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Introduction
Maine’s soft-bottom intertidal zone has witnessed a steady decline (75% since 1975) in landings
of its iconic soft-shell clam fishery with concomitant job losses from 4,500 clammers to 1,500
today. Clams were ubiquitous from low water to the high tide line; however, as seawater
temperatures have increased dramatically since the 1980s, the once-abundant clams now are
restricted to thin strips along the upper shore – areas that are out of the reach of many waterborne
predators, including the invasive green crab that has seen dramatic increases in population
numbers over the same period. Surprisingly, the combination of climate change and lack of
sustainable clam management practices has resulted in a tremendous opportunity to create new
wealth in the lower intertidal zone. Arctic surfclams, Mactromeris polynyma, occur subtidally in
the northwest Atlantic from Rhode Island’s offshore waters to Newfoundland. A $100 million
fishery, also known as the red-footed surfclam (“hokkigai”), exists in Atlantic Canada, and is
highly-valued as sushi and sashimi in Asian markets and restaurants. While no large, commercial
beds occur in the Gulf of Maine, we obtained broodstock with a goal to create a new culture
candidate and diversify the shellfish industry by growing individuals to sizes between 38-50 mm
SL (shell length) that can be consumed raw on the half-shell, steamed, fried, or broiled, or used
in chowders, stews, or even in salads. We worked for five years to close the hatchery and nursery
phase of this species for the first time ever. Fieldwork using cultured juveniles demonstrated
Mactromeris can grow and survive in the lower intertidal, especially in eastern Maine where
seawater temperatures are colder than elsewhere along the coast. Greatest impediments to
commercialization are crustacean and bird predators that can shred protective netting and
consume >90% of 6-12 mm individuals. Recently, we created a new growout unit that is
effective in deterring predators. Field trials (April-Oct 2019) at two intertidal sites using small
juveniles examined effects of stocking density in 2-ft2 growout units. Mean survival was >95%
at both sites with grow rates >15 mm SL. We propose to repeat these pilot-scale trials with
clammers from two eastern Maine communities during Year I. Working hand-in-hand with
clammers provides the best opportunity to demonstrate growout techniques that will eventually
lead to commercialization. Specifically, in Year I together with three clammers from each
community we will evaluate effects of stocking density (25, 50, and 100 individuals ft-2), size of
growout unit (2- and 4-ft2), and type of predator deterrence on growth and survival of cultured
surfclam juveniles. In Years II and III, we plan to vary growout unit size from 4- to 32-ft2
depending on results from Year I. Clammers will present their findings to their peers at an annual
forum for fishers (Years II & III) depending on COVID restrictions.
Methods
Arctic surfclam, Mactromeris polynyma, juveniles were produced in the shellfish hatchery
approximately one-year prior to receiving the SARE grant. During the period between December
2020 and February 2021, an accident at the Downeast Institute facility was responsible for the
loss of hundreds of thousands of research individuals. This loss caused us to alter the scope of
the proposal. That is, instead of a single size class of Arctic surfclams being available for the
project as intended (i.e., animals ranging in size from ~10-15 mm in shell length, SL), two sizes
of animals were used instead to keep stocking densities at the proposed levels. The mean SL ±
95% confidence interval of the Small clams was 13.16 ± 0.74 mm (n = 40; minimum = 9.41 mm,

