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a b s t r a c t

Defining appropriate management and conservation strategies to maximize tidal marsh resilience to sea
level rise requires a clear understanding of the causes of marsh degradation. While sea level rise is a well-
known threat to tidal marshes, current and past management practices on marshes can also greatly
influence present-day marsh condition, resilience and future persistence. Using point-intercept analysis
of maps and imagery, we assessed the past and current landcover and elevation of Delaware Estuary tidal
marshes in New Jersey, USA. We estimated the historic extent of tidal marsh impoundment for agri-
culture and determined current marsh vegetation composition and elevation in areas that were and were
not historically impounded. We estimate that more than half of all tidal marsh in the 36,539 ha study
area had been historically impounded. A small fraction of this area remains impounded at present (7.6%).
While tidal flow has since returned to formerly diked areas, marsh recovery has been incomplete. Overall
21.6% (4048.8 ha) of formerly impounded marsh has not revegetated, becoming open water after
impoundment breaches. Marsh loss as a result of impoundment is also responsible for the loss of 2.3 km
of adjacent shoreline beaches. Conversely, only 0.5% of marsh that was never impounded has converted
to open water since 1931. This difference is likely due to dramatic elevation deficits caused by
impoundment. Marsh elevation of current and formerly impounded areas (derived from LiDAR and
validated with RTK GPS) is significantly lower than the elevation of marsh areas that were never
impounded. Supporting this finding, the frequency of high marsh vegetation (an indicator of higher
elevation)in vegetated formerly impounded areas is half that of areas that were never impounded. Marsh
edge erosion and creek expansion have added an additional estimated 3836 ha to the amount of tidal
marsh loss since 1931. Marsh transgression inland into forest and agricultural areas has resulted in
estimated gains in marsh area of 2815 ha, offsetting a considerable proportion of losses. Given our re-
sults, we recommend the following management actions to maximize tidal marsh persistence in the
Delaware Estuary: (1) Beneficial use of sediment to offset marsh elevation deficits resulting from historic
impoundment, (2) Strategic land protection to maximize the potential for inland marsh migration, (3)
Tidal flow restoration to remaining impounded areas in combination with the beneficial use of sediment
to address elevation deficits. Determining the impacts to tidal marshes from past management practices
makes it possible parse the relative contribution of relative sea level rise and site-level management,
resulting in more targeted conservation strategies.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

As impacts from climate change-accelerated sea level rise
threaten the continued existence of tidal marshes, many of these
ith), Steven.Hafner@stockton.
marshes have also been negatively impacted by current and former
management and land use practices (Kennish, 2001; Silliman et al.,
2009). Actions such as impoundment and tidal restriction (Roman
et al., 1984), ditching (Bourn, 1950), open water marsh manage-
ment (Wolfe, 1996), sediment removal (Hackney and Cleary, 1987)
and hydrological alterations and diversions (Allison and Meselhe,
2010; Elias et al., 2003) can play an important role in determining
present marsh condition and in turn, its resilience to sea level rise.
Understanding the relative contributions of sea level rise and
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effects of management to tidal marsh losses, condition and resil-
ience can allow for conservation and management strategies that
are more targeted and effective.

In particular, identifying current and past management actions
that negatively impact tidal marshes and threaten their future
persistence (Gedan et al., 2009) can guide management at the site
level to reverse these impacts through restoration (Weinstein et al.,
2001). Conversely, if the cause of problems in marshes is assigned
to sea level rise alone (Kirwan et al., 2010), practitioners may
conclude that restoration actions will not correct the root problem
(i.e. global carbon emissions) and therefore only represent a stop-
gap on the way toward the inevitable outcome of marsh loss.

It is becoming clear that sea level rise alone may not necessarily
spell the extinction of tidal marshes in many settings (Kirwan and
Megonigal, 2013). Tidal marshes with higher marsh accretion rates
and capacity for inland migration offer the potential for long-term
persistence, particularly in estuaries with moderate to high tidal
ranges (Kirwan et al., 2016). The Delaware Estuary, in concept,
should represent a sea level rise-resilient tidal marsh system, with
moderate (1.6e1.8 m) tidal range (Galperin and Mellor, 1990), high
suspended sediment loads (Cook et al., 2007) and large frontage of
undeveloped tidal marsh/upland ecotone (Smith, 2013) to allow for
inland transgression (Kirwan et al., 2016). Despite these attributes,
large acreages of thesemarshes have converted to openwater and a
significant proportion of the remaining marsh is in degraded con-
dition (Kearney et al., 2002).

