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Abstract Eelgrass, Zostera marina, is generally regarded
as the preferred habitat of bay scallops, but in some cases
scallop populations have persisted or increased in areas
lacking eelgrass. This suggests that some other substrate(s)
may serve important ecological functions for bay scallops.
One candidate is Codium fragile, a macroalgal species with
which bay scallops are known to associate and in which we
commonly Wnd juvenile and adult bay scallops in eastern
Long Island, New York. In this study, we examined
whether survival of planted bay scallops diVered in
Codium, eelgrass, and Codium + eelgrass substrates at two
sites during August and October of 2 years. Survival of
tethered scallops and recoveries of live free-planted indi-
viduals varied with scallop size, planting season and year,
but no diVerences were observed between the three
substrates for a given scallop size and planting date.
Crab (particularly Dyspanopeus sayi) and whelk predation
were implicated as important causes of tethered scallop

mortalities while emigration and removal by predators
likely contributed to scallop losses. Densities of naturally
recruited 0+ years scallops recovered by visual and suction
dredge sampling were similar in the eelgrass and Codium
substrates. While our results suggest that Codium may oVer
some degree of predation refuge for bay scallops, further
work needs to weigh the potential disadvantages of this
substrate (such as low DO levels, potential attachment and
transport of scallops, and diVerences in current Xow, food
availability and sedimentation relative to eelgrass) to deter-
mine if Codium may serve as a valuable habitat for bay
scallops throughout their lifespan.

Introduction

Populations of bay scallops, Argopecten irradians
(Lamarck, 1819), have declined dramatically along much
of the US Atlantic and Gulf coasts in the last 30 years, even
to the point of extinction in some areas (Peterson and
Summerson 1992; Tettelbach and Wenczel 1993; Arnold
et al. 1998; Marelli et al. 1999; Bologna et al. 2001). Sev-
eral factors are believed to have contributed to these trends,
including recruitment failures associated with brown tide
(Tettelbach and Wenczel 1993) and red tide algal blooms
(Summerson and Peterson 1990), habitat loss associated
with nutrient loading (Serveiss et al. 2004), and potential
trophic cascading eVects (Myers et al. 2007). Numerous
attempts have been made to restore bay scallops in areas
where they were formerly abundant; these have met with
mixed success (Tettelbach and Wenczel 1993; Wenczel
et al. 1994; Peterson et al. 1996; Arnold 2001; Tettelbach
and Smith 2009).

Declines in bay scallop populations and their inability to
recover to prior levels may be linked to outright disappearance
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or reduction in density and patch size of eelgrass, Zostera
marina L, 1753, over much of the historical range of bay
scallops (Dennison et al. 1989; Valiela et al. 1992; Picke-
rell and Schott 2004). Eelgrass is generally regarded as the
preferred habitat of bay scallops (Belding 1910; Gutsell
1930; Thayer and Stuart 1974). It is a favored substrate for
larval scallop attachment (Eckman 1987) and juvenile scal-
lops that byssally attach in the eelgrass canopy may attain
spatial refuge from some predators (Pohle et al. 1991;
Ambrose and Irlandi 1992; Garcia-Esquivel and Bricelj
1993; Streib et al. 1995). Bay scallop survival is poorer on
unvegetated versus vegetated substrates (Prescott 1990)
and changes in eelgrass patch size, conWguration and den-
sity can have deleterious impacts on bay scallop survival
(Irlandi et al. 1995, 1999).

In some cases, bay scallop populations have increased
following declines in eelgrass coverage (Marshall 1947) or
have remained abundant even when eelgrass is absent. For
example, Flanders Bay, at the western end of the Peconic
Bays, Long Island, NY, USA, supported one of the three
most important commercial bay scallop Wsheries in New
York through the 1970s and early 1980s (NYSDEC 2008)
despite a complete absence of eelgrass (Cashin Associates
1996). In this case, it is logical to suggest that some other
substrate may serve a comparable ecological function as
eelgrass for bay scallops, as Marshall (1960) Wrst noted in
the Niantic River, Connecticut, where an unidentiWed
branching alga had such a dense set of scallops that Wsher-
men referred to it as “scallop weed”.

