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Abstract

Tidal marshes provide numerous ecosystem services, but are threatened by recent increases in global sea level rise (SLR).
Marsh restoration and creation are important strategies for mitigating marsh loss, restoring ecosystem services, increasing
coastal community resilience, and providing much needed habitat for threatened species. Dredged material resulting from
navigation channel maintenance can provide a substrate for these restoration projects. Few studies, however, have addressed
the sustainability of these marshes. The Paul S. Sarbanes Ecosystem Restoration Project at Poplar Island, where fine-grained,
nutrient-rich dredged material from upper Chesapeake Bay is being used to create > 302 ha of tidal marshes, provides a
case study. The low supply of inorganic sediment is counteracted by abundant nutrients, stimulating high rates of organic
matter production and elevation change. Using > 10 years of data from 39 surface elevation tables, we found that the mean
low marsh rate of elevation change (7.7 +3.21 mm year™') was double the mean high marsh rate (3.6 + 0.47 mm year™!)
and exceeded the natural reference marsh (3.0 +2.28 mm year™') and relative SLR (5.7 mm year™!). By stimulating organic
matter production, the high nutrient substrate appears to offset the low inorganic sediment inputs in mid-Chesapeake Bay.
Spatial variability was correlated with initial elevation, but was also influenced by local factors that may affect sediment
redistribution within the marshes.
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Introduction

Tidal marshes provide important ecosystem services in
coastal areas, but are under threat globally from a combi-
nation of direct anthropogenic activities and sea level rise
(SLR) (Fagherazzi et al. 2020).While there is potential for
tidal marsh expansion in some areas as SLR promotes land-
ward marsh migration, net losses are expected to occur in the
long term if the rate of SLR continues to increase (FitzGerald
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and Hughes 2019). The importance of tidal marshes in pro-
tecting coastal land from flooding and storm damage (Gedan
et al. 2011), in addition to their value for habitat, carbon
sequestration, and provision of other ecosystem services,
has recently focused attention on tidal marsh conservation,
restoration, and creation (Waltham et al. 2021).

Marsh restoration and creation projects using dredged
material from navigation channel maintenance are increas-
ingly being considered to reduce or offset the loss of natural
habitat and ecosystem services associated with net marsh
loss (Suedel et al. 2022; Welch et al. 2016; Yozzo et al.
2004). A range of approaches to marsh creation have been
employed, including unconfined, semi-confined, and con-
fined placement of dredged material, with minimally to
highly engineered marsh designs. The ability of these new
marshes to keep pace with SLR through elevation change,
however, and the design factors which promote it are not yet
well understood.

Elevation change is the result of complex feedbacks
between vegetation and abiotic factors such as relative SLR
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(RSLR), the combined effect of local SLR and vertical land
motion (VLM) (Woppelmann and Marcos 2016), and the
local supply of inorganic sediment, resulting in the accumu-
lation of organic and inorganic matter on the marsh surface
and within the root zone (Cahoon et al. 2021; Kirwan and
Megonigal 2013; Morris et al. 2002). In many coastal areas,
inorganic sediment inputs are low, and elevation change
relies primarily on the deposition of organic matter, with
elevation change proportional to rates of macrophyte bio-
mass production (Morris and Sundberg 2024). Green-
house experiments (Darby and Turner 2008; Mendelssohn
and Morris 2002) and fertilization studies conducted in
natural marshes (Deegan et al. 2012; Morris et al. 2013)
demonstrate that biomass production by Spartina alterni-
flora, a dominant species in many tidal marshes, is regulated
largely by nutrient availability, especially nitrogen (N), and
marsh platform elevation (Morris et al. 2002). While nutri-
ent availability determines the maximum potential biomass
production, there is an optimal elevation, above or below
which biomass production is limited by other factors, such
as competition at higher elevations (Bertness 1991) and
hypoxic soil conditions and high soil sulfide concentrations
at lower elevations (Mendelssohn and Morris 2002), in addi-
tion to other anthropogenic toxins found in coastal lands
and seascapes. Soil fertility levels which enhance biomass
production can also enhance elevation gain in tidal marshes
through the increased deposition of organic matter (Anisfeld
and Hill 2012; Davis et al. 2017).

In addition to biomass production, other potential
factors which may influence rates of elevation change
include geomorphic dynamics such as exogenous sediment
inputs and internal sediment redistribution between marsh
platforms, tidal channels, and mudflats (Fagherazzi et al.
2004). In created marshes, many of these factors can be
influenced through the choice of substrate (e.g., grain size),
initial elevation, and channel, pond, and inlet geometry.
Channel morphology, such as cross-section width and
depth, affects the ebb and flood dominance of a tidal
marsh and sediment dynamics (Fleri et al. 2019). Restored
tidal marshes evolve toward a steady state by changing
the initial geometry of channels and ponds, affecting both
sediment transport and delivery to the adjacent marsh. The
tidal channel network plays a key role in marsh hydrology
and sediment distribution in response to seasonal and
climatic changes (Nardin et al. 2021; Taddia et al. 2021).
Ecological changes in the Poplar Island marshes observed
by aerial monitoring include low marsh migration into
higher elevations (Nardin et al. 2021; Windle et al. 2023),
likely as a consequence of changing water levels and
marsh hydrology, or localized marsh elevation deficits at
construction. While studies such as these are providing
feedback for design of created marshes, performance
gauged by elevation change has not been well documented.