This paradox is not readily explained, but a consideration of past
management of these marshes may offer insight. One important
consideration is that large regions of Delaware Estuary tidal marsh
were once impounded and drained for agricultural use (Philipp,
2005; Weinstein et al., 2000). Although the majority of these
marshes are now not actively managed and are under tidal influ-
ence, the legacy of past impoundment may impact present and
future resilience to sea level rise.

The practice of impounding and farming tidal marshes achieved
large scale application in only a few places in North America
(Nesbit, 1885), although large acreages of impounded tidal marsh
are still extant northern Europe (Allen, 2000). In eastern North
America, these places were the Delaware Bay (Nesbit, 1885), the
Carolinas (Tompkins, 1987) and Canada Maritimes (Butzer, 2002;
van Proosdij et al., 2013). The geographic, cultural and tidal
context of these regions made landscape-scale impoundment of
marshes for agricultural production both feasible and cost effective.

Impounded Delaware Estuary tidal marshes were used to grow
field crops and “salt hay”, which included a mix of highmarsh plant
species that were used for fodder and other purposes (Sebold,
1992). At least 6000 ha of marshes were impounded Salem
County, New Jersey alone by the mid-1800s (Cook, 1870). This is in
addition to comparable areas in the two other New Jersey counties
bordering the bay (Cumberland, and Cape May) as well as along
Delaware's coastline (Phillip, 1995; Sebold, 1992). To date, no
comprehensive mapping of historically impounded marshes has
been made.

While much of Canada Maritimes' “dykelands” are still intact,
with 32,350 ha of impounded tidal marsh managed by provincial
governments (van Proosdij et al., 2013), impoundment manage-
ment was always a private enterprise in the Delaware Bay (New
Jersey Legislature, 1911). As a result, under-engineered dikes,
ditches and sluices needed constant maintenance and required
close cooperation among adjacent landowners (Sebold,1992; Vorst,
1977). When economic conditions changed beginning with the
Great Depression and continuing through World War II, resources
were too scarce to invest in impoundment maintenance and dikes
began to lapse (Sebold, 1992; Stutz, 1992). Beyond the Depression,
the practice became less economically viable over time. This
coincided with the era of wetland conservation that saw state and
federal governments, along with non-profits take over ownership
of tidal marshes. With the exception of one large multi-site project
that incorporated explicit restoration goals and actions (Teal and
Weishar, 2005), these new conservation lands reverted to tidal
flow in ad-hoc coastal realignment (Esteves, 2013) as dikes were
allowed to lapse.

When tidal marshes are impounded, tidal flow is prevented
from entering the marsh and drainage systems within the
impoundment further dry the marsh to allow for farming activity.
This change in hydrology exposes the marsh soils to air and the
underlying peat soils begin to break down resulting in a loss of
surface elevation (Portnoy, 1999; Roman et al., 1984; Warren, 1911;
Weinstein et al., 2000; Weinstein and Weishar, 2002). Compaction
from equipment, vegetation removal and tidal and sediment
deprivation all contribute to further decrease elevation and work
against the process of marsh vertical accretion in response to sea
level rise (Bryant and Chabreck, 1998; Warren and Niering, 1993).

Impounded marshes behind dikes frequently fall to surface el-
evations that are too low to support natural marsh vegetation once
dikes are removed (Weinstein and Weishar, 2002). Some marshes
of the Delaware Bay have lost from 60 cm to 1.2 m of elevation after
impoundment (Warren,1911;Weinstein et al., 2000). Elevation loss
likely varies as a result of landscape context and period during
which the areas was impounded. The dramatic effects on elevation
resulting from impoundment coupled with the large acreage of the
Bay's marshes that were under this form of management suggests
that the majority of the Delaware Bay's marshes may be, in many
cases, significantly lower elevations than marshes that were never
impounded. In some cases dike breaches have led to considerable
subsequent losses in marsh area as a result of these elevation
deficits (Weinstein et al., 2000).

To improve upon the management and restoration of Delaware
estuary tidal marshes, we test the hypothesis that past impound-
ment explains present-day variation in tidal marsh elevation and
vegetation composition. We do this by first determining a baseline
historical extent of tidal marsh impoundment and second, exam-
ining whether these past practices have impacted present day
marsh vegetation composition and elevation. Furthermore we es-
timate net change in tidal marsh area since 1931 by quantifying
marsh conversion to open water and increases in area via marsh
migration into upland. Our goal is to develop a revised tidal marsh
conservation management model that incorporates both a
perspective on climate change-induced causes of tidal marsh
degradation and loss as well as those caused by past management
practices (Almeida et al., 2014) which manifest themselves in pre-
sent day marsh degradation and vulnerability to sea level rise.

