
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 480: 119–129, 2013
doi: 10.3354/meps10188

Published April 22

INTRODUCTION

The extent of historic loss and degradation of bio-
genic marine habitats caused by humans is stag -
gering (Lotze et al. 2006). Although remaining threat-
ened habitats may be maintained through conservation
efforts, habitat restoration will be needed to regain
lost habitat and associated ecosystem services. Resto-

ration ecology may become one of the most impor-
tant scientific endeavors of this century (Hobbs &
Harris 2001) and is an essential component of conser-
vation and management (Hobbs et al. 2011). To max-
imize the benefits of how limited resources for resto-
ration are used, restoration techniques must be based
on rigorous ecological experimentation (Blan kenship
& Leber 1995).
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with less natural oyster recruitment, our study highlights the need to quantify basic ecological
 processes on appropriate spatiotemporal scales to optimize restoration actions. Analogous infor-
mation should underlie restoration planning for other biogenic habitats like seagrass meadows
and coral reefs.

KEY WORDS:  Conservation · Crassostrea virginica · Biogenic · Bivalve · Habitat · Sanctuary ·
Shellfish

Resale or republication not permitted without written consent of the publisher

FREEREE
 ACCESSCCESS



Mar Ecol Prog Ser 480: 119–129, 2013

Eastern oyster Crassostrea virginica populations
have been a target of decades of restoration efforts
(Brumbaugh & Coen 2009, Kennedy et al. 2011)
because only 15% of historic oyster populations per-
sist worldwide (Beck et al. 2011). Unlike other marine
biogenic habitats such as seagrass meadows or coral
reefs, oysters are harvested for human consumption,
thus increasing risk of degradation and decline. In
addition to supporting a bivalve fishery, oyster reefs
also provide other ecosystem services including
enhanced production of fishes, crabs, and shrimps
(Lenihan et al. 2001, Peterson et al. 2003) and im -
proved water quality through filtration and denitrifi-
cation (Coen et al. 2007, Grabowski & Peterson 2007,
Piehler & Smyth 2011). The economic value of eco-
system services provided by non-harvested reefs is
greater than the value of oysters obtained from har-
vesting the reefs (Peterson et al. 2003, Coen et al.
2007, Grabowski & Peterson 2007).

To restore the services provided by lost oyster
reefs, governmental and private organizations have
invested substantial resources into oyster restora-
tion, but the knowledge necessary to maximize the
effectiveness of restoration is limited. Restoration
efforts include providing hard substrate for oysters
to grow on such as oyster shell, clam shell, or marl
rip-rap (Soniat et al. 1991, Coen & Luckenbach
2000, Mann & Powell 2007, Brumbaugh & Coen
2009). Where oyster recruitment is thought to limit
oyster reef creation, the new reefs may be seeded
with juvenile oysters. We will refer to oyster recruit-
ment as the number of oysters that settle and sur-
vive to a size that can be visually sampled (~5 mm
shell height, SH). Seeding consists of spawning oys-
ters in captivity, allowing the larvae to settle on
recycled shell, raising the juvenile oysters in captiv-
ity to a size at which it is thought mortality from
predation is reduced, and then deploying the
seeded shells on natural substrate or onto con-
structed reefs. This practice occurs over the entire
range of the eastern oyster (see review by Brum-
baugh & Coen 2009) including New Hampshire
(Grizzle et al. 2006), Virginia (Associated Press
2007), Maryland (Rodney & Paynter 2006), Alabama
(Wallace et al. 2002), and North Carolina (NC). NC
has devoted public resources to building multiple
oyster hatcheries ($4.3 million in 2008) and deploy-
ing seeded shells on harvested areas (Ortega &
Sutherland 1992) and oyster sanctuaries. The use of
seeded reefs is necessary in areas of negligible
recruitment (Rodney & Paynter 2006). Remarkably,
even though oyster seeding is a costly and wide-
spread restoration practice, there are no tests of the

efficacy of seeding in enhancing oyster populations
where recruitment occurs but is thought to limit re -
storation success.