Macroalgae such as Ulva, Gracilaria, Aghardhiella,
Chondrus, and Codium are known to serve as substrates to
which juvenile bay scallops attach (Kelley 1981; Tettelbach
1986, 1991) often with equal or signiWcantly higher densi-
ties of juvenile and adult bay scallops in macroalgal sub-
strates compared to eelgrass; however, it is unknown
whether these macroalgae provide spatial refuge from pre-
dation comparable to that oVered by eelgrass. The upright,
branching macroalga, Codium fragile spp. tomentosoides
(van Goor) P.C. Silva 1955, introduced to the Peconic Bay
system in the late 1950s (Carlton and Scanlon 1985), is of
particular interest because it is a dominant, canopy forming
algal species that now occupies substrates where Zostera
marina was formerly found (Cashin Associates 1996). In
surveys of scallop populations in the Peconic Bays from
2005 to 2008 we have consistently found juvenile and adult
bay scallops at 12 diVerent sites where C. fragile is the
dominant vegetation (S. Tettelbach, unpublished data).
Similar observations have been made in other regional estu-
aries (M. Chintala, personal communication USEPA,
Atlantic Ecology Division, Narragansett, RI). C. fragile
also has been documented as suitable habitat for other
species. Schmidt and Scheibling (2007) found similar or
higher diversity and abundance of native benthic fauna

(e.g., gastropods, crustaceans) in Codium compared to other
substrates while Bulleri et al. (2006) observed enhanced
recruitment and survival of native mussels, Mytilus
galloprovincialis (Lamarck, 1819), in Codium, relative to
unvegetated habitats.

The purpose of the present study was to examine sur-
vival of northern bay scallops, Argopecten irradians irradi-
ans (Lamarck, 1819), in diVerent vegetated substrates in the
Weld. SpeciWcally, we compared scallop survival in Codium
fragile, hereafter referred to as Codium, relative to Zostera
marina, hereafter referred to as eelgrass, and a combined
treatment of eelgrass and Codium, hereafter referred to as
mixed, during four diVerent timepoints over 2 years.

Materials and methods

Study site characterization

Three diVerent habitat types within the same embayment
were chosen for our Weld experiments: eelgrass only,
Codium only, and mixed eelgrass + Codium. In 2006, eel-
grass and Codium substrates were located within an eel-
grass meadow oV Barcelona Neck, East Hampton, NY
(41°00.797�N, 72°15.555�W) (Fig. 1). Eelgrass did not
reappear at this site in 2007; therefore, we chose to work in
the nearest eelgrass meadow—located »1.7 km to the west
in Sag Harbor, NY (41°01.108�N, 72°16.913�W) (Fig. 1).
The mean water depth at both sites in both years was »2 m
MLW.

Vegetation was dominated by the target species—eel-
grass and Codium but some drift macroalgae, such as Spyri-
dia sp., were also present. Sediments at both sites were
dominated by low organic (<0.4%) medium and Wne sands.
Because of the inherent diVerences in the structure of
eelgrass and Codium, we quantiWed the nature of the two
substrates in as much detail as possible. For eelgrass, we

Fig. 1 Map of the study sites on Long Island, New York, USA. Inset
is the study area, showing the location of Barcelona Neck in Northwest
Harbor, East Hampton, NY and Sag Harbor, NY, at the eastern end of
the Peconic estuary. Circles indicate the study sites, Barcelona Neck
was used in year 1, Sag Harbor in year 2
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measured shoot densities, wet weight biomass, canopy
height, and percent cover, while for Codium we quantiWed
percent cover, wet weight biomass and canopy height. The
observed eelgrass densities were representative of those
seen in Peconic Bay eelgrass mceadows (Cashin Associates
1996) while the bottom cover of Codium which we used in
this study, usually between 80 and 100%, was representa-
tive of one endpoint for Codium substrates in which we Wnd
natural populations of bay scallops.

Experimental design

Scallop survival in the eelgrass and Codium substrates was
determined via two approaches: (1) releases of scallops
directly to the bottom (free planting) and (2) tethering. The
experimental design considered three factors: vegetation
type (3 levels), time (2 levels), and scallop size (2 levels in
year 1, 1 level in year 2). For each combination of the facto-
rial design, we employed four replicate free-plantings of 25
scallops each, and 10 tethers. Thus, for each scallop size
group on each date, a total of 300 (n = 3 substrates £ 4
replicates £ 25) scallops were free-planted while a total of
30 tethered scallops (n = 3 substrates £ 10) were deployed.
Experiments were conducted in both summer and fall in
order to examine how survival rates might vary in response
to potential temporal changes in submerged aquatic vegeta-
tion (SAV) characteristics or diVerent assemblages of pred-
atory species (Tettelbach 1986); the dates of scallop
deployment were 22–29 August and 20–27 October 2006
and 23–30 August and 19–26 October 2007.

