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ABSTRACT Ecosystem services provided by dense populations of filter-feeding bivalves include the potential for sequestration

of nutrients acquired by feeding on phytoplankton whose growth is stimulated by urban and suburban nutrient input. Using

transplanted oysters,Crassostrea virginica, the potential of using an aquaculture approach to grow, harvest, and therefore remove

nitrogen from coastal bays with high nutrient input was studied. Jamaica Bay—urban high nitrogen input (input ;5.83 106

kgN/y)—was contrasted with Great South Bay—suburban and medium nitrogen input (input;8.53105 kgN/y)—both located

on the south shore of western Long Island, NY. A growth period of June–October was used with a harvest in October as the basis

for an estimate, and nitrogen in soft tissues and shell was measured in October, minus the starting values, because both tissue and

shell would be removed at the time of harvest. Nitrogen sequestration potential was determined from growth in aquaculture cages,

extrapolated to 50% cage coverage over a range of areas in each bay. In the extreme case of total suitable habitat coverage, oysters

in Jamaica Bay could extract a total of ;61% of nitrogen input, and 47% if 5,000 acres were covered; whereas impressive, the

oysters could not be sold for food and the cost of such a plan would be prohibitive. In Great South Bay, aquaculture covering

5,000 acres would take up 148% of the nitrogen input, which is encouraging because aquaculture leases are beginning to be

awarded in this bay and most waters are clean enough for harvest and human consumption. The results suggest that an

aquaculture-based oyster fishery might compensate for the nonpoint source nitrogen input that is common in many estuaries

where nitrogen input is moderate and sewer systems are not present.

KEY WORDS: nutrient loading, ecosystem services, nitrogen, coastal bays, Bivalvia, oysters, Crassostrea virginica

INTRODUCTION

As human populations have become denser in coastal areas,
the export of nitrogen to coastal waters has increased, leading
to enhanced primary productivity (Nixon 1992, 1995) and

negative impacts on water quality (Diaz 2001, Breitburg 2002,
Diaz &Rosenberg 2008). Increased primary productivity causes
greater turbidity and reduced levels of dissolved oxygen in
bottom waters as phytoplankton decomposes in oxygen-

consuming processes (Johannessen & Dahl 1996). Local nutri-
ent removal through bioassimilation has been proposed for
various locations using several species of bivalves (Jones et al.

2002, Gifford et al. 2005, Lindahl et al. 2005). The emphasis is
on nitrogen extraction, because forms of nitrogen constitute
important nutrients limiting primary production (Vitousek &

Howarth 1991).
Two basic strategies are possible. An aquaculture strategy

involves placement of suspension feeding and bioextracting
species in cages, allowing growth and harvesting the species

after a period to remove sequestered nitrogen from the system
(Carmichael et al. 2012). Alternatively, an oyster reef restora-
tion scheme could promote growth of bivalves in natural

settings (Schulte et al. 2009). As bivalves grow, they could be
harvested as a product or soft tissues containing sequestered
nitrogen could be exported by consumption from natural

predators or decompose into the sediment upon death, and
eventually be removed from the system by denitrification

(Kellogg et al. 2014). Restoration of natural oyster reefs pro-
videsmany other benefits including protection from erosion and
enhancement of biodiversity (Beck et al. 2011). The two

strategies, oyster aquaculture and reef restoration, are compat-
ible in a larger strategy to restore water quality of estuaries
(Breitburg et al. 2000).

The aquaculture strategy depends on the presumption that
a fixed number of bivalves kept in growth cages are capable of
removing phytoplankton from the water column, with atten-

dant nitrogen. The capability of dense bivalve populations to
remove phytoplankton and therefore reduce phytoplankton
density and remove nitrogen is well known (Cloern 1982,

Officer et al. 1982, Newell 1988, Newell 2004, Lindahl et al.
2005, Dame 2012). Estimates have also been made of the ability
of aquacultured bivalves to remove nitrogen from coastal bays.
Of course, such estimates depend on accurate measures of mass

of soft tissue and shell and nitrogen contents of each component
(Kellogg et al. 2014).

Some site-specific studies have estimated the potential for

removal of nitrogen by bivalves cultured and removed by
harvest. In Chesapeake Bay, the nitrogen removal capabilities
of oysters were estimated using market sizes and nitrogen

contents of oysters at market size (Higgins et al. 2011).
Significant nitrogen removal capabilities have been found in
a wide variety of harvested bivalve species (summarized in

Carmichael et al. 2012). It is especially important to be able to
compare uptake of nitrogen by aquacultured bivalves as
compared with nitrogen inputs in eutrophic bays and estuaries.
In Hiroshima Bay, the nitrogen harvested from the oyster

Crassostrea gigas constituted 10% of the nitrogen input into
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the bay (Songsangjinda et al. 2000). In two bays in Cape Cod,
aquacultured Crassostrea virginicawere estimated to be capable

of sequestering 15% of nitrogen input with full use of the area
capable of oyster aquaculture, not including nitrogen taken up
in the valves (Carmichael et al. 2012). This is an encouraging
result, but Carmichael et al. properly point out that intense

aquaculture programs have to be evaluated in terms of the
tradeoffs of use of such habitat space for other biological
communities. This tradeoff is heightened by another estimate

of highly eutrophic Chesapeake estuaries, where nitrogen input
could be managed by oyster aquaculture, but only if about 40%
of the bottom is covered (Bricker et al. 2014). Such a strategy

would potentially interfere with other habitat restoration and
soft-bottom communities. The question is whether there is an
intermediate level of nitrogen input, estuary size, and aquacul-
ture development that would have a generally positive impact

on nitrogen input, whereas having modest impacts on other
communities and manageable costs.

The eastern oysterCrassostrea virginica (Gmelin) is an active

filter feeder that is capable of maintaining high clearance rates
of approximately 1–10 l/h/g dry weight tissue (Jordan 1987) and
efficiently removing particles >6 mm in diameter (Haven &

Morales-Alamo1970). At high abundances, eastern oysters can
exert top-down control of phytoplankton biomass through
grazing pressure, especially in shallow, well-mixed estuaries

(Newell 1988, Gerritsen et al. 1994, Fulford et al. 2007, Cerco &
Noel 2007). Local ecosystem services associated with biofiltra-
tion of oysters may have been lost in these regions as
populations diminished. Some of these services include in-

creased water clarity; reduced local concentrations of suspended
solids, carbon, and chlorophyll a; increased benthic–pelagic
coupling; enhanced nutrient burial; and a removal of nitrogen

from the local system through microbially mediated denitrifica-
tion of biodeposits (Ruesink et al. 2005, Coen et al. 2007, Kellogg
et al. 2014).

