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Abstract Two different methods of establishing high-density spawner sanctuaries for bay

scallop (Argopecten irradians irradians) restoration were evaluated over 2 years at a site in

Northwest Harbor, East Hampton, New York, USA. Hatchery-reared scallops, which had

been overwintered at nearby sites, were free-planted directly to the bottom in late March/

early April at an initial target density of 94–128 scallops/m2. In addition, scallops were

stocked in off-bottom culture units consisting of three vertically stacked 15-mm mesh

ADPI� bags at densities of 50, 100, or 200 scallops/bag (=117, 234, or 468 scallops/m2),

respectively. Survival of scallops differed significantly by year, planting method, and

scallop source. Survival of free-planted scallops was generally lower than caged scallops.

Better survival of free-planted scallops in 2005 versus 2006 likely reflected the presence of

luxuriant eelgrass beds in 2005, which were absent in 2006. Survival of scallops in ADPI
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bags was not appreciably related to stocking density. Shell growth was highest for free-

planted scallops; in cages, growth was somewhat better at 50 versus 200 scallops/bag. Wet

weights of epibionts were significantly higher in caged versus free-planted scallops.

Reproductive condition of scallops stocked at 50/bag was usually higher than at 200/bag.

Both free-planting and off-bottom systems yielded high densities of adult bay scallops at

the time of spawning, which ensures a higher probability of successful fertilization of

spawned eggs and thus a greater potential for success of restoration efforts.

Keywords Aquaculture � Argopecten irradians � Bay scallop � Biofouling � Growth �
High-density plantings � Reproduction � Restoration � Fertilization success � Survival

Introduction

Scallop aquaculture in the United States has never approached the commercial success

attained in China with Argopecten irradians (Guo and Luo 2006) or in other countries with

other pectinids (e.g. Japan: Kosaka and Ito 2006), but US hatchery production has formed

the basis for numerous efforts to restore bay scallops to areas where they were formerly

abundant (MacKenzie 2008). The basic approach of these restoration efforts has been to

plant juveniles (0? year) into the field, where the goal is for these to survive to the age

(*1 year) at which time they will spawn and contribute to natural recruitment. US bay

scallop restoration efforts have met with mixed success, but documented increases in local

populations and/or fisheries have resulted from plantings in Massachusetts (Turner 1995;

Karney, personal communication), New York (Krause 1992; Tettelbach and Wenczel

1993; Tettelbach and Smith 2009), North Carolina (Peterson et al. 1996) and Florida

(Arnold et al. 2005).

There is no standardized methodology for bay scallop restoration over the extent of the

species range in the US as local hydrographical conditions and diverse assemblages of

predators dictate different approaches. Field growout of bay scallops until initiation of

spawning has been done in numerous ways, including free-planting (=sowing, or seeding

directly to the bottom: Morgan et al. 1980; Tettelbach and Wenczel 1993) and deployment

in lantern nets (Tettelbach and Smith 2009), corrals, (Fegley et al. 2009), floating rafts,

pocket nets, and bottom cages (Smith and Tettelbach 1997; Arnold et al. 2005). Free-

planting is the least expensive and labor intensive of these growout methods, but typically

yields the lowest rates of survival (Hatcher et al. 1996).

Traditional free-planting techniques, utilizing hatchery-reared juveniles, or wild caught

spat were developed in Japan for a put-and-take fishery (Sekino 1992; Kosaka and Ito

2006); this methodology has been adapted for commercial aquaculture in numerous

regions, including Canada (Parsons and Robinson 2006), Europe (Norman et al. 2006;

Strand and Parsons 2006); Mexico (Félix-Pico 2006), and New Zealand (Marsden and Bull

2006) as well as for restoration in the United States. Transplantation of wild juveniles or

adults has also been done for scallop aquaculture in Russia (Ivin et al. 2006) and for

restoration in the US (Peterson et al. 1996). Plantings of juvenile scallops for put-and-take

fisheries have often been done at relatively low densities (B10/m2) in order to avoid

attracting high numbers of predators and/or because of concerns over growth inhibition

(Kosaka and Ito 2006; Silina 2008). The utility of this approach has been confirmed by

studies of scallop predation at a range of densities, where higher rates of predation typi-

cally have been observed at higher free-planting densities (Morgan et al. 1980; Tettelbach

1986; Silina 1994; Barbeau et al. 1996; Wong et al. 2005; Félix-Pico 2006); these same
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studies also concluded that mortality of free-planted scallops is inversely related to scallop

size.

In New York, early bay scallop restoration efforts (Tettelbach and Wenczel 1993)

employed free-plantings at densities of *10/m2 because of concerns over high predation

rates. Even though scallops were planted at sizes of[35–40 mm, when they are known to

reach a partial size refuge from crab predation (Tettelbach 1986), survival from the time of

free-planting in the fall until the time of spawning (*6–7 mo) only ranged from 0 to 12%

(Tettelbach and Wenczel 1993). One major consequence of this low rate of survival is that,

at the time of spawning, scallop densities may be too low to permit a high rate of successful

fertilization of spawned eggs (Levitan and Petersen 1995; Marelli et al. 1999; Liermann

and Hilborn 2001). This in turn may thwart attempts to restore bay scallop populations.

The purpose of this study was to evaluate the utility of establishing high-density

spawner sanctuaries for use in bay scallop restoration, with the ultimate goal of ensuring

that higher densities of adults would be present at the time when spawning occurred—thus

providing a higher probability of successful fertilization of spawned eggs. Two different

deployment methods, free-planting and placement of scallops in an off-bottom culture

system utilizing ADPI� bags, were evaluated with respect to scallop survival, growth, and

reproduction, and biofouling of scallop shells. Plantings were done in the spring, after

hatchery-reared individuals had overwintered in mid-water nets, and monitored through the

fall in two consecutive years.

Materials and methods

Scallop production and overwintering

Bay scallops were spawned and reared at two Long Island, NY facilities (the East Hampton

Town Shellfish Hatchery (EHTSH) in Montauk and the Cornell Cooperative Extension

(CCE) hatchery in Southold) in 2004 and 2005; East Hampton (EH) scallops were grown

out and overwintered at Pond of Pines, Amagansett, while CCE scallops were grown out

and overwintered by The Nature Conservancy (TNC) at Log Cabin Creek, Shelter Island

(SI) (Fig. 1). Overwintering was done in 15-mm mesh ADPI bags; EH scallops were

stocked at densities of 200/bag in November, while SI scallops were stocked at densities of

250/bag in September. Overwintering survival rates were calculated volumetrically as:

# of scallops harvested=# of scallops stocked;

these ranged from 75 to 80% for EH scallops and 81–94% for SI scallops for the 2 years.

