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Abstract
Seagrass meadows are highly productive habitats that provide important ecosystem services in the coastal zone,
including carbon and nutrient sequestration. Organic carbon in seagrass sediment, known as “blue carbon,”
accumulates from both in situ production and sedimentation of particulate carbon from the water column. Using a
large-scale restoration (>1700 ha) in the Virginia coastal bays as a model system, we evaluated the role of seagrass,
Zostera marina, restoration in carbon storage in sediments of shallow coastal ecosystems. Sediments of replicate
seagrass meadows representing different age treatments (as time since seeding: 0, 4, and 10 years), were analyzed
for % carbon, % nitrogen, bulk density, organic matter content, and 210Pb for dating at 1-cm increments to a depth of
10 cm. Sediment nutrient and organic content, and carbon accumulation rates were higher in 10-year seagrass
meadows relative to 4-year and bare sediment. These differences were consistent with higher shoot density in the
older meadow. Carbon accumulation rates determined for the 10-year restored seagrass meadows were 36.68 g C
m-2 yr-1. Within 12 years of seeding, the restored seagrass meadows are expected to accumulate carbon at a rate
that is comparable to measured ranges in natural seagrass meadows. This the first study to provide evidence of the
potential of seagrass habitat restoration to enhance carbon sequestration in the coastal zone.
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Introduction

stores and sinks, as well as other important ecosystem
services seagrass meadows provide.
Carbon accumulation in marine sediments provides longterm storage of organic carbon and has been referred to as
“blue carbon” to distinguish it from carbon in terrestrial sinks
[9]. Unlike terrestrial systems that store organic carbon
primarily in living biomass and soil organic matter, coastal
vegetated systems store the majority of organic carbon in
sediment [4,5,7]. In addition, terrestrial habitats lose carbon
stocks to the atmosphere as CO2 via decomposition or by
disturbances such as fires [10,11]. Because marine sediments
are often anoxic and continually accumulate sediment [6],
organic carbon can be preserved within them over decadal to
even millennial time scales where the organic carbon, though
subjected to some diagenesis, is still considered a carbon sink
[12–14]. Fast accumulation rates, low oxygen, low sediment
hydraulic conductivity, and slower microbial decomposition
rates facilitate carbon burial and the accumulation of carbon
stocks in these coastal sediments [11,15,16].

Seagrass meadows are essential coastal ecosystems that
provide many ecosystem services such as improved water
quality and light availability, increases in biodiversity and
habitat, sediment stabilization, and carbon and nutrient
accumulation [1–3]. Recently, seagrass meadows have been
acknowledged for their carbon storage potential and it has
been estimated that globally as much as 19.9 Pg of organic
carbon are stored in seagrass meadows [4]. Seagrass
meadows cover only 0.1% area of the world’s ocean floor, yet
account for 10–18% of the total oceanic carbon burial,
accumulating carbon at rates of 48 to 112 Tg C yr-1 [5–7].
Globally, seagrass ecosystems are declining in area by about
5% per year due to anthropogenic stresses, including
decreased water quality and increased water temperatures
[2,7,8], and this decline could result in the release of large
amounts of stored carbon [5]. In order to partially mitigate
seagrass decline, restoration in areas with suitable habitat is an
effective option that has the potential to reestablish lost carbon
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Table 1. Mean and standard error (SE) for 4 different treatments (0-yr (HI), HI, 0-yr (SB), and SB) in the top 10 cm of
sediment cores for percent carbon (% C), percent nitrogen (% N), percent organic matter (% OM), and bulk density from n
number of samples.

Site

Age (yr)

Seagrass Density (Shoots m-2)

% Carbon

% Nitrogen

% Organic Matter

Bulk Density (g cm-3)

Mean

SE

Mean

SE

Mean

SE

Mean

SE

Mean

SE

n

0-yr (HI)

0

0

0

0.40

0.011

0.02

0.001

1.61

0.03

1.53

0.02

230

HI

4

123.2

39.63

0.39

0.010

0.02

0.001

1.59

0.03

1.44

0.01

240

0-yr (SB)

0

0

0

0.36

0.012

0.02

0.001

1.39

0.04

1.61

0.03

80

SB

10

428.7

30.19

0.52

0.010

0.05

0.002

1.94

0.03

1.30

0.01

240

Age indicates the number of years since seagrass was seeded, and seagrass density is the number of shoots in a square meter. 10-year (SB) was significantly different from
all other treatments for all measured variables (p < 0.0001).