The diet of oysters is composed primarily of phytoplankton.
Oysters can also feed on detritus and bacteria. Preingestive
particle sorting occurs on the ctenidia (Ward et al. 1997, 1998),
which are sensitive to chemical variation in particle source

(Levinton et al. 2002). At seston concentrations of 5–20mg/l the
eastern oyster assimilates approximately 50% of the particulate
organic nitrogen that is cleared from the water during feeding

(Newell and Jordan 1983). Oysters assimilate this nitrogen into
tissue and shell biomass. The nitrogen content of Chesapeake
Bay wild oyster soft body tissue and shell are, on average, 7%

and 0.3% per gram dry weight, respectively (Newell et al. 2005).
At harvest, sequestered nutrients are permanently removed
from the local system. The removal of 1 t N in Chesapeake

Bay is estimated to require the harvest of 7.7 million 76-mm
shell height cultivated oysters (Higgins et al. 2011). Hence, in
addition to local top-down control on phytoplankton biomass,
the eastern oyster can act as a sink for nutrients that enter

a eutrophic water body.
The objective of this study was to quantify the nitrogen

sequestered by the eastern oyster Crassostrea virginica reared

under aquaculture conditions in an urban and suburban bay.
The question is asked whether an aquaculture program can be
used to sequester nitrogen, which can be harvested economi-

cally. Focus is directed on two estuaries that vary strongly in the
degree of eutrophication. Jamaica Bay, NY, is a shallow estuary
of approximately 4,961 hectares that receives approximately

5.83 106 kgN/y and is highly eutrophic (Benotti et al. 2005),
whereas Great South Bay, area of ;23,000 hectares, receives

about 8.53105 kgN/y and is low to moderately eutrophic. Both
were once highly productive of oysters.

Previous studies suggest that in aquaculture cages in Jamaica
Bay, growth of eastern oysters in the first year is vigorous and

mortality is relatively low (Levinton et al. 2011, Zarnoch &
Schreibman 2012, Levinton et al. 2013). It was therefore decided
to measure growth, mortality, and nitrogen accumulation in

soft tissue and shell of eastern oysters growing in cages planted
in Jamaica Bay andGreat South Bay to investigate the potential
for nitrogen sequestration under a harvesting scheme.

MATERIALS AND METHODS

Study Areas

Jamaica Bay, NY

Jamaica Bay, NY (Fig. 1), is a shallow, highly eutrophic
estuary located in southwestern Long Island. Queens, Brook-
lyn, New York City, and Nassau County are highly urbanized
areas that surround the Bay. Prior to the 1900s, nitrogen

loading to the Bay was estimated at 35.6 kg/day; nitrogen
loading as of 2005 was estimated to be 15,800 kg/day (Benotti
et al. 2005). About 92% of nitrogen loading to Jamaica Bay was

from point sources such as wastewater treatment plants,
combined sewer overflow, and subway dewatering. The re-
mainder of nitrogen loading was from nonpoint sources that

include landfill leachate, groundwater flow, and atmospheric
deposition.

Jamaica Bay once produced up to 700,000 bushels of oysters

per year (Franz 1982). The thriving oyster industry in this
region collapsed by the 1930s following the closure of oyster
beds in response to public health concerns. Oyster beds soon
became degraded due to sewage, industrial pollution, and

harbor dredging. The rapid growth in human population and
development has further reduced water quality and has ren-
dered oyster populations in this region inconsequential. Tem-

perature and salinity regimes within the bay remain favorable
and transplanted oysters grow rapidly, owing to acceptable
water quality and suitable phytoplankton as food (Levinton

et al. 2013). Favorable environmental conditions in conjunction
with New York City�s current efforts to improve water quality
may present potential for oyster restoration in the region.

Figure 1. Map of study sites.

SEBASTIANO ET AL.574



Three study sites were located along a longitudinal gradient
from western to eastern Jamaica Bay, including Gateway

Marina (JBW), Broad Channel in the bay center (JBC) and
Inwood Marina (JBE) on the east side of the bay (Fig. 1).
Concentrations of ammonium nitrogen are generally highest in
the eastern parts of the Bay where they are retained to a greater

extent due to slow flushing (Levinton, unpublished data). The
western site experienced substantial oceanic influence, higher
salinity, and low primary productivity in relation to the eastern

site that had relatively poor mixing, lower salinity, and higher
dissolved ammonium ion. At the western site, water residence
time is about 0–5 days and at the eastern site it is about 35–40

days (Benotti et al. 2005).

Great South Bay, NY

Great South Bay (Fig. 1) is a shallow barrier beach estuary
on the south shore of Long Island, east of Jamaica Bay, with an
area of 23,078 hectares. It receives about 8.53105 kgN/y and is

classified as being low to moderately eutrophic (Kinney &
Valiela 2011). Wastewater-derived nitrogen constitutes 55% of
nitrogen input, atmospheric deposition accounts for approxi-
mately 31% and fertilizer 15% of the remaining nitrogen load

(Kinney & Valiela 2011). The watershed and bay complex has
high retention capacity and retains approximately 77% of the
nitrogen that enters the bay (Kinney & Valiela 2011). Water

exchanges with the Atlantic Ocean primarily through the
narrow Fire Island Inlet, and residence time of water in
the Bay is approximately 96 days (Conley 2000). Although the

surrounding watershed is not as developed and densely popu-
lated as Jamaica Bay, increasing urbanization may elicit
concern for degradation of water quality in the near future.

The watershed currently displays high retention capacity for
nitrogen, but land-use changes due to urbanization will reduce
retention efficiency (Hogan & Walbridge 2007).