Spawner sanctuary site description

The study area, which formerly supported a dense bay scallop population, was located

*75–150 m from shore along the eastern side of Northwest Harbor, East Hampton, NY

(N 41� 01.8060 W 72� 14.5960) (Fig. 1). The inshore portion of the site (*1.3–3 m at mean

low water (MLW)), where free-plantings of scallops were conducted, was characterized in

2005 by a sandy bottom with eelgrass, Zostera marina, and sparse macroalgae running

parallel to shore for[100 m. Median eelgrass densities, as determined on June 7, 2005 via

shoot counts in 64 0.07-m2 quadrats, ranged from 50 to 386 shoots/m2 at the northern and

southern ends of the site, respectively. Offshore (W) of the above area, where the

Aquacult Int

123

https://www.researchgate.net/publication/249436742_Depensation_Evidence_Models_and_Implications?el=1_x_8&enrichId=rgreq-ff60389b0b89898889dd1ba208c145f3-XXX&enrichSource=Y292ZXJQYWdlOzIyNzIyMzI2OTtBUzoxMDEyMjI2ODE5Mzk5NzNAMTQwMTE0NDc3NjI4NQ==
https://www.researchgate.net/publication/249436742_Depensation_Evidence_Models_and_Implications?el=1_x_8&enrichId=rgreq-ff60389b0b89898889dd1ba208c145f3-XXX&enrichSource=Y292ZXJQYWdlOzIyNzIyMzI2OTtBUzoxMDEyMjI2ODE5Mzk5NzNAMTQwMTE0NDc3NjI4NQ==
https://www.researchgate.net/publication/281579943_Levels_of_recruitment_and_adult_abundance_in_a_collapsed_population_of_bay_scallops_Argopecten_irradians_in_Florida?el=1_x_8&enrichId=rgreq-ff60389b0b89898889dd1ba208c145f3-XXX&enrichSource=Y292ZXJQYWdlOzIyNzIyMzI2OTtBUzoxMDEyMjI2ODE5Mzk5NzNAMTQwMTE0NDc3NjI4NQ==
https://www.researchgate.net/publication/285730766_Reseeding_efforts_and_the_status_of_bay_scallop_Argopecten_irradians_Lamarck_1819_populations_in_New_York_following_the_occurrence_of_brown_tide_algal_blooms?el=1_x_8&enrichId=rgreq-ff60389b0b89898889dd1ba208c145f3-XXX&enrichSource=Y292ZXJQYWdlOzIyNzIyMzI2OTtBUzoxMDEyMjI2ODE5Mzk5NzNAMTQwMTE0NDc3NjI4NQ==
https://www.researchgate.net/publication/285730766_Reseeding_efforts_and_the_status_of_bay_scallop_Argopecten_irradians_Lamarck_1819_populations_in_New_York_following_the_occurrence_of_brown_tide_algal_blooms?el=1_x_8&enrichId=rgreq-ff60389b0b89898889dd1ba208c145f3-XXX&enrichSource=Y292ZXJQYWdlOzIyNzIyMzI2OTtBUzoxMDEyMjI2ODE5Mzk5NzNAMTQwMTE0NDc3NjI4NQ==


off-bottom culture systems were deployed, the bottom was cohesive muddy sand at a depth

of *3.5–4 m at MLW. In September 2005, all Zostera shoots at the site died back—which

is typical for some local eelgrass populations at this time of year (Pickerell and Schott

2004). However, eelgrass did not regrow in 2006.

Deployment of bay scallops in spawner sanctuaries

Free-planting and deployment of scallops into the ADPI bag arrays was conducted from

March 30 to April 1, 2005 and from April 3 to 7, 2006. The timing of these deployments

was predicated on moving scallops out of the overwintering systems prior to late April, a

period when we have observed high mortalities of hatchery-reared scallops held in nets and

other containment systems in eastern Long Island (J. Aldred and S. Tettelbach, unpub-

lished data). Free-planting was done by broadcasting scallops from a boat that transited

back and forth across each of four adjacent 25 m 9 25 m sectors, numbered 1–4 from

north to south (Fig. 2), marked with surface floats at each corner. In both years, SI scallops

were planted into Sectors 1 and 3, while EH scallops were planted into Sectors 2 and 4. The

total numbers of scallops free-planted in 2005 and 2006 were approximately 290,000 and

270,000, respectively (Fig. 2); target planting densities for 2005 and 2006 were 97.6–118.4

and 94.4–128/m2, respectively. The density of scallops in the natural population was

Long

Atlantic Ocean

10 km

Island

W 72 20.00’

N 41°

°

00.00’

SI

EH

Fig. 1 Map of eastern Long Island, New York, USA, showing location of the study site (*) at 41�01.8060 N
72�14.5960 W in Northwest Harbor and the East Hampton (EH) and Shelter Island (SI) scallop
overwintering sites at Pond of Pines and Log Cabin Creek, respectively

25 m

25 m         25 m          25 m          25 m

SI              EH             SI              EH

1                2                3                4

Estimated # of Scallops Planted Per Sector

2005 61,000         74,000         61,000         74,000 
2006 59,000         72,000         59,000         80,000 

Fig. 2 Estimated number of scallops free-planted at the study site in Northwest Harbor, New York in late
April/early May 2005 and early April 2006. Numbers planted are shown above the respective 25 m 9 25 m
sectors, which are labeled by number and scallop group (SI Shelter Island, EH East Hampton. Total free-
plantings for 2005 and 2006 = 290,000 and 270,000, respectively
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quantified prior to planting via in situ counts made by divers; mean densities on April 1,

2005 and March 17, 2006 were 0.04 and 0.15 ind/m2, respectively.

Off-bottom culture systems (hereafter referred to as arrays) consisted of ADPI� bags

that were suspended *2 m below the surface. Each array which we assembled had three

3600 (0.92 m) long 9 1800 (0.46 m) wide 9 3.500 high (0.09 m) OBC-3 ADPI bags (ADPI

Enterprises, Philadelphia, PA) made of 5/800 (15-mm) polyethylene mesh; the three bags

were stacked vertically with a pair of 9-mm polypropylene lines run through the bags near

each end and through 50-mm PVC spacers between bags (Fig. 3). In 2005, a pair of arrays

was hung from a 1-m-long wooden plank (200 high (50 mm) 9 400 wide (100 mm)), with

flotation provided by a standard Styrofoam lobster buoy attached to the middle of the

plank. Each pair of arrays was anchored with a cinder block. In 2006, each array of three

ADPI bags was deployed singly with its own cinder block, and flotation was modified to

make the arrays more horizontally stable. In place of a lobster buoy, one 0.8-m-long plastic

(‘‘Taylor’’) float was attached to the top of each array. ADPI arrays were deployed in two

rows, 2–3 m apart, running parallel to shore at a depth of *3.5–4 m; arrays in a given row

were spaced *1 m apart. A total of 36 arrays were deployed each year: 18 with EH

scallops and 18 with SI scallops.

Within each array, scallops were stocked into the three ADPI bags at different densities

(50, 100, or 200 scallops per bag = 117, 234, or 468 scallops/m2, respectively). Each of

the six possible vertical arrangements of different stocking densities (i.e. from top to

bottom: 50, 100, 200 scallops per bag; 50, 200, 100 scallops per bag, 100, 50, 200 scallops

per bag, etc.) was replicated three times for each scallop group (SI and EH) in a Latin

square design. Thus, the total number of scallops stocked into the ADPI bag arrays each

year was 12,600 scallops (350 scallops/array 9 36 arrays).