The dense canopy of seagrass meadows reduces flow
velocity [17,18], which subsequently promotes the deposition of
sediment and particles from the water column [19–21] and
reduces sediment resuspension [19]. When sediments of
seagrass meadows are compared to unvegetated sediments,
there can be as much as a threefold reduction in resuspension
of fine-grained sediment [17–19]. The particles that are trapped
and deposited in seagrass-vegetated sediments are often rich
in organic matter (OM), averaging 4.1% [6]. However, this
trapping effect is reduced with decreased seagrass density,
which could be driven by natural and human stresses on
seagrass meadows such as storm disturbance or
eutrophication [1,19].
Carbon accumulation rates for established seagrass
meadows vary depending on the seagrass species, sediment
characteristics, and depth range of the seagrass habitats. From
a global survey of 123 sites, the average carbon burial rate was
138 ± 38 g C m-2 yr-1 (mean ± SE, range = 45–190); the large
range in rates reflects variation in shallow and deep habitats for
both tropical and temperate seagrass [7]. Currently, there are
only a few measurements of carbon accumulation from
different seagrass species such as Posidonia oceanica,
Cymodocea nodosa, and Zostera marina, and no carbon
accumulation measurements in restored seagrass meadows
[5,7,11]. Many studies lack accurate estimates of carbon burial
due to the absence of direct measurements of key variables
such as sediment bulk density and sedimentation rates [4]. In
addition, many studies do not specify whether roots are
included in measurements of sediment carbon, which
potentially results in variable estimates of carbon burial.
Kennedy et al. [6] estimated that seagrass carbon contributed
about 50% to the sediment organic carbon pool in seagrassvegetated sediments globally, but did not distinguish between
root, rhizome, and leaf material. The relative contribution of
root and rhizome material is also influenced by decomposition
rate, which varies among species [4]. Clarifying whether
measurements include roots or not is important when
determining carbon stock or accumulation measurements in
seagrass meadows [11].
If the current rates of seagrass habitat decline remain
unchanged, annual loss in seagrass habitat could result in the
release of previously stored carbon of up to 299 Tg C yr-1 [4].
Seagrass habitat loss due to land-use change, based on the
annual loss rate of 0.4–2.6% seagrass habitat globally, was
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estimated to release between 0.05 to 0.33 Pg CO2 yr-1 back
into the atmosphere; this rate is comparable to the annual rates
of fossil fuel CO2 emissions in many small countries [22]. This
large evasion of CO2 to the atmosphere could result in an
economic cost of $1.9 -13.7 billion yr-1 [22]. Restoration is one
way to mitigate the continual loss of seagrass habitat and to
prevent seagrass from becoming a significant carbon source.
Despite the recent recognition that seagrass meadows are
important marine carbon stores, the potential of habitat
restoration in increasing carbon stocks and sinks in coastal
waters is unknown. The goal of this study was to assess
carbon stores and the rate of carbon accumulation in a largescale restoration in the Virginia coastal bays as a model
system where eelgrass, Zostera marina, was broadcast seeded
at several different times. Restored seagrass meadows (4 and
10 years old) and unvegetated areas were studied to determine
how carbon accumulation was promoted by seagrass of
varying ages.

