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INTRODUCTION

Eastern oyster Crassostrea virginica reefs used to
domina te many coastal environments of the Atlantic
Ocean and Gulf of Mexico but have declined be cause
of overharvesting and environmental degradation ex -
acerbated by disease, epizootics, and altered water
flow (Coen & Luckenbach 2000, La Peyre et al. 2003,
Tolley et al. 2006, zu Ermgassen et al. 2012, 2013).
This loss has directly resulted in diminished har-
vestable oysters but also plays an important role in
the overall degradation of estuaries. Oyster reefs pro-
vide fundamental biological, physical, and chemical
functions (Rodney & Paynter 2006, Coen et al. 2007,
Beck et al. 2011) that contribute to the persistence
of estuarine ecosystems and coastal productivity in
general. Because of the economic and ecological

value of this important habitat, projects have been
conducted at multiple scales to restore subtidal and
intertidal oyster reefs to their historical extents. Data
on fringing (Cake 1983) intertidal reefs suggest that
these reef types, although small in area, also provide
unique and necessary habitat for resident and tran-
sient estuarine fauna (La Peyre et al. 2014a) as well as
shoreline stabilization (see Stricklin et al. 2010).

Many reef restoration monitoring programs have
focused on using short-term oyster harvest as a
 metric of success, while other oyster reef ecosystem
functions are largely ignored (Beck et al. 2011). The
3-dimensional structure of oyster reefs, with high
sur face area and abundant interstitial space, en -
hances ecosystem services and economic values by
(1) encouraging the settlement of oyster spat and
other sessile organisms that promote the growth and
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physi cal expansion of the habitat (Tolley & Volety
2005, Rodney & Paynter 2006, Gregalis et al. 2008, La
Peyre et al. 2014b); (2) attracting a diversity of infau-
nal and epifaunal organisms (Powers et al. 2003, Tol-
ley & Volety 2005, Shervette & Gelwick 2008, Hadley
et al. 2010, Stunz et al. 2010, Kingsley-Smith et al.
2012, La Peyre et al. 2014a); (3) increasing prey bio-
mass available to predators, thereby enhancing tro -
phic transfer (Tolley & Volety 2005, Rodney & Payn-
ter 2006, Stunz et al. 2010, La Peyre et al. 2014a); (4)
providing a shallow-water refuge to organisms (Leni-
han et al. 2001, Lehnert & Allen 2002, Hadley et al.
2010); (5) increasing water filtration and carbon
sequestration rates (Grabowski & Peterson 2007,
 Torres-Rojas et al. 2014); and (6) creating physical
structures that enhance sediment deposition and
buffer wave energy, thus increasing marsh area and
reducing shoreline erosion (Piazza et al. 2005, Coen
et al. 2007, Stricklin et al. 2010). Regardless of oyster
reef size, shape, or location, these functions have
become compromised worldwide, with a large-scale
loss of oyster reefs (Boesch et al. 2001, Coen et al.
2007) estimated to be 85% globally (Beck et al. 2011).
Since an important aspect of oyster reef restoration is
to enhance ecosystem services, it is essential that reef
monitoring programs examine metrics such as con-
sumer abundance, biodiversity (Beck et al. 2011),
and trophic transfer (Coen et al. 2007, La Peyre et al.
2014a) within coastal landscapes if we are to under-
stand reef function within ecosystems.

Although oyster reefs are an ecologically and eco-
nomically valuable estuarine habitat type, few stud-
ies have focused on restoration of and ecological
services provided by fringing intertidal reefs found in
the shallow estuaries along the Gulf of Mexico
(Piazza et al. 2005, Tolley et al. 2006, Shervette &
Gelwick 2008, La Peyre et al. 2014a). These fringing
intertidal reefs in Mississippi Sound’s tidal creeks
provide little direct economic value in terms of oyster
harvest, as they are not abundant enough to be har-
vested commercially; however, the ecosystem ser -
vices provided by these reefs are likely important to
local fauna and food web structure (Beck et al. 2011).
The use of stable isotopes has proven useful to com-
pare and contrast ecosystem function across several
scales (Riera & Richard 1996, West et al. 2006, Nelson
et al. 2012, Marchais et al. 2013). For example,
Ruesink et al. (2014) found that over a 2 yr period,
the Pacific oyster C. gigas showed minimal regional
 variation in carbon isotope (δ13C) values and carbon:
nitrogen ratios, but in contrast, nitrogen isotope (δ15N)
values were enriched in the warmer up- estuary por-
tion of Puget Sound, Washington, where salinity, inter -

tidal depth, and immersion times were nearly identi-
cal. These data suggest that for the Pacific oyster,
spatial variation in terrestrial nitrogen inputs along
the estuarine gradient occurs as suggested earlier by
Riera & Richard (1996), and these differences can be
quantified.

Given the inherent variation in stable isotope val-
ues in space and time within estuaries, a landscape
design incorporating both spatial and temporal sca -
les is warranted (Dubois et al. 2007, Olin et al.
2013). This study compares the colonization of con-
sumers (invertebrates and fish) and their respective
δ13C and δ15N stable isotope values over a 2 yr pe -
riod at 3 constructed and natural reef sites within
the Grand Bay National Estuarine Research Reserve
(GBNERR) in coastal Mississippi. We hypothesized
that constructed eastern oyster C. virginica fringing
reefs should develop similar food web structures
across time as the oysters themselves mature and as
the reef community develops compared to nearby
natural fringing reefs. We predicted that (1) there
would be a spatial distinction in fringing C. virginica
reef food webs in terms of taxa richness, consumer
abundance, and stable isotope values along a sali -
nity gradient; and (2) constructed fringing C. virgi -
nica reef food webs would initially be distinctive in
faunal assemblages and stable isotope values but
would coalesce with and be similar to natural fring-
ing C. virginica reef food webs within the 2 yr study
period.

