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Abstract 

 Carbon sequestration is accelerated by the presence of seagrass in coastal habitats 

as the vegetation promotes the accumulation of carbon-rich sediment. Typically, 

measurements of carbon sequestration are conducted in mature seagrass meadows. Due to 

global seagrass decline, seagrass restoration efforts have increased to mitigate the 

continual loss of seagrass. However, it is unclear to what extent and at what level of 

maturity restored seagrass meadows effectively accumulate carbon. 

 The objective of this thesis is to quantify the carbon sequestration potential of the 

restored seagrass habitat at the Virginia Coast Reserve Long Term Ecological Research 

Site (VCR-LTER). Restoration sites of different ages, 0-, 4-, and 10-years (time since 

seeding) were used in this study. Seagrass age and density were expected to be the main 

drivers of carbon accumulation in the restored meadows. Results indicated that carbon 

accumulation increased with seagrass age and was linked to seagrass density. The oldest 

restored seagrass meadow sampled (10-years, seeded in 2001) had the largest carbon 

accumulation rate of 36.7 g C m-2 yr-1, and is projected to be accumulating carbon within 

measured ranges of natural seagrasses habitats within 12 years of seeding. 

 Carbon accumulating in seagrass sediment was from both seagrass and non-

seagrass sources. The results of a three-source Bayesian mixing model indicated that the 

restored seagrass meadows were accumulating carbon from seagrass and non-seagrass 

sources, specifically benthic microalgae, in relatively equal amounts. The 10-year 

restored seagrass meadow accumulated seagrass carbon at a rate of 15.41 g C m-2 yr-1 and 

20.86 g C m-2 yr-1 of non-seagrass materials. 
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 These findings suggest that with time, restored seagrass habitats can accumulate 

carbon at the same rate as natural meadows, and from sources other than surrounding 

seagrass vegetation. In addition, this thesis provides the first measurement of “blue 

carbon” sequestration for a restored seagrass habitat and identifies the carbon sources that 

comprise the accumulating carbon pool in a restored meadow. These results support 

restoration and conservation efforts by providing quantitative evidence of potential 

atmospheric carbon dioxide emission mitigation and the ecosystem services provided by 

restored seagrass meadows in the form of carbon sequestration. 
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Introduction 

Background 

 Quantifying carbon sequestration in ecosystems is important as carbon dioxide 

(CO2) concentrations in the earth’s atmosphere continue to rise beyond natural variations 

due to the existence of humans; however, carbon sequestration in both terrestrial and 

aquatic habitats helps offset the increasing CO2 concentrations in the atmosphere with 

varying effectiveness based on ecosystem type. Terrestrial systems are widely cited as 

important sites of carbon accumulation via living biomass and soil organic matter, but 

can lose the accumulated carbon very quickly due to disturbances such as fire 

(Schlesinger and Lichter 2001; Mcleod et al. 2011) and leaching (Lovett et al. 2006). 

When compared to terrestrial ecosystems, aquatic systems, specifically in coastal 

environments, accumulate over 10 times as much carbon per year on an aerial basis 

(Mcleod et al. 2011). As the importance of the contribution of aquatic ecosystems to the 

global carbon sink has become more recognized, the term “blue carbon” has been coined 

to differentiate the aquatic carbon sink from the terrestrial ecosystem sink (Nellemann et 

al. 2009). 

 Aquatic habitats are effective at accumulating blue carbon in salt marshes, 

mangroves, and seagrass habitats, where each accumulates an average of over 100 g C m-

2 yr-1 (Mcleod et al. 2011). These carbon sinks provide storage on decadal to millennial 

time scales due to fast accumulation rates and sediment carbon stocks that remain 

generally undisturbed, unlike terrestrial ecosystems (Mateo et al. 1997; Orem et al. 1999). 



xv 
 

 
 

The vegetation canopy in these marine systems helps filter out suspended particles from 

the water column and stabilize the sediment with complex root systems that promotes the 

accumulation of carbon-rich particulates in the sediment (Gacia and Duarte 2001; Mcleod 

et al. 2011). The carbon accumulating in sediment comes from a variety of sources such 

as seagrass, macroalgae, benthic microalgae, marsh grass, mangroves, and phytoplankton 

(Gonneea et al. 2004; Kennedy et al. 2010). Differentiating the sources of the carbon 

stored in the sediments is important, as carbon accumulates from both in situ production 

or imports to the system.   

  

Figure 0.1: Conceptual diagram from McGlathery et al. (2012) of seagrass 

increasing over time in the VCR-LTER  

and the resulting changes in ecosystem functioning that are associated and 

observed from yearly synoptic sampling. Here arrows convey sediment 

suspension and deposition of carbon and nutrients, where there is more sediment 

deposition occurring in mature seagrass meadows versus bare sediment.  
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 Although seagrass ecosystems are important for carbon sequestration, the extent 

of seagrass habitat has been declining globally at a rate of 5% each year (Waycott et al. 

2009). In order to offset this loss of seagrass habitat, conservation and restoration efforts 

are essential especially given estimated carbon accumulation rates of an average of 138 g 

C m-2 yr-1 (Mcleod et al. 2011). However, there has not been any research on the ability 

of restored seagrass to accumulate carbon, at what age in their development this happens, 

and where the sources of the carbon are coming from.  

 The objective of this thesis is to test that seagrass restoration is effectively 

providing the ecosystem service of carbon accumulation with increases in age, and to 

establish at what point restored seagrass habitat meets carbon accumulation rates of 

natural seagrass meadows (Figure 0.1). This thesis examines carbon accumulation in a 

restored seagrass meadows, and establishes the first carbon accumulation rate for a 

restored seagrass habitat. Additionally, the carbon sources contributing to the seagrass 

sediment were identified. This thesis includes an introduction to thesis topic, two chapters 

written as manuscripts for submission to peer-reviewed journals, and a conclusion 

summarizing important findings and application of the results. 
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Figure 0.2: Study site map of the VCR-LTER on the Delmarva Peninsula 

in Virginia.  

Red box notes the 10-year (seeded in 2001) and neighboring unvegetated 

treatment in South Bay. The blue box notes the 4-year (seeded in 2007) and 

neighboring unvegetated treatment in Hog Island Bay.  

Study Site 

All research for this thesis was conducted in the Virginia Coast Reserve Long 

Term Ecological Research Site (VCR-LTER) located on the ocean side of the Delmarva 

Peninsula in Virginia (Figure 0.2). The VCR-LTER is the site of a large-scale seagrass 

(Zostera marina) restoration via broadcast seeding with seagrass meadows of varying 

ages (time since seeding from 2001 – 2008). This restoration has begun to return parts of 

the system to a seagrass-dominated state where previously the seagrass was destroyed 

before 1933 by a wasting disease and a hurricane (Cottam 1934; Rasmuessen 1977). The 

restoration effort has resulted in over 1700 ha of restored seagrass habitat (McGlathery et 
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al. 2012; Orth et al. 2012). The restored seagrass meadows used in this study were seeded 

in two different years, creating beds of different ages for comparison. The restored 

seagrass sites are in South Bay (10-year age treatment, seeded in 2001) and Hog Island 

Bay (4-year age treatment, seeded in 2007) with unvegetated treatments adjacent to the 

restored seagrass beds in each bay (Figure 0.2).  

Chapter Summaries 

 In Chapter 1, carbon accumulation rates for a restored seagrass meadow are 

reported for the first time. Additionally, detailed sediment carbon analyses are used to 

compare accumulation among different aged seagrass treatments in the Virginia coastal 

bays with the expectation that the highest carbon accumulation would be in the 10-year 

treatment, little to no carbon accumulation in the 4-year treatment, and no carbon 

accumulation in the unvegetated treatments. We expected the 4-year treatment to 

accumulate some carbon due to the presence of seagrass; however, based on a previously 

observed 4-year lag in seagrass density (McGlathery et al. 2012), we expected carbon 

accumulation rates to be minimal. Combining sedimentation rates with carbon content 

measured at each treatment, carbon accumulation rates were calculated for the 10-year 

treatment. This chapter was submitted to PLoS ONE journal in early March, 2013.  

 Chapter 2 also reports for the first time carbon source contributions to restored 

seagrass sediments of different aged treatments in the Virginia coastal bays. Important 

carbon sources identified in the VCR-LTER included seagrass (Zostera marina), benthic 

microalgae, and macroalgae (Gracilaria vermicuphylla, Ulva lactuca, Codium fragile, 

and Agardhiella subulata). Stable isotopes of carbon and nitrogen were used in a 
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Bayesian mixing model to quantify the contribution of each source to the sediment 

organic matter mixture in all different aged treatments (Unvegetated Hog Island, 4-year, 

Unvegetated South Bay, and 10-year). It was hypothesized that seagrass would be the 

main contributor of carbon to the sediment mixture especially in the 4-year treatment as 

this site would be less effective at trapping particles in the water column than the denser 

10-year seagrass meadow. In addition, benthic microalgae and macroalgae were expected 

to contribute a significant amount of carbon, particularly benthic microalgae, which are 

abundant on all sediment surfaces in the shallow lagoons. In addition, sediment dating 

from Chapter 1 was used for the 10-year treatment to determine how carbon sources 

change over time and the rate at which each source accumulated in the sediment. This 

chapter will be submitted to a peer-reviewed journal in May, 2013. 
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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 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. The % carbon, % nitrogen, organic matter content, and carbon 

accumulation rates were higher in the 10-year restored seagrass meadow relative to the 4-

year and unvegetated sediments. These differences were consistent with higher shoot 

density in the older meadow. Carbon accumulation rates determined for the 10-year 

restored seagrass meadows were between 36.7 (± 2.8) 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 

 Seagrass meadows are essential coastal ecosystems that provide many ecosystem 

services such as improvements in water quality and light availability, increases in 

biodiversity and habitat, sediment stabilization, and carbon and nutrient accumulation 

(Hemminga 2000; Orth et al. 2006a; McGlathery et al. 2012). 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 is stored in seagrass 

meadows (Fourqurean et al. 2012). 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 (Duarte et al. 2005; Kennedy et al. 

2010; Mcleod et al. 2011). Globally, seagrass ecosystems are declining in area by about 

5% per year due to anthropogenic stresses such as decreased water quality and increased 

water temperatures (Orth et al. 2006a; Waycott et al. 2009; Mcleod et al. 2011), and this 

decline could result in the release of large amounts of stored carbon (Duarte et al. 2005). 

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 stores and sinks, as 

well as other important ecosystem services seagrass meadows provide. 

 Carbon accumulation in marine sediments provides long-term storage of organic 

carbon and has been referred to as “blue carbon” to distinguish it from carbon in 

terrestrial sinks (Nellemann et al. 2009). 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 (Duarte et al. 2005; Mcleod et al. 2011; 
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Fourqurean et al. 2012). In addition, terrestrial habitats lose carbon stocks to the 

atmosphere as CO2 via decomposition or by disturbances such as fires (Schlesinger and 

Lichter 2001; Duarte et al. 2011). Because marine sediments are often anoxic and 

continually accumulate sediment (Kennedy et al. 2010), organic carbon can be preserved 

over decadal to even millennial time scales where it is subjected to some diagenesis, but 

on balance is still considered a carbon sink (Mateo et al. 1997; Orem et al. 1999; McKee 

et al. 2007). 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 (Mateo et al. 2006; Duarte et al. 2010; Duarte et 

al. 2011).  

 The dense canopy of seagrass meadows reduces flow velocity (Gacia et al. 1999; 

Hansen and Reidenbach 2012), which promotes the deposition of sediment and particles 

from the water column (Gacia and Duarte 2001; Agawin and Duarte 2002; Gacia et al. 

2002) and reduces sediment resuspension (Gacia and Duarte 2001). When sediments of 

seagrass meadows are compared to unvegetated sediments, there can be as much as a 

threefold difference in resuspension of fine-grained sediment (Gacia et al. 1999; Hansen 

and Reidenbach 2012; Gacia et al. 2001). The particles that are trapped and deposited in 

seagrass-vegetated sediments are often rich in organic matter (OM), averaging 4.1%. 

(Kennedy et al. 2010). 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 (Hemminga and Duarte 2002; Gacia and Duarte 

2001).  
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 Carbon accumulation rates for established seagrass meadows vary depending on 

the seagrass species, sediment characteristics, and depth range where the seagrass grows. 

From a global survey of 123 sites, average carbon burial rate was 138 ± 38 g C m-2 yr-1 

(mean ± SE, range = 45 – 190), with the large range in rates reflecting variation in 

shallow and deep habitats for both tropical and temperate seagrass (Mcleod et al. 2011). 

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 (Duarte et al. 

2005; Duarte et al. 2011; Mcleod et al. 2011). 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 (Fourqurean et al. 2012). 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. 

(2010) estimated that seagrass carbon contributed about 50% to the sediment organic 

carbon pool in seagrass-vegetated 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 (Fourqurean et al. 

2012). Clarifying whether measurements include roots or not is important when 

determining carbon stock or accumulation measurements in seagrass meadows (Duarte et 

al. 2011). 

 At the current rates of seagrass habitat decline, this annual loss in seagrass habitat 

could result in the release of previously stored carbon of up to 299 Tg C yr-1 (Fourqurean 
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et al. 2012). Seagrass habitat loss due to land-use change, based on the annual loss rate of 

0.4 – 2.6% seagrass habitat globally, was estimated to release between 0.05 to 0.33 Pg 

CO2 yr-1 back into the atmosphere, which was similar to the annual rates of fossil fuel 

CO2 emissions in many small countries (Pendleton et al. 2012). This large evasion of CO2 

to the atmosphere could result in an economic cost of $ 1.9 – 13.7 billion yr-1 (Pendleton 

et al. 2012). 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 large-scale restoration in Virginia coastal bays as a model 

system where eelgrass, Zostera marina, was restored via broadcast seeding at several 

different times. Restored seagrass meadows (4 and 10 years old) and unvegetated areas 

were used to determine how carbon accumulation was promoted by restored seagrass. 

Carbon accumulation rate in the restored seagrass meadow was measured and differences 

assessed in carbon accumulation between unvegetated habitat and seagrass meadows of 

varying densities and 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. Dense meadows of Zostera marina (eelgrass) carpeted the seafloor 
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pre-1933 (Orth et al. 2006b), 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 (Cottam 1934; Rasmussen 1977; Orth et al. 2006b). The loss of 

seagrass habitat in the Virginia coastal bays led to decreased sediment stabilization and 

habitat reduction for many fauna, most notably the collapse of the scallop fishery (Orth et 

al. 2006a;Orth et al. 2006b). 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 (Orth et al. 2012; McGlathery et al. 2012). 

 Two adjacent locations 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 (McGlathery et al. 2001). Both SB and HI are located 

within the VCR LTER site, where 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 Commission; through collaboration 

with the Virginia Institute of Marine Sciences, permission was given to use these sites in 

the VCR 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 (McGlathery et al. 2012). 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 
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plant parameters 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 (McGlathery et al. 2012). 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 (McGlathery et al. 2012). 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 South Bay unvegetated 

treatment, where 4 plots were sampled.  

 Sampling was conducted during the summer of 2011 beginning in June and 

continuing through August. Additional cores were taken in October 2011 at the SB 

unvegetated 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-yr and 4-

yr 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. 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 with large shells, rocks, and 

large rhizomes removed, and 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). Percent water 
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content was used to calculate the bulk density (BD) of each core interval. 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, homogenized with grinding, and measured for %C and %N with a Carlo Erba 

Elemental Analyzer (Lakewood, New Jersey) using a helium gas carrier in a 1020°C 

combustion tube and 650°C reduction tube. 