Great South Bay once supported an oyster industry that

began in the 1800s and prospered for over a century, including
the famous Blue Point oysters. Multiple events led to the demise
of oyster populations in the mid-1900s. A coastal storm induced

the opening of Moriches Inlet in 1930. This event increased the
salinity of the Bay, allowing oyster predators to thrive and
reduce the natural production of oysters (Nature Conservancy

2011). By the 1940s and 1950s blooms of small-form algae were
linked to the input of organic wastes from duck farming (Ryther
1954). Natural oyster populations have not recovered in the Bay
because of these events. Suitable environmental conditions

(temperature, salinity, dissolved oxygen) for oyster growth still
persist. Efforts to reduce organic waste input to improve water
quality may present an opportunity for successful restoration in

an area that once supported considerable oyster production.
Three sites were chosen along a longitudinal gradient

(Fig. 1). Two of the sites were on the north shore, and one on

the south shore of the Bay. The western site experienced the
greatest mixing and oceanic influence due to its proximity to the
inlet. Salinity decreased and primary productivity generally

increased from west to east.

Starting Oysters and Sampling Scheme

Oyster seed of Crassostrea virginica was obtained from
Fishers Island Oyster Farm, Fishers Island, NY. Oysters were
spawned and seed settled in the summer of 2009. Oysters were

then overwintered in waters adjacent to the oyster farm, trans-
ported to our study sites, and were transferred to the field sites

in late June of 2010. Two wire cages were suspended from the
docks at each study site to a depth of ;1 m and remained
below average low tide level at all times. Each wire cage
contained two semirigid polyethylene 10-mm mesh grow-out

bags with dimensions of 9434337.6 cm. Each bag contained
300 oysters (1,500m–2). Jamaica Bay oysters startedwith amean
shell height of 29 mm; SE ¼ ±0.73 mm; n ¼ 40 at the initial

planting. For the Jamaica Bay sites, the mean starting shell
height averaged 31 mm (n ¼ 40; SE ¼ ±0.86 mm).

The sampling scheme for Great South Bay was similar to

Jamaica Bay. At Fisher�s Island, oysters were spawned and seed
settled in the summer of 2010, overwintered in waters adjacent
to the farm and transferred to grow-out bags in late June of
2011. This study lasted from mid-June until mid-October 2011.

A reference site was chosen in Jamaica Bay (JBC2, same
location as JBC in the previous year) to compare physiological
responses and nutrient assimilation in two estuaries that differ

in their degree of nutrient input. Mean starting shell height was
31 mm.

Mortality and Shell and Soft Tissue Growth

All methods to quantify growth and mortality followed

Levinton et al. (2013). Sites were visited every 2 wk, and all
oysters were counted in each bag to tally live and dead oysters.
Twenty live oysters were removed haphazardly from each bag,
shell height was measured with electronic calipers, and oysters

were returned to the bag. The individual bags and cages were
cleaned of biofouling organisms as well as feces and sediment
buildup. Every second sampling, 20 oysters were removed to

measure soft tissue dry mass. Soft tissue was dried at 70�C for at
least 7 days, which allowed for the complete dehydration of
tissues. Dry tissue was weighed using a balance that is accurate

to 0.001 g. Shell masses were measured immediately after
removing tissue (i.e., towel and air-dried only; Abbe & Albright
2003).

Carbon and Nitrogen Analysis

In Jamaica Bay, samples were collected on July 19 and

October 13, 2010 (n ¼ 120 per site). Great South Bay tissue
samples were processed for carbon and nitrogen content on July
20, August 18, and October 20, 2011 (n ¼ 120 per site). Tissue

was ground to a fine dry homogenized powder using a porcelain
mortar and pestle. Percent carbon and nitrogen were deter-
mined by combustion using a CE Elantech Flash Elemental

Analyzer 1112 (CE Elantech, Lakewood, NJ) and standardized
to aspartic acid samples. Twenty replicates of one sample of
tissue from a single oyster from Great South Bay were analyzed
for %C and %N to quantify differences in %N and %C that

may be due to sample preparation or measurement error by the
carbon nitrogen analyzer. The average %N was 8.09 ± 0.21 SD
and %C was 45.05 ± 0.19 SD.

Shell from Great South Bay was saved from the final soft
tissue mass analysis that took place on October 20, 2011 (n¼ 10
per site). Shell height (mm) and shell mass (g) were recorded

previously. As the result of an oversight, shell was not saved
during the course of the 2010monitoring period for the Jamaica
Bay study; however, shell was collected from cages in Jamaica
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Bay in November 2011. In preparation for carbon and nitrogen
analysis all shell was scrubbed and scraped under running water

to remove sediment and epibionts. Dry shell was then ground
using an agate mortar and pestle to a fine powder. Additional
procedures were the same as those used for tissue analysis, but
atropine was used as a standard. Six replicates of one sample of

shell from Great South Bay were analyzed for carbon and
nitrogen to quantify differences in %N and %C that may arise
from sample preparation or measurement error by the carbon

nitrogen analyzer. The average%Nwas 0.15 ± 0.01 SD and%C
was 11.07 ± 1.40 SD.

Analysis of Data

A significance level of a ¼ 0.05 was used for all between-site
comparisons of carbon and nitrogen. Jamaica Bay data for %C

of tissue passed a test for equal variance, but failed a test for
normality (Shapiro–Wilk). Data for %N of tissue passed a test
for normality but failed a test for equal variance. Values of

tissue %C and %N of tissue in Great South Bay failed tests of
normality and equal variance. A Kruskal–Wallis one-way
analysis of variance (ANOVA) was therefore used to analyze

differences in%C and%N. A post hoc analysis was carried out
for Great South Bay data using Dunn�s method to make
multiple pair-wise comparisons between treatment groups with

unequal sample size.
Regression analysis was used to determine an equation from

which tissue %N could be predicted from a given dry tissue
mass after one season of growth (i.e., July–October). In Jamaica

Bay and Great South Bay log10-transformed data for dry tissue
mass (g) versus log10-transformed data for %N passed tests of
normality (Shapiro–Wilk) and constant variance. Data for the

Jamaica Bay reference site failed a test for normality and passed
a test for constant variance. A normal probability plot shows
fairly normally distributed data, and a scatter plot of the

residuals appears to exhibit homoscedastic data.
Regression analysis was also used to determine an equation

to predict %N from a given shell height in Great South Bay.
Log10-transformed data for shell height and%N passed tests of

constant variance and normality. To calculate values of total
nitrogen by weight of shell, a regression model for log10-
transformed shell height versus log10-transformed shell mass

was developed for each study area (Jamaica Bay, Great South
Bay, and the Jamaica Bay 2011 reference site).

