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Executive Summary 

Stockton Harbor was once a very productive clamming area in the State of Maine.  

Today, however, no commercial clamming occurs in this region, and the towns of 

Stockton Springs and Searsport are seeking information about how to return their flats 

to a time when clamming helped stimulate the local economy.  Two, short-term, 

manipulative field experiments were initiated at an intertidal flat in a small cove on the 

northern side of Stockton Harbor to develop methods of attracting wild soft-shell clam 

spat to settle in discrete areas of the flat.  Both experiments were conducted over 

approximately 100 days, from mid-July to the end of October 2007.  Both field trials 

manipulated two treatments:  the presence vs. absence of adult clams, and the 

presence vs. absence of protective, flexible netting (6.4 mm aperture) designed to deter 

epibenthic predators (crabs, fish, shorebirds).   

 

Experiment I, conducted on the eastern side of the cove, used a series of large  

(22.3 m2) plots that were randomly assigned one of four treatments: 1) no clams|no 

netting; 2) one bushel of commercial size clams|no netting; 3) no clams|netting present; 

and, 4) one  bushel of clams|netting present.  At the end of the trial, benthic cores (n = 

5) were taken from each of the five replicates of each treatment (N = 100 samples), and 

juvenile clams (< 15 mm shell length, SL) from the samples were counted and 

measured.  Experiment II, conducted on the western side of the cove, used a series of 

1-m2 plots that were randomly assigned to six treatments: 1) no clams|no netting; 2) fifty 

commercial size clams|no netting; 3) no clams|netting present; 4) fifty clams|netting 

present; 5) one hundred clams|netting present; and 6) two hundred clams|netting 



B. Beal – Downeast Institute 3 

present.  Five benthic cores were taken from each plot (N = 36 plots) and processed as 

in the first experiment. 

 

Results from Experiment I demonstrated that the presence of adult clams (stocking 

density ca. 34 individuals m-2) had no appreciable effect on juvenile clam spat that 

either settled into the plots or moved in after the experiment was established.  Netting, 

on the other hand, enhanced juvenile clam densities nearly seven-fold from (0 ± 95% 

CI) 132.9 ± 37.1 to 974.7 ± 149.7 ind. m-2 in plots without vs. with netting, respectively.  

Also, netting had a significant effect on the frequency distribution of clam sizes but not 

on mean SL.  A higher proportion of clams > 9 mm SL occurred in plots protected with 

netting vs. those without netting, and, among netted plots, there was a significant 

difference in clam size frequency distribution due to the presence of adult clams.  

Except in the no adult clam|no netting treatment where juveniles were randomly 

distributed in the plots, juveniles in the other treatments were distributed in a clumped, 

or contagious, fashion. 

 

In Experiment II, netting enhanced juvenile clam density nearly four-fold (700.0 ± 311.58 

ind. m-2 in netted plots vs. 184.7 ± 35.34 ind. m-2 in plots without netting).  In plots 

without netting, the presence of 50 adult clams per 1-m2 resulted in no more juvenile 

soft-shell clams than plots without any adult clams (0 = 184.7 ± 35.34 ind. m-2).  In 

netted plots, there was a weak, but statistically significant, positive, linear (straight line) 

trend relating mean number of juveniles per core with initial stocking density of adult 

conspecifics (r2 = 0.202; P = 0.0467, n = 20). Clams in all treatments were contagiously 
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distributed.  In addition, the presence of netting enhanced survival of clams > 15 mm SL 

that were in the plots at the beginning of the experiment.  For example, in netted plots, 

the number of clams between 15-41 mm was fifteen times greater than the number in 

control plots without netting (123.6 ± 44.58 vs. 8.24 ± 4.95 ind. m-2).  

 

These data indicate that epibenthic predation on juvenile soft-shell clams is intense 

during the summer and early fall.  Although green crabs, Carcinus maenas, were 

observed in and around both sides of the cove, only one crab was sampled in the cores.  

On the other hand, the macrophagous Heteronemertean, Cerebratulus lacteus, milky 

ribbon worm, occurred in 5% of the samples from Experiment I and 9.4% of the samples 

in Experiment II.  These infaunal predators likely preyed on the seeded adults in both 

experiments; however, the density of adults decreased significantly compared to 

stocking densities only in Experiment II (final densities ranged from 0 to 112 ind. m-2 

rather than 0 to 200 ind. m-2).  

 

The combined effect of these predators – green crabs and other decapods preying 

heavily on young-of-the year clams and the nemertean worms preying on larger sizes of 

clams (ca. > 25 mm SL) – makes it difficult to recommend a particular management 

strategy with the goal of increasing harvests of commercial clams.  Results from this 

investigation combined with recent observations on flats in Searsport and past studies 

in Castine and Rockport, suggest that this nemertean worm plays a major role in limiting 

commercial populations of clams on flats, especially those flats that are not turned over 

regularly.  Therefore, until adequate measures are in place, or until such time that we 
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better understand what controls the distribution and abundance of Cerebratulus, it does 

not make sense financially to invest in measures that would increase clam populations 

in the Stockton Harbor area.  Instead, I recommend that field studies be conducted over 

an appropriate period to yield answers to the following questions:  1) What is the 

distribution and abundance of C. lacteus populations in Stockton Harbor?  and, 2) Is it 

possible to control or counteract the predatory ability of this nemertean worm predator 

on soft-shell clams?  Once these basic questions are answered, then it may be possible 

to increase clam harvests in this once-productive region of the Maine coast.   
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Introduction 

In Maine, the soft-shell clam, Mya arenaria L., fishery ranks second in commercial 

importance of all marine resources.  For example, from 2000 to 2005, Maine clammers 

landed an average of 11.5 million pounds worth $14.7 million annually.  In 2006, 

approximately 9 million pounds worth $13.2 million were landed (Me DMR, 2007).  The 

resource is co-managed by the State of Maine in conjunction with coastal communities.  

Harvesting occurs exclusively within the intertidal zone, where clammers use short-

handled hoes or rakes (Robinson and Rowell, 1990) to excavate adults (> 50.8 mm 

shell length, SL) that live buried 10-25 cm beneath the mudflat surface (Beal, 2006a).  

Landings are not uniform along the Maine coast, as populations tend to be denser along 

the southwest compared to the eastern coast (Congleton et al., 2006).   

 

Approximately fifty of Maine’s ninety coastal communities manage their soft-shell clam 

stocks (Hanna, 1998).  No two communities have the same management program; 

however, all incorporate a state-mandated size limit, some form of limited entry, and 

restrict access to flats at least seasonally.  All clam management programs depend on 

the vagaries of successful annual recruitment of microscopic larvae settling to areas 

within the intertidal zone.  Recruitment cannot occur unless there is successful 

reproduction.  Since soft-shell clams reproduce by releasing their gametes into the 

water column where fertilization occurs, successful reproductive events depend on high 

densities of clams that spawn synchronously.  Mature male and female clams must be 

in close proximity to each other to ensure a high probability of fertilization.  Once clam 

eggs are fertilized, the larvae become planktonic and have a swimming form for three to 
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four weeks. Spawning begins in early June in the southwest and continues through mid-

July in eastern Maine (Ellis and Waterman, 1998).  Clams metamorphose, taking on the 

physical appearance of the adult, and settle (recruit) to the mudflats from the plankton at 

sizes that are smaller than most grains of sand (ca. 225 microns, or 0.009 inches in 

length).   