 One core from each age treatment was used to establish 210Pb profiles to 

determine sediment accretion rates. 210Pb content was analyzed using isotope-dilution 

alpha spectrometry for the 210Pb granddaughter isotope polonium (210Po), because these 

radioisotopes are in secular equilibrium (El-Daoushy et al. 1999). Because the seagrass 

restoration occurred in the past 10 years and seagrass habitat was once present in the 

system 80 years ago, the half-life of 210Pb radio isotope was the appropriate dating 

method for the sediment (El-Daoushy et al. 1999). A 209Po spike was added to each 

sample. Sediment samples were 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 (de Vleeschouwer et al. 2010). 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 (Matthews et al. 2007). To determine sediment accretion rates, a constant rate of 

tracer supply model (CRS) of non-steady state sediment accretion was applied to the 

derived excess 210Pb values as they changed versus mass-depth (Appleby 2001; Kloker et 

al. 2009). Sediment accretion rates were taken for each 1 cm interval using the specific 
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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 (SB 

unvegetated n  = 80, HI unvegetated n = 230, 4- and 10-year n = 240). The top 10 cm of 

sediment was used for analysis because the 210Pb results did not show sediment 

accumulation below 10 cm depth 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.  

 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 difference 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. 

 

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 < .0001 (Table 1.1). %OM profiles of sediment cores indicated 

that the 10-year treatment had significantly different %OM only in the top 6 cm of 
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sediment compared to all other age treatments, with a large increase in %OM 

concentrations from 3 to 6 cm (2.19 to 2.41 %OM) (Figure 1.1A). There was no 

significant difference in average %OM between HI unvegetated and 4-year treatments, 

but there was a significant difference in average %OM between SB unvegetated and 10-

year treatments (F230,240,80,240 = 35.20; p < 0.0001) (Table 1.1). Bulk density (BD) of 

sediment cores decreased significantly with age treatment, with SB unvegetated 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 1.1). 

 The carbon content of each age treatment varied throughout the core. Carbon 

concentration in the 10-year treatment was significantly higher than the neighboring SB 

unvegetated 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 1.1, Figure 1.1B). 

There was no significant difference between the 4-year treatment and the neighboring HI 

unvegetated sediment, with HI unvegetated sediment showing on average slightly higher 

%C values (Table 1.1, Figure 1.1B). 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 3- and 6-cm depth (F240,80,240,230 = 108.63; p < 0.0001) (Table 

1.1, Figure 1.1C). 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 1.1, 

Figure 1.1C). 
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 The vertical profile of the 10-year treatment had higher levels of excess 210Pb 

compared to the SB unvegetated treatment (Figure 1.2B). 210Pb profiles from the 10-year 

and neighboring SB unvegetated treatments convey a background supported 210Pb value 

below 10 cm depth where both the 0- and 10-year treatment values were the same, 

representing sediment before restoration (Figure 1.2B). Above 10 cm depth in the 10-year 

treatment, there was an excess in 210Pb, indicating 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 1.2B) (Appleby 2001). However, vertical core 

profiles showed low and background levels of 210Pb activity in the 4-year and 

unvegetated treatments (Figure 1.2A). From the 10-year 210Pb profiles, sediment 

accretion rates were approximately 0.66 cm yr-1 (Figure 1.3). 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 36.7 (± 2.8) g C m-2 yr-1 (Figure 1.3). 

 

Discussion 

 Based on previous research at this site, restored seagrass meadows had double in 

OM concentration 9 years after seeding. In addition, there were three times more carbon 

and four times more nitrogen, and the meadows had accumulated and retained finer 

particles in the top 5 cm of sediments than bare, unvegetated areas (McGlathery et al. 

2012). In this study, we quantify for the first time carbon accumulation rates in restored 

seagrass meadows and provide evidence for the potential of seagrass habitat restoration to 
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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 restored seagrass sediment accumulation rate. 

210Pb profiles for the 10-year treatments showed both sediment that has been affected by 

the seagrass restoration above 10 cm depth, and sediment unaffected by restoration below 

10 cm depth (Figure 1.2B). However, 210Pb profiles from the 4-year and neighboring HI 

unvegetated treatment had a signature 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 1.2A). This profile would only be seen if 

there was sediment older than 100 years, or more likely, the sediment profile was 

compromised mainly from resuspension and/or bioturbation causing a dilution effect and 

shallow mixing. The low 210Pb values was 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 

(McGlathery et al. 2012).  

 Increases in seagrass shoot density over time in the restored seagrass meadows 

influences water flow and causes a shift from an erosional to a depositional environment 

(Hansen and Reidenbach 2012). In addition, low seagrass densities such as those we 

observed in the 4-year treatment accelerate flow around individual shoots, create 

turbulence, and increase sediment suspension similar to areas without seagrass habitat 

(Kolker et al. 2009). This mechanism also can explain the lack of change in organic 

matter and carbon content with depth in 0- and 4-year treatments. Our results suggest that 
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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, and 

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 are 

consistent with previous studies where a significant increase in sediment stabilization in 

dense seagrass meadows promotes sediment accumulation compared to unvegetated areas 

(Gacia et al. 1999; Hansen and Reidenbach 2012). 

 Sedimentation rates from measured cores do not take into account any mixing 

from organisms. However, as the sediment environment becomes anoxic (as is the case in 

this study), the abundance of bioturbating organisms decreases greatly (Townsend et al. 

1998; Mateo et al. 2006). In addition, nutrient and sedimentation profiles exhibit trends 

that are inconsistent with the homogenization of sediments by bioturbation (Figure 1.2A 

and 1.2B). The 10-year treatment had consistent accreting profile, and bioturbation most 

likely had little to no effect on the accretion profiles (Figure 1.2B).  

 Sediment accretion rates and %C in the 10-year treatment showed a steady-state 

accretion rate before seeding, and then a significant increase in carbon burial rates 10 

years after the seeding initiated seagrass meadow development (Figure 1.3A). 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 (McGlathery et al. 2012). The reproductive phenology 
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of Zostera marina in this region is such that seedlings typically flower and produce seeds 

in their second year, and thereafter, those seeds that germinate and survive then produce 

seeds again after 2 years, resulting in an approximately 4-year lag in the rate of shoot 

density increase. Given the hydrological similarities between sites (McGlathery et al. 

2012), 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, carbon accumulation in seagrass sediments was low but rich with organic matter, 

most likely seagrass detritus; however, once seagrass meadows became more dense, there 

was increased trapping of particles with low carbon concentrations, such as seston and 

other allochthonous sources, which corresponds to the increase in the carbon burial rate 

(Agawin and Duarte 2002).  

 The 10-year restored seagrass meadows facilitated the accumulation of 36.68 (± 

2.8) 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. (2011). 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 that the annual carbon accumulation rate is related to 

seagrass density and that this density will increase until some steady-state density is 
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reached (McGlathery et al. 2012), we can calculate 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 estimate a rate of 47 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. (2011). This projection is 

assuming that sedimentation rates will continue to increase at their current rate for 

another two years, which is a reasonable short term project. Long-term, the sedimentation 

and carbon accumulation rates are expected to reach some steady state as a result of 

seagrass densities also reaching a threshold amount remaining at some steady state.  

 Due to the inconsistencies of methods, there has been little uniformity 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 

(Fourqurean et al. 2012). We 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 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 1.1). 

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 was minimal compared to that 
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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 (Waycott et al. 2009). However, 

restoration, such as that occurring at the VCR-LTER, can help mitigate the loss of habitat 

and associated ecosystem services (McGlathery et al. 2012; Orth et al. 2012). Seagrass 

ecosystems have only recently received global recognition for their ability to sequester 

carbon (Fourqurean et al. 2012; Mcleod et al. 2011), and rates have only been measured 

for a few systems and species (Kennedy et al. 2010; Duarte et al. 2011). 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 (United States Government 2010) and 2011 estimates of restored seagrass coverage 

at the VCR of 1700 ha (McGlathery et al. 2012), 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”. 
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Figures 

 

Figure 1.1: 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 different 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 until 10 cm depth.  
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Figure 1.2: 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 

is no significant 210Pb 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 is 

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.  
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Figure 1.3: 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, % 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.  
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Tables 

Table 1.1: Seagrass density and sediment characteristics of different age treatments 

in top 10 cm of sediment. 

Mean and standard error (SE) for 4 different treatments (HI Unveg, HI, SB Unveg, 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. Age is the 

number of years since seagrass was seeded, and seagrass density is the number of shoots 

in a square meter. SB is significantly different from all other treatments for all measured 

variables (p < .0001). 

Site Age 
(yr) 

Seagrass Density 
(Shoots m-2) 

% Carbon % Nitrogen % Organic 
Matter 

Bulk Density  
(g cm-3) 

n 

  Mean SE Mean SE Mean SE Mean SE Mean SE  

HI 
Unveg 

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 

SB 
Unveg 

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 
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Appendix 

Appendix 1.1: Vertical average profiles of sediment characteristics in the top 10 cm 

of sediment in each age treatment (HI Unveg, 4-year, SB Unveg, 10-year). 

Sediment characteristics include organic matter (%OM), carbon (%C), and nitrogen (%N) 

content in 1-cm intervals. Standard errors (±SE) are reported along with each variable’s 

sample size (n) per treatment. 

Depth 
(cm) %OM Mean %OM ±SE %C Mean %C ±SE %N Mean %N ±SE 

HI Unveg (n =23) 
1 1.31 0.15 0.30 0.03 0.02 2.65E-03 
2 1.34 0.16 0.32 0.03 0.02 3.21E-03 
3 1.43 0.19 0.34 0.03 0.02 2.97E-03 
4 1.48 0.19 0.37 0.04 0.02 4.01E-03 
5 1.59 0.20 0.41 0.04 0.02 3.28E-03 
6 1.67 0.18 0.43 0.04 0.03 3.79E-03 
7 1.78 0.19 0.45 0.04 0.03 3.78E-03 
8 1.75 0.20 0.47 0.04 0.03 3.74E-03 
9 1.78 0.17 0.46 0.03 0.03 3.29E-03 

10 1.80 0.18 0.46 0.03 0.03 3.29E-03 
4-year (n = 24) 

1 1.42 0.16 0.33 0.02 0.02 1.79E-03 
2 1.43 0.16 0.34 0.03 0.02 2.34E-03 
3 1.45 0.19 0.36 0.03 0.02 2.89E-03 
4 1.57 0.22 0.36 0.03 0.02 2.74E-03 
5 1.61 0.21 0.39 0.03 0.02 2.84E-03 
6 1.61 0.20 0.40 0.03 0.02 3.28E-03 
7 1.68 0.21 0.40 0.03 0.02 2.92E-03 
8 1.69 0.21 0.41 0.03 0.02 2.89E-03 
9 1.71 0.21 0.43 0.04 0.02 3.10E-03 

10 1.76 0.24 0.43 0.03 0.02 3.09E-03 
SB Unveg (n = 8) 

1 1.09 0.10 0.26 0.03 0.01 2.87E-03 
2 1.13 0.09 0.28 0.02 0.01 2.17E-03 
3 1.18 0.06 0.27 0.02 0.01 2.11E-03 
4 1.22 0.11 0.33 0.02 0.02 2.12E-03 
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5 1.30 0.15 0.33 0.03 0.01 3.42E-03 
6 1.42 0.19 0.36 0.04 0.02 3.43E-03 
7 1.57 0.14 0.40 0.04 0.02 3.22E-03 
8 1.62 0.12 0.43 0.03 0.02 3.08E-03 
9 1.66 0.16 0.42 0.04 0.02 3.79E-03 

10 1.74 0.15 0.47 0.04 0.03 3.53E-03 
10-year (n = 24) 

1 1.79 0.10 0.49 0.02 0.04 0.01 
2 1.81 0.11 0.48 0.02 0.05 0.01 
3 2.19 0.12 0.56 0.03 0.05 0.01 
4 2.40 0.15 0.66 0.03 0.07 0.01 
5 2.41 0.10 0.64 0.03 0.06 0.01 
6 2.22 0.07 0.58 0.02 0.05 0.01 
7 1.92 0.10 0.52 0.02 0.05 4.80E-03 
8 1.66 0.14 0.46 0.03 0.05 0.01 
9 1.63 0.11 0.41 0.02 0.04 0.01 

10 1.42 0.10 0.35 0.02 0.03 0.01 
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Appendix 1.2: Total down core 210Pb activity in all sediment treatments (HI Unveg, 

4- year, SB Unveg, 10-year) to 20 cm depth in 1-cm intervals. 

Error in each measurement was not significant due to low instrument error. 

 
  Total 210Pb (dpm g-1) 

Depth (cm) HI Unveg 4-year SB Unveg 10-year 
1 1.02 0.77 0.48 1.12 
2 1.06 0.71 0.52 1.67 
3 1.10 1.05 0.49 1.95 
4 1.22 0.84 0.76 2.25 
5 1.12 0.63 0.61 2.28 
6 1.40 0.82 0.64 1.48 
7 1.29 0.75 0.62 1.23 
8 1.29 0.86 0.57 1.11 
9 1.45 0.90 0.78 1.12 

10 1.40 0.98 0.77 1.04 
11 1.35 1.00 0.83 0.97 
12 1.56 1.14 0.75 0.72 
13 1.37 0.97 0.76 0.76 
14 1.05 0.87 0.70 0.69 
15 1.16 0.98 0.78 0.83 
16 1.19 0.85 0.61 0.53 
17 0.91 0.92 0.64 0.47 
18 0.96 0.82 0.52 0.54 
19 0.86 0.96 0.75 0.61 
20 0.97 0.90 0.54 0.79 
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Chapter 2  Identifying carbon source contributors to restored seagrass sediment 

 

 

This chapter will be submitted as Greiner, J. T., K. J. McGlathery, and G. M. Wilkinson. 

Identifying carbon source contributors to restored seagrass sediment. 
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Abstract 

 Seagrass meadows accumulate carbon in sediments as a result of in situ 

production and sedimentation of particulate carbon. This carbon originates from many 

sources including the seagrass and non-seagrass sources such as benthic microalgae and 

macroalgae. We quantified organic matter source material in sediments of a restored 

seagrass meadows of two ages and of bare sediments. This large scale restoration (>1700 

ha) in the Virginia coastal bays provided a model system to evaluate, the sources of 

carbon accumulation in restored seagrass meadows. Organic matter sources were 

identified using carbon and nitrogen stable isotopes of seagrass (Zostera marina), benthic 

microalgae, and multiple macroalgae species from the Virginia coastal bays. A three-

source, two-isotope Bayesian mixing model was used to determine the contribution of 

each source to the sediment carbon in seagrass meadows of different age treatments (at 

time since seeding: 0-, 4-, and 10- years). Seagrass, benthic microalgae, and macroalgae 

contributed approximately 42.3%, 55.1%, and 1.4% respectively to the carbon pool in the 

top 10 cm of sediment in all age treatments. Combined with carbon accumulation rates 

(37 g C m-2 yr-1), these results indicate that after 10 years since seeding, restored seagrass 

meadows accumulated seagrass carbon at a rate of 15 g C m-2 yr-1 and non-seagrass 

carbon (benthic microalgae and macroalgae) at a rate of 21 g C m-2 yr-1.  
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Introduction 

 Seagrass ecosystems are socially and ecologically important because they provide 

ecosystem services such as increased water quality, biodiversity, habitat, sediment 

stabilization, and carbon and nutrient accumulation (Hemminga and Duarte 2000; Orth et 

al. 2006b; Kennedy et al. 2010; McGlathery et al. 2012). Recently, it has been estimated 

that seagrass meadows accumulate between 48 and 112 Tg C yr-1 globally based on the 

current estimates of global seagrass cover of 177,000 to 600,000 km2 (Duarte et al. 

