
The location of the mud flats also shifted between observa-
tions, such that only 28% of the mud flat area remained in the
same location from 1942 to 2013 (Fig. 3). The open fetch
marsh edge along Doboy Sound showed no evidence of ero-
sion. However, interior channels were highly dynamic,
experiencing both losses and gains over time. Expansion of
interior channels was considerably higher than contraction
between 1972 and 2013, leading to a net loss of 0.48 km? of
vegetated marsh during this later period. In some cases, inte-
rior channels extended further into the marsh where they
drained existing areas of mud flats. New flats often were then
formed, such that the flats maintained their position at the head
of the creek (i and ii in Fig. 3).

Change in upland extent was small at GCE, but some in-
teresting changes occurred directly adjacent to the vegetated
marsh boundary in an area that was historically farmed (see
box in Fig. 3). Between 1942 and 1972, this farm was over-
taken by vegetated marsh and 4.7 ha of upland were lost (iii in
Fig. 3), and then between 1972 and 2013, 1.3 ha of the recent-
ly converted upland area shifted from vegetated marsh to mud
flat (iv in Fig. 3). Although it was not a large area, this sug-
gests that marsh migration can and does occur at this site.

Changes at VCR

At the VCR study site, there was no overlap in the error terms
associated with any feature categories except ponds when
1949 was compared with 2013 (Table 2). The area of vegetat-
ed marsh experienced a net increase due to gains primarily
from upland conversion, which outweighed losses resulting
from increases in the area of mud flats. When all changes were
considered, the net effect was a 0.75 km? (7%) increase in
vegetated marsh (Table 3, Fig. 4).

The total area of mud flats at the VCR study site had
a net increase of 0.48 km? (80%) between 1949 and
2013, with most of the change occurring during the later
time interval (after 1957) (Table 2). In contrast to GCE,
this increase was primarily through the expansion of
existing mud flats, as 76% of the area of mud flats
remained consistent between 1949 and 2013 (Fig. 4).
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Table 2  Area of each feature category for each time period at the three
study sites, along with average areas as a percentage of the marsh (the
sum of vegetated marsh, tidal channel, interior mud flats and ponds). The

2013 values in bold indicate when the values for the earliest and latest
dataset did not have overlapping error terms (see Table 1). NA denotes
“not applicable”, as upland was excluded from the percent calculations

Site Year Vegetated marsh (km?) Tidal channels (km?) Mud flats (km?) Ponds (km?) Upland (km?)
GCE

1942 16.45 5.39 0.40 - 2.81

1972 16.74 521 0.37 - 2.74

2013 16.22 5.73 0.40 - 2.72
Average % of marsh 74% 24% 2% NA
VCR

1949 10.72 2.14 0.60 0.02 433

1957 11.27 1.97 0.72 0.02 3.76

2013 11.47 1.85 1.08 0.02 3.28
Average % of marsh 80% 14% 6% <1% NA
PIE

1938 11.71 5.34 - 033 3.55

1971 11.25 5.44 - 0.71 353

2013 10.55 5.82 - 1.01 3.56
Average % of marsh 64% 32% 4% NA

Table 3  Losses and gains in vegetated marsh area at the three study
sites as determined by subtraction analysis. Results are shown for each
time interval along with net change for the entire period. Time period I is
the first set of imagery (1942 at GCE, 1949 at VCR and 1938 at PIE), time

period Il is the second set of imagery (1972 at GCE, 1957 at VCR, and
1971 at PIE), and time period III is the most recent imagery, which was