2. Methods

2.1. Study area

We defined our study area as the New Jersey Delaware Bay tidal
marsh extent in 1931 (Fig. 2). To delineate this area, we used Na-
tional Wetlands Inventory (NWI) map areas (Wilen and Bates,
1995) classified as “Estuarine and Marine Wetland” as a starting
point. We then digitized and added areas omitted by NWI that had
been lost between 1931 and the creation/updating of NWI maps in
the 1990s and 2000s. These areawere either (1) interior marsh that
had converted to mud/open water or (2) bay-fringing marsh lost to
edge erosion (Phillips, 1986). To arrive at a total estimate of marsh
edge erosion, we also mapped areas that had eroded since NWI
mapping and present using 2015 imagery (NJ Office of Information
Technology, Office of Geographic Information Systems Orthoima-
gery 2015).
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We further mapped NWI areas of commission that classified
areas of current open water and mudflat as estuarine and marine
wetlands to compute a total estimate of marsh lost to this cover
type since 1931.

To understand changes in marsh area at the upland and tidal
marsh interface, we mapped areas of upland conversion to tidal
marsh. We did this by first estimating conversion of forest to tidal
marsh between 1931 and the creation of NWI maps (see below
methods historic and present marsh cover). To estimate change since
the creation of NWI maps, using 2015 imagery we digitized poly-
gons representing the conversion of agricultural areas and NWI-
coded “freshwater forested/shrub wetland” to tidal marsh.
2.2. Historic and present marsh cover

We generated 1000 random points across the study area to es-
timate both historic and present marsh cover (Nowak and
Greenfield, 2010). At each point we classified land cover of the
marsh surface for historic (1888e1931) and present (2006e2015)
time frames. For the historic period, we primarily classified marsh
as impounded (i.e. diked “reclaimed” marsh used for farming) or
unimpounded. We made historic landcover decisions based on
1888 topographic maps (Vermeule, 1888) which mapped impoun-
ded marsh in certain areas (particularly in Salem county and along
tidal rivers) and 1931 aerial imagery (NJ Office of Information
Technology (NJOIT), Office of Geographic Information Systems
(OGIS)) where salt hay and upland crops grown on reclaimed
impounded tidal marshes look distinct from surrounding undiked
marshes (Fig. 1). The 1931 imagery has a pixel resolution of 2 m and
a root mean squared error (RMSE) of 11 m (Smith, 2013). We
examined hydrology to inform classification as well because linear
ditches (Fig. 1, distinct from mosquito grid ditches) in marshes
during the 1880e1931 are also indicative of impoundment. We
used LiDAR (2008 USGS South New Jersey County Project) and the
South Jersey Levee Inventory (USDA Natural Resources
Conservation Service, 2010) to look for evidence of existing and
remnant dikes around impoundments.

For the present time frame, we assigned a broader range of
Fig. 1. Illustration of tidal marsh impoundment in (A) 1888 Vermeule maps where impou
impounded marsh was still under management, showing darker-colored managed vegetatio
channel expansion and the loss of tidal marsh area to mudflat after farming ceased and imp
classifications. We used 2006 true-color growing season imagery
(USDA National Agriculture Imagery Program, 0.3 m pixel resolu-
tion aerial photography) to assign vegetation classifications and
more recent 2015 imagery (NJOIT OGIS orthoimagery, 0.3 m pixel
resolution aerial photography) to assign open water classifications
(creek expansion, bay-edge erosion, and other open water/mud
flats).

Vegetation categories had unique spectral signatures that are
easily distinguishable in true color aerial imagery during growing
season. These categories are low marsh (Spartina alterniflora), high
marsh (comprised primarily of Spartina patens, Distichilis spicata
and Juncus gerardii), Phragmites australis marsh and a freshwater
tidal marsh category comprised of a diverse array of species with
wild rice (Zizania aquatica) dominant or co-dominant (Westervelt
et al., 2006). This plant community occurs in the upper reaches of
tidal creeks and in the upper reaches of the estuary. Additionally we
noted where points fell into remnant or more recently created
impounded marsh.

We used the past and present landcover classification at each
random point to estimate percent cover of cover types across the
study area. To estimate error around landcover percentages, we
bootstrapped these frequency data with 1000 sampling iterations
(Scheiner, 1998).

For categorical analyses of past vs. present landcover patterns
based on percent cover estimates we used fisher's exact chi square
test across all points with Bonferroni correction for multiple com-
parisons (Rice, 1989).