maximum = 19.86 mm). Large clams averaged 26.36 ± 1.55mm (n = 20; minimum = 19.88 mm,
maximum = 32.43 mm).
A comparative experiment was initiated near the extreme low water mark at two intertidal
locations (Figs. 1-3) in eastern Maine (the mouth of Grand Marsh Bay, Gouldsboro:
44o27’13.20”N; 68o00’48.75”W – 27-28 March 2021; Mud Hole Cove, Great Wass Island,
Beals: 44o29’08.61”N; 67o35’18.31”W – 1 April 2021). Clams were added to wooden boxes of
two sizes (1-ft x 2-ft, or 0.186 m2; 2-ft x 2-ft, or 0.372 m2; Fig. 4). Boxes were placed on top of
the muddy sediments and anchored in place using wooden stakes (spruce strapping) that were
forced into the sediments ~ 25-inches at the short ends of the small boxes and the middle of each
side of the large boxes so that the top of each stake was flush with the top of each box. Two
galvanized screws were driven through the top of each stake and into the end or side of each box.
No boxes were lost during the course of the field trial. A 2-inch layer of play sand was added to
each box prior to stocking with cultured Arctic surfclam juveniles (ratio: 70% Small, 30% Large;
Fig. 5). The bottom of each box was lined with a heavy-duty mesh – PetScreen®, a vinyl-coated
polyester with a 0.9 x 1.7 mm aperture – that kept the play sand within the box. Each box was
covered with a top that was a wooden frame either 1-inch thick or 2-inches thick. Bottom and top
of each frame was identical regardless of frame thickness. Two pieces of flexible, oriented
polypropylene netting (4.2 mm aperture) were stapled to the bottom of each frame (Fig. 6a)
while a piece of more rugged, extruded, polyethylene netting (6.4 mm aperture) was stapled to
the top of each frame (Fig. 6b). To ensure additional protection from bird and large crustacean
predators (e.g., lobsters, rock crabs and green crabs) a piece of 12-guage ½-inch x ½-inch vinylcoated trap wire was stapled over the top of the extruded netting (Fig. 6c; Fig. 7). The predator
deterrent frames were secured to the top of the box using six 2-inch stainless steel screws (for the
2ft2 boxes) and eight 3-inch screws (for the 4ft2 boxes).
The experimental design resulted in four variables: 1) sites (a = 2; Beals, Gouldsboro); 2) box
size (b = 2; 1-ft x 2-ft, 2-ft x 2-ft); 3) frame thickness (c = 2; 1-inch, 2-inches); and 4) stocking
density (d = 3; 25, 50, 100 individuals/ft2, or ~ 270, 540, 1,080 individuals/m2). Five replicates of
each treatment (b x c x d) were arrayed in a matrix at each site, and percent survival and growth
rate of both sizes of clams were recorded. For each site, Analysis of Variance (ANOVA) was
conducted using the following linear model for each metric (dependent variable):
Yijkl = μ + Ai + Bj + Ck + ABij + ACik + BCjk + ABCijk + el(ijk). Where:
Yijkl = dependent variable (percent survival; absolute growth for each size class of clams);
Ai = Box size (a = 2; factor is fixed);
Bj = Frame thickness (b = 2; factor is fixed);
Ck = Stocking density (c = 3; factor is fixed); and,
el = Experimental error (n = 5; replicates are random).
Percent survival data was arcsine-transformed to meet normality and variance homogeneity
assumptions of ANOVA. Back-transformed means and their 95% confidence intervals are
presented. Statistical significance was defined as a P-value ≤ 0.05.