2013 for all three sites

Conversion of each feature from (loss) Time period I to 11 Time period II to III Time period I to 111
or to (gain) vegetated marsh
Loss Gain Net (kmz) Loss Gain Net (kmz) Loss Gain Net (krnz)
() (km?) (k) (km?) (k) (km?)
GCE
Open fetch edge —0.01 +0.06 +0.05 —0.04 +0.01 —0.03 —-0.03 +0.04 +0.01
Channel edge -0.72 +0.87 +0.15 -0.72 +0.24 —0.48 -1.15 +0.83 -0.32
Mud flats -0.24 +0.28 +0.04 -0.25 +0.21 —0.04 -0.25 +0.28 +0.03
Ponds 0 0 0 0 0 0 0 0 0
Upland -0.13 +0.18 +0.05 —-0.07 +0.08 +0.01 -0.12 +0.17 +0.05
GCE total -1.1 +1.39 +0.29 —-1.08 +0.54 —0.54 —-1.55 +1.32 —0.23
VCR
Open fetch edge —-0.06 +0.04 —-0.02 —-0.05 +0.09 +0.04 —0.06 +0.09 +0.03
Channel edge -0.23 +0.37 +0.14 —0.31 +0.45 +0.14 —-0.30 +0.45 +0.15
Mud flats —-0.28 +0.16 —-0.12 —-0.51 +0.17 —-0.34 —-0.59 +0.13 —0.46
Ponds 0 0 0 0 0 0 0 0 0
Upland —-0.09 +0.65 +0.56 —-0.07 +0.54 +0.47 —-0.02 +1.05 +1.03
VCR total —0.66 +1.22 +0.56 -0.94 +1.25 +0.31 -0.97 +1.72 +0.75
PIE
Open fetch edge —-0.02 +0.02 0 —0.08 +0.00 —0.08 -0.09 +0.00 —-0.09
Channel edge —0.40 +0.29 —0.11 —0.50 +0.21 -0.29 —-0.51 +0.13 -0.38
Mud flats 0 0 0 0 0 0 0 0 0
Ponds —0.54 +0.19 —0.35 —0.62 +0.31 -0.31 —-0.86 +0.19 —0.67
Upland -0.29 +0.29 0 —0.24 +0.21 —0.03 -0.21 +0.20 —-0.01
PIE total -1.25 +0.79 —-0.46 —1.44 +0.73 -0.71 -1.67 +0.52 -1.15
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Fig. 3 GCE subtraction analysis showing the change in marsh features
between a 1942 and 1972, b 1972 and 2013, and ¢ 1942 and 2013. (i)
Indicates the retreat of interior mud flats as the (ii) channels move deeper

Much of the expansion occurred in a few low-lying sec-
tions in the interior of the marsh around Castle Ridge
Creek and Red Bank Creek; between 1949 and 2013,
these two channels narrowed and the surrounding mud
flats expanded. Changes in mud flats resulted in a de-
crease in the ratio of vegetated marsh:flats from 18:1 to
10:1 over time. Concurrent with this expansion in mud
flats was a reduction in the area of tidal channels, which
were converted into both vegetated marsh and mud flats.
Most of this loss occurred in the interior channels of the
marsh as opposed to the open fetch edge adjacent to Hog
Island Bay.

The VCR study site had large upland islands on the marsh
platform in addition to the mainland border (Fig. 4). Between
1949 and 2013, the vegetated marsh had a net increase of
1.03 km? due to horizontal marsh migration (Table 3). Most
of this occurred between 1949 and 1957, largely on the bor-
ders of the upland islands. Between 1957 and 2013, upland
area was lost at the marsh upland boundary as well as at these
islands. Over the entire study period, 71% of the marsh mi-
gration occurred at the vegetated islands.
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into the marsh. The yellow boxes indicate where farmland was converted
first to marsh (iii) and then mud flats (iv). Marsh losses and gains refer to
changes in the vegetated marsh

Changes at PIE

At the PIE study site, there was no overlap in the error terms
associated with 1938 in comparison to 2013 for any feature
categories except upland area (Table 2). When all conversions
were considered, vegetated marsh had a net decrease of
1.15 km? (10%) over the study period (Table 3), much of
which could be attributed to an increase in ponds (Fig. 4).
The net increase in ponds was higher between 1938 and
1972 than during the later interval (1972 to 2013). Over the
entire period of study, there were net increases in both the
number of ponds (1094 to 1484 ponds) and mean pond size
(302 to 683 m?). The change detection analysis indicated that
42% of the ponded area in 1938 was still present in 2013,
suggesting that pond expansion and initiation of new ponds
both played a role in their increase (Fig. 5). The ratio of veg-
etated marsh:ponds decreased from 35:1 in 1938 to 10:1 in
2013. PIE also experienced vegetated marsh loss as a result of
a net increase in tidal channels, with much higher net losses
during the second part of the study (—0.11 km? between 1938
and 1972 compared to —0.29 km? between 1972 and 2013).
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and gains refer to changes in the vegetated marsh

Although some of this increase occurred along the open fetch
marsh edge of Plum Island Sound, most of the change was due
to a slight widening of interior channels. PIE did not experi-
ence any change at the marsh-upland border.