Two size classes of scallops were selected for experi-
ments on the basis of their relative susceptibility to crusta-
cean predators, with “small” (14–21 mm shell height) and
“large” (49–64 mm shell height) sizes being above and
below the size of »40 mm shell height at which bay scal-
lops reach a size refuge from most species/sizes of crabs
found in northeast United States estuarine waters (Tettel-
bach 1986). In 2006, both small and large scallops were
used for experiments, but in 2007 only the smaller size
class was available.

Field and laboratory methods

Scallops were obtained from the Town of East Hampton,
NY shellWsh hatchery and marked in the laboratory prior to
Weld deployment. After removing fouling organisms, a
small plastic Dymo® label was attached to each shell with
super glue; each replicate group was marked with a unique
number or letter. For tethering experiments, scallop tags
were glued over one end of a 25 cm piece of clear monoWl-
ament line while the other end of the line was tied to a
25 cm long piece of bent galvanized steel wire marked with
Xagging tape. Tags used for small and large scallops,

respectively, represented additional mean wet weights of up
to 4.3 and 0.2%. Control groups of 25 small and large
tagged scallops were kept in running seawater tables at the
SuVolk County Marine Environmental Learning Center in
Southold, New York for the respective 1-week Weld experi-
mental periods in order to monitor mortality possibly asso-
ciated with tagging and/or tethering. In all study periods
there was 100% tag retention and survival of control scal-
lops.

Prior to Weld deployments, four replicate 1 m diameter
release circles for each of the three substrates were chosen
and marked using nylon line and Xagging tape and
anchored in place with curved rebar stakes. Release circles
were located ¸2 m apart. On the dates when Weld experi-
ments began, tethered scallops were staked into the bottom
>50 cm apart in each of the respective substrates and
respective groups of scallops were free-planted directly into
the release circles.

Seven days after respective deployments, tethered scal-
lops were recovered, then free-planted individuals were
recovered via both visual searches and suction dredging.
Visual searches for a given release circle started in the cen-
ter and continued outside the circle in a concentric fashion
for »10 min. Suction dredging was conducted Wrst within
the release circle, then within the perimeter of a 2 m circle
encompassing the original release circle, to recover any live
scallops, empty shells with intact hinges, and loose tags not
found during visual searches, and to collect predators.
EYciency of suction dredge sampling was tested with small
and large marked scallops and proved to have 96–100%
retention eYciency. Suction dredge samples were placed
into separate plastic garbage bags on the boat and refriger-
ated or frozen within a few hours after returning from the
Weld.

Sample processing in the laboratory was completed
within 24 h of collection; this entailed counting all live and
dead scallops (tethered or free-planted), and assessing dam-
age to shells of dead scallops (e.g., chipping, drill holes) to
gain insight into predators (e.g., crabs, drills, whelks) that
may have been responsible for mortality (Tettelbach 1986;
Prescott 1990). Potential predators of the respective size
groups of scallops used in the experiment were either iden-
tiWed and measured immediately or frozen for subsequent
analysis; carapace width, shell length, and total length were
measured for crabs, gastropods, and Wsh, respectively. For
large scallops, potential predators were considered to
include the gastropod mollusks Busycon, Busycotypus,
Eupleura, and Urosalpinx and crabs of the genera Callinec-
tes, Cancer, Carcinus, Libinia, and Ovalipes. For small
scallops, all of the above genera were considered potential
predators, as well as Asian shore crabs (Hemigrapsus sp.),
hermit crabs [Pagurus pollicaris (Say, 1817)], and mud
crabs [Dyspanopeus sayi (S.I. Smith, 1869)] with carapace
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widths ¸12 mm. The characterization of the above gastro-
pods as potential predators is based on the accounts of
Belding (1910) and Gutsell (1930), and our personal
observations. For crabs, considerations were based on labo-
ratory predation rates derived for all of the above crab spe-
cies (except Hemigrapsus) feeding on various sizes of bay
scallops (Tettelbach 1986), as well as predation rates
derived for D. sayi feeding on bay scallops in the Weld and
the laboratory (Streib et al. 1995).