Oyster recruitment may limit restoration success
because adult oysters could be locally extinct or so
depleted that larval supply is low and settlement onto
hard substrate does not occur in densities that result
in sufficient recruitment to develop an oyster reef. If
settlement is limiting reef restoration, a network of
reefs may need to be restored to ensure sufficient lar-
val supply to maintain oyster populations, because
oysters have a 2 to 3 wk pelagic larval stage (Ken -
nedy et al. 1996) and usually do not recruit to the
same reef on which they were spawned. However, it
is difficult to determine whether settlement is limit-
ing recruitment, because settlement varies in space
and time (Michener & Kenny 1991, Ortega & Suther-
land 1992, Austin et al. 1996). An area that is settle-
ment-limited one year may not be the next. Devoting
resources to deploy seed oysters to create functional
oyster reefs may or may not be necessary for oyster
reef restoration depending on oyster settlement and
subsequent recruitment in space and time.

In addition to bottom-up factors limiting recruit-
ment, post-settlement mortality can also make seed-
ing necessary to restore oyster reefs. High oyster
mortality from predation could result in few oysters
reaching maturity (Wallace et al. 2002, Kraeuter et al.
2003). Shellfish seed survival varies strongly with
seed size and date of deployment (Peterson et al.
1995), and predation risk and oyster size are nega-
tively correlated (Newell et al. 2000, Kulp et al. 2011).
Predation can vary in time as predators migrate with
season (Brown et al. 2008), recruit to oyster reefs and
grow to sizes that consume oysters (McDonald 1982),
or are indirectly affected by higher trophic levels
(Abbe & Breitburg 1992, Grabowski 2004). Oyster
mortality also varies spatially because of physiologi-
cal constraints of oyster predators (Wallace et al.
2002). Knowledge of how seed survival is affected by
size at deployment, date of deployment, location of
deployment, and the interaction of these factors is
necessary to maximize resources invested in seed
production (Peterson et al. 1995).

We tested the effect of adding seeded recycled
shell onto marl mounds in 3 different oyster sanctuar-
ies in Pamlico Sound, NC. Oyster recruitment in
Pamlico Sound occurs from May through October
(Ortega & Sutherland 1992). Recruitment can be con-
tinuous or have multiple peaks, with the highest
recruitment in August and September. Recycled oys-
ter shell and recycled oyster shell with small seed
oysters attached were deployed in early summer, and
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shells with 2 sizes of seed oysters (small and large)
were deployed in mid- summer. Deployed shell and
mound  surface (marl) were monitored to determine
the effect of seeding on oyster abundance and reef
development (abundance and size of oysters on
deployed shell and oyster density on the surface of
the marl boulders of different treatments over time).
To expand our empirical findings in both space and
time, we analyzed survey data from the North Car-
olina Division of Marine Fisheries (NCDMF) from 3
additional sanctuaries seeded in 2 different years.
The goal of our study was to guide future restoration
efforts so that the limited resources devoted to oyster
reef restoration can be maximized by determining if
seed oysters are necessary for oyster restoration and,
if so, when and at what size the seed oysters should
be deployed to minimize seed mortality.

MATERIALS AND METHODS

Reef creation and seeding procedure

To test how 3 combinations of seed size and plant-
ing date, plus substrate type (recycled shell and
marl), influence the success of oyster reef develop-
ment as a function of location, this experiment was
repeated at 3 NCDMF oyster sanctuaries in Pamlico
Sound, NC (Clam Shoal, Crab Hole, and Gibbs
Shoal; Fig. 1A). Oyster harvest is illegal within the
11 oyster sanctuaries in Pamlico Sound. We choose
the 3 sanctuaries because they span the wide range
of salinities that exist in Pamlico Sound and because
they contained newly created mounds (constructed
after December 2009). Each oyster sanctuary con-
sisted of 50 to 300 mounds of rip-rap marl rock. The
marl pieces were approximately the size of volley-
balls. Each mound contained ~150 t of marl elevated
3 m high with a footprint diameter of 15 m. Mounds
were created in a uniform grid, with mounds sepa-
rated by ~25 m (Fig. 1B). Mean water depths at Clam
Shoal, Crab Hole, and Gibbs Shoal were ~3.4, 4.0,
and 4.3 m, respectively.