Existing maps and ArcGIS were used to estimate bay areas.

To estimate potential sequestration of nitrogen through a har-
vest strategy, three goal levels of area coverage by oyster cages
were used. A New York Harbor region oyster restoration

scheme (Bain et al. 2007) proposed an initial target of 500 acres,
and an eventual goal of 5,000 acres. The potential of covering
Jamaica Bay with oyster aquaculture cages was also examined,
with an upper limit of 6,387 acres, the total estimated potential

oyster habitat in Jamaica Bay by a previous study (USACE and
P. A. NY-NJ 2009), as determined by our global information
system analysis. Using these targets along with estimates of

total nitrogen sequestration, the potential for nitrogen removal
by oysters was calculated, using a harvest of all oysters after the
first growing season.

Great South Bay bivalve restoration efforts are mainly
directed toward the quahog Mercenaria mercenaria (Hofmann
et al. 2006), but an active oyster aquaculture leasing program in

the Town of Islip was established in 2012 on the initial scale of
90 acres, but could eventually be much larger, given that the

Town of Islip alone has jurisdiction over about 20,000 acres of
bottom land (unpublished letter addressed to Levinton, 2013).

RESULTS

Environmental Variables

Environmental data are described in detail in the report by
Sebastiano (2013), so variation is only summarized here. The

three study sites in Jamaica Bay and Great South Bay followed
similar monthly and seasonal trends in temperature at cage
depth. Jamaica Bay temperatures reached a maximum of 30�C
in mid-July, and the minimum temperature was ca 15�C in late
October. JBW had more moderate summer and winter temper-
atures in comparison with the other two sites. This was expected

due to its proximity to the oceanic inlet. The maximum
temperature found across all Great South Bay sites was
30.7�C in mid-July; the minimum temperature was 15.3�C and
was observed in late October.

The salinities at cage depth observed in Jamaica Bay during
this study period ranged from 21 to 29. Highest salinities were
generally observed during summer due to high rates of evapo-

ration. JBW consistently experienced the highest salinities
throughout the study due to oceanic proximity. The greatest
variation in salinity was observed at JBE. Salinity in Great

South Bay ranged from 16 to 30 ppt during the study. A
considerable drop in salinity was observed in late June and early
July at the Great South Bay East (GSBE) site. Salinity dropped
from approximately 23 to 16 ppt. Salinities increased as distance

from the Fire Island inlet decreased. Salinity at the Jamaica Bay
reference site (JBC2) was most similar to the central site in
Great South Bay; however, it was slightly more variable.

Overall, salinities remained within the range for normal adult
survival and growth (Shumway 1996, Starke et al. 2011).

Dissolved oxygen at cage depth in Jamaica Bay showed

a range of 2.32–18.31 mg/l with the exception of one hypoxic
event in July 2011, when dissolved oxygen was 0.07mg/l at JBC.
It is unknown how long this hypoxic event lasted, but fish kills

and ‘‘crab jubilees’’ were evident during the monitoring visit.
This event occurred after successive, unusually high tempera-
tures. Dissolved oxygen concentrations were generally lowest
during times of elevated temperature. Median dissolved oxygen

levels were similar between sites. Dissolved oxygen levels at cage
depth in Great South Bay ranged from 2.70 to 7.96 mg/l. The
reference site (JBC2) ranged from 0.07 to 11.66 mg/L and

showed greater variability than the GSB sites. All sites in GSB
remained above hypoxic conditions for the duration of the
study; JBC2 remained above levels of hypoxia with the excep-

tion of one hypoxic event that followed elevated temperatures.
It is unknown how long this event persisted.

Tissue Carbon and Nitrogen Content

Jamaica Bay

Mean values of carbon content in soft tissue ranged from
45.39% to 45.77% among sites (Fig. 2A). A Kruskal–Wallis

one-way ANOVA detected no significant differences (P¼ 0.611)
of %C content in tissues among the three sites. Mean
values of nitrogen content in tissue ranged from 9.18% to
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9.50%. A Kruskal–Wallis one-way ANOVA detected no sig-

nificant differences among sites (P < 0.056) in %N in dry tissue.
Linear regression analysis yielded a negative relationship

(Fig. 3A) between log10-transformed dry tissue mass and log10-

transformed %N. Despite a statistically significant trend
(ANOVA on regression: F ¼ 86.3, P < 0.0001, n ¼ 306), there
is a fair amount of variability about the regression line for
a given mass of dry tissue. The equation developed from this

regressionmodel was used to predict%N for the average weight
of dry tissue after the first season of growth in October 2011.
The average mass of dry tissue for Jamaica Bay was 1.58 g and

was composed of 8.93% nitrogen.

Great South Bay

Mean values of carbon content in tissue ranged from 41.79%
to 44.46% among Great South Bay sites (Fig. 2B). The Jamaica
Bay reference site had a mean carbon tissue content of 44.71%.
A Kruskal–Wallis one-way ANOVA detected significant dif-

ferences (F ¼ 127.78, df ¼ 2, P < 0.001) in median values of
tissue carbon content. A post hoc analysis revealed significant
differences (P < 0.05) between all pairwise comparisons except

for between GSBE and JBC2. Mean values of nitrogen tissue
content in Great South Bay ranged from 9.10% to 10.04%. The
Jamaica Bay reference site had a mean value of 8.49%. A

Kruskal–Wallis one-way ANOVA revealed significant dif-
ferences (F ¼ 168.10, P < 0.001) in tissue nitrogen content. A
post hoc analysis using Dunn�s method for multiple pairwise

comparisons found significant differences for nitrogen content

in tissue in all possible pairs except for the GSBW and GSBE
comparison. The overall differences in %N, however, do not
affect to any great degree the conclusions presented below

concerning the total amount of nitrogen that can be removed by
oysters.