Absolute growth was estimated by measuring with digital calipers to the nearest 0.01 mm the
longest linear distance on each live animal (shell length – SL – longest linear [anterior-toposterior] distance) and subtracting the initial length (as determined by a disturbance line that is
laid down in the shell at the time when animals are transferred from the hatchery to the field
(Fig. 8). This same “hatchery mark” occurs in cultured soft-shell clam seed (Beal et al., 1999)
and hard clam seed (Beal et al., 2009).
Although initially each box contained only play sand and live surfclam juveniles, at the end of
the experiment at both sites, other organisms occurred in the boxes. These included the invasive
green crab, Carcinus maenas, rock crabs, Cancer irroratus, soft-shell clams, Mya arenaria, blue
mussels, Mytilus edulis, and polychaete worms, Alitta virens. All crabs and bivalves in a
particular experimental unit were enumerated, and the carapace width (CW) of crabs and the SL
of bivalves measured to the nearest 0.01 mm using digital calipers. Mean number of green crabs
and mean CW were analyzed using ANOVA according to the linear model referenced
previously.
In addition, at each site, a HOBO data logger was deployed at the beginning of the experiment
that recorded air (when exposed on spring tides) and seawater temperature every 30 minutes for
the duration of the trial (Gouldsboro: 250 days; Beals: 246 days).
Results
Gouldsboro (27-28 March to 1-2 December 2021)
Large surfclams (SL = 26.4 ± 1.5 mm)
Mean percent survival varied significantly (P < 0.0001) with size of the experimental unit (Table
1; Fig. 9a). Mean survival was nearly 3x greater in the large (4ft2) vs. small (2 ft2) boxes (38.4 ±
5.1% vs. 13.4 ± 4.7%, n = 30). The relative percent of total variation explained by this one
source was nearly 50% (Table 1). While stocking density was not statistically significant (P =
0.052, Table 1), there was an indication that increasing density to levels greater than 25
individuals per square feet resulted in lower mean percent survival (Fig. 10). That is, the ~30%
difference in mean survival observed between the lowest and two highest stocking densities was
not significantly different from zero.
Live surfclams were recovered in 52 of the 60 boxes. Mean absolute growth was 3.16 ± 0.39 mm
(n = 52; Fig. 11). No source of variation associated with mean absolute growth was statistically
significant (P > 0.25; Table 2).
Small surfclams (SL = 13.2 ± 0.74 mm)
Mean percent survival varied significantly (P < 0.001) with size of experimental unit (Table 3;
Fig. 9b). Mean survival followed a pattern for small surfclams that was similar to that observed
for large surfclams. That is, ~2.4x more clams were recovered in large vs. small boxes (47.1 ±
7.8% vs. 19.7 ± 7.1%, n = 30). Size of experimental unit explained ~33% of the total variability
in small surfclam survival.
Live surfclams were recovered in 53 of the 60 boxes. Mean absolute growth was 7.85 ± 0.44 mm
(n = 53; Fig. 12); however, stocking density played a significant role (P = 0.0254; Table 4) as

surfclams exhibited a growth depression of ~13% at the highest density compared to the two
lower densities (Fig. 13).
Invasive green crabs
Green crabs were recovered in all but one experimental unit (N = 686; minimum CW = 3.53,
maximum CW = 57.27 mm), and averaged 11.45 ± 2.50 individuals per unit (n = 60). Most crabs
(~75%) recovered had CWs ≤ 12 mm, and 90% were ≤ 20 mm (Fig. 14). Mean number of green
crabs varied directly with size of experimental unit, but not proportionately. That is, mean
number of green crabs in the small boxes was 5.3 ± 1.5 (n = 30), but in large boxes, mean
number was more than 3x greater (17.6 ± 3.7, n = 30; P < 0.0001, Table 5), even though the
surface area of the large boxes was only twice that of the smaller boxes. Crabs neither responded
significantly to initial stocking density (P = 0.6924) nor frame thickness (P = 0.3568; Table 5).
It seems counterintuitive that survival of both sizes of Arctic surfclams increased with size of
box along with green crabs; however, in some instances, most or crabs were smaller than the
initial SL of surfclam. Therefore, a test was conducted to determine if maximum size of green
crab in an experimental unit was associated with percent survival of both sizes of Arctic
surfclams. No significant association was observed for the small size group, but a positive
association was observed for the large size group (Fig. 15).
Other observations
The spring and summer weather in coastal Maine was wet, windy, and relatively cool, but
especially wet. The study site was located in the lower intertidal below mean low water so that
experimental units were only exposed to the air during spring tides, and only for an hour at most
on most spring tides. The amount of rainfall and stormy weather we experienced from May
through August exceeded most years and was greater than the long-term average. For example,
during July 2021, precipitation in the region where the Gouldsboro study site was located ranged
from 150 to 250% above normal. The precipitation and stormy weather likely resulted in a lot of
sediment from the land and the adjacent Great Marsh Bay that ended up in the water column, and
this was evident from the amount of sediment that built up inside many of the experimental units
(surfclam growout boxes). The site was visited on 10 September 2021 and the tops of ~20 boxes
were temporarily removed to inspect the contents of each (Fig. 16). When initiated in late March
2021, each box had approximately 2-inches of play sand that acted as the substrate into which
the juvenile surfclams could burrow. Upon the site visit, most of the boxes inspected were full of
mud (Fig. 16a), and many had black, anoxic spots on the sediment surface where clams had died
(Fig. 16b). Further inspection of the protective tops indicated that so much mud from the water
column had entered the boxes that the gap between the top and bottom of the wooden frame
comprising the predator-deterrent top had also filled with muddy sediments (Fig. 16c), and that
prevented a normal exchange of seawater from the overlying water column. That is, the
excessive build-up of muddy sediments in the boxes and protective tops likely resulted in an
environment that starved the growing surfclams of adequate oxygen that many simply died due
to anoxia. This was the first time this phenomenon was observed in the time the PI has been
experimenting with cultured Arctic surfclam juveniles (i.e., 2011).
Beals (1 April to 3 December 2021)
Large surfclams (SL = 26.4 ± 1.5 mm)