Statistical analysis

For free-planted scallops, missing individuals could not be
assumed to be dead because the propensity of bay scallop
movement is well documented (Belding 1910; Moore and
Marshall 1967; Tettelbach 1986). Therefore, analyses
focused on the percentage of live scallops recovered from
the initial number released in each circle. Data were also
analyzed separately using a one-way ANOVA to test for
diVerences between habitat type, and a two-way ANOVA
to test for diVerences between substrate type and time.
When a signiWcant eVect of the response variable
occurred, a multiple comparisons test (Tukey’s studen-
tized range test) was used to determine statistically signiW-
cant diVerences between treatments. Prior to ANOVA
analysis, data was arcsine transformed to meet assumption
of equal variance and normality. For tethered scallops, sur-
vival was calculated directly from counts of live animals;
missing scallops were considered to be dead as there was
no incidental tag loss seen in control groups. Tethering
data (presence/absence) were analyzed using the Pearson
chi-squared test (3 £ 2 contingency table) and Fisher’s
exact test (2 £ 2 contingency table) where appropriate to

determine statistically signiWcant diVerences between sub-
strate and month. Results were considered signiWcantly
diVerent if P < 0.05.

Results

Study site characterization

Zostera shoot densities at Barcelona (2006) and Sag Harbor
(2007) were similar in August (P = 0.448) and October
(P = 0.119), but because shoot lengths were greater at Sag
Harbor than at Barcelona average wet weight biomass
diVered at the two sites (Table 1). At both sites, respective
shoot densities decreased signiWcantly (P · 0.001 for both
years), as did other metrics, from August to October in both
years (Table 1).

Codium substrates consistently had the highest wet
weight biomass (P · 0.004; Table 1); but, as with eelgrass,
characteristics of Codium varied between sites and seasons.
Wet weight biomass of Codium only substrates was signiW-
cantly higher (P < 0.001) at Sag Harbor in August 2007
than at Barcelona in August 2006, but were not statistically
diVerent (P = 1.00) in October of the 2 years. At Sag Har-
bor, wet weight biomass of Codium substrates signiWcantly
declined from August to October (P = 0.008); this pattern
was not observed at Barcelona (P = 0.552). Similar patterns
were observed in the mixed substrate (Table 1). Median
water temperatures were comparable (P = 0.08) for the
August study periods during the 2 years: 23.3 and 22.8°C,
respectively for 2006 and 2007; however, median water
temperature in late October 2006 (13.0°C) was signiWcantly
cooler (P < 0.001) than in late October 2007 (17.9°C).

Table 1 Percent cover, shoot counts, canopy height and wet biomass of the three substrates into which tagged bay scallops were free-planted in
late August and late October of 2006 and 2007

Percent cover (mean § SE) of SAV’s. Eelgrass and Codium substrates were examined at Barcelona Neck in 2006 and at Sag Harbor in 2007

SC shoot count density of eelgrass (mean # m¡2 § SE), CH canopy height for the eelgrass or Codium, and wet weight biomass (g)

Substrate August 2006 October 2006 August 2007 October 2007

Eelgrass only 92.5 § 0.9% 62.9 § 1.8% 97.8 § 1.0% 82.5 § 1.4%

SC: 330.7 § 20.1 SC: 158.5 § 40.7 SC: 356.0 § 23.5 SC: 181.3 § 14.9

CH: 20 cm CH: 15 cm CH: 37 cm CH: 37 cm

1,177 § 365 g 363 § 122 g 3,799 § 802 g 2,357 § 127 g

Eelgrass + Codium 92.5 § 0.9% 80.0 § 3.8% 92.5 § 1.4% 87.5 § 4.3%

SC: 328.0 § 25.6 SC: 124.8 § 25.6 SC: 268.8 § 41.6 SC: 174.4 § 20.8

CH: 20 cm CH: 20 cm CH: 37 cm CH: 30 cm

1,240 § 185 g 2,194 § 351 g 8,178 § 916 g 4,009 § 930 g

Codium only 77.0 § 3.9% 82.5 § 3.3% 97.5 § 1.4% 98.8 § 1.3%

CH: 20 cm CH: 20 cm CH: 30 cm CH: 30 cm

5,539 § 854 g 7,554 § 1,721 g 23,889 § 2,814 g 7,090 § 3,219 g
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Free-planted scallops