 

Factors that affect successful recruitment to a particular area are poorly understood 

because few studies have been conducted to observe and/or manipulate this portion of 

the life cycle.  Once clams settle from the water column to the benthos, they are highly 

mobile (Matthiessen, 1960) and are vulnerable to a suite of predators, many of which 

are only slightly larger than sand grains themselves.  Collectively, these predators are 

known as the meiofauna, and include such diverse forms as nematodes, turbellarians, 

and free-living plathelminths (Watzin, 1983; Martens and Schockaert, 1986; Menn and 

Armonies, 1999).  As juvenile clams grow through the summer/early fall and out of the 

size range of these predators, they grow into the range of other, more common 

predators that include nemertean and polychaete worms, gastropods such as moon 

snails, benthic feeding fish such as mummichogs, flounders, sculpins and wrymouth 

eels, and decapod crustaceans such as green crabs and rock crabs.  By growing rapidly 

and reaching sizes of 8-12 mm (approximately one-half an inch) during their first four to 

five months, clams begin to reach depths in the sediments that require predators to 

search for and excavate them.  Mya cease growing for the next six months from 

November to April and during this time they are susceptible to predation from vertebrate 

predators such as black ducks.  In addition, winter ice can scour portions of flats 
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crushing small clams or, in some cases, ice floes can settle onto flats.  Depending on 

temperature and tidal currents, the bottom of these floes can become incorporated into 

the top few cm of the flat that contain small clams.  After some time, these floes can raft, 

moving both mud and clams great distances from where they settled.  These and other 

factors tend to create “year-class phenomenon,” and affect the distribution of clams 

within the intertidal zone. 

 

The distribution of both adult and juvenile soft-shell clams is patchy over numerous 

spatial scales throughout its geographic range (Brousseau, 1978; Möller and 

Rosenberg, 1983; Emerson et al., 1988; Strasser et al., 1999).  Patchiness likely is the 

result of interactions of biotic factors such as predation (Edwards and Hubner, 1977; 

Kelso, 1979; Lipcius and Hines, 1986; Rowell and Woo, 1990; Beal et al., 2001), 

competition (Bradley and Cooke, 1959; Sanders et al., 1962; Beal and Kraus, 2002), 

and disease (Yevich and Barszcz, 1976; Gardner et al., 1991; Barber, 1996) along with 

abiotic factors such as bedload transport from tidal and wind-driven currents (Emerson 

and Grant, 1991; Roegner et al., 1995; Strasser et al., 1999; LeBlanc and Miron, 2006), 

mechanical disturbance via clamming (Beal and Vencile, 2001), and chemicals that 

enter the marine environment directly or indirectly (Blaise et al., 2003; Gagné et al., 

2003, 2007, 2008). 

 

Because all age classes of soft-shell clams can occupy the same flat and tidal height 

(LeBlanc and Miron, 2006; B. Beal, pers. obs.), it is possible that established adults and 

settling larvae or early juveniles interact.  Previous studies of adult bivalve density on 
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settlement and recruitment of conspecific larvae and juveniles have yielded equivocal 

results.  For example, a number of field experiments have failed to show any adult-

juvenile interactions.  André and Rosenberg (1991) manipulated the density of adult 

Mya arenaria over a range of 0, 100, and 400 m-2 in experimental field plots on the west 

coast of Sweden.  They observed a 17% reduction in the number of newly settled Mya 

in the highest density treatment compared to their controls, but this decline was not 

significantly different from zero.  Similarly, Günther (1992) demonstrated that number of 

M. arenaria recruits was not affected by dense beds of Mya adults in the Wadden Sea.  

In addition, Strasser et al. (1999) were unable to detect a significant correlation between 

juveniles and adults of Mya (over a range of densities from 5 to 243 ind. m-2) in the 

intertidal zone of the Sylt-Rømø Bight, a shallow tidal basin in the North Sea.  In 

addition, studies with other intertidal, infaunal bivalve species (e.g., Katelysia spp., 

Spisula ovalis, Macoma balthica) have failed to demonstrate a density-dependent 

relationship between adults and juveniles (Peterson and Black, 1993; David et al., 1997; 

Richards et al., 2002).  On the other hand, other field studies have confirmed the 

existence of a negative adult-larval or adult-juvenile effect.  For example, Crowe et al. 

(1987) showed that experimentally enhanced densities of adults of the ophiuroid, 

Amphiura filiformis, resulted in a reduction of bivalve recruitment in a Swedish fjord. 

 

Several field experiments in eastern Maine have assessed the additive effects of 

increasing densities or varying sizes of cultured juveniles of the soft-shell clam and 

predator exclusion on recruitment of wild Mya spat.  Neither clam size (8.5 mm vs. 11.8 

mm SL) nor density (333 to 2664 ind. m-2) had an effect on settling clam spat (Beal and 
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Kraus, 2002); however, protective netting led to a significant 3-fold enhancement in 

juvenile clam numbers (Beal, 2006b).  Beal and Kraus (2002) demonstrated that 

greatest enhancement of clam spat occurred in field plots protected with netting having 

apertures > 6.4 mm.  These results suggest that deterring epibenthic predators from 

intertidal areas can lead to significant increases in numbers of wild juvenile clams, and 

should give Maine coastal communities the confidence to explore methods that may 

enhance existing populations. 

 

In 2007, the coastal towns of Stockton Springs and Searsport issued a public request 

for “recommended methods of attracting wild spat to settle in the Harbor’s clam flats.”  

The purpose of the studies described below was to investigate the interactive effects of 

varying adult clam density and plastic netting (aperture = 6.4 mm) on the numbers of 

juvenile Mya arenaria settling or relocating into experimental field plots.  I proposed two 

hypotheses (predictions):  1) that adults would have no significant effects on the 

numbers of juveniles moving into the field plots and surviving until the end of the 

experiment (approximately 100 days); and, 2) plastic netting would deter predators 

enough to observe a significant enhancement effect on numbers of juveniles moving 

into the field plots.   
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Methods and Materials  

Study site 

The study site was a small intertidal cove located on the northern shore of Stockton 

Harbor (Fig. 1; Appendix, Fig. A) at the southern end of Middle Street in the town of 

Stockton Springs, Maine.  The upper and mid-intertidal was a mixture of large cobble, 

boulders, and ledges covered with macroalgae (Ascophyllum nodosum).  Below this, 

the shore sloped gradually towards the low tide mark to a featureless, homogeneous, 

unconsolidated muddy flat.  An extensive mussel (Mytilus edulis) bed occurred below 

the low intertidal, in the shallow subtidal zone.  The experimental area was located near 

the low water mark, and was partitioned into two 50 m2 plots, one located on the 

eastern and western side of the cove approximately 10 m apart, where separate trials 

were conducted (see below).  The plots were exposed only on the spring tides of each 

month. 

 

Experimental design 

Two field experiments were conducted from mid-July through October 2007 to test 

predictions about the interactive effects of adult clams (Mya arenaria) and epibenthic 

predators (benthic feeding fish, and various decapod species) on the numbers of 

juveniles settling or moving into plots and surviving to the end of the trials. 