MATERIALS AND METHODS

Study site

Grand Bay is a retrograding delta that was isolated
from its natal river thousands of years ago, with
marsh erosion rates ranging from 0.5 to 4.0 m yr−1

(Otvos 2007). Sediments in the system range from
organic-rich silty sand beneath marsh areas to sandy
clay/silt and fine-grained sand in the tidal creeks
(Otvos 2007). Water depth throughout Grand Bay’s
tidal creeks is less than 1 m, and the tidal range is
about 0.6 m, with more extreme fluctuations in water
depth associated with strong winds, which can blow
water into or out of the system (Dillon & Walters
2007). Water temperatures in Grand Bay range from
4 to 15°C during the winter and reach maximums of
29 to 35°C during the summer. Daily fluctuations in
water temperature tend to be tidal, but rapid changes
can also occur from weather systems moving into the
area (Dillon & Walters 2007). Grand Bay has no river-

188



Dillon et al.: Functional equivalence of GOM oyster reefs

ine inflow, but salinity throughout the estuary can
shift rapidly from near 0 to over 30 because of fluctu-
ations in overland runoff and possibly groundwater
seepage (Dillon & Walters 2007). Fringing intertidal
Crassostrea virginica reefs at the study sites are scat-
tered and sporadic, with a maximum coverage of 30
to 35% (Wieland 2007). To our knowledge, the den-
sity of live oysters within these reefs has not been
evaluated but appears to be highly variable spatially
and temporally (Wieland 2007, M. S. Peterson pers.
obs.). In Mississippi Sound, C. virginica spawn in all
months except December through February, with
peak spawning between May and early June and
again in September (Cake 1983).

Sample collection

During August 2006, each of 3 con-
structed C. virginica reefs was placed
at least 92 m away from a natural reef
within the intertidal zone of 3 sub-
basins of the GBNERR: Bayou Cum -
best (BC), Crooked Bayou (CR), and
North Rigolets (NR) (Fig. 1). Each
sampling site is adjacent to salt mar -
shes dominated by Juncus roemeria -
nus (black needlerush) with Spartina
alterniflora (smooth cordgrass) along
the tidal creek edge. Prior to reef con-
struction, each  natural and construc -
ted reef area (30.5 × 1.8 m = 55.8 m2)
was divided into 3 equal sections,
which were each gridded into equal
smaller areas to facilitate random
placement of 7 sample trays (48.3 cm
long × 30.5 cm wide × 11.4 cm high;
area = 0.15 m2) within each section (21
trays total per reef). Each tray was
lined with window screen with a mesh
size of 3.12 mm (0.125 inch), filled with
1 bag (~1 ft3 or 0.028 m3) of C. virgi -
nica shell, and randomly placed with -
in each reef section at low tide. The
tray bottom was seated about 5 to 8 cm
into the sediment but was not com-
pletely flush with the sediment sur-
face. Bags of shell of the same size
were added to the remaining reef area
for 30 to 35% coverage to simulate
shell coverage of the natural reefs. All
shell bags were cut open after deploy-
ment to mimic natural habitat. There
was no noticeable loss of shell mate-
rial due to sinking or other losses dur-

ing the study period, ex cept for a boat disturbance at
a portion of the CR site during May 2008. It was diffi-
cult to sample exactly on a defined tidal stage (see
Ennis et al. 2014), since tides in Mississippi are
microtidal in nature and often wind driven. Daily col-
lection times were between 09:00 and 14:00 h, which
typically corresponded to mid to high tide during the
study (Fig. 2).

Constructed and natural reefs were sampled for
abundance and overall taxa richness quarterly start-
ing in November 2006 for 2 yr; stable isotope samples
were collected in the winter and spring during the
same period (November 2006, May and December
2007, June 2008). Reefs were sampled in spring and
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Fig. 1. Oyster sampling sites. (A) Grand Bay National Estuarine Research Re-
serve, Jackson County, MS, and the 3 bayous sampled. Triangles show the 2
System-wide Monitoring Program stations that bracket the study area in
Bayou Cumbest and Point aux Chenes Bay. (B) Larger-scale view of the con-

structed and natural oyster reef pairs in each of the 3 bayous
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early summer rather than mid-summer to avoid the
seasonal hypoxia that regularly occurs in Grand
Bay’s tidal creeks during summer months. During
each sampling event, salinity, temperature (°C), and
dissolved oxygen (mg l−1) were measured at each site
with a YSI model 85 handheld meter.

Natural reefs were sampled by placing a plastic
tray with no bottom into the sediment at random loca-
tions within 3 equal-sized sections of each natural
reef. Live oysters, shells, and fauna down to 5 cm
within each tray were removed with a small spade
and dip net and placed into buckets for transport to
the lab. In the event that water was covering the tops
of the sampling trays, a tall, bottomless wooden frame
(53.34 × 36.83 cm) was pressed into the sediment
prior to sample collection to reduce sample material
lost from disturbing the sediments and water column
for both the natural and constructed reefs. For the
constructed reefs, each sample tray was also always
covered with cloth and then removed from each reef
section (3 trays per reef per quarter) and placed into a
plastic tray for transport to the laboratory. Only 2
sample trays were collected at the CR constructed
site during June 2008 because of a disturbance by
small boat traffic in one section. Upon return to the

lab, all samples were individually sieved through a
0.5 mm sieve and then sorted to the lowest possible
taxa and enumerated. Samples for taxa richness (de-
fined as the number of taxa collec ted in 3 trays from
each sampling time and site) were fixed in 10% for-
malin for 24 h, stained with rose  bengal, and later
identified and counted. To better un der stand colo-
nization and development of C. virgi ni ca on these
reefs, individuals collected were cate gorized into life
stages by size and split into spat (<2.54 cm), seed
(2.55–7.61 cm), and adults (>7.62 cm) for the results
and discussion herein. Nematodes, Platyhelminthes,
and Nemertea were identified to phylum; annelids
were identified to family; and arthropods, mollusks,
and fishes were identified to genus and species
whenever possible. Subsamples for stable isotope
analysis were sorted, identified, counted, and then
frozen at −20°C until preparation for analysis.

Eastern oyster densities were estimated on a per
0.15 m2 area (area of the sampling tray) for all taxa in
this study because of the extremely patchy and low-
density nature of intertidal reefs in the GBNERR.
Extrapolating our density estimates in this system to
a per square meter basis should be approached cau-
tiously, since population densities could easily be
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Fig. 2. Water depths (m) at the Point aux Chenes System-wide
Monitoring Program station on all sampling dates from midnight
to midnight. Black thick line denotes daily sampling times (09:00 

to 14:00 h). Dates given as mo/d/yr
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overestimated because the shell patches are so small
and patchy. With this in mind, the data are however
also provided on an individuals per square meter
basis for easy comparisons with other studies.