Larvae, spawned from 15 oysters collected from the
West Bluff oyster sanctuary in Pamlico Sound, were
purchased from Middle Peninsula Aqua culture in
Foster, Virginia. Substrate for seeding consisted of
harvested oysters with >7.2 cm SH from the NCDMF
recycling program; the oysters were thoroughly
cleaned by repeated dunking in seawater and then
moved to completely fill 70 l plastic crates (2 bushels;
2.5 cm2 openings separated by 1 cm thick plastic on
sides and bottom, with open tops). Eighteen crates

were placed into 6 tanks (4.9 × 0.9 × 0.8 m) located
on the NCDMF dock in Morehead City, NC, filled
with unfiltered seawater from Bogue Sound. Approx-
imately 2.5 million eyed larvae were added to each
tank and fed plankton provided by Middle Peninsula
Aquaculture twice a day. The larvae were given 3 d
to settle, after which time unfiltered seawater was
pumped (4.4 l s−1 for each tank) directly from Bogue
Sound until the seeded shells were deployed on
reefs. Salinity was measured weekly at the NCDMF
dock using a SonTec/YSI instrument and ranged
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Fig. 1. (A) Sampled oyster sanctuaries in Pamlico Sound and
(B) layout of marl mounds within sanctuaries. Experimental
sanctuaries had 5 shell/seed treatments. North Carolina
Division of Marine Fisheries (NCDMF) seeded sanctuaries
had either seeded or unseeded mounds and were sampled 

by NCDMF
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from 21 to 31 psu. One to 3 d before deployment,
crates were divided into 9 sections (3 × 3 grid when
viewing the broad side of the crate), and 1 to 3 shells
were haphazardly chosen from each section to
ensure that the 9 shells were sampled evenly
throughout the crate. Seed oyster abundance and
size were determined by counting the number of
juvenile oysters per shell and measuring the height
of 5 haphazardly chosen spat on each shell.

Larvae were set on shell in 2 independent addi-
tions of eyed larvae, on May 25 and July 5, 2010.
Large seed oysters were produced on half the seeded
shells from the May addition, and these shells were
kept in separate tanks until the second addition. We
ran 5 treatments: (1) recycled shell deployed in late
June 2010, (2) small seed oysters set on recycled shell
(~5 mm SH) deployed in late June 2010, (3) small
seed oysters set on recycled shell (~2 mm SH)
deployed in mid-August 2010, (4) large seed oysters
set on recycled shell (~10 mm SH) deployed in mid-
August 2010, and (5) no shell addition (marl). These
treatments will be referred to as early shell, early
small seed, late small seed, late large seed, and marl
only, respectively. At each sanctuary 10 mounds
were haphazardly assigned 1 of 5 treatments for a
total of 2 mounds per treatment (2 replicates per
treatment per sanctuary). Mounds with shell treat-
ments received 560 l of shells (seeded or un seeded
depending on the treatment), which were deployed
on the top of the mounds. The early deployment was
achieved by transferring the oyster-filled tanks into a
dump truck and transporting them from Morehead
City to boat launches near the sanctuaries, where
they were then delivered to the mounds by boat.
Transport in the tanks took <5 h. Seed and shell were
deployed at Crab Hole, Gibbs Shoal, and Clam Shoal
on June 21, 22, and 23, respectively. For the second
deployment, oyster tanks were transported from their
original location on the NCDMF dock to the sanctu-
aries by barge. Oysters remained in the tanks on the
barge deck with a continuous supply of unfiltered
seawater for ~10, 20, and 24 h as shells were de -
ployed sequentially in the 3 sanctuaries. Seeded shell
was deployed in Clam Shoal on August 10 and in
Gibbs Shoal and Crab Hole on August 11. Prior to
depositing shell on a mound, divers marked the cen-
ter of each mound with a surface buoy attached to a
weight. Immediately after deployment, divers in -
spec ted the mounds to ensure that shells were on top
of the mound and spread the shell out so that the
shell layer was <5 cm in thickness. At Clam Shoal
and Crab Hole, 2 additional mounds at each sanctu-
ary, created in 2005 and 2006, were monitored to

serve as a baseline for established reefs. Gibbs Shoal
was first established as a sanctuary in 2009 and had
no previously constructed mounds. A temperature-
salinity data logger was deployed on the top of
1 mound at each study sanctuary to measure en -
vironmental conditions. Temperature-salinity data
were recorded every 30 min from June 2010 to Sep-
tember 2011, except when loggers malfunctioned
(Fig. 2).

