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Introduction

Oysters are at risk; 85% of oyster cover has been lost glob-
ally over the past 130 years (Beck et al. 2011). These losses 
have had major effects on the oyster fisheries, but are also 
concerning because oyster beds have been well documented 
to provide important ecosystem services such as: improving 
water quality, stabilizing shorelines, and creating habitat for 
a wide variety of organisms (Grabowski et al. 2012).

Carbon sequestration is yet another ecosystem service 
that oyster reefs could provide, which is becoming increas-
ingly important as global atmospheric carbon dioxide con-
centration rises Although carbon sequestration research has 
been largely focused on terrestrial ecosystems or the open 
ocean (Canadell and Raupach 2008; Sabine et al. 2004), veg-
etated coastal ecosystems, such as seagrasses, salt marshes, 
and mangroves, have been identified as important carbon 
sinks. Although small in total area, their carbon burial rates 
are high, and their contribution to carbon sequestration has 
been termed “blue carbon”, carbon stored in coastal ecosys-
tems (Mcleod et al. 2011; Davis et al. 2015).

Oyster reefs may not seem like good candidates for car-
bon sequestration because they do not have an analogous 
vegetative component, and calcification of oyster shell 
releases  CO2 (Fodrie et al. 2017). However, oyster reefs sup-
port organic matter accumulation through their biodeposits 

(feces and pseudofeces) which have significantly higher lev-
els of macronutrients (C, N, P) than surrounding sediment 
(Newell et al. 2005; Chambers et al. 2017). In addition, the 
vertical structure of oyster reefs increases surface rough-
ness, which promotes the accumulation of fine sediment and 
burial of organic matter (Kristmanson and Wildish 1997; 
Chowdhury et al. 2019). They have been shown to attenuate 
wave energy as well (Chowdhury et al. 2019; Kibler et al. 
2019; Wiberg et al. 2019). Fringing oyster reefs can protect 
and stabilize salt marsh sediments and the carbon trapped 
within them (Ridge et al. 2017). Elevated organic matter 
and/or total C contents in sediments within oyster reefs pro-
vide evidence for these processes (Nelson et al. 2004; Meyer 
and Townsend 2000; Kellogg et al. 2013; Feinman et al. 
2018; Chambers et al. 2017).

Fodrie et al. (2017) reported rates of carbon storage from 
100–130 g C/m2/yr in shallow sub-tidal reefs and salt marsh 
fringing reefs in North Carolina, USA, whereas oyster reefs 
on intertidal sand flats were net sources of carbon at a rate 
of 710 g C/m2/yr. Oyster reefs can become net sources of 
carbon dioxide when organic matter storage and burial does 
not exceed the quantity of inorganic carbon in shell  (CO2 is 
released during carbonate production) (Fodrie et al. 2017). 
Therefore, it is important to account for both inorganic and 
organic carbon burial. In their study, Fodrie et al. (2017) 
accounted for the carbon in shell hash and sediments directly 
within and underneath reefs. However, to quantify the full 
effect, it is necessary to also include increases in organic 
matter burial in the sediment surrounding the reef. In our 
study, we quantify the carbon accumulation rates in sediment 
adjacent to constructed oyster reefs in northeast Florida, 
USA.
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Methods

Constructed oyster reef study site

In 2012 and 2013, plastic mesh bags of recycled eastern 
oyster shells, Crassostrea virginica, were used to construct 
intertidal oyster reefs parallel to the low tide line of 315 m 
of the eastern shoreline of the Tolomato River within the 
Guana Tolomato Matanzas National Estuarine Research 
Reserve (GTM Research Reserve) in Ponte Vedra, FL. 
(Fig. 1). Twenty-eight reefs were constructed with aver-
age dimensions of 5.3 m × 1.8 m × 0.5 m with 6 m gaps 
between the reefs. The oyster reefs were constructed as 
a part of a volunteer-based “living shoreline” project 
to attempt to slow the shoreline erosion at an archaeo-
logical site within the reserve. Although it is common to 
include marsh plantings or to add fill in living shoreline 
designs, this project just consisted of bags of oyster shell. 
The Tolomato River is a part of the Atlantic Intracoastal 
Waterway, and the associated boat wakes accelerate the 
erosion of the shoreline (Herbert et al. 2018).