2005a; Duarte et al. 2011; Mcleod et al. 2011). However, 5% of seagrass habitat is lost 

each year as a result of human influence such as coastal development and eutrophication 

(Orth et al. 2006b; Waycott et al. 2009; Mcleod et al. 2011). This loss of seagrass habitat 

is comparable to releasing 299 Tg C yr-1 of previously stored carbon (Fourqurean et al. 

2012) or 0.05 to 0.33 Pg CO2 yr-1 back into the atmosphere (Pendleton et al. 2012). 

Currently, the annual loss of seagrass habitat (using a conservative estimate of 1.5% yr-1) 

has potential economic costs of $1.9 – 13.7 billion yr-1 from CO2 emissions (Pendleton et 

al. 2012); therefore, the preservation and restoration of seagrass habitats is both 

economically and ecologically important. 

The carbon accumulating in seagrass meadows is comprised of seagrass materials 

(leaves, roots, and rhizomes) that are deposited in situ and non-seagrass materials (marsh 

grass, macroalgae, benthic microalgae, phytoplankton, and seston), that are filtered out of 

the water column by the seagrass and deposited in the sediment (Gacia and Duarte 2001; 

Gacia et al. 2002; Bouillon and Boschker 2006; Kennedy et al. 2010). Once carbon 

accumulates in the seagrass sediments, it can be preserved on decadal to century 
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timescales (Orem et al. 1999), in part because the roots and seagrass canopy prevent 

resuspension of sediment, and sediment anoxia slows down microbial decomposition 

(Gacia et al. 2002; Mateo et al. 2006; Duarte et al. 2011). Seagrass meadows are highly 

productive systems producing large amounts of organic carbon; however, the amount and 

rate of organic carbon accumulating in the seagrass sediment exceeds the amount of 

carbon produced by seagrass, so outside inputs must be contributing to carbon stocks in 

seagrass habitats (Duarte and Cebrain 1996; Gacia et al. 2002; Duarte et al. 2005b; 

Duarte et al. 2010).  

Stable isotopes can be used to determine different carbon source contributions to a 

mixture. Depending on the fraction of different contributing variables, each of these 

organic matter sources can potentially be identifiable from their stable isotope ratio (Fry 

et al. 1977; Fry and Sherr 1984; Peterson et al. 1985). Organic matter sources can have 

unique stable isotope values because there is variability among sources in their natural 

abundance of the stable isotope ratios, specifically 13C/12C and 15N/14N, as well as 

different fractionation and uptake rates of each isotope (Fry et al. 1977; Fry 2006; Thayer 

et al. 1987). Because many of the potential organic matter sources have unique 

photosynthetic pathways, each carbon source contributor and the amount of carbon 

contributed can potentially be identified using naturally occurring stable isotopes 

(McConnaughey and McRoy 1979). However, since plant species can have analogous 

photosynthetic pathways resulting in similar fractionation patterns and carbon isotopic 

values, using multiple stable isotopes is often necessary to determine multiple source 

contributions. Additionally, in a multiple source model there needs to be n different 
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tracers used for n+1 contributing sources in order to determine a clear partitioning of each 

source (Phillips and Gregg 2003). Therefore, tracers such as 13C and 15N stable isotopes 

can be used to distinguish unique sources or end members, in an algebraic mixing model. 

The C/N ratio can also be used as a tracer to determine source partitioning as the ratio 

value can be source specific (Middelburg and Nieuwenhuize 1998; Gonneea et al. 2004).  

One potential problem with using stable isotopes to determine carbon sources in 

sediment is that carbon is subjected to early diagenesis primarily from microbial 

metabolism, which could change stable isotope values (Freudenthal et al. 2001). In 

anoxic conditions, there is typically a decrease in sediment δ13C as a result of degradation 

and metabolism, and there are conflicting results about change in sediment δ15N 

(Freudenthal et al. 2001). Fourqurean and Schrlau (2003) showed that seagrass 

(Thalassia testudinum) leaf decomposition resulted in a depletion of 2‰ in δ13C in the 

initial year, but little to no change was seen in seagrass rhizomes. There was a similar 

initial change in seagrass leaves in δ15N of 2‰, and after a week, decomposition of the 

seagrass leaves caused the δ15N to continue to decline, which caused potential problems 

for using δ15N as an indicator for organic matter sources (Fourqurean and Schrlau 2003). 

In contrast, Zieman et al. (1984) found that there was minimal change in δ13C and δ15N (-

2‰ δ13C and -1‰ δ15N respectively) when seagrass (Halodule wrightii and Thalassia 

testudinum) decomposed, but did find a significant decrease in C/N ratios in decomposed 

seagrass leaves. The significant change (13.8 – 19.8% in C/N ratios) in fresh seagrass 

materials was primarily the result of changes in %N by microbial activity (Zieman et al. 

1984). The changes associated with δ15N isotope values have the largest potential for 
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variation and least consensus on the direction or amount of change from diagenesis; due 

largely to deamination and substrate composition (Macko and Estep, 1984). However, 

Seagrass tissue and especially rhizomes typically decompose slowly (range of <1% dry 

weight d-1; Harrison 1989); as a result, past studies often assume little to no change in the 

δ13C of the seagrass tissue during decomposition when compared to spatial and source 

variability (Kennedy et al. 2010; Papadimitriou et al. 2005a). 

The sources of carbon accumulating in seagrass meadows can vary due to human 

and climatic changes as these forces often dictate the growth and survival of different 

vegetation and impact isotope values. Based on a review of over 200 samples from 88 

locations, Kennedy et al. (2010) found that on average seagrass contributed about 50% 

(33% and 62% are 25th and 75th percentiles respectively) to the accumulating carbon in 

sediments (41 – 66 g C m-2 yr-1), and non-seagrass sources, such as phytoplankton, 

terrestrial plants, and algae contributed the other half. Gonneea et al. (2004) measured 

carbon source contributions to sediment and found that phytoplankton and seston 

contributed variable amounts to accumulated carbon (range 20 – 80%), seagrass (species 

included Halodule wrightii, Ruppia sp., Thalassia testudinum) contributed about 30%, 

and the remaining large range of contribution (20 to 70%) came from terrestrial sources 

such as mangroves. Variation of the different carbon source contributions within sampled 

sites was attributed to anthropogenic influences (such as coastal development) and 

climatic fluctuations, which all had a negative impact on carbon accumulation in the 

sediment as they directly impact vegetation health and distribution, and sedimentary 

processes (Gonneea et al. 2004). For example, in the healthiest seagrass environment, 
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seagrass contribution was the largest compared to other sites experiencing anthropogenic 

impact (Gonneea et al. 2004)    

 The sources of carbon accumulating in seagrass meadows are dictated by the 

environment, potential carbon sources, and seagrass density (Gacia et al. 1999; Gacia and 

Duarte 2001; Hansen and Reidenbach 2012). Nevertheless, there is currently no 

published literature regarding the sources of carbon accumulating in restored seagrass 

meadows and how the sources might change as the seagrass meadows age. Restored 

seagrasses accumulate carbon at a rate of 36.68 g C m-2 yr-1 in the 10 years since seeding, 

and are projected to accumulate carbon in the 12 years since seeding at a rate of 47.06 g 

C m-2 yr-1 which is a similar rate to natural seagrass meadows (Greiner et al. in review). 

The goal of this study was to identify potential contributions from seagrass and non-

seagrass carbon sources to a restored seagrass meadow, and to determine if the 

contribution concentrations change with seagrass meadow age and shoot density. Carbon 

sources in seagrass sediments were distinguished using 13C and 15N stable isotopes in a 

large-scale seagrass restoration in the Virginia coastal bays. 

 

Methods 

Site Description 

 Carbon source analyses were conducted at the Virginia Coast Reserve Long Term 

Ecological Research site (VCR-LTER) on the Eastern Shore of Virginia, located on the 

ocean side of the Delmarva Peninsula. Before the 1930’s the VCR-LTER supported 

expansive seagrass meadows in the coastal bays; however, a wasting disease and 
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hurricane in 1933 led to the local extinction of seagrass in the region (Cottam 1934; 

Rasmussen 1977; Orth et al. 2006a). Now, the VCR-LTER is the location of a successful, 

large-scale restoration of Zostera marina (eelgrass) that was seeded via broadcasting over 

multiple years starting in 2001, with over 1700 ha of seagrass habitat restored by 2012 

(McGlathery et al. 2012; Orth et al. 2012). 

Sediment Sampling Methods 

 Sediment samples were collected from two adjacent locations in the VCR-LTER, 

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 of which are shallow coastal bays with an approximate tidal 

range of 1.2 m (McGlathery et al. 2001; McGlathery et al. 2012). Past monitoring of 

these two coastal bays has determined that bathymetry, sediment, and water 

characteristics were all similar (McGlathery et al. 2012). In both sites, restoration was 

initiated by broadcasting seeds in replicate 0.4 ha plots with 100,000 seeds ha-1. Sites 

were seeded in SB in 2001 and HI in 2007, representing 10-year and 4-year age 

treatments, respectively. Nearby unvegetated sediments were also sampled close to the 

restored seagrass as the 0-year age, or un-restored, reference treatments (SB Unveg and 

HI Unveg).  

 Sediment sampling occurred during the summer of 2011 between June and 

August, with the exception of a core taken in October 2011 at the SB unvegetated plot; 

differences in sediment characteristics between these sampling times are unlikely. 

Previous analyses of the sediment showed no significant difference in organic matter, 

carbon, and nitrogen content within 24 replicate cores at each age treatment (8 replicates 
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at SB Unveg; Greiner et al. in review). One 20-cm deep, 10-cm diameter core was taken 

for each age treatment and processed the same day. Each core was chosen from an 

analysis of sediment characteristics from multiple cores from the different age treatments 

in Greiner et al. (in review) to encompass the average trend of that age treatment. 

 Sediment cores were extruded and divided into 1.0 cm intervals, and large shells, 

rocks, and rhizomes were removed, keeping fine roots in the sediment. Subsamples were 

dried at 60 °C for 48 h, ground to homogenize, and analyzed for stable isotopes of δ13C 

and δ15N, and %C, and %N. Samples were measured using an isotope ratio mass 

spectrometer at the Colorado Plateau Stable Isotope Laboratory (Flagstaff, AZ). The 

carbon accumulation rate and sediment age of the 10-year treatment was determined 

using 210Pb profiles and is reported in Greiner et al. (in review). 

Carbon Source Methods 

 Vegetation samples were collected in the VCR-LTER and categorized into 3 

different groups: seagrass, benthic microalgae, and macroalgae. The only seagrass 

species found at this location was eelgrass (Z), Zostera marina. Benthic microalgae 

(BMA) samples were comprised primarily of benthic diatoms from the top layer (1 cm) 

of sediment. Macroalgae (MA) samples were comprised of Gracilaria vermicuphylla 

(n=8), Ulva lactuca (n=10), Codium fragile (n=4), Agardhiella subulata (n=3), 

Ectocarpus siliculosus (n=1), Enteromorpha flexuosa (n=2), Fucus vesiculosous (n=1), 

Polysiphonia nigrescens (n=2), and Scytosiphon lomentaria (n=2). Grouping of MA 

samples was to provide variation in isotope values as a variety of these MA species could 

impact the VCR-LTER sediment. 
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 Vegetation samples from the VCR-LTER were collected in November 2010, and 

February, April, June, July, and September in 2011 (Hondula 2012). Samples were 

processed by rinsing, drying at 60°C for 48 hours, and grinding the sample to 

homogenize. Subsamples were analyzed for stable isotopes at the Colorado Plateau 

Stable Isotope Laboratory (Flagstaff, AZ). Stable isotope ratios are reported as standard 

del (‰) notation relative to the international standards Peedee Belemnite (13C) and 

atmospheric N2 (for 15N), and expressed as δ13C and δ15N so that, 

 

𝛿𝑋 =  � 𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1� × 103        (1) 

 

where X is 13C or 15N, and R is 13C/12C or 15N/14N of the sample or stand. 

 Mean and variance were calculated for the isotope ratios of each source (Z, BMA, 

and MA) from the VCR-LTER (Table 1). In addition, mean and variance of isotope ratios 

of each sediment treatment from the VCR-LTER (HI Unveg, 4-yr, SB Unveg, and 10-yr) 

were calculated for the top 10 cm, 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm of sediment (Table 

1).  

Mixing Model Methods  

Using the stable isotope ratios, a 3-source (Z, BMA, and MA) 2-tracer (13C and 

15N) Bayesian mixing model was used to quantify the fractional contribution of each 

source of organic matter to the sediment mixture in each sediment treatment (HI Unveg, 

4-yr, SB Unveg, and 10-yr). Additional model runs were preformed including Spartina 

alterniflora, the dominant marsh grass at this site, as another source but did not improve 



40 
 

 
  

the model results (see below). In addition, model runs were performed using the average 

of isotope values for BMA and seston samples measured at the VCR LTER (see below). 

Bayesian models allow the inclusion of multiple sources of uncertainty combined with 

prior information to determine the maximum likelihood of a solution, expressed as a 

posterior distribution (Moore and Semmens 2008; Semmens et al. 2009). Source end-

member contributions to the sediment mixture were estimated in a Bayesian mixing 

model framework using the following equations: 

 

𝛿13𝐶𝑠𝑒𝑑 = (𝜙𝑍 × 𝛿13𝐶𝑍) + (𝜙𝐵𝑀𝐴 × 𝛿13𝐶𝐵𝑀𝐴) + (𝜙𝑀𝐴 × 𝛿13𝐶𝑀𝐴)  (2) 

𝛿15𝑁𝑠𝑒𝑑 = (𝜙𝑍 × 𝛿15𝑁𝑍) + (𝜙𝐵𝑀𝐴 × 𝛿15𝑁𝐵𝑀𝐴) + (𝜙𝑀𝐴 × 𝛿15𝑁𝑀𝐴)  (3) 

1 =  𝜙𝑍 + 𝜙𝐵𝑀𝐴 + 𝜙𝑀𝐴        (4) 

 

in which δ13C and δ15N, were the measured stable isotope (13C and 15N) of the sediment 

mixture treatment (sed) and the isotope ratios of the sources (Z, BMA, and MA). 𝜙 

denotes the proportional contribution of each source to the sediment mixture.  

 The mean and variance of source isotope ratios were gathered from the VCR-

LTER values (described above) and used as informed priors in the mixing model. 