Rates and patterns of live scallop recovery diVered depend-
ing on scallop size and season, but were statistically the
same in the eelgrass, mixed, and Codium only substrates for
a given scallop size group and date. In August 2006, per-
cent recovery of large live scallops (83.7 § 3.6%) was sig-
niWcantly higher (P < 0.001) than for small scallops
(25.7 § 3.3%) (Fig. 2); percent recoveries of live large and
small scallops did not vary between substrates in August
(P = 0.972 and 0.764, respectively) (Fig. 2). In October
2006, percent recovery of live scallops was signiWcantly
lower than in August 2006, for both large (12.0 § 6.2%,
P < 0.001) and small scallops (6.2 § 2.7%, P < 0.001).
However, there was no signiWcant diVerence (P = 0.387) in
percent live recoveries of the two size classes in October
and there were no diVerences between substrates for either
large (P = 0.770) or small scallops (P = 0.238; Fig. 2).

Additional recoveries of live scallops which had been
counted as missing from the August 2006 releases were
made in October 2006: one large scallop from mixed, and
three small scallops (one from eelgrass and two from
mixed). These additions did not alter the conclusions of the
statistical analyses.

In 2007, when only small juvenile scallops were used,
the patterns of seasonal recovery of live scallops were
opposite to those seen in 2006, i.e., live recovery in August
(3.3 § 1.4%) was signiWcantly lower (P = 0.002) than in
October (21.3 § 4.6%,). There were no signiWcant diVer-
ences in recovery of live scallops between substrates for
either August (P = 0.953) or October 2007 (P = 0.793)
(Fig. 2). No missing tagged scallops from the August
experiments were recovered in October 2007.

Tethered scallops

Survival of tethered scallops (Fig. 3) diVered depending
on scallop size, substrate, and season. Large scallop sur-
vival in 2006 was generally higher than that of small
scallops for both seasons. In August 2006, large scallop
survival ranged from 30 to 90% and varied signiWcantly
(P = 0.02) between substrates, with the highest survival in
Codium. In October 2006, overall large scallop survival
was lower (0–80%) and diVered signiWcantly (P = 0.001)
between substrates, with 0% survival in the mixed. Small
scallop survival in August 2006 (50–60%) was higher than
in October 2006 (10–30%; P = 0.016; Fig. 3), but there
were no respective diVerences (P = 0.875 for August;
P = 0.605 for October) in survival in the three substrates
for either month. In 2007, survival of small, tethered scal-
lops in August was very low (0–10%; Fig. 3) and did not
diVer between habitats (P = 0.355). Survival of tethered
small scallops in October (10–60%) was higher than in
August 2007 (0–10%; P = 0.002); October survival was
marginally diVerent between substrates (P = 0.054) with
survival enhanced in mixed (50%) and Codium (60%)
substrates relative to eelgrass only (10%).

Damage to shells of dead scallops that remained attached
to tethers was used to determine the responsible predators.
Scallop mortality was assumed if scallops were recovered
as empty shells (with or without damage), as tags only
(shells gone) and as tags and shells missing completely.
Missing shells comprised a majority of the dead small scal-
lops in both 2006 and 2007. Shells of dead large scallops
were generally recovered (Table 2).

Potential predators

Predators recovered from suction dredge samples were
mostly crabs, with mud crabs Dyspanopeus sayi clearly the
most abundant (Fig. 4). Other species of potential predators,

Fig. 2 Percent recovery of free-planted tagged scallops in the three
diVerent substrates: eelgrass only, mix: eelgrass + Codium fragile
combined, and Codium: Codium fragile only. a Large (50–64 mm)
scallops, 2006; b small (14–21 mm) scallops, 2006; c small (14–21 mm)
scallops, 2007. Bars mean + 1 SE, black bars August, gray bars
October
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recovered at much lower numbers, included six crabs, four
gastropods, and one Wsh, Tautoga onitis (Linnaeus, 1758)
(Fig. 4). Three rock crabs, Cancer irroratus Say 1817, were
also sighted at Barcelona in October 2006 while small
schools (·15) of scup, Stenotomus chrysops (Linnaeus,
1766), from »6 to 25 cm TL, were observed unsuccessfully
attempting to prey on small scallops during both years.
Busycotypus canaliculatum (Linnaeus, 1758) and Libinia
spp. were directly observed preying on large marked scal-
lops in the Weld after scallops were planted in October
2006.