There are now examples of tidal marshes created
with dredged material in many coastal areas of the USA
(Berkowitz et al. 2017; Marcus 2000; Suedel et al. 2022;
Yozzo et al. 2004) and other countries (Baptist et al. 2019),
but these often lack long-term monitoring programs to
assess performance and resilience to RSLR. An example
of this type of project with a long-term monitoring pro-
gram is the Paul S. Sarbanes Ecosystem Restoration Project
at Poplar Island (hereafter, Poplar Island) located in mid-
Chesapeake Bay, MD. It was conceived as a beneficial use
of dredged material to restore an historic island which had
nearly completely eroded due to natural and anthropogenic
causes. The project includes the creation of 302 ha of tidal
marsh habitat and 335 ha of upland habitat, which is being
developed incrementally over a period of approximately
30 years. The substrate is fine-grained, N-rich dredged sedi-
ment from upper Chesapeake Bay (Cornwell et al. 2020).
An extensive, long-term monitoring program includes ele-
vation change monitoring using a network of surface eleva-
tion tables (SETs) (Cahoon et al. 2002). Installation of SETs
commenced in 2008 (Table S1).

The Poplar Island SET network was designed to moni-
tor elevation change with the goal of evaluating the sus-
tainability of marshes constructed with upper Chesapeake
Bay dredged material under current and future RSLR. An
additional goal was to help identify patterns and drivers of
spatial variability in rates of elevation change, to inform
future marsh designs at Poplar Island and similar beneficial
use projects.

In this study, we examined trends in elevation change in
seven marshes at Poplar Island, ranging in age from 5 to
20 years, using a subset of data from the SET network. We
compared rates in the Poplar marshes with the local rate of
RSLR and with a nearby natural reference marsh. We fur-
ther analyzed the accretion data for indications of important
factors which may be manipulated in marsh design, includ-
ing initial elevations, soil characteristics, and proximity to
sediment sources (external and internal). Here we report on
the results of these analyses and provide insights to inform
future marsh restoration efforts.

Methods
Site Description

Poplar Island is located in mid-Chesapeake Bay, 3.2 km
northwest of Tilghman, MD, USA (Fig. 1). The site experi-
ences a mean diurnal tide range of 0.47 m (NOAA Tides and
Currents, station ID 8572271) and a mean surface salinity
range (1985-2018) of 10.1-12.5 ppt (U. S. Environmental
Protection Agency 2019). Mean annual total suspended solid
(TSS) concentrations at Poplar Island are low, <20 mg L!
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Fig. 1 Location of Poplar Island (top right) and Tar Island reference
marsh (bottom right) within Chesapeake Bay, MD, USA. Yellow
points represent surface elevation tables. Map credit (left), Tracey

(Staver et al. 2020), typical for the mid-Chesapeake Bay
(Yunus et al. 2021). The local rate of RSLR is 5.7 mm year™!
(1995-2022, Morris and Staver, in review), based on water
levels in Annapolis, MD (NOAA station ID 8575512),
located approximately 25 km northwest of Poplar Island.
Water levels at Poplar Island and Annapolis are similar and
highly correlated (Kent 2015).

Data for the study came from seven tidal marsh units
(cells) developed between 2003 and 2018 (Fig. 1). The sub-
strate in six cells is upper Chesapeake Bay, fine-grained
dredged material. In the seventh cell (Cell 4D), the sub-
strate is locally dredged sand, a low nutrient substrate.
The marsh platforms were designed with elevations to
provide 80% low marsh (LM) and 20% high marsh (HM),
planted with S. alterniflora and Spartina patens, respec-
tively (USACE 1996, p. 6-1). The marsh substrate in the
dredged material cells (to a depth of approximately 2 m,
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Saxby and Kate Boicourt, Integration and Application Network (ian.
umces.edu/media-library); photo credit (middle and right), Landsat

after consolidation) is fine-grained sediment resulting from
maintenance dredging of the upper Chesapeake Bay naviga-
tion channels (Cornwell and Owens 2011), providing very
high fertility (Cornwell et al. 2020). The dredged material
was de-watered over a period of 2—6 years, after which tidal
creeks were incised into the consolidated material using
heavy equipment and a tidal inlet structure was constructed
to permit vehicle passage along the perimeter dike. Tidal
exchange was established approximately 6 months prior
to planting, providing an opportunity for neutralization of
soil acidity resulting from soil oxidation during the drying
process (Demas et al. 2004). The graded elevation ranges
(Supplementary Table S1) in the older marshes (e.g., Cell
3D) were 0.01-0.19 m North American Vertical Datum
of 1988 (NAVDS88) (0.05-0.23 m mean sea level (MSL))
and 0.19-0.40 m NAVDS8 (0.23-0.45 m MSL) in the LM
and HM, respectively (personal communication, Catherine
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Perkins and Seth Keller, U. S. Army Corps of Engineers,
Baltimore District). In the more recently constructed
marshes, elevation ranges were higher, with the LM lower
limit at 0.04 m NAVDS88 (0.08 m MSL), the LM-HM break
line at 0.22-0.34 m NAVDS88 (0.26—0.39 m MSL), and the
HM upper limit at 0.40-0.55 m NAVDS8S8 (0.45-0.60 m
MSL). Vegetation was established by manually planting
nursery-raised S. alterniflora and S. patens stock.

Each marsh is surrounded by sand dikes extending
approximately 3 m above MSL, and tidal exchange occurs
through inlets with a variety of designs. Three of the cells
(Cells 1A, 1B, and 1C) are connected via shallow lateral
channels designed to facilitate fish passage, but exchange
through these channels is less than 5% of tidal exchange at
the inlet (Fleri et al. 2019). Upland drainage into the marsh
cells is minimal, limited to the area of the surrounding dikes.