The SI and EH scallops were deployed separately in arrays and free-plant sectors

because potential differences in genetic history of source broodstock populations (Cochard

and Devauchelle 1993; Mackie and Ansell 1993) and/or differences in nutritional or other

Fig. 3 Photograph of ADPI bag
arrays used in 2005; flotation
buoys and anchors are not shown
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cultural conditions might have contributed to differences in survival, growth, or repro-

ductive condition of our scallops following planting (Sekino 1992; Davidson 2000).

Mean shell heights of scallops planted in 2005 and 2006 ranged from 35 to 40 mm. In

2005, SI scallops (mean = 40.0 mm) were larger (P = 0.025) than EH scallops

(mean = 38.3 mm). Mean shell heights of scallops planted in 2006 (EH = 35.5 mm;

SI = 35.1 mm) were statistically smaller (P \ 0.02) than both groups of scallops planted

in 2005.

Monitoring of scallops in spawner sanctuaries

Immediately after planting was completed, scallop densities as well as initial size and

reproductive condition of free-planted scallops were quantified; additionally, possible mor-

tality due to stresses of planting, including potential desiccation or temperature shock during

transport from the overwintering sites, was estimated. The latter was done by comparing

numbers of live scallops and cluckers (dead scallops with articulated valves) with tissues

present (an indication of very recent mortality) counted in 1-m2 quadrats during dive surveys.

For each sector, we calculated maximum mortality associated with planting activities:

maximum mortality ¼ # cluckers with tissues= # live scallops þ# cluckersð Þ:

These estimates of mortality were compared to those for groups of 100 EH and 100 SI

scallops brought back to the laboratory and monitored for 1 week.

From early May through late September (2005) or late October (2006), scallop densities

were monitored monthly, while growth and reproductive condition were quantified bi-

weekly. Monthly survival of free-planted scallops over the course of the study was esti-

mated by monitoring changes in densities of live scallops in 12-16 1-m2 quadrats in each of

the four 25 m 9 25 m planted sectors. Changes in density of free-planted bay scallops do

not necessarily equate with changes in survival, due to the ability of scallops to disperse by

swimming, so we conducted visual surveys of live scallops outside the sectors to estimate

numbers beyond the perimeter of the planting area; these surveys were done in late Sep-

tember 2005, and during early May and late October 2006. Cluckers were also counted in

all density surveys so that the nature of shell damage could be used to provide insight into

the predators responsible for mortality (Tettelbach 1986; Prescott 1990).

Scallop survival in ADPI bags was monitored by counting numbers of live scallops,

cluckers, and � shells in each tier of sampled arrays. On each of the 12 sampling dates per

year, counts were done in six ADPI arrays; thus, each of the 36 arrays was sampled twice.

The order of sampling during each year was random for the first round; arrays were then

sampled in the same respective order in the second round. Survival rates were prorated for

nets from which scallops were removed for reproductive sampling in the first round.

Scallop growth and reproductive condition were assessed for 20 haphazardly collected

individuals, where possible, for each group sampled on each date; e.g., for free-planted

scallops, 10 EH and 10 SI scallops were sampled from each of the two planting sectors

(total = 40 sampled) and for scallops held in arrays, 10 EH and 10 SI scallops from bags

with 50, 100, and 200/bag were sampled from each of two arrays (total = 120 sampled).

Growth was monitored by measuring shell height (to the nearest mm) of each sampled

group; these same scallops were used for a determination of reproductive condition using

the methods of Barber and Blake (2006). Following dissection, the gonad (cut so as to

include the foot) and the remaining tissue of each scallop were placed into respective Al

pans and dried to a constant weight at 60–90�C. Periods of spawning were inferred by
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monitoring temporal changes in gonad dry weight (GDW): a sharp decline following a

peak is indicative of a spawning event (Barber and Blake 2006).

Biofouling on scallop shells from both the free-planted and ADPI groups was charac-

terized and quantified by scraping epibionts from both shell valves of scallops sampled in

mid-August of both years; total n = 156 and 159 in 2005 and 2006, respectively. Total wet

weights of epibionts were recorded to the nearest 0.01 g with an OHaus� toploader bal-

ance; fouling organisms were identified to the lowest possible taxon.

Biofouling of the ADPI bags necessitated periodic removal of scallops and restocking into

clean ADPI bags. This was first done on May 23, 2005, even though fouling was only light-

moderate. Biofouling was quite heavy by late July 2005, so restocking was done again on

August 8, 2005. In 2006, restocking of nets was not deemed necessary in May, but restocking

was done on August 16, 2006. Epibionts were not removed from scallops during restocking.

Predator densities

Densities of potential scallop predators in the free-planted sectors were visually quantified

in 1-m2 quadrats at the same time that scallop densities were monitored. Predators were

those species/sizes of crabs, gastropods, or fish that had the potential to prey on the sizes of

scallops that were present in the free-planted sectors (Tettelbach 1986; Carroll et al. 2010).

Water-quality monitoring

Water temperature, salinity, and dissolved oxygen (DO) were measured at a depth of 30 cm, on

each of the 12 sampling dates each year, with a YSI Model 85 m; in addition, water temperature

was recorded every 6 h throughout the study periods of both years with an automated, sub-

mersible temperature logger attached to a cinder block at a depth of 1.3 m at MLW. In 2005, an

Onset HOBO� Model No. 8 logger was used, while in 2006 an Onset Tidbit Stowaway� was

deployed. Total chlorophyll a levels in surface water samples, analyzed via the methods of

Parsons et al. (1984), were obtained for a site (#118) in central Northwest Harbor (N 41� 02.7500

W 72� 26.0000) *1.5 km SW of our study site (SCDHS 2008).

Continuously monitored water temperatures ranged from 5.81 to 27.91�C, and

7.52–28.42�C, respectively, in 2005 and 2006 (Fig. 4a, b). Salinity levels for 2005 and

2006, respectively, ranged from 27.4 to 29.0 and 27.0–28.4 ppt. DO levels for the 2 years

ranged from 5.69 to 10.3, and 5.95–10.09 mg/l, respectively. Total chlorophyll a levels at

SCDHS Site #118, from late March–mid-late October, ranged from 0.2 to 3.9 mg/l

(mean = 1.71 mg/l; SE = 0.38) in 2005 and from 1.0 to 4.3 mg/l (mean = 2.27 mg/l;

SE = 0.39) in 2006 (SCDHS 2008).

Estimation of gamete production and fertilization rate

As the goal of bay scallop restoration efforts is to increase the number and density of

spawning adults at a selected location, we were interested in estimating total gamete

production and examining how effectively our high-density plantings might be in elevating

the rate of successful fertilization of spawned eggs compared to fertilization rates in natural

scallop populations at recently observed, pre-restoration densities (maximum = 0.1 ind

m-2: Tettelbach and Smith 2009). Belding (1910) stated that bay scallops produce

2 million eggs per year, but we are not aware of any such estimates of sperm production.

