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Abstract: Tidal marsh restoration using dredged material is being undertaken in many coastal areas to
replace lost habitat and ecosystem services due to tidal marsh loss. The fate of high levels of nitrogen
(N) in fine-grained dredged material used as a substrate for marsh restoration is uncertain, but if
exported tidally may cause subtidal habitat degradation. In this study, a mass balance was developed
to characterize N fluxes in a two-year-old restored tidal marsh constructed with fine-grained dredged
material at Poplar Island, MD, in Chesapeake Bay, and to evaluate the potential impact on the
adjacent submersed aquatic vegetation (SAV) habitat. Denitrification and N accumulation in Spartina
organic matter were identified as the major sinks (21.31 and 28.5 mg N m−2 d−1, respectively),
while tidal export of TN was more modest (9.4 mg N m−2 d−1) and inorganic N export was low
(1.59 mg N m−2 d−1). Internal cycling helped retain N within the marsh. Mineralization of N
associated with labile organic matter in the dredged material was likely a large, but unquantified,
source of N supporting robust plant growth and N exports. Exceedances of SAV water quality habitat
requirements in the subtidal region adjacent to the marsh were driven by elevated Chesapeake Bay
concentrations rather than enrichment by the marsh.

Keywords: mass balance; denitrification; tidal flux; beneficial use; Poplar Island

1. Introduction

Global wetland losses during the last century are estimated to be in excess of 50% [1],
with losses of many valuable ecosystem services such as provision of habitat, protection of
coastal infrastructure, and nutrient and carbon transformation and sequestration [2]. In
Chesapeake Bay, USA, many of these losses have occurred in fringing marshes on islands,
hundreds of which have partially or completely eroded since colonial times [3]. Replacing
lost habitats and associated ecosystem services is the goal of several current and planned
projects utilizing material dredged from navigation channels in the upper Chesapeake
Bay. This fine-grained dredged material is rich in nutrients [4], but there are outstanding
questions regarding the potential tradeoffs in the beneficial use of fine-grained dredged
material for restoring wetlands. While high nutrients may promote the establishment and
development of ecosystem functions, there may be negative impacts to the surrounding
environment if these nutrients are released from the restoration site.

Eutrophication from anthropogenic inputs of nitrogen (N) and phosphorus (P) has
caused profound changes in coastal ecosystems globally [5] and has been identified as
the driver behind losses of submersed aquatic vegetation (SAV) [6], often an important
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ecosystem component of shallow subtidal areas. Efforts to reduce nutrient inputs have
become the centerpiece of restoration efforts in many impaired coastal systems, including
Chesapeake Bay, where eutrophication has been identified as a key driver of ecosystem
change [7] and nutrient reduction is the primary restoration strategy [8].

Nutrients are buried in upper Chesapeake Bay in association with fine-grained terres-
trial sediment and labile organic matter that accumulates in deep navigation channels [4].
The use of nutrient-rich dredged material for tidal marsh restoration may contribute to
SAV habitat degradation if these nutrients are mobilized and exported via tidal exchange.
Although nutrient and organic matter exchange between natural marshes and adjacent
coastal areas has been the subject of extensive study [9–11], exchanges from restored and
created marshes have received much less attention.

Young marshes, which are often nutrient limited, have been hypothesized to accumu-
late nutrients in the form of organic matter and trapped inorganic sediment, while older
marshes reach a steady state with respect to nutrient inputs and exports [12]. This appears
to be the case in marshes created with low nutrient substrates, where years to decades may
be required for organic matter and nutrients to accumulate to sufficient levels to support
heterotrophic processes [13]. These ideas may not apply to young marshes created with
a nutrient rich substrate, however, a unique situation resulting from the convergence of
eutrophication and modern beneficial use practices. While remobilization and export of
nutrients from these restored tidal marshes to the estuary may represent a small fraction
of the nutrient budget for a system as large as Chesapeake Bay, the potential for local
degradation of subtidal habitat for SAV, which itself is a target of restoration efforts in
Chesapeake Bay [14], is more significant.

Nutrient mass balance studies in marshes have helped characterize nutrient fluxes
and identify important ecosystem functions [11,15]. The goal of the study presented here
was to assess the suitability of fine-grained dredged material as a substrate for tidal marsh
restoration through an examination of the N mass balance. The study was conducted in a
constructed tidal marsh at the Paul S. Sarbanes Ecosystem Restoration Project at Poplar
Island (Poplar Island) in mid-Chesapeake Bay, where the restoration of over 300 hectares
(ha) of tidal marsh is underway using nutrient rich, fine-grained dredged sediment from
the navigation channels approaching Baltimore Harbor, MD [16]. Previous work has shown
that the abundant nutrients support rapid development of marsh vegetation and organic
matter accumulation, and robust rates of vertical accretion [17]. As part of the ongoing
assessment of the suitability of this material for tidal marsh restoration, we examined the
wetland N balance through estimation of the soil N reservoir, standing stocks, and key
N fluxes. Data obtained from the extensive Poplar Island monitoring program (sediment
characterization, macrophyte biomass, vertical accretion) was combined with targeted
studies (e.g., N2-fixation, denitrification) and some off-site data (atmospheric deposition)
to assess the fate of N imported with the Upper Bay dredged material. The potential
impact on adjacent SAV habitat was also assessed through comparison of key water quality
parameters in the tidal water leaving the marsh with SAV habitat requirements in the
mesohaline portion of Chesapeake Bay [14].