All primary producers collected were sampled
from each bayou during spring (May 2007 and June
2008) to assess the δ13C and δ15N values for potential
sources of organic matter to reef-associated organ-
isms. Marsh macrophytes included J. roemerianus, S.
alterniflora, Distichlis spicata (coastal saltgrass), S.
patens (saltmeadow cordgrass), and Borrichia frutes -
cens (bushy seaside tansy); the latter 2 species were
only collected at BC. Ruppia maritima (wigeongrass)
was the sole submerged aquatic vegetation species
sampled and was only collected at the most seaward
site (NR). Three leaves were collected from 3 plants
of each species sampled. Any epiphytes present on
leaves were scraped off with a razor, and the leaves
were dried to a constant weight at 60°C. Benthic
microalgae (BMA) were obtained with glass plate
collectors, each comprised of 2 glass plates siliconed
together, with a small space the size of monofilament
line between them. Within each section of each reef,
a glass plate collector was partially pushed into the
sediment bank above and below the reef for 2 wk (6
samples per reef per sampling event). After retrieval,
the plates were returned to the lab, where they were
gently rinsed to remove sediment, separated, and
scraped with a razor to collect the microalgae. Micro-
scopic examination of the plates prior to scraping
showed that the samples were primarily composed of
microalgae.

Plankton samples were collected during May 2007
and June 2008 using plankton nets (63 and 335 µm in
2007; 53 and 200 µm in 2008) that were each towed
for 5 min. After collection, samples were stored on ice
in glass jars for transport to the laboratory. Each sam-
ple was separated with a saturated sodium chloride
solution, which allowed the particulate organic mat-
ter (POM) to settle and the plankton to remain sus-
pended, and the suspension was elutriated into a
0.5 mm sieve (e.g. Bé 1959, Heip et al. 1974, Rakocin-
ski et al. 1993); POM and plankton were then sepa-
rated by hand.

Invertebrates, small fish, primary producers, plank -
ton, and POM samples were processed for analysis
whole, while subsamples of muscle tissue were col-
lected from larger fish, such as Opsaus beta (Gulf
toadfish) and Myrophis punctatus (speckled worm
eel). Small individual organisms of the same taxa (i.e.
amphipods, polychaetes, and some crabs) for each
collection were combined to achieve enough mass
for stable isotope analysis and thus reflect popula-

tion-level stable isotope values. All samples were
rinsed thoroughly with deionized water to remove
any sediments and then oven dried (60°C) to a con-
stant weight and ground to a fine powder with a
Crescent Wig-L-Bug grinding mill. After grinding, all
samples were acid washed (10% HCl) to remove
 carbonates and rinsed thrice with deionized water.
After the final rinse, samples were dried at 60°C and
then homogenized with a Crescent Wig-L-Bug. All
ground samples were placed into clean scintillation
vials and stored in desiccators. Subsamples were
packed in tin capsules and analyzed for δ13C and
δ15N at the University of California Davis Stable Iso-
tope Laboratory. Most (72%) of the δ13C and δ15N
samples were analyzed in triplicate, while some
could only be analyzed in duplicate (5%) or as single
samples (23%) because of limited sample material.

Data analysis

Comparisons of δ13C and δ15N isotopic values of
primary producers were made within bayous (n = 3)
by year (2007 vs. 2008) and by reef type (natural vs.
constructed), while δ13C and δ15N isotopic values for
plankton (pooled by bayou) were compared between
years with a Student’s t-test. A 1-way ANOVA was
used to compare δ13C and δ15N values between S.
patens, S. alterniflora, and D. spicata, and if a signi -
ficant difference in F-values was noted, mean values
were separated with a Sidak pairwise post hoc test.
For any data analysis, the δ13C values had to be, on
average, >1 per mil different to be considered bio -
logically meaningful, or no analysis was conducted
for δ13C and δ15N. The vast majority of samples (95%)
had standard deviations between replicate 13C sam-
ples that were less than 0.5 per mil. Our 1 per mil rule
allows for a minimum difference of 2 standard de -
viations for 13C values to be considered biologically
meaningful. These statistics were completed using
SPSS software (ver. 20), and significance was de -
noted when p < 0.05.

Cluster analysis based on the hierarchical agglom-
erative method with the group-average linkage pro-
cedure was used to compare mean isotopic signa-
tures (δ13C and δ15N) of ubiquitous consumers from
May 2007 and June 2008 collections only. We used a
normalized Euclidean distance coefficient to form
clusters and a similarity profile (SIMPROF) permuta-
tion test on the cluster nodes to delineate significant
structure within the clusters; these were computed
with PRIMER (ver. 6.1.13; PRIMER-E). The cluster
analysis attempts to create groupings of sample site
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and date events (reef type and year combination, n =
4 for each bayou) based on the mean isotopic values
of ubiquitous taxa (varies from 3 to 7 taxa, Table 1)
through a generated matrix. Black lines delineate
significant structure within the cluster analysis,
whereas grey lines are not different (Clarke & Gorley
2006). Although several other statistical comparisons
of consumer isotope values could have been con-
ducted, detailed comparisons for all taxa examined
temporally and spatially were logically not possible
because of the sporadic nature of taxa collected
across sites and seasons.

RESULTS

Water temperature measured during field collec-
tions ranged from 12 to 30°C, and salinities ranged
from 11 to 29, with the lowest values observed in BC,
the most inland site (Table 2). Dissolved oxygen con-
centrations measured 2.4 to 10.4 mg l−1 (Table 2) and
were negatively correlated with water temperature
(r2 = 0.66). Measured water quality parameters were
very similar between paired natural and constructed
reefs at any site (Table 2). Continuous data from 2
System-wide Monitoring Program (SWMP) stations
that bracket the sampling area illustrate the highly
variable salinity that the area experiences (Fig. 3).
Although the 2 SWMP stations are relatively close
together, salinity can vary dramatically because of
varying upland and seaward hydrological influences.
The study area lies between upland freshwater and
tidal oceanic influences, where large shifts in salinity
are typical. At times, salinity at the more seaward
Point aux Chenes site can drop below the more
inland BC site (see October 2007; Fig. 3). BC salini-
ties tend to be correlated more with local rainfall,

while the salinities in Point aux Chenes Bay are more
representative of Mississippi Sound, a well-mixed
estuary that receives high discharges from much
larger and more upland watersheds via the Mobile,
Pascagoula, and Pearl rivers. Note that salinities
throughout the study area were consistently high for
several months prior to the May 2007 sampling
because of drought conditions.