Using sperm dimensions given by Belding (1910), we calculated sperm volume; assuming
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an equal allocation of reproductive investment to ovaries and testes (A. i. irradians is a

functional hermaphrodite), we estimated individual sperm production at 2 9 1010 ind-1

year-1. We estimated rate of sperm release by first determining what percentage of the

total sperm production for the year was shed on June 7, 2005, when we directly observed a

mass spawning of our free-planted scallops (Tettelbach and Weinstock 2008). By exam-

ining seasonal changes in gonad dry weight (GDW) for 2005 (Tettelbach and Weinstock

2008), we estimated the average sum of GDW declines (=0.433 g), after reaching

respective peaks, during each of three spawning periods. Based on the observed GDW

decline between June 7 and 21, 2005 and a frequency of gamete release every 20 s

(Tettelbach and Weinstock 2008); and assuming a total spawning time of 1 h, with indi-

viduals spawning as males and females for � hr each, with all sperm release occurring on

7 June during the 2-week period (=20% of the total for the year), we estimated the rate of

sperm release to be 2.22 9 106 sperm sec-1. This is comparable to values calculated by

Styan and Butler (2003) for the scallops Chlamys bifrons and C. asperrima.
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Rates of fertilization (F) were calculated for free-planted scallops on June 7, 2005 and

for assumed spawnings of our caged scallops on this date as well as for the above natural

populations at a density of 0.1 ind m2, using the models of Claereboudt (1999): equations

(6,7) and Metaxas et al. (2002): equations (2,3). Parameters used for the two models

included field estimated values for current speed (u = 0.05 m s-1) and the above rate of

sperm release (Q). Because bay scallops are functional hermaphrodites, they switch back

and forth between releasing eggs and sperm during a single spawning event; therefore, we

did not simply base the mean downstream distance between individuals (x) on the observed

density because nearest neighbors may be releasing the same type of gamete at a given

instant. Instead, we set x as the average of the downstream distances to the nearest neighbor

and the next nearest neighbor; e.g. for the observed density of 56.1 ind m-2, mean distance

to the nearest and next nearest neighbors in the downstream direction = 0.13 and 0.26 m;

thus, x was set to 0.2 m. We set the cross-stream distance between spawning individuals

(y) = 0, i.e. when nearest neighboring scallops were directly downstream from a spawning

male, as this is when the model of Metaxas et al. (2002) worked best; when they used y [ 0

the rates of fertilization estimated from their model were from 1 to 10 orders of magnitude

lower than fertilization rates that they quantified in the field. We chose a value for vertical

distance of gametes from the bottom (z) = 0.05, which was beneath the top of the eelgrass

canopy (*25 cm); height of gamete release (h or s) was calculated to be 0.01 m. Diffu-

sivity coefficients in the z and y directions (az and ay, respectively) and frictional velocity

(u*) were either calculated according to Metaxas et al. (2002) or for calculations of F based

on the model of Claereboudt (1999), the designated constants were employed. We used the

value for cross-sectional area of a fertilizable egg (=Cstf of Claereboudt 1999; = U of

Metaxas et al. 2002) given by Claereboudt (1999) as this was virtually identical to that of

A. i. irradians (Belding 1910). Finally, because the value of sperm–egg contact time (S) is

very difficult to quantify in the field (Metaxas et al. 2002), we calculated respective values

of F using two values for S: an arbitrary value of 30 s, which is the estimated contact time

used by Metaxas et al. (2002), and S = 500 s, which was calculated as:

T ¼ 1=4LSi=u

where u = estimated current velocity (=0.05 m s-1 beneath the eelgrass canopy);

L = length of our planted bed of scallops (100 m) in the direction of prevailing current

flow; and Si = spawning synchrony, i.e. what proportion of the individuals were spawning

during a given event, as observed on June 7, 2005 (=1.0; Tettelbach and Weinstock 2008).

With L = 100 m and u estimated at 0.05 m s-1, it would have taken 2,000s for gametes to

travel the length of the planting area, but we set S = 500 s as a more conservative estimate.

Bay scallop sperm remain viable for [15 min in the hatchery (S. Tettelbach, personal

observation). Claereboudt (1999) modeled the effect of spatial distribution of spawning

individuals on F, but for simplicity we assumed for all calculations that scallops were

uniformly distributed—which is how we attempt to distribute scallops during free-planting.

Results

Scallop survival

Overall mean densities of scallops free-planted in 2005 and 2006, as determined imme-

diately after plantings were completed, were 94.4 and 132.0/m2, respectively (Fig. 5a, b).
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In 2005, initial mean densities in the four sectors ranged from 81.1 scallops/m2 (sector 1) to

109.8 scallops/m2 (sector 3); in 2006, initial mean densities in the four sectors were

more variable, ranging from 64.6 scallops/m2 (sector 1) to 252.5 scallops/m2 (sector 3)

(Fig. 5a, b).

Maximum mortality associated with planting was estimated to range from 1.2 to 1.5% in

2005, and from 0 to 0.08% in 2006. In 2005, the low level of mortality associated with

planting was corroborated by low mortality of scallops brought back to the laboratory: 0%

after 2 d, 1% after 6 d, and 1.5% after 8 d.

There was no evidence of predation on live scallops or on cluckers with meats

immediately after free-plantings of scallops in 2005 and 2006. On April 5, 2005, 4 days

after free-planting had been completed, there was still no evidence of predation as cluckers

with meats were present and no predators were seen.

Scallop densities declined markedly from early April to early May in both years, but the

decline was much more gradual from May to early June during 2005 than in 2006;

thereafter, densities continued to decline more or less gradually in both years (Fig. 5a, b).

Changes in scallop density during 2005 and 2006 were clearly nonlinear, so cumulative

data distributions of the respective years were compared via the Kolmogorov–Smirnov test
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Fig. 5 Density (mean ± 1 SE) of free-planted scallops in each of the four sectors at the study site in
Northwest Harbor, New York, from: a April–September 2005 and b April–October 2005

Aquacult Int

123



(Kirkman 1996), using the mean numbers of scallops in each of the sectors for each of the

sampling dates. The maximum difference between the two cumulative distributions was

significantly different (D = 0.6354; P \ 0.001), indicating that the decline in scallop

densities was much more rapid in 2006 than in 2005. Further comparisons specifically

examined scallop densities in early June (the time of initial spawning in both years) and in

mid-late August (when another spawning event occurred in both years). In early June 2005,

median densities of scallops in each of the four sectors (range = 45.0–72.0/m2) were

significantly higher (Dunn’s Q C 3.29; P \ 0.05, after a Kruskal–Wallis one-way

ANOVA on ranks: H = 111.3; P \ 0.001) than median densities in sectors 1 (0/m2) and 3

(7.0/m2) in 2006. In mid-late August 2005, median densities of scallops in each of the four

sectors (range = 19.0–25.5/m2) were significantly higher (Dunn’s Q C 4.82; P \ 0.05)

than median densities in sector 1 (0/m2) in 2006. The two highest sector densities in August

2005 (Sector 2: median = 25.5/m2; Sector 3: median = 22.0/m2) were statistically greater

than those in sector 2 (median value = 9.0/m2) in 2006 (Dunn’s Q [ 3.32; P \ 0.05).

