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Abstract Salt marshes are at risk globally if they
cannot keep pace with sea level rise. Along the United
States Mid-Atlantic coast, high marsh has already
declined, and is particularly vulnerable to future loss
due to greater regional rates of relative sea level rise
and limited capacity for both vertical accretion and
landward migration. To support climate adaptation
efforts in the region, we conducted a spatial overlay
analysis to (1) assess interior ponding in the high tidal
marsh zone caused by waterlogging, and (2) identify
restoration opportunities where poor drainage is
limiting natural recovery. Surface inundation has
increased across over 14,000 ha of high marsh in the
region, mostly along the eastern Chesapeake Bay and
New Jersey coast. Within this waterlogged area, we
identified 239 potential restoration sites (275 ha).
Validation data indicate our analysis had relatively
high accuracy in identifying potential restoration sites,
with a true positive rate of 76% and a true negative rate
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of 96%. Widespread waterlogging emphasizes the
need for climate adaptation efforts to restore and
protect high marsh in the face of future change. Our
recommended restoration strategy of connecting
waterlogged sites to tidal creeks aligns with best
practices by enabling drainage of high marsh to halt or
even reverse ponding, improve recovery from future
flooding events, and ultimately facilitate marsh migra-
tion with sea level rise.
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Introduction

Tidal marshes provide immense ecological and eco-
nomic value, including protection from storms, nurs-
ery grounds for commercially important fisheries,
enhancement of ecotourism, sequestration of carbon,
and essential habitat for wildlife. Yet they are among
the most vulnerable ecosystems to sea level rise.
Global mean sea level has risen 0.19 m over the past
century (Pachauri and Mayer 2015), and the rate has
been accelerating over time (Church and White 2006).
Many marshes have not kept pace with sea-level rise
over recent decades, and are unlikely to in the future.
In a meta-analysis of salt marshes in North America
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and Europe, 60% could be lost by 2100 under the most
optimistic emissions scenario, and up to 90% could be
lost under the most extreme emissions scenario
(Crosby et al. 2016).

Platform drowning, wave edge erosion, and interior
ponding are the major agents of tidal marsh loss
(Mariotti 2016). Marshes can counteract these impacts
and maintain themselves through the accumulation of
sediment and organic matter (i.e. vertical accretion)
and migration inland as saltwater influence reaches
upslope (i.e. marsh migration) (Kirwan et al. 2016a, b;
Kirwan and Gedan 2019). In the Chesapeake Bay of
the United States, a recent analysis of historical maps
and aerial photography found that more marsh
(101 km?) has been created due to upland drowning
than was lost (94 kmz), primarily to shoreline erosion,
since the mid-nineteenth century (Schieder et al.
2018). Such patterns have also been found in other
regions of the world, including Italy’s Venice lagoon
(Rizzetto and Tosi 2011) and Portugal’s Tagus estuary
(Simas et al. 2001).

However, there are several reasons to doubt that
marsh migration can fully compensate eroded marsh
over large spatial scales in the future. In regions with
relatively higher rates of sea level rise and lower
accretion rates, including the U.S. Mid-Atlantic,
marshes may be especially vulnerable to decline (Ezer
and Corlett 2012; Sallenger et al. 2012). High marshes
naturally accrete sediment more slowly than low
marshes, putting them at even greater risk of submer-
gence (Gedan et al. 2009). In the Chesapeake Bay, sea
level rise has already contributed to the degradation of
over 80,000 ha (70%) of tidal marsh (Kearney et al.
2002). Marshes in Dorchester County on Maryland’s
eastern shore have suffered particularly high losses
due to submergence and erosion of the marsh interior
(Kearney et al. 2002; Schepers et al. 2017), and are
among the most vulnerable to future decline (Titus and
Richman 2001). Some computer models predict
almost complete loss of tidal marsh in the Chesapeake
Bay this century (Glick et al. 2008).