As with the study site in Gouldsboro, mean percent survival varied significantly (P < 0.0027)
with size of the experimental unit (Table 6; Fig. 17). Mean survival was ~ 2x greater in the large
(4ft2) vs. small (2 ft2) boxes (56.9 ± 14.8% vs. 28.4 ± 13.8%, n = 30). The relative percent of
total variation explained by this one source was 12.6%, which was more than double any other
source of variation (Table 6). The only other factor that warranted attention was frame thickness
where survival in boxes with the thinner tops (1-inch) was nearly 40% greater than in boxes with
the thicker tops (2-inches) (49.8 ± 15.8% vs. 35.5 ± 14.3, n = 30; P = 0.072, Table 6).
Live surfclams were recovered in 39 of the 60 boxes. Mean absolute growth was 4.75 ± 1.00 mm
(n = 39; Fig. 18). No source of variation associated with mean absolute growth was statistically
significant (P > 0.25; Table 7); however, mean absolute growth was ~68% greater in the larger
vs. smaller experimental units (5.62 ± 1.5 mm, n = 24 vs. 3.36 ± 0.97 mm, n = 15), and ~50%
greater in boxes with 2-inch protective frames than those with 1-inch frames (5.58 ± 1.5 mm, n =
22 vs. 3.68 ± 1.25 mm, n = 17).
Small surfclams (SL = 13.2 ± 0.74 mm)
Mean percent survival varied significantly (P < 0.041) with the main and interactive effects of
size of experimental unit and stocking density (Table 8; Fig. 19). Mean percent survival in the
larger boxes was ~85% greater than in smaller boxes (26.9 ± 9.5% vs. 14.6 ± 7.4%, n = 30);
however, effects of stocking density varied differently across experimental unit size. For
example, mean percent survival in the smaller boxes stocked with surfclams at the two lowest
two densities was 21.2 ± 9.9% (n = 20), but declined to 1.4 ± 2.1% (n = 10) in boxes stocked at
100 surfclams/ft2, a drop of nearly 95% (Fig. 19). In the larger boxes, mean percent survival was
nearly 100% greater in the lowest (40.1 ± 20.4%, n = 10) vs. the two highest stocking densities
(20.4 ± 10.0%, n = 20).
Live surfclams were recovered in 38 of the 60 boxes. Mean absolute growth was 7.41 ± 1.18 mm
(n = 38; Fig. 20). Surfclams experienced an approximate 75% decrease in mean absolute growth
with increasing stocking density (8.9 ± 1.7 mm, n = 16 @ 25 individuals/ft2 vs. 6.3 ± 1.6 mm, n
= 22, P = 0.0094, Table 9); however, a significant 3-way interaction (P = 0.0002, Table 9)
suggested that the factors combined in a more complex way that affected growth (Fig.21). For
example, in both small and large experimental units, no significant difference was observed in
mean absolute growth when contrasting low (25/ft2) vs. high (50 and 100/ft2) density (SM: P =
0.7669; LG: P = 0.0807). The contrast between the two highest densities (50 vs. 100
individuals/ft2) for both sizes of experimental units yielded statistically significant results. For
small units with 1-inch protective tops, mean absolute growth increased from 2.7 ± 5.3 mm (n =
3) to 8.6 mm (n = 1), but for units with the 2-inch tops growth decreased from 7.5 ± 1.0 mm (n =
5) to 5.6 mm (n = 1). For larger units, a dissimilar pattern in absolute growth was observed for
the same contrasts across the two different tops. For surfclams in boxes with 1-inch tops stocked
at 50 individuals/ft2, mean absolute growth was the highest at 12.3 ± 12.4 mm (n = 2) vs. 4.5 ±
3.5 mm (n = 3) for surfclams stocked at 100 individuals/ft2. The opposite trend was observed in
boxes protected with the 2-inch thick tops, where mean absolute growth increased from 2.5 ± 3.7
mm (n = 3) to 8.5 ± 5.4 mm (n = 4) (Fig. 21).
Invasive green crabs
Green crabs were recovered in 19 of 60 (~33%) experimental units (N = 47; minimum CW =
2.76, maximum CW = 47.25 mm), and averaged 0.78 ± 0.56 individuals per unit (n = 60). Fifty