Reef monitoring

To quantify the success of oyster reef development
on the reef mounds, we collected 2 sets of measure-
ments: (1) abundance and size of oysters on deployed
shell, and (2) oyster density on the surface of the marl
boulders. Abundance of seed oysters and their size
frequency were measured on 2 occasions in fall 2010
(October 7 to October 15) and 2011 (September 8 to
September 13). Divers searched the mound top for
deployed shell and retrieved 50 deployed shells or as
many shells as could be located. Deployed shells
could be distinguished from naturally recruited
shells because deployed shells were larger and
thicker. Retrieved shells were returned to the lab. We
recorded the number of oysters on each shell and
measured the SH of 5 haphazardly chosen oysters on
each of the retrieved shells to obtain a size frequency
for each mound.

We quantified the density and size of oysters on the
marl mounds in each sanctuary during 3 samplings in
fall 2010 and 2011 (same dates as shell sampling) and
spring 2011 (May 25 to June 3). Divers haphazardly
removed 2 marl pieces from both the top and bottom
(<50 cm from the base) of the mound and immedi-
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ately placed the marl in separate plastic sacks. Care
was taken to ensure that oysters remained attached
to the marl or that any oysters that fell remained in
the sack for quantification. Marl pieces were labeled
with location on the mound (top or bottom) and
mound type (early small seed, late small seed, large
seed, shell, marl only, or old mound) and brought
back to the lab for processing. Oyster size frequency
was determined by measuring 50 haphazardly cho-
sen oysters attached to the marl from both top and
bottom samples of each mound. Oysters that recruit
on the shells of existing oysters and small oysters can
be difficult to find, especially on the highly complex
3-dimensional structure of oysters on marl. To ensure
accurate counts, 3 different people counted the num-
ber of oysters on each marl piece. The 3-observer
average abundance for each piece of marl was com-
bined with the area of exposed marl to determine
oyster density (m−2). The surface area of the marl that
was exposed on the mound and available for oysters
to occupy was measured by orienting the marl as it
was on the mound (oysters oriented vertically and on
the side of marl with little or no epifauna on the bot-
tom). The ‘bird’s eye view’ area available for recruit-
ment was determined by using a 5 cm grid quadrat
held directly over the marl and recording the planar
area that the marl occupied while looking straight
down. This procedure was used instead of harvesting
all oysters within a quadrat on the mound because of
the difficulty in removing all oysters from pieces of
marl in a defined area.

NCDMF data

To account for temporal variability in oyster re -
cruitment in our study, we analyzed data from the
NCDMF sanctuary program. We only analyzed data
from sanctuaries that had mounds seeded and
unseeded within 1 yr of their construction. This crite-
rion was met 4 times. In 2006, South River had 14
mounds built in June and July, and 9 of the mounds
were seeded in August. In 2008, South River had 8
mounds built in March, and 7 of the mounds were
seeded in June. In 2008, West Bluff had 5 mounds
built in June and July, and 3 of them were seeded in
August. Finally, Ocracoke had 14 mounds built in
September 2006, and 6 of these mounds were seeded
in August 2007. In these instances, seed production
and deployment were similar to methods described
above, except ~700 l (instead of 560 l) were added to
each mound after seed reached ~1 cm SH. These
sanctuaries were sampled throughout the year, once

a year starting in 2007, with sampling within a sanc-
tuary being completed in <1 wk. NCDMF sampling
was similar to our methods, except 3 instead of 2
pieces of marl were collected from the top, middle
(halfway between the crest and bottom), and bottom
of the mound, for a total of 9 pieces of marl per
mound. NCDMF’s procedure for estimating oyster
density (m−2) differed from the method used in our
study; they estimated surface area of the marl by
measuring the length, width, and height of the marl
and used 50% of the calculated surface area to deter-
mine the oysters per square meter. The abundance of
oysters on each piece of marl was estimated by tak-
ing the sum of the total number of oysters counted
within 10 cm increments of SH.