The extent of dispersal outside the formal 25 9 100 m planting area increased from the

beginning to the end of the study periods in both years; however, scallops were usually not

found beyond 5 m from the planting area perimeter. Dispersal in 2005 was low: prior to

September 2005, mean density of planted scallops beyond the perimeter was *0.5/m2

(=625 scallops in total: \1% of the scallops inside the planting area). Dispersal in 2006

was higher than in 2005: on May 8, 2006, mean scallop density outside the perimeter was

3.6/m2 and represented 18.5% of the total population on this date. The higher level of

dispersal in 2006 likely resulted from surface drifting during the windy planting conditions.

Scallop population size estimates at the time of the last free-plant surveys in each year

(September 23, 2005, October 25, 2006), were *72,000 inside and *7,200 outside the

25 9 100 m planting site, respectively, in 2005 and *6,330 inside and *3,530 outside

the 25 9 100 m planting site, respectively, in 2006. Scallops that had dispersed outside the

formal planting area thus represented 9 and 36% of the respective populations on these

dates in 2005 and 2006.

Mortality of scallops held in the ADPI arrays progressed steadily in both years, but

generally at a slower rate in 2006 than 2005 (Fig. 6). Levels of scallop mortality at

comparable sampling dates in the 2 years were examined via three-way ANOVAs (versus

year, scallop source, and stocking density); for nine of these 11 dates, the year 9 scallop

source interaction term was highly significant (P B 0.004). This necessitated separate

analyses of mortality of the two source groups on given sampling dates during the 2 years.

For the 2005 analyses, SI scallops had higher rates of mortality than EH scallops on 10/13

dates (Fig. 6). In 2006, there were only five sampling dates on which the mortality levels of

the two groups of scallops differed significantly (Fig. 6), with no clear trend.

Significant differences in mortality rates of scallops held at the three different stocking

densities were only evident on three sampling dates (from mid-late July through early

August); in each case, Holm–Sidak multiple comparisons tests (Systat Software 2004)

revealed that scallops stocked at 200/bag experienced significantly higher (P \ 0.05)

mortality than scallops stocked at 50/bag.

Predator densities

Densities of potential scallop predators in the free-planted sectors varied significantly

between sampling dates (Fig. 7), but overall densities did not differ between the 2 years

(Mann–Whitney Rank Sum Test: T = 204,091.5, P = 0.656). One-two weeks prior to

when scallops were free-planted, predator densities were 0 in both 2005 (on 21 March) and
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2006 (on 17 March). Immediately after free-planting of scallops in late March/early April,

predator densities were also at or near 0 (Fig. 7); thus, there was no evidence of a mass

influx of predators immediately after planting. By the next sampling date in early May,

predator densities had increased dramatically, peaking on 8 May in 2006 and on 7 June in

2005. Thereafter, through late September of both years, seasonal trends in predator

abundance were parallel—with patterns accelerated by *3–4 weeks in 2006. The most

abundant predators were spider crabs of the genus Libinia, comprising 66.2% of all pre-

dators, but mud crabs Dyspanopeus sayi (15.6%), lady crabs Ovalipes ocellatus (5.9%),

and channeled whelks Busycotypus canaliculatus (4.2%) were also common. No sea stars,

Asterias vulgaris, were observed during the 2 years of study.

Scallop growth

There were no consistent differences in shell growth of scallops stocked in ADPI arrays at

different densities for the two source groups of scallops (EH or SI) in the 2 years. The only

statistical differences were seen among the EH group in 2006, where mean growth through

October of scallops stocked at 100/bag (22.7 mm) was greater than that of scallops stocked

at 200/bag (18.7 mm) (Holm–Sidak multiple comparisons t = 2.88; P = 0.005); mean

growth of scallops stocked at 50/bag was not different (Holm–Sidak t B 1.57; P C 0.121)

from growth of scallops stocked at 100 or 200/bag. Therefore, growth data for scallops

stocked at the three densities in ADPI arrays were pooled within respective groups for

further analyses.
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Fig. 6 Mean mortality (=-ln proportion surviving) of scallops deployed in ADPI bags at the study site in
Northwest Harbor, New York, on sampling dates from early May to late October of 2005 and 2006. EH and
SI scallops overwintered in East Hampton and Shelter Island, respectively. Rectangles above respective
sampling dates signify that mortality rates differed significantly (P \ .05) between years; in all such cases,
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Shell growth differed significantly by year, scallop source, and planting method

(Fig. 8). Scallops free-planted in 2006 grew the most (particularly the SI group: med-

ian = 32.9 mm) while growth of scallops deployed in ADPI arrays in 2005 was signifi-

cantly slower (Dunn’s Q [ 4.4.3; P \ 0.05) than that of all other groups. Median growth

of the EH and SI groups held in ADPI arrays in 2005 was 13.7 and 13.0 mm, respectively.

A comparison of total chlorophyll a concentrations in surface waters at Station #118

(SCDHS 2008), *1.5 km to the SW of our study site, revealed that for the periods of late

March–mid-late October, there was no statistical difference (one-way ANOVA: F = 2.52;

P = 0.139) between total chl a concentrations in 2005 versus 2006.

Biofouling of scallop shells

Total wet weight of epibionts on scallop shells in mid-August (*4.5 months after plant-

ing) was significantly greater on scallops held in ADPI arrays than on free-planted scallops
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(Fig. 9). Dunn’s multiple comparison tests done after a significant Kruskal–Wallis one-

way nonparametric ANOVA of ranks (H = 54.23; df = 3; P \ 0.001) revealed that

median weights of biofouling on ADPI scallops (1.98 and 2.50 g/individual in 2005 and

2006, respectively) were not statistically different from one other (Q = 0.31; P [ 0.05)

but were significantly higher (Dunn’s Q C 4.64; P \ 0.05) than median weights of epi-

bionts on free-planted scallops (0.62 and 0.91 g/individual in 2005 and 2006, respectively).

The latter two groups were not statistically different (Q = 0.69; P [ 0.05).

The epibionts that were most abundant on ADPI scallops, and which accounted for the

greatest biomass, were the slippersnail Crepidula fornicata and the solitary tunicate Styela
clava. Barnacles (Balanus sp.) were abundant on ADPI scallops in 2006, but not in 2005.

Other common epibionts in both years included brown sponges (Halichondria bower-
banki), colonial tunicates (e.g. Botryllus), and the recently introduced colonial tunicate

Didemnum sp. These fouling species often overgrew scallops and contributed to formation

of large aggregations of scallops in the corners of nets. Styela often grew through the mesh

of the ADPI arrays, thereby tethering scallops to which they were attached.

The most abundant epibionts on free-planted scallops were Crepidula fornicata and

filamentous red algae (e.g. Spyridea, Gracilaria); tunicates, sponges, and barnacles were

rarely seen.