Eastern oyster densities

Densities of different life stages of the eastern oys-
ter (spat, seed, and adult) were calculated for each
reef over time. Constructed reefs had much higher
densities of spat and seed than their natural reef in all
instances but one: during June 2008, the natural reef
at NR had slightly higher spat abundances than the
constructed reef (Fig. 4). NR constructed reefs typi-
cally had lower abundances of spat and seed than the
other two constructed reefs; however, adult Crasso -
strea virginica were first found at this constructed
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Date Tempe- SD Sali- SD DO SD
(mo/d/yr) rature nity (mg l−1)

(°C)

Bayou Cumbest
11/20/2006 12.7 0.0 11.6 0.0 7.8 0.0
2/26/2007 15.8 0.1 20.6 1.4 6.5 0.0
5/21/2007 24.4 0.1 29.3 0.0 4.6 0.6
8/31/2007 29.8 0.1 25.3 0.2 3.8 0.5
12/6/2007 13.7 0.1 23.5 0.2 7.2 0.1
3/4/2008 18.0 1.1 19.3 0.7 6.1
6/6/2008 28.2 0.0 18.2 0.1 4.8 0.0

Crooked Bayou
11/20/2006 14.5 0.0 21.5 0.0 9.7 0.0
2/26/2007 17.5 0.6 27.0 0.1 6.0 0.3
5/21/2007 24.7 0.3 29.1 0.0 4.6 0.5
8/31/2007 28.2 0.6 27.6 0.4 3.5 0.9
12/5/2007 14.0 0.1 25.8 0.1 8.5 0.5
3/4/2008 20.3 0.5 20.0 0.8 7.9
6/5/2008 29.0 0.3 18.7 0.4 5.4 0.0

North Rigolets
11/20/2006 12.2 0.0 22.8 0.0 10.4 0.0
2/26/2007 17.8 0.1 28.5 0.1 5.4 0.1
5/23/2007 24.3 0.0 28.8 0.0 4.1 0.0
8/31/2007 26.6 0.1 28.8 0.0 2.4 0.1
12/5/2007 12.1 0.3 27.5 0.4 6.8 0.0
3/4/2008 18.8 0.1 20.6 0.2 6.9
6/5/2008 27.9 0.1 18.7 0.5 5.1 0.3

Table 2. Temperature, salinity, and dissolved oxygen (DO)
concentrations for each sampling site for each sampling
date. Standard deviations (SD) shown are the difference in
measurements between the constructed and natural sites 

within each bayou
Bayou Crooked North 

Cumbest Bayou Rigolets

Balanus sp. x
Crassostrea virginica spat x x x
C. virginica seed x x
Ischidium recurvum x
Melita sp. x x
Panopeus simpsoni x
Panopeid crabs x x
Capitellidae x
Eunicidae x

Table 1. Ubiquitous taxa used in the cluster analysis and
similarity profile tests (see Fig. 9) by bayou pooled by reef 

type and May 2007 and June 2008 periods
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site and continued to increase to a maximum of 56 ± 5
individuals per 0.15 m2 (372 ± 33 ind. m−2) during
March 2008 (Fig. 4). All other sites including the
other constructed reefs showed much poorer estab-
lishment of adult C. virginica, with mean densities of
less than 6 individuals per 0.15 m2 sampling tray
(40 ind. m−2).

Consumer taxa richness and relative abundance

Consumer samples collected during November
2006 showed that natural reefs from BC and CR had
lower taxa richness (14 and 10 taxa, respectively)
than constructed reefs (19 and 18 taxa, respectively).
In contrast, taxa richness at the constructed and nat-
ural reefs at NR was more similar, with 17 and 16
taxa, respectively. Taxa richness increased at all sites
from November 2006 to February 2007, and con-
structed and natural reefs at BC and CR had similar
taxa richness (22 to 26 taxa; Fig. 5) by February 2007,
whereas the constructed site at NR had much higher
taxa richness (32 taxa) relative to the natural site
(19 taxa).

Between February and May 2007, taxa richness at
all reef sites decreased and was similar between con-
structed and natural reefs except the BC constructed
site, which had higher taxa richness (23 taxa) than
the natural reef (17 taxa; Fig. 5, Tables S1 to S3 in the
Supplement at www.int-res.com/articles/suppl/m528
p187 _supp.pdf). Taxa richness was the most variable
during August 2007 (Fig. 5), and the constructed

reefs at BC and NR (38 and 22 taxa, respectively) had
much higher taxa richness than the respective natu-
ral reefs (26 and 10 taxa, respectively). In contrast,
constructed and natural reefs at CR had similar taxa
richness (23 and 22 taxa, respectively). During De -
cember 2007, the taxa richness of constructed and
natural reefs at BC (39 and 28 taxa, respectively) was
much higher than at the other sites (13 to 18 taxa).

Taxa richness in March 2008 showed less variabil-
ity than previous sampling periods (22 to 28 taxa),
and the constructed reefs had 2 to 5 more taxa pres-
ent than the respective natural reefs at all sites. Taxa
richness values the following June (20 mo after con-
structed reefs were built) at most reef sites increased
(23 to 32 taxa); the natural reefs at BC and CR had
slightly greater taxa richness values than the con-
structed reefs at these sites, while both reefs at NR
had 28 taxa present (Fig. 5, Tables S1 to S3 in the
Supplement).