SET Installation and Monitoring
SET Experimental Design

The SET data analyzed in this study were from a subset
(n=39) of the Poplar Island SET network (n=51) and
included deep-rod SETs (Cahoon et al. 2002) installed in
LM areas dominated by S. alterniflora (n=35), in a HM area
of Cell 1A dominated by S. patens (n=3), and on a mudflat
in Cell 1B (n=1, Fig. 1). Three of the 35 LM SETs were
located in a nearby natural marsh which served as a refer-
ence (Tar Island, Fig. 1). In Cells 3D, 1A, and 5AB, tripli-
cate SETs were located in different areas of the cell to evalu-
ate factors which could potentially affect elevation change,
including elevation, proximity to the tidal inlet (source of
external sediment), and proximity to the nearest tidal creek
(source of internal sediment). In Cell SAB, two groups of
three were located in the low marsh interior in areas of the
cell which had different initial platform elevations, 0.22 m
and 0.32 m NAVDSS8, specifically to test the effect of initial
elevation on the rate of elevation change. In each group, the
SETs were located within 5 m of the edge of the nearest
tidal creek. All other cells had three SETs, all of which were
located in the low marsh interior, with the exception of the
one on an unvegetated mudflat in Cell 1B.

SET Installation

Deep-rod SETs were installed in seven marshes begin-
ning in 2008, with stainless steel rods driven to refusal
(Table 1). In Cells 1A, 1C, 3A, and 5AB, SETs were
installed at the time of vegetation establishment. In
Cells 1B, 3D, and 4D, installation occurred 3-5 years
after vegetation was planted, and SETs were installed in
the reference marsh in 2013. Each SET was surrounded

by a permanent wooden frame to protect the measure-
ment surface from foot traffic. The 1.8 mx 1.8 m square
frame, consisting of four corner posts connected by
0.05 mx0.10 mx 1.8 m boards elevated approximately
0.4 m above the marsh surface, also provides a structure
to support the platform used to perform measurements.
Each SET consists of a receiver connected to the anchor-
ing rods. The elevation of each SET receiver was measured
with real-time kinematic (RTK) GPS surveys conducted in
2010 and again in 2021.

SET Monitoring

SETs were monitored 3—6 months after installation and
annually thereafter, usually in late winter, except in Cell
5AB where quarterly measurements were made for the
first year, followed thereafter by annual measurements. A
2-m-long aluminum platform was placed across the wooden
frame to provide access to the SET mark. Measurements
were made using a T-shaped detachable arm, with nine pins
on each arm, in two orientations. Pins were lowered until
they touched, but did not impinge on, the sediment surface.
Surface elevation (Z NAVDS88) at each pin was determined
as Z = (Zm + B) — PI + Ph, where Zm is the height of the
mark (m NADV8S), B is the height of the SET bar (m), Pl is
the total pin length (m), and Ph is the pin length above the
bar (m). Surface elevation change was estimated as the mean
(n=9) slope of the regression of annual surface elevation
for each subplot.

Marker Horizons and Sediment Characterization

Marker horizons (MH) were installed at all SET sites at vari-
ous times throughout the study period, primarily to char-
acterize soil accumulating on the marsh surface. The MHs
consisted of a bright white, clay material which was surface
applied. To estimate surface accretion rates for this study,
one MH was sampled at each SET site. The year that the
sampled MH was installed varied with site (Table 1), but
all sites were sampled in 2021 to estimate surface accre-
tion rates for this study. At each SET, one sediment core
was collected from the MH site to a depth below the MH
using a knife or a specially fabricated piston corer. The depth
to the MH was recorded, and the soil layer above the MH
was collected for analysis of soil organic matter (combus-
tion at 450 °C for 4 h). Accretion rates (AR) were estimated
as AR = D/T where D is depth and T is time since MH
placement.

The change in N availability over time was analyzed using
porewater ammonium (NH,*) data collected in the LM of
Cell 3D between 2005 and 2014. Porewater NH," concen-
trations were determined for the root (0—12 cm) and deep
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Table 1 Trends in elevation change (mean = standard deviation) estimated from surface elevation tables (SET) and surface accretion from
marker horizons in the restored tidal marshes at Poplar Island and the natural reference marsh (TI) in Chesapeake Bay, MD

SET ID Marsh Location Marsh SET installation MH installation Elevation change Surface accretion
completion
Year Date Date mm year™! mm year™!