The abundant N contained in fine-grained dredged material, which promotes the
production of marsh vegetation and rapid accumulation of organic matter, also enhances
biogeochemical cycling, including denitrification, which can take many years to reach
equivalency with natural tidal marshes [18]. The major N fluxes reported here are within
the ranges reported for mature natural marshes, suggesting that chronological age is not the
best predictor of ecosystem function in restored marshes. While there is some enrichment
of the water quality constituents that define SAV habitat requirements in this region of
Chesapeake Bay, exceedances appear to be driven by estuarine concentrations rather than
tidal export from the marsh. As the marsh matures, it is expected to export less dissolved
inorganic N (DIN), potentially providing water quality improvements. Thus, it appears
from this study that the restored marshes at Poplar Island are not likely to pose a threat to
water quality in the local estuarine habitat.
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2. Materials and Methods
2.1. Site Description

Poplar Island, located in mid-Chesapeake Bay, is a large scale remote island habitat
restoration project that serves as a placement site for non-contaminated dredged mate-
rial [19] from the navigation channels approaching Baltimore Harbor and the Chesapeake
and Delaware Canal in upper Chesapeake Bay (Figure 1). At completion, the island will
have an area of 694 ha, including 314 ha of tidal marsh habitat, subdivided into 12–20 ha
parcels (referred to as “cells”). The tides are semi-diurnal, with a mean tide range of
0.34 m [20], and the mean annual surface salinity range (1985–2018) is 10.1–12.5 [21]. The fo-
cus of this study was a young marsh, Cell 1B (Figure 1 inset), a 12.4 ha tidal marsh segment
developed in 2012. The marsh has a tidal inlet consisting of two adjacent 1.8 m × 1.8 m
concrete box culverts and connections to adjacent marshes (Cells 1A and 1C) via shallow
channels which facilitate fish passage. Less than 5% of the tidal volume is exchanged via
these connecting channels [22]. The marsh area is comprised of 2.51 ha of high marsh (HM),
planted with Sporobolus pumilus (syn. Spartina patens), 6.92 ha of low marsh (LM), planted
with Spartina alterniflora (syn Sporobolus alterniflorus), 1.79 ha of tidal creek, and a 1.19 ha
upland-island, intended to provide habitat for ground nesting birds. The unvegetated
habitat island was constructed with a sand substrate to an elevation of 2 m, covered with
gravel and shell, and is excluded from the biogeochemical rate calculations presented here,
so the total marsh area was considered to be 11.22 ha.
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Figure 1. Location of Poplar Island in Chesapeake Bay and a detailed map of the research site. White
arrow points to the Cell 1B marsh, the focus of this study; oval indicates the source of dredged
material used at Poplar Island. (Chesapeake Bay map by Tracey Saxby, Kate Boicourt, Integration
and Application Network, ian.umces.edu/media-library).

2.2. Nitrogen Standing Stocks and Reservoir

Nitrogen standing stocks were estimated for macrophytic vegetation and the water
column in the tidal creeks. For vegetation, annual macrophyte production was estimated
in Cell 1B by harvesting aboveground (AG) and belowground (BG) biomass samples at the
conclusion of the growing season (October) in 2014. AG biomass was sorted into live and
standing dead, with only live biomass considered to contribute to annual production. Live
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and dead BG biomass were not separated, but very little dead BG biomass had accumulated
in this young marsh. Six HM and six LM sites distributed throughout Cell 1B were sampled.
Aboveground biomass samples were harvested from 0.25 m2 quadrats. Samples were
separated into dead and living biomass prior to drying at 60 ◦C in a forced draft oven
to constant weight. Belowground biomass samples consisted of a single sediment core
collected from each of the AG biomass quadrats using a specially fabricated 7.5 cm diameter
stainless steel piston corer. Sediment cores were washed free of sediment over a 1 mm
mesh sieve, then dried and weighed as described above. Prior to nutrient analyses all
samples were ground in a Wiley Mill equipped with a 1 mm mesh screen. Whole shoot
samples and root/rhizome samples were analyzed for N content by combustion in pure
O2 using an Exeter Analytical, Inc. CE-440 Elemental Analyzer according to standard
protocols [23]. Standing stock computations were made using the mean of the 2014 total
AG and BG biomass for HM and LM vegetation, and adjusted based on area.

The water column N inventory was estimated using the area of the tidal creeks
determined by digitization of aerial imagery obtained in October 2014 (1.79 ha), an average
water depth of 1 m, and an average annual total N (TN) concentration on ebb tides obtained
in the tidal exchange study described below (45.67 µmol N L−1).

The sediment N reservoir was determined for the marsh platform (9.43 ha) and was
partitioned into the root zone (0–15 cm, based on root distribution in the Poplar Island
marshes [24] and other studies [25]) and deep (15–200 cm) pools. Total N was calculated
for each zone using the mean (±sd) TN concentration of 18 sediment near-surface (0–10 cm
depth) samples from Cell 1B collected in 2015 (2.84 ± 0.54 mg N g−1), and a soil density of
1.1 g cm−3 obtained during a 2009 soil density survey [26].

2.3. Mass Balance Terms

Potential nutrient inputs to Cell 1B included atmospheric deposition, tidal exchange,
diffusion into the root zone from the deep soil pool, and gaseous exchange with the
atmosphere (N only, as N2 fixation). Export terms were tidal exchange, soil accumula-
tion, and gaseous N2 losses (denitrification and possibly anaerobic ammonium oxidation,
ANAMOX). Groundwater inputs were considered negligible due to the highly consolidated
nature of the dredged material substrate, and the near absence of a watershed draining
into the marsh, which minimizes surface runoff inputs. Transfers of N via fauna were not
considered as part of this study.

2.3.1. Tidal Exchange

Tidal exchange of N and other dissolved and particulate constituents on an annual
basis was estimated from a tidal flux study [17]. In brief, water velocity measurements were
made over a period of one to four weeks each season using a Nortek Aquadopp acoustic
Doppler profiler (ADP) mounted on a weighted PVC plate and placed in the center of one of
the concrete box culverts, equidistant from the open ends and sidewalls. The velocity was
determined 45 cm above the current profiler (the location of the first valid measurement)
and was presumed to be representative of the mean velocity, without adjustment for any
vertical or lateral shear associated with drag from the bottom or sidewalls. Velocities were
recorded every ten minutes as an average of two minutes of observations.