Sediment sampling

In 2016, we intensively sampled the sediment landward 
of three constructed oyster reef segments (Reef 3, Reef 4, 
and Reef 5, when counting from the north). We sampled 
Reef 3 and Reef 4 in a 2 m × 2 m grid pattern, and Reef 
5 in a 2 m × 4 m grid pattern because the footprint of that 
reef was larger than the other two. It was not possible to 
have replication in our sampling design because the entire 
project exists in a contiguous block. Therefore, any reefs 
chosen would be pseudoreplicates. Instead, we decided to 
intensively sample a single large plot that encompasses 
3 reefs, so that we could investigate the areal extent of 
the reef’s effect and the spatial variation of depositional 
patterns between the reef segments. This approach also 
allowed us to focus on the oldest part of the reef, repre-
senting 4 years of depositional history. We sampled a total 
area of 27 m by 8 m (60 points) (Fig. 1). We sampled an 
equivalent number of points (60) in our control area 25 m 
south of the southernmost constructed reef in a 22 m by 
8 m grid. No oysters were present there (Fig. 1). Both the 

Fig. 1  Map of sampling site identifying the locations of the Reef Grid 
(light blue) and the Control Grid (light brown). The constructed oys-
ter reefs are intertidal, and exposed just above the waterline in this 
satellite photo (Google Earth, 2017). The sampling site is on the east-
ern shore of the Tolomato River (Atlantic Intercoastal Waterway) in 
the GTM Research Reserve, 2 km from the mouth of the Guana River 
about 12  km from the nearest inlet (Inset a). We sampled sediment 
landward from the constructed oyster reefs in a 2 m × 2 m grid behind 
Reefs 3 and 4, and a 2 m x 4 m grid behind Reef 5 because it had a 

slightly larger footprint than the other two reefs (Inset b). Our con-
trol grid was located 25 m south from the southernmost constructed 
oyster reef (light brown), and we sampled every 2 m in a 22 m × 8 m 
grid, to collect the same number of samples that we collected near the 
reefs (Inset c). Symbols within the sampling grid indicate analyses 
performed. On a subset of samples, we performed the organic matter 
analysis and on a smaller subset of 3 transects per grid, we performed 
particle size analysis. We measured fine sediment thickness for every 
sample collected (Inset b, Inset c, and Legend)
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reef sampling area, and the control sampling area were 
entirely unvegetated.

At each sampling point, we used a 7 cm diameter clear 
polycarbonate push core to collect sediment when the tide 
was low, and the reefs were exposed. In previous observa-
tions, we had found that there was a distinctive layer of finer 
sediment over sandier sediment landward of the constructed 
reefs, which we interpret as post-construction accumulation. 
We base this interpretation on a time series of surface sedi-
ment characteristics at this site, which includes sediments 
obtained before the reef was installed (Southwell et al. 2017). 
We sectioned the core at the coarse–fine interface, then meas-
ured and collected the whole fine sediment layer, and at least 
7–8 cm of the coarser, sandier sediment beneath it as a sepa-
rate sample. Therefore, the amount of fine sediment sampled 
varied at each point in the grid based on the thickness of the 
fine sediment layer. Each core from the reef grid was split 
into two samples, the fine and coarse sediment layers, and 
placed in separate Ziploc bags. In the control area, there was 
no fine sediment observed, so 8 cm of coarse sediment was 
collected from each point within the control grid.

To determine the relationship between loss-on-ignition 
organic matter (%LOI) and organic C (%Corg), we also took 
four additional sediment cores (three reef and one control) in 
2016–2017 from the different reefs at the same living shoreline 
project. We avoided reefs 3, 4, and 5 because of the disturbance 
caused by the previous grid sampling; each reef core was taken 
2 m behind the center of the reef and the control core was taken 
from an equivalent elevation. The cores were 10.15 cm in diam-
eter, 20–25 cm deep, and sectioned every 2 cm to provide data 
across both the fine and coarse layers we sampled in the grid. 
Both grid samples and core section samples were transported 
in a cooler and stored in a freezer until they were processed and 
analyzed.