1 Cell 3D LM 2005 11/21/2008 3/14/2014 30x14 7.5
2 Cell 3D LM 2005 11/21/2008 6/28/2005 7.6 +£0.5 2.7
3 Cell 3D LM 2005 11/21/2008 3/14/2014 72+0.6 4.7
4 Cell 3D LM 2005 11/21/2008 3/14/2014 6.2+0.5 4.8
5 Cell 3D LM 2005 11/21/2008 6/28/2005 1.1 +£2.0 4.2
6 Cell 3D LM 2005 11/21/2008 3/14/2014 8.1+0.7 0.6
7 Cell 1A LM 2009 4/23/2009 4/8/2011 54+03 1.8
8 Cell 1A LM 2009 4/23/2009 4/8/2011 6.3+0.3 35
9 Cell 1A LM 2009 4/23/2009 3/14/2014 72+04 2.5
10 Cell 1A HM 2009 4/23/2009 4/8/2011 32+06 0.2
11 Cell 1A HM 2009 4/23/2009 4/8/2011 38+1.7 0.8
12 Cell 1A HM 2009 4/23/2009 4/8/2011 34+25 1.3
13 Cell 1A LM 2009 4/24/2009 4/8/2011 10.1 £ 0.8 4.8
14 Cell 1A LM 2009 4/24/2009 3/14/2014 9.9+ 0.6 29
15 Cell 1A LM 2009 4/24/2009 4/8/2011 6.9 +0.5 2.3
16 Cell 1A CB 2009 7/6/2009 4/8/2011 -1.2+69 Nd
17 Cell 1A CB 2009 7/6/2009 4/8/2011 -13+114 35
18 Cell 1A CB 2009 7/6/2009 4/8/2011 -85+23 Nd
19 Cell 4D LM 2003 4/19/2011 3/14/2014 53+3.7 Nd
20 Cell 4D LM 2003 4/19/2011 3/14/2014 54+27 5.0
21 Cell 4D LM 2003 4/19/2011 3/14/2014 47+£25 Nd
22 Cell 1C LM 2003 1/24/2012 3/14/2014 9.7+0.7 5.1
23 Cell 1C LM 2003 4/18/2012 3/14/2014 82+09 1.9
24 Cell 1C LM 2003 4/18/2012 3/14/2014 63+0.3 3.6
25 TI (ref) LM - 4/18/2013 6/27/2019 42+18 11.0
26 TI (ref) LM - 4/18/2013 6/27/2019 04+27 52
27 TI (ref) LM - 4/18/2013 6/27/2019 4.6 £2.5 1.6
28 Cell 3A LM 2015 12/10/2015 3/20/2017 95+1.0 0.7
29 Cell 3A LM 2015 11/24/2015 3/20/2017 79+19 34
30 Cell 3A LM 2015 12/24/2015 3/20/2017 14.1+1.1 32
31 Cell 1B LM 2012 11/24/2015 3/20/2017 153+14 Nd
32 Cell 1B MF 2012 11/24/2015 3/20/2017 -7.1+1.13 Nd
33 Cell 1B LM 2012 11/24/2015 3/20/2017 11.6 £ 0.2 6.9
34 Cell 5SAB LM 2018 12/7/2017 10/31/2018 6.5+0.3 0.0
35 Cell SAB LM 2018 12/7/2017 10/31/2018 103 +2.2 1.2
36 Cell SAB LM 2018 12/7/2017 10/31/2018 65+1.5 1.2
37 Cell 5SAB LM 2018 12/7/2017 10/31/2018 10.5+0.5 35
38 Cell 5SAB LM 2018 12/7/2017 10/31/2018 13.4+0.8 5.0
39 Cell SAB LM 2018 12/7/2017 10/31/2018 156 +5.9 1.5

Completion dates are not given for TI, and missing surface accretion data is indicated (nd). Surface accretion rates were calculated from the MH
installation date to the sampling date in 2021. Location is low marsh (LM), high marsh (HM), creek bank (CB), or mudflat (MF)

(13-46 cm) zones of the soil profile using porewater equili-
brators (Hesslein 1976), according to Cornwell et al. (2020).
Equilibrators were processed immediately upon retrieval
in the field and samples were frozen for later colorimetric
NH4Jr analysis (Parsons et al. 1984).
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Statistical Analysis

For trend analysis, rates of elevation change were deter-
mined for each SET subplot (through 2021) by fitting
a linear model (SAS® 9.4 Proc Reg) to the SET data
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consisting of the mean elevation of nine pins at each
time point. The regression slope was taken as the rate of
elevation change. Rates of elevation change reported for
individual SETs (Table 1, Fig. 3) represent the mean of
the four subplot rates.

Relationships between elevation change rates and
potential controlling variables were evaluated using
Pearson correlation analysis (SAS® 9.4). In these analy-
ses, each subplot was considered a replicate and it was
assumed that the subplots were independent and not rep-
licates of the elevation at a single point. This increased
the degrees of freedom and statistical power, but increased
the variance and decreased the R%. Variables included the
mean elevation of the marsh surface (cm NADVS§8) at the
first measurement (Z), linear distance of the SET bench-
mark to the nearest tidal creek (m), distance along the
thalweg of the tidal creek from a point adjacent to the
SET to the tidal inlet through the perimeter dike (m), tidal
creek order (1-3 = smallest to largest), MH accretion rate
(mm year™!), and the organic content (%) of the soil layer
accumulated above the MH. The difference between mean
SET rates of elevation change in two areas of Cell 5AB,
differing in starting elevation, was tested with Student’s ¢
test in SigmaPlot 15.0.