Statistical analysis

Differences in salinity among sites were analyzed
using a non-parametric Kruskal-Wallis test with site
as the independent variable. The mean salinity per
day (from measurements taken every 30 min) was
used as a replicate, and only days that had data from
all sites were used. To determine whether large seed
oysters were larger than small seed oysters before
deployment, we ran a non-parametric Kruskal-Wallis
test with oyster seed size as the dependent variable
and treatment (early small, late small, and late large
seed) as the independent variable. Non-parametric
tests were necessary because data were non-normal
and had heterogeneous variances. The numbers of
oysters on shell or marl were not normally distributed
and were heavily skewed toward 0, and a mixed
effect-generalized linear mixed model (GLMM) was
used to determine significant effects (R software,
glmmADMB package using Laplace approximation).
Independent fixed factors were shell and seed treat-
ment (early shell, early small seed, late small seed,
and late large seed), site, and sampling date. Shell
and seed treatment included marl only (mounds with
no shell addition) as a level when running analyses
on oyster density on marl. Sampling date was a fixed
factor and not a random factor because including
temporal variation in recruitment was ecologically
relevant. Mound was included as a random factor in
all models. Model family (Poisson or negative bino-
mial) and inclusion of factors and interactions were
chosen based on lowest Akaike’s information crite-
rion (AIC) scores. Model creation started with treat-
ment factor only, and then additional models were
created by adding site and sampling date with and
without interactions. The model with the lowest AIC
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was chosen. If this model had interactions that
were not significant, the highest order interaction
was removed to determine if the model could be
improved (lower AIC). This was repeated until the
best model was found. Model selection was per-
formed separately with the following dependent
variables: number of oysters per shell, oyster density
(m−2) on marl, and oyster density (m−2) on marl from
NCDMF-seeded sites. Depth was included as an
additional factor in model selection for number of
oysters per square meter on experimental mounds.
Model selection for NCDMF data included an addi-
tional fixed factor, year created, and sampling date
was referred to as age of mound. Size of oysters on
shells was analyzed using a general linear model
(GLM; R software, glme package with AIC) because
it was a continuous variable with homogeneous
 variance (Bartlett’s test; p > 0.05). Procedures for
model selection were identical to those previously
described.

To determine if seeding increased oyster abun-
dance, which was difficult because the best models
were complex with multiple interactions, separate
tests were run for each sanctuary from the last samp -
ling event with shell/seed treatment as the inde-
pendent variable. The simplified models were run
with the same GLMM procedure as previously
described. The significant levels for these additional
tests were adjusted to reduce Type I error when
 running multiple tests (p <0.012; Bonferroni’s correc-
tion).

RESULTS

Salinity was recorded for an average of 194 d at
each sanctuary where we conducted our experi-
ments (Fig. 2). All 3 sites only had 60 d of contempo-
raneous data. Crab Hole, Gibbs Shoal, and Clam
Shoal experienced salinities (mean ±1 SE) of 14.8 ±
0.51, 19.7 ± 0.41, and 21.2 ± 0.64, respectively, which
were statistically different (Kruskal-Wallis chi-
squared = 57.52, df = 2, p < 0.001). Salinity at the
3 sanctuaries ranged from 0 to 32 psu, which spans
the documented salinity of Pamlico Sound (Williams
et al. 1973).

The ~560 l of shell deployed on each mound con-
tained an average of 32 000 seed oysters. We de -
ployed ~588 000 seed oysters to Pamlico Sound. On
average, late large seed had the highest number of
seed oysters per shell (6.0 ± 0.3, mean ± SE), followed
by early small seed (4.4 ± 0.6) and late small seed (2.9
± 0.2) before deployment (Fig. 3A). The sizes of large

and small seed oysters on recycled adult shell were
significantly different immediately before deploy-
ment (Kruskal-Wallis chi-squared = 662.78, df = 2,
p < 0.001; Fig. 4A).