Methods
This study was conducted at the Virginia Coast Reserve
Long Term Ecological Research site (VCR LTER) on the
Eastern Shore of Virginia, on the ocean side of the Delmarva
Peninsula. Prior to 1933, dense meadows of Zostera marina
(eelgrass) carpeted the seafloor [23] and supported a lucrative
scallop fishery. The slime-mold (Labarinthula sp.) wasting
disease and a severe hurricane in 1933 caused a local
extinction of the seagrass [23–25]. The lost seagrass habitat in
the Virginia coastal bays resulted in both a decrease in
sediment stabilization and a faunal reduction which resulted,
notably, in the collapse of the local scallop fishing industry
[2,23]. Starting in 2001, eelgrass was seeded over multiple
years in South Bay and Hog Island Bay, creating a system of
seagrass meadows of varying ages that comprised over 1700
ha in 2011 [3,26].
Two adjacent locations within the VCR LTER were used for
this study, Hog Island Bay (HI) (37°24’47″ N, 75°43’36″ W) and
South Bay (SB) (37°, 15’ 54″ N, 75°48’50″ W), both with a tidal
range of approximately 1.2 m [27]. All necessary permits were
obtained for field methods conducted in this study. The
seagrass restoration area was set aside for restoration and
seagrass research by the Virginia Marine Resource
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before analysis of % C and % N to remove inorganic carbon.
The subset was compared with non-acidified samples using a
T-test.
One core from each age treatment was used to establish
210
Pb profiles to determine sediment accretion rates. 210Pb
content was analyzed using isotope-dilution alpha spectrometry
for the 210Pb granddaughter isotope polonium (210Po), as these
radioisotopes are in secular equilibrium [28]. Because the
seagrass restoration occurred in the past 10 years, the half-life
of 210Pb radio isotope was the appropriate dating method for
the sediment [28]. A 209Po spike was added to each sample
and digested in a microwave with concentrated nitric acid.
Then, hydrogen peroxide and heat were used to digest the
solution and extract the tracer from organic compounds [29].
Polonium was spontaneously electroplated onto stainless steel
planchets and 209Po/210Po activities were measured via alpha
spectrometry using silicon surface barrier detectors linked to a
multi-channel analyzer [30]. To determine sediment accretion
rates, a constant rate of tracer supply model (CRS) of nonsteady state sediment accretion was applied to the derived
excess 210Pb values as they changed versus mass-depth
[31,32]. Sediment accretion rates were taken for each 1-cm
interval using the specific date, and carbon accumulation rates
were calculated by multiplying carbon density and sediment
accretion rate.
For carbon, nitrogen, organic matter content, and bulk
density measurements, data from each variable were averaged
from the top 10 cm of each age treatment (0-year (SB) n = 80,
0-year (HI) n = 230, 4- and 10-year n = 240). The top 10 cm of
sediment was used for analysis because the 210Pb profile
results did not show sediment accumulation below 10 cm depth
and was estimated to be older than 100 years indicating the
sediment at this depth was most likely not influenced by the
restoration. Additionally, the top 10 cm of sediment was within
the depth range influenced by root growth. Depth profiles of %
C, % N, and % OM content were determined from averages of
the 1-cm intervals from the replicate cores in each age
treatment.
Significant differences between age treatments in % C, % N,
% OM, and BD were analyzed with a 2-way nested analysis of
variance (ANOVA) to determine within group variance among
each treatment and variance among the different treatments
using SAS software (Version 9.2 of the SAS Systems for
Windows, 2008, SAS Institute Inc.). Post hoc Ryan’s Q tests
were used to determine significant differences between each
treatment. Seagrass densities were analyzed with an ANOVA
using SAS software to determine differences in seagrass
density between the 10- and 4-year treatments.

Commission; through collaboration with the Virginia Institute of
Marine Sciences, permission was given to use these sites in
the VCR LTER for research purposes. Previous research has
determined that these two locations are similar in terms of
bathymetry,
water
depth,
sediment,
water-column
characteristics, and current speeds [3]. In South Bay (SB)
replicate 0.4-ha plots were seeded with 100,000 seeds ha-1 in
2001 and in Hog Island Bay (HI) replicate 0.2- and 0.4-ha plots
were seeded with 100,000 seeds ha-1 in 2007. These sites
were used as a 10-year age treatment (SB) and a 4-year age
treatment (HI), respectively. Previous analysis and monitoring
found that there were no significant differences in sediment and
plant properties as a result of different plot sizes or initial seed
density, allowing for sites of different plot size (0.2- and 0.4-ha)
to be pooled [3]. Annual monitoring showed that seagrass
shoot densities increased with time since seeding, with an
initial 4-year lag followed by a rapid linear increase in shoot
density as a function of age [3]. In addition, surrounding
unvegetated sediment was sampled at both sites (SB and HI)
to represent the 0-year age, or un-restored, reference
treatment. For each age treatment, 6 plots were selected for
sediment core sampling, except in the 0-year (SB) treatment,
where 4 plots were sampled.
Sampling was conducted during the summer of 2011 from
June through August. Additional cores were taken in October
2011 at the 0-year (SB) plots. Depth profiles of sediment
characteristics were not likely to be different between June
through October in the unvegetated plots because these
represented sediment accumulated over annual to decadal
time scales. In the 10-year and 4-year seagrass plots, a 50-m
(for 0.4-ha plots) and 25-m (for 0.2-ha plots) transect was
placed parallel to the current and aligned with the center of
each plot. Four 20-cm deep, 10-cm diameter cores were taken
equidistant along each transect and processed the same day.
Large cores had sharp edges and allowed water to escape
when collecting to prevent compression and build up of
pressure. After collection, the corer created a seal to keep the
core in place during extraction from the sediment. Seagrass
densities were measured by counting shoots in ten 0.25-m2
quadrats at regular intervals along each transect, resulting in
60 measurements per treatment.
Extruded cores were divided into 1.0-cm intervals; shells,
rocks, and large rhizomes were removed and then the wet
weight of each core interval was measured. Subsamples from
each interval were taken to measure water content of the
sediment, loss on ignition (% OM), percent carbon (% C) and
percent nitrogen (% N). Dry bulk density (BD) was determined
using the mass of the dry sediment 1.0-cm section, which was
determined from the percent water content of the total wet
weight, divided by the volume of the sediment section.
Sediments were dried at 60° C for 48 h and then placed in a
muffle furnace at 500° C for 6 h to determine % OM using the
loss on ignition method. A portion of the subsamples was dried
at 60° C for 48 h, shells were removed, the sediment
homogenized by grinding, and % C and % N was measured
with a Carlo Erba NA 2500 Elemental Analyzer using a helium
gas carrier in a 1020° C combustion tube and 650° C reduction
tube. A small subset of 24 samples was acidified with 5 N HCl
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Results
Seagrass shoot densities increased significantly with bed
age, where 4-year treatments averaged to 123.2 shoots m-2
and 10-year treatment averaged to 428.7 shoots m-2 (F60,60 =
135.89; p < 0.0001) (Table 1). % OM profiles of sediment cores
indicated that the 10-year treatment had significantly different
% OM only in the top 6 cm of sediment compared to all other
age treatments, with a large increase in % OM concentrations
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Figure 1. Vertical average down-core profiles of sediment characteristics in the top 10 cm. A) Percent organic matter (%
OM); B) Percent organic carbon (% C); C) Percent nitrogen (% N) for 4 age treatments (0- (HI), 4-, 0- (SB), and 10-year) in top 10
cm of sediment, where error bars indicate standard error. Averages for each variable were calculated in 1-cm intervals to a depth of
10 cm.
doi: 10.1371/journal.pone.0072469.g001