Discrete one-liter water samples were collected hourly during two tidal cycles during
each ADP deployment using an ISCO model 2700 automatic water sampler positioned
above the culvert. The sampling intake was located approximately 30–40 cm above the
bottom of the culvert. Subsamples were vacuum filtered using 4.7 cm Whatman GFF
glass fiber filters, which were used for total suspended solids (TSS) determination (USEPA
Method 160.2, [27]. The filtrate was analyzed for nitrite (NO2) plus nitrate (NO3), NO2, NH4,
total dissolved N (TDN), and soluble reactive phosphorus (SRP); unfiltered subsamples
were analyzed for TN. Total and dissolved N and P were analyzed colorimetrically on an
automated analyzer following USEPA methods [27]. Separate subsamples filtered through
Whatman 2.5 cm GFF filters were analyzed colorimetrically for particulate N (PN) on an
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Exeter Analytical CE-440 Elemental Analyzer, and chlorophyll a fluorometrically following
acetone extraction [28]. Volume-weighted concentrations were multiplied by the average
tidal prism for each 24 h monitoring period (Table A1) to obtain the flux (q) for each
flood or ebb period [17]. The difference between flood and ebb provides the net tidal
flux that is relevant for the mass balance, and a total marsh area of 11.22 ha was used to
normalize fluxes.

2.3.2. Atmospheric Deposition

To estimate atmospheric N deposition for the Poplar Island study site, TN deposition
data from the US EPA Clean Air Status and Trends Network (CASTNET) Site BWR139
located 42 km southeast of Poplar Island was obtained (https://java.epa.gov/castnet/
downloadprogress.do, accessed on 1 April 2021). Total N deposition estimates for CAST-
NET sites are derived from interpolated wet deposition data [29], combined with collected
and modelled dry deposition (CMAQ) and precipitation (PRISM) data, to produce national
maps of annual atmospheric TN deposition. Data from 2012–2014, coincident with the first
two years of the Cell 1B marsh, were used here.

2.3.3. Diffusion

The input of N from sediment below the root zone is assumed to be primarily diffusive
due to the relatively high silt (15–55%) and clay (35–80%) contents of typical dredged
material placed at Poplar Island [16]. The diffusive flux (Jd) of N from below the root zone
was calculated as the flux of NH4, the dominant form of dissolved N in the anaerobic
sediment porewater:

Jd = φ × ∆C/∆X × Ds, (1)

where φ = porosity, ∆C/∆X = NH4
+ concentration gradient, and Ds = effective diffu-

sion coefficient:
Ds = φ2 × D0, (2)

where D0 = the diffusion coefficient of NH4
+ in aqueous solution [30]. An average annual

soil temperature (14 ◦C), obtained using an Onset Hobo Water Temp Pro V2 data logger
buried approximately 5 cm below the sediment surface, was used to adjust D0 at 25 ◦C
using the formula:

D0(T) = 19.8 + 0.40(T − 25), (3)

where T = temperature (◦C) [31]. A porewater NH4 concentration gradient was obtained
using 47 cm-long dialysis samplers [32], deployed at ten locations in Cell 1B in August
2014, and the steepest portion of the concentration gradient (20–47 cm) was used to
calculate Jd. Porosities were obtained as part of the initial soil characterization in each
Poplar Island marsh (0–10 cm depth), and from a vertical profile in Cell 1B collected in
2017 (0–200 cm depth).

2.3.4. Nitrogen Fixation

Nitrogen fixation was obtained from a series of measurements made in the sum-
mer of 2017 using the acetylene reduction assay [33]. Samples were collected on several
dates in July from the low marsh in several Poplar Island tidal marshes ranging in age
from 2–12 years. Sediment cores were obtained with clear acrylic plastic tubes (inner
diameter = 3.75 cm, height = 15 cm). In addition, tidal creek sediments in each marsh were
sampled. Samples were incubated for 24 h in a water bath at 28 ◦C, in constant light for
12 h followed by 12 h in the dark. The headspace was sampled three times during each
period to provide a three-point regression for each. Controls with no addition of acetylene
were incubated simultaneously. Samples were analyzed within 24 h on a Shimadzu GC-8A
gas chromatograph equipped with a flame ionization detector and a HayeSep A column,
using a known Matheson Tri-Gas Micromat 14 ethylene standard (100 ppm) and ultra-pure
nitrogen as a carrier gas. Nitrogen fixation was estimated assuming a theoretical ratio of
three moles of acetylene to one mole of dinitrogen (N2) fixed. Differences between rates
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determined for day and night in each zone (marsh and creek) were tested using Mann-
Whitney Rank Sum tests and were found to be insignificant (p = 0.05). Thus, daily rates
were estimated by averaging day and night values for each zone. Although the difference
between zones was not significant (Mann Whitney Rank Sum test, p = 0.05), the rate for the
whole marsh was calculated as the area-weighted mean of rates for the two zones.

2.3.5. Sediment N Fluxes

An annual rate of denitrification was estimated from sediment-water N2 flux measure-
ments using the N2:Ar ratio [34] on five dates in 2013 and 2014 in Cell 1B. A daily N2 flux
was estimated by multiplying representative seasonal light and dark hourly N2 flux rates
by the appropriate number of light and dark hours on the date measurements were made
and the marsh + creek area (11.22 ha).

Sediment-water NH4 and NO2 plus NO3 (NOx) fluxes measured on five dates were
used to estimate annual sediment N fluxes for the marsh. Sediment cores were collected
in acrylic tubes with an inside diameter of 7 cm and a length of 30 cm. Marsh cores were
collected by hand insertion into the soil and creek bottom using a pole corer. Cores were
transported to Horn Point Laboratory where ambient water was added above the soil and
they were placed in a water bath for about 4 h in the dark followed by a 2–3 h incubation
with gentle stirring under light conditions in most cases. Overlying water was sampled at
seven time points, three in the dark, one at the light/dark transition, and three in the light.
Four concentration measurements were used in linear regression models to estimate net N
fluxes during both light and dark periods. Samples were analyzed for N2, NH4

+, and NOx.
Annual estimates for all N fluxes were calculated using an area-adjusted mean of all dates.
The rates determined here were based on measurements made in the presence of overlying
water throughout the incubation period, although the marsh surface in Cell 1B is typically
not continuously flooded.

2.3.6. Macrophyte Uptake

An attempt was not made to quantify all internal processes affecting N availability,
but the annual N demand for plant growth was estimated using live AG and (total) BG
biomass in high and low marsh zones and tissue %N data measured in 2014. An average
annual N demand for the marsh was estimated as an area-adjusted mean.