Linear regression analysis yielded a negative relationship
(Fig. 3B) between the log10-transformed dry tissue weight and

log10-transformed %N. Although this trend is significant
(ANOVA on regression: F ¼ 158.2, P < 0.0001, n ¼ 256), there
is a fair amount of variability around the regression line for

a given weight of dry tissue. The equation developed from this
regressionmodel was used to predict%N for the average weight
of dry tissue after the first year season of growth. The average

mass of dry tissue for Great South Bay was 0.89 g and was
composed of 8.94% nitrogen.

For the 2011 Jamaica Bay reference site (JBC2), linear
regression analysis showed a negative relationship between

log10-transformed dry tissue weight and log10-transformed
nitrogen content of dry tissue (Fig. 4). The regression is
significant (F ¼ 75.32, P < 0.0001, n ¼ 106), but there is a fair

amount of variability around the regression line for a given
value of dry tissue weight. The average dry tissue weight after
the first year season of growth at the Jamaica Bay 2011 reference

site was 2.56 g and was estimated by regression to be composed
of 7.65% nitrogen. Data for the Jamaica Bay reference site for
log10-transformed dry tissue weight and log10-transformed%N

Figure 2. Mean %C (black bar) and %N (white bar) of oyster dry soft tissue at each site in (A) Jamaica Bay and (B) Great South Bay including the

Jamaica Bay reference site. Samples are from two dates during the first growing season in 2010. Error bars represent % SE.

Figure 3. (A) Linear regression of log10-transformed%N versus log10-transformed dry tissue mass (g) in oyster dry soft tissue for the three Jamaica Bay

sites. n$ 306; linear regression: log10N$ 0.965 % 0.002 (SE) – 0.050 % 0.005 (SE) 3 log10 (dry tissue mass); ANOVA on regression: F$ 86.3,

P < 0.0001. (B) Linear regression of log10-transformed%Nversus log10-transformed dry tissue mass (g) for the three Great South Bay sites. n$ 256; linear

regression: log10N$ 0.948 % 0.003 (SE) – 0.0685 % 0.005 (SE) 3 log10 dry tissue mass; r2$ 0.384; ANOVA on regression: F$ 158.2, P < 0.0001.
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failed tests for normality constant variance. A normal proba-
bility plot for this data shows fairly normally distributed data,
and a scatter plot of the residuals appears to exhibit homosce-

dastic data.

Shell Nitrogen Content

Linear regression of log10-transformed data for shell height

and log10-transformed nitrogen content of shell displays a pos-
itive relationship (Fig. 5). Although this trend is significant
(regression ANOVA, F ¼ 13.14 df ¼ 27, P < 0.001), there is

considerable variance in %N for a given shell height. Three
groupings are evident upon inspection of the linear regression.
All three sites in Great South Bay were plotted separately and
these groupings are not site or date specific. The order that

samples were analyzed was also plotted separately; there is no
apparent relationships between the order samples were run and
the groupings evident in the regression.

Nitrogen Sequestration Calculations

The Great South Bay regression analysis was used to predict
%N for a given shell height for all study regions. Due to an
oversight, shells from the Jamaica Bay sites were not collected

during the first year of growth. The regression shows a positive
relationship between shell height and %N. Therefore, using
shells collected during the second year may overestimate the

predicted value of%N for first year shells. TheGreat South Bay
regression was used to estimate shell nitrogen content in
Jamaica Bay. This same regression was used to estimate starting

shell nitrogen concentrations. The average wet shell mass at t¼ 0
for GSB was 1.245 g. The average wet shell mass at t ¼ 0 for JB
was 1.146 g. Multiplying these numbers by the %N would give
0.002 gN at t ¼ 0 for GSB and 0.002 gN at t ¼ 0 for JB.

Table 1 shows a summary of final estimates for nitrogen and
carbon sequestered in soft tissue, including survival, whereas
Table 2 summarizes data for nitrogen and carbon sequestered in

shell. Estimates for total nitrogen sequestered per oyster, and
per cage for Great South Bay over the same approximate
growth season is about half that sequestered by oysters in

Jamaica Bay (Table 3). This is largely attributed to greater shell
and tissue growth observed in Jamaica Bay; nitrogen content
for tissue and shell was similar in the Jamaica Bay 2010 and

Great South Bay 2011 studies. The %N in bivalve tissue from

the Jamaica Bay 2011 reference was approximately 1% less than
that observed in Great South Bay. In this study, total oyster
growth appears to have the most profound effect on nitrogen
assimilation. The average survivorships after one season of

growth (June–October) for the Jamaica Bay 2010, Great South
Bay 2011, and Jamaica Bay 2011 reference site were 96.26%,
75.86%, and 84.00%, respectively. Cumulative mortality rates

in Great South Bay were about 10% higher than the Jamaica
Bay 2011 reference site and this contributed to the lower
estimated values of total nitrogen sequestration per cage. The

total estimated sequestration of nitrogen was equal to the
number of live oysters multiplied by the average %N of tissue
times the average dry tissue weight at time of harvest. This

number was added to the number of live oysters multiplied by
the average %N of shell times the average shell mass at time of
harvest to yield the total nitrogen sequestered per study area.

The bioextraction potential for the eastern oyster under

different scenarios in Jamaica Bay is given in Table 4. A
500-acre goal would extract only 5% of the nitrogen released
into Jamaica Bay, but the more ambitious 5,000-acre coverage

would extract nearly half the nitrogen with an annual harvest.
This coverage would be nearly 80% of the total potential oyster
habitat, as estimated by USACE & P. A. NY-NJ (2009).

The bioextraction potential for eastern oyster aquaculture in
Great South Bay is given in Table 5. Although estimates in
Great South Bay for total nitrogen removal for a given unit area
is about half of Jamaica Bay, oysters in Great South Bay have

a proportionally larger effect on the total nitrogen load to the
Bay due to lower yearly nitrogen input. The initial 50-acre plan
(unpublished Islip Town document to Levinton 2013, Alcindor

2011) for aquaculture will result in modest nitrogen removal,
but a 3,000-acre goal will remove nearly 90% of the nitrogen
input.

DISCUSSION

The aquaculture-based assessment shows potential for the
eastern oyster to extract nitrogen. In one growing season, the
eastern oyster grown from overwintered individuals that settled

in the previous year displayed substantial growth and minimal
mortality. Despite the unsuitable conditions that are often

Figure 4. Linear regression of log10-transformed %N versus log10-

transformed dry tissue mass (g) for the Jamaica Bay 2011 reference

site, JBC2. n$ 106, regression equation: log10%N$ 0.921% 0.003 (SE)

– 0.080 % 0.008 (SE) 3 log10 dry tissue mass. r2$ 0.578; ANOVA on

regression: F$ 75.32, P < 0.0001.