Individual quarterly counts of each taxa type were
grouped at the phylum level to examine potential dif-
ferences in phyletic abundances between reef types
and locations. Because of the wide range and spo-
radic nature of different reef consumers collected, it
was impractical to attempt comparisons at the genus
or species level for all sites and reef types. In addi-
tion, 3 types of consumers were only identified to
the phylum level (Nematoda, Platyhelminthes, and
Nemertea), although the abundances of these 3
phyla were much lower than those of the 3 dominant
phyla (Annelida, Mollusca, and Arthropoda) (Fig. 6,
Tables S1 to S3 in the Supplement). For each phylum
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Fig. 3. Daily (24 h average)
salinity values for Grand Bay
System-wide Monitoring Pro-
gram stations Bayou Cumbest
and Point aux Chenes Bay
from August 2006 to June
2008. Arrows indicate taxo-
nomic sampling, and shaded
grey areas denote 1 mo prior
to stable isotope collections

http://www.int-res.com/articles/suppl/m528p187_supp.pdf
http://www.int-res.com/articles/suppl/m528p187_supp.pdf
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examined, 1 to 3 taxonomic groups dominated and
accounted for 60 to 95% of the phyletic abundances
during the entire study. For the Annelida phylum,
individuals from the families Capitellidae and Spio -
nidae and the subclass Oligochaeta made up 77 to

89% of the total counts at all sites. The
eastern oyster dominated the Mollus -
ca abundances at all sites (86 to 96%).
Arthropoda was the most versatile
phylum, with 28 different taxonomic
groups; however, again, only a few
groups dominated in abundance: Me -
lita amphipods comprised 42 and 46%
of the total counts at BC and CR,
respectively, followed by Apoco ro -
phium spp. (23 and 12%, respectively)
and Panopeus simpsoni (11 and 20%,
respectively). At the NR site, Apoco -
rophium amphipods were ab un dant
(33%), followed by the mudcrab P.
simpsoni (26%) and then Panopidae
juveniles (11%).

When phylum-level population as-
semblages (total counts in 3 trays for
each sampling time and site) are ex-
amined at each site and reef type over
time, several trends are easily ob-
served. First, constructed reefs usually
have much higher abundances com-
pared to natural reefs (Fig. 6), al-
though exceptions were noted: natural
reefs at CR and NR had higher total
abundances during February 2007,
when large increases were observed
in Annelida and Nematoda abun-
dances. Second, the average total
abundances tended to be highest at
the constructed BC site, where Arthro-
poda (mostly amphipods and mud
crabs) abundances were much higher
than anywhere else. Third, the abun-
dance of individuals from all taxa
groups diminishes from the inland BC
site to the more marine NR site, al-
though the trend is most notable in the
arthropods. Interestingly, natural reefs
had some of the lowest abundances
during winter (November 2006 and
December 2007), but this trend was
not observed at the constructed reefs.

Fish were low in abundance relative
to the major taxa at all sites at all
times, and no species consistently

dominated the phyletic abundances. Most fish col-
lected were small cryptobenthic species collected
almost exclusively in the spring and summer sam-
pling except during February 2007, when 1 unidenti-
fied goby species and 1 Gobiesox strumosus (skillet-
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Fig. 4. Densities of eastern oyster life stages, (A) spat, (B) seed, and (C) adult,
at each reef site (BC: Bayou Cumbest; CR: Crooked Bayou; NR: North Rigo-

lets) and reef type (Con: constructed; Nat: natural) over time
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fish) were collected at NR. During the entire study
period, 39 individual fish were captured at the most
inland site (BC), while only 2 and 7 fish were cap-
tured at CR and NR, respectively. Opsanus beta was
the most common fish at BC during the study period
and was only captured on the constructed reef during
May (2 individuals) and August 2007 (5 individuals)
until June 2008, when 6 individuals were collected
from the natural reef. Hypsoblennius ionthas (freck-
led blenny) was the next most abundant fish species,
followed by other blenny species (Chasmodes longi-
maxilla [stretchjaw blenny], Hypleurochilus multifilis
[featherduster blenny], and Hypleurochilus gemi -
natus [crested blenny]), G. strumosus, and 2 goby
species (Ctenogobius boleosoma [darter goby] and

Gobio soma bosc [naked goby]). More fish were cap-
tured from the constructed reefs during August 2007
and March 2008, but the higher abundance of O.
beta noted above in June 2008 resulted in higher fish
abundances at the natural site (see Table S1 in the
Supplement).
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Fig. 5. Taxa richness values measured quarterly in 3 trays
from constructed (Con) and natural (Nat) reefs at (A) Bayou
Cumbest (BC), (B) Crooked Bayou (CR), and (C) North Rigo-

lets (NR)

Fig. 6. Total individual phylum counts for 3 trays collected at
each site on each sampling date for (A) Bayou Cumbest, (B)
Crooked Bayou, and (C) North Rigolets for each quarterly 

sampling. Con: constructed reef site; Nat: natural reef site
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Stable isotopes: primary producers

δ13C and δ15N values pooled by bayou for individ-
ual species of primary producers were not statisti-
cally different by year (Student’s t-tests: p values
ranged from 0.073 to 0.734) and thus were pooled. In
addition, the δ13C and δ15N values of C4 grasses (Dis-
tichlis spicata, Spartina alterniflora, and S. patens)
were not statistically different from one another
(1-way ANOVA: carbon p = 0.123, nitrogen p =
0.673). Mean δ13C values for primary producers were
−29.4, −23.7, −21.8, −13.8, and −12.2‰ for Borrichia
frutescens, Juncus roemerianus, BMA, C4 grasses,
and Ruppia maritima, respectively (Fig. 7). Mean
δ15N values for all macrophytes were indistinguish-
able (range = 0.2 to 5.1‰); however, C4 grasses had
the greatest variability (Fig. 7). In contrast, year and
bayou-pooled BMA had significantly lower nitrogen
(Student’s t-test: p = 0.015) and carbon (Student’s t-
test: p < 0.001) values than J. roemerianus (Fig. 7).
BMA showed the greatest range in δ13C values (−25.6
to −18.4‰), while other primary producers had much
more consistent δ13C values.

Stable isotopes: POM and plankton

The mean pooled δ13C and δ15N values for POM
in 2007 were −21.8 and 2.5‰, respectively (Fig. 7).
Phytoplankton and zooplankton did not show very
good separation in terms of stable isotope values and
were thus pooled as plankton hereafter. It is likely

that the plankton net mesh sizes
did not adequately separate phyto-
plankton and zooplankton size clas -
ses during sample collections. Plank-
ton δ13C values ran ged from −21.6
to −24.8‰ (mean = −23.0 ± 1.2‰),
while δ15N values showed much
greater variability, with values rang-
ing from −1.0 to 8.4‰ (mean 5.5 ±
3.0‰). Cteno phores were only found
in the May 2007 sample period and
had δ13C and δ15N values near those
of plankton. Plankton samples col-
lected in June 2008 had δ13C values
similar to those collected in the pre-
vious year; however, the mean δ15N
value (9.0 ± 1.7‰) was about 3.5‰
higher than that measured in 2007
(Fig. 7).