Bulk density, shell content, organic matter, 
and organic carbon content

A subset of the sediment samples were selected for further 
analysis (Fig. 1b, c). Frozen samples were dried in an 80° 
C oven overnight, and weighed to determine bulk density 
(g/cm3). Dried samples were then carefully ground with 
a mortar and pestle to pass through a 2 mm sieve. Sedi-
ment > 2 mm diameter consisted of oyster shell and shell 
fragment, and was weighed to determine shell content 
(%). We then determined organic matter content (%) of 
the < 2 mm diameter (shell-free) sediment samples using 
the loss-on-ignition method (%LOI, 550° C for 12 h, Wang 
et al. 2011).

For the purpose of determining the relationship between 
%Corg and %LOI, the dried core section samples were trans-
ported to the Center for Marine Science at the University of 
North Carolina- Wilmington, where the organic carbon content 

of the sectioned core samples was determined by CHN analy-
sis on a Thermo Flash EA after vapor acidification (Hedges 
and Stern 1984). Using the paired data of %Corg and %LOI for 
the core section samples, we performed linear regression to 
determine the relationship between the two variables for this 
site, which we then extrapolated to the larger (grid) sample set.

Particle size analysis

We selected three transects that ran perpendicularly landward 
from each constructed reef, and three evenly distributed tran-
sects from the control grid (Fig. 1b, c). We analysed samples 
from five locations on each transect to determine the particle size 
distribution of the shell-free < 2 mm sediment samples. We used 
a pre-treatment with 30–60 mL of 30% hydrogen peroxide for 
24–96 h to remove organic matter from 30 g of sediment before 
we performed the rapid method for particle size determination 
(Kettler et al. 2001). Sediment was divided into the following size 
fractions: coarse (2 mm-500 µm), medium (500 µm-250 µm), 
fine (250 µm-125 µm), and very fine (125 µm-63 µm) sands, silt 
and clay (< 63 µm) and reported as a percent.

Carbon accumulation rate calculations

To calculate the best estimate of the carbon accumulation rate 
(g C/m2/yr) in the fine sediment layer that accumulated adja-
cent to the reefs, we account for the organic carbon content of 
the organic matter in buried sediments as well as the organic 
carbon content and inorganic carbon content of the buried 
shell. Fodrie et al. (2017) discussed the concerns of buried 
inorganic carbon in oyster shell as a net source of carbon  (CO2 
is released as a byproduct of shell production). Therefore, we 
use the following equation to determine total carbon stored 
per sediment core sample collected:where Corgsed is the total 
mass of organic carbon in shell-free sediment within the core 
sample (sink), Corgshell is the total mass of organic carbon in the 
shell within the core sample (sink), Cinorgshell is the total mass 
of carbon released from the calcification of the shell within the 
core sample (source), and Ctotal is total mass of carbon within 
the core sample.

To estimate organic carbon accumulation in shell-free sedi-
ment per core sample, we used the following equation:

where  msed is the mass of sediment in the core sample, 
 mshell is the mass of shell in the core sample, and %Corg is 
calculated from the %LOI relationship determined from 
the elemental analysis of the dried core section samples.

From Fodrie et al. (2017), we adapted the following 
equation to calculate the mass of organic carbon in shell 
per core sample that would be considered a net sink of 
carbon.

(1)(msed − mshell) × %Corg = Corgsed
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And, we adapted the following equation to calculate 
the mass of carbon released during calcification of shells 
(Fodrie et al. 2017):

Then Ctotal was determined from the following equation:

We performed the calculations above for both the reef 
fine sediment layer as well as the controls.