Sediment mixture isotope ratios were analyzed by combining the top 10 cm, or separately 

considering 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm depths. Source portion priors were center-

log transformed (Semmens et al. 2009) and all calculations were done in JAGS (MCMC 

JAGS Project 2012) and R (R Development Core Team 2012).  
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 Several additional Bayesian mixing models were run to confirm factional source 

contribution results as well as test assumptions about potential contributing carbon 

sources other than the 3 sources considered. A 3-source, 2-tracer mixing model was run 

using both VCR-LTER alone (described above) and VCR-LTER and literature values 

averaged together (Appendix 2.1). In addition, a 4-source, 3-tracer Bayesian mixing 

model was run using the dominant marsh grass (SP), Spartina alterniflora, as an 

additional source, and all source C/N ratios were incorporated into the model as end 

members. For the 4-source, 3-tracer model and 3-source, 2-tracer model using literature 

isotope and C/N ratios, literature values were averaged with VCR-LTER data. Additional 

mixing model equations were applied to include SP source in stable isotope equations 2 

and 3 and with the additional equations: 

 

�𝐶 𝑁� �
𝑠𝑒𝑑

= �𝜙𝑍 × �𝐶 𝑁� �
𝑍
�+ �𝜙𝑆𝑃 × �𝐶 𝑁� �

𝑆𝑃
� + �𝜙𝐵𝑀𝐴 × �𝐶 𝑁� �

𝐵𝑀𝐴
� +

�𝜙𝑀𝐴 × �𝐶 𝑁� �
𝑀𝐴
�          (5) 

 1 =  𝜙𝑍 +  𝜙𝑆𝑃 + 𝜙𝐵𝑀𝐴 + 𝜙𝑀𝐴       (6)  

 

where variables were the same as in previous mixing model and C/N ratio of the 

sediment mixture and of the sources (Z, SP, BMA, and  MA). Lastly, a 3-source, 2-tracer 

Bayesian mixing model was performed for sources Z, MA, and an average mixture of 

seston particles and BMA (BMA/Seston). Sources were all collected from the VCR-

LTER and analyzed using 13C and 15N stable isotopes. Results were analyzed using the 

same method as the previous 3-source, 2-tracer model. Isotope and C/N ratios for all 
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sediment treatments were determined for the top 10 cm, 0 – 3 cm, 3 – 6 cm, and 6 – 10 

cm depths; this is the depth range that previous work has determined to have been 

influenced by the seagrass restoration (Greiner et al. in review). 

Statistical Analyses 

 Stable isotope values of different sediment treatments were analyzed with a 2-way 

analysis of variance (ANOVA) to determine within group variance and variance among 

the different treatments using SAS software (Version 9.2 of the SAS System for 

Windows, 2008, SAS Institute Inc.). Post hoc Ryan’s Q tests were used to determine 

significant differences between each sediment mixture treatment (HI Unveg, 4-yr, SB 

Unveg, 10-yr) at different depth intervals (top 10 cm, 0 – 3 cm, 3 – 6 cm, 6 – 10 cm). In 

addition, mixing model carbon source portion posterior distributions were reported using 

median and quartile values (5th, 25th, 75th, and 95th). Percent differences of carbon source 

faction were calculated between all mixing model source iterations using median values 

from each depth interval (0 – 3 cm, 3 – 6 cm, 6 – 10 cm).  

Results 

Sediment Profiles  

Depth profiles of stable isotopes and C/N values in different sediment treatments 

had varying patterns. Both unvegetated sites (HI Unveg and SB Unveg) had significantly 

different δ13C profiles, with the unvegetated HI site as the most depleted in δ13C and with 

the largest differences between the two profiles found in the top 10 cm of sediment 

(Figure 2.1A). The 10-year age treatment was more depleted in 13C relative to the 4-year 
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treatment to approximately 10 cm depth (Figure 2.1A). In the top 10 cm of sediment, 

there was a significant difference in average δ13C (top 10 cm) between the seagrass sites 

and each neighboring unvegetated site (F10,10,10,10 = 19.65, p<.0001), but no significant 

difference between the 10-year and 4-year treatments (Table 2.1). Similar δ15N down-

core profiles (Figure 2.1C) resulted in only a significant difference in average δ15N (top 

10 cm) of vegetated and unvegetated treatments between South Bay and Hog Island Bay 

(F10,10,10,10 = 11.16, p<.0001) (Table 2.1).  

Carbon content (%C) profiles were consistent, with the 10-year treatment having 

more %C in the top 6 cm of sediment, but dropping lower than the nearby unvegetated 

site below 10 cm depth (Figure 2.1D). Interestingly, the HI unvegetated treatment had 

more %C than the 4-year neighboring vegetated site throughout most of the core (Figure 

2.1D). The %N profiles showed very similar patterns to the %C profiles, although applied 

as a ratio (C/N) there was larger variation and no pattern (Figure 2.1B), with only a 

significant difference in the average C/N (top 10 cm of sediment) between the 4-year 

treatment and all the other age treatments (F10,10,10,10 = 15.42 , p<.0001) (Appendix 2.1). 

Isotope Ratios 

 Ratio comparisons of the two tracers, δ13C vs. δ15N, showed potential carbon 

source contributions to each sediment age treatment. Sediment treatments all had variable 

δ13C values that covered a similar δ13C range as the macroalgae (MA) sources (Figure 

2.2). However, the δ15N values for sediment were all very similar and showed sediment 

dominated by the seagrass (Z) and BMA (Figure 2.2). When the two tracers were 

combined, the values for the sediment mixtures were consistent with a large input of 
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carbon from Z and BMA, and less contribution from MA (Figure 2.2). None of the source 

isotope ratios overlap for both of the isotopes; therefore, there is a clear separation 

between Z, BMA, and MA with δ13C and a clear separation of MA with δ15N. 

 In addition, when the BMA source were averaged with seston as a contributing 

carbon source, the δ13C vs. δ15N isotope comparison showed similar results but with more 

distinction between Z, BMA/Seston, and MA. The BMA/seston source isotope values 

were more depleted in δ13C and δ15N, resulting in the full inclusion of each sediment 

treatment within the expected bounds of the end-member sources (Figure 2.3). From 

these results, seagrass and seston were still the main contributors to the sediment carbon, 

but with more contribution from seagrass.  

Mixing Model Results 

 In the top 10 cm of sediment, the seagrass contribution to the sediment carbon 

was 25% in the HI Unveg treatment (20% and 31% as 25th and 75th percentile 

respectively), 48% in the 4-year treatment (43% and 53% as 25th and 75th percentile 

respectively), 57% in the SB Unveg (51% and 63% as 25th and 75th percentile 

respectively), and 38% in the 10-year (33% and 43% as 25th and 75th percentile 

respectively) (Figure 2.4). BMA was also an important contributor to sediment carbon in 

each treatment with 71% in HI Unveg (65% and 77% as 25th and 75th percentile 

respectively), 49% in the 4-year (44% and 54% as 25th and 75th percentile respectively), 

41% in SB Unveg (35% and 47% as 25th and 75th percentile respectively), and 60% in the 

10-year (55% and 65% as 25th and 75th percentile respectively) (Figure 2.4). The 
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remaining contributing carbon source material was macroalgae, which was less than 

2.5% in all sediment treatments (Figure 2.4). 

 When cores were divided into intervals of the top 3 cm, 3 – 6 cm, and 6 – 10 cm 

of each sediment age treatment, seagrass contributed the most to the top 3 cm of sediment 

and the relative contribution decreased with depth (Figure 2.5). By dividing the sediment 

into intervals, most of the sediment stable isotope ratios were significantly different 

among each treatment (Table 2.1). Interestingly, the SB Unveg treatment had the highest 

contribution of seagrass (81%) in the top 3 cm of sediment (Figure 2.5C). The HI Unveg 

treatment had the lowest contribution of seagrass (35%) in the top 3 cm of sediment as 

expected (Figure 2.5A). BMA carbon contributions typically increased with core depth; 

whereas macroalgae contributions were consistently low though out the core (Figure 2.5).  

A 3-source, 2-tracer Bayesian mixing model was also run using literature values 

of carbon sources to complement the VCR-LTER data (Appendix 2.1). Differences in 

source values were minimal when comparing VCR-LTER specific data to VCR-LTER 

and literature combined data. Differences in mean VCR-LTER versus VCR-LTER 

combined with literature value for Z were the same with -10.07‰ and -10.06‰ δ13C and 

6.55‰ and 6.12‰ δ15N, BMA were -20.82‰ and -22.90‰ δ13C and 6.04‰ and 7.12‰ 

δ15N (VCR-LTER versus VCR-LTER combined with literature data respectively (Table 

2.1 and Appendix 2.2). Average carbon source values for MA were -17.40‰ and -

16.62‰ δ13C, and 8.53‰ and 9.47‰ δ15N (VCR-LTER versus VCR-LTER combined 

with literature data respectively (Table 2.1 and Appendix 2.2). When literature values 

were added to VCR-LTER data, isotope value distributions increased; however, most 
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variances were still small except in δ15N variances, which did not change or benefit 

informed priors for the model runs (Table 2.1 and Appendix 2.2). Variances were on the 

same order of magnitude expect for Z δ15N (0.47 and 5.32 for VCR-LTER only and 

VCR-LTER and literature data respectively), and BMA δ15N (0.48 and 2.90 for VCR-

LTER only and VCR-LTER and literature data respectively) (Table 2.1 and Appendix 

2.2).  

There were minimal differences between the two 3-source, 2-tracer models 

comparing VCR-LTER values to literature and VCR-LTER values in terms of patterns 

down core (Table 2.2). The largest differences were seen when comparing MA source 

contribution, where in all 0 – 3 cm depth profiles there was a 100% increase when 

literature values were used; however, the contribution of MA was still minimal (2.5 – 

5%) compared to the overall source contributions of Z and BMA (Table 2.2). There were 

also some changes in fraction contribution patterns particularly in the HI Unveg treatment 

where Z contributions remained similar when literature values were used instead of 

decreasing in depth when just VCR-LTER values were used (Figure 2.5 and Figure 2.6). 

In HI Unveg, this changed Z source contribution from 34.7% to 45% (VCR-LTER data 

and VCR-LTER and literature data respectively); however, both values fall within each 

other’s 25th and 75th percentile (Appendix 2.8 – 2.10). 

 In addition, a 4-source, 3-tracer Bayesian mixing model was applied using VCR-

LTER data with the supported literature values (Appendix 2.1). Marsh grass (SP) was 

added to the model as the additional source, and C/N ratio for the additional tracer. The 

4-source, 3-tracer model and the 3-source, 2-tracer model using both VCR-LTER and 
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literature values showed very similar patterns down core with minimal changes in 

fraction contribution (Table 2.2, Figure 2.6, and Figure 2.7). Percent differences of MA 

between these two models at HI Unveg were 26%, 21%, and 7% (interval depths 0 – 3 

cm, 3 – 6 cm, and 6 – 10 cm respectively), 4-year were 43%, 29%, and 20% (interval 

depths 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm respectively), SB Unveg were 20%, 17%, and 

1% (interval depths 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm respectively), and 10-year 

treatment were 15%, 10%, and 32% (interval depths 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm 

respectively) (Table 2.2). Although there were differences in MA, the source 

contributions of MA to the sediment carbon were all very low between less than 1% to 

8% contributions (Table 2.2). In addition, there were few differences and similar patterns 

between the 4-source, 3-tracer model versus the 3-source, 2-tracer model using just VCR-

LTER data (Table 2.2, Figure 2.5, and Figure 2.7). There was little change in seagrass 

contribution especially in the top 3cm as Z contribution differences were 17%, 3%, 3%, 

and 12% (HI Unveg, 4-year, SB Unveg, and 10-year respectively) (Table 2.2). 

Differences were seen in MA contribution and BMA especially in the top 3cm as BMA 

contribution differences were 26%, 29%, 55%, and 27% (HI Unveg, 4-year, SB Unveg, 

and 10-year respectively) (Table 2.2). 

 Lastly, when the 3-source, 2-tracer mixing models from the VCR-LTER specific 

for Z, BMA, and MA sources were compared to the model with Z, BMA/Seston, and MA 

sources, patterns of carbon source contributions were very similar. When BMA and 

seston were combined as a source, the fraction carbon contribution of seagrass increased 

throughout all treatments and depths. Percent differences between these two models in 
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the top 3 cm of sediment for seagrass between the two model runs were 29%, 14%, 3%, 

and 22% (HI Unveg, 4-year, SB Unveg, and 10-year respectively), where there was 

always an increase in seagrass contribution to the sediment in the BMA/Seston model 

(Table 2.3). Percent differences in BMA and BMA/Seston contributions were 

consistently high and for the top 3 cm of sediment between the two models runs were 

22%, 23%, 15%, and 21% (HI Unveg, 4-year, SB Unveg, and 10-year respectively) 

where there was always a decrease in BMA or BMA/Seston contribution to the sediment 

in the BMA/Seston model (Table 2.3). Lastly, percent differences between the two 

models in terms of MA carbon contribution to the top 3 cm of sediment were 24%, 40%, 

5%, and 7% (HI Unveg, 4-year, SB Unveg, and 10-year respectively) where a small 

decrease in MA contribution occurred in the BMA/Seston model except in the 4-year 

treatment (Table 2.3); however, MA contributions to the sediment carbon were minimal 

in both model runs.  

Discussion 

Natural seagrass meadows accumulate carbon effectively and remain in the 

seagrass sediment for long periods of time. Previous research at the VCR-LTER has 

shown that the 10-year restored seagrass treatment accumulated carbon at a rate of 36.7 g 

C m-2 yr-1 (Greiner et al. in review), and that by 12 years after initial seeding the meadow 

was projected to accumulate carbon at rates similar to other natural seagrass meadows 

(45 – 190 g C m-2 yr-1 (Mcleod et al. 2011). In this study, we identify the main 

contributing carbon sources to the restored seagrass sediment and document for the first 
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time that seagrass and benthic macroalgae together contributed greater than 95% of 

sediment carbon. 

Seagrass and benthic microalgae were the dominant contributors to sediment 

carbon in all age treatments. In the top 10 cm of sediment from each age treatment, 

seagrass contributed between 25 to 57%, with the remaining carbon contribution coming 

from primarily BMA which contributed between 41 to 71% (Figure 2.4). These ranges of 

the contribution of seagrass to sediment carbon were similar to reported literature values 

of 29% (Thayer et al. 1987) and 50% (Kennedy et al. 2010). In addition, BMA has been 

observed as a main carbon source contributor in food web analyses in seagrass systems 

(Moncreiff and Sullivan 2001). Benthic microalgae contribution to sediment can increase 

with seagrass presence as a result of the seagrass canopy trapping BMA from outside the 

system (seston) and depositing that material on the benthic floor (Gacia and Duarte 2001; 

Mateo et al. 2006). The production of BMA carbon sources can also originate in situ of 

both seagrass and unvegetated habitats, which explains why BMA contribution in 

seagrass treatments were similar to unvegetated treatments (Middelburg et al. 2000; 

Mateo et al. 2006). In addition, the small contribution of macroalgae to sediment carbon 

across all age treatments (2.2% to 0.8%) suggests that there was a consistent impact of 

macroalgae into the seagrass meadows or neighboring unvegetated sediment.   

Seagrass and BMA carbon contributions to lagoon sediment were important in 

both seagrass and unvegetated habitats. The comparison of Hog Island unvegetated and 

vegetated (4-yr) treatments were consistent with expectations that the seagrass 

contribution would be less in unvegetated versus vegetated sediments (Figure 2.5A and 
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2.5B). The carbon from unvegetated sediments came primarily from BMA, which 

typically inhabit the surface and down-core sediment. The BMA profiles often increased 

with depth, which was likely the result of mixing within the sediment as well as BMA 

within the sediment (living and dead), as BMA has been measured at depths up to 10 cm 

depth as a result of light attenuation (living BMA) and shallow mixing (dead BMA) 

(Middleburg et al. 2000; Rheuban 2013). Therefore, there is no way to determine if 

BMA, and also MA carbon, was produced in situ or transported to the seagrass meadow 

via seston or export (Middleburg et al. 2000; Mateo et al. 2006). In South Bay, the 

unvegetated site had a greater carbon contribution from seagrass than the 10-year 

vegetated site (Figure 2.5C and 2.5D). This may be the result of seagrass exported via 

wrack to nearby unvegetated areas, from seagrass die off of the dense and expanding 10-

year seagrass meadows (McGlathery et al. 2012; Orth et al. 2012). Seagrass wrack 

exports from meadows can vary as much as 0 to 100% of total production, especially 

with slow seagrass decomposition (Hemminga and Duarte 2000; Mateo et al. 2006). 