Predator abundance varied signiWcantly between habi-
tats, timepoints and years. While the highest mean densities
of predators of small scallops retained in suction dredge
samples were noted in eelgrass only (3.34 § 0.83 m¡2) and
Codium substrates (3.18 § 2.09 m¡2) there were no statisti-
cal diVerences in numbers of predators between substrates

for either juvenile or adult scallop release circles in August
2006 (Fig. 5). In October 2006, numbers of potential preda-
tors of small scallops varied signiWcantly between vegeta-
tive substrates (P = 0.024), with Codium (5.26 § 1.09 m¡2)
and mixed (5.31 § 0.56 m¡2) having higher numbers of
predators than eelgrass (1.43 § 0.83 m¡2; P = 0.015, 0.02,
respectively).

In August 2007, densities of sampled predators did not
diVer between substrates (P = 0.373); in October 2007,
predator densities were highest in Codium (3.98 §
2.08 m¡2; Fig. 5) but there were no statistical diVerences
between the three vegetative substrates (P = 0.230).

Natural recruits

In addition to tagged individuals, a total of 75 naturally
recruited, juvenile (0+ years) scallops were recovered dur-
ing visual/suction dredge surveys from 2-m diameter cir-
cles centered around the free-plant release sites during the
2006 and 2007 sampling periods (Fig. 6). In August 2006, a
total of 14 natural recruits were recovered from the three
substrates, while only three seed scallops were found in
October 2006. In 2007, more than double the number of
naturally recruited scallops were observed (August 2007:
n = 24; October 2007: n = 34; Fig. 6). The highest densities
of natural recruits were consistently found in eelgrass, but
these were not statistically diVerent from the Codium and
mixed vegetative substrates.

Discussion

Our study has demonstrated that patterns of bay scallop sur-
vival and recovery in eelgrass, Codium, and mixed sub-
strates were similar for scallops of a given size in diVerent
areas, times and years—even though the basic nature of eel-
grass and Codium is diVerent. Numerous studies have
attempted to quantify habitats of varying structural com-
plexity. Bulleri et al. (2005, 2006) and Schmidt and Schei-
bling (2007) examined the potential eVects of Codium
fragile on benthic invertebrates and characterized Codium
habitats on the basis of plant density, plant wet weight, thal-
lus length and circumference, and canopy cover. Powers
et al. (2007) examined the habitat value of submerged veg-
etation versus the community of fouling organisms on
aquaculture cages and compared the two substrates on the
basis of biomass. Similarly, Kraufvelin and Salovius (2004)
compared structurally diVerent macroalgal habitats by
obtaining biomass and standardizing over a unit of bottom
area. None of the above metrics can exactly compare the
structure of eelgrass and Codium, or other macroalgae, but
as in these other studies, we have attempted to characterize
these substrates extensively and we chose eelgrass and

Fig. 3 Mean percent survival of tethered scallops in the three sub-
strates: eelgrass only, mix: eelgrass + Codium fragile combined, and
Codium: Codium fragile only. a Large (50–64 mm) scallops, 2006;
b small (14–21 mm) scallops, 2006; c small (14–21 mm) scallops,
2007. Black bars August, gray bars October
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Codium substrates that were representative of benthic habi-
tats in eastern Long Island where we commonly encounter
bay scallops. While we cannot infer that scallop survival

and recovery will be the same in other eelgrass and Codium
substrates with diVerent physical characteristics, or in other
areas, the similar survival of bay scallops in the three

Fig. 4 Total numbers of potential predators of small scallops collected
via suction dredging. a Decapod crustacean predators >12 mm cara-
pace width. b gastropod molluscs
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Table 2 Survival and shell damage results for tethered scallops recovered after 1 week deployments in eelgrass, eelgrass + Codium, and Codium
substrates at Barcelona (2006) and Sag Harbor (2007) New York; n = 10 tethers for each scallop size group in each substrate on each date

Numbers of live + dead scallops add to 10 for each substrate/scallop group combination except in 3 cases (* or **) where 1 or 2 tether/stakes,
respectively, were not recovered. Dead scallops were characterized as having no damage (articulated shell valves with no damage visible to the
naked eye) or chipped/cracked shells. Missing scallops = tether/stake recovered with no scallop shell(s) attached; these were considered dead