 

Experiment I – 15 July to 25 October 2007 

This trial was conducted on the eastern side of the study site, and involved establishing 

twenty plots (3.65 m x 6.1 m, or approximately 22.3 m2; Fig. 2).  One bushel (ca. 22.7 
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kg) of adult clams (size range = 48.6 mm to 71.8 mm shell length, SL; 0 ± 95% CI = 

59.0 ± 1.8 mm SL; Fig. 3; Appendix, Fig. A), purchased from a commercial dealer (A.C., 

Inc., Beals, Maine), was added to one-half the plots.  (A count of three separate bushels 

of clams on 14 July 2007 resulted in 852, 833, and 609 individuals, or a mean plot 

density of approximately 34.3 ± 15.1 ind. m-2.)  Clams were scattered on the surface 

within each plot, and, although attention was paid to distribute clams uniformly 

throughout each of the ten plots, no effort was made to position clams or “plant” clams 

in the sediment.  That is, clams were forced to bury themselves, a process that took 

approximately 3-4 days, and was related to clam size (i.e., the largest individuals took 

the longest time to position themselves in the sediment).  One-half of the plots were 

covered with a piece of flexible netting (InterNet, Inc., Minneapolis, MN) with 6.4 mm 

apertures (see Beal and Kraus, 2002).  Netting was forced into the sediment by 

stepping on the edge of each, forcing the periphery into the sediment approximately 20 

cm.  To ensure that netting did not interact with clam feeding, a series of five Styrofoam 

floats (10 cm x 7.5 cm) was affixed to the bottom side of each net in a “quincunx” 

pattern, similar to the arrangement of five dots on a die (Appendix, Fig. A).  The floats 

permitted the nets to lift off the bottom during tidal inundation.  The factorial 

arrangement of the four treatments (a. no clams|no netting; b. clams|no netting; c. no 

clams|netting; d. clams|netting) was applied within a completely random design (CRD) 

(Fig. 2). 

 

To establish initial densities of naturally occurring adult and juvenile clams in this area of 

the cove, and before treatments were assigned randomly to each plot, one benthic core 
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(A = 0.0182 m2) to a depth of 20 cm was taken from the center of each plot on 15 July.  

To follow the wild cohort through time, additional benthic cores from within and 

surrounding the experimental area were taken on 27 September (n = 20) and 25 

October (n = 18).  All samples were washed through a 2 mm sieve, and all clams within 

the samples were counted and the SL’s measured to the nearest 0.1 mm using Vernier 

calipers.  On 25 October, 103 days after the start of the test, five benthic cores (as 

above) were taken from each plot, and samples processed similarly.  

 

Experiment II – 16 July to 26 October 2007 

This trial was conducted on the western side of the cove, and involved establishing 36 

1-m2 plots (Fig. 4; Appendix, Fig. B).  Six treatments were randomly assigned among 

the 36 plots, but replication was not equal across the treatments.  As in Experiment I, 

treatments involved the presence and absence of flexible, plastic netting (6.4 mm 

aperture) along with adult clams (Fig. 3).  In addition, clam density (0, 50, 100, and 200 

ind. m2) was manipulated.  The separate treatments included:  a. 0 clams|no netting (n 

= 8); b. 50 clams|no netting (n = 8); c. 0 clams|netting (n = 5); d. 50 clams|netting (n = 

5); e. 100 clams|netting (n = 5); f. 200 clams|netting (n = 5).  Clams were carefully 

added to each plot, and were individually planted making sure to place each individual 

in its living position, with siphons facing toward the sediment-water interface.  Animals 

were gently pushed into the sediments so that the ventral margin of each was covered.  

Netting was applied to the plots as described above.  A single Sytrofoam float was 

affixed to the bottom middle of each net to ensure that netting did not interfere with clam 

feeding. 
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Initial clam densities were established on 16 July by taking a single benthic core (as 

described above) from the middle of each 1-m2 plot prior to assigning it to a specific 

treatment.  Additional core samples were taken on 27 September (n = 20) and 26 

October (n = 20) from the area within and surrounding the experimental plot.  Samples 

were processed and clams counted and measured as described above.  On 26 

October, 103 days after the start of the test, five benthic cores (as above) were taken 

from each plot, and samples processed as described above.  

 

Statistical Analyses 

Analysis of variance (ANOVA) was performed on the square root-transformed mean 

number of juvenile (0-year class) clams (< 15 mm SL) from each core within each plot.  

The transformation was applied to the data to meet the variance homogeneity and 

normality assumption of the parametric test.  Because trials were designed to examine 

specific treatment effects on recently settled individuals, clams > 15 mm SL were 

considered to have been > 0-year class (see Beal and Kraus, 2002), and were not 

included in the analyses. 

 
In Experiment I, the following linear model was used: 
 
 

Yijkl = µ + Ai + Bj + ABij + C(AB)k(ij) + el(ijk) 

 
Where Yijkl = transformed count of numbers of wild spat within each core; µ = 

theoretical, or population, mean; Ai = Clams (present; absent); Bj = Netting (present; 

absent); Ck = Plot (1, 2, 3, 4, or 5) that is unique to a particular treatment; and, el = 

experimental error – a measure of variation that exists among observations from core 
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samples taken from the same plot.  A decision rule (α = 0.05) was applied to each 

hypothesis test.  The source of variation C(AB)k(ij), or Plots nested within a given 

treatment, was decomposed into its four 4 df components to better understand the 

treatment-specific variation from plot-to-plot.  To control for excessive type I errors 

(Winer et al., 1991), and reduce the experimentwise error rate, I adjusted the alpha level 

for each of these independent tests using α’ = 1 - (1 - α)1/r, where r is the number of 

contrasts (4).   α’ = 0.0127.    

 
 
In Experiment II, the following linear model was used: 
 

Yijk = µ + Ai + B(A)i(j) + ek(ij) 

Where Yijk = square root-transformed count data from each benthic core; µ = theoretical 

mean; Ai = Treatment (0 clams|no netting ……200 clams|netting); B(A)i(j) = Plot (1, 2, 3, 

4, or 5) that is unique to a particular treatment; and ek = experimental error (as above).  

Five mutually independent and orthogonal contrasts were employed to better 

understand the Treatment effect on juvenile clam numbers.  These were: 

 

1) Netting vs. No Netting, 

2) No netting (0 vs. 50 clams), 

3) Netting (0 clams vs. 50, 100, and 200), 

4) Netting (50 clams vs. 100, and 200), 

5) Netting (100 clams vs. 200). 

 

Type I error rate for the five orthogonal contrasts was adjusted (as above; α’ = 0.0102).  

In addition, the source of variation B(A)i(j), or Plots nested within a given Treatment, was 
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decomposed into six contrasts (as described above) with an adjusted error rate α’ = 

0.0085. 

 

To examine if differences in the size-frequency distribution of clams could be attributed 

to treatment effects, I conducted G-tests of independence (treatment x size class).  The 

six size classes were as follows:  a. < 4.9 mm; b. 5.0-5.9 mm; c. 6.0-6.9 mm; d. 7.0-7.9 

mm; e. 8.0-8.9 mm; f. > 9.0 mm.  For Experiment I (four treatments), the overall test 

statistic (15 df) was partitioned into three, mutually independent 5 df tests using the 

following orthogonal contrasts (α’ = 0.0169): 

1) Netting vs. No Netting 

2) No Netting (Clams vs. No Clams) 

3) Netting (Clams vs. No Clams). 

 

For Experiment II, the overall test statistic (25 df) was partitioned into five, mutually 

independent 5 df tests using the same contrasts that were used in the ANOVA analysis 

for Experiment II (α’ = 0.0102). 

 

In addition, ANOVA was performed on the loge-transformed mean lengths of live clams 

from each core in both experiments.  In Experiment I, seven of the 100 core samples 

contained no live clams.  In Experiment II, eleven of the 180 core samples contained no 

live clams.  In each case, this resulted in unbalanced data.  I used the same linear 

model, and contrasts, for the analysis as described above, but used the Type III sums of 

squares to test each of the null hypotheses (Shaw and Mitchell-Olds, 1993).   
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To determine the spatial arrangement of juvenile clams in plots, Morista’s Index of 

Spatial Dispersion (Id) was calculated for each treatment in both experiments.  The 

index is used to assess if individuals are dispersed in a uniform, random, or clumped 

distribution. 