However, organic matter and carbon content of the top 10 cm of the unvegetated 

sediment was significantly different from the 10-year treatment (1.39% and 1.94% 

organic matter, and 0.36% and 0.52% carbon in SB Unveg and 10-year respectively; 

Greiner et al. in review), which does not support the hypothesis of a large seagrass wrack 

input. 

Restored seagrass took 4 years before rapid increases in seagrass density occurred 

(McGlathery et al. 2012), and about 5 years before the seagrass accumulated carbon 

(Greiner et al. in review). Seagrass contribution to sediment carbon was higher in the 4-
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year treatment compared to the 10-year treatment throughout the entire core (Figure 2.5B 

and 2.5D). The increased seagrass carbon contribution in the 4-year treatment was 

consistent with dating results indicating that 5 years after restoration, an increase in 

carbon accumulation was from a low carbon source (Greiner et al. in review). It was 

hypothesized that the seagrass meadows changed carbon sources from carbon rich 

(enriched δ13C) seagrass leaves to low carbon (depleted δ13C) BMA sources (Table 2.1; 

Greiner et al. in review). The ability for the 10-year meadows to filter particles from the 

water column is greater because the seagrass densities for the two vegetated treatments 

(4-year and 10-year) were significantly different with the 4-year meadows having an 

average of 123.2 shoots m-2 and the 10-year meadows with an average of 428.7 shoots m-

2 (Greiner et al. in review). Therefore, the 10-year meadows were more likely to have the 

sediment carbon comprised of BMA (in the seston) trapped by the seagrass.  

Carbon source analysis, combined with sedimentation rates, provides a historical 

timeline of how the sediment carbon changed over time. Based on previous dating of 

VCR-LTER sediment, the top 3 cm of the sediment reflected the 10 years since the 

seeding initiated seagrass colonization at this site (Greiner et al. in review) (Figure 2.5D). 

The next interval of 3 – 6 cm covers 10 – 40 years and the bottom 4 cm (6 – 10 cm) is 

associated with approximately 40 – 100 years pre-restoration (Greiner et al. in review) 

(Figure 2.5D). There was a slight increase in seagrass carbon contribution from the 

middle 3 – 6 cm depth to the top 3 cm, potentially showing some impact in the surface 

sediment from the seagrass restoration (Figure 2.5). The effects of seagrass restoration on 

sediment carbon can be identified by combining source contributions and sedimentation 
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rates. Although results indicated that from the 10-year treatment there was little change in 

source contributions over time (Figure 2.5D), the lack of change with depth could have 

been the result of previous surface mixing that occurred in the sediment at deeper depths 

when seagrass was not present.  

Based on the similar patterns across all models, VCR specific data was most 

informative for source analysis because of this unique restoration study. Therefore, there 

was validation that carbon sources were attributed appropriately by adding sources, 

tracers, and variable data, because the contribution of marsh grass to the sediment carbon 

was negligible resulting in little change in results when omitted. To determine if carbon 

source isotope variation impacted Bayesian mixing model results, models were run using 

VCR-LTER specific results and VCR-LTER and reported literature values of the same 

species. Literature values along with VCR-LTER results were used in a 3-source, 2-tracer 

and 4-source, 3-tracer Bayesian mixing model, where carbon contribution patterns were 

similar to the 3-source, 2-tracer VCR-LTER model (Figure 2.5 – 2.7). Carbon 

contribution patterns concerning the dominant source contributor were similar between 

all models; except for HI Unveg, which switched from seagrass contribution decreasing 

with depth to it remaining more constant down core when literature values were included 

both in the 4-source, 3-tracer model and 3-source, 2-tracer model (Figure 2.5 – 2.7). 

There were differences in contributions to sediment carbon by MA; however, because 

MA contributions were small (<5%), changes in MA contributions had little impact on 

the remaining source contributions. In addition, marsh grass (SP) was omitted from 

analyses due to minimal source contribution (median 0.01 - 0.02%) to the sediment in all 
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treatments as confirmed in the 4-source, 3-tracer mixing model using both VCR-LTER 

and literature values (Figure 2.7). C/N ratios were highly variable within sediment cores 

(Figure 2.1B) resulting in little differentiation between sediment C/N ratios. Marsh grass 

was identified using 2 isotope comparisons as a small contributor to sediment carbon as 

C/N ratios significantly separated it from all sediment treatments (Appendix 2.4B and 

2.4C). Similar patterns concerning marsh grass contributions have been seen as a result of 

the sediment treatments being too far away from the marshes, or because the marsh grass 

rarely would get mixed in the shallow lagoon sediment (Gonneea et al. 2004; Hemminga 

et al. 1994).  

Isotope ratios of each sediment treatment were very similar to each other when 

compared to end-member sources. As a result, both end-member isotopes were important 

for determining source contributions. Using more tracers does allow for more prior 

information to be incorporated into the mixing model; however, they can overestimate 

source contributions when included in a model and are insignificant. Another potential 

carbon source that may be important in shallow coastal system is phytoplankton, but we 

chose not to consider this source as phytoplankton concentrations estimated by water 

column chlorophyll-a concentrations are very low at the VCR-LTER (McGlathery et al. 

2007). However, a final Bayesian mixing model was performed to assess the importance 

of seston, which included phytoplankton as well as suspended benthic microalgae, to the 

sediment carbon the restored seagrass. Mixing model results indicated very little change 

in patterns of source contribution to all treatments down core (Table 2.3, Figure 2.8). 

When BMA and seston was used as a source, more of the carbon in the sediment was 
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indicated to come from seagrass over BMA/Seston; however the changes were small and 

no larger than increasing or decreasing by 12% contribution between model runs for 

seagrass and BMA/Seston (Table 2.3, Figure 2.8). In addition, there was little variation 

around median values of the fraction of contributions for each source (Figure 2.9). The 

minimal differences in BMA and seston contributions indicate that most of the carbon in 

the sediment coming from microalgae sources was from benthic microalgae. 

 The seagrass isotopic carbon and nitrogen value, as well as values of other 

vegetative sources, can be variable depending on which parts (epiphytes, leaves, roots, or 

rhizomes) of the plant are analyzed and when the vegetation sample was taken. There has 

been some debate over whether to include epiphytes in seagrass isotope analysis. 

Epiphytes typically enriched the isotopic value for δ13C by about 2‰ (Kennedy et al. 

2010), yet others found that epiphytes were more depleted in δ13C by about 4.5‰ 

(Moncreiff and Sullivan 2001) or 4.2‰ (Thayer et al. 1987). Seagrass roots and rhizomes 

are also important source material that can potentially result in changes to the seagrass 

isotopic value attributed to slower decompositions rates of rhizome material (Fourqurean 

and Schrlau 2003). However, Padadimitriou et al. (2005a) found no significant difference 

between the leaves and rhizomes of seagrass in stable isotopes δ13C and δ15N because site 

variation was insignificant compared to spatial variations between samples. Variation in 

carbon source contributions can also be the result of isotopic variation due to seasonal 

and temporal changes in the source materials. Seasonal differences in isotopic values of 

source materials vary from -10.6‰ δ13C in the fall and winter to -9.6‰ δ13C in the spring 

and summer (Thayer et al. 1978). However, temporal variations were significantly 



55 
 

 
  

different than spatial variations in isotope and C/N ratios measured in Zostera marina 

(Papadimitriou et al. 2005b). Intra-annual variation was 3.6‰ δ13C in Thalassia 

testudinum and 4.1‰ δ13C in Zostera noltii; however, these differences were not 

significant enough to influence end-member source contributions to the evaluated 

mixtures (Fourqurean et al. 2005). Carbon sources should be measured year around to 

include seasonal differences, and changes between belowground and aboveground 

biomass for seagrass (Orth and Moore 1986; Gacia et al. 2002; Kennedy et al. 2010).  

 In addition, stable isotope values down core can be impacted to some extent by 

diagenesis. The different conclusions on the impact of diagenesis on stable isotopes in 

marine sediments are due to variations in substrate, anoxic/oxic sediment, and source 

materials (Freudenthal et al. 2001). Due to the low organic matter content in the VCR-

LTER, previous studies have indicated that stable isotope ratios do not change 

significantly as a result of diagenesis (Meyers and Ishiwatari, 1993; Gonneea et al. 2004). 

In addition, the largest changes in stable isotope values due to diagenesis have been 

measured for δ15N in sediment as a result of deamination (Macko and Estep, 1984). 

However, down-core profiles of δ15N show small variation of 1.5‰ (Figure 2.1C). This 

was consistent with other studies that measured small variation in δ15N down-core and 

attributed this to diagenic changes occurring to the organic matter before sedimentation 

(Mayers and Ishiwatari, 1993). Finally, any diagenic influence on organic matter would 

have resulted in large variations in stable isotope values. However, when literature 

values, which increase stable isotope values variation, were included in Bayesian mixing 
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model runs, there were small changes in source contribution patterns to the sediment 

carbon. 

 Combining carbon accumulation rates with carbon source partitioning provides 

essential information on coastal carbon cycling processes. From a previous study, the 

carbon accumulation rate in the 10-year meadows in the VCR-LTER was estimated at 

36.7 g C m-2 yr-1 (Greiner et al. in review). For the first time, by combining the carbon 

accumulation rate with carbon source contributions in the top 3 cm of sediment, the 

restored 10-year seagrass sediment accumulated about 15.41 g C m-2 yr-1 from seagrass 

and the remaining 20.86 g C m-2 yr-1 from non-seagrass sources (primarily BMA). 

Therefore, after 10 years the restored seagrass accumulated carbon from both seagrass 

and non-seagrass materials confirming that restored seagrass meadows are an important 

carbon sink for the system as a whole.    
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Tables 

Table 2.1: Carbon and nitrogen source and sediment averages (mean), standard 

deviations (±SD), and sample size (n) for δ13C and δ15N values used in 3-source, 2-

tracer VCR-LTER Bayesian mixing model 

Source values were for samples collected at the VCR-LTER. Each sediment treatment 

(HI Unveg, 4-year, SB Unveg, and 10-year) was averaged for the top 10 cm, 0 – 3 cm, 3 

– 6 cm, and 6 – 10 cm of sediment. Carbon sources include Zostera marina (Z), benthic 

microalgae (BMA), and multiple macroalgae species (MA). 

    δ13C δ15N 
Source n Mean ± SD Mean ± SD 

Z 11 -10.07 0.43 6.55 0.68 
BMA 9 -20.82 1.45 6.04 0.7 
MA 33 -17.4 3.28 9.47 1.26 

0 - 10 cm Sediment 
HI Unveg 10 -17.74 0.76 5.98 0.31 

4-year 10 -15.44 0.64 5.9 0.22 
SB Unveg 10 -14.41 1.66 5.49 0.18 

10-year 10 -16.49 0.64 5.57 0.16 
0 - 3 cm Sediment 

HI Unveg 3 -16.81 0.635 5.75 0.08 
4-year 3 -15.09 0.24 6.09 0.31 

SB Unveg 3 -12.2 0.75 5.54 0.23 
10-year 3 -16.02 0.89 5.63 0.15 
3 - 6 cm Sediment 

HI Unveg 3 -17.82 0.22 5.84 0.08 
4-year 3 -15.07 0.44 5.74 0.04 

SB Unveg 3 -14.83 0.52 5.50 0.18 
10-year 3 -17.01 0.43 5.63 0.09 

6 - 10 cm Sediment 
HI Unveg 4 -18.37 0.18 6.25 0.34 

4-year 4 -15.98 0.62 5.87 0.15 
SB Unveg 4 -15.75 0.45 5.44 0.19 

10-year 4 -16.45 0.32 5.49 0.21 
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Table 2.2: Percent differences of carbon sources for multiple mixing models on each sediment treatment and individual 

depth interval. 

Mixing model runs include the 3-source, 2-tracer model using just VCR-LTER data (3, 2 VCR), a 3-source, 2-trace model 

using both VCR-LTER data and literature values (3, 2 VCR + Lit), and a 4-source, 3-tracer model using both VCR-LTER data 

and literature values (4, 3 VCR + Lit). Depth intervals include 0 to 3 cm, 3 to 6 cm, and 6 to 10 cm for all sediment treatments 

(HI Unveg, 4-year, SB Unveg, 10-year). Carbon sources include Zostera marina (Z), benthic microalgae (BMA), and multiple 

macroalgae species (MA). Literature values are for same species found in VCR-LTER (Appendix 2.1). 

 
  HI Unveg 4-year SB Unveg 10-year 

Mixing Model 
Run Z BMA MA Z BMA MA Z BMA MA Z BMA MA 

Depth: 0 cm to 3 cm; Percent Difference (%) 
3, 2 VCR vs. 3, 2 
VCR + Lit 25 26 108 7 31 131 2 64 133 19 28 101 
3, 2 VCR vs. 4, 3 
VCR + Lit 17 26 88 3 29 102 3 55 122 12 27 90 
3, 2 VCR + Lit vs. 
4, 3 VCR + Lit 8 0 26 4 3 43 4 10 20 8 1 15 

Depth: 3 cm to 6 cm; Percent Difference (%) 
3, 2 VCR vs. 3, 2 
VCR + Lit 36 25 103 11 32 145 12 31 125 29 25 67 
3, 2 VCR vs. 4, 3 
VCR + Lit 25 26 87 5 31 130 6 30 114 20 26 

76 

66 
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3, 2 VCR + Lit vs. 
4, 3 VCR + Lit 11 1 21 5 1 29 66 1 17 9 1 10 

Depth: 6 cm to 10 cm; Percent Difference (%) 
3, 2 VCR vs. 3, 2 
VCR + Lit 49 23 55 16 26 106 18 26 97 22 26 120 
3, 2 VCR vs. 4, 3 
VCR + Lit 34 25 49 6 29 120 11 27 98 15 26 98 
3, 2 VCR + Lit vs. 
4, 3 VCR + Lit 16 1 7 10 3 20 7 1 1 6 0 32 

67 
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Table 2.3: Percent differences of carbon sources for mixing models using 3-source, 

2-tracer models with varying sources on each sediment treatment and individual 

depth interval. 

Mixing model runs include the 3-source, 2-tracer model using just VCR-LTER data for 

sources Zostera marina (Z), benthic microalgae (BMA), and macroalgae (MA); and a 3-

source, 2-trace model using VCR-LTER data for sources Z, average of benthic 

microalgae and seston (BMA/Seston), and MA. Depth intervals include 0 to 3 cm, 3 to 6 

cm, and 6 to 10 cm for all sediment treatments (HI Unveg, 4-year, SB Unveg, 10-year).  

  HI Unveg 4-year SB Unveg 10-year 

Depth Z 
BMA/ 
Seston MA Z 

BMA/ 
Seston MA Z 

BMA/ 
Seston MA Z 

BMA/ 
Seston MA 

Percent Difference (%) 
0 - 3 
cm 29 22 24 14 23 40 3 15 5 22 21 7 
3 - 6 
cm 44 23 19 15 21 11 14 21 20 32 21 13 
6 - 10 
cm 58 25 37 20 21 32 19 20 13 25 21 5 
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Figures 

 

Figure 2.1: Vertical down-core profiles of sediment characteristics. 