Furthermore, in many coastal regions, human
activities have limited the potential for both vertical
accretion and landward migration of marshes. Land
subsidence from groundwater extraction has lowered
marsh elevation, contributing to high rates of submer-
gence; dredging of shipping canals has altered tidal
flows, increasing erosion energy and reducing sedi-
ment delivery; and urbanization has reduced sediment
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input and restricted upslope movement (Adam 2002;
Kirwan and Megonigal 2013). Even where marsh
migration can proceed, drowned uplands do not
always convert to a fully functioning tidal marsh
ecosystem. On the Atlantic coast of the U.S. Phrag-
mites australis frequently invades forest-marsh tran-
sition zones and then persists as an extensive
monoculture after the forest has died back, degrading
habitat for wildlife species of concern (Lerner et al.
2013). In this region, native high marsh vegetation is
frequently dominated by low-statured grasses (Spar-
tina patens and Distichlis spicata), which provide
essential habitat for at-risk salt marsh obligate birds,
including Saltmarsh Sparrow (Ammodramus cauda-
cutus) and Black Rail (Laterallus jamaicensis). Both
of these species are rapidly declining due to acceler-
ating sea level rise and habitat loss, and are proposed
for listing under the Endangered Species Act.

Another issue in low-lying coastal regions is
trapped standing water in upland-marsh transition
zones derived from storm tides or from the discharge
of fresh groundwater, which fails to drain due to
isolation from the tidal creek network, resulting in
waterlogging and interior erosion of newly transi-
tioned marsh (Fig. 1; Brinson et al. 1995; Blum et al.
2002; Lerner et al. 2013). There has been a significant
increase in the rate of surface flooding in marshes in
the Mid-Atlantic region (i.e. Maryland, Virginia, and
New Jersey) over the past century (Erwin et al. 2006;
Schepers et al. 2017). This phenomenon deserves
attention from conservation practitioners due to its
potential to cause the erosion and loss of high marsh
vegetation long before sea level rise introduces daily
tidal influence and consequent conversion to low
marsh. Such sites have the elevation capital to drain,
but fail to do so because shallow basin topography
develops due to factors such as elevated regions in the
mid-marsh zone or ground surface collapse from
reduced plant productivity or death (Blum et al. 2002;
Day et al. 2011). Cases of interior erosion are
especially concerning as they can lead to permanent
marsh loss even where accretion rates are otherwise
sufficient to keep pace with sea level rise (Mariotti
2016).

In light of their ecological importance and vulner-
ability to sea level rise, there is a compelling need to
develop strategies to increase tidal marsh resilience
and reduce rates of loss in the U.S. Mid-Atlantic
region. While other studies have documented the
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Fig. 1 Waterlogged soils at the upland-marsh transition
boundary (a—c) and the ditch constructed to drain these soils
(d, e) at Farm Creek Marsh, MD. Conditions are shown from on

impacts of sea level rise in this region, here we aim to
identify where these impacts could be reversed
through on the ground management and restoration.
We present a novel spatial analysis to (1) assess
interior erosion in the high tidal marsh zone across
caused by waterlogging, and (2) identify sites where
eroding waterlogged marsh has the potential to drain,
and potentially revegetate, if connected to the tidal
creek network by artificially created drainage channels

the ground (a, b, e) and aerial photographs (c, d). Photo credits:
a, b Camilla Cerea/Audubon, ¢, d Maryland Department of
Natural Resources, e David Curson

(i.e. tidal creek extension). The National Audubon
Society piloted this restoration technique in 2018 at
Farm Creek Marsh, a sanctuary owned by the Chesa-
peake Audubon Society in Dorchester County, Mary-
land, where soil waterlogging has resulted in interior
marsh erosion and increased surface inundation over
recent decades (Fig. 1). We find that several other sites
in the region have similar conditions, indicating that
they are vulnerable to loss and may benefit from
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actions to protect against the impacts of sea level rise.
Although not widely documented, these conditions are
likely to be relevant to other low-lying temperate salt
marsh systems with low accretion rates as well,
including those in the North Sea, Gulf of Mexico,
and Australian Coast (Giuliani and Bellucci 2019).
Connection to tidal creeks can assist marsh recovery at
these sites by removing surface water and reinstating
conditions conducive for plant growth. Ultimately,
restoring these sites could slow marsh decline and
facilitate marsh migration with sea level rise.

Methods
Input datasets and criteria

We conducted a spatial overlay analysis to identify
sites that are currently high marsh, and are predicted to
at least partially remain marsh under future sea level
rise, but have become waterlogged over recent
decades and are unable to drain (Table 1). This
analysis encompasses the greater Chesapeake and
Delaware Bay areas, in the U.S. Atlantic states of
southern New Jersey, Delaware, Maryland, and Vir-
ginia (Fig. 2). We used the National Wetlands Inven-
tory (NWI) to identify present-day high marsh in the
region (US Fish and Wildlife Service 2013). NWIis a
nationwide inventory of wetlands identified through
aerial imagery analysis and produced at a scale of
1:24,000 (Wilen and Bates 1995). NWI classifies

wetlands according to their tidal system, vegetation,
salinity, and flooding regime. While low marsh is
flooded on a daily basis, high marsh is flooded
irregularly by high tides during coastal storms. We
selected the E2EMIP class, representing wetlands in
estuarine intertidal systems (E2) with persistent
emergent vegetation (EMI1) that are irregularly
flooded by saltwater tides (P) to categorize current
high marsh (Cowardin et al. 1979).