 

Untransformed means and their 95% confidence intervals are presented throughout the 

next sections. 
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Results 

Experiment I 

Extant clam populations through time 

Clam density on the eastern side of the cove increased by an order of magnitude from 

an average of 10.9 ± 17.9 to 124.3 ± 46.7 ind. m-2 between July and September/October 

indicating a recruitment event occurred during this time interval (Fig. 5).   Size-

frequency distributions of clams on the three sampling dates (Fig. 6) provide additional 

evidence that wild clams settled or moved into the cove during the trial.  An alternative 

explanation is that small clams were present during the 15 July sampling, but that they 

were smaller than the size of the screening that samples were washed through (2 mm).  

ANOVA demonstrated a significant (P <0.05) decrease in mean shell length (SL) from 

July to September/October, but no statistically significant difference in mean SL 

between the final two sampling dates.   

 

Treatment effects on number and sizes of wild clam juveniles 

No live adult clams occurred in samples from the ten plots that received no adult clams 

initially, and none occurred in samples from the five plots that received adult clams, but 

were not covered with netting.  Mean density of adult clams in plots initially seeded with 

adults and then protected with netting was 32.9 ± 61.0 ind. m-2. 

  

Increasing density of adult clams from 0 to 22.7 kg/plot (ca. 34.3 ± 15.1 ind. m-2) had no 

significant effect on number of wild clam juveniles (Table 1).  The presence of predator 

deterrent netting enhanced number of juvenile clams nearly seven-fold (Fig. 7) from 
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132.9 ± 37.1 to 974.7 ± 149.7 ind. m-2 (P < 0.0001, Table 1).  Netting had a significant 

effect on the frequency distribution of clam sizes (Table 2; Fig. 8), but not on mean SL 

(P = 0.0737, Table 3).  There was a higher proportion of clams > 9 mm SL in plots 

protected with netting vs. those without netting, and, among netted plots, there was a 

significant difference in clam size frequency distribution due to clam presence (Table 3).  

According to each cell’s contribution to the overall G-statistic, proportionately more 

clams occurred in the 5-5.9 mm SL size class in plots without clams (108/419 = 25.8%) 

than in plots with clams (75/468 = 16.0%).  Only one treatment (no clams|no netting) 

had a Morisita’s Index value suggesting a random distribution of clam juveniles (P = 

0.2991).  Juveniles were distributed in a clumped, or contagious, fashion in the other 

three treatments (P < 0.0001).  

 

Clam predators were discovered in six (n = 5 ribbon worms, Cerebratulus lacteus [> 50 

cm in length]; n = 1 green crab, Carcinus maenas [%, carapace width = 27.3 mm]) of the 

100 core samples.  Five of the six predators were sampled in netted plots.   

 

Experiment II 

Extant clam populations through time 

Density of wild clams on the western side of the cove decreased nearly 75% from mid-

July (338.8 ± 113.4 ind. m-2) to September/October (85.2 ± 33.1 ind. m-2) (Fig. 9).  In 

July, clams ranged in size from 6.8-19.3 mm SL, but the size classes > 10 mm 

disappeared during the subsequent sampling (range = 3.5-9 mm SL on 27 September, 
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and from 3.8-9.6 mm SL on 26 October, Fig. 10).  Variation in mean SL mirrored 

differences in frequency distributions through time (P < 0.0001).  

 

Treatment effects on number and sizes of wild clam juveniles 

No live adult clams occurred in samples from the 13 plots (two treatments) that initially 

received no adult clams (Fig. 4).  None of the remaining four treatments maintained the 

level of adults that were stocked initially on 16 July.  For example, final mean densities 

of adults (± 95% CI) estimated from benthic cores were 17.6 ± 24.7 (n = 8), 26.4 ± 18.3 

(n = 5), 28.6 ± 28.3 (n = 5), and 112.1 ± 41.3 (n = 5) for the following treatments:  50 

clams|no netting, 50 clams|netting, 100 clams|netting, 200 clams|netting, respectively.  

 

The presence of netting resulted in nearly a 4-fold enhancement of juvenile clams (Fig. 

11).  The contrast that compared mean number of juvenile clams in plots with (700.0 ± 

311.58 ind. m-2, n = 20) vs. without (184.7 ± 35.34 ind. m-2, n = 16) netting (Table 4) was 

highly significant (P < 0.0001), and explained approximately 65% of the variation due to 

the treatments.  None of the other four contrasts was statistically significant; however, 

the contrast that compared number of clam juveniles in netted plots in the presence of 

adults (819.0 ± 395.95 ind. m-2, n = 15) vs. absence of adult clams (342.9 ± 382.59 ind. 

m-2, n = 5) explained nearly one-fourth of the variation due to the treatments.  One 

reason that this contrast was not statistically significant was due to the high variation 

that occurred from plot-to-plot within the treatments with netting.  Each of the four 

contrasts examining Plot(Treatment) variation for netted plots was highly significant 

(Table 4), and Figure 12 highlights this variability in two of the netted plot treatments (50 
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clams; 200 clams) compared to the 0 clams|no netting treatment.  Because high plot-to-

plot variability among netted treatments may have masked a treatment effect, I 

conducted a regression analysis, followed by lack-of-fit tests, on the data to determine if 

the slope of the line relating mean number of recruits per plot (dependent variable) to 

initial stocking density (0, 50, 100, 200) (independent variable) was equal to zero.  A 

slope of zero would indicate the lack of a significant treatment effect.  The analysis 

demonstrated a significant linear relationship (F = 4.56; df = 1, 18; P = 0.0467), and the 

lack-of-fit test indicated that the addition of quadratic and cubic terms to the linear model 

did not increase the proportion of variation already explained by the linear model (F = 

0.0627; df = 2, 16; P = 0.9395; Fig. 13).   

 

Size frequency distribution and mean SL of juvenile clams varied across treatments 

(Tables 5 & 6).  In both cases, clam presence did not have a significant effect, but the 

presence of netting was highly significant (P < 0.0001), and resulted in a higher 

proportion of larger (> 9 mm SL) individuals.  For example, in plots without netting 

(treatments: 0 clams|0 netting, 50 clams|no netting) approximately 4.4% of juvenile 

clams were > 9 mm SL whereas in plots covered with netting, this percentage was 

14.9% (Fig. 14).  Mean SL in netted plots (6.5 ± 0.54 mm, n = 20) was 14% larger than 

in unnetted plots (5.7 ± 0.32 mm, n = 16).  In addition, juvenile clams in all six 

treatments had clumped, or contagious, distributions (P < 0.025). 

 

Cerebratulus lacteus was found only in cores from netted plots, and in 17 of the 180 

benthic core samples.  This proportion was not significantly different than the proportion 
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that occurred in the core samples from Experiment I (Z = 1.44, P = 0.149).  In addition, 

there was no relationship between number of this nemertean worm predator and initial 

adult clam density per plot (P = 0.6483), final adult density per plot (0.8756), and, 

although plots with Cerebratulus contained 25% more juvenile clams than plots without 

this predator (660.9 ± 361.24 ind. m-2 vs. 530.7 ± 147.74 ind. m-2), this difference was 

not statistically significant (P = 0.1405).  No green crabs were found in any sample. 
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Discussion and conclusions 

This study investigated the interactive role of epibenthic predators and adults of the soft-

shell clam, Mya arenaria, on the recruitment and/or movement of conspecific juveniles.  