The measured Ctotal in our reef fine sediment layer was then 
converted to an areal deposition rate (g C/m2/yr), Crate-fine, using 
the area of our core sample (0.00385  m2):

However, in order to give our most conservative estimate of 
the additional carbon in the accumulated sediments (Cenrich), we 
subtracted the amount of carbon that would have been found in 
an equivalent thickness of control sediment. We used the aver-
age total mass of carbon stored per cm depth in control sedi-
ments (0.024 g/cm of core sample), the depth of fine sediment 
in each reef core sample (dsed), and the following equation.

The measured Cenrich in our reef sediment cores was then 
converted to an areal deposition rate (g C/m2/yr), Crate-enrich, 
using the area of our core sample (0.00385  m2):

To constrain the uncertainty associated with our measure-
ments, we calculated standard error of the carbon accumu-
lation rate by propagating the standard deviation of sample 
splits of the %LOI measurement through the above calcu-
lations (Malhi et al. 2009). The standard deviation of the 
%LOI splits was 0.26% OM, and mass measurement uncer-
tainty for bulk sediment samples and shell was ± 0.01 g.

Mapping

To calculate our best estimate of the overall carbon accu-
mulation rate for the whole area sampled landward of the 

(2)

mshell ×
0.0136 g organic shell material

1 g shell

×
0.36 g Corg

1 g organic shell material
= Corgshell

(3)

mshell × (
0.95 g inorganic shell material

1 g shell
)

× (
0.111 g Cinorg

1 g inorganic shell material
) × 0.6 = Cinorgshell

(4)Corgsed + Corgshell − Cinorgshell = Ctotal

(5)
Ctotal

0.00385 m2 × 4 years (2012 − 2016)
= Crate−fine

(6)Ctotal −

(

0.024 g C

cm
× dsed

)

= Cenrich

(7)
Cenrich

0.00385 m2 × 4 years (2012 − 2016)
= Crate − enrich

constructed oyster reefs, we used a Kriging interpolation in 
Surfer 13 (Golden Software 2015) to create contour maps 
of fine sediment thickness, organic matter content, and car-
bon accumulation rates for the sampled grid. Using the soft-
ware’s volume function, we estimated the total volume of 
fine sediment accumulated, and the overall carbon accumu-
lation rates for the area adjacent to individual reef segments, 
as well as the overall carbon accumulation rate for the whole 
area sampled.

Live oyster cover

National Estuarine Research Reserve staff measured live 
oyster cover on a subset of the 28 reef segments in Spring 
2014 (n = 6), Summer 2014 (n = 15), and Spring 2016 
(n = 16). To determine percent live oyster cover, reefs 
were divided into three zones for sampling (north, middle, 
south). A 0.25-m2, 5 × 5-gridded quadrat (with 25 intersect-
ing points) was placed haphazardly within each zone. Each 
intersecting point was classified as live oyster, shell, or sub-
strate. The total number of each classification was summed 
for each zone and zones were then averaged for each reef. 
Reef averages were multiplied by four to get percent cover 
per  m2 for each reef. Reef-level cover was then averaged for 
all reefs sampled and standard error was reported. Because 
reef segments were installed at different times, data were 
reported in terms of number of months after initial instal-
lation of reefs.

Statistical analysis

The linear relationship between %Corg and the %LOI was 
assessed using the Pearson correlation coefficient.

Results

Oyster cover

Live oyster cover on the constructed oyster reefs declined 
over time. Across all 28 reef segments, live cover was 
66% 12 months after installation, then decreased to 23% 
20 months after installation, and then increased again to 
51% 25 months after installation, then declined to 12%, 
47 months after installation (Fig. 2) For context, mean live 
oyster cover on 20 natural reefs in the Tolomato River from 
2014–2016 was 27% (Marcum et al. 2018). Live oyster cover 
on the reefs in front of our sediment sample plot was 36% 
(Reef 3), 21% (Reef 4), and 28% (Reef 5) in 2014, 23 months 
after installation. In 2016, one month before we sampled the 
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sediment, live cover was 6.7% (Reef 3) and 17% (Reef 5), 
46 months after installation.

