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ABSTRACT The easternmost commercial population of hard clams, Mercenaria mercenaria, in Maine was discovered recently
near the low intertidal in Goose Cove, in the town of Trenton (Hancock County). A fast- and slow-growing morph was identiﬁed
that reaches commercial size (50.8 mm shell length) in 4 y and 5 y, respectively. Fast-growing individuals were selected as
broodstock, and conditioned to spawn at the Downeast Institute. The fate and growth of cultured juveniles was followed for 5 mo
beginning in July 2006 at 4 stocking densities (2,500–10,000 animals/1.1 m2 ﬂoating, nylon window screen-lined tray; n ¼ 20) at
a coldwater ﬁeld nursery approximately 60 km east of Trenton, in the town of Beals, ME (Washington County). Survival was
nearly 100%, and growth was density dependent, with animals attaining a ﬁnal mean shell length ±95% conﬁdence interval of
8.4 ± 0.13 mm and 7.6 ± 0.218 mm in the lowest and highest density treatments, respectively. In November 2006, cultured seed was
separated into 2 sizes (large, 8.7 ± 0.2 mm; small, 5.1 ± 0.2 mm) and overwintered in window-screen bags (0.2 m2) at densities
ranging from 0.6–1.6 kg (large) and 0.5–1 kg (small), representing approximate densities ranging from 3,360–15,510 individuals
per bag. Bags were placed on horizontal shelves within modiﬁed lobster traps (overwintering containers) that were added to
a 35,000-L tank receiving ambient seawater for 177 days until May 2007. Seawater temperatures during this interval ranged from
–1–10°C. Survival rates exceeded 99%, and no negative effects resulting from stocking density were observed. Hatchery seed was
transplanted in May 2007 to the lower intertidal at Goose Cove and a second intertidal location approximately 30 km east of Beals
at Duck Brook Flat, in the town of Cutler, and the fate and growth of these juveniles was followed for 6–7 mo. Survival was
independent of planting densities (330–1320 individuals/m2), and predator netting did not enhance survival compared with
controls without netting. Growth was seasonal, with the greatest incremental shell increases occurring between early July and late
September. Growth rates varied between planting locations, with clams adding approximately 10 mm shell length at Goose Cove
between May and December (initial shell length, 8.2 mm; ﬁnal shell length, 17.9 mm) and approximately 5 mm shell length at Duck
Brook Flat between June and November (initial shell length, 9.3 mm; ﬁnal shell length, 14.3 mm). Hard clam farming in eastern
Maine may help to diversify a wild shellﬁsh industry that is currently in decline for most species except lobsters; however,
additional efforts are needed to explore alternative grow-out sites and methods to enhance growth rates.
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INTRODUCTION

The northern quahog, or hard clam, Mercenaria mercenaria,
ranges from Prince Edward Island and the southern Gulf of
St. Lawrence, Canada, to the central coast of eastern Florida
(Dillon & Manzi 1987, MacKenzie et al. 2002, LeBlanc et al.
2005). Ingersoll (1887) described a discontinuity in the distribution of hard clams between New Brunswick and the Maine/
New Hampshire border, except in a few sheltered bays in
southern Maine. These locations were identiﬁed by Dow &
Wallace (1951) and Gustafson (1955) as areas primarily limited
to Maquoit Bay (Brunswick) and Quahog Bay (Harpswell),
in Cumberland County (Fig. 1), where hard clams exist in the
lower intertidal (B. Beal, pers. obs.). One published report exists
of 2 live individuals from the northwest side of Mount Desert
Island, in Hancock County (Proctor 1929); however, no
published accounts of wild populations of hard clams have
been reported between southern Maine and St. Andrews, New
Brunswick, where M. mercenaria occurs in Sam Orr Pond
(Dillon & Manzi 1992).
In Maine, a small wild ﬁshery has existed in Casco Bay since
at least the 1930s (Dow & Wallace 1951). Cultured hard clams
have been reared in the Damariscotta River (Lincoln County;
*Corresponding author. E-mail: bbeal@maine.edu

43°58.69#N, 69°34.30#W; B. Scully, Edgecomb, ME, pers.
com,.), and as far north as the Bagaduce River (Hancock
County; 44°25.31#N, 68°44.37#W; J. Leach, Brooklin, ME,
pers. comm.). Recently, a self-sustaining population of hard
clams was discovered at Goose Cove, Trenton (near Mount
Desert Island, ME; Fig. 1), where commercial harvests have
been occurring for nearly 2 decades by one of us (J. Porada,
pers. obs.). Anecdotal evidence suggests that the quahogs in
that vicinity arose from wild seed transplanted from Casco Bay
to Sullivan Harbor in Frenchman’s Bay (Hancock County;
44°30.65#N, 68°12.76#W) during the mid-1950s by members
of Maine’s Department of Sea and Shore Fisheries (currently,
the Maine Department of Marine Resources) (D. E. Wallace,
Brunswick, ME, pers. comm.). Those efforts coincided with the
northern migration of green crabs, Carcinus maenas, that were
decimating softshell clam populations in southern and midcoast
Maine (Glude 1955, Grosholz & Ruiz 1996), as managers were
attempting to create a new bivalve ﬁshery in far eastern Maine
to ameliorate the effects of the invasive crabs.
Because no published information exists about this northeastern population of hard clams, we examined shell growth of
wild individuals harvested from Goose Cove to establish the
rate at which animals reach commercial size (hinge width, or
thickness, of 25.4 mm, or shell length of 50.8 mm). In addition,
because the relative economic value of hard clams is more than
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Figure 1. Maine coast with coastal counties labeled. A self-sustaining population of hard clams has been harvested commercially at Goose Cove,
Trenton, for the past 2 decades. The fate and growth of F1 juveniles cultured from Goose Cove broodstock was assessed at Goose Cove and another site
approximately 90 km east in Cutler at Duck Brook Flat in spring 2007.