2.3.7. Plant Deposition and Remineralization

Nitrogen remineralization resulting from S. alterniflora shoot decomposition was
estimated using biomass production data from Cell 1B and data from a litter bag study
conducted in the low marsh of several cells over 22 months spanning 2012–2013. For the
litter bag study, eighteen nylon mesh litter bags (20 × 30 cm, mesh size 2 mm; Collins
Cottage Industries) were affixed to the sediment surface of each marsh using plastic anchor
pins in February 2012. Each bag contained 40 g of dried S. alterniflora shoot material
collected in January 2012 from the respective dredged material marshes where the bags
were deployed. Three bags were retrieved from each marsh at approximately 3–4 month
intervals for eighteen months, with the final collection at 22 months. The bags were gently
rinsed to remove loose material attached to the exterior, and detrital material remaining
in the bag was removed, dried at 60 ◦C, weighed, and analyzed for N content. Plant
deposition was estimated by multiplying the annual production (AGLive + BG) in the high
and low marsh, respectively, by the % dry mass remaining and %N at the conclusion of
the decomposition study. Remineralization was estimated by subtracting plant deposition
from plant uptake. Decomposition was not tested separately in the HM, so LM values of
% dry mass remaining and %N obtained in the decomposition study were applied to the
entire marsh area.

2.3.8. N Accumulation

The rate of sediment N accretion was estimated as:
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Accumulation = AR × BD × %N, (4)

where AR is the vertical accretion rate, and BD and %N are the soil bulk density and N
content, respectively. The accretion rate used was the mean (±se) of 15 sites in the Poplar
Island marshes in 2018, 7.4 (±0.62) mm y−1 [17], determined using surface elevation table
technology [35]. Established relationships were used to estimate soil bulk density [36] and
TN [37] from loss on ignition (LOI) from samples of the layer accreting above feldspar
marker horizons at 27 sites assessed in 2018. For the estimate of N accumulation, values of
0.40% and 0.35 g cm−3 were used for percent N and bulk density, respectively.

3. Results
3.1. Standing Stocks

The end of season N standing stock in macrophytic vegetation was 3043 kg (Table 1).
The sediment below the root zone contains >90% of TN in the marsh (441,880 kg), while the
sediment within the root zone accounts for 8% of the TN stock (Table 2). The macrophyte
vegetation at the end of the growing season represents about 7% of the root zone pool, or
about 0.5% of the TN pool. Nitrogen in the water column (11.4 kg N) represents <1% of the
total estimated N standing stock.

Table 1. End of season biomass and N standing stocks for low marsh (LM, area = 6.92 ha) and high
marsh (HM, area = 2.51 ha) zones of Cell 1B in 2014.

Component Biomass % N N Mass N Standing
(g m−2) (g m−2) Stock (kg)

Low Marsh
AG Live 1174 1.63 19.1 1324
AG Dead 176 1.73 3.0 211

BG 1400 1.00 14.0 969
LM Total 2750 - 36.2 2504

High Marsh
AG Live 930 1.27 11.8 296
AG Dead 434 1.61 7.0 175

BG 255 1.05 2.7 67
HM Total 1618 - 21.5 539

Marsh Total 3043

Table 2. Estimates of N standing stocks in Cell 1B.

Component Standing Stock (kg N)

Macrophyte 3043
Water column 11

Sediment
root zone < 15 cm 44,189
deep 15–200 cm 544,997

Marsh Total 592,240

3.2. Exchanges
3.2.1. Tidal Flux

Nitrogen concentrations, mean tidal prisms (Table A1), and calculated fluxes (Table 3)
show that there was net export of TN for all monitoring periods, leading to a net annual
export of TN (Table 4). There was net export of total dissolved N (TDN), except in May
when NO3 drove a small import (Table 3), resulting in a net annual TDN export, primarily
as NH4 (Table 4). Particulate N was also exported throughout the year. Fluxes of dissolved
inorganic N constituents were generally small compared with TN. On an annual basis we
estimated an export of 386 kg (9.42 mg N m−2 d−1) of TN from the Cell 1B marsh (Table 4).
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Nitrate was imported on an annual basis, while NH4
+ was exported. Particulate N was

exported at the same magnitude as TN, largely due to a very high summer export.

Table 3. Fluxes (kg/tidal cycle) of measured N constituents in Cell 1B during 2014 deployments.
Negative values represent tidal export.

Month Tide Stage TN TDN NH4 NOx NO2 PN

Feb Flood 3.26 2.52 0.08 1.48 0.025 0.60
Ebb −3.98 −3.02 −0.28 −1.56 −0.030 −1.09
Net −0.72 −0.50 −0.20 −0.08 −0.004 −0.49

May Flood 8.28 6.45 0.16 4.69 0.085 2.33
Ebb −8.69 −6.42 −0.36 −4.15 −0.092 −2.64
Net −0.40 0.03 −0.20 0.54 −0.006 −0.31

Jul Flood 4.97 3.11 0.27 0.18 0.021 2.33
Ebb −5.19 −3.39 −0.16 −0.16 −0.020 −3.17
Net −0.22 −0.28 0.11 0.02 0.00 −0.84

Nov Flood 3.37 3.06 0.26 0.21 0.026 0.95
Ebb −4.21 −3.54 −0.35 0.40 −0.026 −1.15
Net −0.84 −0.49 −0.09 −0.19 0.000 −0.20

Table 4. Net quarterly (kg N/quarter) and annual (kg N/y) fluxes of all measured N constituents.
Negative values represent tidal export. The total marsh area (11.22 ha) was used to normalize
annual fluxes.

Months TN TDN NH4 NOx NO2 PN

Jan–Mar −126 −86 −34 −14 −0.74 −86
Apr–Jun −71 5 −35 96 −1.08 −55
Jul–Sep −39 −50 20 4 0.09 −149
Oct–Dec −150 −87 −16 −35 0.05 −36

Annual
(kg y−1) −386 −218 −65 51 −1.68 −325

(kg ha−1 y−1) −34 −19 −6 5 −0.15 −29

3.2.2. Atmospheric Deposition

The mean (±sd) annual TN deposition rate for the years 2012–2014 was 9.73 (±0.56) kg N ha−1

(2.66 mg N m−2 d−1), resulting in an annual import of 109 kg N for the marsh.