Fine sediment accumulation

Four years after the reefs were constructed, the total volume 
of fine sediment accumulated in the treatment area was 20.2 
 m3 and 179  m2 of the study area had an accumulated fine  
sediment layer of at least 2 cm (Fig. 3a). The fine sedi-
ment layer was thickest immediately behind the reef, and  
decreased moving landward (Fig. 3a); the silt and clay content 
(< 63 µm) of the fine sediment layer shows a similar pattern 
(Fig. 3b). Mean silt and clay content was 17% (std. dev. 6) 
for the fine sediment layer, 9% (std. dev. 3) for the coarse  
sediment layer, and 4% (std. dev. 3) for the control site. Thus, 
even what we labelled “coarse” sediments were still finer  
than those of the control site (Fig. 3b).

Organic matter content

The mean organic matter content was 2.6% (std. dev. 0.8) 
for the fine sediment layer, 1.8% (std. dev. 0.6) for the coarse 

sediment layer that underlies the fines, and 0.8% (std. dev. 
0.2) for the control (Fig. 4). The sediment located directly 
behind the middle of each reef segment showed the most OM 
enrichment, with distinctly lower OM% values in the gaps.

Carbon accumulation rate

The percent organic carbon data was significantly correlated 
with loss on ignition  (R2 = 0.84; df = 35; p < 0.001), with the 
linear regression equation:

The linear relationship was consistent between control 
and reef samples, as well as throughout the depth of the 
cores. Using this relationship, the total amount of car-
bon accumulated in the sampling area was 84.9 kg over a 
4-year period. The total carbon accumulation rate in the 
fine sediment layer landward of the three constructed reefs 
was 27.5 kg C/yr ± 0.2, or 1.0 kg C/yr ± 0.01 per meter 
of shoreline. The average areal deposition rate  (Crate-fine) 
was 170 g C/m2/yr ± 160. The spatial variability in the 
grid points causes this large standard deviation; this does 

(8)%Corg = 0.235 ∗ %LOI + 0.02078

Fig. 2  The graph above shows mean live oyster cover (%) vs. num-
ber of months after initial installation, because reef segments were 
installed at different times. We have highlighted the live oyster cover 
for Reef 3, 4, 5 in black, because those are the reef segments that 
we sampled sediment behind, while the mean live oyster cover for 

remainder of reef segments sampled during the  study time frame is 
shown in grey. Standard error bars represent the variation of the repli-
cates on each reef). For context, mean live oyster cover on 20 natural 
reefs in the Tolomato River from 2014–2016 was 27% (Marcum et al. 
2018), represented by dashed line
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not represent measurement uncertainty. Correcting for the 
carbon content of the control provides a more conservative 
estimate of the reef carbon accumulation rate of 21 kg C/
yr ± 13, or 0.79 kgC/yr per meter of shoreline. The cor-
rected areal deposition rate  (Crate-enrich) is then 131 g C/m2/
yr ± 152 (Fig. 5). There are strong spatial trends within 

the plot, with the points directly behind the reef exhibit-
ing areal deposition in excess of 300 g C/m2/yr (Fig. 5). 
The accumulation rate for the sediment adjacent to the 
individual oyster reef segments varied from a minimum 
of 125 g C/m2/yr (Reef 3) to a maximum 154 g C/m2/yr 
(Reef 5).

Fig. 3  a The contour map above shows the variation in fine sediment 
thickness (2 cm contour intervals) landward of each of the three reefs 
sampled. The most fine sediment accumulated directly behind the 
reefs (< 2  m landward from the reefs). b The graph shows silt and 
clay content (%, particle sizes < 63  µm) for the fine sediment layer, 

the coarse sediment layer and the control. As distance landward of 
the reef increases, the silt and clay content of the fine sediment layer 
decreases, while the silt and clay content of the coarse sediment layer 
and the control remains relatively constant (n = 3). Mean fine sedi-
ment thickness is reported for each reef sampled
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Fig. 4  The three contour maps above show the distribution of organic 
matter (%, determined from loss-on-ignition method) landward of the 
constructed reefs in the surface fine sediment layer and the coarse 
sediment layer below, as compared to the control site. The high-

est organic matter contents are found directly landward of the con-
structed reefs in the fine sediment layer. The coarse sediment layer 
had lower organic matter contents than the fine sediment layer, but 
higher organic matter contents than the control