twice that of other commercial bivalve species harvested in this
region (i.e., softshell clams, Mya arenaria; blue mussels, Mytilus
edulis; mahogany quahogs, Arctica islandica) (J. Markos,
Maine Shellﬁsh, Ellsworth, ME, pers. comm.), we investigated
several biotic and abiotic factors affecting survival and growth
of juveniles cultured from eastern Maine broodstock. Speciﬁcally, we examined growth and survival of cultured juveniles
reared from parental broodstock taken from Goose Cove
across several stocking densities in a ﬁeld-based ﬂoating nursery
(sensu Beal 2005), overwinter mortality using a technique developed for M. arenaria (Beal et al. 1995), and seasonal growth
and survival at 2 intertidal sites in eastern Maine.
Hard clams are commercially cultured in every state along
the east coast of the United States from Massachusetts to
Florida. Economic impact of cultured hard clam activities has
been estimated in some states. For example, Florida clam
companies had nearly $22 million in sales to wholesalers, restaurants, retailers, and other consumers in 1999 that had an
overall impact of $55 million to Florida’s economy (Philippakos
et al. 2001). In Virginia in 2004, Eastern Shore hard clam
farm sales were associated with 380 full-time jobs and an
economic output of nearly $49 million (Murray & Kirkley
2005). In New York, where wild hard clam harvests fell 82%
between 1976 and 2005, cultured hard clams have had value in
rebuilding commercial stocks as towns across Long Island have
developed shellﬁsh management programs that include municipal hard clam hatcheries (Rivera 2007). In Maine, 3.7 mt of
wild hard clams were harvested in 2007 worth $45,412 (Maine
Department of Marine Resources 2007). During the early
1950s, the annual harvest in the Casco Bay region averaged
nearly 200 mt for several years (Dow & Wallace 1955).
Although softshell clams are ubiquitous and commercially
important along Maine’s coast, landings in eastern Maine have
fallen to record lows resulting from the lack of natural pro-

duction (Congleton et al. 2006). If cultured hard clam juveniles
will grow and survive in the lower intertidal of eastern Maine,
then it may be possible to create a novel culture ﬁshery and/or
for individuals to participate in commercial clam farming
ventures.
Here, we describe the growth of a wild population of M.
mercenaria sampled from the lower intertidal at Goose Cove,
Trenton, ME, and investigate growth and survival of cultured
juveniles produced from these wild stocks at different stocking
densities in a ﬁeld-based nursery located in Beals, ME, in
overwintering trials (sensu Beal et al. 1995), and in short-term
ﬁeld grow-out trials at 2 eastern Maine intertidal locations.
METHODS
Wild Clam Growth in Trenton, ME

On December 7, 2005, 111 animals were collected (shell
length range, 21.7–97.9 mm) haphazardly from areas below the
mean low water mark at Goose Cove, Trenton, ME
(44°25.80#N; 68°23.11#W) using commercial hoes (sensu Robinson and Rowell 1990) to determine growth rate of a variety
of sizes of wild individuals. This cove represents the easternmost
area in Maine where this bivalve is harvested commercially
(J. Porada, pers. obs.). Animals were steamed, meats removed,
and the right valve of 16 individuals was cut from the umbo to
the ventral margin using an Isomet (Buehler Ltd., Lake Bluffs,
IL) low-speed, diamond-tipped saw. The number of times that
internal lines formed discrete bands within each shell was
examined grossly and then compared with the number of
distinguishable external lines. It was not necessary to use the
acetate peel method (as described in Peterson et al. [1983]) to
discern internal lines because the recurring bands were dark
(generally purple), discrete, and separated by an area of smooth,
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white shell. We assumed that the dark banding pattern, similar
to that described in the shells of Mercenaria from New Jersey
(Grizzle & Lutz 1988) and Rhode Island (Henry & Cerrato
2007), represented a slowing of growth; hence, a winter check.
Broodstock Conditioning, Larval Rearing, and Field Nursery
Grow-out Trials

Approximately 40 broodstock (shell length range, 50–65 mm)
were collected in January 2006 from Goose Cove, Trenton, ME,
from animals exhibiting the fastest growth (widest external lines;
see Results). Animals were taken to the Downeast Institute for
Applied Marine Research & Education (DEI), Great Wass
Island, Beals, ME (44°28.85#N; 67°35.92#W), where they were
placed in 20°C seawater and fed cultured phytoplankton (Tetraselmis maculata, CCMP897; and Thalassiosira weissﬂogii,
CCMP1336) to condition (sensu Loosanoff & Davis 1950) for 8
wk. Four groups of 15 individuals each were sandwiched between
rigid pieces of wire mesh that were held together using nylon cable
ties. Ties helped keep a constant pressure on the valves of the hard
clams, which were suspended inside gently aerated 500-L tanks
at 20°C. Spawning was induced by thermal shock, and larvae
were reared for 12 days at 24°C. Larvae and juveniles were fed a
mixed diet of Isochrysis galbana, CCMP1324; Chaetoceros muelleri, CCMP1316; and C. neogracile, CCMP1318.
When juveniles reached a size large enough to be retained on
window screening (approximately 3 mm shell length), they were
moved from the DEI shellﬁsh production center to a nearby
nursery ﬁeld site at Mud Hole Cove (MHC), Great Wass Island,
Beals, ME (44°29.15# N, 67°35.17# W; see Beal et al. [1995] for
a detailed description of this site). We examined effects of
intraspeciﬁc stocking density on growth and survival of the
hatchery-reared hard clam seed held in ﬂoating, ﬂow-through
nursery trays at MHC from July 5–6 to November 16, 2006. Air
temperatures during this time near the water surface measured
at the Jonesport, ME, NOAA buoy, approximately 5 km away
from the study site, ranged from 8.5–15.3°C. Surface water
temperatures ranged from 7.2–14.4°C, and winds were mainly
from the south and south southwest with speeds to 25 kph
(Anonymous 2007).
Clam seed were placed into rectangular wooden ﬂoating
trays (1.2 3 0.9 m) lined with nylon window screen netting (1.8mm aperture) both on top and bottom, at 1 of 4 densities: 2,500,
5,000, 7,500, and 10,000 individuals (n ¼ 20 replicates per
stocking density). Trays were deployed by boat over the course
of 2 days in 4 lines of 20 trays (treatments were randomized
within each line). Lines were spaced 10 m apart, and trays within
the lines were spaced approximately 60 cm apart. The top of
each tray was covered with a piece of 1-mm-thick black plastic
to prevent seagull (Larus argentatus, L. marinus) predation that
occurs when plastic is not used (B. Beal, pers. obs.). Lines of
ﬂoating trays were anchored on each end, which helped
maintain trays in the same relative position during the ﬁeld
experiment. Trays were monitored regularly to ensure that they
did not overturn; however, no maintenance (scrubbing, cleaning, and so forth) was done to any of the trays during the trial.
All trays were retrieved from the cove on November 16 and
taken to DEI, where they were processed. A random sample
(14 g) was removed from each tray. All live and dead animals
from each sample were counted, and the shell length of each live
clam was measured to the nearest 0.1 mm using Vernier calipers.
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Overwintering Trials at the Downeast Institute (November 16,
2006–May 13, 2007)