percent of crabs recovered had CWs ≤ 7 mm, and 75% were ≤ 30 mm (Fig. 22). Mean number of
green crabs was significantly greater in the large vs. small boxes (1.4 ± 1.1 vs. 0.2 ± 0.2, n = 30;
P = 0.0416, Table 10), even though the surface area of the large boxes was only twice that of the
smaller boxes. Crabs neither responded significantly to initial surfclam stocking density (P =
0.8047) nor frame thickness (P = 0.0699; Table 10).
As with data from the Gouldsboro site, a test was conducted to determine if maximum size of
green crab in an experimental unit was associated with percent survival of both sizes of Arctic
surfclams. No significant association was observed for the small size group, but a positive
association was observed for the large size group (Fig. 23).
Other observations
Many (> 75%) of the predator-deterrent tops had become fouled with various species of
macroalgae as noted at the time of sampling in December 2021. The assemblage of species
included Desmerestia aculeata, Saccharina longicruris, and Pylaiella littoralis. The growth of
macroalgae on the tops of some boxes likely prevented an adequate exchange of seawater into
and out of the boxes, and several boxes (independent of stocking density) contained 100% dead
clams that had grown a few millimeters before they had all perished. In those cases, few of the
dead clams were crushed, typical of damage due to green crabs, as most had undamaged valves
and were black, which occurs when animals have been exposed to anoxic conditions. Future
trials will require regular checks on growout boxes during spring tides to inspect and, when
necessary, brush clean the tops and inspect the contents of boxes for green crabs.
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Table 1. Analysis of variance on the arcsine-transformed percent survival data for large
surfclams (SL = 26.4 ± 1.5 mm) at Grand Marsh Bay, Gouldsboro, Maine (1-2 December 2021).
Experiment was initiated on 27-28 March 2021. Statistically significant sources of variation are
boldfaced and in red. (n = 5)
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density

Error
Corrected Total

DF

Type I SS

Mean Square

F Value

Pr > F

1
1
1
2
2
2
2

6158.084259
121.589631
324.115676
635.165421
527.157422
491.021709
187.532575

6158.084259
121.589631
324.115676
317.582711
263.578711
245.510854
93.766288

60.95
1.20
3.21
3.14
2.61
2.43
0.93

<.0001
0.2781
0.0796
0.0521
0.0840
0.0988
0.4023

48
59

4849.76955
13294.43625

101.03687

Table 2. Analysis of variance on the untransformed mean absolute growth (final SL - initial SL)
of large surfclams at Grand Marsh Bay, Gouldsboro (27-28 March to 1-2 December 2021). Live
surfclams were recovered from 52 of 60 boxes making for an unbalanced data set. Type III sums
of squares were used in all hypothesis tests.
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density