Figure 5. Linear regression of log10-transformed %N versus log10-

transformed shell height (mm) for the Jamaica Bay 2011 reference site,

JBC2. Regression equation: log10N$ –1.044 % 0.081 (SE) + 0.169 %

0.052 (SE) 3 log10 shell, r
2$ 0.282; ANOVA on regression: F$ 10.6,

P ; 0.003.
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associated with eutrophic estuaries, environmental conditions

in both regions appeared congenial for oyster growth and
survival. Cultured oysters with an initial planting size of
approximately 30 mm in these environmental conditions grew

rapidly and reached market size within about 6 mo. The
aquaculture-based design of this study avoids mortality due
to predation because oysters are contained in mesh bags.
Therefore, the results summarized in Tables 4 and 5 can only

be directly applied to aquaculture-based restoration efforts.
Further research must be done to quantify mortality due to
predation and sedimentation if reef restoration is the ultimate

goal.
Significantly greater growth was evident in Jamaica Bay

oysters, which fits with previous studies (Levinton et al. 2011,

2013). Greater observed growth is likely explained by the
greater primary productivity present in Jamaica Bay, where
chlorophyll concentrations surpass 100 mg L–1 and the phyto-

plankton has species suitable as food for oysters (Levinton et al.
2013). Greater primary productivity may be explained by
enhanced nutrient input that relieves nutrient limitation on
phytoplankton growth, combined with a phytoplankton re-

sponse that includes a large proportion of the phytoplankton
with retainable cell sizes over 5 mm (Levinton et al. 2013). In
relation to periods prior to eutrophication, the eastern oyster

experienced greater growth as eutrophication increased (Kirby
& Miller 2005); however, there was an upper bound to the
benefits of increased eutrophication. During exceptionally high

periods of eutrophication, other factors such as hypoxia,
increased blooms of harmful algae (Cosper et al. 1987), and
increased incidence of parasitic disease may counteract the
benefits of increased food supply (Levinton et al. 2013). Oysters

do not feed during the major winter phytoplankton bloom in
Jamaica Bay (Levinton and Doall, unpublished data). There-
fore, the eastern oyster should only be used as a bioremediation

tool in conjunction with other efforts to reduce nitrogen

loading. If eutrophication continues to increase, oysters may
no longer be a viable option to help remediate eutrophication in
the region.

The value of oyster nitrogen extraction also depends on the
horizontal mixing of nutrients, allowing oysters in one location
to have access to nutrients that may be released from a distant
location. Jamaica Bay has an overall residence time of;35 days

with no strong halocline (Benotti et al. 2005), which allows
mixing, but residence time in Great South Bay is on the order of
100 days (Conley 2000). Further determinations would have to

be made whether horizontal and vertical mixing is sufficient for
nutrients to be extracted by oysters with high efficiency.

The inherent variability of nitrogen content for individual

oysters is evident in our regression analysis for both tissue and
shell. This displays the importance of analyzing sufficient
sample sizes to develop regression models that accurately

predict nitrogen content. There was no significant difference
in median values of nitrogen content of dry tissue across
Jamaica Bay study sites; however, there were significant differ-
ences observed in the 2011 Great South Bay study. This

observation may be the result of different growth rates of tissue
between sites. Differences in tissue growth among sites may be
explained by differences in food availability or composition of

diet. Laboratory growth experiments have shown growth of
juvenileCrassostrea virginica to be positively correlated withC:N
ratios of cultured diet (Flaak & Epifanio 1978). In support of

this finding is a negative correlation between the protein content
of algal diets and growth of Crassostrea gigas (Utting 1986).

Larger oysters may have a greater proportion of storage
products that are carbon rich and nitrogen poor. This may

partially explain observations of our linear regression analysis
that show a negative relationship between dry tissue weight and
nitrogen content. It may be expected that nitrogen content at

TABLE 1.

Summary of final mean (%se) dry tissue weight (g), nitrogen (%), and nitrogen (g) after one season of growth per average oyster for
means of all localities, combining each study area.

Dry tissue weight (g) Nitrogen (%) Nitrogen (g) Survival (%)

Tissue

Jamaica Bay 2010 1.58 ± 0.05 8.93 ± 0.03 0.14 ± 0.004 96.26 ± 1.43

Great South Bay 2011 0.89 ± 0.04 8.94 ± 0.03 0.08 ± 0.004 75.86 ± 2.63

Jamaica Bay (reference) 2011 2.56 ± 0.11 7.65 ± 0.03 0.20 ± 0.008 84.00 ± 0.00

Dry tissue weight is the mean observed dry tissue weight ± SE. Nitrogen is derived from a linear equation ± the standard error of the estimate.

Survival is given with standard error.

TABLE 2.

Summary of the final estimates for shell height (mm), shell weight (g), nitrogen (%), nitrogen (g) per average oyster after one season

of growth for each study area.

Shell height (mm) Shell mass (g) Nitrogen (%) Nitrogen (g)

Shell

Jamaica Bay 2010 77.19 ± 0.071 25.86 ± 0.10 0.20 ±.07 0.05 ± 0.02

Great South Bay 2011 64.66 ± 0.63 15.06 ± 0.11 0.19 ±.07 0.03 ± 0.01

Jamaica Bay (reference) 2011 82.01 ± 0.75 29.28 ± 0.11 0.20 ± 0.07 0.06 ± 0.02

Shell height is the mean observed shell height ± SE. Shell weight and %N were derived from linear equations ± the standard error of the estimate.
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these sites would be lower at sites that experienced greater tissue
growth. This pattern is observed in our data and may partially
explain site-specific differences in nitrogen content. Predicted

values of %N for a given dry tissue mass (Figs. 3 and 4) are
similar to a previous estimate (Higgins et al. 2011), as is a similar
trend of decreasing nitrogen content with increasing dry tissue

mass.
The estimates for %N shown in Table 2 are similar to those

observed by Higgins et al. (2011) for similar sized oyster shell.