from 3- to 6-cm depths (2.19 to 2.41% OM) (Figure 1A). There
was no significant difference in average % OM between 0-year
(HI) and 4-year treatments, but there was a significant
difference in average % OM between 0-year (SB) and 10-year
treatments (F230,240,80,240 = 35.20; p < 0.0001) (Table 1). Bulk
density (BD) of sediment cores decreased significantly with age
treatment, with 0-year (SB) treatment at 1.61 g cm-3 having the
highest density compared to the 10-year treatment at 1.30 g
cm-3 (F240,80,240,230 = 60.59; p < 0.0001) (Table 1).
The carbon content of each age treatment varied throughout
the core. Average carbon concentration in the 10-year
treatment was significantly higher than the neighboring 0-year
(SB) sediment and treatments in Hog Island, and with a large
increase in % C in between 3- and 6-cm depths (F240,80,240,230 =
37.47; p < 0.0001) (Table 1, Figure 1B). There was no
significant difference in % C between the 4-year treatment and
the neighboring 0-year (HI) sediment (Table 1, Figure 1B). The
% C values were taken to represent organic carbon because
there was no significant difference between acidified and nonacidified sediment samples (p > 0.05). In addition, there was a
strong linear relationship between % OM to % C for the
average values from the depth intervals in the top 10-cm of
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sediment of each site (R2 = 0.96, p < 0.0001). Though
occurring at very low concentrations, nitrogen depth profiles
showed similar patterns to both % OM and % C profiles.
Nitrogen concentrations were significantly higher in the 10-year
treatments averaging 0.05% N, and were highest between 3and 6-cm depths (F240,80,240,230 = 108.63; p < 0.0001) (Table 1,
Figure 1C). For the other age treatments (0 and 4 years) there
were no significant differences throughout the core, all with
average concentration of 0.02% N (Table 1, Figure 1C).
The vertical profile of the 10-year treatment had higher levels
of excess 210Pb compared to the 0-year (SB) treatment (Figure
2B). 210Pb profiles from the 10-year and neighboring 0-year
(SB) treatments conveyed a background 210Pb value below 10
cm depth where both the 0- and 10-year treatment values were
the same, representing sediment before restoration (Figure
2B). Above 10 cm depth in the 10-year treatment, there was an
excess in 210Pb. This indicated some accumulation of sediment
over time allowing for a sediment accretion and carbon
accumulation rate to be calculated as a result of the seagrass
restoration (Figure 2B) [31]. However, vertical core profiles
showed low and background supported 210Pb activity in the 4year and 0-year treatments (Figure 2A). From the 10-year 210Pb
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more carbon and four times more nitrogen in the sediment;
additionally, they had accumulated finer particles in the top 5
cm of sediments as compared to bare, unvegetated areas [3].
In this study, we built on these standing stock measurements to
quantify, for the first time, carbon accumulation rates in
restored seagrass meadows and provide evidence for the
potential of seagrass habitat restoration to enhance carbon
sequestration in the coastal zone.
Radioactive 210Pb sediment dating showed a clear pattern in
the 10-year seagrass site, providing the first measurement of a
restored seagrass sediment accumulation rate. The non-steady
state model used to calculate the sediment accumulation rate
indicated the effect of seagrass restoration. 210Pb profiles for
the 10-year treatments showed patterns of: sediment
influenced by seagrass restoration in the top few cm, sediment
representing a 100 year record above 10 cm depth, and
sediment unaffected by restoration or accretion below 10 cm
depth (Figure 2B). The more common approach using a
constant rate of supply (CRS) model to calculate sediment
accumulation rate is only applicable when the flux of excess
210
Pb into the sediment is constant over time and would be
seen as a linear trend in the 210Pb profile. The lack of linear
trend at the sediment surface of the 10-year 210Pb profile
indicated a changing accumulation rate as the surface 210Pb
deceased in concentration. The 210Pb profiles from the 4-year
and neighboring 0-year (HI) treatment had values of low activity
representing only the background supported 210Pb, indicating
an insignificant impact on sediment accumulation during the
first 4 years of meadow development (Figure 2A). This profile
would only be seen if there was sediment older than 100 years
or more likely, if the sediment profile was compromised mainly
from resuspension and/or bioturbation that can cause shallow
mixing creating a dilution effect. The low 210Pb values were not
the result of deep mixing because the carbon profiles for these
sites were not homogenous; as a result, sedimentation and
subsequent carbon accumulation rates for the 4-year treatment
could not be determined [3].
Increases in seagrass shoot density over time in the restored
seagrass meadows influenced water flow and caused a shift
from an erosional to a depositional environment [18]. In
addition, low seagrass densities such as those we observed in
the 4-year treatment accelerated flow around individual shoots,
created turbulence, and increased sediment suspension in a
manner similar to that observed in areas without seagrass
habitat [32,33]. This mechanism also can explain the lack of
change in organic matter and carbon content with depth in 0and 4-year treatments. Our results suggested that shoot
densities in the 4-year treatments (average 123.2 shoots m-2)
were insufficient to reduce resuspension and shallow mixing of
sediment compared to bare sediments; that by 10 years after
seeding (average 428.7 shoots m-2) the seagrass meadow
stabilized and trapped sediment more effectively allowing for
sediment accretion. These results were consistent with
previous studies where a significant increase in sediment
stabilization in dense seagrass meadows promoted sediment
accumulation compared to unvegetated areas [17,18].
Sedimentation rates from measured cores do not take into
account any mixing from organisms. However, as the sediment