For the two categories for which it was possible (edge erosion
andmarsh loss to openwater), we created an independent estimate
of area change by hand-digitizing polygons over imagery for vali-
dation purposes.
2.3. Elevation patterns

We examined elevation patterns of tidal marsh across the study
area using a LiDAR-derived digital elevation model for southern
New Jersey (NOAA, 2008). There are known issues with LiDAR
measurement error in tidal marsh, specifically it overestimates
nded marsh was mapped as “reclaimed land”, (B) in 1931 aerial imagery when the
n and linear drainages and (C) 2006 NAIP imagery showing partial vegetation recovery,
oundments breached. Location of this site within the study area is illustrated in Fig. 2.



Fig. 2. Map of estimated historical extent of impounded tidal wetlands in the New Jersey portion of the Delaware Bay. Map is based on the point intercept classification of 1000
random points across the study area. For display purposes, these points are represented as Voronoi polygons. Undetermined areas are points where the marsh could not be
confidently classified as impounded or unimpounded in the historical period between 1888 and 1931.
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elevation in areas of taller, denser vegetation because point returns
from above-ground vegetation aremore likely to bemisclassified as
ground points (Chassereau et al., 2011; Millard et al., 2013; Schmid
et al., 2011). To understand the magnitude and patterns of LiDAR
elevation measurement error with this particular LiDAR dataset
and study region, we collected a set of RTK GPS elevation mea-
surements and characterized vegetation at each point (n ¼ 329) in
April and July 2015 at a 55 ha Delaware Bay tidal marsh study site
(centroid at 39.19704, �74.9958). Points were arranged along 16
transects ranging from 200 m to 800 m long, spaced approximately
30 m apart. Transects spanned from lower elevations of openwater
and mudflat to the upper elevation range of salt marsh vegetation.
At the point of each elevationmeasurement we recordedmaximum
vegetation height and the dominant plant species. Cover categories
included mud/open water, low marsh (Spartina alterniflora) and
high marsh (comprised of Spartina patens, Distichlis spicata and
Juncus gerardii).

We used Classification and Regression Trees (CART, De'ath and
Fabricius, 2000) to classify elevation thresholds that correspond
to unvegetated intertidal areas, low marsh and high marsh. We
conducted separate analyses with elevation data from RTK and
LiDAR data sets in order to understand variation in classification
thresholds and accuracy between the two data sources. We grew
classification trees to the point where they described upper and
lower thresholds for the three vegetation categories and we
assessed predictive accuracy with ROC AUC. Using the elevation-
vegetation thresholds we defined using CART, we then used chi-
square analysis to examine the distribution of observations across
these three elevation categories (unvegetated, low marsh, high
marsh) between historically impounded and unimpounded marsh.

To examine patterns of elevation with respect to historic marsh
management, we extracted LiDAR DEM data at each random point
used for cover analysis. We divided these data into four categories:
(1) marsh that was formerly impounded, (2) the proportion of this
marsh that is currently vegetated and (3) marsh that was never
historically impounded. We defined a fourth category by identi-
fying several active impounded salt hay farms that still existed in
2008 when LiDAR data were collected (4 discrete sites comprising
approximately 350 ha). We generated 200 additional random
points in these areas in order to estimate elevation of actively
managed impounded marsh to gain insights into how elevation
varies between active vs historically farmed tidal marsh.
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3. Results

3.1. Study area

The area we defined as our historical basis for the extent of tidal
marsh on the New Jersey portion of the Delaware Estuary in 1931
encompasses 36,539 ha (Fig. 2). This includes 32,243 ha defined as
estuarine and marine wetland in the National Wetlands Inventory.
Added to this is 3118 ha of interior tidal marsh that converted to
openwater prior to NWI mapping and 1177 ha of tidal marsh at the
bay's edge that was lost to erosion between the 1931 and the cre-
ation of NWI maps.
Fig. 3. Estimates of marsh loss and gains between 1931 and 2015. Estimates are based
on the present-day percentage of random point intercepts in each category across the
historical baseline tidal marsh study area. 95% CI are calculated from bootstrapped
frequency data. Independent point estimates from mapping are based on mapped
polygons.
3.2. Historic and present marsh cover

For the historic period, of the 1000 points, we classified 513 as
impounded farm, 381 as unmanaged tidal marsh, 51 as tidal marsh
with undetermined management, 43 as forest, 12 in miscellaneous
other categories. Overall, based on point intercept analysis, a min-
imum of 50.8% (47.8e53.9 95% CI) of the tidal marsh in our study
area was historically impounded for farming (Fig. 2). This translates
an area of 18,562 ha.