After clams were removed from each nursery tray, they were
placed into 1 large group and then sorted into 2 size classes
(large: 
xSL ± 95% conﬁdence interval [CI] ¼ 8.7 ± 0.2 mm,
minimum ¼ 6.5 mm, maximum ¼ 11.3 mm, n ¼ 110; small: 
xSL
¼ 5.1 ± 0.2 mm, minimum ¼ 2.5 mm, maximum ¼ 7.5 mm, n ¼
100). Large clams were added to 45 3 45-cm bags constructed
of nylon window screening (as described earlier) at each of
3 masses (0.6 kg, 1.2 kg, and 1.6 kg, representing approximate
densities per bag of 3,360, 6,720, and 8,960 individuals, respectively). Seven bags from each density treatment were added
to overwintering containers. Containers were modiﬁed commercial lobster traps constructed of vinyl-coated, 14-gauge wire
mesh (0.96 3 0.45 3 0.45 m), except instead of opening like
a chest freezer, each container opened like a refrigerator. Each
container had a series of 8 horizontal shelves that were spaced
equidistant from each other. One bag containing clams from
a single density was placed on 1 shelf within each container
except the bottommost shelf. Two containers were used for each
density treatment. Small clams were placed in similar-size bags
at 3 different masses (0.51 kg [n ¼ 2], 0.72 kg [n ¼ 13], and 0.99
kg [n ¼1], representing approximate densities per bag of 7990,
11,302, and 15,510 individuals, respectively). Two overwintering containers were used to hold the bags of small clams.
Density treatments were randomly assigned to positions within
each container. On November 16, 2006, all containers were
placed into a 35,000-L (15 m long 3 1.5 m wide 3 1.5 m deep)
cement tank at DEI that received ambient, ﬂowing seawater.
Containers and bags of clams were removed from the tank and
cleaned (sprayed with freshwater to remove silt) 4 times during
the 177-day experiment. At the end of the experiment, on May
13, 2007, a 14-g random sample was taken from each bag, and
the number of live and dead hard clams was recorded. Seawater
temperature in the tank was monitored daily (Fig. 2), and
ranged from 10°C on November 16, 2006, to –1°C for nearly 3
wk in February 2007. On May 13, 2007, seawater temperature
was 7°C.
Field Grow-out Trials
Goose Cove, Trenton, ME (May 20 to December 22, 2007)

Cultured juveniles that had been overwintered at DEI were
planted below the mean low tide mark on May 20, 2007, in the
general vicinity where broodstock had been collected the year
before. Initial mean shell length ± 95% CI was 8.2 ± 0.15 mm
(shell length range ¼ 4.8–12.0 mm, n ¼ 100). Clams were
planted at an approximate density of 540 clams/m2 in rectangular plots (n ¼ 14) with dimensions approximately 3.65 3 6.09
m. One half of the plots were protected with plastic mesh netting
(6.4-mm aperture; Internet, Inc. Minneapolis, MN), whereas
hard clams in the remaining plots were not covered (control
plots). Control and covered plots were arrayed randomly within
a 7 3 2 matrix with 5-m spacing between rows and columns.
The site was visited on 4 postplanting occasions: July 6, August
14, September 30, and December 22. Quantitative samples using
a circular coring device (area ¼ 0.0182 m2 to a depth of 15 cm)
were taken on July 6 (2 cores taken from n ¼ 3 control and n ¼ 4
netted plots) and September 30 (2 cores taken from n ¼ 5
control and netted plots). Clams were sampled using hoes
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Figure 2. Daily, ambient seawater temperature taken within a 35,000-L tank at the Downeast Institute, Beals, ME, from November 16, 2006 to
May 26, 2007.

(sensu Robinson & Rowell 1990) on August 14 and December
22. It is assumed that animals taken in these samples were
representative of the population in the plots at the time. On each
sampling date, survival was estimated by comparing number of
live to dead individuals in each sample, and growth was
estimated by measuring 2 linear shell dimensions for each
individual. As with cultured individuals of the softshell clam,
once hatchery-reared hard clams are placed in sediment,
a distinct disturbance line is deposited in the shell that marks
individuals uniquely at a size coinciding with their shell length
on the planting date (sensu Beal et al. 1999). The length of this
disturbance line (initial shell length) and ﬁnal shell length
(greatest anterior–posterior length) were measured as described
earlier.
Duck Brook Flat, Cutler, ME (June 19 to November 23, 2007)