Scallop reproduction

Scallop reproduction exhibited different patterns in 2005 and 2006 (Figs. 10, 11). In 2005,

there were three distinct spawning periods (late May/early June, mid-July, late August) that

were revealed by sharp declines in GDW of the free-planted and ADPI scallops. Spawning

patterns of free-planted SI and EH scallops were somewhat out of phase, while those of all

ADPI scallops were highly synchronous (Fig. 10). On June 7, 2005, mass spawning of

scallops throughout the entire free-planting area was documented and photographed

(Tettelbach and Weinstock 2008); the GDW data confirmed that this was the major

spawning event of the year. In 2006, there were two well-defined spawning peaks (early
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Fig. 9 Mean wet weights (?1 SE) of epibionts on shells (both valves) of scallops deployed in ADPI bags or
free-planted at the study site in Northwest Harbor, New York during 2005 and 2006, *4.5 mos after
planting (=mid-August). Letters (A, B) above bars represent groups that were statistically different (P \ .05)
in Dunn’s multiple comparisons tests after a significant (P \ .001) Kruskal–Wallis one-way ANOVA of
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June, mid-July), but there was no sharp GDW decline in August that would signify a clear

mass spawning event (Fig. 11). Temporal patterns of spawning of different groups in 2006

were fairly synchronous.

The magnitudes of GDWs at the time of the spawning peaks differed between scallop

groups and years. At the first spawn in early June 2005, scallops in ADPI bags (EH and SI)

had the highest GDWs compared to ADPI scallops from 2006 and free-planted scallops in

both years (Kruskal–Wallis one-way ANOVA on ranks: H = 68.39, P \ 0.001) (Figs. 10

and 11). At the time of the second spawning peak in 2005 (beginning on 13 July), EH

scallops (held in ADPI bags and free-planted) had the highest GDWs. At the time of the

second spawning peak in 2006 (beginning on 21 July), the free-planted EH and SI scallops

had the highest GDWs. In almost all cases, the groups of scallops that had the highest

GDWs at the initiation of the different spawning peaks had the largest shell heights at those

times. However, GDWs of the different scallop groups at the time of the third spawning

peak in 2005 (beginning on 22 August) were not statistically different (one-way ANOVA:

F = 1.23, P = 0.301).
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(b) deployed in ADPI bag arrays in 2005 at the study site in Northwest Harbor, New York. EH East
Hampton; SI Shelter Island groups; data points = mean ± 1 SE
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Mean values of GDW varied with stocking density in ADPI arrays, with reproductive

condition often inversely related to stocking density. One-way ANOVAs of mean GDW

versus stocking density, conducted separately for EH and SI scallops at each sampling date,

demonstrated statistical differences (P \ 0.05) in 6/24 (25%) and 9/24 (37.5%) analyses for

the 2005 and 2006 data, respectively. Where statistical differences were noted, scallops

stocked at 50/tier had significantly higher mean GDWs than scallops stocked at 200/bag in

12/15 (80%) of cases and scallops stocked at 100/bag had significantly higher mean GDW

than those stocked at 200/bag in 9/15 (60%) of cases. Conversely, scallops stocked at 200/bag

never had significantly higher GDW than scallops stocked at the lower densities. Scallops

stocked at 50/bag had higher mean GDW than at 100/tier on only five sampling dates.

Estimation of gamete production and fertilization rate

On June 7, 2005, at the observed density of free-planted scallops (average = 56.1 m-2),

the overall release of gametes by the free-planted scallops, which was 20% of the total for

the year, was estimated to be 5.61 9 1010 eggs (=0.4 9 106 eggs ind-1 9 140,250
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Fig. 11 Temporal changes in gonad dry weight (g) of bay scallops that were (a) free-planted or
(b) deployed in ADPI bag arrays in 2006 at the study site in Northwest Harbor, New York. EH East
Hampton; SI Shelter Island groups; data points = mean ± 1 SE
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individuals) and 5.61 9 1014 sperm (=4 9 109 sperm ind-1 9 140,250 individuals). For

scallops held in ADPI cages, total gamete release on this date (by 9,883 individuals) was

estimated to be 3.95 9 109 eggs and 3.95 9 1013 sperm. In 2006, survival of free-planted

scallops to the time of first reproduction in early-mid-June was about 20% of that seen in

2005; assuming equal annual rates of gamete production in the second year the overall

production of gametes was considerably lower. Conversely, the survival of scallops in

ADPI cages was better in 2006 than in 2005, so their overall contribution to gamete

production was somewhat higher than in 2005.

Model predictions for fertilization success (F) varied widely, ranging from just above

0 to 78% (Table 1). The predictions of the Metaxas et al. (2002) model were consistently

higher than those of the Claereboudt (1999) model. In all cases, fertilization rate was

higher at the longer sperm–egg contact time, for both models, but values of F for higher-

density assemblages of scallops in ADPI cages (95.2–360.4 m-2) were always lower than

those for high-density free-planted scallops (56.1 m-2) and often lower than those for the

low-density natural population (0.1 m-2).

Discussion

Scallop survival

Survival of free-planted scallops in 2005 was clearly much higher than in 2006 despite the

high variability in counts of scallops made while diving in the first month after planting.

This difference between the 2 years may have been due to several factors, including (1)

differences in predator density or activity, (2) a greater initial planting size in 2005, and/or

Table 1 Estimated per cent fertilization rates (F) for bay scallops in: (1) high-density free-planted area; (2)
ADPI cages, initially stocked at three densities; and (3) natural populations at recently observed, pre-
restoration densities (0.1/m2); with respective parameters for models developed by Claereboudt (1999) and
Metaxas et al. (2002).

High-density
free-plant

High-density ADPI
cages (initial =
50/tier)

High-density ADPI
cages (initial =
100/tier)

High-density ADPI
cages (initial =
200/tier)

Low-density
natural
population

Claereboudt (1999) model

Values of F (%) for S = 30 s:

4.20 2.08 0.28 0.004 0.07

Values of F (%) for S = 500 s:

51.5 29.53 4.64 0.074 1.11

Metaxas et al. (2002) model

Values of F (%) for S = 30 s:

8.85 6.00 2.67 0.06 5.70

Values of F (%) for S = 500 s:

78.66 64.40 36.32 1.00 62.39

Estimates of F are partially based on field conditions on June 7 2005, when spawning of free-planted
scallops was directly observed (Tettelbach and Weinstock 2008). On this date, the respective densities of
free-planted scallops and those in ADPI cages that were initially stocked at 50/tier, 100/tier, and 200/tier
were 56.1, 95.2, 186.8, and 360.4/m2. For the model of Metaxas et al. (2002), values for az, ay, and G were
adjusted for different x; other parameters remained the same, except for S. See text for methods of parameter
estimation and assumptions
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(3) the complete absence of eelgrass in 2006. Expectedly, there were seasonal fluctuations

in predator abundance but there was no difference in overall predator abundance in the

2 years. Water temperatures were very similar during the 2 years so no differences in the

level of predatory activity would be expected on this basis. While shell heights of scallops

at the time of planting in 2005 (38–40 mm) and 2006 (35 mm) were statistically different,

these sizes are essentially equivalent in terms of their susceptibility to predation by crabs

(Tettelbach 1986), including Libinia spp., which comprised the majority of observed

predators at our study site. An extensive body of literature (e.g. Heck and Orth 2006) has

shown that greater rates of predation by crabs and other invertebrates on bivalve mollusks

and other prey species occur on unvegetated substrates versus seagrass beds. In light of all

of the above, we conclude that the absence of eelgrass at the study site in 2006 was

primarily responsible for the more rapid decline in abundance of free-planted scallops in

2006, compared to 2005. Our results reinforce the concept of the spatial refuge from

predation on bay scallops which is provided by the three-dimensional structure of seagrass

beds (Pohle et al. 1991; Ambrose and Irlandi 1992; Garcia-Esquivel and Bricelj 1993) and

highlight the importance of selecting suitable habitat for scallop restoration efforts

(Tettelbach et al. 2003) or commercial aquaculture (Parsons and Robinson 2006).