To identify sites where high marsh is waterlogged
and eroding to open water, we applied the Global
Surface Water Dataset, a Landsat satellite imagery
product that maps the spatial and temporal distribution
of surface water at a 30-m resolution (Pekel et al.
2016). We used their classified surface water change
product (1984-2014) and selected classes representing
transitions towards an increase in surface inundation
(i.e. New Permanent, New Seasonal, and Seasonal to
Permanent surface water classes). This dataset repre-
sents a comprehensive and high-resolution examina-
tion of where surface water has increased over a
30-year period. We intersected this dataset with our
NWI marsh layer to identify where high marsh has
recently transitioned to open water.

In order to identify sites with the elevation capital to
drain through tidal creeks, we included sites that are
predicted to remain high marsh through 2050 based on
one of two sea level rise projections depending on
location. For Maryland’s eastern shore, projections of
habitat transitions under sea level rise were developed
by the Maryland Department of Natural Resources

Table 1 Variables used to identify waterlogged marshes in need of restoration, and the datasets and criteria chosen to represent them

in the spatial overlay analysis

Variable Dataset Criteria
Marsh in the National Wetlands Inventory (NWI) Irregularly flooded estuarine emergent wetlands
present (class E2EM1P)
Marsh in the Sea Levels Affecting Marshes Model (SLAMM; Estuarine, irregularly flooded, or transitional
future eastern Maryland), NOAA Marsh Migration (other wetlands
areas)

Increase in Global Surface Water Dataset
standing surface

water

Poor soil drainage Area- and depth- weighted SSURGO variables
National Hydrography Dataset (NHD) and National

Lack of
connectivity to
tidal creeks

Wetlands Inventory (NWI)

Transitions towards an increase in surface water (new
permanent, new seasonal, or seasonal to permanent)

Proportion silt > 50 or proportion clay > 35

> 30 m away from NHD flowline features, and NWI
deepwater features that intersect NHD
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Fig. 2 Waterlogged marsh and potential restoration sites in the
study area as identified by the spatial model. The locator map in
the lower right shows the study area in relation to the
coterminous United States. The inset map in the upper left

(Edmonds 2011) based on the Sea Levels Affecting
Marshes Model (SLAMM). SLAMM uses local data

shows a close-up of Dorchester County, Maryland, where the
majority of sites were located. Sites within 2 km of each other in
the main map and within 500 m of each other in the inset map
have been co-located for cartographic purposes

on elevation, accretion and erosion rates, and sea level
rise to predicatively model long-term habitat
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transitions. Outputs were generated for Maryland’s
coastal counties at a 30-m spatial resolution under two
sea level rise scenarios: 0.4 m by 2050 and 1 m by
2100 (Edmonds 2011). For other regions in our study
area where SLAMM outputs were not available,
projections were based on NOAA’s Marsh Migration
dataset (Marcy et al. 2011). NOAA uses a modified
bathtub approach that incorporates LIDAR-derived
elevation data and attempts to account for local and
regional tidal variability. Outputs are available for the
conterminous US at a 10-m spatial resolution with
scenarios of up to 10 ft (~ 3 m) provided in half-foot
increments. We selected outputs to match the
SLAMM parameters for 2050, choosing a future sea
level rise scenario of 1 ft (0.3 m). This rate of sea level
rise is consistent with an intermediate scenario
(0.34 m by 2050) from the federal Interagency Sea
Level Rise and Coastal Flood Hazard Scenarios and
Tools Task Force’s most recent technical report
(Sweet et al. 2017). We included irregularly flooded,
estuarine and transitional estuarine shrub/scrub wet-
land landcover classes from both datasets to represent
future marsh.