Fig. 5  The contour map to the 
right shows the carbon accu-
mulation rate (g C/m2/yr) in the 
fine sediment layer landward of 
the constructed reefs
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Discussion

Our dataset shows that constructed oyster reefs alter the 
depositional environment of the intertidal zone, up to 6 m 
landward of the boundaries of the reef itself. In fact, the 
area with fine sediment accumulation greater than 2 cm (179 
 m2), was more than four times the area of the constructed 
reefs themselves (40  m2, Fig. 3a). The total volume of fine 
sediment deposited in our treatment area over the four-year 
time span is 20.2  m3, or 0.75  m3 of sediment per linear m of 
the shoreline. Others have made observations of increases 
in silt and clay content with the construction of oyster reefs 
(Meyer and Townsend 2000; Wilber et al. 2012; Kellogg 
et al. 2013; Chowdhury et al. 2019). Constructed oyster reefs 
are frequently designed as this project was, breakwater or  
sill structures specifically engineered to disrupt wave energy, 
increase sedimentation, and reduce erosion (Currin et al. 
2010; Gittman et al. 2016; Smith et al. 2018; Chowdhury 
et al. 2019). Chowdhury et al. (2019) found similar depo-
sition rates, 0.11m3/m2, 5–35 m landward of constructed 
oyster reefs. As we did not quantify the deposition within the 
oyster reef itself, the substantial sedimentation that occurs 
within the reef would likely augment the total reef-induced 
deposition value.

Finer particles have a larger total surface area to attract 
and accumulate organic matter, and rates of organic mat-
ter accumulation often have been linked to sediment sur-
face area (Rhoads and Boyer 1982; Keil et al. 1994). For 
this reason, it is not surprising that silt and clay content 
is correlated with organic matter content in our dataset 
 (R2 = 0.8615). It is likely that oyster biodeposits comprise 
part of the sedimentary organic carbon content as well. 
Ninety-five percent of biodeposit material is < 3 µm in 
diameter, the majority of which is mineral material and 
4–12% of which is organic matter (Haven and Morales-
Alamo 1966). Some studies have shown that detritus-
feeding invertebrates preferentially consume particles 
10 µm-1 mm. (Rhoads and Boyer 1982). Increased activ-
ity and processing/pelletization by benthic organisms can 
increase the stabilization of the sediment and organic mat-
ter (Rhoads and Boyer 1982).

The thickness of fine sediment accumulated landward of 
the constructed reefs was the lowest behind Reef 3 and the 
highest behind Reef 5 (Fig. 3a). We relate this to the con-
dition of the reefs fronting those sections (Fig. 2). When 
we sampled these sediments, Reef 3 had 6.7% live oyster 
cover, while Reef 5 had 17% live oyster cover, and generally 
seemed to be taller and in better shape than Reef 3 and 4. 
This suggests that deposition is sensitive to reef health. In 
fact, the rapid accumulation that we observed in our study 
site may very well be more reflective of the early years of the 
reef, when live oyster cover was higher (Fig. 2).

Accumulation and storage of organic carbon

At our site, the organic matter content of the fine sediment 
layer was much higher than the coarse sediment layer and 
control (Fig. 4). This aligns with and expands upon previ-
ous studies that observed similarly elevated organic matter 
or total C content within constructed reef sites (Meyer and 
Townsend 2000; Kellogg et al. 2013; Fodrie et al. 2017; 
Feinman et al. 2018). Some have found even higher organic 
matter contents (8–10%) in the surface sediments adjacent  
to restored oyster reefs (Chambers et al. 2017) suggesting that 
the potential for organic matter storage may be even higher  
in some locations. It is worth noting that coarse reef sediment 
underlying the fine layer in our study has higher organic mat-
ter contents and higher silt and clay content than the control. 
The values are also higher than the pre-construction surface 
sediments measured at this site (Southwell et al. 2017.) This 
suggests downward translocation of fine particles and organic 
carbon into the coarse underlayer, perhaps by bioturbation. 
If this is true, our accumulation rates are underestimates, as 
they exclude the coarse layer.