Newell (2004) observed that native oyster shell 76 mm in height
weighs approximately 150 g. This shell mass is substantially
more than the masses observed in this study (Table 2). Shell
mass is dependent on growth rate and age of the organism.

Lower shell massmay be the result of using younger individuals.
In addition, lower shell mass in aquacultured oysters may be
environmentally determined as rapid shell growth with low-

density shell occurs. Oysters in aquaculture bags and cages do
not undergo extensive disturbance by predators and other
secondary factors, and therefore allocate less energy to making

thick shells (Paynter & DiMichele 1990). With less allocation to
shell, more energy may be available to allocate toward re-
production and tissue growth, and may explain dry tissue
weights (Table 1) that are larger than the 1 g dry tissue weight

of a 76-mm native oyster (Newell 2004). Newell (2004) also
estimated nitrogen sequestration by an individual 76-mm oyster
to be approximately 0.52 g. The difference between this value

and those described in this study can be attributed to the
substantially smaller shell masses in this study (Table 2).
Although nitrogen sequestration values for native oyster pop-

ulations (Newell 2004) are more than double those described by
our study (Table 3), oysters under aquaculture conditions grow
relatively rapidly, so on a rate basis this may compensate for

lower shell growth and accumulation of nitrogen in shell, in
terms of total nitrogen sequestration.

Observed environmental variables in Jamaica Bay andGreat
South Bay such as salinity, and dissolved oxygen concentrations
remained favorable throughout most of the year (Sebastiano
2013). The main constraint on growth, and consequently

bioextraction capacity in these regions is temperature. Our
assessment shows that oysters are only capable of growth at
temperatures above approximately 10�C, limiting growth to

only 6 or 7 mo of the year (Sebastiano 2013). During the
remaining months no growth is observed, and therefore no
nitrogen will be assimilated into tissue or shell biomass.

Importantly, oysters cannot reduce phytoplankton density in
Jamaica Bay during the winter phytoplankton bloom, which is
a major part of annual production (Levinton, Doall et al. 2013).
Seeing as there is no nitrogen sequestration during this period,

our assessment for bioextraction capacity of the oyster focused
on the first year growing season from about June to October
when oysters will grow and assimilate the greatest relative

amount of nitrogen.
Three oyster restoration spatial scales were proposed by the

Hudson-Raritan Estuary (HRE) comprehensive restoration

plan (USACE and NY-NY P. A. 2009). The 6,387 acres
restoration size refers to the estimated suitable habitat in
Jamaica Bay that meets four suitability criteria (i.e., salinity,

bathymetry, dissolved oxygen concentration, and total sus-
pended solids). This suitable area is likely an overestimate, but
the total nitrogen sequestered by a restoration effort of this size
is calculated in Table 4 for Jamaica Bay. The other two scales

are proposed areas for restoration efforts by the HRE plan.
This plan hopes to restore 500 acres of oysters to the HRE by
2015, and 5,000 acres by 2050. Areas for oyster restoration in

Great South Bay have not been proposed, but are calculated in
Table 4 for comparison.

Oysters in Jamaica Bay are capable of removing more

nitrogen on a per acre basis (Table 3), which is explained by
greater growth, seeing as %N of tissue and shell were fairly
similar between the two bays. Smaller values of cumulative
mortality in Jamaica Bay also contribute to higher overall

nitrogen sequestration in relation to nitrogen sequestration in
Great South Bay. But owing to the lower input of nitrogen to
Great South Bay, restored oyster populations in this region

have a greater proportional effect on remediating nitrogen
input to the Bay. Therefore, the scale of restored oyster
populations for a desired reduction in nitrogen in a less

TABLE 3.

Estimates for total N per oyster (gN), combining mean oyster
dry tissue mass (g) and mean shell height (mm) after one

season of growth in each respective study region.

Study area Total N/oyster (gN) Total N/cage (gN)

Jamaica Bay 2012 0.19 ± 0.02 108.3 ± 2.17

Great South Bay 2011 0.11 ± 0.01 49.83 ± 0.5

Jamaica Bay reference 2011 0.26 ± 0.02 131.04 ± 2.62

Total N assimilated per cage (gN) accounts for site-specific mortality.

TABLE 4.

Jamaica Bay nitrogen sequestration potential.

Jamaica Bay 2010

Proposed restoration area (acres) Total number of oysters Total N sequestered (kgN) % Of yearly N load

6,387 1.831010 3.43106 ± 3.63105 61 ± 6

5,000 1.431010 2.73106 ± 2.83105 47 ± 5

500 1.43109 2.73105 ± 2.83104 5 ± 1

Estimates are based on proposed restoration areas from the Hudson-Raritan Comprehensive Restoration Plan (USACE & P. A. NY-NJ 2009).

Estimates of the total number of oysters that can cover these proposed areas assume 50% coverage of the total area defined as suitable for oysters to

allow for sufficient water flow in an aquaculture-based design similar to that presented in this study. Site-specific mortality is accounted for in all

estimates. The percent of yearly nitrogen load assimilated by oysters is based on the estimate of 5.83106 kgN/y for annual N load (Benotti et al.

2005).
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eutrophic bay may be more practical and feasible in relation to
a highly eutrophic bay.

Estimates for nitrogen sequestration by oysters per unit of

area assume 50% coverage of the area by aquaculture cages.
This coverage is assumed to allow for sufficient water flow. The
free exchange of water is necessary to maintain the growth,

fattening, and reproduction of oysters (Galtsoff 1964). Suffi-
cient water flow provides food and oxygen while taking away
metabolites and feces. The stocking density of oysters should be
considered in more detail when planning restoration efforts on

large scale. The ability of oysters to remediate water conditions
in eutrophic estuaries is likely not a linear function of bivalve
density; positive effects may exist at low or moderate densities

and lost at extremely high densities (Newell 2004). Extensive
bivalve aquaculture may cause overenrichment of the sediment
by feces and pseudofeces. This may result in intense microbial

activity that can cause localized anoxia and the accumulation of
hydrogen sulfides (Tenore et al. 1982).