Stable isotopes: consumers

In November 2006, different life stages of C. vir-
ginica were similar in their isotopic values for each
site. All life stages of C. virginica (spat, seed, and
adult) from natural and constructed reefs within each
bayou (Fig. S1 in the Supplement) were isotopically
similar across habitat type, and the stable isotope val-
ues were similar between BC and CR (mean δ13C =
−25.4 ± 0.7‰; mean δ15N = 6.9 ± 0.6‰). C. virginica
from NR had mean δ13C signatures that were, on
average, 2.2‰ heavier than at the other 2 sites (mean
δ13C = −23.6 ± 0.4‰), but C. virginica δ15N values at
this site (mean δ15N = 6.8 ± 0.5‰) were not markedly
different from the other bayous. The hooked mussel
Ischadium recurvum collected at the BC natural
(Nat) reef had isotope values that were similar to C.
virginica. The common P. simpsoni mud crab was
found at all reef sites and had similar isotopic values
across all reef sites and types, whereas other crab
species showed greater ranges of δ13C  values (−16.5
to −20.7‰). Nereid polychaetes were found at all
sites and had δ13C values ranging from −20.1 to
−23.4‰ and δ15N values ranging from 6.5 to 8.8‰.
Amphipod species were found at the BC constructed
(Con), CR-Con, and NR-Nat reefs, with BC-Con
showing the greatest richness (4 species). The δ13C
and δ15N values for all amphipods sampled ranged
from −21.6 to −25.5‰ and from 2.2 to 8.3‰, respec-
tively. Balanus sp. samples from all sites had δ13C val-
ues that were similar to plankton samples (−22 to
−23‰), while their δ15N values were about 1.5‰
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higher than those of plankton collected during the
same period (Fig. S1 in the Supplement).

During May 2007, the isotopic values of all life
stages of C. virginica were again similar between
natural and constructed reefs (Fig. 8). All stages of
C. virginica δ13C samples from NR were about 2‰
higher than at the other sites; however, C. virginica
from all sites also showed δ13C enrichment of about
2‰ relative to November 2006. Other types of organ-
isms common to sites between November 2006 and
May 2007 such as I. recurvum, P. simpsoni, and
Nereid polychaetes also reflected this shift in more
enriched δ13C values. I. recurvum had isotopic values

that grouped near C. virginica, with slightly lower
δ13C and δ15N values. The δ15N values of C. virginica
were similar (~7‰) for all sites between November
and May, although slightly higher values (8.3 and
8.7‰) for seed and adults were found at BC-Nat. The
mean δ15N values for P. simpsoni also increased
slightly, while the mean δ15N values for the Nereid
polychaetes remained consistent across sites and reef
types. The various species of polychaetes, amphi -
pods, and crabs had a relatively broad range of δ13C
values (−23 to −18‰) and tended to have mean δ15N
values that were between 5 and 8.5‰. Amphipod
δ15N values tended to be at the lower end of this
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Fig. 8. Biplots of δ13C and δ15N values of consumers collected from natural (Nat) and constructed (Con) oyster reefs during May
2007 from Bayou Cumbest (BC), Crooked Bayou (CR), and North Rigolets (NR). Blue dotted polygon represents range of 

primary producers, plankton, and particulate organic matter isotope values
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range, while polychaete values tended to be at the
higher end. Eunicid polychaetes were the most con-
spicuous polychaetes collected and consistently had
some of the highest δ15N values measured during
May 2007, with values that rivaled or exceeded those
of fish species at BC-Con and NR-Nat, indicating that
they can be top reef predators. Eunicids had inter -
mediate δ13C values that were also similar to those of
fish. These results indicate that these voracious poly-
chaetes may compete directly with fish for prey
items. Ctenogobius boleosoma and H. multifilis had
the highest mean δ15N values of any fauna at BC-Nat
(9.8 and 11.8‰, respectively), while O. beta had the
highest δ15N value (10.2‰) at BC-Con. Myrophis
punctatus was collected at NR-Nat and had a slightly
lower δ15N value (9.1‰). Blenny and goby species at
BC-Nat had distinct δ13C values of −21.5 and −17.5‰,
respectively, while O. beta and M. punctatus had
intermediate δ13C values of −21.0 and −18.4‰,
respectively.

In December 2007, the isotopic values of all C. vir-
ginica samples were not markedly different between
reef types, but samples from NR were again slightly
enriched (~1.5‰) (Fig. S2 in the Supplement). C. vir-
ginica δ13C values at each reef shifted back to values
similar to the previous winter (~25‰ at BC and CR;
~23‰ at NR), likely because of a more typical hydro-
logical regime (lower and more variable salinities).
Similar to the previous May, δ13C and δ15N values of
I. recurvum were slightly lighter than C. virginica
values and may be indicative of the 2 filter feeders
utilizing slightly different size classes of POM or hav-
ing different fractionation factors of assimilated
POM. Balanus sp. samples were only obtained at BC
during this sampling and had δ13C and δ15N values
that were very similar to the previous winter. Most
polychaete and amphipod species in December 2007
had δ13C values between −24 and −20‰, and δ13C
values were similar between paired natural and con-
structed reefs (Fig. S2 in the Supplement). Nereid
and Capitellid polychaete δ15N values were similar
(range 6.2 to 8.1‰) when found together, while Euni-
cid polychaetes and the previously uncollected Pilar -
giid polychaetes, a carnivorous omnivore, found at
BC-Con had a higher range of δ15N values (7.7 to
11.1‰). Crabs as a group showed the largest range
of δ13C values, ranging from −25 to −23‰ at BC-Nat,
BC-Con, and CR-Con to nearly −16‰ for Uca sp.
 fiddler crabs at NR-Con.