We assessed current drainage ability by considering
both underlying soil composition and isolation from
tidal creeks. We used area- and depth- weighted
averages of Soil Survey Geographic Database
(SSURGO) variables to map soils (Wieczorek 2014),
retaining sites where soil texture would impede
drainage due to high levels of silt (at least 50%) or
clay (at least 35%). We then assessed distance to tidal
creeks, as represented by the National Hydrography
Dataset (NHD) (US Geological Survey 2017). NHD is
the most current and comprehensive hydrography data
for the nation, mapping all drainage networks at a
scale of 1:24,000 or better. We incorporated the NWI
deepwater class to also include area features that
intersected the linear NHD drainage network. We used
a distance of 30 m or greater to classify waterlogged
sites as isolated from tidal creeks, based on the spatial
resolution of the Global Surface Water Dataset.

Spatial overlay analysis

We used ArcGIS Pro version 2.1 to construct a spatial
model that overlaid these datasets to identify potential
restoration sites (i.e. target sites, Fig. 3). We first
clipped current marsh by areas of surface water
increase to identify waterlogged areas, and then
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aggregated the resulting sites to group features that
were small and close together, using a minimum size
of 0.5 ha and a distance of 30 m to match our mapping
resolution. We selected sites that intersected marsh in
the future based on a spatial join to retain locations
where restoration could have a lasting impact. We kept
sites with poorly drained soils based on a spatial join
with the soils layer. Finally, we calculated distance to
the nearest stream or drained deepwater feature,
keeping only disconnected sites.

Validation

We reviewed aerial photographs and conducted field
visits to validate our approach. We implemented a
random stratified sampling design to survey an equal
number of locations that met and did not meet model
criteria for potential restoration sites. All validation
sites were located in our target marsh class as
identified by NWI, and along public roads to ensure
access. Because we could not assess future land cover
or underlying soils through visual observation, we also
limited validation sites to areas predicted to remain
marsh in the future and with poor soil drainage. We
surveyed 50 locations total, separated at least 1 km
apart. Field visits occurred in November and Decem-
ber 2018, several days after rains in order to give sites
sufficient time to drain and allow us to accurately
distinguish waterlogged conditions. We reviewed high
resolution aerial photography for all sites from both
Google Maps (data from 2019, 0.5-m resolution;
Google 2019) and the National Agriculture Imagery
Program (NAIP, data from 2010 to 2017, 1-m
resolution; USDA Farm Service Agency 2017)
(Fig. 4). We looked for the following conditions when
validating our model: (1) dominance of typical high
marsh vegetation (e.g. Spartina patens and Distichlis
spicata), (2) surface inundation, and (3) isolation from
tidal creeks. We considered sites meeting these criteria
as true positives; all others were true negatives.

Results
Increase in surface inundation
High marsh currently covers nearly 190,000 ha across

the study region according to NWI data, and marsh
migration projections indicate that this area could



Wetlands Ecol Manage (2020) 28:527-541

533

Surface water 17,493 features 4,371 features | 3,626 features
increase 14,044 ha 8,493 ha 7,211 ha
Clip Spatial Join Spatial Join Distance
Poor soil || | Isolated from
Future marsh drainage creeks
Poor soil
Current marsh‘& drainage
Surface water increase 605,071 ha
7% and 21% overlap . Surface water
I increase
Current marsh & - - 66,726 ha

Future marsh
64% and 42% overlap

Surface water increase &
Future marsh
16% and 4% overlap

Surface water increase &
Poor soil drainage
32% and 4% overiap

Future marsh &
Poor soil drainage
50% and 24% overlap

Current marsh &
Poor soil drainage
73% and 23% overlap

Fig. 3 Conceptual diagram of the input data layers, relation-
ships between them, and how they were incorporated in the
spatial model. The flowchart at the top shows the steps of the
overlay analysis, with the number of features and their area in
hectares after each step. Below, Venn diagrams show the
relative area and degree of overlap among the four categorical

expand by over 100,000 ha (Fig. 3). However, over-
lays with NWI and Global Surface Water Data
indicate that surface inundation has already degraded
over 14,000 ha (7%) of high marsh in the study area
since 1984, including in places forecasted to remain
marsh (Figs. 2-3, Table 2). The largest areas of

Potential

restoration
sites
275 ha
Future marsh )\
289,977 ha Current marsh

189,364 ha

input layers: current marsh (green), future marsh (yellow),
surface water increase (blue), and poor soil drainage (orange).
On the left, overlap between pairs is shown and expressed as a
percentage of both the first and second layer listed respectively.
Graphic sizes are approximate

surface inundation are along the eastern shores of the
middle Chesapeake Bay in Dorchester County, Mary-
land (1958.7 ha), and along the Atlantic Coast of New
Jersey, in Cape May (1734.2 ha), Atlantic
(1638.9 ha), and Cumberland (1,426.9 ha) counties.
By state, New Jersey accounts for the greatest area of
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Fig. 4 Side-by-side comparison of inputs to the spatial model
(left) and waterlogged conditions as seen from NAIP aerial
photography (USDA Farm Service Agency 2017) (right). Both
maps show Farm Creek Marsh in Dorchester County, MD, one

waterlogged high marsh in the region (5810.7 ha, 41%
of the waterlogged high marsh identified), followed by
Maryland (5149.2 ha, 37%), Virginia (2684.2 ha,
19%), and lastly Delaware (400.0 ha, 3%).