While we did not observe a massive influx of predators after scallop planting in late

March/early April, as has been observed by some authors following scallop plantings (e.g.

Volkov et al. 1983; Silina 2008), it is very likely that predation was the primary factor

responsible for mortality of free-planted scallops throughout the study. This conclusion is

supported by the fact that increases in predator densities from early April to early May of

both years coincided with significant declines in scallop density over the same periods. In

addition, there were generally lower rates of mortality in cages compared to free-planted

bay scallops, a pattern also observed by Arnold et al. (2005). Most cluckers found during

surveys of free-planted scallops showed evidence of shell damage (chips and cracks) which

are consistent with predatory attacks by crabs (Tettelbach 1986; Prescott 1990). Studies

with sea scallops, Placopecten magellanicus, free-planted at high densities demonstrated

that emigration and predation were highest shortly after planting (Hatcher et al. 1996;

Barbeau et al. 1996); the latter phenomenon appeared to reflect a functional response of

increased rates of predation rather than an increase in predator numbers (Barbeau et al.

1996). We did not observe extensive dispersal of bay scallops following planting.

Higher rates of survival of ADPI scallops in 2006 than 2005 suggest that the modified

design of the arrays in 2006 was largely responsible for this improvement in survival—

most likely because the greater horizontal stability of arrays in 2006 resulted in less tipping

of the structures. In 2005, many arrays were observed to be tilted steeply, so that scallops

piled up in the corners of the bags. This process contributes to greater mechanical inter-

actions of scallops and may result in mortality when valves of two scallops interlock.

Excessive tilting of the nets may also exacerbate the restriction of water flow and over-

growth by fouling organisms.

The generally higher survival of EH scallops versus SI scallops in ADPI bags in 2005

suggests that there were differences in the two source groups prior to when they were

stocked into the ADPI bags under identical conditions in late March/early April. Initial

differences in epibiont levels is unlikely given that there were no differences in epibiont

biomass on EH and SI scallop shells in mid-August. Immediately after planting, densities

of scallop cluckers with meats from the two source groups were very similar, as was

survival of scallops brought back to the laboratory. This suggests that there were no overt

differences in stressors associated with planting activities for the two groups of scallops. It

is more likely that there was some physiological difference between the two groups which,
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despite the fact that SI scallops were larger than EH scallops at the time of deployment in

2005, contributed to a higher rate of mortality of SI scallops after planting. This may have

been related to the nutritional history of scallops while they were held in intermediate

culture (i.e. in the fall, prior to when overwintering began), which has been shown to be

highly correlated to later survival (Sekino 1992; Davidson 2000).

While we did not see significant differences in survival of caged scallops over the range of

stocking densities from 117 to 469/m2, Arnold et al. (2005) found that mortality rates of

Florida bay scallops, A. i. concentricus, held in bottom cages with legs, were correlated to

stocking density over a range of 139–833/m2. They concluded that although survival and

growth were better at lower stocking densities the numbers of scallops surviving to spawn did

not necessarily result in more live scallops in a given cage at the time spawning commenced.

In this study, survival rates of scallops in ADPI bags as well as free-planted scallops

both exceeded those obtained during earlier restoration efforts in New York (Tettelbach

and Wenczel 1993) and raised scallops densities to over 1009 those in the natural population

at our study site. While densities at the time of initial spawning in ADPI bags (C75/m2 for

bags with the lowest initial stocking density of 117/m2) were higher than for free-planted

scallops (45–69/m2 in eelgrass and up to 22/m2 on bare sand), the lower maintenance and

costs of free-planting, and thus the potential to deploy greater numbers of scallops, suggest

that this technique may be preferable for many restoration programs. Materials to construct

ADPI arrays cost *US$18 per array 9 36 = US$648. Labor for construction and

deployment required *70 and 6 h, respectively, while gear change/scallop restocking

required 40 h; at a wage rate of US$12 h-1, labor costs were US$1392 year-1. Thus, the

additional costs for the above bottom system were *US$2040 more than for free-planting

(which do not require maintenance).

Scallop growth

The significantly greater shell growth of free-planted scallops, versus those held in ADPI

arrays, likely reflected two major factors: (1) differential availability of food and/or (2)

fewer disturbances that might inhibit growth. Despite the fact that there were no statistical

differences in total chlorophyll a concentrations in surface waters in 2005 and 2006, higher

growth rates of free-planted scallops, compared to scallops in ADPI arrays, may have

reflected greater access to such food sources as benthic microalgae (Davis and Marshall

1961) or organic material at the sediment/water interface (Vélèz et al. 1995). However,

significantly greater levels of biofouling of scallops in the ADPI arrays as well as heavy

fouling of the bag meshes, both of which caused many scallops to be bound together and

limited mobility, undoubtedly reduced water flow and seston food availability. It is likely

that the same factors masked any potential differences in growth rates that might be

expected at different stocking densities (Widman and Rhodes 1991; Davidson 2000). The

fact that growth rates of ADPI scallops were significantly better in 2006 than 2005

probably reflects the improved design of the arrays in the second year. Increased inter-

actions between scallops in the ADPI arrays, particularly when they were tilted more

severely in 2005, likely led to greater disturbance of scallops and thus an increased fre-

quency of growth stoppages (Palmer 1980). These factors likely contributed to slower

growth of scallops in the ADPI arrays compared to free-planted scallops.

Even though mean densities of free-planted scallops in 2005 were still as high as 56.1/m2

in June and 28.8/m2 in September, observed growth rates and scallop sizes were comparable

to those seen in natural populations in New York (Bricelj et al. 1987; Tettelbach and Bonal

2008)—suggesting that our high-density free-plantings did not result in growth inhibition.
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Biofouling on scallop shells

The greater biofouling of scallops in the ADPI arrays, compared to that on free-planted

scallops, can be attributed to higher levels of larval settlement by epibionts and/or reduced

predation on these organisms after settlement. Heavy fouling of suspended aquaculture

gear by tunicates, sponges, mollusks, barnacles, other invertebrates, and algae is well

documented (see Carver et al. 2003) and is generally attributed to baffling of water currents

that facilitates larval settlement (e.g. Eckman 1987). In addition, the ADPI mesh afforded

greater protection for epibionts from predators. Styela clava and other tunicates were

present on the shells of many scallops at the time of planting in both years, but the fact that

virtually no tunicates were found in the months after free-planting clearly suggests that

these epibionts were removed by predators. Spider crabs, Libinia spp., were probably

major predators of fouling tunicates; we observed Libinia preying on tunicates and sponges

attached to cinder blocks within 2–3 min after their re-deployment in another project

conducted in Northwest Harbor in 2007 (Tettelbach, unpublished data).