Most fauna collected in June 2008 had isotopic val-
ues that were similar to values measured in Novem-
ber 2007 and December 2008, with no marked differ-
ences by reef type and similar δ13C values at BC and

CR (Fig. 9). C. virginica and other fauna at NR contin-
ued to show slight 13C enrichment (~2 to 3‰) relative
to the other 2 bayous. Cluster analysis of δ15N of ubiq-
uitous consumers in spring 2007 and 2008 collections
show that constructed and natural reefs were not dif-
ferent from one another within sampling sites and
dates (SIMPROF test, p > 0.05). In contrast, δ13C val-
ues of eastern oysters show an expected estuarine
gradient across the 3 sites. BC differed significantly
between 2007 and 2008 (SIMPROF test, p < 0.05) but
not between natural and constructed reefs (Fig. 10)
because of the salinity differences between these pe-
riods. For CR, reef type was not different in 2007 but
was significantly different in 2008, and the con-
structed reef type clustered with the two 2007 δ13C
values (SIMPROF, p < 0.05). Finally, consumer δ13C
values at NR were not different by year or reef type
(SIMPROF, p < 0.05) and illustrate the more consistent
marine influence at this down-estuary site. The May
2007 sampling occurred during a drought, resulting
in high salinities (25 to 30) at all sites for several
months prior to this sampling and, possibly, greater
availability of marine carbon sources to C. virginica
during May 2007. However, plankton samples col-
lected in May 2007 and June 2008 were not, on aver-
age, isotopically different in terms of δ13C, which sug-
gests that the shift in C. virginica was due to a decline
in upland or J. roemerianus detrital sources and an
increase in plankton utilization during dry periods.

DISCUSSION

A goal of restoration is to develop a functional
habitat type where one did not exist or to rehabilitate
a degraded habitat type (Simenstad et al. 2006) such
that system productivity is enhanced. Our results
show that constructed Crassostrea virginica reefs in
the GBNERR were similar to or surpassed their natu-
ral reef counterparts in terms of oyster density, taxa
richness, and phyletic abundance of faunal assem-
blages within 2 yr, suggesting that constructed reefs
quickly become equivalent to natural reefs in terms
of their ecosystem function as a habitat for con-
sumers. In created oyster reefs in Louisiana, La Peyre
et al. (2014a) found that oysters and resident nekton
abundance increased quickly (<1 yr) on constructed
reefs but that the larger transient nekton did not,
with little subsequent increase over the 3 yr project
period, suggesting that consumer populations reach
their apex rapidly. Many studies have shown similar
or higher species diversity and increased taxa rich-
ness at constructed reefs (Shervette & Gelwick 2008,
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Hadley et al. 2010, Stunz et al. 2010), and our study is
no exception. Increased colonization and utilization
of constructed C. virginica reefs by consumers is
likely due to a higher volume of shell being deployed
during reef construction, which provides more habi-
tat and refuge to reef consumers at constructed sites
relative to natural sites. Such differences are hard to
avoid during reef construction, but since one of the
primary goals of constructing C. virginica reefs is to
increase consumer habitat, one could view the in -
creased taxa richness as getting more ‘bang for the
buck’ when making a financial investment in reef
construction.

Much better oyster recruitment was observed at
constructed sites (high spat and seed) relative to nat-
ural sites, but very few individual C. virginica
matured into adults at any sites during the course of
this project except at NR-Con, where higher adult
oyster densities were documented than at any other
natural or constructed reef sites. The higher and
more constant salinities at NR along with higher shell
densities of the created reef likely contributed to the
success of adults at this site. If our data are expressed
on a per square meter basis, the highest mean spat
density overall on constructed reefs for any quarter
(pooled by bayou) was 1464 m−2, mean seed density
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Fig. 9. Biplots of δ13C and δ15N values (‰) of consumers collected from natural (Nat) and constructed (Con) oyster reefs during
June 2008 for Bayou Cumbest (BC), Crooked Bayou (CR), and North Rigolets (NR). Blue dotted polygon represents range of 

primary producers, plankton, and particulate organic matter isotope values
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was 1163 m−2, and mean adult density was 168 m−2

over a 23 mo period, values which are comparable to
published values. For example, in Chesapeake Bay,
Rodney & Paynter (2006) recorded a mean adult oys-
ter density of 173 m−2 on restored reefs. Gregalis et
al. (2008) noted that colonization occurred within
2.5 yr, and mean adult (>3 cm shell height) density
ranged from ~18 to 115 m−2 among 3 sites in Mobile
Bay, Alabama. Finally, La Peyre et al. (2014b) noted
that in restored eastern oyster reefs in Louisiana,
adult densities exceeded 80 m−2 after 3 yr.

Stable isotope results show that eastern oysters had
the lightest consumer δ13C values, suggesting that
they are utilizing a higher proportion of terrestrial
and/or Juncus roemerianus-derived carbon than

most other reef consumers. In a food web study of
intertidal oyster reefs in Estero Bay, Florida, C. vir-
ginica δ13C values were also depleted relative to
other consumers (Abeels et al. 2012), and δ13C values
of oysters were more depleted in a more inland river
site (−26.2 to −28.7‰) compared to a more marine-
influenced bay site (−22.2 to −23.1‰). This isotopic
difference in δ13C values is reflective of estuarine
gradients and is similar (although less subtle) to the
isotopic gradient we observed for oysters across our
Grand Bay sites. We consistently saw oyster δ13C val-
ues at the more marine NR site that were 2 to 3‰
heavier than the more inland sites; however, we also
observed shifts in δ13C values of that same magni-
tude at single stations over time due to changes in
salinity regimes between the sampling periods. Dur-
ing the spring of 2007, salinities throughout the sam-
pling area were high because of drought conditions
(Fig. 3, Table 2), which led to more enriched δ13C val-
ues for oysters during this period compared with
June 2008 (Figs. 8 & 9), when a more typical estuar-
ine salinity gradient existed between the 2 Grand
Bay SWMP stations.

The highest abundances of Balanus sp., amphi -
pods, panopeid crabs (primarily Panopeus simpsoni),
and fish were observed at the most inland BC site
regardless of reef type. Polychaetes often had the
highest δ15N values, indicating that they occupy a
high trophic level. Previous work has shown that
estuarine polychaetes can utilize a broad range of
carbon sources depending on availability (Nithart
2000). Darnaude et al. (2004) showed that subsurface
deposit-feeding polychaetes in the river-dominated
Gulf of Lions (northwestern Mediterranean) relied
strongly on terrestrial POM, while carnivorous poly-
chaetes also had more terrestrial δ13C values, sug-
gesting that they preferred deposit feeders as prey
items. In contrast, suspension-feeding polychaetes
(as well as bivalve molluscs and some crustaceans)
had δ13C values that reflected the utilization of phyto-
plankton-derived carbon (Darnaude et al. 2004). In
our study, we observed that in the absence of fish and
polychaetes, Balanus sp. often had the highest δ15N
values and had δ13C and δ15N values that were simi-
lar to plankton from 2008.