Error
Corrected Total

DF

Type III SS

Mean Square

1
1
1
2
2
2
2

0.23469391
2.77140055
1.52522285
4.13905199
0.20299613
2.75338537
1.90609806

0.23469391
2.77140055
1.52522285
2.06952600
0.10149806
1.37669269
0.95304903

40
51

83.35112263
98.14591223

2.08377807

F Value
0.11
1.33
0.73
0.99
0.05
0.66
0.46

Pr > F
0.7389
0.2557
0.3973
0.3794
0.9525
0.5220
0.6362

Table 3. Analysis of variance on the arcsine-transformed percent survival data for small
surfclams (SL = 13.2± 0.74 mm) at Grand Marsh Bay, Gouldsboro, Maine (1-2 December 2021).
Experiment was initiated on 27-28 March 2021. Statistically significant sources of variation are
boldfaced and in red. (n = 5)
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density
Error
Corrected Total

DF
1
1
1
2
2
2
2
48
59

Type I SS

Mean Square

F Value

Pr > F

6530.125447
416.968950
35.335260
567.762273
539.489048
402.073769
114.552451
11097.349550
19703.656758

6530.125447
416.968950
35.335260
283.881137
269.744524
201.036884
57.276226
231.19478

28.25
1.80
0.15
1.23
1.17
0.87
0.25

<.0001
0.1856
0.6976
0.3019
0.3201
0.4256
0.7816

Table 4. Analysis of variance on the untransformed mean absolute growth (final SL - initial SL)
of small surfclams at Grand Marsh Bay, Gouldsboro (27-28 March to 1-2 December 2021). Live
surfclams were recovered from 53 of 60 boxes making for an unbalanced data set. Type III sums
of squares were used in all hypothesis tests. Statistically significant sources of variation are
boldfaced and in red.
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density
Error
Corrected Total

DF
1
1
1
2
2
2
2
41
52

Type III SS

Mean Square

F Value

7.37966210
4.88887434
4.72698946
16.03240228
4.63926905
7.97804999
6.07634045
81.69203210
129.87784057

7.37966210
4.88887434
4.72698946
8.01620114
2.31963453
3.98902499
3.03817023
1.99248867

3.70
2.45
2.37
4.02
1.16
2.00
1.52

Pr > F
0.0612
0.1249
0.1312
0.0254
0.3223
0.1481
0.2297

Table 5. Analysis of variance on mean number of green crabs from experimental units at Grand
Marsh Bay, Gouldsboro, Maine on 1-2 December 2021. Statistically significant sources of
variation are boldfaced and in red. (n = 5)
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density
Error
Corrected Total

DF
1
1
1
2
2
2
2
48
59

Type I SS

Mean Square

F Value

Pr > F

2294.016667
50.416667
62.016667
44.800000
104.533333
59.733333
16.533333
2902.800000
5534.850000

2294.016667
50.416667
62.016667
22.400000
52.266667
29.866667
8.266667
60.475000

37.93
0.83
1.03
0.37
0.86
0.49
0.14

<.0001
0.3658
0.3163
0.6924
0.4278
0.6133
0.8726

Table 6. Analysis of variance on the arcsine-transformed percent survival data for large
surfclams (SL = 26.4 ± 1.5 mm) at Mud Hole Cove, Beals, Maine (3 December 2021).
Experiment was initiated on 1 April 2021. Statistically significant sources of variation are
boldfaced and in red. (n = 5)
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density
Error
Corrected Total

DF
1
1
1
2
2
2
2
48
59

Type I SS

Mean Square

8888.141433
3010.287465
2306.789742
2975.778557
3197.138430
4190.741211
3298.913245
42695.293950
70563.084033

8888.141433
3010.287465
2306.789742
1487.889278
1598.569215
2095.370605
1649.456622
889.48529

F Value
9.99
3.38
2.59
1.67
1.80
2.36
1.85

Pr > F
0.0027
0.0720
0.1139
0.1985
0.1767
0.1057
0.1676

Table 7. Analysis of variance on the untransformed mean absolute growth (final SL - initial SL)
of large surfclams at Mud Hole Cove, Beals, Maine (1 April to 3 December 2021). Live
surfclams were recovered from 39 of 60 boxes making for an unbalanced data set. Type III sums
of squares were used in all hypothesis tests.
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density
Error
Corrected Total