DEM Analysis
Vegetated Marsh Elevation

The relative height of the vegetated marsh platform varied
considerably among the three sites (Figs. 6 and S1). GCE
had the widest distribution of plants within the local tidal
frame, ranging from a fractional elevation of —0.4 to 1.4, with
the mode falling between 0.7 and 0.8 and 37% of the marsh
located below 0.7. This value is instructive, as Schile et al.
(2014) identified a fractional elevation of 0.65-0.75 as the cut-
off between high and low marsh habitats in their study sites.
The site at VCR sat lower in the tidal frame, with 100% of the
marsh falling below 0.7 and the mode occurring between 0.4
and 0.5. In contrast, the range at PIE was from 0.2 to 1.4 and
the mode between 0.9 and 1, which is just below MHHW,
with only 17% of the marsh occurring below 0.7.

Elevation of Ponds and Flats

At the GCE study site, mud flats occurred at a fractional ele-
vation between —0.3 and 1.3, which was nearly the full marsh
elevation range (Fig. 7a). The biggest mud flats and therefore
the largest area occurred below MSL, between — 0.2 and — 0.3
(Fig. 7b, c). Although the elevation of these large mud flats
could not be measured in the historical imagery, they were
consistently present in this location across all images. The
vertical distribution of mud flats at the VCR study site had a
narrower range relative to the local tidal datum (fractional
elevations of 0.0 to 0.6) than at GCE, with a peak between
0.1 and 0.2 (Fig. 8a). The mud flats close to MSL (fractional
elevation of 0) were much larger than those at higher eleva-
tions, and thus the total area exhibited an inverse relationship
with elevation (Figs. 8b, c). The distribution of ponds at the
PIE study site mirrored the elevation distribution of the vege-
tated marsh, with the most ponds (number of ponds and total
ponded area) falling just below MHHW (fractional elevations
0f 0.9-1.0) (Fig. 9a). Mean pond size peaked around MHHW
(Fig. 9b), and total ponded area peaked at just below MHHW
(Fig. 9c¢).
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and gains refer to changes in the vegetated marsh

Upland Slope

Of the three study sites, VCR had the lowest average upland
slope at 0.8°, with a range of 0 to 5°. The slope was <1° along
nearly all of the upland border including that of the marsh
islands. Slopes at the GCE site averaged 2.24° and ranged
from 0 to 18.5°. The upland that had converted to mud flat
(box in Fig. 3) had a gentler slope, ranging from <1° to 3°,
than the southwestern section, where slopes were > 10° and no
migration was observed. Slopes at PIE averaged 4.06° and
ranged from 0 to 22.1°. At VCR, nearly all (98%) pixels had
slopes below 3°, as compared to 75% at GCE and only 46% at
PIE.

Discussion

Both the net change in the area of vegetated marsh and the
major types of loss and gain over the past 70 years were
different for the three marshes we studied: At GCE, there were
fairly large shifts over time in the location of mud flats and
channels, but little overall net change in vegetated area. At
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VCR, there was a loss of vegetated marsh due primarily to
mud flat expansion, which was offset by horizontal marsh
migration at the upland edge, such that the overall net change
was positive. At PIE, there was a net loss in vegetated marsh
that was primarily due to an increase in ponding and interior
channel expansion. Below, we evaluate the main types of
marsh change at these sites and discuss the implications of
these observations.