Potential restoration sites

Within these waterlogged areas, our model identified
239 sites totaling approximately 275 ha of surface
inundation that are also predicted to remain as high
marsh through 2050 but are isolated from the tidal
creek network, and as such may benefit from restora-
tion techniques such as tidal creek extension (Fig. 2,
Table 2, and Table S1). On average, these target sites
included an inundated area of 1.1 ha (range
0.5-10.5 ha) at an elevation of 0.3 m above NAVD
1988 (range -0.1 — 1.5 m).

The majority of target sites were located along the
Chesapeake Bay’s eastern shore: Dorchester County,
MD, alone accounted for almost half of the output in
terms of both number of sites (110) and area of surface
inundation (139.9 ha). Coastal New Jersey also stood
out, with a combined 57 sites covering 64.6 ha of
surface inundation in Ocean, Cape May, and Atlantic
Counties. Fewer sites were identified along the
western shores of the Chesapeake and Delaware Bays,
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of the sites identified by this analysis where the tidal creek
extension strategy has been piloted, at a scale of 1:24,000.
Darker areas in the center of the image indicate waterlogged
conditions (Kearney et al. 2002)

and no sites were identified in the upper Chesapeake
Bay.

Most target sites (122, 51%) fall on publicly
protected lands under federal, state, or local govern-
ment ownership, including a high proportion of sites
on U.S. Fish and Wildlife Service National Wildlife
Refuges (53 sites, 62 ha) and state wildlife manage-
ment areas owned by Maryland (29 sites, 27 ha), New
Jersey (15 sites, 13 ha), Virginia (3 sites, 2 ha), and
Delaware (2 sites, 3 ha). An additional 17 sites (7%)
are located on privately owned protected lands.

Validation

Field surveys and review of aerial photography
indicate our model had relatively high accuracy in
identifying target sites, with a true positive rate of 76%
and a true negative rate of 96% (Table S2). Of the 50
sites surveyed, six were identified as suitable for
restoration when they were actually unsuitable (com-
mission errors) and only one was identified as
unsuitable for restoration when it was actually
suitable (omission error). Commission errors were
entirely due to inaccuracies in assessing existing
drainage networks, owing to errors in the input data in
certain locations: tidal creeks run through four of the
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Table 2 Results by state and county showing total area of waterlogged marsh (ha), number of potential restoration sites, total
potential restoration area (ha), and mean elevation of potential restoration sites (m above NAVD 1988)

State County Waterlogged marsh Potential Potential restoration Mean site elevation (m above
area (ha) restoration sites area (ha) NAVD 1988)
Delaware All 400.0 8.2 0.6
Kent 107.2 54 0.7
New Castle 70.2 - - -
Sussex 222.6 3 2.8 0.3
Maryland All 5,149.2 144 177.3 0.2
Anne 32.6 - - -
Arundel
Baltimore 31.8 - - -
Calvert 60.1 1 0.6 — 0.1
Caroline 87.3 - - -
Cecil 40.6 - - -
Charles 135.1 6 6.2 0.1
Dorchester 1,958.7 110 139.9 0.2
Harford 135.7 - - -
Kent 83.1 - - -
Prince 344 - - -
George’s
Queen 107.7 - - -
Anne’s
Somerset 888.1 14 16.7 0.3
St. Mary’s 66.7 - - -
Talbot 87.6 - - -
Wicomico 177.3 1 0.8 0.2
‘Worcester 1,222.4 12 13.1 0.1
New All 5,810.7 61 67.8 0.4
Jersey  Atlantic 1,638.9 10 8.3 0.5
Burlington 17.3 - - —
Cape May 1,734.2 16 13.3 0.7
Cumberland 1,426.9 3 2.7 0.3
Ocean 541.0 31 43.0 0.3
Salem 452.4 1 0.5 1.5
Virginia  All 2,684.2 26 21.3 0.4
Accomack 757.6 - - -
Chesapeake 15.2 - - -
Essex 90.6 1 0.7 0.2
Fairfax 39 - - -
Gloucester 205.9 8 7.7 0.4
Hampton 53.6 - - -
Isle of 216.5 2 1.4 0.4
Wight
James City 25.8 - - -
King and 70.4 - - -
Queen
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Table 2 continued