Cultured hard clam juveniles that had been overwintered at
DEI were planted on June 19, 2007, at Duck Brook Flat, Cutler,
ME (44°41.18#N; 67°18.66#W) between the mid and lower
intertidal zone in circular, plastic horticultural pots (experimental units, 15 cm diameter 3 15 cm deep; as described in
Beal [2006b]) that had been ﬁlled with ambient sediments.
Units, arrayed in a matrix with 1-m spacing between rows
and columns, were forced into the sediments so only a 1-cm lip
was exposed above the sediment. Clams (xSL ± 95% CI ¼ 9.3
±0.15 mm, n ¼ 84) were seeded at 1 of 3 densities per unit: 6, 12,
or 24, representing stocking densities of 330, 660, and 1,320
individuals/m2, respectively. Five replicates of each density
treatment were used, and all experimental units were covered
with a piece of 6.4-mm ﬂexible mesh netting (as described
earlier) to deter predators. (We were only interested in determining whether hard clams could grow and survive in this
region where no wild populations exist.) Units were excavated
on November 23, 2007, and the contents of each were washed
through a 2-mm sieve. All live, dead, and missing clams were

counted. To assess growth, ﬁnal shell length of all live clams was
measured as described earlier.
Statistical Analyses

Data were analyzed using the SAS 9.1 (Statistical Analysis
Systems, Cary, NC) statistical package. Statistical signiﬁcance
was determined using a decision rule of a ¼ 0.05 level for all
tests, except in the case of a priori contrasts (discussed later).
Shapiro-Wilk’s normality test and Cochran’s test of variance
homogeneity were conducted on each dependent variable (described later) to test assumptions prior to performing analysis of
variance (ANOVA). If violations of either assumption occurred, data were transformed or ranked according to Zar
(1999). All data are presented as untransformed means with
their corresponding 95% CIs.
Nursery Grow-out Trials at Mud Hole Cove, Beals, ME

A single-factor ANOVA was performed on the untransformed mean shell length data. The count data of live clams
from the nursery tray experiment could not be transformed to
meet the normality assumption; therefore, ANOVA was conducted on the ranks. For both dependent variables, a series of
a priori contrasts was conducted based on an expectation of
food limitation (decreasing growth rate) with increasing stocking density (Bayne et al. 1988) as follows:
1. 
x2500 versus 
x(5000, 7500, and 10,000)
2. 
x5000 versus 
x(7500 and 10,000)
3. 
x7500 versus 
x10,000
To avoid excessive type I errors, an adjusted alpha (a# ¼ 1 –
[1 – a]1/n; where a ¼ 0.05 and n ¼ number of contrasts; a#¼
0.01695) was used as a decision rule for these contrasts (Winer
et al. 1991).
A 4 3 G-test of independence was performed on the size frequency data after organizing into 8 discrete size classes (measured
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in millimeters shell length) as follows: # 5.0 mm, 5.1–6.0 mm, .
10.1–11.0 mm, $ 11.1 mm. The expectation was that the percent
frequencies of classes denoting larger shell length would decrease
with increasing stocking density. A priori, orthogonal contrasts (as
noted earlier) were used to investigate this assumption.
Overwintering Trials at the Downeast Institute

ANOVA was performed on the ranked percent survival
from each of the treatments in which ‘‘large’’ clams were used.
Field Grow-out Trials at Goose Cove, Trenton, ME

A 2-way, nested ANOVA (sources of variation include
predator exclusion [a ¼ 2, netted vs. control]; time [b ¼2, July
6 vs. September 30]; predation 3 time; plot(predation ± time)
[c ¼3, 4, or 5) was conducted on the square root-transformed
mean number of hard clam juveniles in quantitative samples
and the untransformed mean absolute growth (ﬁnal shell length
– initial shell length). A 4 3 4 G-test of independence was
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conducted to determine whether size frequency distribution
(independent of netting treatment) varied through time (size
measured in millimeters shell length: # 13 mm, 13–15 mm, 15–
20 mm, $ 20 mm; sampling dates: July 6, August 14, September
30, December 22). The overall G-statistic was decomposed into
3 orthogonal components (Sokal & Rohlf 1995) to test for
seasonal growth.
Field Grow-out Trials at Duck Brook Flat, Cutler, ME

A single-factor ANOVA was conducted on the untransformed mean ﬁnal shell length per experimental unit and the
arcsine-transformed mean percent survival per unit to estimate
differences in shell growth and survival, respectively, resulting
from stocking density. Two a priori contrasts were incorporated
into the ANOVA linear model for both dependent variables:
1. 
x330 m–2 versus 
x(660 m–2 + 1320 m–2)
2. 
x660 m–2 versus 
x1320 m–2

Figure 3. Age-length relationship for 2 growth morphs sampled on December 7, 2005, at Goose Cove, Trenton, ME. Analysis of covariance determined
that the log-transformed lines were signiﬁcantly different (P < 0.0001). (A) Power exponential equation for the slower-growing individuals is Y$ 13.99 3
X0.757; r2 $ 0.759; F$ 132.8; df$ 1, 42; P < 0.0001; n$ 44; where Y is length and X is age (in years). (B) Equation for the faster growing individuals is
Y$ 14.068 3 0.881; r2$ 0.829; F$ 314.02; df$ 1, 65; P < 0.0001; n$ 67. Arrows indicate approximate time in years to reach a commercial shell length
of 50.8 mm (2 inches).
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TABLE 1.

Analysis of variance on the mean shell length of M. mercenaria
from the ﬁeld experiment conducted at Mud Hole Cove, Great
Wass Island, Beals, ME, from July 5–6 to November 16, 2006.
Source of Variation

df

SS

MS

F Value

Pr > F

Intraspeciﬁc density
2,500 vs. rest
5,000 vs. rest
7,500 vs. 10,000
Error
Total

3
1
1
1
76
79

6.48
4.88
1.16
0.44
9.32
15.80

2.16
4.88
1.16
0.44
0.12

17.63
39.85
9.48
3.57

<0.0001
<0.0001
0.0029
0.0625

The 4 stocking densities included 2500, 5000, 7500, and 10,000 per tray
(1.08 m2; n ¼ 20). Single degree-of-freedom contrasts used a decision
rule (a#) ¼ 0.01695. MS ¼ mean square; SS ¼ sums of squares; PR > F ¼
probability F#-value.