DF
1
1
1
2
2
2
2
27
38

Type III SS
28.12535872
22.38177476
10.87262539
3.17786778
24.22999590
25.73087594
1.54721975
203.97799060
363.81755794

Mean Square
28.12535872
22.38177476
10.87262539
1.58893389
12.11499795
12.86543797
0.77360988
7.55474040

F Value
3.72
2.96
1.44
0.21
1.60
1.70
0.10

Pr > F
0.0642
0.0967
0.2407
0.8116
0.2197
0.2011
0.9030

Table 8. Analysis of variance on the arcsine-transformed percent survival data for small
surfclams (SL = 13.2± 0.74 mm) at Mud Hole Cove, Beals, Maine (3 December 2021).
Experiment was initiated on 1 April 2021. Statistically significant sources of variation are
boldfaced and in red. (n = 5)
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density
Error
Corrected Total

DF
1
1
1
2
2
2
2
48
59

Type I SS

Mean Square

1652.581111
692.471409
175.007024
2424.756580
2224.899573
241.168952
209.545187
15557.901096
23178.330932

1652.581111
692.471409
175.007024
1212.378290
1112.449786
120.584476
104.772594
324.12294

F Value
5.10
2.14
0.54
3.74
3.43
0.37
0.32

Pr > F
0.0285
0.1504
0.4660
0.0309
0.0404
0.6913
0.7254

Table 9. Analysis of variance on the untransformed mean absolute growth (final SL - initial SL)
of small surfclams at Mud Hole Cove, Beals, Maine (1 April to 3 December 2021). Live
surfclams were recovered from 38 of 60 boxes making for an unbalanced data set. A priori
contrasts are shown for the Density and Box Size x Thickness x Density source of variation.
Type III sums of squares were used in all hypothesis tests. Statistically significant sources of
variation are boldfaced and in red.
Source

DF

Box Size
1
Top Thickness
1
Size x Thickness
1
Density
2
25 vs. 50 & 100
1
50 vs. 100
1
Size x Density
2
Top x Density
2
Size x Thickness x Density
2
S x T x 25 vs. 50 & 100 1
S x T x 50 vs. 100
1
Error
26
Corrected Total
37

Type III SS
21.8109667
0.0429101
9.9483574
48.1830389
46.7608893
1.4221496
18.8402519
30.6386265
148.2246156
9.4534933
138.7711223
154.4142250
474.1687061

Mean Square
21.8109667
0.0429101
9.9483574
24.0915195
46.7608893
1.4221496
9.4201259
15.3193132
74.1123078
9.4534933
138.7711223
5.9390087

F Value
3.67
0.01
1.68
4.06
7.87
0.24
1.59
2.58
12.48
1.59
23.37

Pr > F
0.0664
0.9329
0.2070
0.0293
0.0094
0.6283
0.2239
0.0951
0.0002
0.2185
<0.0001

Table 10. Analysis of variance on mean number of green crabs from experimental units at Mud
Hole Cove, Beals Maine on 3 December 2021. Statistically significant sources of variation are
boldfaced and in red. (n = 5)
Source
Box Size
Top Thickness
Size x Thickness
Density
Size x Density
Top x Density
Size x Thickness x Density
Error
Corrected Total

DF
1
1
1
2
2
2
2
48
59

Type I SS
20.41666667
16.01666667
6.01666667
2.03333333
5.43333333
2.23333333
4.43333333
223.6000000
280.1833333

Mean Square
20.41666667
16.01666667
6.01666667
1.01666667
2.71666667
1.11666667
2.21666667
4.65833333

F Value
4.38
3.44
1.29
0.22
0.58
0.24
0.48

Pr > F
0.0416
0.0699
0.2614
0.8047
0.5620
0.7878
0.6243

Figure 1.

Figure 1. Map of Maine with expanded area showing the two study sites: Gouldsboro and Beals.

Figure 2.

Figure 2. The field experiment was initiated on 27-28 March 2021 at the mouth of Grand Bay
Marsh in Gouldsboro. The yellow rectangle is the approximate area where 60 boxes (½ = 1-ft x
2-ft; ½ = 2-ft x 2-ft) containing juveniles of Mactromeris polynyma were deployed. Boxes were
sampled on 1-2 December 2021 (250 days) when all sediment was removed from each and
washed in situ using sieves with 2 mm aperture.