State County Waterlogged marsh Potential

Potential restoration Mean site elevation (m above

area (ha) restoration sites area (ha) NAVD 1988)
King George 19.5 - - _
King William 44.2 - - _
Lancaster 45.7 - - _
Mathews 123.0 6 5.0 0.2
Middlesex 18.7 - - _
New Kent 168.1 1 0.8 0.2
Newport News  118.3 - - _
Norfolk 6.3 - - _
Northampton 88.5 4 3.0 0.5
Northumberland  32.6 1.0 0.2
Poquoson 56.7 - - _
Portsmouth 16.4 — - _
Prince William 6.6 - - _
Richmond 122.9 - - —
Stafford 13.7 0.6 0.4
Suffolk 101.4 2 1.1 0.5
Surry 10.5 - - _
Virginia Beach  170.7 - - _
Westmoreland 44.2 - - _
Williamsburg 0.7 - - -
York 36.0 - - _

six false positive sites, and the remaining two are
adjacent to coastal lagoons. The single omission error
was likely an artifact of the model’s spatial resolution:
water had ponded in tire ruts at the site, indicating
waterlogging, but covering an area too small to be
identified by this analysis. Overall, the model results
and validation data had substantial agreement (Co-
hen’s Kappa Statistic = 0.72).

Discussion
Need for restoration

Widespread increase in surface inundation of high
marsh throughout the U.S. Mid-Atlantic indicates the
damage caused by climate-driven sea level rise, and
emphasizes the need for adaptation efforts to restore
and protect these habitats in the face of future change.
As forecasted elsewhere, marsh migration is projected
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to more than compensate for the area lost due to sea
level rise, but increases in surface water at a number of
these sites indicate they are more vulnerable to loss
than land cover predictions suggest. The central
eastern Chesapeake Bay stands out as particularly
threatened, consistent with previous findings that sea
level rise has already caused substantial damage to
Dorchester County marshes (Kearney et al. 2002),
which are also highly vulnerable to future decline
(Titus and Richman 2001). Results from this analysis
suggest rates of marsh loss may have nearly doubled in
Dorchester County: annual marsh conversion to open
water averaged 32.7 ha between 1938 and 1989
(Kearney et al. 2002), but increased to 61.2 ha
between 1984 and 2015. Increases in marsh loss are
consistent with findings that relative sea level rise has
been accelerating in the Chesapeake Bay in recent
decades (Ezer and Corlett 2012; Sallenger et al. 2012).

Tidal flows are necessary for self-maintenance of
marshes, as they establish a fluctuating regime of
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water, oxygen, and salinity levels that determine plant
and animal communities (Silliman et al. 2009). The
target sites identified by our model do not represent all
cases of interior tidal marsh erosion, but rather a subset
of these locations at elevations above the reach of
daily tides, where surface inundation would not persist
if sites were drained effectively by the tidal creek
network. Many such sites are located near the
landward boundary of tidal marshes that have recently
transitioned from uplands (e.g. Figs la—c, 4). Tidal
marsh vegetation can establish quickly in upland-
marsh transition zones once saltwater has weakened or
eliminated terrestrial ground flora, but the establish-
ment of tidal marsh hydrology generally lags this
process because the heads of tidal creeks are slow to
extend inland in particularly flat terrain, leaving such
sites vulnerable to waterlogging.

Similar cases of waterlogging have been docu-
mented in coastal marshes with low accretion rates in
the Mississippi Delta (Nyman et al. 1993; Day et al.
2011). In these systems, increased flooding stresses
marsh vegetation, reducing productivity and sediment
capture ability. Plants eventually die as these condi-
tions worsen, further destabilizing the soil and
increasing the potential for erosion from storms and
tides. The loss of soil and plant biomass eventually
leads to elevation collapse, forming basins that are
more prone to flooding (Nyman et al. 1993; Kirwan
and Guntenspergen 2012). As a result, waterlogging
ultimately creates a positive feedback loop by dam-
aging the ability of marshes to keep pace with sea level
rise, thereby creating conditions that are more prone to
flooding.