3.2.3. Diffusion

Using the August 2014 mean porewater NH4 gradient from 20–47 cm, 46.54 µmol cm−1

(Figure 2), at 14 ◦C (average annual soil temperature), and a range of soil porosities from
Cell 1B (Figure 3), the estimated diffusive flux of NH4 from the deep sediment ranged from
5.57–8.85 µmol m−2 h−1 (Table 5). Using the maximum rate, based on a soil porosity of
0.7%, the average of the Cell 1B soil profile (Figure 3), we estimate a net annual input of
122 kg N (2.98 mg N m−2 d−1) for the marsh.

Table 5. Range of NH4
+ diffusion coefficients (Ds) and diffusive flux rates (Jd) from the deep sediment

into the root zone at the annual average soil temperature (14 ◦C).

φ Ds (10−6 cm−2 s−1) Jd (µmol N m−2 h−1)

0.60 5.54 5.57
0.65 6.51 7.09
0.70 7.55 8.85
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Figure 3. Box plot of sediment porosity data from initial characterization of all developed Poplar
Island marsh cells (left, 0–10 cm depth, n = 174, mean ± s.d. = 0.56 ± 0.12), and increments from a
single 0–200 cm core collected in Cell 1B in 2017 (right, n = 7, mean ± s.d. = 0.70 ± 0.02).

3.2.4. N2-Fixation

N2-fixation rates were low overall, and although there were no significant differences
between times or locations (p = 0.05), slightly higher rates were observed in sediment
from the marsh platform than from the creek bottom (Figure 4). The area-weighted mean
daily rate of N2-fixation for the combined area of the marsh platform and creek bed,
measured in July 2017, was 1.33 mg N m−2 d−1 (54.3 kg y−1). All controls showed no
acetylene reduction.
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minimum and maximum, and the numerical value represents the mean. Differences were not
significant (p = 0.05).

3.2.5. Sediment N Fluxes

The estimated fluxes of N2, NH4, and NOx, based on four incubations in 2013–2014
(Table A2), show some seasonal variation in all three constituents (Table 6). A net re-
lease of N2, assumed to be due primarily to denitrification, occurred on all dates, with a
low in September, a peak in November, and an annual mean of 63.38 µmol N m−2 h−1

(21.3 mg N m−2 d−1). The net annual flux of dissolved N is also out of the sediment, with
a net release of NH4, but a net uptake of NOx, generally corresponding to the results of the
tidal flux study. The highest NOx import occurred in spring, corresponding with elevated
estuarine concentrations recorded at the Chesapeake Bay monitoring buoys CB4.1C and
CB4.2C (Figure 5), located approximately 5 km north and 15 km south of Poplar Island,
respectively. The NOx flux was out of the sediment in late fall, when plant demand declines
due to senescence. Net NH4 fluxes are out of the sediment during the warmer months of
the year, when ambient water column concentrations are normally very low, but into the
sediment in November.

Table 6. Summary mean annual net sediment inorganic N fluxes for the Cell 1B marsh. Fluxes were
adjusted for day length and marsh platform and creek areas. Negative values represent flux into the
sediment from the overlying water column.

Flux Rate (µmol N m−2 h−1)

Constituent Jun-13 Sept-13 Nov-13 Apr-14 May-14 Mean

N2 32.52 9.06 111.02 83.49 80.82 63.38
NH4 91.73 66.94 −17.15 95.89 146.75 76.83
NOx −26.88 −10.89 1.74 −69.97 −22.11 −25.62

3.2.6. Macrophyte Uptake

The estimated plant demand for N, based on 2014Live and BG biomass (Table 1), was
2657 kg N (77.19 mg N m−2 d−1).
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Figure 5. Main stem Chesapeake Bay surface water NO3 concentrations from June 2013 to October
2014 [38]. Sites CB4.1C and CB4.2C are located approximately 5 km north and 15 km south of Poplar
Island, respectively.

3.2.7. Plant Deposition and Remineralization

At the conclusion of the litter bag study, a mean (±sd) of 23.98% (±7.09) of the dry
mass remained, with a mean %N of 2.06 (±0.58) (Figure 6). Using plant production values
of 2574 gdw m−2 and 1185 gdw m−2 for the low marsh (6.92 ha) and high marsh (2.51 ha),
respectively, approximately 1630 kg N (47.36 mg N m−2 d−1) was remineralized after
22 months (Table 7), with 1027 kg N (29.84 mg N m−2 d−1) estimated to be remaining in
organic material.
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Table 7. Estimated N flux rates for the major terms in the N budget for the Cell 1B marsh. Indented
terms and figures in parentheses were estimated separately but contribute to the primary term above.

Component Flux Rate
(mg N m−2 d−1)

Area
(ha)

Annual Mass Flux
(kg N y−1)

Inputs Atmos. Dep. 2.66 11.22 109
N2-fixation 1.33 11.22 55
Diffusion 2.98 11.22 122

Outputs Denitrification 21.31 11.22 873
Soil accumulation 28.50 9.43 1027
Tidal Export (TN) 9.42 11.22 386

NOx (−1.24) 11.22 (−51)
NH4 (1.59) 11.22 (65)

Internal Macrophyte Uptake 77.19 9.43 2657
Macrophyte

Remineralization 47.36 9.43 1630

3.2.8. Soil N Accretion

The rate of soil N accretion on the marsh platform, estimated from vertical accretion
rates measured with SETs (7.4 mm y−1) and soil N density, was 28.5 mg N m−2 d−1

(981 kg y−1).

3.2.9. Budget Summary

Estimates of the major N flux rates and mass fluxes in Cell 1B are summarized in
Table 7 and Figure 7.

3.3. SAV Habitat Requirements

Tidal marshes can protect SAV habitat by acting as a sink for anthropogenic nutrients
through burial and denitrification [39,40]. A comparison of flood and ebb concentrations
of key water quality parameters with SAV habitat requirements (Table 8) shows that
while mean growing season DIN and TSS concentrations in water ebbing from the marsh
exceeded the habitat requirements of SAV in the mid-Chesapeake Bay region [14], the
exceedances were due primarily to elevated estuarine concentrations, which were above
the SAV thresholds, rather than export from the marshes. There was some enrichment
by the marsh of SRP and Chl a, but both remained below the SAV thresholds. The TSS
threshold was exceeded on both the flood and ebb tides, suggesting resuspension occurring
in the shallow embayment outside the marsh was primarily responsible for the exceedance,
and dilution of the concentration in water ebbing from the marshes would occur in the
adjacent cove.