Results
Trends in Elevation Change

Rates of elevation change in the Poplar Island marshes
ranged from — 8.5 to 15.3 mm year™! (Table 1, Fig. 2),
and mean rates (= standard deviation) of eleva-
tion change for all marshes except Cells 4D and 3D
exceeded rates of both the natural reference marsh
(TI, 3.0+ 2.28 mm year‘l) and the rate of RSLR
(5.7 mm year‘l). Mean rates of LM elevation change
(excluding creek bank and mudflat sites) for each
marsh varied by a factor of almost 3, ranging from
5.4+0.15 mm year‘1 (Cell 4D, developed in 2003, sand
substrate) to 13.5+2.62 mm year'1 (Cell 1B, devel-
oped in 2012; Fig. 3a). The mean LM rate for Cell 1A
(7.7 £1.95 mm year'l, n=6) was double the mean rate
for the HM sites (3.6 +0.47 mm year‘l, n=73; Fig. 3b),
which showed little variability. The mean rate for the
creek bank (—3.4+4.39 mm year™!, n=3) and mudflat
(= 7.0 mm year™!, n=1) sites were negative, primarily
due to bank and surface erosion, respectively (Fig. 3b).
The two groups in Cell SAB located in low and high areas

Rate of Accretion
-8.48 - 0.00
0.01-3.16
3.17-7.20
7.21 - 10.64
10.65 - 15.32

= \
Cell 5AB

Fig.2 Spatial variation in rates of elevation change in the restored
Poplar Island marshes. Green and red symbols represent positive and
negative rates, respectively, and symbol size indicates scale of rate

@ Springer



1790 Estuaries and Coasts (2024) 47:1784-1798
18 During a common period of measurement (2013-2021),
16 1 a cumulative elevation change in two Poplar Island marshes
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Fig.3 a Mean rates of elevation change in the restored Poplar Island
marshes (x-axis labels refer to marsh “cell”’) and Tar Island (TI) refer-
ence marsh and b mean rates for low marsh (LM, n=23), high marsh
(HM, n=3), creek bank (CB, n=3), mudflat (MF, n=1), and Cell
5AB LM low (5AB-L) and high (5AB-H) areas, respectively. Boxes
represent 25th to 75th percentile, gray bars represent median, black
bars represent mean, whiskers represent S5th and 95th percentiles, and
circles represent outliers. Sea level rise is represented by the red line

of the LM zone had mean rates of 13.2 +2.52 mm year™!
and 7.8 +2.20 mm year™', respectively, and were sig-
nificantly different (Student’s ¢ test, df=4, t=2.811,
P =0.0482).

Similar patterns in cumulative elevation change
(Fig. 4a) were observed where LM SETs were installed
when the marsh was constructed (Cell 1A, constructed
2009) or 4 years later (Cell 3D, constructed 2005), with a
period of higher rate of change for several years followed
by slower rates. A much younger marsh (Cell 3A) showed
the high initial rate, but had not entered the period of
slowing. The mean rate in Cell 3D (5.5 +2.84 mm year™ '),
where initial graded elevations were lower, was less than
the mean rates in younger Cell 1A (7.6 +1.95) or 3A
(10.5+3.19; Fig. 3a), where initial elevations were higher.
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(Cells 3D and 1A) exceeded the natural reference marsh
(Tar Island, Fig. 4b).

Marker Horizons and Sediment Characteristics

Rates of surface accretion at Poplar Island determined using
marker horizons ranged from 0.0 to 7.5 mm year™!; T1 rates
ranged from 1.6 to 11.0 mm year™! (Table 1). Organic mat-
ter content in the sediment layer above the marker horizons
ranged from 1.4 to 18.9%.

Porewater NH,* declined rapidly in both near-surface
(<12 cm) and deeper horizons in Cell 3D (Fig. 5).
Concentrations in the near-surface horizons decreased
to <300 umol NH,*-N L~! in the first 2 years, but were
sustained by both remineralization of organic material
and slow upward diffusion from deeper soils. The ini-
tial high concentrations in deeper horizons persisted at
concentrations > 1000 umol NH,*-N L~! for the initial
2 years, but decreased steadily afterward to concentra-
tions similar to near-surface horizons. The initial burst of
exceptionally high above-ground biomass (Staver et al.
2020) coincided with the rapid depuration of soil NH,*.

Correlations

A correlation matrix (Table 2) shows important correla-
tions between variables, including between the rate of
elevation change (slope) and variables with potential
management implications. There was a highly signifi-
cant negative correlation between the rate of elevation
change (slope) and MH age (Fig. 6a), and between eleva-
tion change and % organic matter in the layer above the
MH (marker horizon organic content (MHOC), Fig. 6b).
There were significant positive correlations between
MHOC and MH age, between MHOC and surface accre-
tion rate (MHAC, Fig. 6¢), and between the rate of ele-
vation change and the distance from the nearest creek
(Cr Dist, Fig. 64).

Other notable significant correlations occurred between
MHOC and SET installation date (Pearson correlation coef-
ficient, PCC=-0.63388, P <0.0001) and between MHOC
and marker horizon age (PCC=0.63388, P <0.0001,
Fig. 6b). Creek order was negatively correlated with MHOC
(PCC=-0.47550, P<0.0001). Also of note, the rate of
elevation change was not significantly correlated with MH
accretion rates (PCC=-0.0489, P=0.787, n=33), and a
second-order polynomial regression fitted to the LM slopes
was significant (R2 =0.0313, P=0.012; Fig. 7).
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Fig.4 Mean (= standard error)
cumulative elevation change in
a three Poplar Island marshes,
Cells 3D (n=6), 1A (n=6),

and 3A (n=3), from the date of
surface elevation table (SET)
installation to 2021 and in b
Poplar Island Cells 3D and

1A and the natural reference
marsh, Tar Island (n=3), over

a common period of measure-
ment (2013-2021). The Poplar
Island marshes were constructed
in 2005 (Cell 3D), 2009 (Cell
1A), and 2015 (Cell 3A). SET
installation occurred in the
years Cells 1A and 3A were
constructed, but 4 years after
construction in Cell 3D
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Discussion and Conclusions
Trends in Elevation Change