A) Stable isotope 13C (δ13C (‰)); B) ratio of molar carbon to nitrogen (C/N); C) stable 

isotope 15N (δ15N (‰)); D) percent organic carbon (%C), for 4 different age treatments 

(HI Unveg, 4 year, SB Unveg, and 10 year) in top 20 cm of sediment from 1-cm 

intervals. 
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Figure 2.2: δ13C versus δ15N ratio comparison between average sources (Z, BMA, 

and MA) and average sediment treatments. 

Average end-member sources from VCR-LTER include Zostera marina (Z), benthic 

microalgae (BMA), and macroalgae (MA), noted as colored squares, and averages from 

the 4 different age treatments (HI Unveg, 4 year, SB Unveg, and 10 year) from the top 10 

cm of sediment noted as filled (restored seagrass) and no filled (unvegetated) circles (HI) 

and triangles (SB). Error bars are standard deviations. Dashed grey line indicates end-

member source bounds for sediment mixture, with expectations of finding sediment 

treatments within grey lines.   
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Figure 2.3: δ13C versus δ15N ratio comparison between average sources (Z, 

BMA/Seston, MA) and average sediment treatments. 

Average end-member sources from VCR-LTER include Zostera marina (Z), BMA and 

seston (BMA/Seston), and macroalgae (MA), noted as colored squares, and averages 

from the 4 different age treatments (HI Unveg, 4 year, SB Unveg, and 10 year) from the 

top 10 cm of sediment noted as filled (restored seagrass) and no filled (unvegetated) 

circles (HI) and triangles (SB). Error bars are standard deviations. Dashed grey line 

indicates end-member source bounds for sediment mixture, with expectations of finding 

sediment treatments within grey lines.   



72 
 

 
  

 

Figure 2.4: Box plots showing quartile 5th, 25th, 50th, 75th, and 95th percentile of 3-

source, 2-tracer VCR-LTER Bayesian mixing model fraction contributions to 

sediment treatments (top 10 cm of sediment). 

Carbon sources are Zostera marina (Zostera), benthic microalgae (BMA), and 

macroalgae (MA). A: unvegetated sediment in Hog Island Bay (HI Unveg), B: 4-year 

restored seagrass treatment in Hog Island Bay (4 year), C: unvegetated sediment in South 

Bay (SB Unveg), D: 10-year restored seagrass treatment in South Bay (10 year). 
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Figure 2.5: Three-source, two-tracer VCR-LTER Bayesian mixing model fraction 

contributions to each sediment treatment in down-core intervals (0 – 3 cm, 3 – 6 cm, 

and 6 – 10 cm). 

Carbon sources are Zostera marina (Z), benthic microalgae (BMA), and macroalgae 

(MA) from the VCR-LTER. A: unvegetated sediment in Hog Island Bay (HI Unveg), B: 

4-year restored seagrass treatment in Hog Island Bay (4 year), C: unvegetated sediment 

in South Bay (SB Unveg), D: 10-year restored seagrass treatment in South Bay (10 year).  
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Figure 2.6: Three-source, two-tracer VCR-LTER and literature value Bayesian 

mixing model fraction contributions to each sediment treatment in down-core 

intervals (0 – 3 cm, 3 – 6 cm, and 6 – 10 cm). 

Carbon sources are Zostera marina (Z), benthic microalgae (BMA), and macroalgae 

(MA) are from VCR-LTER and literature values (Appendix 2.1). A: unvegetated 

sediment in Hog Island Bay (HI Unveg), B: 4-year restored seagrass treatment in Hog 

Island Bay (4 year), C: unvegetated sediment in South Bay (SB Unveg), D: 10-year 

restored seagrass treatment in South Bay (10 year). 
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Figure 2.7: Four-source, three-tracer LTER-VCR and literature value Bayesian 

mixing model fraction contributions to each sediment treatment in down-core 

intervals (0 – 3 cm, 3 – 6 cm, and 6 – 10 cm). 

Carbon sources are Zostera marina (Z), Spartina alterniflora (SP), benthic microalgae 

(BMA), and macroalgae (MA) are from VCR-LTER and literature values (Appendix 

2.1). A: unvegetated sediment in Hog Island Bay (HI Unveg), B: 4-year restored seagrass 

treatment in Hog Island Bay (4 year), C: unvegetated sediment in South Bay (SB Unveg), 

D: 10-year restored seagrass treatment in South Bay (10 year). 
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Figure 2.8: Three-source, two-tracer VCR-LTER Bayesian mixing model fraction 

contributions to each sediment treatment in down-core intervals. Carbon sources 

are Zostera marina (Z), BMA and Seston (BMA/Seston), and macroalgae (MA) from 

the VCR-LTER. 

 A: unvegetated sediment in Hog Island Bay (HI Unveg), B: 4-year restored seagrass 

treatment in Hog Island Bay (4 year), C: unvegetated sediment in South Bay (SB Unveg), 

D: 10-year restored seagrass treatment in South Bay (10 year). Down-core intervals are 

for 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm depth.  
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Figure 2.9: Box plots showing 3-source, 2-tracer VCR-LTER Bayesian mixing 

model fraction contributions to sediment treatments (top 10 cm of sediment). 

Carbon sources are Zostera marina (Zostera), BMA and seston (BMA/Seston), and 

macroalgae (MA).  

A: unvegetated sediment in Hog Island Bay (HI Unveg), B: 4-year restored seagrass 

treatment in Hog Island Bay (4 year), C: unvegetated sediment in South Bay (SB Unveg), 

D: 10-year restored seagrass treatment in South Bay (10 year). Box plots show quartile 

5th, 25th, 50th, 75th, and 95th percentiles.  
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Appendix 

Appendix 2.1: VCR-LTER and literature review of stable isotope (δ13C and δ15N) 

and molar C/N ratios for carbon sources used in Bayesian mixing model. 

VCR-LTER values from each carbon source were from Hondula 2012 only, where other 

samples taken at VCR-LTER were included as literature values. Literature values use all 

same vegetation species found at the VCR-LTER. In addition, Literature values were 

combined with values measured directly from the Virginia Coast Reserve Long Term 

Ecological Research Site (VCR-LTER), where average source values are reported in 

Table 2.1. Carbon source values include Zostera marina (Z), Spartina alterniflora (SP), 

benthic microalgae (BMA), Agardhiella subulata (MA), Codium fragile (MA), 

Ectocarpus siliculosus (MA), Enteromorpha flexuosa (MA), Fucus vesiculosus (MA), 

Gracilaria vermiculophylla (MA), Polysiphonia nigrescens (MA), Scytosiphon 

lomentaria (MA), Ulva lactuca (MA), Gracilaria tikvahiae (MA), Codium fragille (MA), 

Fucus vesiculosus (MA), and seston particles (Seston). 

 

Source 
δ13C 
(‰) 

δ15N 
(‰) 

Molar 
C/N Location Citation 

Z. marina (Z) -9.96 6.14 21.70 VCR LTER (VA, USA) Hondula 2012 

 
-9.92 6.26 21.94 VCR LTER (VA, USA) Hondula 2012 

 
-10.13 6.20 22.57 VCR LTER (VA, USA) Hondula 2012 

 
-9.91 6.58 21.77 VCR LTER (VA, USA) Hondula 2012 

 
-10.63 5.77 23.67 VCR LTER (VA, USA) Hondula 2012 

 
-10.26 5.76 22.50 VCR LTER (VA, USA) Hondula 2012 

 
-10.38 7.08 18.69 VCR LTER (VA, USA) Hondula 2012 

 
-9.63 6.60 27.06 VCR LTER (VA, USA) Hondula 2012 

 
-10.01 7.66 22.65 VCR LTER (VA, USA) Hondula 2012 

 
-10.68 7.77 16.93 VCR LTER (VA, USA) Hondula 2012 

 
-9.22 6.30 32.99 VCR LTER (VA, USA) Hondula 2012 

 
-7.70 1.20 

 
Cape Code (MA, USA) Olsen et al. 2011 
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-10.90 1.90 

 
Cape Code (MA, USA) Olsen et al. 2011 

 
-11.20 3.50 

 
Cape Code (MA, USA) Olsen et al. 2011 

 
-10.20 

  

Newport River Estuary 
(NC, USA) Thayer et al. 1987 

 
-10.90 

  

Ria Formosa, Portugal & 
Spain 

Kennedy et al. 
2010 

 
-9.60 9.70 22.97 Tomales Bay (CA, USA) 

Fourqurean et al. 
1997 

  -9.90 9.50 23.32 Tomales Bay (CA, USA) 
Fourqurean et al. 

1997 
S. alterniflora (SP) -14.15 8.20 

 
VCR LTER (VA, USA) Hondula 2012 

 
-14.29 2.18 67.29 VCR LTER (VA, USA) Hondula 2012 

 
-13.02 5.85 38.53 VCR LTER (VA, USA) Hondula 2012 

  
8.68 

 
VCR LTER (VA, USA) Hondula 2012 

  
11.26 

 
VCR LTER (VA, USA) Hondula 2012 

 
-13.41 4.79 

 
VCR LTER (VA, USA) Hondula 2012 

   
48.30 VCR LTER (VA, USA) Tyler 1997 

   
41.20 VCR LTER (VA, USA) Tyler 1997 

   
50.10 VCR LTER (VA, USA) Olcott 2011 

   
39.90 VCR LTER (VA, USA) Mozdzer 2009 

   
44.20 VCR LTER (VA, USA) Mozdzer 2009 

 
-12.20 

 
74.20 MA, USA 

Middelburg et al. 
1997 

 
-12.50 

 
69.80 MA, USA 

Middelburg et al. 
1997 

 
-12.80 

 
55.30 MA, USA 

Middelburg et al. 
1997 

 
-13.10 

 
37.30 MA, USA 

Middelburg et al. 
1997 

 
-13.00 5.30 

 

Newport River Estuary 
(NC, USA) Currin et al. 1995 

 
-12.60 6.60 

 
GA, USA Foegel et al. 1989 

 
-12.90 6.00 

 
Sapelo Island (GA, USA) 

Peterson & 
Howarth, 1987 

 
-13.20 5.20 

 

Graveline Bay Marsh 
(MS, USA) 

Sullivan & 
Moncreiff, 1990 

  -14.30 4.30   SC, USA Couch, 1989 
Benthic 
Microalgae 
(BMA) -23.65 6.38 

 
VCR LTER (VA, USA) Hondula 2012 

 
-21.03 5.92 

 
VCR LTER (VA, USA) Hondula 2012 

 
-20.62 5.71 

 
VCR LTER (VA, USA) Hondula 2012 

 
-21.60 5.16 

 
VCR LTER (VA, USA) Hondula 2012 

 
-21.04 6.19 

 
VCR LTER (VA, USA) Hondula 2012 

 
-18.13 5.74 

 
VCR LTER (VA, USA) Hondula 2012 
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-20.12 6.94 

 
VCR LTER (VA, USA) Hondula 2012 

 
-20.26 7.15 

 
VCR LTER (VA, USA) Hondula 2012 

 
-20.97 5.20 

 
VCR LTER (VA, USA) Hondula 2012 

 
-19.62 9.07 7.60 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-20.08 9.08 7.90 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-19.96 8.57 7.90 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-21.29 7.95 8.10 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-21.33 7.94 8.20 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-20.79 8.31 8.20 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-24.34 9.40 10.10 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.40 9.75 10.50 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.33 10.06 10.20 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.53 10.31 9.50 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.30 10.87 9.70 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.37 10.52 9.70 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.15 10.36 8.70 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.03 9.78 8.30 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.33 10.57 9.40 Pal Alton (CA, USA) Cloern et al. 2002 

 
-26.53 5.81 14.10 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-26.53 6.44 13.40 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-26.62 7.00 12.30 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-26.10 6.55 13.70 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-26.39 6.94 11.80 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-26.54 7.31 14.00 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-27.43 8.01 14.70 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-27.42 7.82 13.90 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-27.34 7.97 13.30 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-20.57 7.26 7.20 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-20.62 7.13 7.10 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-20.84 6.85 7.40 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-26.44 3.58 10.90 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-26.77 2.85 10.70 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-26.81 4.52 11.00 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-21.95 6.00 7.90 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-21.75 6.02 7.70 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-21.52 6.73 7.60 Tolay Creek (CA, USA) Cloern et al. 2002 

 
-23.76 7.52 8.60 Pal Alton (CA, USA) Cloern et al. 2002 

 
-23.78 6.30 8.60 Pal Alton (CA, USA) Cloern et al. 2002 

 
-23.56 6.28 8.40 Pal Alton (CA, USA) Cloern et al. 2002 

 
-23.87 5.38 8.40 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.14 6.43 8.80 Pal Alton (CA, USA) Cloern et al. 2002 
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-23.93 6.07 8.60 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.71 5.76 8.10 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.28 5.96 7.50 Pal Alton (CA, USA) Cloern et al. 2002 

 
-24.54 5.91 7.90 Pal Alton (CA, USA) Cloern et al. 2002 

 
-20.21 6.42 6.10 Grizzly Bay (CA, USA) Cloern et al. 2002 

 
-20.20 6.52 6.00 Grizzly Bay (CA, USA) Cloern et al. 2002 

 
-20.16 6.13 6.00 Grizzly Bay (CA, USA) Cloern et al. 2002 

 
-19.88 6.71 6.00 Grizzly Bay (CA, USA) Cloern et al. 2002 

 
-19.83 6.89 5.90 Grizzly Bay (CA, USA) Cloern et al. 2002 

 
-19.76 7.05 6.00 Grizzly Bay (CA, USA) Cloern et al. 2002 

 
-19.94 6.53 6.40 Grizzly Bay (CA, USA) Cloern et al. 2002 

 
-19.91 6.82 6.30 Grizzly Bay (CA, USA) Cloern et al. 2002 

  -19.91 6.82 6.30 Grizzly Bay (CA, USA) Cloern et al. 2002 
A. subulata (MA) -19.73 9.79 

 
VCR LTER (VA, USA) Hondula 2012 

A. subulata (MA) -15.62 10.04 
 

VCR LTER (VA, USA) Hondula 2012 
A. subulata (MA) -21.18 8.27 13.89 VCR LTER (VA, USA) Hondula 2012 
C. fragile (MA) -16.10 8.98 

 
VCR LTER (VA, USA) Hondula 2012 

C. fragile (MA) -13.90 10.01 
 

VCR LTER (VA, USA) Hondula 2012 
C. fragile (MA) -17.64 11.15 15.52 VCR LTER (VA, USA) Hondula 2012 
C. fragile (MA) -16.01 9.98 16.49 VCR LTER (VA, USA) Hondula 2012 
E. siliculosus 

(MA) -16.71 8.69 11.67 VCR LTER (VA, USA) Hondula 2012 
E. flexuosa (MA) -19.81 9.77 10.12 VCR LTER (VA, USA) Hondula 2012 
E. flexuosa (MA) -20.33 8.67 16.32 VCR LTER (VA, USA) Hondula 2012 

F. vesiculosus 
(MA) -10.64 9.89 10.43 VCR LTER (VA, USA) Hondula 2012 

G. vermiculophylla 
(MA) -20.38 10.05 

 
VCR LTER (VA, USA) Hondula 2012 

G. vermiculophylla 
(MA) -14.48 11.59 

 
VCR LTER (VA, USA) Hondula 2012 

G. vermiculophylla 
(MA) -18.92 10.75 15.40 VCR LTER (VA, USA) Hondula 2012 

G. vermiculophylla 
(MA) -15.52 8.29 15.93 VCR LTER (VA, USA) Hondula 2012 

G. vermiculophylla 
(MA) -14.65 10.52 25.13 VCR LTER (VA, USA) Hondula 2012 

G. vermiculophylla 
(MA) -17.11 7.80 36.39 VCR LTER (VA, USA) Hondula 2012 

G. vermiculophylla 
(MA) -20.52 9.00 18.16 VCR LTER (VA, USA) Hondula 2012 

G. vermiculophylla 
(MA) -17.64 10.95 17.37 VCR LTER (VA, USA) Hondula 2012 

P. nigrescens  
(MA) -15.98 9.82 

 
VCR LTER (VA, USA) Hondula 2012 
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P. nigrescens  
(MA) -15.88 9.96 