The isotopic food web structure at these sites is
similar to that at intertidal oyster reefs in Estero Bay
in southwestern Florida, where ranges in δ15N values
of approximately 8‰ between POM and top reef
consumers were observed (Abeels et al. 2012). We
observed a similar range of 8 to 10‰ in δ15N values
between POM (δ15N ≈ 2‰) and top reef consumers
(δ15N ≈ 10 to 12‰). Many similar taxa were also col-
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Fig. 10. (A) Bayou Cumbest (BC), (B) Crooked Bayou (CR),
and (C) North Rigolets (NR). Cluster analysis of δ13C values
based on normalized Euclidean distances by bayou (BC, CR,
and NR), reef type (Nat = natural vs. Con= constructed), and
year (07 = 2007 vs. 08 = 2008). Grey clusters are not different
based on similarity profile tests, whereas black clusters are 

different at p < 0.05
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lected at the Estero reefs, and similar ranges of δ13C
and δ15N values of consumers were also observed
(Abeels et al. 2012). Because of the overlapping iso-
topic values of J. roemerianus, BMA, and plankton,
it is difficult to discern the importance of these
resources for most consumers in this underdeter-
mined system (see Fry 2013), since amphipods, crabs,
shrimps, polychaetes, and fish had a wide range of
δ13C values (−19 to −25‰) that were similar to these
3 nutritional sources. Since there is no riverine input
into Grand Bay, it is likely that J. roemerianus-
derived detritus, BMA, and phytoplankton are all
potentially important basal re sources for most reef
consumers rather than detritus from upland terrestrial
plants.
δ13C values for Uca sp. were more distinct than

those of other consumers and did not significantly
overlap with most carbon sources, making it possible
to determine which basal resources are supplying
carbon to these consumers. The average Uca sp. δ13C
values (−16.5 ± 0.3‰), measured at CR-Con (Novem-
ber 2006) and NR-Con (December 2007 and June
2008), were the heaviest of any faunal samples col-
lected during the entire study and show the strong
reliance of Uca sp. on Spartina alterniflora-derived
organic matter. S. alterniflora stands with abundant
Uca sp. burrows are found along the marsh edge at
all sites. Similar δ13C values for Uca sp. have been
found in other Mississippi marshes (Sullivan & Mon-
creiff 1990) as well as in Georgia (Haines 1976, Peter-
son & Howarth 1987) and North Carolina (Currin et
al. 1995). In North Carolina, BMA and standing dead
S. alterniflora appeared to be Uca’s primary dietary
items (Currin et al. 1995). Haines (1976) found that U.
pugnax from a Sapelo Island marsh had δ13C values
between −18.9 and −14.6‰ and concluded that C4
plant detritus was preferentially ingested over C3
plants. She speculated that benthic diatoms (δ13C =
−17‰) may contribute a significant portion of U. pug-
nax; however, Haines & Montague (1979) also con-
cluded that C4 plants were an important carbon
source for these fiddler crabs based on δ13C values,
although BMA and epiphytic algae have been recog-
nized as important carbon sources in seagrass beds
and marshes (Sullivan & Moncreiff 1990, Moncreiff &
Sullivan 2001). Our average BMA values for δ13C
(−21.8‰) were markedly lighter than those meas-
ured by Haines, and if we apply a 2-source mixing
model using our 13C values of S. alterniflora and
BMA, we calculate that Uca sp. at these sites obtains
65% of its carbon from C4 plants and 35% from
BMA. δ34S values of BMA at our sites were isotopi-
cally light and variable (−13.0 to 1.9‰, M. Peterson

unpubl. data), while Uca samples had much heavier
δ34S values (5.2 to 10.8‰, M. Peterson unpubl. data),
indicating that BMA does not represent a high por-
tion of the Uca sp. diet at these sites.

CONCLUSIONS

A primary consideration of restoration efforts
should be long-term self-sustainability. We docu-
mented a short-term (2 yr) benefit from constructed
intertidal oyster reefs to oysters and reef-associated
producers and consumers. However, the long-term
sustainability of the reefs will depend on their per-
sistence and expansion over time without additional
maintenance costs. Ideally, the reefs will continue to
provide habitat (substrate and complexity for fishes
and invertebrates) and ecosystem services for many
years, providing these benefits in an area dominated
by soft, mucky bottoms. The benefits and services
provided will vary spatially and temporally and
depend on local site conditions (Gregalis et al. 2008),
which is a concern for oyster restoration projects.
Intertidal reefs may be relatively vulnerable in the
GBNERR, as the retrograding delta will produce
increasing extremes in wave energy and salinity. For
example, reefs may be covered by fine sediments
over time, as they are easily suspended by storms
and boat traffic, and entire patchy reefs with low ver-
tical structure can be impacted by localized extreme
events (e.g. freshwater influx, disease). Thus, site
selection is an important consideration for small
intertidal reefs.

Oyster reefs generally are considered to provide
ecosystem services value that outweighs the direct
economic benefit from harvest (Peterson et al. 2003,
Grabowski et al. 2012). This is particularly true of the
patchy intertidal reefs at the GBNERR, many of
which are in areas closed to harvest but would still
provide water filtration and nitrogen removal, which
may reduce localized eutrophication and anoxic con-
ditions. Benefits to some fish and other species by the
juxtaposition of intertidal reefs to the expansive salt
marsh may be enhanced as noted in Irlandi & Craw-
ford (1997), and these habitats may be functionally
equivalent as well (Geraldi et al. 2009). This func-
tional equivalency is supported by our isotope data,
which suggests that reef consumers may shift to
available resources based on spatial and temporal
variation in conditions. Such redundancy could pro-
vide resiliency to reefs and the broader estuarine
community in the face of local disturbances and long-
term climate change.
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