Restoration efforts are needed in these cases to
break the feedback loop (Day et al. 2011). Water-
logged conditions can be alleviated if the depressed
basins they occupy are able to regain their elevation
within the marsh platform. Experimental manipula-
tions have shown that artificial ditches can success-
fully drain ponded areas by increasing sediment
delivery and accumulation, successively leading to
mudflat formation and plant colonization as surface
inundation decreases (Wilson et al. 2014). The actual
area of high marsh that could benefit from restoration
is significantly greater than the area of surface
inundation because waterlogged soil conditions often
extend far beyond the boundaries of surface inunda-
tion. Surrounding ecosystems, including forested
uplands and low marsh, are also likely to benefit from

improved drainage that prevents high marsh from
eroding to open water, thereby allowing marsh
migration to proceed.

Choice of restoration strategy

Today, many marsh restoration efforts are aimed at
reversing widespread damage caused by human
activities over the past century. On the U.S. Atlantic
Coast, over 90% of salt marshes from Virginia to
Maine have been impacted by intensive grid ditching
in an effort to control mosquitos, a practice that
became prevalent in the 1930s (Kennish 2001; Gedan
et al. 2009). Ditching has had mixed effects, but
generally results in drier conditions, including loss of
ponds, changes from herbaceous towards woody or
invasive vegetation, and declines in some wildlife
species, including semiaquatic invertebrates and
waterbirds (Tonjes 2013). Some restoration strategies
suggest filling these man-made ditches (e.g. Corman
et al. 2012), which in some regions has led to increases
in surface water ponding due to reduced drainage
(Vincent et al. 2013; Wilson et al. 2014). In contrast,
other human impacts like the construction of roads,
dikes, and levees have restricted marsh drainage
(Kennish 2001; Gedan et al. 2009), and restoration
strategies in these locations might emphasize con-
structing channels to reinstate tidal flows and restore
hydrologic function (e.g. Raposa 2008).

Against a backdrop of widespread human modifi-
cation, effective restoration will depend on an under-
standing of local ecological conditions and targets. In
some settings marsh ponds are an indicator of
degradation, while in others they are a characteristic
feature of intact systems, providing habitat for diverse
wildlife assemblages as they go through dynamic
cycles of formation, expansion, tidal connection, and
revegetation (Wilson et al. 2014; Mariotti 2016).
Evaluating whether increased surface water represents
runaway erosion or a recurring landscape feature is a
necessary step before selecting and implementing an
appropriate response (Smith and Niles 2016). At the
target sites identified here, where waterlogging has
increased, actions are needed to promote drier condi-
tions. Rather than remove all human influence, here
drainage channels can be constructed to prolong marsh
persistence and protect against future impacts.

Restoration techniques such as tidal creek exten-
sion are a form of climate change adaptation, as they
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aim to reduce vulnerability to the harmful impacts of
climate change (Pachauri and Mayer 2015); in this
case, increased flooding from sea-level rise. Adapta-
tion efforts can be classified into three general
strategies based on how they manage climate change
impacts: (1) resistance (forestalling negative impacts),
(2) resilience (promoting recovery after disturbance),
and (3) response (facilitating transitions to new
conditions) (Millar et al. 2007). Connecting water-
logged marsh to tidal creeks integrates these strategies
by (1) alleviating current waterlogging, (2) improving
drainage ability in future flooding events, and (3)
assisting the effective transition of uplands to hydro-
logically-functioning tidal marsh. This strategy also
aligns with best practices for restoration under climate
change, which recommend enabling natural processes
with the goal of improving resilience or ecosystem
function, rather than attempting to preserve static
reference conditions (Harris et al. 2006; Mawdsley
et al. 2009; McDonald et al. 2016). By improving
drainage ability, this approach will supplement natural
processes to the extent they are impaired, and in doing
so, repair current degradation and facilitate future
transitions under climate-driven sea level rise.

If successful, tidal creek extension projects are
anticipated to halt pond expansion, encourage reveg-
etation, and prevent the degradation of surrounding
high marsh. Revegetated marsh can become suit-
able habitat for wildlife species of concern, such as
Saltmarsh Sparrow, a songbird that depends on tidal
marshes in the U.S. Atlantic throughout its annual
cycle, and is at high risk of extinction before the end of
the century if current trends continue (Correll et al.
2017). Breeding Saltmarsh Sparrows prefer drier
marsh conditions, as flooding is a major cause of nest
failure (Bayard and Elphick 2011). Tidal restriction
has likely accelerated the decline of this and other
specialist bird species by limiting marsh accretion and
resilience to sea level rise (Correll et al. 2017). While
tidal reconnection could alleviate these pressures by
promoting vertical accretion and reducing the duration
of flooding, flood frequency may actually increase as
the new channel carries incoming tidal flows, poten-
tially putting nests at risk. Monitoring and adaptive
management will be necessary to ensure the restora-
tion strategy has its intended effects.
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Challenges and limitations