Scallop reproduction

The timing and number of observed spawning peaks were consistent with observations

reported for bay scallops in New York during other years (Bricelj et al. 1987; Tettelbach

et al. 2002). Our direct observations of scallop spawning on June 7, 2005 suggested that

this event was triggered by a sharp spike in water temperature coupled with sustained high

winds that caused an increase in wave action and, in turn, mechanical disturbance of the

scallops (Tettelbach and Weinstock 2008). Similar spikes in water temperature, with or

without comparable wind events, may also have triggered spawning later in the summer of

2005 (Tettelbach and Weinstock 2008).

Although significant differences in mortality and growth rates were not consistently seen

among scallops stocked at the three different densities in the ADPI arrays, consistently

lower GDW levels were seen at the highest stocking density (200/bag). This same pattern

was seen by Davidson (2000), who concluded that once spawning was initiated bay scallops

held in lantern nets at lower stocking densities (312/m2) maintained a higher level of

reproductive condition than did scallops held at the highest stocking density (1,250/m2).

Larger gonad mass in the scallops Chlamys bifrons and C. asperrima is not thought to result

in sperm being released in higher quantities or at a faster rate, but may lead to more frequent

spawning (Styan and Butler 2003). In restoration efforts, a greater frequency of spawning

and/or spawning over a longer period of time may translate to a higher probability of

successful recruitment to the bay bottom (Kelley and Sisson 1981; Tettelbach et al. 2001;

Bishop et al. 2005). In light of this possibility, we suggest that stocking of bay scallops in

ADPI bags or other off-bottom enclosures for restoration purposes be done at the lower

densities of 50–100/bag (=117–234/m2), rather than at a density of 200/tier (=468/m2).

Estimation of gamete production, fertilization rate, and contribution

to larval recruitment

Gamete production by bay scallops that were free-planted or held in cages was consid-

erable and illustrates the potential contribution of restoration efforts to increased zygote

production and larval recruitment. Clearly, higher survival of planted scallops is paramount

to maximizing production of gametes; the choice of suitable bottom types (i.e. vegetated

versus bare sand) for free-planting is thus critically important.
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Our estimates of fertilization success (F) are based on model predictions at selected

parameter values, some of which were not measured directly; thus, their validity is subject

to debate. Computations of F were very sensitive to differences in flow rate, frictional

velocity and coefficients of diffusivity. One would expect that at higher densities, and thus

closer proximity of spawning individuals, that F should be higher (Claereboudt 1999;

Metaxas et al. 2002); however, F values for the higher densities (95.2–360.4 ind m-2) of

scallops in ADPI cages were consistently lower than those for free-planted scallops

(56.1 m-2). This trend does not seem to necessarily reflect biological processes in the field

(such as the potentially higher probability of polyspermy at higher densities (Styan 1998)

but may be due to selection of parameters that were less than optimal for the model.

Metaxas et al. (2002) concluded that their model did not work well for seagrass habitats.

The fact that the calculated values for F based on the two models are inconsistent does

not mean that we can not draw inferences about the utility of high-density plantings for

scallop restoration. On the contrary, if we base our conclusions on trends generated from

empirical studies of fertilization success in the field (see reviews by Levitan 1991; Lier-

mann and Hilborn 2001; and Metaxas et al. 2002), it is clear that plantings conducted at

high densities (whether as free-plants or in cages) and over large areas should provide a

much greater probability that spawned eggs will be successfully fertilized because indi-

viduals are in close proximity—which serves to reduce losses of sperm due to dilution

effects and increase egg–sperm contact times. Furthermore, it has been shown that actual

fertilization rates in the field may be considerably higher than those predicted by the

models (Metaxas et al. 2002; Yund et al. 2007). Flow rates within eelgrass beds may be 1

order of magnitude lower than outside (Eckman 1987) and therefore reduced mixing rates

in eelgrass likely prolong the contact time between eggs and sperm (Metaxas et al. 2002).

Additionally, synchronous spawning may override sperm dilution effects (Metaxas et al.

2002). This may well have been true during the observed bay scallop spawning on June 7,

2005 (Tettelbach and Weinstock 2008) when we estimated that an average of 7.5% of the

population was releasing gametes at a given instant but 100% of the population was

spawning during this event; the water turned noticeably cloudy at this time and lateral

visibility was reduced from *3 to B2 m due to the very high numbers of gametes that

were released. Conducting plantings where the long axis of the area is parallel to the

predominant flow also should serve to increase sperm–egg contact times during spawning.

In conjunction with the study described here, we monitored larval recruitment to spat

collectors placed at varying distances from our planted scallops in Northwest Harbor;

however, we saw only low levels of recruitment—probably because most larvae were

exported outside of this embayment in 2005 and 2006 (Tettelbach 2008). Nevertheless, we

have seen increases of greater than 1 order of magnitude in larval recruitment, and juvenile

and adult scallop densities, in another local embayment that were attributed to our high-

density (75–200 m-2) plantings of large numbers (*500,000 year-1) of scallops over

several years (Tettelbach and Smith 2009). Similar population increases have resulted in

two other embayments where we have been conducting scallop restoration and overall

fishery landings in the Peconic Bays have increased by an order of magnitude in the last

3 years (Tettelbach, unpublished data).

Conclusions

This study demonstrated the utility of high-density plantings in the creation of bay scallop

spawner sanctuaries for restoration efforts. Although we did not observe increased larval
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recruitment in the vicinity of our planted scallops, we have seen clear evidence of this

phenomenon in subsequent restoration efforts (Tettelbach and Smith 2009). Observed

differences in survival rates of scallops in 2005 and 2006 illustrate the importance of

selecting appropriate habitat for free-planting and the necessity of utilizing systems for

suspending scallops that minimize horizontal instability and tilting of nets. While the two

methods offer their respective advantages and disadvantages, the overall goal of our bay

scallop restoration efforts—to achieve high densities and numbers of spawning adults—

was attained with both methods. Such high densities and numbers of adult bay scallops at

the time of spawning should serve to improve the probability of successful fertilization and

subsequent larval recruitment (Levitan and Petersen 1995; Liermann and Hilborn 2001)

and, in turn, the likelihood that restoration efforts may be successful. Our current resto-

ration efforts (Tettelbach and Smith 2009), which employ high-density free-plantings and

deployments in off-bottom lantern nets, have indeed contributed to a marked increase in

New York bay scallop populations and fisheries in the last 3 years.
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