Table 8. SAV habitat requirements for the mesohaline portion of Chesapeake Bay, and flood and ebb
concentrations (mean of May and July deployments).

DIN SRP Chl a TSS
(µmol L−1) (µmol L−1) (µg L−1) (mg L−1)

Habitat Req. <10 <0.32 <15 <15
Flood 21.3 0.09 11.8 21.0
Ebb 19.4 0.12 14.0 25.6
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Figure 7. Conceptual diagram of estimated annual N fluxes (kg y−1) in the Cell 1B marsh. Fluxes
and standing stocks are shown in normal and italic fonts, respectively. The vegetation standing stock
includes both live and standing dead macrophytic vegetation and respective tissue N concentrations,
measured in September 2014. Annual plant uptake is based on the live standing stock and plant
tissue N estimates. Estimates for remineralized and accreting N from plant organic matter were
derived from the annual macrophyte production (plant uptake) and a two-year litter bag (decom-
position) study. Estimates of the net sediment fluxes, denitrification and N2-fixation were based on
direct measurements in marsh platform and tidal creek sediments, weighted for area. Atmospheric
deposition was scaled from regional deposition estimates, and NH4 diffusion was estimated based
on measured pore water NH4 concentration profiles and sediment properties. Arrow width indicates
relative flux magnitude, but elements of the diagram are not necessarily to scale. Plant image source:
Integration and Application Network (ian.umces.edu/media-library).

4. Discussion
4.1. The Net N Balance

The dredged material used to construct the Cell 1B marsh contains a very large
reservoir of N (Figure 7). Most of this reservoir exists in the deeper soil below the root zone,
where it is largely unavailable for direct plant uptake but provides a long-term source via
diffusion of NH4 into the root zone. Compared with the size of the sediment reservoir,
only small amounts of N are being exported annually from the marsh. The largest internal
N transfer is short-term uptake of NH4 by macrophytic vegetation, leading to long-term
accumulation of carbon-rich marsh soil and associated N. Denitrification is a major sink for
N in this marsh, and while NH4 fluxes from the sediment may be high, internal recycling
appears to reduce losses to the estuary.

Our estimates show that the annual N export via denitrification, soil accumulation,
and tidal flux were about 39%, 44%, and 17% of TN export, respectively. The rate of tidal
TN export varied seasonally and, importantly for SAV, the highest export occurred during
the colder months, following senescence of the marsh vegetation. Dissolved inorganic N
(DIN) released from the marshes at this time of year is less likely to have a negative impact
on SAV, which is largely dormant in the cold winter months in upper Chesapeake Bay [41].
The seasonal variability in TN exchange between the marsh and estuary is driven by the
influence of temperature on biogeochemical processes as well as the seasonality of the
primary producers (macrophyte and edaphic algae). Uptake of dissolved N during the
growing season is followed by export of dissolved and particulate N during the dormant
season, in agreement with other studies [40,42,43].



J. Mar. Sci. Eng. 2021, 9, 849 14 of 20

An examination of the balance of diffusive and new N inputs to the marsh (286 kg y−1)
and N exports as gaseous exchange and in tidal waters (1259 kg y−1, not including soil
accumulation) indicates that an important source term has not been directly quantified.
This missing “source” of N, which would help balance inputs with export, is likely to result
from remineralization of N associated with labile organic matter in the dredged material,
primarily in the root zone where microbial activity is enhanced by rhizosphere oxygenation
by S. alterniflora [44].

4.2. Internal N Cycling

Temporal variation in denitrification may have been influenced by variation in es-
tuarine water column NO3 concentrations, with the lowest rate occurring in September
2013 when NO3 concentrations in the flood water were lowest, and higher rates occurring
on other sampling dates when estuarine NO3 concentrations were higher. However, the
import of NO3 represents only about 5% of N denitrified, suggesting that the source of most
denitrified N is within the marsh. Coupled nitrification and denitrification may occur in the
near surface sediment or in the macrophyte rhizosphere, where NH4 and organic carbon
are abundant and oxygen is present, and is likely enhanced due to rapid remineralization
when temperatures rise in the spring. Limitation of denitrification due to inhibition by
sulfide is unlikely to occur in these young marshes, where sulfide concentrations tend to
be below detection in the first few years of development due to the presence of free iron
resulting from pyrite oxidation during dewatering of the dredged material prior to marsh
establishment [16].

The root zone TN pool would meet the annual macrophyte N requirement for more
than a decade, suggesting that the vegetation will not be N limited for many years under
present conditions. However, porewater concentrations of dissolved NH4, the preferred
form of N for uptake by S. alterniflora [45], show depletion after only 2 years, suggesting
that other sources of N are more available and energetically favorable. We estimate that
diffusive transport of NH4 from the deeper sediment into the root zone would supply only
about 3% of annual macrophyte demand, while atmospheric deposition and N2-fixation,
would supply about 4% and 2%, respectively. Translocation at the end of the growing
season would conserve a small percentage for the next season’s growth [46]. However, rem-
ineralization resulting from plant decomposition, which returned about 61% of assimilated
N over two years in this study, is likely to be an important source of N for macrophyte and
algal growth, emphasizing the importance of internal N cycling in the overall N budget
for the marsh. The estimate of plant N deposition (29.84 mg N m−2 d−1) based on plant
production and decomposition data compares well with the estimate obtained from the
measured rate of vertical accretion (28.50 mg N m−2 d−1), emphasizing the importance of
internal cycling and the utility of measurements of vertical accretion for estimating soil
N accumulation. Future studies of soil N trajectories will help characterize the rate of N
depletion in the original substrate, N accumulation in accreting soil and organic matter,
and how long N enriched conditions may continue to enhance macrophyte growth.