Figure 2.
Total down core 210Pb activity for all
treatments. A) Total down core 210Pb activity in Hog Island
treatments, 0-year (HI) and 4-year. There was no significant
210
Pb activity to determine sedimentation rate throughout the
core. B) Total down core 210Pb activity in South Bay treatments,
0-year (SB) and 10-year. There was significant 210Pb activity in
the 10-year treatment above 10 cm depth, allowing for the
determination of a sedimentation rate. Error in each
measurement was not significant due to low instrumental error.
doi: 10.1371/journal.pone.0072469.g002

profiles, sediment accretion rates were approximately 0.66 cm
yr-1 (Figure 3). Carbon accumulation rates increased over time
following the seeding, with a rapid acceleration in accretion
rates starting 5 years following the seeding as the seagrass
density increased. For the 10-year treatment, the seagrass
accumulated approximately 36.68 (± 2.79) g C m-2 yr-1 (Figure
3).

Discussion
Based on previous research at this site, restored seagrass
meadows, measured 9 years after seeding, had three times
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Figure 3. Record of sediment accretion rate, percent organic carbon, and carbon burial rate in 10-year treatment. A)
Historical record in the 10-year treatment (SB) of sediment accretion rate, percent organic carbon, and carbon burial rate with years
before present starting in 2011 (= 0 on x-axis). B) Recent record in the 10-year treatment of sediment accretion rate, percent
organic carbon, and carbon burial rate with years before present starting in 2011. Time influenced by seagrass restoration (10
years) is enclosed in box with grey diagonal lines. The vertical, grey hyphenated line at 5 years before present indicates the end of
the 5-year lag period, where before there was little change in carbon burial rates due to low seagrass density.
doi: 10.1371/journal.pone.0072469.g003

environment becomes anoxic [6], the abundance of
bioturbating organisms decreases greatly [15,34]. In addition,
nutrient and sedimentation profiles exhibited trends that were
inconsistent with the homogenization of sediments by
bioturbation; consistent trends would have been indicated by
straight, vertical profiles (Figure 1, Figure 2). The 10-year
treatment had a consistent accreting profile; bioturbation and
roots most likely had little to no effect on the accretion profiles
(Figure 2B). In addition, there was no evidence that roots
impacted the 210Pb profiles because vertical profiles were
observed only in the 0-year and 4-year treatments, but not in
the 10-year treatment, which would have had more root activity
and growth due to increases in seagrass densities (Figure 2A
and 2B).
Sediment accretion rates and % C in the 10-year treatment
showed a steady-state accretion rate before seeding, and then