The number of oysters per seeded shell was best
described by a negative binomial model with shell
and seed treatment, site, and date sampled as factors
(see Table S1 in the Supplement at www.int-res.com/
articles/suppl/m480p119_supp.pdf for all models).
Because of shells being overgrown by oysters or
moved by wave action, only 1 shell originally de -
ployed was found on the late large seed mounds in
Gibbs Shoal during the second sampling, which
negated producing a model with all interactions. The
difficulty in finding shells after 2 summers of growth
is evident in the total number found per 2 mounds, as
shown in Fig. 3C. Most 2-way interactions were sig-
nificant (Table S2 in the Supplement). The preva-
lence of significant interactions in our analysis leads
us to offer tentative generalizations about main
effects. Our comments about main effects, tempered
by the relevant significant interaction effects, are
offered as hypotheses rather than conclusions to
clari fy the confusing array of results. The shells de -
ployed in June without seed or with small seed had
more oysters than the shells deployed in August with
small or large seed (Fig. 3, Table S2 in the Supple-
ment). Post hoc comparisons were based on the mod-
els’ standard errors around the mean not overlapping
for the variables being compared. Crab Hole had
more oysters on shells than the other 2 sites, and
these differences were consistent across sampling
dates. Additional models were run for each sanctuary
separately with data from the fall 2011 sampling. In
fall 2011, the shell and seed treatment was not signif-
icant (p > 0.012) when analyses were run for each site
separately (Table S3 in the Supplement).

The size frequency of oysters on deployed shell
was analyzed using a parametric model with shell
and seed treatment and site as factors (Table S4 in
the Supplement). The model would not run with year
as a factor because of the lack of data for late large
seed mounds at Gibbs Shoal during the second
 sampling. Shells deployed in June 2010 had larger
oysters than shells deployed later, regardless of
seed presence or deployment size of seed (Fig. 4,
Table S5 in the Supplement). Shells deployed at
Gibbs Shoal had larger oysters than shells deployed
at Clam Shoal or Crab Hole. There were no signifi-
cant interactions, but the inclusion of the interactions
improved the model.

The density of oysters on marl was best described
by a negative binomial model with site, depth,
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and sampling date as factors with all interactions
(Table S6 in the Supplement). Treatment was not
included in the model because it did not explain a
significant amount of the variation. Significant inter-
actions resulted from the following: (1) oyster density
at Gibbs Shoal increased through time, which was
the opposite trend of the other 2 sites (Fig. 5, Table S7
in the Supplement); and (2) bottom marl had more
oysters in the first 2 samplings, but mean oyster den-
sity was similar on the top and bottom of mounds at
the final sampling (Fig. 6). The following trends
among the main effects were evident: (1) the mean
density of oysters on marl was 3 times greater at
Clam Shoal than at the other 2 sites in the fall after
deployment (Fig. 5, Table S7 in the Supplement);
(2) oyster density at the bottom of the mound was
greater than on the top of the mound; and (3) the
third sampling in fall 2011 had fewer oysters than the
samplings in fall 2010 and spring 2011. Because of
the complexity of the overall model, separate models
were run for each sanctuary at the fall 2011 sampling
with shell and seed treatment as a fixed factor and
mound as random factor. There was no difference in
shell and seed treatments (p > 0.012) in any of the
sanctuaries except for late large seed at Crab Hole,
which had fewer oysters than marl only (Table S8 in
the Supplement).

Our analysis of NCDMF data at 3 additional sanc-
tuaries where mounds were both seeded and un -
seeded within 1 yr of being created was limited
because all 4 fixed factors (seeded or not, mound age,
site, and year created) could not be included in
1 model due to inconsistent sampling of mounds each
year. The best model included whether the mound
was seeded, mound age, and site as factors (Table S9
in the Supplement). In general, seeded and unseeded
mounts were not significantly different, and West
Bluff had a higher density of oysters than the other
2 sites (Table S10 in the Supplement, Fig. 7).

DISCUSSION

The selected sanctuaries extended over the entire
area of Pamlico Sound, and the temporal scale of
results included 3 different years of reef creation.
In the fall following experimental seeding, shells de -
ployed without seed in June had as many oysters of
equal or greater size as any of the shells deployed
with seed. Our results indicate that seeding recently
created artificial reefs is not necessary for successful
restoration or enhanced oyster reef development in
Pamlico Sound.