The largest shifts at the GCE were due to changes in the
interior channels, which expanded into the vegetated areas
(0.83 km?) in some places over the course of the study period
while contracting (1.15 km?) in others. The changes in interior
channels were consistent with our analysis of shoreline
change, which showed high rates of both advance and retreat
along channel edges (Burns 2018). However, the fact that
edge retreat outpaced advances during the second half of the
study (1972 to 2013) may be an indication of channel widen-
ing due to an increase in the tidal prism as a result of SLR.
There were also changes in the locations of mud flats over
time at GCE, with more than 70% of the flats present in
1942 switching to vegetated marsh in 2013, which was offset
by vegetated marsh converting to mud flats elsewhere. The
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fact that these interior flats did not expand over time and
occurred across the entire elevation range of the GCE study
site suggests they are not likely to have been caused by
waterlogging of low-lying areas. Many of the bare areas
may have been due to wrack deposition, which can smother
plants if left in place for long enough and is known to cause
patches within the marsh (Hartman 1988). Wrack is most
likely the cause of the mud flats at the marsh-upland bound-
ary, where J. roemerianus dominates, as this grass is well
known for its wrack-trapping abilities (Pennings and
Richards 1998). Other mud flats may have been created by
sudden dieback. This phenomenon is not well-understood but
it is known to be associated with drought (Alber et al. 2008)
and so may be increasing in frequency. Finally, some of the
flats located at the heads of creeks are likely evidence of crab
activity, which may be facilitating increased drainage of these
areas (Hughes et al. 2009; Perillo et al. 1996; Vu et al. 2017).

The total mud flat area at the VCR site nearly doubled from
1949 to 2013. Although some were revegetated over time,
those that were low in elevation with respect to MSL showed
evidence of marsh waterlogging that is likely linked to SLR.
Two of these mud flats expanded to the extent that they
achieved the critical minimum width for runaway expansion
as modeled by Marriotti and Fagherazzi (2013).
Compensating for this loss was a net expansion of vegetated

gauge at each site (see text for details). A fractional elevation value of 1
falls at MHHW and a value of 0 falls at MSL for each site. See Fig. S1 for
observations referenced to NAVD 88

marsh due to horizontal migration. The VCR study marsh had
the lowest mean slope at the upland edge out of the three sites
as well as the lowest range in slope. An earlier study at this
study site documented low upland slopes and horizontal
marsh migration (Kastler and Wiberg 1996), as have other
studies in Chesapeake (Schieder et al. 2018) and Delaware
Bays (Smith 2013). These studies also note that horizontal
migration onto the upland often exceeds marsh loss in other
areas. In fact, without marsh migration, the VCR site would
have lost 0.28 km? of vegetated marsh rather than gained
0.75 km? over the study period.

Total ponded area at PIE tripled over the 70-year study
period. Contrary to the expanding mud flats at VCR, which
were positioned just above MSL, the ponds at PIE were posi-
tioned closer to MHHW. Although ponding may be indicative
of drowning in many marshes (Downs et al. 1994), they are
natural in this system (Harshberger 1916) and so understand-
ing the base conditions is critical to determining whether or
not ponding is truly a warning sign of degradation (Wilson
et al. 2014; Kearney et al. 2002). Many New England
marshes, including those at PIE, were heavily ditched for
mosquito control from the early 1900s through the 1930s
(Adamowicz and Roman 2005), and previous studies suggest
this led to over-drainage (Redfield 1972). These ditches are
now filling in, creating ponds (Wilson et al. 2014; Adamowicz
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and Roman 2005). It is possible that this process has stabi-
lized: in an analysis of ponds at PIE, Wilson et al. (2014)
found that ponding density was 0.12 m* m 2 marsh in 1994
and 0.10 m* m 2 in 2008, which was the final year of their
study. We measured a ponding density of 0.10 m* m 2 in 2013
in the same sub-area. Moreover, our observations showed that
vegetated marsh had higher losses to ponds during the early
part of the study.

Another source of vegetated marsh loss at PIE occurred at
the edges of interior channels. This is consistent with our
analysis of shoreline change at PIE, which documented low-
level erosion along the creek edges throughout the entire
marsh (Burns 2018). This loss more than doubled during the
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second part of the study and is likely an effect of SLR.
Mariotti (2016) suggested that SLR has a unique “widening
footprint” in the marsh, which is reflected by spatially uniform
widening along the channels at PIE. There was also some loss
along the open fetch edge. This may be a result of an increase
in the frequency and intensity of storms over time (Hayden
and Hayden 2003), which would bring more high energy wind
waves to the coast and increase erosion.