PLOS ONE | www.plosone.org

a significant increase in carbon burial rates 10 years after the
seeding initiated seagrass meadow development (Figure 3A).
However, following the seeding event, there was approximately
a 5-year lag before there was a doubling in the carbon burial
rate, compared to past trends. This can be attributed to
changes in seagrass density at this site, where a large increase
in seagrass density took approximately 4 years, which
coincided with the dramatic increase in sediment accretion
rates observed in the present study [3]. The reproductive
phenology of Zostera marina in this region is such that
seedlings typically flower and produce seeds in their second
year; thereafter, those seeds that germinate and survive then
produce seeds again after 2 years [26], resulting in an
approximately 4-year lag in the rate of shoot density increase.
Seed dispersal and shoot recruitment had a greater impact
than clonal expansion for the meadow establishment, as
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the average belowground biomass carbon stock was lower for
the 4-year treatment (3.19 g C m-2, (n = 6, SE = 2.36) vs. 9.67 g
C m-2 (n = 6, SE = 6.65) for the 10-year treatment), and bulk
density was significantly lower with the presence of more roots
in the 10-year treatment (Table 1). However, there was no
significant difference for either the 4-year or 10-year treatment
in bulk carbon measurements for the top 10 cm between cores
with and without roots and rhizomes (X2 < 16.92; df = 9). This
indicates that the roots and rhizome contribution to the carbon
stock for these developing seagrass meadows were minimal
compared to that of other particulate carbon in the sediments.
Future studies should determine the relative contribution of
seagrass root and rhizome carbon to estimated accumulation
rates, as this may be important in older or more established
meadows.
Seagrass ecosystems are lost each year through habitat
destruction, eutrophication, and other anthropogenic stressors
[8]. However, restoration, such as that occurring at the VCR
LTER, can help mitigate the loss of habitat and associated
ecosystem services [3,26]. Seagrass ecosystems have only
recently received global recognition for their ability to sequester
carbon [4,7], and carbon accumulation rates have only been
measured for a few systems and species [6,11]. Until this
study, there has not been any work on how or when restored
seagrass systems promote the accumulation of carbon. Under
current estimates of the economic cost of $41 per ton of CO2
[35] and 2011 estimates of restored seagrass coverage at the
VCR LTER of 1700 ha [3], the restored seagrass provides an
estimated social cost of approximately $7,000 yr-1 or $4.10 ha-1
yr-1 of carbon storage. These carbon accumulation rates will be
useful for planners and policy makers in assessing the potential
of restored seagrass ecosystems to sequester “blue carbon”.

evidenced by the large spatial scale of rapid meadow
expansion [26]. Given the hydrological similarities between
sites [3], we anticipate that the 4-year treatment will follow the
same trajectory as the 10-year treatment and have similar
accretion rates in the future as shoot densities increase rapidly.
In addition, the % C data during this initial lag period suggests
that the organic carbon source remained consistent, but that
after the 5-year lag period there was a significant decrease in
% C, indicating that the carbon accumulating in the sediment
consisted of different sources of material. This suggests that
initially during the lag period, low rates of carbon accumulation
in seagrass sediments was most likely from seagrass detritus,
and that once the restored seagrass meadows became more
dense, there was increased trapping of particles such as
seston and other allochthonous sources. By volume these
seston particles would have lower % C compared to seagrass
leaves but accumulate at a faster rate that corresponded to the
increase in the carbon burial rate [20].
The 10-year restored seagrass meadows facilitated the
accumulation of 36.68 (±2.79) g C m-2 yr-1, which falls just
slightly below the range for carbon burial in natural seagrass
meadows (45–190 g C m-2 yr-1) estimated by Mcleod et al. [7].
Because the restored seagrass in this area was still expanding
and increasing in density at the time of this study, the carbon
accumulation rate for the restored seagrass meadows will likely
continue to increase. If we assume a linear increase in
seagrass density based on current measurements and the
annual carbon accumulation rate related to seagrass density
[3], we can estimate the near-term carbon accumulation rates
for these restored seagrass meadows. Applying the short-term
linear trend to the last 5 years of carbon accumulation rates,
we estimated a rate of 47.06 g C m-2 yr-1 by 12 years after
seeding (2 years beyond the sampling reported here) that is
within the measured range of natural seagrass meadows
reported by Mcleod et al. [7].
Due to the inconsistencies of methods, there has been little
consensus in past studies on including roots and rhizomes in
sediment carbon measurements, which could potentially lead
to higher estimates of carbon accumulation if roots were
included [4]. To ensure that the removal of roots did not
significantly influence bulk density or carbon content in the
sediment, small subsets of cores were collected in summer of
2012, and we found no significant differences in bulk density
within each age treatment with or without roots (T-test, 4-yr p =
0.581, n = 161; 10-yr p =0.570, n = 171). We also addressed
this issue by analyzing the bulk carbon concentration for two
additional cores (one from each of the 4-year and 10-year
treatments) in which roots were not removed. We found that

Acknowledgements
We are grateful for the field and lab assistance provided by the
research staff at the University of Virginia’s Anheuser-Busch
Coastal Research Center. We thank K. Emery for field and lab
assistance, M. Miller for C/N analyses, and the McKee lab for
210
Pb analyses.