Carbon accumulation rate

Our data demonstrate that the effect of oyster reefs on the 
carbon budget can extend well beyond the boundaries of the 
reefs themselves. The area sampled with an accumulation 
rate higher than 100 g C/m2/yr was 90  m2, which is more 
than two times as large as the area of associated oyster reefs 
and the gaps between them, 40  m2 (1.5 m × 27 m, Fig. 5). The 
overall carbon accumulation rate in the treatment area was 
131 g C/m2/yr (Fig. 5). It is comparable to the average rates 
reported for salt marshes, mangroves and seagrasses, and it 
considerably exceeds the rates reported for terrestrial forest 
ecosystems (Mcleod et al. 2011). Unlike those systems, our 
study site does not have high rates of autochthonous pro-
duction from vegetation in situ; the organic carbon in this 
study is likely a mix of allochthonous inputs. Nevertheless, 
filtration of phytoplankton and deposition of oyster feces 
and pseudofeces may provide a mechanism for sequestra-
tion of some new carbon (Newell et al. 2005; Chambers  
et al. 2017). Furthermore, the rapid burial of organic-rich 
sediments protects this organic matter from photolysis and 
oxygen, which might otherwise lead to release and recycling 
(Hartnett et al. 1998; Mayer et al. 2006; Kieber et al. 2006; 
Southwell et al. 2011). Thus, the high rates of carbon accu-
mulation are meaningful in the context of carbon cycling and 
suggest that the sediments adjacent to oyster reefs could be 
important carbon sinks.

Although other studies of deposition that quantify dep-
osition within oyster reefs may not be directly compara-
ble to our work, they do provide some context. Reported 
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depositional rates for subtidal oyster reefs range from 
26.9–115 g C/m2/yr (Fodrie et al. 2017; Westbrook et al. 
2019). Westbrook et al. 2019 also found that shallow reefs 
(< 1 m depth) generally had higher organic matter contents 
than deep water reefs (> 1 m depth), and those adjacent to 
salt marshes showed higher rates of C burial as well. Based 
on their definition, the reefs sampled in this study would be 
shallow water reefs, and they are adjacent to a salt marsh, so 
depth and surrounding nearby ecosystems may play a role in 
the magnitude of carbon trapping potential of oyster reefs. 
Furthermore, this oyster reef was designed as a breakwater, 
so it is not surprising that it exhibits higher deposition com-
pared to natural oyster reefs and/or constructed reefs with 
different configurations.

Previous studies of living shoreline construction indicate 
that carbon sequestration is highest in the early stages of 
the project (Davis et al. 2015). Similarly, it is unlikely that 
such high sedimentation rates at our site could persist over 
the long term; the sediment accumulating behind the reef 
would eventually raise the level of the sediment surface and 
diminish the protection from wave energy. At some point, 
the sediment deposition would therefore be controlled by 
the vertical growth rate of the oysters. Our site is especially 
unlikely to maintain these sedimentation rates, given the 
decline in live oyster cover over time. That fate of the car-
bon already deposited is also uncertain. Given the negative 
trend of the live oyster cover over time, it is possible that the 
vertical structure that facilitated sediment deposition may 
break down, rendering the sediment susceptible to erosion.

It is not clear why live oyster cover declined. Initially, 
live oyster cover was much higher than on natural reefs in 
the area, possibly because there was no other structure avail-
able in nearby areas of this shoreline. This was followed by a 
reduction in cover potentially due to overcrowding (Fig. 2). 
At 24 months, there was additional recruitment observed, 
followed by a downward trend. By 48 months, the plastic 
mesh bags began to start breaking down, and the reefs began 
falling apart. In a high energy environment, where boat wake 
or wave energy is high, plastic mesh oyster bags may not be 
an effective way to build sustainable constructed oyster reefs 
(Chowdhury et al. 2019).