4.3. Sources of Error

Scaling up discreet measurements to derive annual estimates of nutrient fluxes is
subject to several sources of error. Seasonal (temporal) variability in N fluxes may occur
due to temperature regulation of biogeochemical processes as well as changes in plant
uptake driven by phenology. Spatial variability can be high, and may be difficult to assess
with limited sampling and the use of ex situ methods (e.g., core incubations). Furthermore,
the use of monitoring data which were not designed for a mass balance study sometimes
means that the most appropriate data for the analysis are not obtainable. In the study
presented here we combined several sources of data to develop the mass balance, and
discuss potential sources of error below.

Direct atmospheric N deposition is recognized as a significant source in some loca-
tions, including coastal systems [47,48], and direct and indirect deposition combined are
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estimated to contribute 8% of TN inputs in Chesapeake Bay [49]. The estimate used here
included only direct deposition on the marsh, because there is, currently, minimal upland
drainage into the marshes. The actual catchment used to calculate deposition may be
slightly larger due to runoff from the surrounding dikes and access roads. Additionally,
the use of data from NADP/NTN site BWR139 rather than site MD13, which is closer
to Poplar Island and has a higher average wet DIN deposition for the 2012–2014 period
(3.66 kg N ha−1 y−1 versus 2.75 kg N ha−1 y−1, respectively), but lacks TN deposition data,
may have led to an underestimate of the TN deposition rate. These two small sources of
error would have opposing effects, and would not change the conclusion that atmospheric
deposition is a small term in our N mass balance.

Nitrogen fixation rates were spatially variable but very low for both marsh platform
and creek sediments, as expected in this N rich system. The estimate used here was based
on measurements made during the summer, near the peak in seasonal variation [18] and,
therefore, likely overestimates the annual flux. The contribution to the N mass balance
was minimal, however, and a more accurate annual rate would likely further reduce the
estimate of N contributed by N2-fixation.

Estimates of sediment N fluxes on the marsh platform may be biased upward due to
underrepresentation of the warmest and coldest months of the year. On an annual basis,
denitrification is still likely to represent the dominant sink in this two-year-old marsh,
but estimates of annual fluxes of dissolved N could also be more accurately represented
by evenly distributed seasonal measurements. Further improvements may be made by
accounting for the effects of unflooded periods on the marsh platform. During periods in
which the soil is unflooded, pore water constituents can accumulate near the soil surface;
continuous flooding during incubations may result in measured fluxes that overestimate the
actual fluxes because of depuration of the stored nutrient concentrations during flooding.
This may result in the daily assignment of rates that reflect gradients that are too large over
too long a period of time. In addition, estimates of NH4

+ and NOx for the creeks may be a
more accurate reflection of actual rates than estimates for the marsh surface, which is not
continuously flooded.

The calculation of the upward diffusive flux of pore water NH4
+ utilizes average

pore water values from a single date; these gradients change over time due to pore water
depletion of NH4

+ in both the upper (0–10 cm) and the deep (20–47 cm) soil layers [16].
While the N standing stock and fluxes associated with edaphic algae were not quanti-

fied in this study, this community can play an important role in internal biogeochemical
cycles and food webs [50,51]. A thick layer of edaphic algae has been observed on the
sediment surface in the Poplar Island marshes and may create a boundary which limits
oxygen penetration into the sediment. As a result, anoxic conditions appear to occur on
the sediment surface immediately beneath the algal layer during the warmer months of
the year. Decomposition of algal and macrophyte tissue in this layer likely leads to con-
sumption of oxygen and remineralization of organic N, and may enhance denitrification.
Further study of the role of edaphic algae in nutrient cycling in these nutrient rich marshes
would likely enhance our understanding of internal nutrient processing.

Variations in tidal prism caused by subtidal (time scales longer than a tidal cycle) water
level changes can be a large source of error in tidal flux estimates [52], as these changes
impact the degree to which the marsh plain is flooded (or not). In this study, water level
measured seasonally over two tidal cycles was considered representative of each of the full
seasons. The tide ranges recorded during each deployment were within the great diurnal
tide range for Poplar Island [53], but a more careful analysis of seasonal water levels would
indicate how typically the tidal prisms used here compared with seasonal averages.

Nitrogen fluxes associated with transient nekton species have received less attention
than carbon fluxes, but can be significant in some systems [54]. Large nekton migrations
(e.g., penaid shrimp) do not appear to occur in the Poplar Island marshes [55], but foraging
by small fish in the tidal creeks and on the marsh platform, which may be consumed by
predatory fish or birds, has been observed. Although trophic relay is not expected to be a
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major N flux in this young marsh, quantification of TN fluxes associated with the fauna
would help refine the mass balance.

The scale of the N flux estimates presented here suggests that modest errors would not
change the conclusions that, in this young marsh, denitrification was a large, permanent N
sink, internal N cycling was intense, and there was a modest TN but minimal DIN export
to the estuary.

4.4. Comparison with Previous Studies

Atmospheric exchange of gaseous N2 with the sediment is attributed to microbially
mediated denitrification and, possibly, anaerobic ammonium oxidation (ANAMMOX),
as well as N2 fixation. High rates of ANAMMOX occur in some coastal environments,
but are low where NO3 is low and organic carbon is abundant [56,57], including tidal
marshes, and is therefore unlikely to represent a significant fraction of the N2 fluxes
measured here. Thus, the annual net N2 (21.31 mg N m−2 d−1), assumed to represent
denitrification, is on the higher end of the range reported for denitrification in most natural
marshes in a recent review of saltmarsh biogeochemistry (0–27 mg N m−2 d−1), although
rates up to 279 mg N m−2 d−1 have been reported [39,58]. Nitrogen input via N2-fixation
(1.33 mg N m−2 d−1) is a small fraction of denitrification, and on the low end of the range
reported for mature marshes, <1.4–18.6 mg N m−2 d−1 [58]. N2-fixation in the Cell 1B
marsh is very low compared with rates reported for restored and young marshes, which can
range up to 95.9 mg N m−2 d−1 [18]. The low rates in this young marsh likely result from
high N availability in the fine-grained dredged material, and emphasize that chronological
age is not always a good indicator of marsh function [59].