125

0

5

10

922 477 373

A

0

5

10

15

20

25
Crab Hole
Gibbs Shoal
Clam Shoal

100 100 100 100 100 100 100 100 100 100 100 98

B

0

5

10

15

20

25

47 28 60 66 21 92 28 22 97 85 79 47

C

N
um

b
er

 o
f o

ys
te

rs
 p

er
 s

he
ll

Early shell Early small  Late small Late large
 seed seed seed
 Shell and seed treatment

0

5

10

15
A

0

10

20

30

40
Crab Hole
Gibbs Shoal
Clam Shoal

B

0

10

20

30

40
C

S
he

ll 
he

ig
ht

 o
f o

ys
te

rs
 o

n 
sh

el
l (

m
m

)

Shell and seed treatment

Early shell Early small  Late small Late large
 seed seed seed
 

Fig. 4. Crassostrea virginica. Size of oysters (mean ± SE)
per shell (A) before shells were deployed in summer 2010,
(B) after deployment in fall (October) 2010, and (C) the 

following year in September 2011

Fig. 3. Crassostrea virginica. Number of oysters per shell
(mean ±1 SE) (A) before shells were deployed in summer
2010, (B) after deployment in fall (October) 2010, and (C) the
following year in September 2011. Number of shells sam-

pled is noted above the x-axis



Mar Ecol Prog Ser 480: 119–129, 2013

Seeding artificial reefs could have been expected
to increase natural recruitment because oyster larvae
are thought to be gregarious settlers (Kennedy et al.
1996). Laboratory experiments have found that the
presence of seed oyster on shell (Hidu & Haskin
1971, Keck et al. 1971) and the presence of chemical
cues from adult conspecifics (Hidu et al. 1978, Turner
et al. 1994, Tamburri et al. 2008) in crease settlement
of larvae. Oyster restoration monitoring in Chesa-
peake Bay also found positive relationships between
adult oysters and spat (Southworth & Mann 1998,
Schulte et al. 2009). Although we did not directly
measure settlement, natural oyster recruitment over-
whelmed any benefit of seeding. Our results are not
consistent with past findings because the presence of
seed oysters did not increase recruitment on shell or
on the mound substrate (marl). These discrepancies
could result from seed oysters not producing a strong
enough chemical cue to attract larvae, or the larvae
could have been equally attracted to cues coming
from biofilms on the marl, shell, and shell with seed
(Tamburri et al. 1992, 2008).

Oyster recruitment and abundance
varied within and among sites. Abun-
dance of oysters on shell was highest at
the low-salinity site, but oyster density
was highest on marl at the high-salinity
site. Greater recruitment in higher
salinities has been found in Pamlico
Sound (Ortega & Sutherland 1992),
Maryland (Beaven 1954), and the Gulf
of Mexico (Butler 1954). The low
recruitment to shell at the high- salinity
site compared to the low-salinity site
could have resulted from an earlier set-
tlement pulse at the high-salinity site,
with deployment of shell occurring after
this pulse. Within sites, recruitment of
oysters was higher at the bottom of the
mounds than on the top at the first sam-
pling. Lenihan (1999) monitored high-
and low-relief oyster reefs and also
found higher oyster recruitment at dee -
per depths. But 1 yr after reef deploy-
ment, the density of oysters was similar
between the top and bottom of the reef.
In addition, oyster density de creased
over time at the high-salinity site, re -
mained relatively constant at the low-
salinity site, but increased at the mid-
salinity site. This could indicate that
moderate salinities within Pamlico
Sound may be the best areas for oyster

restoration with the goal of maximizing oyster densi-
ties. However, the average density of oysters re -
mained >500 oysters m−2 at all experimental sites,
which is greater than the highest densities found
on oyster reef sanctuaries throughout NC and is
50 times higher than the 10 oysters m−2 that has been
used as an indicator for a functional reef (Powers et
al. 2009).