The specific goal was to examine methods to attract wild clam spat to discrete areas 

within the intertidal zone that could be replicated (at various scales) by communities that 

manage their clamming habitat.  I predicted two outcomes:  1) recruitment or movement 

of juveniles would be greatest into discrete plots protected with netting, and 2) the 

presence of adult soft-shell clams would have no significant effect on enhancing 

numbers of juvenile soft-shell clams.  These predictions were based on previous 

investigations with Mya in Europe (André and Rosenberg, 1991; Günther, 1992; 

Strasser et al., 1999) and Maine (Beal and Kraus, 2002; Beal, 2006a, b).   

 

Results from both Experiment I and II provide unequivocal evidence of the importance 

of epibenthic predators in controlling the distribution and abundance of juvenile clams.  

Deterring predators such as birds, fish, and crabs using netting applied directly to the 

flats resulted in a seven- and four-fold increase in juvenile clam numbers in Experiment 

I and II, respectively.   The importance of predators in controlling the densities of 

infaunal organisms such as juvenile bivalves has been shown experimentally in many 

field studies over the past three decades (Holland et al., 1980; McArthur, 1998; 

Richards et al., 1999; Beal et al., 2001; Hiddink et al., 2002; Hunt and Mullineaux, 

2002), so it is not surprising that deterring predators using plastic netting resulted in the 

observed increases in wild clam spat.   
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Interference of established adults on the recruitment of juveniles has been suggested to 

play a major role in regulating densities of marine soft-bottom fauna (Woodin, 1976).  

Previous studies have demonstrated that recruits (0-year class individuals) of epibenthic 

bivalves, such as mussels, preferentially settle or have higher survivorship among adult 

conspecifics (e.g., the ribbed mussel Geukensia demissa [Nielsen and Franz, 1995]; the 

European flat oyster, Ostrea edulis [Meadows and Campbell, 1972]); however, other 

studies suggest that filtration and ingestion of bivalve larvae by epifauna such as the 

blue mussel, Mytilus edulis (Davenport et al., 2000; Lehane and Davenport, 2004), and 

American oyster, Crassostrea virginica (Tamburri and Zimmer-Faust, 1996), can reduce 

numbers of settling individuals.   Several studies have found that densities of bivalve 

juveniles are largely unaffected, or affected only modestly, by the presence of adult 

conspecifics (e.g., Black and Peterson, 1988; Ólafsson, 1989; Günther, 1991; Thrush et 

al., 1996); however, some investigations have revealed a positive adult-larval interaction 

for suspension-feeding bivalves (e.g., the gem clam, Gemma gemma, enhanced the 

hard clam, Mercenaria mercenaria, larval settlement in the laboratory [Ahn et al., 1993], 

and settlement of mussel, M. edulis, spat onto adult beds was proportional to adult 

density [McGrorty et al., 1990).  Rarely, have studies shown a reduction in successful 

recruitment at high adult conspecific densities (but see Peterson, 1982; Möller, 1986). 

 

In Experiment I, adult soft-shell clam densities were manipulated from 0 to ca. 34 

individuals m-2 with no effect on numbers or mean SL of juvenile Mya observed (Tables 

1 & 3; Fig. 7).  The presence of adults affected the size-frequency distribution of 

juveniles in netted plots (Table 2; Fig. 8) as the relative proportion of clams in one size 
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class (5-5.9 mm SL) was greater in plots without clams than with clams. In Experiment 

II, the results were somewhat ambiguous (Table 4).  Unlike Experiment I, in which only 

two adult clam density treatments were employed, densities of adults in Experiment II 

were manipulated over four densities, from 0 to 200 individuals m-2.  These initial 

densities were not maintained as significant mortality among these adult clams 

apparently occurred (see below).  At the final sampling, adult density ranged from 0 to 

112 individuals m-2.  Figure 11 demonstrates a potentially positive, density-dependent 

relationship between adult density and juvenile numbers in netted plots; but the ANOVA 

contrast from Table 4 (Netting, 0 clams vs. rest) was not statistically significant.   A more 

powerful test, regression analysis, shows that there was a significant, positive linear 

trend in mean juvenile clam numbers with increasing stocking density of adults.  The 

percent of variation in clam numbers that is explained by the linear model is only 20.2% 

(P = 0.0467).  Both Figures 12 and 13 demonstrate why this trend is weak – because 

the plot-to-plot variation within a given treatment is large.  Because plots were assigned 

randomly to treatments within the experimental matrix (Fig. 4), this variation can only be 

ascribed to random variation.  Closer inspection of the plots within the 200 clams|netting 

treatment showed that the nemertean worm, Cerebratulus lacteus, was found in three of 

the five plots, but one of the plots, which contained a worm in two of the five cores, 

actually had the highest mean density of juvenile clams (2,440 ind. m-2).  In addition, I 

examined the potential relationship between the spatial arrangement of plots and mean 

number of juvenile soft-shell clams.  Because the design was completely random (a 

CRD in which treatments are assigned randomly to plots), I assumed that the area was 

completely homogeneous with respect to the measured variables.  To test this 
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assumption of spatial homogeneity, I examined mean number of juvenile clams across 

columns (P = 0.2569) and rows (P = 0.5420).  Neither could help explain the plot-to-plot 

variability within a given netted treatment. 

 

Results from Experiment I & II, together with observations and unpublished data from 

field experiments in the town of Searsport during 2005-2006 on tidal flats approximately 

3 km southwest of the study site, provide strong evidence that the nemertean worm, 

Cerebratulus lacteus, and the green crab, Carcinus maenas, are playing a key role in 

limiting commercial densities of clams in the Stockton Harbor area.  Core samples taken 

in the vicinity of the experimental matrices showed two interesting features.  First, there 

were no commercial size clams in either matrix at the beginning or end of the study 

other than those that were placed there for experimental purposes.  Second, most of the 

clams that were greater than 10 mm SL in and around the Experiment II matrix at the 

beginning of the study disappeared over the 103-day study (Fig. 10).  Third, there was a 

detectable recruitment of clams in both experimental areas during the time of the study, 

and similar events have been recorded at nearby flats in Searsport over the past 3 

years (B. Beal, pers. obs.).  That is, the Stockton Harbor area has received an abundant 

annual supply of naturally-occurring wild spat for at least each of the past three-four 

years.  Fourth, clams that disappeared from around the Experiment II matrix during the 

study did not disappear from protected plots.  Of the 80 core samples taken in the 

sixteen plots without netting, 12 clams (8.24 ± 4.95 ind. m-2; size range = 24.9-41.3 mm) 

were recovered compared to 225 clams from the 100 core samples taken in the twenty 

plots with netting (123.6 ± 44.58 ind. m-2; size range = 15.1-39.7 mm; Fig. 15).  ANOVA 
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indicated that this difference in mean abundance did not occur by random chance alone 

(F = 7.49; df = 1, 30; P = 0.0103), and is another example of how protective netting can 

be used to enhance soft-shell clam numbers on intertidal flats.  Fifth, evidence suggests 

that epibenthic predators such as fish, birds, and, most likely, decapods such as green 

crabs are primarily responsible for limiting the abundance of small (< 15 mm SL) clams 

on the flats of Stockton Harbor.  Those clams that reach a size refuge from crab attack 

(presumably around 20-25 mm SL) then enter the size range of another predator, the 

ribbon worm, C. lacteus, and this predator is capable of consuming all sizes of clams 

larger than 25 mm SL.  That is, together, these two predators appear to be primarily 

responsible for the paucity of large, adult clams on the flats in and around Stockton 

Harbor. 