Developing strategies to enhance elevation gain in restored
marshes will be essential to their sustainability in the face of
accelerating RSLR, and to justify future investment in marsh
restoration. The slow trajectory of some restored marshes

toward maturity and maximum biomass production, which
can take years to decades depending on the substrate (Craft
et al. 1999, 2003), presents a challenge where rates of RSLR
are high and accelerating rapidly. In the Chesapeake Bay, sea
level is likely to rise at 0.6—1.1 m by the end of this century
(Boesch et al. 2023), a rate of 7.7-14.2 mm year™! for the
remainder of the century, which is substantially higher than

the current rate of 5.7 mm year™".
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Fig. 5 Mean porewater ammonium (NH,*) concentrations in the top
12 cm (“Shallow,” open circles) and 13—46 cm (“Deep,” green trian-
gles) of the soil profile, respectively, in the Cell 3D marsh at Poplar
Island, MD. The error bars represent standard errors

This study has shown that rapid development of the
restored marshes at Poplar Island, where rates of biomass
production are high within a year of construction (Staver
et al. 2020), has resulted in high rates of elevation gain,
with most LM rates (Table 1) exceeding both the mean
rate in the natural reference marsh (3.0 +2.28 mm year‘l)
and the current rate of RSLR (5.7 mm year‘l). The LM
rates also compare favorably with rates reported for other
restored marshes, for example marshes restored by tide
gate removal (Anisfeld et al. 2016) or created by exca-
vation of upland (Kamrath et al. 2019; Table 3). In the

Table2 Correlation matrix of rate of elevation change (Slope),
organic content above the marker horizon (MHOC), elevation at sur-
face elevation table installation (Z;,, m MSL), surface accretion rate

former, plant roots and rhizomes were not colonizing
unvegetated substrate, as is the case in newly created
marshes. This rapid growth of roots and rhizomes adds
to the sediment volume, driving positive elevation change
(Morris 2007). In the case of excavation, exposed subsoil
may be unfavorable for plant growth due to low nutrient
content or other biogeochemical factors (Broome and Craft
2019). Higher rates reported by Poppe and Rybczyk (2021)
resulted from dike lowering and breaching in a site located
at the mouth of the Stillaguamish River, WA, where there
was an ample supply of riverine sediment and a~ 1-m
elevation deficit, resulting in high rates of accretion and
elevation change. Rates were expected to decline as eleva-
tion in the restored marshes approached equilibrium with
sea level.

From this study, it appears that with appropriate man-
agement to avoid problems associated with acid sulfate
soils (Cornwell et al. 2020), and appropriate marsh design,
the use of fine-grained dredged material as a substrate for
tidal marsh restoration results in marshes that are resilient
to RSLR in the first one to two decades of development,
supporting the use of this type of substrate for future pro-
jects. Differences between and within marshes provide some
insights which may help guide the design of future projects.

Drivers of Spatial Variability

Although rates of elevation change compare favorably
with RSLR, spatial variability is high (Fig. 2, Table 1),
and mean rates for the two oldest marshes, Cells 3D

(MHAC), distance from the nearest tidal creek (Cr Dist), distance to
the tidal inlet (In Dist), creek order (Cr order), and age of the marker
horizon in years (MH age)

Slope MHOC ZyMSL MHAC Cr Dist In Dist Cr order MH age
Slope 1.00000 —0.26839 0.06264 0.11771 0.21945 —0.08833 0.06881 —0.39598
0.0042 0.4433 <0.7189 0.0066 0.2792 0.3996 <0.0001
MHOC —0.26839 1.00000 -0.27177 0.24472 —0.15525 -0.47757 -0.46828 0.64106
0.0042 0.0037 0.0093 0.1022 <0.0001 <0.0001 <0.0001
Z,MSL 0.06264 -0.27177 1.00000 —-0.48237 -0.36728 0.19590 0.25514 —0.17599
0.4433 0.0037 <0.0001 <0.0001 0.0152 0.0015 0.0295
MHAC 0.11771 0.24472 -0.48237 1.00000 -0.28069 0.08995 0.00443 0.22115
0.1789 0.0093 <0.0001 0.0011 0.3050 0.9598 0.0108
Cr Dist 0.21945 —0.15525 0.36728 -0.28069 1.00000 —0.19414 0.00433 -0.25596
0.0066 0.1022 <0.0001 0.0011 0.0162 0.9576 0.0014
In Dist —0.08833 -0.47757 0.19590 0.08995 —0.19414 1.00000 0.38930 —0.23484
0.2796 <0.0001 0.0152 0.3050 0.0162 <0.001 0.0035
Cr order 0.06881 —-0.46828 0.25514 0.00443 0.00433 0.38930 1.00000 —0.22827
0.3996 <0.001 0.0015 0.9598 0.9576 <0.001 0.0045
MH age —0.39598 0.64106 —0.17599 0.22115 -0.25596 —0.23484 —22827 1.00000
<0.0001 <0.0001 0.0295 0.0108 0.0014 0.0035 0.0045

Each cell shows Pearson correlation coefficient (top) and P value (bottom). Important correlations are presented in italic (negative), bold (positive),

and bold italic (significant correlations of lesser importance)
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Fig.7 Rates of elevation change
versus the elevation of the
marsh surface (Z,) at the begin-
ning of the surface elevation
table (SET) data record in the
restored tidal marshes at Poplar
Island, MD. Red dots represent
data from SETs located in the
low marsh, fitted with a poly-
nomial regression (R2 =0.0313,
F=6.504, P=0.012). High
marsh (open circles), mudflat
(black downward pointing tri-
angles), and creek bank (blue
upward pointing triangles) data
are shown for reference, but
not included in the regression.
Statistical analysis is shown in
Supplementary Table S3
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Table 3 Reported rates of elevation change for restored and created tidal saltmarshes in the USA