The size of oysters on shell remained relatively
constant, and sampling date was not included as a
factor in the model of oyster size. Although we can-
not determine the cause of relatively constant oyster
size through time because we did not track individ-
ual oysters, we can infer causes from changes in
abundance and size at different sites. Gibbs Shoal
had larger oysters on shell than the other 2 sites, but
the SH remained similar 1.5 yr after deployment.
This likely resulted from continued oyster recruit-
ment with more small oysters during the second sum-
mer. Crab Hole had similar-sized oysters on shells
during the second sampling probably be cause of
overcrowding, and competition from high recruit-
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ment during the first summer resulted in minimal
growth. Finally, oysters on shell at Clam Shoal, on
average, increased in size during the second sam-
pling as compared to the first. This corresponded
with low natural recruitment on the shells through-
out the experiment. Further experiments must be
conducted to determine the cause of minimal in crea -
ses in mean oyster size.

Data from NCDMF support our ex perimental find-
ings that seeding is neither necessary for nor benefi-
cial to oyster restoration efforts in Pamlico Sound. At
NCDMF-monitored sites, den sity of oysters on the
marl varied between the 2 yr that mounds were cre-
ated. There was no difference in the density of oys-
ters for seeded and unseeded mounds, confirming
our conclusion that seeding does not in crease the
density of oysters on restored reefs.

In principle, addition of seed oysters could be
advantageous for restoration efforts where oyster
recruitment is limiting or mortality is high for re -
cently settled oysters. These situations would exist if
(1) populations are reduced low enough that gametes
released by adults are not fertilized; (2) habitat is
highly degraded (i.e. anoxia), and the existing oyster
population has very low reproductive output; or (3)

predators or disease cause high mortality of recently
settled oysters. Al though oyster recruitment varied,
recruitment was not limiting because natural recruit-
ment swamped any effect of seeded shell. Oyster
predators (mud crabs, sheepshead, black drum, and
oyster drills) exist throughout Pamlico Sound (Ches-
nut 1955, Rindone & Eggleston 2011), but re cruit -
ment seemed to exceed the effect of predators, be -
cause the density of oysters remained above 500 m−2

re gardless of shell/seed treatment.
Beck et al. (2011) estimated that oysters are only

5 to 10% of historic abundances in NC. However, our
findings indicate that extant oyster populations in the
areas surrounding the studied oyster sanctuaries
have larval production sufficient to develop oyster
reefs on deployed substrate, which is consistent with
historical observations that oyster recruitment was
not limiting south of Chesapeake Bay (Wallace 1952,
Andrews 1954). Ortega & Sutherland (1992) found
that recruitment along the western side of Pamlico
Sound seemed to be decreasing from 1988 to 1990,
which they attributed to decreasing oyster popula-
tions. Our study 2 decades later did not find that
recruitment was limiting. Moreover, no- harvest oys-
ter sanctuaries throughout Pamlico Sound have
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remained viable for longer than 10 yr (Powers et al.
2009), which would indicate that recruitment is not
limiting, even if it is decreasing. Determining which
factors contribute to the high recruitment in Pamlico
Sound and why recruitment is low in other areas,
such as Chesapeake Bay (Rodney & Paynter 2006), is
an important step to facilitate widespread oyster
 restoration.

Few experimental studies have tested the benefit
of seeding restored oyster reefs, which is unexpec -
ted given the widespread use of seed oysters to
restore and maintain oyster popu lations. One study
on whether seed oysters augmented artificial reefs
found 100% mortality of seed oysters from oyster
drill predation in Mobile Bay, AL (Wallace et al.
2002). Although the benefit of seeding for oyster
restoration will vary depending on where and
when seeding is used, experiments are needed to
determine if seeding is beneficial to oyster restora-
tion.

Restoring habitats, whether because of wide-
spread degradation or extirpation, is one of the
great challenges of our century (Hobbs & Harris
2001). Management restoration efforts are usually
limited by management sche mes that lead to unsus-
tainable harvesting practices, the amount of money
allocated for restoration, and the complexity of eco-
logical processes. Managers and stakeholders
should invest in experiments that test whether
recruitment is limited before artificially augmenting
natural recruitment, a strategy commonly used to
restore other biogenic habitats such as seagrass
meadows (Bell et al. 2008, Orth et al. 2012) and
coral reefs (Clark & Edwards 1995). As habitat res-
toration efforts increase, restoration techniques
need to be firmly grounded in experimental ecology
so that invested resources are maximized based on
the spatial and temporal dynamics of recruitment
and overall restoration goals.
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