Eelgrass Eelgrass + Codium Codium

Live Dead Live Dead Live Dead

No damage Chip/crack Missing No Damage Chip/crack Missing No damage Chip/crack Missing

Scallop group

August 2006

Large 6 1 1 1* 3 4 3 0 9 1 0 0

Small 5 0 2 3 6 0 2 2 5 0 1 4

October 2006

Large 8 0 0 2 0 1 9 0 4 0 2 3*

Small 2 0 1 7 1 0 3 5 3 0 1 6

August 2007

Small 1 0 2 7 0 1 0 9 0 1 2 7

October 2007

Small 1 1 0 6** 5 0 0 5 6 1 0 3

Fig. 5 Bay scallop predator density in the three substrates: eelgrass
only, mix: eelgrass + Codium fragile combined, and Codium: Codium
fragile only. a 2006, b 2007. Bars mean + 1 SE, black bars August,
gray bars October
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substrate types used in this study suggests that Codium may
provide a predation refuge comparable to eelgrass for juve-
nile and adult scallops even though Codium had equal or
greater predator densities than eelgrass.

Percent live recoveries (83–85%) of large free-planted
scallops in the three diVerent substrates at Barcelona,
1 week after planting in August 2006, were similar to those
(69–78%) documented by Tettelbach (1986) for 1 week
releases of comparable sizes of scallops in sparse eelgrass,
during August, September and October 1984. Percent live
recoveries (6–17%) of large free-planted scallops in Octo-
ber 2006, however, were much lower than expected. This
diVerence was likely due to disturbance of the Barcelona
site by a 46–65 km h¡1 gale which blew through the area a
few hours after scallops were planted on 20 October
(Weather Underground 2006)—as evidenced by burial of
some release circles by up to 3 cm of sand. The low recov-
eries of free-planted scallops and lower survival of tethered
scallops in October 2006 thus probably reXect transport
and/or burial of scallops (Tettelbach et al. 1990) in addition
to predation.

Live percent recoveries of free-planted small juvenile
scallops in the present study were low (average 3–30%),
particularly in August 2007 (average 3–5%), but were com-
parable to those reported in the literature. Tettelbach (1986)
determined that predation rates on 8 and 25 mm scallops in
Connecticut eelgrass beds after 1 week releases in August
and September were 70 and 47%, respectively. Bishop
et al. (2005) suggested that summer predation rates on
small (10.1–17.0 mm) and medium (17.1–24.0 mm) scallop
recruits in North Carolina was greater than 80% at 13 days
after release. Darcy and Eggleston (2005) documented
losses of »60% for scallops ¸30 mm, 4 days after release,
in artiWcial seagrass patches deployed in North Carolina.

While we cannot be certain of the fate of missing free-
planted scallops in our study, evaluation of survival rates of
tethered scallops and damage to shells of dead scallops per-
mit inferences on the extent of mortality of free-planted
scallops due to predation (Peterson et al. 2001). In the pres-
ent study, higher overall live recoveries of large free-
planted scallops (80–85%) compared to survival of groups
of tethered scallops (30, 60, 90%) in August 2006 suggests
that large tethered scallops were more heavily predated.
Four of 11 (»36%) dead large tethered shells showed evi-
dence of crab predation while »64% showed no shell dam-
age at all. The latter is likely indicative of whelk predation
(Tettelbach 1986; Prescott 1990) since no sea stars were
present in the area. Direct contact by gastropod predators
cues bay scallop swimming behavior and thus potential
escape (Ordzie and Garofalo 1980; Peterson et al. 1982;
Winter and Hamilton 1985) so the inability of large teth-
ered scallops to evade important predators such as whelks
(Belding 1910; Gutsell 1930; Peterson et al. 1982; Prescott
1990; Powers and Kittinger 2002) may have artiWcially inX-
ated observed predation rates on large scallops in our study.
By contrast, only 4/19 (21%) of dead small tethered scal-
lops lacked shell damage, suggesting that whelk predation
on this size class was less important. Crabs were implicated
in the mortality of 15/19 (=79%) of small tethered scallops
for which shells (broken or chipped) were recovered. Given
the high density of mud crabs, Dyspanopeus sayi, that we
observed and their known ability to consume bay scallops
(Tettelbach 1986; Streib et al. 1995) they probably were the
most important predators of small scallops in this study.