 

Is it possible to combat the combined effects of these two predators?  Presently, only 

anecdotal evidence can be used to answer this question.  I have observed on flats in 

Castine (upper Penobscot Bay), Rockport (lower Penobscot Bay), and now in Stockton 

Harbor (upper Penobscot Bay), the same phenomena.  Intertidal flats that either have 

been closed for years due to fecal contamination or have not been dug commercially for 

years for other reasons seem to have larger populations of the Heteronemertean worm, 

Cerebratulus, than areas that are harvested commercially. This predator is an efficient 

consumer of soft-shell clams and other bivalve species (Rowell and Woo, 1990; Borque 

et al., 2001, 2002).  It is considered a macrophagous feeder because it consumes the 

entire prey rather than taking fluids and organs from inside the prey (McDermott and 

Roe, 1985).  For example, it has been observed from New Jersey to North Carolina to 
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prey on the razor clam, Ensis directus, by enveloping it from its anterior (foot) end and 

consuming the animal by virtue of chemical digestion (McDermott, 1976).  Borque et al. 

(2002) described attacks by C. lacteus using its proboscis that were concentrated in the 

siphon and foot region of Mya arenaria. The predator introduced itself to the mantle 

cavity of Mya through the same siphon and foot areas to feed.  Sometimes C. lacteus 

fed in a group on a single prey individual.  One hypothesis for the relatively high 

densities of worms observed on flats that, for whatever reason, are not harvested 

commercially may be related to disturbance.  That is, disturbance (digging and turning 

over the sediments) may be a limiting factor for this nemertean prey.  Digging could 

threaten this species both directly and indirectly.  The tines of a clammer’s hoe could 

impale the worm and kill it directly, or worms may get ripped apart when the mud is 

turned over (B. Beal, pers. obs.).  On the other hand, turning over the sediments and 

exposing this worm to the surface of the flats may increase its chances of being preyed 

on by foraging gulls, crabs, and/or bottom-feeding fish.  Commercial clamming may help 

reduce nemertean populations.   

 

These observations and potential explanations lead to hypotheses that can be tested to 

determine if control measures could be used to reduce the effectiveness of the infaunal 

nemertean predator.  For example, if disturbance affects the distribution and/or 

abundance of C. lacteus, one could design a simple test that would involve 

combinations of at least three factors:  Presence or absence of clams; dug vs. control 

plots that are not dug; and, netted vs. unnetted plots.  Refinements to these treatments 
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could include the addition of size of clam per plot as well as frequency of disturbance of 

plots (digging).   

 

At present, Maine communities that choose to manage their soft-shell clam resources 

have a number of direct and indirect strategies at their disposal to increase commercial 

harvests:  1) moving wild seed from areas of high abundance to areas of low 

abundance; 2) closing areas to allow natural recruitment to establish new populations 

that can be harvested in 2-3 years; 3) brushing flats or “tenting” to attract wild spat; and 

4) controlling effort by restricting the number of licenses or the times when commercial 

harvesting can occur.  In addition, towns can spread plastic netting on the surface of 

flats to encourage spat to settle or protect those spat that have already settled on the 

flat (similar to the experiments described here), or purchase seed clams from a shellfish 

hatchery to enhance areas that were once productive but are no longer.  None of these 

strategies seem to be economically feasible in the Stockton Harbor area, however.  

Until such time that both crab and nemertean worm predation can be countered 

adequately, the strategies listed above will fail.  Already, Stockton Harbor flats receive 

plentiful sets of 0-year class individuals.  Without adequate protection (such as netting), 

green crabs likely consume the majority of these young-of-the-year animals during the 

first six to eight months after the clams have settled to the flats.  Those few clams that 

survive the onslaught from green crab attack will reach a size refuge from this predator 

(20-25 mm SL – this is not an absolute size refuge, but the majority of Mya that attain 

these sizes will escape most predatory attempts by these decapods).  No refuge size 

exists from Cerebratulus attack, however (Borque et al., 2001).  Since this nemertean 
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predator appears to be ubiquitous (it is found in the upper intertidal, lower intertidal, in 

muddy sediments, in gravelly sediments, etc.), until adequate measures are in place, or 

until such time that we better understand what controls the distribution and abundance 

of this predator, it does not make sense financially to invest in measures that would 

increase clam populations in the Stockton Harbor area.  Instead, I would recommend 

that field studies be conducted over an adequate period of time to yield answers to the 

following questions:  1) What is the distribution and abundance of C. lacteus populations 

in Stockton Harbor?  and, 2) Is it possible to control or counteract the predatory ability of 

this nemertean worm predator on soft-shell clams?  Once these basic questions are 

answered, then it may be possible to increase clam harvests in this once-productive 

region of the Maine coast.   
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Table 1.  Analysis of variance on the square root-transformed number of soft-shell clams (< 15  

    mm SL) in cores taken from plots in Experiment I (see Figure 2).  Plots were  

    established on 15 July 2007 and sampled on 25 October 2007 (103 days) when five  

    benthic cores (Area = 0.0182 m
2
) were taken from each plot.  Plots were approximately  

    22.3 m
2
.  One bushel (ca. 22.7 kg) of live, commercial size (> 50 mm SL) clams was  

   added to one-half of the plots (see Figure 3 for initial size-frequency distribution  of  

   adult clams).  Netting (flexible, 6.4 mm aperture) was added to surround one-half of the  

   plots.  The two main factors (Clams and Netting) were considered factorial.  The source  

   of variation listed as Plot(Clams x Netting) is decomposed into four 4 df contrasts to  

   provide additional information about plot-to-plot variability within a given treatment.  

   α’ = 0.0127 for each contrast (see text).  Sources of variation that are statistically  

   significant are in boldface. 
 

 

 

 

 

                                                 Sum of 

               Source               DF       Squares       Mean Square     F-Value   Pr > F 

 

      Clams (Present v. Absent)    1       0.0639127       0.0639127       0.07    0.7878 

 

      Nettting (Present v. Absent) 1     179.8494402     179.8494402     210.87    <.0001 

 

      Clams x Netting              1       0.9970816       0.9970816       1.17    0.2956 

 

      Plot(Clams x Netting)       16      13.6460972       0.8528811       0.84    0.6397 

          No clams|No netting      4       2.2649804       0.5662451       0.56    0.6949 

          Clams|No netting         4       1.1956712       0.2989177       0.29    0.8812 

          No clams|netting         4       7.0507973       1.7626993       1.73    0.1511 

          Clams|netting            4       3.1346482       0.7836621       0.77    0.5479 

 

      Error                       80      81.4135124       1.0176689 

 

      Corrected Total             99     275.9700441 
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Table 2.  Analysis of juvenile clam size frequencies for Experiment I (4 x 6 G-test of  

    independence; see text for description of the four treatments and six size classes).   

    Three mutually orthogonal contrasts are presented (α’ for these = 0.0169).  Probabilities  

    that are boldfaced are considered statistically significant.   