An adjusted a# of 0.02532 was used as a decision rule for
these contrasts.
RESULTS
Wild Clam Growth in Trenton, ME

A linear relationship existed between the number of internal
versus external lines: Y(internal) ¼ –0.807 + 1.119 X(external) (r2 ¼
0.957; P < 0.0001; n ¼ 16) suggesting nearly a 1:1 relationship.
Because internal lines are thought to be annual markers (Henry &
Cerrato 2007), especially near the latitude where they were
collected (LeBlanc et al. 2005), external lines were used to age
the remaining individuals. In addition, we noticed that the inner
surface of the valves of 44 of the 111 animals had a dark (purple)
coloration near the ventral margin in the area of the siphons, and
that these clams appeared to have more external lines for a given
length than clams without the purple coloration. To test whether
these clams were growing more slowly than those without the
inner surface purple marking, we performed a regression analysis

to determine whether the log-transformed age–length relationship
yielded similar slopes (F ¼ 2.36; df ¼ 1, 107; P ¼ 0.1275). Analysis
of covariance demonstrated that the 2 lines were signiﬁcantly
different (F ¼ 31.78; df ¼ 1, 108; P < 0.0001), suggesting that 2
growth morphs occurred at the same location (Fig. 3).
Field Nursery Grow-out Trials (July 5 to November 16, 2006)

No dead animals or empty valves were recovered on
November 16, 2006, in any of the 80 trays stocked with cultured
M. mercenaria. Stocking density had a highly signiﬁcant effect
on mean shell length of cultured M. mercenaria (P < 0.0001;
Table 1, Fig. 4). Mean shell length for each density (2,500,
5,000, 7,500, and 10,000) was 8.4 ± 0.13 mm, 8.0 ± 0.12 mm,
7.9 ± 0.18 mm, and 7.6 ± 0.218 mm, respectively. Orthogonal
contrasts demonstrated that mean shell length of hard
clams stocked in trays at a density of 2500 individuals was
signiﬁcantly larger than the mean from animals pooled over
the other 3 densities (P < 0.0001; Table 1). Similarly, animals
held at 5,000 per tray were signiﬁcantly larger than animals at
the 2 higher densities pooled together (P ¼ 0.0029; Table 1);
however, mean shell length of clams at the 2 highest densities
was not signiﬁcantly different (P ¼ 0.0625; Table 1). A trend
analysis indicated that the relationship between mean shell
length and stocking density was negative and linear (P < 0.001).
No signiﬁcant deviations from linearity were detected (P >
0.25).
Mean number of juveniles of M. mercenaria per 14-g sample
increased linearly with stocking density (P < 0.0001; Fig. 5).
Mean counts across each stocking density (2,500, 5,000, 7,500,
and 10,000) were 65.6 ± 5.28 clams, 78.9 ± 3.79 clams, 86.2 ±
7.98 clams, and 93.6 ± 5.94 clams, respectively. ANOVA on the
ranked count data demonstrated a signiﬁcant effect resulting
from stocking density (P < 0.001; Table 2). The comparison of
means of the 2 highest densities was the only contrast that was
not statistically signiﬁcant (P < 0.026).
Size frequency distribution of cultured M. mercenaria varied
signiﬁcantly across stocking density treatments (P < 0.0001;

Figure 4. Relationship between stocking density and mean shell length of hard clams held in ﬂoating trays (1.08 m2) at Mud Hole Cove, Great Wass
Island, Beals, ME, from July 5–6 to November 16, 2006. ANOVA (Table 1) revealed a signiﬁcant effect on mean shell length resulting from stocking
density. A trend analysis indicated a negative linear relationship between dependent and independent variables (n $ 20).
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Figure 5. Mean number (+95% CI) of hard clams in 14-g samples from ﬂoating trays at Mud Hole Cove, Great Wass Island, Beals, ME, from July 5–6
to November 16, 2006, as a function of initial stocking density. ANOVA on the ranked data (Table 2) indicated that counts of hard clams per tray
increased signiﬁcantly with increasing stocking density (n $ 20).

Table 3; Fig. 6). All 3 orthogonal contrasts were signiﬁcant (P <
0.005), and each indicated a greater proportion of individuals
occurred in the larger size classes in the smallest density of the
comparison. In general, the proportion of smaller shell length
increased with increasing stocking density. The distribution
associated with clams stocked at 2,500 and 10,000 individuals
per tray was skewed to the left and right, respectively, whereas
the distribution for the 2 middle stocking densities were
normally distributed (P > 0.10).
Overwintering Trials at the Downeast Institute (November 16, 2006
to May 13, 2007)

Overall mean percent survival for the ‘‘large’’ clams for the
177-day experiment was 99.4 ± 0.28% (n ¼ 42). No signiﬁcant
effect resulting from mass treatments was observed (P ¼
0.9842). ‘‘Small’’ clam survival was 99.7 ± 0.24% (n ¼ 16). No

signiﬁcant shell growth occurred for any size clam or in any
mass treatment.
Field Grow-out Trials
Goose Cove, Trenton, ME (May 20 to December 22, 2007)

Quantitative samples taken on July 6 and September 30 2007
(47 and 133 days after seeding plots), demonstrated no significant hard clam losses between the two dates (0July ¼ 17.5 ± 6.6
[n ¼ 7] vs. 0September 14.6 ± 2.1 [n ¼ 10] individuals per core), and
no signiﬁcant difference in mean number between netted and
control plots (0Netting ¼ 16.3 ± 4.4 [n ¼ 9] vs. 0Control ¼ 15.2 ± 3.8
[n ¼ 8] individuals per core; Table 4; Fig. 7). Mean absolute
growth from May to December was 9.3 ± 0.3 mm and ﬁnal mean
shell length was 17.9 ± 0.367 (n ¼ 244). No signiﬁcant effect
resulting from presence of netting was detected on mean absolute
growth (P ¼ 0.721). Size frequency distribution varied significantly through time (Fig. 8), and the G-test of independence

TABLE 2.