Location Restoration type Marsh type Elevation Vertical Local RSLR  Time scale Citation
change accretion
(SET) (MH)
mm year‘l mm yea.r‘1 mm year‘1 Years
Poplar Island, MD Created, dredged Microtidal 7.7 + 3.5 35+23 5.7 2009-2021 This study
material
Jarvis Creek Marsh, Restored; tide gate Tidal 99+ 1.1 12+2 2.9 9 (2005-2014) (Anisfeld et al. 2016)
Long Island Sound, removal
Branford, CT
North River Farms Created; excavated Low 2.1+02 59+£03 3.04 6 (2012-2018) (Kamrath et al. 2019)
Wetland Preserve,
Carteret County,
NC
Middle 3102 48+03
High tidal 1.3 +£0.2 29+03
South Slough Restored; dike Tidal -82+08 1.9 —0.50r0.98* 3-4(1996-2000) (Cornu and Sadro
National Estuarine material used to 2002)
Research Reserve, fill cells to desired
Coos Bay, OR elevation
Freeman Creek Restored; TLP Tidal 84+1.1 N/A 12.3 8 (2008-2016) (Davis et al. 2022)
Marsh, Onslow
County, NC
Ninigret Marsh, Restored; TLP Microtidal ~ 20.8 28.5 478 3 (2017-2020) (Raposa et al. 2022)
Charlestown, RI
Stillaguamish Restored; dike Low (1) 29.8 17.1%% 1.89 4-7(2011-2018) (Poppe and Rybczyk
estuary in Port lowering and 2021)
Susan Bay, Puget breaching
Sound, Washington
Low (2) 37.9 21.7%*
Low (3) 13.7 7.8%*
Low (4) 28.2 16.1%%*
Mean 27.4 15.7%*
Big Egg, Jamaica Restored; TLP Tidal 1.1 +1.8 3.9+02 5.94 5.8 (2005-2011) (Cahoon et al. 2019)
Bay Unit of
Gateway National
Recreation Area,
New York City, NY
Tidal 45+ 1.8 5(2011-2016)

Restoration type includes thin layer placement (TLP) of dredged material

*A sea level rise rate of —0.5 mm year‘1 is from Cornu and Sadro (2002) which referenced Vincent (1989); a sea level rise rate of
0.98 +£0.64 mm yeaf1 is a more recent (1970-2022) rate from NOAA'’s Charleston, OR, Station

#%210pp accretion rates estimated with a 2!’Pb:SET rate conversion of 0.57, representing a 100-year record in the marsh

(5.5+2.84 mm year‘l) and 4D (5.4+0.15 mm year‘l),
are near or below the rate of RSLR. The rate of elevation
change decreased with MH age (Table 2, Fig. 6a) and with
increasing organic matter content above the marker horizon
(Fig. 6b). Based on linear regression, a MH age of 4 gains
13.4 mm year~! while a MH age of 15 gains 5.3 mm year™".
Similarly, at 2% MHOC, the marsh gains 9.4 mm year‘l,
while at 15% MHOC, it gains only 5.8 mm year™!. Older
marshes (with older MHs) have accumulated more
organic matter. As the buildup of sediment organic matter

@ Springer

progresses, the sediment organic matter content rises, but the
rate of both surface accretion and elevation gain slows down.

Several factors may contribute to these observed rela-
tionships. First, marsh platform elevation specifications in
the oldest marshes (Cells 3D and 4D) were slightly lower
than those in the younger marshes. The specified LM ranges
were 0.01 to 0.19 m NAVDSS8 in Cell 3D (developed in
2005) and 0.04 to 0.22, 0.31, or 0.34 m NAVDS8 in subse-
quent marshes (Supplemental Table S1). These small dif-
ferences in elevation capital (Cahoon and Guntenspergen
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2010) appear to be important in microtidal marshes in loca-
tions such as mid-Chesapeake Bay. The two older marshes
appear to be suffering inundation stress, reflected in a dis-
tinct microbial community in Cell 3D compared with other
Poplar Island marshes (Kim et al. 2023), which may be
limiting macrophyte production and resulting in lower rates
of elevation change. In addition, our analysis of data from
two zones in Cell SAB showing significantly different rates
of elevation change (Fig. 3b) indicates that initial elevation
plays a key role, consistent with marsh equilibrium theory
(Morris et al. 2002).

Secondly, the initially high soil N concentrations have
declined as the marshes have matured (Fig. 5), and may also
contribute to the limitation of primary production after the
first few years and lower rates of elevation change in the
older marshes. In addition, the lowest rate of elevation gain
occurred in Cell 4D, the marsh with a sand substrate.

Fertilization studies in natural marshes have demon-
strated that high soil fertility can translate into enhanced
rates of elevation gain (Anisfeld and Hill 2012; Morris
and Sundberg 2024). This suggests that a high nutri-
ent substrate may also enhance elevation gain in restored
marshes, especially autochthonous marshes, helping to
compensate for a low supply of inorganic sediment. The
newly constructed tidal marshes at Poplar Island support
this hypothesis. While initial porewater NH,* concentra-
tions were not collected at each SET location, in general,
the Poplar Island marshes have very high initial levels of
N availability (Cornwell et al. 2020), stimulating rapid
colonization and high levels of primary production by the
dominant vegetation, S. alterniflora and S. patens, within
2 years (Staver et al. 2020). In future studies of newly con-
structed marshes, it is recommended that initial porewater
nutrient concentrations are measured at each SET loca-
tion, at a consistent point in the growing season (to avoid
seasonal variability), as part of the adaptive management
monitoring program.