A comparison between historic impounded and unimpounded
marshes across the range of present day categories (Table 1) in-
dicates that historically impounded marsh in present day has
significantly lower coverage of both low and high marsh and
significantly higher coverage of freshwater tidal marsh, Phragmites
australis, and interior marsh mudflat/open water when compared
to marsh that was never historically impounded.

Conversion of interior marsh to open water was the single
greatest source of marsh loss from 1931 to present. This form of
loss was almost exclusively confined to areas that were formerly
impounded, representing approximately 11% of historic marsh
area (Fig. 3., 4055.8 ± 1113.7 SD ha). An independent estimate of
the area based on polygon mapping of open water loss produced
an estimate of 3634 ha. In cases where impoundment boundaries
coincided with the bay shoreline, these losses also include the
sandy beaches that rest upon the bay's fringing saltmarshes. Of
these beaches, 2.3 km have been lost to open water where low
elevations behind the beach berm caused the beach to disinte-
grate, dispersing sand across the intertidal area after dike
breaches.

Added to this is marsh lost across all historic categories due to
bay-edge erosion (4.7%, 1717 ± 255.7 SE ha). An independent esti-
mate of edge erosion based on polygon mapping totaled 1624 ha.
Creek and ditch lateral expansion represented and additional 5.8%
decrease in tidal marsh area (2119 ± 255.7 SE ha). Tidal marsh area
increased via inlandmigration into uplands, totaling approximately
2816 ha. This includes 1425 ± 219.2 SE ha gained between 1931 and
the creation of NWI maps and an additional 1391 ha since the NWI
maps were initially produced (Fig. 3).
Table 1
A comparison of present-day tidal marsh composition for marshes that were either histo
day vegetation cover within each historic landcover category. Headings with an asterisk
impounded vs unimpounded marsh (a ¼ 0.00625, Fishers exact test 2 � 2 comparisons)

Historic Landcover Current Landcover
(percent cover of historic area)

low marsh* high marsh* freshwater
tidal marsh*

phra
austr

impounded and
farmed tidal marsh

36.3% 1.0% 4.5% 19.5%

unimpounded tidal marsh 62.5% 17.1% 0% 5.0%
p-value <0.0001 <0.0001 <0.0001 <0.0
3.3. Vegetation-elevation patterns e correspondence between
LiDAR and rtk data

LiDAR and RTKGPS elevations were highly correlated (R2¼ 0.93,
DF¼ 1, p < 0.0001). On average LiDAR overestimated true elevation
by 11.4 cm (±0.65 SE). Positive measurement bias increased as
vegetation height increased (R2¼ 0.44, DF¼ 1, p < 0.0001). Average
vegetation height at RTK GPS elevation points for Spartina alterni-
flora was 95 cm (±2.3 SE), while average high marsh vegetation
height was 32.7 cm (±5.6 SE). Vegetation height and elevation (RTK
GPS) are negatively correlated (R2 ¼ 0.66, DF ¼ 1, p < 0.0001,
n ¼ 100), so that elevation estimates of tidal marsh in the lower
range of elevations will have the tallest vegetation and the greatest
LiDAR-derived positive-biased elevation error.

Vegetation-elevation thresholds via CART were very similar for
both LiDAR and RTK GPS elevation data. For LiDAR, mud and open
water predominated at elevations below 0.43 m (AUC 0.93), vege-
tated lowmarsh occurred between 0.43 and 0.92 m (AUC 0.86) and
high marsh vegetation began to occur at elevations above 0.92 m
(AUC 0.84). Thresholds for RTKGPS data were nearly identical, with
mud and open water at elevations below 0.43 m (AUC 0.99),
vegetated low marsh between 0.43 and 0.94, (AUC 0.95) and high
marsh occurring at elevations above 0.94 (AUC 0.86).

Including mudflat and open water, formerly impounded tidal
marsh areas (mean 0.43 m ± 0.51 SD) are more than 0.4 m below
(Z ¼ �11.03, p < 0.0001) the elevation of marshes that were never
impounded (0.84 ± 0.22 SD). Excluding mudflat and examining the
subset of formerly impounded marsh that has revegetated, the
rically impounded or unimpounded. Percentages in columns represent the present-
significant differences in present-day coverage of that category between historically
.

gmites
alis*

mud flat/
open water*

coastline edge
erosion*

tidal channel
lateral expansion

impounded

21.6% 3.1% 6.4% 4.9%

0.5% 7.9% 5.2% 1.6%
001 <0.0001 0.0021 0.48 0.0087
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elevation of the formerly impounded marsh is still significantly
lower (by 10 cm, Z ¼ �4.76, p < 0.0001) than never-impounded
marsh (Fig. 4). Given our results of increasing positive bias at
lower elevations with taller vegetation, these differences represent
a minimum estimate of elevation deficits in formerly impounded
areas.