Analysis of variance on the ranked mean number of cultured
juveniles of M. mercenaria from 14-g samples per tray
(1.08 m2) from the nursery ﬁeld experiment conducted at
Mud Hole Cove, Great Wass Island, Beals, ME from
July 5–6 to November 16, 2006.
Source of Variation

df

SS

MS

F Value

Pr > F

Density
2,500 vs. rest
5,000 vs. rest
7,500 vs. 10,000
Error
Total

3
1
1
1
76
79

18,204.78
13,680.60
2,866.52
1,657.66
24,402.23
42,607.00

6,068.26
13,680.60
2,866.52
1,657.66
321.08

18.90
42.61
8.93
5.16

<0.0001
<0.0001
0.0038
0.0259

The 4 stocking densities included 2,500, 5,000, 7,500, and 10,000 per tray
(1.08 m2; n ¼ 20). Single degree-of-freedom contrasts used a decision
rule (a#) ¼ 0.01695.

TABLE 3.

Analysis of size frequencies of M. mercenaria (4 3 8 G-test of
independence; stocking density 3 size class) from the ﬁeld
experiment conducted at Mud Hole Cove, Great Wass Island,
Beals, ME from July 5–6 to November 16, 2006.
Analysis

df

G Value

P Value

Overall analysis
of frequencies
(2,500 versus rest)
(5,000 versus rest)
(7,500 versus 10,000)

21

334.50

<0.0001

7
7
7

223.05
75.52
28.51

<0.0001
<0.0001
0.0002

The 4 stocking densities of cultured clams included 2,500, 5,000, 7,500,
and 10,000 per tray (1.08 m2; n ¼ 20). (See text for deﬁnition of size
classes.) A decision rule (a#) for each orthogonal contrast ¼ 0.01695.
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Figure 6. (A–D) Size–frequency distribution of hard clams held in ﬂoating trays from July 5–6 to November 16, 2006, from each of twenty 14-g samples
from each of 4 stocking densities. Number of clams measured for the 2,500 (A), 5,000 (B), 7,500 (C), and 10,000 (D) density treatments was 1,312, 1,578,
1,724, and 1,871, respectively.
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TABLE 4.

Analysis of variance on the square root-transformed mean
number of juveniles of M. mercenaria per core (0.0182 m2)
taken on July 6 and September 30, 2007, at Goose Cove,
Trenton, ME.
Source of Variation

df

SS

Netting (present vs. absent)
1 0.115
Sampling date (July vs. September) 1 0.678
Netting 3 sampling date
1 0.297
Plot (netting 3 date)
13 12.209
Error
17 19.084
Total
33 32.383

MS F Value Pr > F
0.115
0.678
0.297
0.939
1.123

0.12
0.72
0.32
0.84

0.7318
0.4109
0.5832
0.6224

Seed (8.2 ± 0.15 mm; shell length range ¼ 4.8–12.0 mm, n ¼ 100) was
added to netted and control plots at an approximate density of 540/m2
on May 20, 2007. (See Materials and Methods for number of samples
taken from plots on both dates.)

(Table 5) indicated changes in the distribution from September
to December, suggesting that some shell growth did occur
during that period. Using mean shell length (Fig. 9), it appears
that 60% of shell growth between May and December occurred
before mid August, and that approximately 15% occurred
between September and December.
Duck Brook Flat, Cutler, ME (June 19 to November 23, 2007)

A total of 204 of the 210 animals added to experimental units
in June 2007 were recovered alive. All hard clams in each
experimental unit from the lowest and highest density treatment
survived. Overall survival was 97.2 ± 3.8% (n ¼ 15). Final mean
shell length was 14.3 ± 0.3 mm (n ¼ 15), and effects resulting
from stocking density on ﬁnal shell length were not statistically
signiﬁcant (P ¼ 0.1043).
DISCUSSION

Results presented here are the ﬁrst ever to be reported for
northern hard clam growth and survival in east coastal Maine.
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Hard clams are distributed intertidally in soft sediments along
the Maine coast from the border with New Hampshire to
Frenchman’s Bay, a linear distance of approximately 250 km.
Commercial populations exist near the low tide mark in several
ﬂats in the vicinity of Goose Cove in Trenton (near Mt. Desert
Island, Fig. 1); however, no commercial activities exist east of
this area, and we are unaware of any published or anecdotal
reports of populations of this bivalve occurring in eastern
Hancock County or anywhere along the coast of Washington
County (Fig. 1). Because the hard clam population in Frenchman’s
Bay is self-sustaining, we presume that at least 1 of 2 abiotic
factors operate to limit hard clam distributions from far eastern Maine. First, the net ﬂow of seawater along the Maine
coast is southwestward (Pettigrew et al. 2005). Strongest ﬂows,
resulting primarily from tidal currents associated with the
Eastern Maine Coastal Current (Bay of Fundy to Penobscot
Bay), can reach velocities up to 50 cm/sec near the surface
(Brooks & Townsend 1989). Larvae of hard clams produced in
and around Frenchman’s Bay likely would be transported to the
south and west, in the opposite direction from east coastal
Maine. Second, although the temperature at which M. mercenaria spawns differs throughout its geographical range, water
temperatures between 18–26°C generally trigger spawning
(Eversole 2001). In addition, normal larval development proceeds at seawater temperatures between 18–30°C (Loosanoff &
Davis 1963). Because summer seawater temperatures more than
15°C are uncommon in far eastern Maine (Townsend et al.
2005), it is unlikely that Mercenaria would be reproductively
successful in this region.
Growth of Wild Mercenaria

We observed 2 growth morphs (sensu Vadas et al. 2002)
collected from the lower intertidal of Goose Cove, Trenton,
ME. Regardless of size, animals with a purple coloration near
the anterior region on the internal portion of each valve near
the pallial sinus grew signiﬁcantly slower than animals without
this marking. There were no differences in the external shell
morphology to distinguish these 2 groups other than the width
between annual growth lines, which was narrower in the slower