The provided estimates of nitrogen sequestration do not

attempt to quantify other sources of nitrogen sequestration and
removal that may be the byproduct of oyster cultivation. One
notable mechanism that may remove additional quantities of
nitrogen from the localized system is the denitrification and

burial of nitrogen. Oyster restoration can be used as part of
a strategy to remove nitrogen from shallow bays (Cerco &Noel
2007). The nutrient removal for oysters at a density of 1 g dry

weight per m2 over 4,290 acres is approximately 13,080 kgN
(Newell et al. 2005). Based on the estimate of 0.52 gN per
individual oyster (Newell 2004), this population would annually

sequester approximately 9,000 kgN. Although removal of
nitrogen via denitrification is substantial, removal is highly
dependent on certain environmental conditions. In order for
nitrogen to be lost from the system as N2, an aerobic layer of

sediment must exist above an anaerobic layer (Newell 2004). If
these conditions do not occur, coupled nitrification–denitrification
will cease. Oysters failed to affect nitrogen transformations

in high-nitrogen Jamaica Bay, NY, sediments (Hoellein and
Zarnoch 2014). The quantification of nitrogen sequestration
and removal through harvest of bivalves, however, is a more

direct and less variable effect. The relative ease in these
estimates may facilitate programs and regulatory plans that
promote aquaculture and bioextraction through assimilation

credits. Aquaculture and harvest strategies remove bottom
habitat available to oyster reef restoration and other natural

habitats but has a direct quantifiable role in nitrogen removal.
Fouling organisms associated with oyster aquaculture may

add to values of nitrogen sequestration. No fouling was evident
in Great South Bay, but extensive fouling was observed in

Jamaica Bay during spring to fall. The most commonly observed
fouling organisms were ascidians, sponges, barnacles, tunicates,
and mussels. Although these organisms may be an additional

source of nitrogen sequestration, it is unknown how fouling
affected the growth and survival of oysters. If these effects are
substantial, the net sequesterednitrogenmaybe less than a simple

summation of nitrogen sequestered by oysters and fouling
organisms. For large-scale operations, it would be extremely
labor-intensive to clean cages of fouling, it may be necessary to
use antifouling coating on cages and bags. Additional nitrogen

may be sequestered as the result of fisheries augmentation, which
is often viewed as an ecosystem service provided by free-living
oyster populations (Coen et al. 2007). The structural complexity

introduced to a habitat by oyster populations has been found to
be associated with increased abundance, biomass, and species
richness (Coen & Luckenbach 2000). Additional biomass attrib-

uted to oyster restoration can be viewed as additional nitrogen
sequestration in the biomass of a variety of species.

In Great South Bay a fair portion of the bay is closed to

shellfishing. These closed areas mainly consist of tributaries,
canals, and creeks. Closed areas forbid the taking and use of
shellfish for food but may be removed and transported to state
approved relay programs (see http://www.dec.ny.gov/regs/

4014.html#12835 for regulations and closures). Oysters raised
in closed areas for the purpose of enhancing water quality may
be seen as an attractive nuisance. The problems associated with

poaching and consumption of oysters in polluted regions may
add additional costs to enforce and regulate associated legal and
health concerns. But in Great South Bay, most subtidal waters

are open to shellfishing, and the cost of aquaculture techniques,
including obtaining oyster seed, cages, and servicing cages, can
be compensated by oyster sales for consumption. But in
Jamaica Bay, it is not possible at present to grow oysters and

relay them to cleaner waters for depuration and sale. Therefore,
the potential for nitrogen sequestration must be compared with
the cost of aquaculture.

The number of oysters needed for varying restoration scales is
summarized for Jamaica Bay (Table 4) and Great South Bay
(Table 5). At large scales, obtaining and growing seed in such

large quantities may still be problematic. The startup cost of
a 5,000-acre off-bottomoyster restoration project in JamaicaBay
was calculated based on cost estimates from Wieland (2008).

Maintenance costs are not considered, but the startup cost of
a project this size in Jamaica Bay would be approximately $827
million. In addition to this point, the survivorship and growth of
organisms is often rather variable on a year-to-year basis. The

success of restoration efforts, and therefore success of the eastern
oyster as a bioremediation tool is inherently variable. Upgrading
wastewater treatment plants are costly, but are not as variable in

outcome and industrial solutions such as ammonia removal can
be targets to specific wastewater pipes (Koebel et al. 2001) and is
now being tested in Jamaica Bay (Orentlicher et al. 2009).

Upgrades will ensure nitrogen reductions; whereas efficiency of
oyster populations in removing nitrogen will vary. The use of
oysters as bioextraction tools may be most useful in removing

TABLE 5.

Great South Bay nitrogen sequestration potential.

Great South Bay 2011

Area

(acres)

Total number

of oysters

Total N

sequestered (kgN)

% Of yearly

N load

6387 1.531010 1.63106 ± 1.63105 190 ± 19

5,000 1.131010 1.33106 ± 1.33105 148 ± 15

5,00 1.13109 1.33105 ± 1.33104 15 ± 2

Estimates are based on proposed restoration areas from the Hudson-

Raritan Comprehensive Restoration Plan (USACE & P. A. NY-NJ

2009). Estimates of the total number of oysters that can cover these

proposed areas assume 50% coverage of the area to allow for sufficient

water flow in an aquaculture-based design similar to that presented in

this study. Site-specific mortality is accounted for in all estimates. The

percent of yearly nitrogen load assimilated by oysters is based on the

estimate of 8.53105 kgN/y for annual N load (Kinney & Valiela 2011).
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nitrogen from nonpoint sources and used in conjunction with
wastewater treatment plant upgrades. Thus our results in Great

South Bay are very encouraging for the strategy of nitrogen
removal by oyster aquaculture and harvest.

CONCLUSIONS

Is it feasible to use oysters as biological engineers to extract
nitrogen from a bay receiving high inputs owing to human
activities? It is shown here that it is feasible to use a regular

oyster cage aquaculture scheme to extract much of the nitrogen
that enters a typical bay, such as Great South Bay, that is
moderately impacted by human-derived nutrient input. Very

rapid growth of oysters in a much more polluted urban setting,
such as Jamaica Bay, at first suggests that the aquaculture
scheme would work here as well; whereas a very ambitious
effort could also be applied to an urban bay where nutrient

input is an order of magnitude higher than a suburban bay, the

cost of the scheme would be prohibitive, especially because of
the inability to sell the oysters on the market.
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