Areas that were still impounded and farmed when 2008 LiDAR
data were collected had elevations which were well below (mean
0.18 m ± 0.22 SD) those necessary to support vegetated marsh in
the absence of dikes (Fig. 4). This was illustrated by dike breaches at
one site subsequent to 2008when farmed highmarsh became open
water and mudflat (Fig. 5).

Using the elevation-vegetation thresholds we defined above
with CART analysis, we found significant differences between his-
torically impounded and unimpounded marsh across three
elevation-vegetation categories (high marsh, low marsh and
unvegetated). Based on the random points used for landcover
estimation, formerly impounded revegetated marsh (Fig. 4) had
significantly fewer observations in high marsh elevation class (20.1
vs 43.1%, X2 ¼ 24.1, p < 0.0001) and significantly more observations
in lowmarsh (69.3 vs 52.3%, X2¼14.2, p¼ 0.0002) and unvegetated
elevation classes (10.5 vs 4.6%, X2 ¼ 6.3, p ¼ 0.01) than marsh that
was not historically impounded.

4. Discussion

We estimate thatmore than half Delaware Estuary tidal marshes
were subject to impoundment for farming from early colonial
period through the early 20th century. By comparing formerly
farmed marshes with marshes that were never impounded, we
demonstrate that impoundment has left lasting impacts, with
important implications for tidal marsh resiliency to sea level rise.
The primary impact is lower marsh surface elevation, which in turn
has resulted in a reduction of high marsh vegetation and the loss of
approximately 4000 ha of marsh to open water, comprising the
largest single contributor to marsh loss in the study area. The
inconsistent recovery of these marshes is related not only to
elevation, but also potentially to a site's wave exposure, tidal flow
Fig. 4. LiDAR-derived elevation for formerly and actively impounded marsh compared wit
servations the fell into three elevation categories derived from CART analyses of elevation-v
support high marsh in formerly impounded areas. For areas that were still actively impounde
support any tidal marsh vegetation.
velocities and the arrangement and density of remnant creek
channels and ditches which may limit the accumulation of sedi-
ment to elevations that can support vegetation (Weinstein et al.,
2000).

We confirm with elevation data from both former and
contemporary impounded marsh that significant elevation deficits
result from the practice of impoundment and farming. Given the
bias of LiDAR-derived elevation data in taller vegetation which
occurs at lower elevations, the true elevation deficit of formerly
impounded, currently vegetated marsh is likely greater than re-
ported here. Vegetated formerly impounded marsh is typically
covered with tall Spartina alterniflora ranging between 50 and
150 cm in height (Kreeger et al., 2015). Therefore, the deficit may be
30 cm or more, based on the error evident in our field validation,
rather than the 10 cm deficit apparent with LiDAR data.

The elevation deficits we documented using LiDAR for actively
impounded areas (70 cm, having shorter vegetation with less
positive bias) fall into the range found in other studies. In a diked
salt marsh in Cape Cod, Massachusetts, Portnoy and Giblin (1997)
found a 90 cm deficit compared with surrounding unaltered
marsh while Roman et al. (1984) found a 20e40 cm deficit in
impounded salt marshes in Long Island Sound, Connecticut.

Other sources of marsh loss include shoreline edge erosion and
creek expansion, totaling approximately 3800 ha. At least some of
this creek expansion may be the result of channel adjustment to
increases in water volume and velocity as tides returned to previ-
ously impounded marshes (Williams et al., 2002). Much of the
losses from erosion and channel widening are offset by a gain in
marsh area via inland marsh migration, an estimated 2815 ha. This
suggests that in the absence historic impoundment practices,
Delaware Bay marshes would have experienced considerably less
net loss.

Indeed, tidal marshes that were never impounded have expe-
rienced less change over the 1931e2015 time frame of our analysis.
Although marsh area was lost to edge erosion and creek expansion,
in contrast with formerly impounded marsh, relatively little area
has been lost via conversion of marsh surface to open water. These
natural marshes also hold the majority of the estuaries' highmarsh.
h marsh regions that were never impounded. Percentages indicate the percent of ob-
egetation relationships, indicating significantly lower frequency of elevations that can
d in 2008, the majority of observations fell into the elevation category that is too low to