Barbeau and Scheibling (1994) demonstrated that tether-
ing sea scallops, Placopecten magellanicus, artiWcially inX-
ated predation rates by sea stars, whose predation success
was determined by capture rates, but not crabs, whose pre-
dation success was determined by encounter rates. If preda-
tion rates by crabs on tethered bay scallops are not inXated,
a conclusion also drawn by Bologna and Heck (1999), then
lower recovery of live free-planted scallops compared to
survival of tethered scallops can be attributed to emigration
(Moore and Marshall 1967; Winter and Hamilton 1985;

Fig. 6 Naturally recruited juvenile (0 + year) scallops collected in the
free-planted circles, at the end of the 1-week experimental periods,
within the 3 substrates: eelgrass only, mix: eelgrass + Codium fragile
combined, and Codium: Codium fragile only. a 2006, b 2007. Bars
mean + 1 SE, black bars August, gray bars October
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Tettelbach 1986; Hamilton and Koch 1996; Bologna and
Heck 1999). This was probably the case for small scallops
in all periods during our study except August 2007, when
tethered survival and live recovery of free-planted scallops
was the same.

The high percentages of missing small tethered scallops
(where the tethering wire was located, but with no scallop)
in the eelgrass (20 missing/40 recovered = 50%), Codium
(23 missing/38 recovered = 61%), and mixed (21 missing/
39 recovered = 54%) substrates suggests that removal by
predators was an important process in the present study.
Tettelbach (1986) found that shells of scallops predated by
crabs were usually found within 1–3 m of circles where
scallops were free-planted; i.e., crabs ate their prey where
they found them. If crabs had been responsible for remov-
ing the missing scallops from their tethers in our study we
should have recovered more loose tags (none) or empty
shells (two). This suggests that the missing tethered scal-
lops were removed by predators which consumed the small
scallops whole—probably WnWsh (Peterson et al. 2001).

While we have documented similar survival rates of bay
scallops in eelgrass and Codium substrates in this study,
further work is required to determine if the apparent spatial
refuge from predation oVered by Codium is similar to that
oVered by the eelgrass canopy (Pohle et al. 1991, Ambrose
and Irlandi 1992, Garcia-Esquivel and Bricelj 1993, Streib
et al. 1995) and whether Codium is valuable as a habitat for
bay scallops throughout their lifespan. Clearly, there are
several adverse characteristics of Codium, relative to eel-
grass, that may make Codium detrimental to bay scallops,
including the occurrence of low DO levels (Valiela et al.
1997; Tyler 2007). Codium may also attach to the shells of
living scallops, which in turn may be transported to inter-
tidal areas and die (Malinowski and Ramus 1973; Prescott
1990). Water Xow through Codium may also be diVerent
than through eelgrass and thus may aVect food availability,
sedimentation rates or predator–prey interactions (Ferner
et al. 2009).

Nevertheless, the association of juvenile and adult bay
scallops with Codium has been documented in Connecticut
(Tettelbach 1986, 1991), Rhode Island (M. Chintala, per-
sonal communication) and Massachusetts (Kelley 1981)
and, in this study, we recovered comparable densities of
naturally recruited bay scallops from Codium and eelgrass
in suction dredge samples from Barcelona in 2006 and Sag
Harbor in 2007. In addition, we have recorded similar den-
sities (up to 0.7 ind m¡2) of live, naturally recruited scal-
lops in substrates with 50–80% canopy cover of Codium
(similar to stands used in this study) at other sites in eastern
Long Island, New York during October of 2007 and 2008
(S. Tettelbach, unpublished data). Furthermore, while
eelgrass continues to decline in Long Island estuaries
(Pickerell and Schott 2004) we have documented order of

magnitude increases in bay scallop populations in 2007 and
2008 due to our recent restoration eVorts in a nearby
embayment, Orient Harbor (Tettelbach and Smith 2009).
These population increases have been seen in areas devoid
of and far removed (>3 km) from eelgrass meadows and
reinforce the hypothesis that substrates other than eelgrass,
including Codium, may serve as important habitats for bay
scallops. Future work should examine a spectrum of diVer-
ent Codium densities and characteristics to determine the
relative ecological value of this substrate to bay scallops.
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