 

 

 

            Statistic  df  Value   Probability 

 

     Likelihood Ratio G-test 15  36.567      0.0015 

 

               Contrasts 

     Netting vs. No Netting   5                    18.030      0.0029 

     No Net (Clams + vs. -)   5    1.908      0.8617 

     Netting (Clams + vs. -)   5  16.629      0.0053 
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Table 3.  Analysis of variance on the loge-transformed mean shell lengths of juvenile clams  

    within benthic cores taken from experimental plots located within the lower intertidal  

    zone within Stockton Harbor on 25 October 2007 (Experiment I).  Seven cores of the  

    100 taken (5 cores per plot and five plots for each of four treatments) contained no live  

    clams; hence a total of 93 sampling units were used in the analysis.  The source of  

    variation listed as Plot(Clams x Netting) is decomposed into four 4 df contrasts to  

    provide additional information about plot-to-plot variability within a given treatment.   

    α’ = 0.0127 for each contrast (see text).  Sources of variation that are statistically  

    significant are in boldface. 

 

 

 

 
       

                                                 Sum of 

               Source               DF       Squares       Mean Square     F-Value   Pr > F 

 

      Clams (Present v. Absent)    1      0.00659141      0.00659141   0.07    0.7910 

 

      Netting (Present v. Absent)  1      0.33247009      0.33247009   3.66    0.0737 

 

      Clams x Netting              1      0.08502828      0.08502828   0.94    0.3475 

 

      Plot(Clams x Netting)       16      1.45188885      0.09074305   3.17    0.0004 

          No clams|No netting      4      0.76828881      0.19207220   6.70    0.0001 

          Clams|No netting         4      0.47013446      0.11753362   4.10    0.0047 

          No clams|netting         4      0.14316430      0.03579108   1.25    0.2980 

          Clams|netting            4      0.07030128      0.01757532   0.61    0.3455 

 

      Error                       73      2.09224214      0.02866085 

 

      Corrected Total             92      3.95557389 
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Table 4.  Analysis of variance on the square root-transformed number of soft-shell clams (< 15  

    mm SL) in cores taken from plots in Experiment II (see Figure 4).  Plots were  

    established on 16 July 2007 and sampled on 26 October 2007 (103 days) when five  

benthic cores (Area = 0.0182 m
2
) were taken from each plot.  Plots were 1 m

2
.  Adult  

clams added to plots had a mean SL of 59 mm (See Figure 3).  Netting used to cover   

    plots was flexible, with 6.4 mm apertures.  Five replicates were established for all plots 

   that received netting and eight replicates were established for all plots without netting.   

   Five single degree-of-freedom contrasts are listed below the Treatment source of  

   variation (α’ = 0.0102; see Methods for detailed explanation).  The source of variation  

   listed as Plot(Treatment) is decomposed into six orthogonal contrasts to provide 

   additional information about plot-to-plot variability within a given treatment  

   (α’ = 0.0085). Sources of variation that are statistically significant are in boldface. 
 

                                           Sum of 

      Source                      DF       Squares        Mean Square    F Value   Pr > F 

 

      Treatment                    5     144.7990111      28.9598022       4.38    0.0041 

        Netting vs. No netting     1      95.3543506      95.3543506      14.43    0.0007 

        No netting, 0 v. 50 clams  1       1.4328529       1.4328529       0.22    0.6449 

        Netting, 0 clams vs. rest  1      34.2842097      34.2842097       5.19    0.0301 

        Netting, 50 clams vs. rest 1      7.78800195      7.78800195       1.18    0.2864 

        Netting, 100 vs. 200 clams 1      5.93959586      5.93959586       0.90    0.3507 

 

 

      Plot(Treatment)             30    198.2992825       6.60997610      10.87    <.0001 

        No Net, No Clams           7      6.4389418       0.91984883       1.51    0.1674 

        No Net, 50 Clams           7      4.3073042       0.61532917       1.02    0.4254 

        Netting, No Clams          4     24.8739492       6.21848730      10.23    <.0001 

        Netting, 50 Clams          4     36.0146668       9.00366669      14.81    <.0001 

        Netting, 100 Clams         4     18.6341565       4.65853912       7.66    <.0001 

        Netting, 200 Clams         4    108.0302640      27.00756600      44.41    <.0001 

  

      Error                      144      87.5679569      0.60811080 

 

      Corrected Total            179     430.6662505 
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Table 5.  Analysis of juvenile clam size frequencies for Experiment II (6 x 6 G-test of  

    independence; see text for description of the six treatments and six size classes).   

    Five mutually orthogonal contrasts are presented (α’ for these = 0.0102).  Contrasts 

    that are considered statistically significant are in boldface.   

     

 

 

 

            Statistic          df  Value   Probability 

 

     Likelihood Ratio G-test         25 81.432     <0.0001 

 

              Contrasts     

     Netting vs. No Netting           5            40.526     <0.0001 

     No Netting (0 vs. 50 Clams)        5            12.862       0.0247 

     Netting (0 Clams vs. rest)            5   4.376       0.4967 

     Netting (50 Clams vs. rest)          5            12.052       0.3410 

     Netting (100 vs. 200 Clams)        5            11.616       0.0404 
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Table 6.  Analysis of variance on the loge-transformed mean shell length data of juvenile clams  

    from benthic cores taken from experimental plots from the lower intertidal zone within  

    Stockton Harbor on 26 October 2007 (Experiment II).  Eleven core samples of the  

    180 taken contained no live clams; hence, a total of 169 sampling units were used in the  

    analysis.  Clams were approximately 25% larger in netted vs. unnetted plots (6.9 ± 0.54  

   mm, n = 16, vs. 5.7 ± 0.31 mm SL, n = 20).  Five single degree-of-freedom contrasts  

   are listed below the Treatment source of variation (α’ = 0.0102; see Methods for  

   detailed explanation).  The source of variation listed as Plot(Treatment) is decomposed  

   into six orthogonal contrasts to provide additional information about plot-to-plot  

   variability within a given treatment.  α’ = 0.0085 for each contrast (see text).  Sources  

   of variation that are statistically significant are in boldface. 

 
         Sum of  

      Source                      DF       Squares       Mean Square     F Value   Pr > F 

 

      Treatment                    5      1.67908004      0.33581601       4.83    0.0024 

        Netting vs. No Netting     1      1.60023272      1.60023272      23.00    <.0001 

        No netting, 0 v. 50 clams  1      0.00041997      0.00041997       0.01    0.9386 

        Netting, 0 clams v. rest   1      0.06379745      0.06379745       0.92    0.3460 

        Netting, 50 clams v. rest  1      0.00361509      0.00361509       0.05    0.8213 

        Netting, 100 v. 200 clams  1      0.03340012      0.03340012       0.48    0.4938 

 

      Plot(Treatment)             30      2.08766617      0.06958887       2.37    0.0004 

        No net, No clams           7      0.32184897      0.04597842       1.56    0.1517 

        No net, 50 clams           7      0.30885276      0.04412182       1.50    0.1724 

        Netting, No clams          4      0.51270217      0.12817554       4.36    0.0024 

        Netting, 50 clams          4      0.24125730      0.06031433       2.05    0.0909 

        Netting, 100 clams         4      0.66359950      0.16589987       5.64    0.0003 

        Netting, 200 clams         4      0.03940546      0.00985137       0.33    0.8540 

 

      Error                      133      3.91159421      0.02941048 

 

      Corrected Total            168      7.50023748 
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Figure Legends 
 

 

Figure 1. Study site (red star) in Stockton Harbor (44
o 
28.70’N; 68

o
 51.40’W) (From  

  MapSend BlueNav North America v. 1.01b; Thales Navigation.) 