 
VCR LTER (VA, USA) Hondula 2012 

S. lomentaria 
(MA) -12.78 8.95 15.12 VCR LTER (VA, USA) Hondula 2012 

S. lomentaria 
(MA) -15.44 7.78 18.04 VCR LTER (VA, USA) Hondula 2012 

U. lactuca (MA) -19.47 12.45 
 

VCR LTER (VA, USA) Hondula 2012 
U. lactuca (MA) -18.96 8.69 

 
VCR LTER (VA, USA) Hondula 2012 

U. lactuca (MA) -14.06 9.99 22.46 VCR LTER (VA, USA) Hondula 2012 
U. lactuca (MA) -10.91 10.45 12.47 VCR LTER (VA, USA) Hondula 2012 
U. lactuca (MA) -16.96 10.41 17.03 VCR LTER (VA, USA) Hondula 2012 
U. lactuca (MA) -16.76 9.18 30.86 VCR LTER (VA, USA) Hondula 2012 
U. lactuca (MA) -22.82 7.92 26.29 VCR LTER (VA, USA) Hondula 2012 
U. lactuca (MA) -19.96 8.37 

 
VCR LTER (VA, USA) Hondula 2012 

U. lactuca (MA) -23.58 7.23 25.60 VCR LTER (VA, USA) Hondula 2012 
U. lactuca (MA) -23.79 7.11 33.07 VCR LTER (VA, USA) Hondula 2012 

G. tikvahiae (MA) -19.10 5.80 
 

Cape Code (MA, USA) Olsen et al. 2011 
G. tikvahiae (MA) -17.60 6.60 

 
Cape Code (MA, USA) Olsen et al. 2011 

C. fragille (MA) -11.30 5.90 
 

Cape Code (MA, USA) Olsen et al. 2011 
C. fragille (MA) -12.30 5.70 

 
Cape Code (MA, USA) Olsen et al. 2011 

C. fragille (MA) -14.00 5.90 
 

Cape Code (MA, USA) Olsen et al. 2011 
F. vesiculosus 

(MA) -12.70 4.70 
 

Cape Code (MA, USA) Olsen et al. 2011 
F. vesiculosus 

(MA) -14.20 5.80 
 

Cape Code (MA, USA) Olsen et al. 2011 
U. lactuca (MA) -12.50 4.30 

 
Cape Code (MA, USA) Olsen et al. 2011 

U. lactuca (MA) -14.60 5.10 
 

Cape Code (MA, USA) Olsen et al. 2011 
U. lactuca (MA) -12.70 5.70 

 
Cape Code (MA, USA) Olsen et al. 2011 

Macroalgae (MA) -16.00     
Newport River Estuary 

(NC, USA) Thayer et al. 1987 
Seston -23.75 6.81 7.71 VCR LTER (VA, USA) Hondula 2012 

 
-23.47 8.32 8.36 VCR LTER (VA, USA) Hondula 2012 

 
-24.49 6.46 8.04 VCR LTER (VA, USA) Hondula 2012 

 
-24.31 6.35 8.21 VCR LTER (VA, USA) Hondula 2012 

 
-23.65 6.38 8.16 VCR LTER (VA, USA) Hondula 2012 

 
-24.27 6.28 

 
VCR LTER (VA, USA) Hondula 2012 

 
-26.30 3.30 

 
VCR LTER (VA, USA) Hondula 2012 

 
-25.18 4.18 

 
VCR LTER (VA, USA) Hondula 2012 

 
-25.17 4.78 

 
VCR LTER (VA, USA) Hondula 2012 

 
-26.12 4.00 

 
VCR LTER (VA, USA) Hondula 2012 

 
-26.16 5.66 

 
VCR LTER (VA, USA) Hondula 2012 

 
-24.79 4.28 

 
VCR LTER (VA, USA) Hondula 2012 

 
-23.94 5.87 

 
VCR LTER (VA, USA) Hondula 2012 
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-24.55 3.92 

 
VCR LTER (VA, USA) Hondula 2012 

 
-23.73 4.23 

 
VCR LTER (VA, USA) Hondula 2012 

  -24.27 4.09   VCR LTER (VA, USA) Hondula 2012 
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Appendix 2.2: Carbon source and sediment age treatment averages (mean), 

standard deviations (±SD), and sample size (n) for δ13C, δ15N, and C/N values used 

in Bayesian 4-source, 3-tracer mixing model. 

Source values (Zostera marina (Z), marsh grass (SP), benthic microalgae (BMA), and 

macroalgae (MA) were from values collected at the VCR-LTER and literature values for 

the same species (Appendix 2.1). Each sediment treatment (HI Unveg, 4-year, SB Unveg, 

and 10-year) was averaged for the top 10 cm, 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm of 

sediment. 

  δ13C (‰) δ15N (‰) C/N 
Source Mean ±SD n Mean ±SD n Mean ±SD n 

Z -10.06 0.78 18 6.12 2.31 16 19.71 3.29 13 
SP -13.19 0.68 13 6.21 2.44 11 51.47 13.38 11 

BMA -22.90 2.60 60 7.12 1.70 60 9.07 2.47 51 
MA -16.62 3.36 44 8.56 2.03 43 19.26 7.34 22 

0 cm – 10 cm Sediment 
HI Unveg -17.74 0.76 10 5.98 0.31 10 12.07 0.36 10 

4-year -15.44 0.64 10 5.90 0.22 10 13.20 0.36 10 
SB Unveg -14.41 1.66 10 5.49 0.18 10 12.38 0.51 10 

10-year -16.49 0.64 10 5.57 0.1 10 12.16 0.41 10 
0 cm – 3 cm Sediment 

HI Unveg -16.81 0.64 3 5.75 0.08 3 12.34 0.18 3 
4-year -15.09 0.24 3 6.09 0.31 3 13.08 0.33 3 

SB Unveg -12.20 0.75 3 5.54 0.23 3 11.78 0.35 3 
10-year -16.02 0.89 3 5.63 0.15 3 12.33 0.42 3 

3 cm - 6 cm Sediment 
HI Unveg -17.82 0.22 3 5.84 0.08 3 12.20 0.04 3 

4-year -15.07 0.44 3 5.74 0.04 3 13.44 0.42 3 
SB Unveg -14.83 0.52 3 5.50 0.18 3 12.63 0.37 3 

10-year -17.01 0.43 3 5.63 0.09 3 11.97 0.36 3 
6 cm - 10 cm  Sediment 

HI Unveg -18.37 0.18 4 6.25 0.34 4 11.77 0.41 4 
4-year -15.98 0.62 4 5.87 0.15 4 13.12 0.34 4 
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SB Unveg -15.75 0.45 4 5.44 0.19 4 12.64 0.32 4 
10-year -16.45 0.32 4 5.49 0.21 4 12.17 0.48 4 
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Appendix 2.3: Vertical down-core profile data of sediment characteristics δ13C (‰), 

δ15N (‰), %C, and molar C/N. 

Sediment treatments are HI Unveg, 4 year, SB Unveg, and 10 year in the top 20 cm of 

sediment in 1-cm intervals (depth). 

 
Treatment Depth (cm) δ13C (‰) δ15N (‰) %C Molar C/N 
HI Unveg 1 -16.12 5.81 0.32 12.14 
HI Unveg 2 -16.94 5.66 0.41 12.39 
HI Unveg 3 -17.37 5.76 0.48 12.50 
HI Unveg 4 -17.61 5.79 0.47 12.16 
HI Unveg 5 -17.80 5.81 0.52 12.19 
HI Unveg 6 -18.05 5.93 0.59 12.24 
HI Unveg 7 -18.27 6.16 0.59 12.00 
HI Unveg 8 -18.23 5.95 0.59 12.05 
HI Unveg 9 -18.63 6.73 0.65 11.18 
HI Unveg 10 -18.35 6.15 0.58 11.88 
HI Unveg 11 -18.34 6.00 0.59 11.97 
HI Unveg 12 -18.27 6.03 0.61 11.99 
HI Unveg 13 -18.41 5.99 0.65 11.84 
HI Unveg 14 -18.31 6.08 0.58 11.73 
HI Unveg 15 -18.27 5.96 0.59 11.94 
HI Unveg 16 -18.03 5.67 0.54 11.98 
HI Unveg 17 -18.44 5.63 0.50 11.69 
HI Unveg 18 -18.33 5.67 0.52 12.09 
HI Unveg 19 -17.97 5.60 0.50 12.20 
HI Unveg 20 -17.98 5.47 0.49 12.30 

4 year 1 -14.99 6.37 0.34 13.30 
4 year 2 -14.92 6.14 0.31 13.24 
4 year 3 -15.36 5.76 0.31 12.69 
4 year 4 -14.83 5.78 0.31 13.93 
4 year 5 -14.80 5.74 0.28 13.26 
4 year 6 -15.57 5.70 0.32 13.14 
4 year 7 -15.44 6.05 0.31 12.94 
4 year 8 -15.50 5.69 0.34 13.31 
4 year 9 -16.27 5.86 0.41 13.47 
4 year 10 -16.73 5.89 0.47 12.74 
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4 year 11 -17.45 5.74 0.51 12.61 
4 year 12 -17.50 5.82 0.53 12.79 
4 year 13 -17.65 5.83 0.53 12.79 
4 year 14 -17.51 5.50 0.50 12.25 
4 year 15 -17.58 5.66 0.51 11.89 
4 year 16 -17.42 5.66 0.46 12.03 
4 year 17 -17.67 5.33 0.58 12.34 
4 year 18 -17.41 5.33 0.52 12.11 
4 year 19 -17.13 5.42 0.52 12.23 
4 year 20 -17.29 5.39 0.50 12.22 

SB Unveg 1 -11.40 5.78 0.12 11.51 
SB Unveg 2 -12.88 5.32 0.14 11.65 
SB Unveg 3 -12.32 5.51 0.14 12.18 
SB Unveg 4 -14.24 5.71 0.21 12.41 
SB Unveg 5 -15.02 5.38 0.21 13.05 
SB Unveg 6 -15.23 5.42 0.21 12.42 
SB Unveg 7 -15.28 5.32 0.22 12.29 
SB Unveg 8 -15.56 5.43 0.25 12.45 
SB Unveg 9 -15.83 5.29 0.31 12.89 
SB Unveg 10 -16.34 5.70 0.35 12.93 
SB Unveg 11 -16.74 5.32 0.35 12.51 
SB Unveg 12 -16.85 5.35 0.37 12.68 
SB Unveg 13 -16.71 5.43 0.38 12.55 
SB Unveg 14 -16.90 5.56 0.37 12.36 
SB Unveg 15 -17.05 5.38 0.39 12.65 
SB Unveg 16 -16.81 5.28 0.39 12.68 
SB Unveg 17 -16.98 5.47 0.40 12.67 
SB Unveg 18 -16.60 5.42 0.41 12.95 
SB Unveg 19 -16.38 5.35 0.39 12.81 
SB Unveg 20 -16.71 5.37 0.46 13.17 

10 year 1 -15.02 5.55 0.45 12.81 
10 year 2 -16.32 5.54 0.66 12.00 
10 year 3 -16.72 5.79 0.84 12.18 
10 year 4 -16.92 5.73 0.84 11.98 
10 year 5 -17.47 5.61 0.78 11.60 
10 year 6 -16.63 5.56 0.65 12.33 
10 year 7 -16.31 5.62 0.52 12.59 
10 year 8 -16.88 5.40 0.46 12.04 
10 year 9 -16.12 5.70 0.45 12.49 
10 year 10 -16.50 5.23 0.33 11.55 
10 year 11 -15.55 5.09 0.27 11.97 
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10 year 12 -15.14 4.99 0.25 12.59 
10 year 13 -15.97 5.10 0.32 12.35 
10 year 14 -15.44 5.35 0.27 13.12 
10 year 15 -15.15 5.09 0.24 13.50 
10 year 16 -14.23 5.17 0.14 12.23 
10 year 17 -14.99 5.54 0.22 13.48 
10 year 18 -14.54 5.09 0.22 13.51 
10 year 19 -14.59 5.12 0.24 13.97 
10 year 20 -15.37 5.45 0.26 13.09 
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Appendix 2.4: Isotope and C/N ratio comparisons between average sources and 

average sediment treatments. 
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Average end-member sources from VCR-LTER and literature values include Zostera 

marina (Z), Spartina alterniflora (SP), benthic microalgae (BMA), and macroalgae 

(MA), noted as colored squares, and averages from the 4 different age treatments (HI 

Unveg, 4-year, SB Unveg, and 10-year) from the top 10 cm of sediment noted as filled 

(restored seagrass) and no filled (unvegetated) circles (HI) and triangles (SB). Standard 

deviations represent error bars. Dashed grey lines indicate end-member source bounds for 

sediment mixture, with expectations of finding sediment treatments within grey lines. A: 

δ13C vs. δ15N; B: δ13C vs. C/N; C: δ15N vs. C/N.  
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Appendix 2.5: Box plots showing quartile 5th, 25th, 50th, 75th, and 95th percentile 

of carbon source for 4-source, 3-tracer Bayesian mixing model fraction 

contributions to sediment treatments (top 10 cm of sediment). 

Carbon sources from VCR-LTER and literature values are Zostera marina (Z), Spartina 

alterniflora (SP), benthic microalgae (BMA), and macroalgae (MA). A: unvegetated 

sediment in Hog Island Bay (HI Unveg), B: 4-year restored seagrass treatment in Hog 

Island Bay (4 year), C: unvegetated sediment in South Bay (SB Unveg), D: 10-year 

restored seagrass treatment in South Bay (10 year).  
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Appendix 2.6: Four-source, three-tracer Bayesian mixing model fraction 

contribution results in quartiles for each sediment treatment (HI Unveg, 4-year, SB 

Unveg, 10-year) for the top 10 cm of sediment. 

Carbon sources from VCR-LTER and literature values are Zostera marina (Z), Spartina 

alterniflora (SP), benthic microalgae (BMA), and macroalgae (MA). Quartiles are for the 

5th, 25th, median, 75th, and 95th percentile. 

 
Quartile Z SP BMA MA 

HI Unveg 
0.05 0.01 0.00 0.22 0.00 
0.25 0.21 0.00 0.46 0.01 
0.50 0.32 0.02 0.54 0.05 
0.75 0.38 0.05 0.60 0.24 
0.95 0.47 0.20 0.68 0.82 

4-year 
0.05 0.19 0.00 0.02 0.00 
0.25 0.42 0.00 0.29 0.01 
0.50 0.51 0.01 0.37 0.04 
0.75 0.57 0.04 0.42 0.21 
0.95 0.65 0.17 0.50 0.83 

SB Unveg 
0.05 0.39 0.00 0.04 0.00 
0.25 0.54 0.00 0.23 0.01 
0.50 0.60 0.01 0.30 0.03 
0.75 0.66 0.03 0.35 0.12 
0.95 0.76 0.14 0.45 0.57 

10-year 
0.05 0.13 0.00 0.14 0.00 
0.25 0.37 0.00 0.40 0.00 
0.50 0.44 0.01 0.46 0.03 
0.75 0.49 0.04 0.51 0.12 
0.95 0.58 0.17 0.58 0.86 
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Appendix 2.7: Four-source, three-tracer Bayesian mixing model fraction 

contribution results in quartiles for each sediment treatment (HI Unveg, 4-year, SB 

Unveg, 10-year) for the interval depths 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm. 