Fig. 5. Image sequence depicting an impounded salt hay farm that was (A) active in 2008, showing light green high marsh vegetation (dominated by Spartina patens and Distichlis
spicata) that contrasts with darker green/brown surrounding Spartina alterniflora marsh (B) A LiDAR digital elevation model from the same year shows significantly lower than
surrounding unimpounded marshes. After Hurricane Sandy, dikes suffered catastrophic breaches and reintroduction of tidal flow that resulted in (C) conversion of the area to open
water and mud flat. Location of this site within the study area is illustrated in Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

J.A.M. Smith et al. / Ocean & Coastal Management 149 (2017) 33e41 39
Being at the upper extreme of the elevational range where marshes
exist, highmarsh is an indicator of marsh resilience to sea level rise.
Increased variation in topography (Temmerman et al., 2004) and
vegetation types increases overall species diversity and high marsh
is the primary breeding habitat for several tidal marsh endemic
birds and invertebrates (Greenberg et al., 2006; Tiner, 2013).

Our results indicate that highmarsh habitat is greatly reduced in
the Delaware estuary as a result of past impoundment practices.
Based on our observations in areas that were never impounded, we
estimate that the minimum reference ratio of high marsh to low
marsh in restoration design be 1:5. It should be noted that a sig-
nificant portion of existing unimpounded high marsh was and is
mowed for salt hay (Smith unpublished data). We are unable to
quantify the impacts to marsh condition of this practice, but
assuming some degree of degradation resulting from decades and
perhaps centuries of mowing, 1:5 must be considered a minimum
ratio of the former extent of high marsh habitat.

Formerly impounded areas have significantly higher coverage of
freshwater tidal marsh and Phragmites australis when compared
withmarsh that was never impounded. This difference is not due to
the past impoundment of marshes per se, rather it reflects the
geographic pattern of siting impoundments in lower-salinity set-
tings along tidal river courses and in the upper bay where these
vegetation communities form. It is notable that almost all of the
present-day freshwater tidal marsh in our study area was formerly
impounded. This suggests that present-day freshwater tidal
marshes may differ significantly in character from such marshes
that were never impounded.

Sea level rise in the mid-Atlantic is among the highest rates on
the east coast (Engelhart et al., 2009). While this translates to sig-
nificant wetland losses as coastlines maintain equilibriumwith sea
level (Kirwan and Murray, 2008; Wilson and Allison, 2008), it also
can translate to significant inland gains of marshes at tidal wetlands
encroach on upland habitats (Smith, 2013). Conversion of upland to
tidal marsh between 1990 and present has occurred at more than
double the rate (23 ha/yr) compared to the period between 1931
and 1990 (9.3 ha/yr). The accelerated pace of sea level rise may in
part be responsible for the more rapid conversion of upland to tidal
marsh in recent years. A complementary explanation is that many
impounded marsh areas also artificially protected uplands from
tides and sea level rise. Subsequent dike breaches then caused the
sudden transition of uplands to tidal wetlands as sea level reached
its proper level along the upland/marsh ecotone. The large con-
nected interface between uplands and wetlands across the largely
forested and agricultural landscape has allowed for considerable
offsetting of wetland losses in the Delaware Estuary. Nonetheless
impediments to inland tidal marsh transgression do exist in many
places along the interface zone that prevent these offsets from
reaching their maximum potential (USDA Natural Resources
Conservation Service, 2010).

While inlandmarsh transgression gains are critical for offsetting
marsh loss, it is important to note that the character of these inland
marshes that form beneath dying forest and inundated agricultural
land are different than the outer fringe marshes that they replace e

with, for example, a higher cover of Phragmites australis (Anisfeld
et al., 2016; Smith, 2013) and potentially poorer habitat quality
for tidal marsh dependent vertebrates. As part of an overall tidal
marsh conservation strategy, complementary management actions
that focus on retaining and restoring existing tidal marsh are
necessary to maintain overall habitat diversity and function.

Our results indicate that the primary source of marsh degra-
dation in the Delaware Estuary is not related to climate change and
sea level rise. It is instead the result of management decisions. As
these impoundedmarshes came into the hands of state, federal and
non-profit ownership, the dominant management strategy was to
allow dikes to breach and permit the passive recovery (Elliott et al.,
2007) of tidal flow to marshes (Almeida et al., 2014; Slavin and
Shisler, 1983). While these sweeping changes exposed a much
larger marsh area to tidal inundation and has increased estuarine
productivity and function, the results of this study confirm that the
recovery of marsh area has been erratic (Phillip, 1995; Weinstein
et al., 2000). Furthermore the long term persistence of these
recovering marshes are in question because, although vertical ac-
cretion of Delaware Estuary marshes can likely keep pace with the
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current rate of relative sea level rise (Boyd et al., 2017; McDowell,
2017), they likely cannot also recover the large elevation deficits
that our results show are the legacy of impoundment.