Although this was a historical analysis, all three sites have
experienced increasing rates of SLR over time and further in-
creases are expected in the future (Oppenheimer et al. 2019).
SLR ranged from to 2.5 to 3.5 mm year ' when calculated for
the entire study period as compared to more recent rates (1986—



174 Estuaries and Coasts (2021) 44:162-177
1.5 1.5 | 1.5 | .
14 1.4 1.4
1.3 1.3 1.3
1.2 1.2 1.2
1.1 1.1 1.1
1 1 1
0.9 0.9 0.9

c 08 0.8 0.8

= 07 0.7 0.7

3 06, 0.6 0.6 |

5 0 os os |

-§ 0.3 -_ 0.3 I 0.3

S 0.2 0.2 - 02 o

F %2 oo 02 g 2 o
LN [ — 01 e 01
o 0 0
0.1 -0.1 -0.1
0.2 0.2 0.2
0.3 0.3 0.3
0.4 0.4 -0.4

S ek ShRheEy ¢ 4 %% %
o © ©°0
Count of features  Mean flat size (m?) x 10° Total flat area (m?) x 10°
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2016) of 4.3 and 4.7 mm year ' (see site descriptions). As sea
levels continue to rise, we would expect to see further losses of
vegetated marsh due to increases in the size of their interior
channels at both GCE and PIE. At VCR, we would expect to
see losses due to increases in interior flats. Much of the vegetated
marsh at this site is situated low in the tidal frame, making it
vulnerable to future to increased flooding. Moreover, the expan-
sion of mud flats is likely to continue given the potential for
wind-wave erosion and the low sediment concentrations.
Although the site has low upland slopes that are conducive to
horizontal migration, Kirwan et al. (2016) predicted that hori-
zontal marsh expansion will exceed horizontal marsh loss at
SLR rates between 8 and 9 mm year .

This analysis also provides a context for developing site-
specific management options. At GCE, the increase in interior
channels is something that should be evaluated regularly. One
recommendation here would be to recognize that sediment is
being redistributed within the system, such that stabilizing chan-
nel edges could result in losses in other areas (Ganju 2019). This
would therefore be an important consideration for a potential
erosion control project. The GCE site has low enough slopes
in some areas for the marsh to migrate horizontally, and in fact,
one small section of upland was converted to vegetated marsh
during the time period. Much of the upland at this site is cur-
rently agricultural and forested land, and so targeting these areas
for protection would be another potential strategy.
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At VCR, where the net gain in vegetated marsh was almost
completely the result of marsh migration onto the upland,
preventing barriers such as seawalls at the upland edge is
already underway. The marsh to upland boundary at this site
is dominated by forest and agriculture, and much of it has been
protected under easements (McLoughlin et al. 2015). The
expanding mud flats are difficult to address with management
actions, given the low sediment concentrations in this area.
However, thin layer placement of dredged material has been
a successful management strategy in some marshes such as
Gulf Rock, NC (Wilber 1992), and Bayou Lafourche, LA
(Stagg and Mendelssohn 2011). Although this option has
not been discussed within this specific study area, there are
active plans to do so in nearby Cedar Island (USACE 2019).
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The primary cause of vegetated marsh loss at PIE was
due to an increase in ponding, which may have stabilized
in this arca. However, the study site also lost vegetated
marsh due to channel widening, and Hopkinson et al.
(2018) suggested that sediment eroded from creek edges
serves as an important source for vertical accretion on the
marsh platform at PIE. This would be difficult to address
through management actions, but it might be possible to
increase suspended sediment input by removing some of
the hundreds of upstream dams in this area. Dam removal
is being pursued, largely to restore access for anadromous
fish, but most projects are still in the early stages and few
dams have been removed to date (A. Giblin, personal
communication).
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This study offers a reminder that marshes are dynamic en-
vironments, with multiple processes occurring simultaneously
that affect the extent of vegetated habitat. The three sites that
we examined here all had both losses and gains in all catego-
ries over time, with three different net outcomes for marsh
vegetation. Identifying changes across the entire marsh, along
with information on the distribution of the various features
within the tidal frame, provides insight into what factors are
important in driving vegetation losses and gains over time. It
also provides a useful context for identifying site-specific
management options.
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