Thirdly, this is consistent with the marsh development
model that marsh elevation gain is proportional to the expan-
sion of belowground biomass, which proceeds in time much
like an old field succession (Morris and Staver, in review).
Newly planted marshes fill the unvegetated sediment with
new roots and rhizomes, expanding the sediment volume and
increasing surface elevation (Nyman et al. 2006; Cahoon
et al. 2021). It may take several years before root and rhi-
zome production, turnover, and diagenesis reach an equilib-
rium, at which point organic matter will continue to accu-
mulate, but at a slower rate (Morris et al. 2002; Krauss et al.
2017). As aresult, rates of elevation change may be expected
to slow as these marshes mature, as has been observed in
restored mangrove habitats (Castillo et al. 2022; Krauss et al.
2017). Lower rates of elevation gain in older marshes in this
study, as well as lower rates in marshes where SETs were not

installed at the time the marsh was developed, suggest that
the initial phase of marsh vegetation growth is an important
factor in the high rates of elevation gain observed at Pop-
lar Island. Furthermore, a comparison of elevation gain and
surface accretion rates (Table 1) suggests that belowground
biomass development is a more important factor in eleva-
tion gain than surface accretion, in contrast to many natu-
ral marshes (Saintilan et al. 2022), including the reference
marsh presented here.

Since the organic matter contribution dominates eleva-
tion change where inorganic sediment inputs are low (Turner
et al. 2002; Morris et al. 2016), the rate of elevation change
should be responsive to macrophyte biomass production,
which has a parabolic relationship with elevation. The LM
rates of elevation change in the Poplar Island marshes show
a similar response to elevation, with an optimal elevation
at~20 cm NAVDSS, slightly lower than the optimal ele-
vation for biomass production in these marshes, ~30 cm
NAVDS88 (Morris and Staver, in review).

Although these appear to be the dominant processes in
the Poplar Island marshes, sediment redistribution is likely
a factor on smaller scales. For example, the two groups
of SETs in Cell 5AB had different Z; values, but are also
located in separate tidal creek systems. The group in the
lower elevation zone includes a marsh pond, which the other
does not. Surface accretion rates were higher, and organic
content was lower in the lower elevation zone (SETs 37-39,
Supplementary Table S2), consistent with models showing
higher levels of inorganic deposition at lower elevations
(Kirwan and Megonigal 2013), but also suggesting that
internal redistribution of sediment resulting from creek and
pond bank erosion may be important in discreet locations
within marshes.

Morphological changes in channels (Williams et al.
2002) and ponds (Mariotti et al. 2020) are often observed
as marshes mature. At Poplar Island, channels have wid-
ened and become shallower compared with initial configu-
rations (Taddia et al. 2021), resulting in loss of elevation
of the marsh platform immediately adjacent to channels
(Fig. 6d), but the eroded sediment may contribute to sur-
face elevation in adjacent areas. It appears that there may
be an optimal distance from the channel, suggesting that
channel density may be a design element which could be
manipulated for resilience. Additionally, the evolution of
channel cross sections may switch the tidal system from
flood to ebb dominated, with implications for sediment
availability in the wetland (Fleri et al. 2019).

Design for Resilience
This study of recent elevation change in the restored

Poplar Island tidal marshes suggests that there are three
key design factors to consider when creating or restoring
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tidal marshes using dredged material: elevation, sediment
nutrient characteristics, and geomorphology. Nutrients and
elevation influence macrophyte production, while channel
and pond geometry influence the inorganic sediment sup-
ply to the marsh platform. Appropriate elevation within
the low marsh should be on the high side of the optimal
to promote resilience to RSLR (Fig. 7; Morris 2007;
Kirwan and Megonigal 2013). Furthermore, a lower ratio
of LM to HM will create more elevation capital and create
space for the low marsh to migrate landward in response
to RSLR, prolonging the life of tidal marsh habitat. A
high fertility substrate promotes rapid marsh establish-
ment and high rates of elevation change in the first decade,
and although porewater dissolved NH,* depletion is fairly
rapid, the effect appears to persist for at least a decade
(Fig. 5; Anisfeld and Hill 2012; Davis et al. 2017). Finally,
channels designed closer to an equilibrium configuration
may reduce marsh losses due to edge erosion (Fig. 6d;
Williams et al. 2002; Fagherazzi et al. 2012; Fleri et al.
2019), and designs which promote flood dominance will
improve sediment retention within the marsh system, also
improving marsh resilience.

The future of the existing Poplar Island marshes has
been assessed using the Coastal Wetland Equilibrium
Model in Morris and Staver (in review), with recommen-
dations for design and adaptive management. Future moni-
toring will ensure that these designs are performing as
expected, provide appropriate data for management and
remediation (e.g., thin layer placement), and validate the
modeling efforts. Additional studies which would enhance
our understanding of how created marsh design influences
rates of elevation change should focus on the role of tidal
creeks and ponds in promoting sediment deposition on the
marsh platform, and the performance of less engineered
created marshes with respect to elevation change, e.g.
those where creek formation and vegetation colonization
are allowed to occur naturally.
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tary material available at https://doi.org/10.1007/s12237-023-01319-2.
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