One notable example of active restoration was the PSEG power
company-funded Estuary Enhancement Project (Teal and Peterson,
2005) which restored tidal flow to three formerly impounded
marsh sites as part of special conditions for a power-generating
permit. The project strategically breached dikes and dredged new
tidal channels in impounded marshes designed to promote accel-
erated accretion (Teal and Weishar, 2005). The marshes largely
revegetated but still remain today at elevations considerably below
those of marshes that were never impounded. The architects of this
restoration project recognized these elevation deficits and pro-
posed as a solution sediment addition, but this tactic was not part of
the restoration (Weinstein and Weishar, 2002).

Overall Delaware estuary marshes are shown to be relatively
resilient. With the exception of impounded areas, little marsh has
been lost to vertical drowning, considerable gains are being made
inland to offset horizontal loss, and the moderate tidal range and
suspended sediment load (Cook et al., 2007; Sommerfield and
Wong, 2011) support adequate accretion (Boyd et al., 2017;
McDowell, 2017) necessary to match the current (and perhaps an
accelerated) pace of sea level rise (Kirwan et al., 2016).

On the negative side, more than half of these marshes were
impounded, which has reduced tidal marsh resilience to sea level
rise. These effects are largely the result of elevation deficits.
Restoration techniques of sediment addition has the potential to
offset these deficits. More than three million cubic meters of
dredged sediment are removed from the Delaware Estuary annu-
ally (Delaware Estuary Regional Sediment Management
Workgroup, 2013) and the beneficial use of such sediment for
marsh restoration is emerging as a mainstream practice (DeLaune
et al., 1990; Mendelssohn and Kuhn, 2003; Yozzo et al., 2004).
Such an approach to restoration is the only hope for recovering and
ensuring the resilience of tidal marshes impacted by past
impoundment. Although “thin-layer application” (6e800) is awidely
used term for this practice (Ford et al., 1999), for the Delaware Es-
tuary marshes, in many cases the depth of sediment needed will be
much greater from 1 to 2' or more. Understanding that current
degradation is in large part related to the past management of these
marshes empowers us to develop a new management paradigm of
marsh restoration to ensure their resilience as sea level rise pro-
gresses and accelerates.

To minimize net loss of wetlands and to ensure the long-term
persistence of tidal marshes in the region, we recommend that
managers (1) institutionalize the use of dredged sediment for
marsh restoration in order to recover elevation and increase habitat
diversity, (2) maximize the potential for inland marsh migration
through strategic land protection at the upland/tidal marsh inter-
face and (3) restore tidal flow and elevation in remaining
impounded or tidally restricted areas where feasible to maximize
tidal marsh area and the potential for inland migration.

5. Conclusion

The results presented here illustrate that research and man-
agement in Delaware Estuary tidal marshes must explicitly account
for the past history of impoundment in order to understand the
broader impact of sea level rise apart from that of site-level man-
agement. This distinction yields the insight that conversion of
marsh to open water is limited primarily to formerly impounded
marshes. For those areas that were not historically impounded,
current evidence suggests that Delaware Estuary tidal marshes are
relatively resilient to sea level rise in their capacity to accrete
vertically and expand horizontally inland. For formerly impounded
marshes, these resilient traits also suggest that the investments in
restoration will continue to pay dividends because natural feed-
backs in the systemwill allow projects to maintain themselves once
the dramatic elevation deficits that are the legacy of impoundment
are corrected.

More broadly, we argue that tidal marsh conservation and
management decision-making must explicitly consider the relative
contributions of past and present management actions to marsh
ecological integrity and resilience apart from the effects of climate
change. Practices such as tidal range alteration (Swanson and
Wilson, 2008), tidal restriction (Roman et al., 1984), impound-
ment (Bryant and Chabreck, 1998) and ditching (LeMay 2007) all
can play an important role in influencing the integrity and long-
term trajectory of tidal marshes. Disentangling the effects of site-
level management from those of climate change on marsh condi-
tion can have an important influence on scientists' and managers
perceptions of the resilience of tidal marshes to sea level rise. For
example, if the impacts of site-level management actions are
ignored or discounted, researchers and managers may over-
estimate the deleterious impacts of sea level rise. This interpreta-
tion may in turn alter the choice of actions taken (or not taken) to
manage and restore tidal marshes. A refined understanding of tidal
marshes that parses the effects of site-level management actions
from the broader impacts of sea level rise and other factors will
result in greater utility of research results along with more targeted
and effective management strategies.
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