Author Contributions
Conceived and designed the experiments: JTG KJM.
Performed the experiments: JTG JG. Analyzed the data: JTG
KJM JG BAM. Contributed reagents/materials/analysis tools:
JTG KJM JG BAM. Wrote the manuscript: JTG KJM JG BAM.

References
1. Hemminga MA, Duarte CM (2000) Seagrass Ecology. Cambridge:
Cambridge University Press.
2. Orth RJ, Carruthers TJB, Dennison WC, Duarte CM, Fourqurean JW et
al. (2006) A global crisis for seagrass ecosystems. BioScience 56:
987–996. PubMed: 16775979
3. McGlathery JK, Reynolds LK, Cole LW, Orth RJ, Marion SR et al.
(2012) Recovery trajectories during state change from bare sediment to
eelgrass dominance. Mar Ecol Prog Ser 448: 209–221. doi:10.3354/
meps09574.

PLOS ONE | www.plosone.org

4. Fourqurean JW, Duarte CM, Kennedy H, Marba N, Holmer M et al.
(2012) Seagrass ecosystems as a globally significant carbon stock. Nat
Geosci 5: 505–509. doi:10.1038/NGEO1477.
5. Duarte CM, Middelburg JJ, Caraco N (2005) Major role of marine
vegetation on the oceanic carbon cycle. Biogeosciences 2: 1–8. doi:
10.5194/bgd-2-1-2005.
6. Kennedy H, Beggins J, Duarte CM, Fourqurean JW, Holmer M et al.
(2010) Seagrass sediments as a global carbon sink: isotopic
constraints. Glob Biogeochem Cycles 24: 1–8.

7

August 2013 | Volume 8 | Issue 8 | e72469

Seagrass Restoration Enhances Carbon Sequestration

7. Mcleod E, Chmura GL, Bouillon S, Salm R, Bjork M et al. (2011) A
blueprint for blue carbon: toward an improvement understanding of the
role of vegetated coastal habitats in sequestering CO2. Front Ecol
Environ 9: 552–560. doi:10.1890/110004.
8. Waycott M, Duarte CM, Carruthers TJB, Orth RJ, Dennison WC et al.
(2009) Accelerating loss of seagrass across the globe threatens coastal
ecosystems. Proc Natl Acad Sci USA 106: 12377–12381.
9. Nellemann C, Corcoran E, Duarte CM, Valdes L, De Young D et al.
(2009) Blue Carbon: The Role of Healthy Oceans in Binding Carbon. A
Rapid Response Assessment. United Nations Environment
Programme, GRID, Arendal.
10. Schlesinger WH, Lichter J (2001) Limited carbon storage in soil and
litter of experimental forest plots under increased atmospheric CO2.
Nature 411: 466–469. doi:10.1038/35078060. PubMed: 11373676.
11. Duarte CM, Kennedy H, Marbe N, Hendricks I (2011) Assessing the
capacity of seagrass meadows for carbon burial: current limitations and
future strategies. Ocean Coast Manag 51: 671–688.
12. Mateo MA, Romero J, Perez M, Littler MM, Littler DS (1997) Dynamics
of millenary organic deposits resulting from the growth of the
Mediterranean seagrass Posidonia oceanic. Estuar Coast Shelf Sci 44:
103–110. doi:10.1006/ecss.1996.0116.
13. Orem WH, Holmes CW, Kendall C, Lerch HE, Bates AL et al. (1999)
Geochemistry of Florida Bay sediments: nutrient history at five sites in
eastern and central Florida Bay. J Coast Res 15: 1055–1071.
14. McKee LK, Cahoon DR, Feller IC (2007) Caribbean mangroves adjust
to rising sea level through biotic controls on change in soil elevation.
Glob
Ecol
Biogeogr
16:
545–556.
doi:10.1111/j.
1466-8238.2007.00317.x.
15. Mateo MA, Cebrain J, Dunton K, Mutchler T (2006) Carbon flux in
seagrass ecosystems. In: AW LarkumRJ OrthCM Duarte. Seagrasses:
biology, ecology and conservation. Netherlands: Springer Verlag. pp.
159–192.
16. Duarte CM, Marba N, Gacia E, Fourqurean JW, Beggins J et al. (2010)
Seagrass community metabolism: assessing the carbon sink capacity
of seagrass meadows. Glob Biogeochem Cycles 42: GB4032
17. Gacia E, Granata TC, Duarte CM (1999) An approach to measurement
of particle flux and sediment retention within seagrass (Posidonia
oceanica) meadows. Aquat Bot 65: 255–268. doi:10.1016/
S0304-3770(99)00044-3.
18. Hansen JCR, Reidenbach MA (2012) Wave and tidally driven flows
within Zostera marina seagrass beds and their impact on sediment
suspension. Mar Ecol Prog Ser 448: 271–287. doi:10.3354/
meps09225.
19. Gacia E, Duarte CM (2001) Sediment retention by a Mediterranean
Posidonia oceanica meadow: the balance between deposition and
resuspension. Estuar Coast Shelf Sci 52: 505–514. doi:10.1006/ecss.
2000.0753.
20. Agawin NSR, Duarte CM (2002) Evidence of direct particle trapping by
a tropical seagrass meadow. Estuaries 25: 1205–1209. doi:10.1007/
BF02692217.
21. Gacia E, Duarte CM, Middelburg JJ (2002) Carbon and nutrients
deposition in a Mediterranean seagrass (Posidonia oceanica) meadow.
Limnol Oceanogr 47: 23–32. doi:10.4319/lo.2002.47.1.0023.