Figure 7. Mean number of hard clam juveniles per core and per square meter sampled from control (open bars) and netted (cross-hatched bars) plots on
July 6 and September 30, 2007, at Goose Cove, Trenton, ME. Animals (8.2 % 0.15 mm shell length) were seeded into plots at a density of 540/m2 on May
20, 2007. (See Materials and Methods for sample sizes.)
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Figure 8. Size frequency distribution of cultured hard clams at Goose Cove, Trenton, ME, during seasonal sampling in 2007. (A) May 20: mean shell
length$ 8.2 % 0.15 mm, n$ 100. (B) July 6: n$ 245. (C) August 14: n$ 113. (D) September 30: n$ 291. (E) December 22: mean shell length$ 17.9 %
0.3 mm, n$ 244. Juveniles were seeded into protected (netted) and control plots (22.2 m2) at a density of 540/m2. No signiﬁcant difference in mean shell
length was observed on any date between the 2 plot types (P > 0.40). A 4 3 4 G-test of independence (size 3 sampling date) was statistically signiﬁcant
(Table 5).

growing morph. Because these animals were not sampled
discretely, but collected by commercial raking, we do not know
the proximate cause for the 2 growth morphs. Possible explanations may include density-dependent interactions that could
suppress growth (e.g., Peterson 1982, Ólafsson 1986), differential settlement or recruitment from 2 distinct (genetic) populations, or some postsettlement process such as gape-limited
predation (sensu Urban 2007) that has the potential to select
for both fast- and slow-growth strategies.

Growth rate of both morphs slowed with increasing shell
length, and was similar to that observed for more southern
populations in Maine. For example, Ansell (1968) reported that
‘‘best’’ growth of hard clams from 11 southern Maine locations
sampled by Gustafson (1955) was 4.75 y to reach a shell length
of 50.8 mm. This rate is intermediate between the slow and fast
morph at Goose Cove (Fig. 3). In addition, Gustafson (1955)
reported that hard clams grew seasonally from March to
November, with the fastest daily increment occurring between
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TABLE 5.

Analysis of size frequencies of juveniles of M. mercenaria
(4 3 4 G-test of independence; sampling date 3 size class)
from the ﬁeld experiment conducted at Goose Cove, Trenton,
ME, from May 20 to December 22, 2007.
Analysis

df

G Value

P Value

Overall analysis of
frequencies
July/August vs.
September/December
July vs. August
September vs/ December

9

782.26

<0.0001

3

579.21

<0.0001

3
3

185.18
17.87

<0.0001
0.0005

Animals were seeded into 22.2-m2 plots with and without protective
netting at a density of 540/m2. A decision rule (a#) for each orthogonal
contrast ¼ 0.01695.

June and September. No other published reports on hard clam
growth from Maine waters exist, but growth rates are signiﬁcantly slower in populations east of Maine, where commercial
harvests occur in the Canadian Maritimes. Mercenaria are
harvested in St. Mary’s Bay, Nova Scotia, where summer water
temperatures exceed 20°C (Landry & Sephton 1996). In that
location, quahogs reach commercial shell length in 7 y (LeBlanc
et al. 2005). In Prince Edward Island, near the northern limit of
hard clams, Landry et al. (1993) reported that it can take up to
13 y to reach 50 mm, although Kerswill (1949) showed that
quahogs near the mouth of the Biddeford River, near Port Hill
Wharf, reach a 50-mm shell length in an average of 7 y.
Nursery Grow-out and Overwintering Trials Using Cultured Seed

Growth rate was density dependent in the ﬂoating nursery
trays from early July to mid November 2006, with ﬁnal length
a negative, linear function of stocking density (Fig. 4). Fastest
growth occurred among clams held at 2500 per tray (2315/m2).
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Mean shell length was 8.4 ± 0.13 mm (range, 4.1–13.9 mm), and
9% of the animals attained sizes larger than 10 mm. Conversely,
only 3.7% of the animals held at 10,000 per tray (9260/m2)
reached sizes larger than 10 mm. Floating nursery trays were
used in these trials, instead of upwellers, FLUPSYs, or other
conﬁgurations such as raceways (see Flimlin 2000, Pfeiffer &
Rusch 2007), because they have proved the most successful
strategy for nursery grow-out of cultured softshell clam (Mya
arenaria) seed in this geographical region for more than 20 y
(Beal 2005). Although growth rates of M. mercenaria seed in
eastern Maine at the nursery site were extremely slow compared
with rates in coastal regions south of Maine (e.g., Eldridge
et al.1976, Hadley & Manzi 1984, Castagna 2001), ﬁnal mean
shell length was sufﬁciently large for transplanting to ﬁeld growout sites, especially if protected with netting, based on culture
programs elsewhere (Malinowski 1986, Kraeuter & Castagna
1989, Peterson et al. 1995).
Transplanting hard clam seed to ﬁeld grow-out sites typically
occurs after seed has reached its maximum size in a nursery. In
eastern Maine, growth of softshell clams ceases during late
October/early November (Beal 2006a), and it appears that hard
clams have similar seasonal growth patterns (described later).
Transplanting cultured softshell clam (M. arenaria) seed to
intertidal ﬂats during the fall is not advised because of the high
risk of mortality over the winter caused by ice scour and rafting
of the top few centimeters of sediment (Beal et al. 1995). Because
postnursery hard clam seed would be similar in size to cultured
Mya seed, transplanting to intertidal ﬂats in the fall would expose
cultured Mercenaria juveniles to the same environmental conditions. We presume overwinter mortalities would be high in
eastern Maine, at least in years when ice is present. In the
Canadian Maritimes, ﬁeld mortalities of hard clam seed exceeding 20% for native and 50% for the notata variety (Humphrey &
Walker 1982) during the ﬁrst winter have been described (Witherspoon 1984, MacNair 2003; Bricelj et al. 2005). Our successful
overwintering trials (November 2006 to May 2007) at the DEI
build upon similar technology used for nearly 2 decades to