Carbon sources from VCR-LTER and literature sources are Zostera marina (Z), Spartina 

alterniflora (SP), benthic microalgae (BMA), and macroalgae (MA). Tracers used for 

model run are δ13C, δ15N, and C/N ratios. Quartiles are for the 5th, 25th, median, 75th, and 

95th percentile. 

Treatment Z SP BMA MA 
0 - 3 cm 

HI Unveg 0.41 0.01 0.48 0.03 
4-year 0.53 0.01 0.34 0.05 

SB Unveg 0.79 0.01 0.10 0.04 
10-year 0.47 0.01 0.42 0.03 

3 - 6 cm 
HI Unveg 0.32 0.02 0.56 0.04 

4-year 0.54 0.01 0.34 0.04 
SB Unveg 0.57 0.01 0.33 0.03 

10-year 0.40 0.01 0.50 0.03 
6 - 10 cm 

HI Unveg 0.26 0.02 0.59 0.06 
4-year 0.46 0.02 0.41 0.05 

SB Unveg 0.50 0.01 0.41 0.03 
10-year 0.45 0.01 0.46 0.03 
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Appendix 2.8: Three-source, two-tracer VCR-LTER and literature value Bayesian 

mixing model fraction contribution results in quartiles for each sediment treatment 

(HI Unveg, 4-year, SB Unveg, 10-year) for the interval depths 0 – 3 cm, 3 – 6 cm, 

and 6 – 10 cm. 

Carbon sources from VCR-LTER and literature values are Zostera marina (Z), benthic 

microalgae (BMA), and macroalgae (MA). Tracers used for model run are δ13C and δ15N 

stable isotopes. Quartiles are for the 5th, 25th, median, 75th, and 95th percentile. 

 
Treatment Z BMA MA 

0 - 3 cm 
HI Unveg 0.45 0.48 0.04 

4-year 0.56 0.33 0.08 
SB Unveg 0.82 0.09 0.05 

10-year 0.51 0.42 0.03 
3 - 6 cm 

HI Unveg 0.36 0.56 0.04 
4-year 0.57 0.34 0.05 

SB Unveg 0.60 0.33 0.04 
10-year 0.44 0.51 0.03 

6 - 10 cm 
HI Unveg 0.30 0.59 0.07 

4-year 0.51 0.42 0.04 
SB Unveg 0.54 0.41 0.03 

10-year 0.48 0.46 0.04 
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Appendix 2.9: Three-source, two-tracer VCR-LTER Bayesian mixing model 

fraction contribution results in quartiles for each sediment treatment (HI Unveg, 4-

year, SB Unveg, 10-year) for the interval depths 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm. 

Carbon sources from VCR-LTER values are Zostera marina (Z), benthic microalgae 

(BMA), and macroalgae (MA). Tracers used for model run are δ13C and δ15N stable 

isotopes.  

 
Treatment Z BMA MA 

0 - 3 cm 
HI Unveg 0.35 0.63 0.01 

4-year 0.52 0.45 0.02 
SB Unveg 0.81 0.17 0.01 

10-year 0.42 0.56 0.01 
3 - 6 cm 

HI Unveg 0.25 0.72 0.01 
4-year 0.51 0.46 0.01 

SB Unveg 0.53 0.45 0.01 
10-year 0.33 0.65 0.01 

6 - 10 cm 
HI Unveg 0.18 0.75 0.04 

4-year 0.43 0.54 0.01 
SB Unveg 0.45 0.53 0.01 

10-year 0.38 0.60 0.01 
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Appendix 2.10: Three-source, two-tracer VCR-LTER Bayesian mixing model 

fraction contribution results in quartiles for each sediment treatment (HI Unveg, 4-

year, SB Unveg, 10-year) for the top 10 cm of sediment. 

Carbon sources from VCR-LTER values are Zostera marina (Z), benthic microalgae 

(BMA), and macroalgae (MA). Quartiles are for the 5th, 25th, median, 75th, and 95th 

percentile. 

 
Quartile Z BMA MA 

HI Unveg 
0.05 0.11 0.57 0.00 
0.25 0.20 0.65 0.01 
0.50 0.25 0.71 0.02 
0.75 0.31 0.76 0.06 
0.95 0.41 0.88 0.18 

4 year 
0.05 0.36 0.36 0.00 
0.25 0.43 0.44 0.00 
0.50 0.48 0.49 0.01 
0.75 0.53 0.54 0.04 
0.95 0.63 0.64 0.14 

SB Unveg 
0.05 0.43 0.26 0.00 
0.25 0.51 0.35 0.00 
0.50 0.57 0.41 0.01 
0.75 0.63 0.47 0.02 
0.95 0.74 0.58 0.09 

10 year 
0.05 0.25 0.48 0.00 
0.25 0.33 0.55 0.00 
0.50 0.38 0.60 0.01 
0.75 0.43 0.65 0.03 
0.95 0.53 0.75 0.11 
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Appendix 2.11: Carbon source, standard deviations (±SD), and sample size (n) for 

δ13C, δ15N used in Bayesian 3-source, 2-tracer VCR-LTER mixing model. 

Source values (Zostera marina (Z), benthic microalgae and seston (BMA/Seston), and 

macroalgae (MA) were from values collected at the VCR-LTER (Appendix 2.1).  

 
    δ13C δ15N 

Source n Mean ± SD Mean ± SD 
Z 11 -10.07 0.43 6.55 0.68 

BMA/Seston 25 -23.26 2.17 5.57 1.51 
MA 33 -17.4 3.28 9.47 1.26 
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Appendix 2.12: Three-source, two-tracer VCR-LTER Bayesian mixing model 

fraction contribution results in quartiles for each sediment treatment for the 

interval depths. 

Carbon sources from VCR-LTER values are Zostera marina (Z), benthic microalgae and 

seston (BMA/Seston), and macroalgae (MA). Tracers used for model run are δ13C and 

δ15N stable isotopes. Sediment treatments were HI Unveg, 4-year, SB Unveg, and 10-

year for the interval depths 0 – 3 cm, 3 – 6 cm, and 6 – 10 cm. 

 
Treatment Z BMA/Seston MA 

0 - 3 cm 
HI Unveg 0.47 0.50 0.01 

4-year 0.60 0.36 0.03 
SB Unveg 0.83 0.15 0.01 

10-year 0.52 0.45 0.01 
3 - 6 cm 

HI Unveg 0.39 0.57 0.02 
4-year 0.60 0.38 0.01 

SB Unveg 0.62 0.36 0.01 
10-year 0.45 0.52 0.01 

6 - 10 cm 
HI Unveg 0.33 0.59 0.06 

4-year 0.53 0.44 0.02 
SB Unveg 0.54 0.44 0.01 

10-year 0.49 0.48 0.01 
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Appendix 2.13: Three-source, two-tracer VCR-LTER Bayesian mixing model 

fraction contribution results in quartiles for each sediment treatment (HI Unveg, 4-

year, SB Unveg, 10-year) for the top 10 cm of sediment. 

Carbon sources from VCR-LTER values are Zostera marina (Z), benthic microalgae and 

seston (BMA/Seston), and macroalgae (MA). Quartiles are for the 5th, 25th, median, 75th, 

and 95th percentile. Sediment treatments were HI Unveg, 4-year, SB Unveg, 10-year for 

the top 10 cm of sediment. 

Quartile Z BMA/Seston MA 
HI Unveg 

0.05 0.28 0.45 0.00 
0.25 0.35 0.52 0.01 
0.50 0.39 0.56 0.02 
0.75 0.44 0.60 0.07 
0.95 0.51 0.68 0.21 

4 year 
0.05 0.47 0.29 0.00 
0.25 0.53 0.35 0.00 
0.50 0.57 0.39 0.02 
0.75 0.61 0.44 0.05 
0.95 0.69 0.51 0.16 

SB Unveg 
0.05 0.53 0.22 0.00 
0.25 0.60 0.29 0.00 
0.50 0.64 0.34 0.01 
0.75 0.69 0.38 0.03 
0.95 0.78 0.47 0.10 

10 year 
0.05 0.39 0.39 0.00 
0.25 0.45 0.45 0.00 
0.50 0.49 0.49 0.01 
0.75 0.53 0.52 0.03 
0.95 0.60 0.60 0.12 
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Conclusion 

 The goal of this thesis was to quantify and understand carbon accumulation rates 

in a restored seagrass habitat. I found that the 10-year restored seagrass meadow 

accumulated carbon in the seagrass sediment; however, unvegetated and 4-year restored 

seagrass meadows had continual shallow mixing and resuspension of sediment that 

prevented consistent carbon accumulation. In addition, the carbon in the seagrass and 

neighboring unvegetated sediments was primarily a mixture of seagrass and benthic 

microalgal source carbon. This study gave the first measurements and values related to 

carbon sequestration in a restored seagrass habitat. In particular, the results from this 

study show the potential of seagrass restoration aiding in the offset of the increasing 

atmospheric CO2 concentrations.  

 In Chapter 1, the carbon, nitrogen, and organic matter content were significantly 

different between the 10-year meadow and all other treatments. In addition, the first 

carbon accumulation rate using 210Pb dating techniques was calculated for a restored 

seagrass meadow in the 10-year meadow as 36.68 (± 2.8) g C m-2 yr-1. However, no 

sediment accumulation and consequently carbon accumulation rates were calculated for 

unvegetated and 4-year meadow. This was the result of 210Pb profiles showing no 

significant changes from background 210Pb values because of continual shallow mixing 

and resuspension of sediment. The lack of sediment accumulation was expected in the 

unvegetated sediments as there was no vegetation to stabilize the sediment and prevent 

resuspension. The 4-year meadow was predicted to show some accumulation of carbon as 

a result of the presence (although at low densities) of seagrass at this meadow. However, 
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the lack of carbon accumulation in the 4-year meadow was attributed to the similar 4-year 

lag seen in changes in seagrass densities, which resulted in a delayed 5-year lag in carbon 

and sediment accumulation. Ultimately from the carbon accumulation rate in the 10-year 

meadow, it was estimated that within 12 years since seeding, the restored seagrass 

meadow was projected to accumulate carbon at rates within literature values for natural 

seagrass meadows. Lastly, if this carbon accumulation rate were applied to the entire 

current coverage of restored seagrass in the VCR-LTER (1700 ha), it would provide a 

social cost of approximately $7,000 yr-1 or $4.10 ha-1yr-1 of carbon storage.  

 In Chapter 2, the first analysis of carbon source contributions was determined for 

a restored seagrass habitat, which showed the importance of both seagrass and non-

seagrass sources contributing to the sediment carbon in the VCR-LTER. Carbon sources 

(seagrass, benthic microalgae, and macroalgae) were analyzed for stable isotopes (δ13C 

and δ15N) to determine source contributions to each age meadow. In all different age 

meadows, seagrass and benthic microalgae contributed the most (42.3% and 55.1% 

respectively) to the sediment carbon. Interestingly, both of the unvegetated sediment sites 

had a significant amount of seagrass carbon contributing to the sediment carbon pool, 

specifically in the unvegetated site neighboring the 10-year meadow (South Bay). This 

suggested the potential for seagrass carbon distributed throughout the system and 

incorporated in sediments outside the restored meadows. Also, it was expected that the 4-

year meadow would have significantly higher seagrass contribution compared to the 10-

year meadow as a result of primarily carbon-rich seagrass contributing to the sediment; 

however, seagrass source contributions were higher but not significantly in the 4-year 
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meadow, indicating that the 4-year meadow was not getting carbon just from seagrass. 

Lastly using Chapter 1 carbon accumulation rates, the seagrass carbon accumulation rate 

was 15.41 g C m-2 yr-1 and a non-seagrass carbon accumulation rate, which was primarily 

composited of benthic microalgae, was calculated at 20.86 g C m-2 yr-1.  

 As this was the first estimate of carbon accumulation in a restored seagrass 

habitat, further research is warranted to determine when exactly a restored seagrass 

meadow meets the range of natural carbon accumulation rates and at what point restored 

meadows start to accumulate carbon during the development of the seagrass. Using 

dating methods, we were able to determine that a significant change occurred in the 

sediment at approximately 5 years, where sedimentation rate increased and carbon 

concentration decreased. Due to shallow mixing in these shallow lagoons, the 

confirmation of the 5-year lag before the increased carbon accumulation and the 12-year 

projection indicating restored seagrass meadows accumulate carbon at similar rates to 

natural seagrass is important when assessing seagrass restoration benefits. Further 

research needs to be done to identify the impact of seagrass roots and rhizomes on the 

carbon stock. This study did not find a significant impact of roots on the carbon stock, but 

this was based on a small subset of sediment cores. Identifying the impact of roots and 

rhizomes on carbon stock is also necessary when determining sediment carbon stable 

isotope and C/N values. There is a large disagreement among researchers concerning 

root, rhizome, and epiphytes importance in the sediment and involvement in the 

contribution to sediment carbon. Further analyses of carbon source contribution to 

restored seagrass sediment needs to include greater replication of sediment treatments.  
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 Blue carbon sequestration in coastal habitats may help offset the increasing CO2 

in the atmosphere. This thesis reports the first carbon accumulation rate and source 

partitioning for a restored seagrass meadow. Conclusions indicate the need for further 

studies measuring both carbon accumulation rates and carbon source contributions in 

both restored and natural seagrass meadows. These results will be useful for planners and 

policy makers in assessing the potential of seagrass ecosystems to sequester “blue 

carbon”.   
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Additional Appendix 

Additional Appendix.1: Mean vertical 10 cm down-core profile data of sediment 

percent carbon (%C) in 1-cm intervals (depth) for sediment treatments 4-year and 

10-year for sampling occurring in 2011 and 2012 at the same locations within the 

treatments. 

Standard error (SE) is reported. 

Depth (cm) 4-year (2011) 4-year (2012) 10-year (2011) 10-year (2012) 
  %C ±SE %C ±SE %C ±SE %C ±SE 
1 0.32 0.03 0.39 0.04 0.49 0.02 0.62 0.04 
2 0.34 0.03 0.36 0.04 0.53 0.04 0.57 0.04 
3 0.37 0.03 0.36 0.05 0.60 0.05 0.65 0.04 
4 0.38 0.03 0.36 0.04 0.66 0.05 0.76 0.04 
5 0.40 0.03 0.34 0.03 0.70 0.03 0.77 0.03 
6 0.43 0.03 0.39 0.04 0.61 0.04 0.81 0.05 
7 0.44 0.04 0.41 0.04 0.58 0.03 0.74 0.02 
8 0.45 0.03 0.41 0.05 0.51 0.04 0.66 0.02 
9 0.48 0.03 0.41 0.04 0.45 0.03 0.59 0.02 

10 0.48 0.03 0.45 0.04 0.39 0.02 0.53 0.02 
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Additional Appendix.2: Percent organic carbon (%C) for 4-year (2011), 5-year 

(2012), 10-year (2011), and 11-year (2012) in top 10 cm of sediment from sampling 

in 2011 and 2012.  

Averages for each variable were calculated in 1-cm intervals until 10 cm depth and error 

bars indicate standard error. 4-year and 5-year averages are from the same sites in Hog 

Island Bay. 10-year and 11-year averages are from the same sites in South Bay. 
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