The estimate of soil N accumulation (28.5 mg N m−2 y−1) is within the range of
values reported for natural marshes using a variety of techniques [42,60,61]. It is notable
that this rate, derived from the rate of vertical accretion measured with SETs and soil N
density, is similar to the estimate that can be derived from the difference between plant
uptake and remineralization based on annual biomass and decomposition measurements
(27.9 mg N m−2 d−1). Due to the high rate of macrophyte biomass production and the
observed retention of biomass on the marsh platform, and low inorganic sediment inputs
at this site, organic matter is the primary contributor to vertical accretion and N accumu-
lation is largely associated with organic matter accumulation, similar to many natural
marshes [62,63].

The mean annual TN flux via tidal exchange (9.42 mg N m−2 d−1) is of the same
order of magnitude reported for several U. S. S. alterniflora marshes [64]. Although the
timing of sediment and tidal flux measurements were not synchronized, the direction of
tidal exchange of dissolved N estimated in the tidal flux study is largely supported by the
sediment flux measurements, which are of similar magnitude and direction.

Finally, our estimate of atmospheric TN deposition is similar to other estimates re-
ported for Chesapeake Bay [47,65–67], and is consistent with the dominant agricultural
land use in the region [67].

5. Conclusions

The major N fluxes and estimates of internal cycling reported here for the two-year-
old constructed marsh at Poplar Island demonstrate the importance of internal N cycling
in this marsh and limited tidal N export, especially as DIN. Most fluxes and rates are
within the ranges reported for natural marshes, which are likely much older. The rapid
development of biologically mediated N transformations in the Poplar Island marsh
promoted N remineralization, denitrification, and soil N accretion, and limited inorganic N
export to the adjacent estuary. Thus, it appears that in the short term, fine-grained, nutrient-
rich dredged material can be used successfully to rapidly restore tidal marsh habitat and
ecosystem services without resulting in large inorganic nutrient exports, functioning much
like a more mature marsh. This study suggests that the trophic status of restored and
created marshes is likely to be a better predictor of marsh function and associated ecosystem
services than chronological age.
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It remains unclear how the N mass balance may change as these marshes mature,
and TN associated with labile organic matter within the root zone is depleted while TN
associated with more recalcitrant carbon from macrophytic vegetation accumulates. As
the labile N pool is depleted and the pool associated with more recalcitrant macrophyte
detritus accumulates, it is expected that primary production will become N limited and the
root:shoot ratio will increase. Nitrogen fixation may increase, and tidal export of DIN may
decline. However, if vertical accretion does not keep pace with accelerating SLR, increasing
inundation and erosion may lead to changes in internal N cycling, vegetation loss, erosion,
and an increase in TN export to the estuary. Monitoring these changes will be important to
determine the longer term outlook for these beneficial use projects involving fine-grained,
nutrient rich dredged material.

The persistence of an SAV bed adjacent to the marsh tidal inlet, with steadily in-
creasing percent cover since monitoring, began in 2001 [68] and the data on critical water
quality parameters in tidal export from the marsh (Table 8) indicate that conditions are not
markedly degraded by the nutrient-rich dredged material used as the marsh substrate. The
conservation of SAV habitat has been achieved, in part, through the rapid development
of productive marsh vegetation and biogeochemical N cycling, preserving the adjacent
water quality.
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Appendix A

Table A1. Volume-weighted water column concentrations of all measured constituents during four seasonal tidal flux
deployments in 2014.

Month Tide Stage Mean Tidal Prism TN TDN NH4 NO2 NO3 SRP TP PN TSS Chl a
(m3) (µmol N L−1) (mg N L−1) (mg L−1) (µg L−1)

Feb Flood 6028 38.58 29.85 0.98 0.30 17.29 0.08 0.67 0.10 5.09 6.80
Ebb 47.17 35.73 3.30 0.35 18.17 0.11 1.17 0.18 18.15 7.39

May Flood 8820 67.08 52.22 1.30 0.69 37.29 0.10 1.29 0.26 11.50 13.23
Ebb 70.35 52.00 2.90 0.74 32.83 0.09 1.86 0.30 20.37 12.82

Jul Flood 9886 35.92 22.45 1.96 0.15 1.18 0.09 1.67 0.24 30.48 10.36
Ebb 37.51 24.47 1.16 0.15 1.04 0.15 2.34 0.32 30.80 15.12

Nov Flood 10,873 22.12 20.08 1.71 0.17 1.18 0.11 0.92 0.09 7.77 3.11
Ebb 27.65 23.28 2.31 0.17 2.46 0.17 1.36 0.11 9.39 3.99
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Table A2. Sediment flux measurements, showing means for light and dark incubations and the weighted daily mean
(Wt’d Mean) on five dates. Negative values represent import into the sediment; positive values represent release to the
overlying water.

Flux Rate (µmol N m−2 h−1)
Location Jun-13 Sep-13 Nov-13 Apr-14 May-14 Mean

NH4
+

Marsh Dark 53.7 200.5 −21.9 150.9 173.2
Light −77.3 −89.5 −35.6 32.3 −19.0

Wt’d Mean −27.36 44.89 −27.57 86.59 56.28 26.57
Creek Dark 758.7 162.8 0.0 190.9 974.6

Light 695.1 199.9 91.9 104.6 396.3
Wt’d Mean 719.34 182.70 37.98 144.07 622.84 341.39

NOx
Marsh Dark −24.6 −17.3 11.3 −69.1 −32.2

Light −25.5 −12.1 −5.9 −79.6 −11.3
Wt’d Mean −25.16 −14.50 4.19 −74.79 −19.52 −25.95

Creek Dark −51.7 9.1 13.2 −58.4 −46.4
Light −25.9 7.5 −46.0 −31.7 −28.6

Wt’d Mean −35.73 8.25 −11.25 −43.91 −35.57 −23.64

N2
marsh Dark 3.9 30.8 205.7 121.2 81.8

Light 50.6 −46.9 0.0 62.8 87.0
Wt’d Mean 32.8 −10.91 120.67 89.51 84.98 63.41

creek Dark 83.5 85.9 100.6 92.6 148.4
Light −1.9 139.0 0.0 15.8 0.0

Wt’d Mean 30.66 114.36 59.03 50.95 58.11 62.62
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