 

Figure 2. Schematic of the experimental design of Experiment I (15 July to 25 October  

2007).  Plots were approximately 22.3 m
2
.  On 15 July, a single benthic core 

(Area = 0.0182 m
2
) was taken from the center of each plot prior to establishing 

the specific treatment.  This established initial densities of adult and juvenile 

clams.  Another series of benthic core samples was taken within and surrounding 

the experimental area on 27 September (n = 20) and 25 October (n = 18).  On 25 

October, five benthic cores were taken from each plot (N = 100).  Samples taken 

on each date were washed through a 2 mm sieve.  All clams encountered within a 

sample were counted and the length of each measured to the nearest 0.l mm using 

Vernier calipers.  

 

Figure 3. Initial length-frequency distribution of adult soft-shell clams that were used in  

  Experiment I & II.  Clams were measured on 15 July 2007.  The distribution is  

  not significantly different from Normal (Shapiro-Wilk, W = 0.969, P = 0.2249;  

0 ± 95% CI = 59.0 ± 2.18 mm; n = 48). 

 

Figure 4. Schematic of the experimental design of Experiment II (16 July to 26 October  

2007).  Plots were approximately 1 m
2
.  On 16 July, a single benthic core (Area = 

0.0182 m
2
) was taken from the center of each plot prior to establishing the 

specific treatment.  This established initial densities of adult and juvenile clams.  

Another series of benthic core samples was taken within and surrounding the 

experimental area on 27 September (n = 20) and 26 October (n = 20).  On 26 

October, five benthic cores were taken from each plot (N = 180).  Samples were 

washed through a 2 mm sieve.  All clams encountered within a sample were 

counted and the length of each measured to the nearest 0.1 mm using Vernier 

calipers. 

 

Figure 5. Mean number (± 95% CI) of clams per benthic core (Area = 0.0182 m
2
) in the  

  area sourrounding experimental area I (see Figure 1).  ANOVA on the square  

  root-transformed data indicated a significant difference in mean abundance of  

  clams through time (P < 0.0001).  Letters above each bar indicate results from an  

  a posteriori Student-Newman-Keuls test.  Means with similar letters are not  

  statistically different.  

 

Figure 6. Length-frequency distribution of soft-shell clams in benthic cores taken  

  in the area within and surrounding experimental area I (see Figure 2) on three  

dates.  The value (n) in the figure indicates the number of clams in samples (15 

July, N = 20; 27 September, N = 20; 25 October, N = 18).  ANOVA on the mean 

lengths indicated that clams sampled on 27 September (0 ± 95% CI = 4.7 ± 0.27 
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mm SL) and 25 October (5.6 ± 0.27 mm SL) were statistically similar, and 

smaller than those sampled on 15 July (9.4 ± 2.32 mm SL; P < 0.0001). 

 

Figure 7. Results from Experiment I.  Mean number of juvenile clams (< 15 mm SL) from 

each of five benthic cores (Area = 0.0182 m
2
) taken within each of five plots per 

treatment (see Table 1 for ANOVA results). 

 

Figure 8. Size-frequency distribution of wild juvenile clams within benthic cores from 

Experiment I (25 October 2007).  A G-test of independence (Table 2) 

demonstrated that the distributions varied between plots receiving netting vs. 

those receiving no netting.  In addition, for netted plots, the distributions varied 

depending whether or not adult clams were present or absent.  ANOVA on the 

loge-transformed mean lengths (Table 3) suggested no effect due to the main 

factors (clams and netting). 

 

Figure 9. Mean number (± 95% CI) of clams per benthic core (Area = 0.0182 m
2
) in the  

  area within and surrounding experimental area II (see Figure 3) on three dates.   

  ANOVA on the square root-transformed data indicated a significant difference in  

  mean abundance of clams through time (P < 0.0001).  Letters above each bar  

  present results from an a posteriori Student-Newman-Keuls test.  Means with  

  similar letters are not statistically different.  

 

Figure 10.   Length-frequency distribution of soft-shell clams in benthic cores taken in the 

area within and surrounding experimental area II (see Figure 3) on three dates. 

 ANOVA on the mean lengths indicated that clams sampled on 27 September (0 ± 

95% CI = 5.3 ± 0.90 mm SL) and 26 October (5.9 ± 0.84 mm SL) were 

statistically similar, and smaller than those sampled on 15 July (13.4 ± 1.21 mm 

SL; P <0.0001). 

 

Figure 11. Results from Experiment II.  Mean number of juvenile clams (< 15 mm SL) from 

five benthic cores (Area = 0.0182 m
2
) taken within each plot.  (See Table 2 for 

ANOVA results). Number of plots (n) = 8 for treatments without netting; n = 5 

for treatments with netting. 

 

Figure 12. An example of plot-to-plot variability in mean number of juvenile clams within  

  three treatments from Experiment II (a. 0 clams|no netting [no significant plot-to- 

  plot variability, n = 8, P = 0.1674, Table 4; b. 50 clams|netting [significant  

  variability, n = 5, P <0.0001, Table 4; c. 200 clams|netting [significant variability,  

  n = 4, P < 0.0001, Table 4).  Together, the two treatments, represented by graphs  

  b and c explained approximately 73% of the variability associated with the source  

  of variation listed as Plot(Treatment) in Table 4.  

 

Figure 13. Relationship between mean number of wild juvenile clams per core and initial  

  stocking density.  The regression equation: Y = 6.456 + 0.0718X.  Slope of the  

  line is significantly different from zero (P = 0.0467; r
2
 = 0.2022, n = 20). Lack- 

  of-fit test demonstrated that a quadratic and cubic term did not increase  
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  significantly the coefficient of determination (P = 0.9395). 

 

Figure 14. Size-frequency distribution of wild juvenile clams within benthic cores from each  

  of six treatments in Experiment II (26 October 2007).  A G-test of independence  

  (Table 5) demonstrated that the distributions varied significantly between  

  treatments, and that the largest contribution to the overall statistic was the contrast  

  that compared  the distributions between netted and unnetted plots (P < 0.0001).  

  Proportionately more larger juveniles occurred in netted vs. control plots.   

 

Figure 15. Comparison of size-frequency distribution of clams taken in core samples (A =  

  0.0182 m
2
) on 16 July 2007 from the center of each of 36 1-m

2
 plots within the  

  Experiment II matrix vs. the distribution of clams > 15 mm SL sampled on 26  

  October 2007 in the 16 unnetted and 20 netted plots within the same area.   

  ANOVA on the mean number per core demonstrated a significant effect due to  

  netting (P = 0.0103), as 15-times as many clams were sampled in cores from  

  netted vs. unnetted plots (123.6 vs. 8.2 ind. m
-2

).
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Figure 1. 
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Experiment II -- Stockton Harbor (7/16/07)
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Figure 6.
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Figure 7.
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Figure 11.
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Figure 13.
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Appendix 

 

Fig. A.  a)  Study site in Stockton Harbor at low water on 14 July 2007.  Photo is looking  

  west toward the Sears Island causeway.  b)  Plot (ca. 22.3 m
2
) with adult clams  

  and predator netting from Experiment I (Stryofoam floats [10 cm x 7.5 cm] are  

  between the sediment and the underside of the netting).  c)  Control plot seeded  

  with adult clams from Experiment I.  d)  Adult clams (mean shell length = 59.0  

  mm) used in both experiments. 

 

Fig. B.  All photos depict the western side of the cove in Stockton Harbor where  

  Experiment II was carried out.  a) 1-m
2
 netted plot with no clams.  b)  1-m

2
 netted  

  plot with 200 adult clams. c)  1-m
2
 unnetted plot with 50 adult clams. d) a row of  

  1-m
2
 netted and control plots.  
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Figure A. 
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