Rodriguez et al. (2014) showed that oysters in newly 
established reefs can grow at an astonishing 11.5 cm/yr, 
but that reef height, in turn, becomes constrained by sea 
level in mature reefs. Therefore, in some sense, the carbon 
and sediment trapping potential of reefs seems limited. 
However, there is much still to learn about the longer-term 
interactions between oyster reefs, sediments, and adjacent 
salt marshes, particularly with regard to carbon storage in 
sediments. For example, a marsh fronted by an oyster reef 
sill or breakwater may show greater accretion or decreased 
erosion (Gittman et al. 2016; Smith et al. 2018; Chowdhury 
et al. 2019). Restored or constructed oyster reefs have been 

shown to reduce erosion of salt marsh edges as well or bet-
ter than natural oyster reefs, showing that they contribute 
to shoreline stabilization (Stricklin et al. 2010; Ridge et al. 
2017) while others have shown that they may only be effec-
tive under certain conditions (La Peyre et al. 2017; de Paiva 
et al. 2018). Nonetheless, if restored or constructed oyster 
beds can protect salt marsh sediments, they will protect the 
carbon stored within that ecosystem as well, improving the 
carbon sequestration of the entire coastline (Ridge et al. 
2017).

There are three assumptions in our approach that may 
affect the calculated value of organic carbon deposition in 
our study. If those assumptions are false, they would lead us 
to underestimate the carbon deposition rate. First, we assume 
that only the finer, upper layer of sediment in the treatment 
site contains post-reef deposition; the carbon content of the 
coarse lower layer is assumed to pre-date the reef. However, 
as discussed above, our results suggest potential transloca-
tion of fine particles and carbon to the lower coarse layer. 
The second assumption is that the thickness of the post-reef 
sediment in the control area is equal to that of the treatment 
area. This assumption leads us to subtract the carbon con-
tent of the control sediment within an equivalent depth. This 
assumption is almost certainly false, as the sediment surface 
is visibly raised behind the oyster reefs, and not in the con-
trol. Without subtracting the control, our carbon deposition 
rate would be 170 g C/m2/yr. The third assumption is that 
the oyster shell in our study area was grown in situ, and must 
therefore be accounted for as a carbon source. In reality, 
much of that shell was likely derived from the bags of cultch; 
the calcification of that shell, and the carbon fluxes resulting 
from that calcification, did not result from the installation 
of the constructed reef. The shell was collected from restau-
rants; therefore, if the reef had not been built, the shell would 
have simply been buried in a landfill instead of in the mud. 
Therefore, the inclusion of this shell (which represents a 
carbon source upon calcification) may cause a further under-
estimation of the real value. We made these assumptions in 
order to render our calculation conservative, but it should be 
noted that the real value is likely to be higher.

Conclusion

Oyster reefs are ecosystems at risk and with their wide 
variety of ecosystem services, they are an ecosystem wor-
thy of protection and restoration. With restoration or con-
struction, biogeochemical properties can respond quickly, 
including carbon accumulation in as little as one year after 
construction (Chambers et al. 2017). Our study shows that 
oyster reef construction alters the surrounding sedimentary 
system in ways that dramatically enhance carbon accumu-
lation over a surprisingly large area in the first few years 
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after construction. Areal accumulation rates are higher than 
those of terrestrial ecosystems, and comparable to the rates 
reported for other coastal ecosystems (Mcleod et al. 2011 
and Fodrie et al. 2017). Constructed oyster reefs can also 
reduce the erosion rates of nearby salt marshes, protecting 
the carbon there, as well (Ridge et al. 2017). Thus, the con-
struction of a relatively small area of oyster reef can have 
a relatively large impact on the carbon within the whole 
system. However, the persistence of that carbon is likely 
dependent on the stability of the constructed reefs.
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