Despite the growing interest in climate adaptation
efforts, few adaptation plans are actually implemented
because of barriers throughout the process, including
leadership to initiate and sustain the process, financial
and technical resources to plan and implement a
response, and knowledge about the problem and
possible solutions (Moser and Ekstrom 2010).
Although this analysis provides information to help
understand the problem of waterlogging and suggest a
restoration response, additional resources will be
necessary to successfully implement this solution.
These efforts may be more feasible for the majority of
sites located on protected lands, especially those
managed for wildlife (102 sites, 107 ha), where there
is likely to be more interest in restoring damaged
habitat and forestalling future loss.

Uncertainties are inherent when planning for the
future, and climate adaptation strategies should
account for these uncertainties (Hallegatte 2009).
Restoration sites identified in this analysis are pre-
dicted to remain high marsh through 2050 based on sea
level rise and marsh migration projections, but future
sea level rise estimates vary by emissions scenario and
the anticipated behavior of ice sheets (Nicholls and
Cazenave 2010). Under the most extreme scenario, sea
level rise could surpass 0.4 m by 2040 (Sweet et al.
2017), shortening the restoration time frame by a
decade, but still affording time to slow marsh decline
and facilitate migration under sea level rise.

As in any computer model, discrepancies exist
between what the model shows and what exists on the
ground. While validation data suggest that our spatial
model had reasonably high accuracy in identifying
potential restoration sites, it was generally better at
recognizing waterlogged conditions than evaluating a
site’s drainage ability. This issue is likely due to both
varying exactness of the underlying datasets used in
the analysis, as well as challenges in assessing
processes versus occurrences from a Geographic
Information System. On-the-ground activities should
assess the accuracy of local conditions as identified by
this analysis and the appropriateness of the restoration
strategy proposed here.

Lastly, reinstating tidal flows at the target sites may
not always lead to recovery of waterlogged marsh.
Irreversible marsh loss can occur where ponds, even
once reconnected to tidal creeks, do not have sufficient



Wetlands Ecol Manage (2020) 28:527-541

539

sediment delivery to increase their relative elevation
(Mariotti 2016) or where areas of surface inundation
reach a critical size susceptible to wind-induced wave
erosion (Schepers et al. 2017). While data limitations
prevented us from evaluating these additional site-
specific criteria, such conditions have been found in
marshes along the Blackwater River in Dorchester
County (Schepers et al. 2017), and may also occur at
other locations in our study area. In these cases,
connection to tidal creeks may even aggravate water-
logged conditions through increased tidal flooding and
erosion. Tidal creek extension efforts should prioritize
sites where vegetation recovery is more likely based
on adequate sediment supply, larger tidal range, and
smaller pond size (Mariotti 2016), and may need to
work in concert with complementary restoration
activities, like adding dredged sediment to raise the
marsh elevation (Smith and Niles 2016) or protecting
adjacent uplands to assist marsh migration (Smith
2013). Given that waterlogging tends to exacerbate
erosion and pond growth, early restoration actions will
likely improve chances of success.

Conclusion

High marsh in the Mid-Atlantic has already declined
under sea level rise, and future loss appears inevitable.
Pervasive waterlogging as identified in this analysis
reveals the degradation caused by sea level rise, and
emphasizes the need for climate adaptation efforts to
alleviate past damage and minimize future vulnera-
bility. The results and recommendations presented
here provide information to better understand the
impacts of sea level rise on Mid-Atlantic marshes and
suggest a response, but additional on-the-ground
efforts will be necessary to conserve tidal marshes in
the face of climate-driven sea level rise. Considering
both greater regional rates of relative sea level rise and
limited capacity for natural adaptation in the U.S. Mid-
Atlantic, the conditions identified here may serve as
early warning signs to other regions of the world with
low-lying salt marshes that have not yet felt these
impacts. Additionally, given the globally or at least
nationally available input data, the model developed
here could easily be applied to other regions as well. If
tidal connection projects can be launched, the high
marsh sites identified in this analysis could remain
stable through mid-century, continuing to provide

substantial economic value to humans and vital habitat
to species of conservation concern.
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