PLOS ONE | www.plosone.org

22. Pendleton L, Donato DC, Murray BC, Crooks S, Jenkins WA et al.
(2012) Estimating global “blue carbon” emissions from conversion and
degradation of vegetated coastal ecosystems. PLOS ONE 7: e43542.
doi:10.1371/journal.pone.0043542. PubMed: 22962585.
23. Orth RJ, Luckenbach ML, Marion SR, Moore KA, Wilcox DJ (2006)
Seagrass recovery in the Delmarva Coastal Bays, USA. Aquat Bot 84:
26–36. doi:10.1016/j.aquabot.2005.07.007.
24. Cottam C (1934) Past periods of eelgrass scarcity. Rhodora 36: 261–
264.
25. Rasmussen E (1977) The wasting disease of eelgrass (Zostera marina)
and its effects on the environmental factors and fauna. In: CP McRoyC
Helfferich. Seagrass Ecosystems – a scientific perspective. New York:
Marcel Dekker. pp. 1–15.
26. Orth RJ, Moore KA, Marion SR, Wilcox DJ, Parrish DB (2012) Seed
addition facilitates eelgrass recovery in a coastal bay system. Mar Ecol
Prog Ser 448: 177–195. doi:10.3354/meps09522.
27. McGlathery KJ, Anderson IC, Tyler AC (2001) Magnitude and variability
of benthic and pelagic metabolism in a temperate coastal lagoon. Mar
Ecol Prog Ser 216: 1–15. doi:10.3354/meps216001.
28. El-Daoushy F, Olsson K, Garcia-Tenorio R (1991) Accuracies in
Po-210 determination for lead-210 dating. Hydrobiologia 214: 43–52.
doi:10.1007/BF00050930.
29. de Vleeschouwer F, Sikorski J, Fagel N (2010) Development of
lead-210 measurement in peat using polonium extraction, a procedural
comparison.
Geochronometria
36:
1–8.
doi:10.2478/
v10003-010-0013-5.
30. Matthews KM, Kim C-K, Martin P (2007) Determination of 210Po in
environmental materials: a review of analytical methodology. Appl
Radiat Isot 65: 267–279. doi:10.1016/j.apradiso.2006.09.005. PubMed:
17118667.
31. Appleby PG (2001) Chronostratigraphic techniques in recent
sediments. In: WM LastJP Smol. Tracking Environmental Change
Using Lake Sediments. Volume 1: Basin Analysis, Coring, and
Chronological Techniques. Netherlands: Springer Verlag. pp. 171–203.
32. Kolker AS, Goodbred SL Jr., Hameed S, Cochran JK (2009) Highresolution records of the response of coastal wetland systems to longterm and short-term sea-level variability. Estuar Coast Shelf Sci 84:
493–508. doi:10.1016/j.ecss.2009.06.030.
33. Hansen JCR, Reidenbach MA (2013) Seasonal growth and
senescence of a Zostera marina seagrass meadow alters wavedominated flow and sediment suspension within a coastal bay. Est
Coasts. doi:10.1007/s12237-013-9620-5.
34. Townsend CE, Fonseca MS (1998) Bioturbation as a potential
mechanism influencing spatial heterogeneity of North Carolina
seagrass beds. Mar Ecol Prog Ser 169: 123–132. doi:10.3354/
meps169123.
35. United States Government (2010) Technical Support Document: Social
cost of carbon for regulatory impact analysis under executive order.
Agency: United States of Environmental Protection. p. 12866 website.
Available:
http://www.epa.gov/otaq/climate/regulations/scc-tsd.pdf.
Accessed 1 February 2013

8

August 2013 | Volume 8 | Issue 8 | e72469