Figure 9. Mean shell length (%95% CI) of cultured hard clams at Goose Cove, Trenton, ME, at the beginning of the ﬁeld experiment (May 20, 2007)
and on 4 subsequent sampling dates. See Figure 8 for number of animals measured on each sampling date.
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overwinter softshell clam seed for spring plantings (Beal et al.
1995). We observed overwinter (177 days) survival rates exceeding 99%, and are unaware of any published reports of similar
rates for cultured hard clam seed (< 10 mm shell length).
Pernet et al. (2006) examined how decreasing temperatures
(24°C to 0°C) affect membrane lipids in 2 strains (wild vs. notata)
of cultured hard clam juveniles in the Gulf of St. Lawrence, near
Neguac, New Brunswick. Wild clams exhibited lower oxygen
consumption rates and a lower heterozygote deﬁciency than the
selectively bred hard clams. Marked deviations from HardyWeinberg equilibrium at several loci were believed to impose
additional stress, resulting in higher overwinter mortalities for
the notata compared with the wild strain. Working at the same
ﬁeld site, Gionet et al. (2008) discovered that approximately 50%
of notata strain juveniles died during the winter compared with
approximately 10% of the wild (i.e., native) strain. This disparity
in survival paralleled each strain’s ability to stock lipids. For
example, wild individuals had higher concentrations of lipids and
glucose than notata individuals, and they inferred that elevated
concentrations of glucose may act as a cryoprotectant by helping
to reduce the freezing point of intercellular ﬂuids and tissues.
Overwinter mortality represents a signiﬁcant problem for
mid-Atlantic and Northeast aquaculturists (Greene & Becker
1977, Kraeuter & Castagna 1984, Kraeuter & Ford 1997, Fegley
2001, Zarnoch & Schreibman 2008), who report losses of hard
clam seed in excess of 25%. Zarnoch and Schreibman (2008)
observed that lipid content played a minimal role in the
physiological energetics during the winter. Instead, they showed
a relationship between decreasing carbohydrate reserves and
increased mortality rates. Hard clams apparently reduce their
metabolism to # 5% of the normal metabolic rate at temperatures less than 5°C, and this strategy enables them to conserve
energy reserves; however, as seawater temperatures increase
through the spring, they depend upon endogenous energy
reserves from phytoplankton to support increased metabolic
activity. If, after an extended cold winter, spring blooms are late
or relatively unproductive, losses of nearly 1% per day occur.
Zarnoch and Schreibman (2008) referred to this phenomenon as
‘‘winter–spring’’ mortality. The excellent survival of cultured
hard clam seed held at high densities in ﬂow-through conditions
over the winter at the DEI (Beals, ME) has been replicated
twice, during the winters of 2007–2008 and 2008–2009. Spring
plantings have coincided with excellent survival at intertidal
ﬁeld grow-out sites (described later). Whether quahog seed
originating from Goose Cove broodstock are genetically better
adapted to temperature stress by using less energy stores and/or
the particular overwintering technique produces viable, healthy
individuals for spring plantings remains to be tested.
Field Grow-out Trials

Growth of hard clam seed at Goose Cove was highly seasonal,
with greatest incremental increases in shell growth occurring
between early July and late September (Fig. 9). Similar patterns
were observed at intertidal sites east of Goose Cove with cultured
softshell clam juveniles (Beal et al. 2001). Gustafson (1955)
followed the growth of wild hard clam juveniles (initial size, 23
mm shell length; no stocking density given) in intertidal plots
located near Freeport, ME (43°48.69#N; 70°06.54#W) for 12
months beginning June 1952. Similar to results from Goose
Cove, shell length at the southern Maine site increased nearly

linearly from June through October, when 83% of the annual
growth occurred, but then slowed down and leveled off until the
beginning of December. No appreciable increase in shell length
was observed until the following April. Clams added an average
of 16.6 mm of new shell during the year, of which 14.5 mm was
added between June and December.
Survival of hard clams at Goose Cove, measured quantitatively on July 6 and September 30, 2007, by taking benthic cores
in the ﬁeld plots, was high, with minimal losses resulting from
epibenthic predators (Table 4). Hard clams were seeded at
a density of approximately 540/m2 in May 2007, and density
estimates in September (mean, 802 individuals/m2, or 14.6/core)
were signiﬁcantly higher than what one would have expected if
zero mortality had occurred (one-sample t-test; T ¼ 5.73, df ¼ 9,
P < 0.001). Presumably, some postseeding process resulted in
clumping of individuals. Another explanation could be that
wild quahog juveniles were confused for cultured juveniles.
However, hatchery seed have a conspicuous disturbance line
that coincides with size at the time of planting, so it was not
difﬁcult to separate wild from cultured juveniles. No matter the
mechanism, the very high survival was observed in both netted
and control plots. Two of us initiated another ﬁeld experiment
in May 2008 at the same site and tidal height using similar-size
hard clam seed that had been overwintered (as described
earlier), and observed similar survival rates in both netted and
control plots by December 2008 (Beal and Porada, unpublished).
Field trials in Cutler (far eastern Maine) from mid June to
late November demonstrated that quahogs can grow within the
intertidal in this geographical region, but that shell growth was
slow. Animals increased in size by only 5 mm during that
period. A similar ﬁeld trial using cultured hard clam seed was
conducted at the same site and tidal height from early June to
mid- November 2008. Animals (initial shell length, 6.8 mm)
added an average of only 3.4 ± 0.7 mm (n ¼ 15) of new shell
during this interval (Beal, unpublished).
Overall, these results are encouraging regarding future
development of hard clam farms in eastern Maine, and our
overwintering results may be generalizable to other populations
of cultured seed from the mid Atlantic to the Canadian
Maritimes. Broodstock from Goose Cove can be used to
produce cultured juveniles that, to date, survive well for the
ﬁrst growing season when seeded into ﬁeld plots in the spring.
Farming quahogs in eastern Maine has the potential to diversify
a sagging shellﬁsh industry that has seen declining landings of
softshell clams, sea scallops (Placopecten magellanicus), ocean
quahogs (Arctica islandica), and sea urchins (Strongylocentrotus
droebachiensis) during the past decade. The ﬁrst stages in
developing these activities are encouraging, but long-term
success will depend on good survival to a size that will have to
be developed for the smallest animals acceptable to the consumer in conjunction with a marketing strategy that capitalizes
on the pristine nature of the grow-out locations. Additional
ﬁeld trials to examine other grow-out locations, and alternative
methods to enhance growth rates are needed.
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