Figure 3.

Figure 3. The field experiment was initiated on 1 April 2021 in the lower intertidal of Mud Hole
Cove on Great Wass Island in the town of Beals. The yellow square is the approximate area
where 60 boxes (½ = 1-ft x 2-ft; ½ = 2-ft x 2-ft) containing juveniles of Mactromeris polynyma
were deployed. Boxes were sampled on 3 December 2021 (246 days) when all sediment was
removed from each and washed in situ using sieves with 2 mm aperture.

Figure 4.

2-ft x 2-ft

1-ft x 2-ft

Figure 4. Experimental units (1-ft x 2-ft; 2-ft x 2-ft wooden boxes) at Mud Hole Cove, Great
Wass Island, Beals, Maine (1 April 2021).

Figure 5.

Figure 5. Wooden box (2-ft x 2-ft) with 2-inch layer of play sand and 100 juveniles of the
Arctic surfclam, Mactromeris polynyma.

Figure 6.

Figure 6. A) Bottom of a 1-inch thick wooden frame with two pieces of 4.2 mm flexible netting.
B) Top of frame with extruded netting (¼-inch aperture). C) Top of frame with additional vinylcoated wire (½-inch aperture).

Figure 7.

Figure 7. A 2-ft x 2-ft wooden box that contains Arctic surfclam juveniles. Wooden stakes (24inches long) are forced into the sediment and then screwed into each side of the box. The top
frame (1-inch thick) contains three different sizes of protective netting (see Fig. 6) to deter
predators.

Figure 8.

A

B

Figure 8. A) Examples of the “hatchery mark” that enables one to estimate an individual growth
rate for animals not uniquely marked physically. The line results from disturbance that occurs
when the animals are taken from the hatchery and placed into sediments in the field. B) Close-up
of the hatchery mark. The white line represents the final length (31.5 mm), and the black line
represents the size of the surfclam at the time of deployment (11.1 mm). Absolute growth = 20.4
mm. Scale in both frames is in millimeters.
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Figure 9. Mean percent survival for A) Large and B) Small surfclams in experimental units of
two sizes at Grand Marsh Bay, Gouldsboro, Maine (1-2 December 2021). Experiment was
initiated on 27-28 March 2021 (250 days). ANOVA indicated a significant difference in survival
between unit sizes for both sizes of clams (Tables 1 & 3; P < 0.0001). n = 30
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Figure 10. Effects of stocking density on mean percent survival (+ 95% CI) of large surfclams
in experimental units at Grand Marsh Bay, Gouldsboro, Maine from 27-28 March to 1-2 December 2021. ANOVA indicated that the mean decrease in mean survival between the lowest density
and the two highest densities (~30%) was not statistically significant (P = 0.052; Table 1). n = 20
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Figure 11. Size-frequency distribution of initial and final sizes of large, live surfclams recovered
from experimental units on 27-28 December 2021 at Grand Marsh Bay, Gouldsboro, Maine.
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Figure 12. Size-frequency distribution of initial and final sizes of small, live surfclams recovered
from experimental units on 1-2 December 2021 at Grand Marsh Bay, Gouldsboro, Maine.

Mean Absolute Growth (+ 95% CI)

Figure 13.

8

6

4

2

0

25

100

50
2

Stocking Density (#/ft )
Figure 13. Effects of stocking density on mean absolute growth of small Arctic surfclams at
Grand Marsh Bay, Gouldsboro, Maine (27-28 March to 1-2 December 2021). Absolute growth
was depressed by ~13% at the highest density compared to the lowest two densities. n = 20
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Figure 14. Size-frequency distribution of green crabs in experimental units at Grand Marsh Bay,
Gouldsboro, Maine on 1-2 December 2021. (N = 686).
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Figure 15. Relationship between maximum carapace width of green crabs in each experimental
unit and percent survival of A) small surfclams (P = 0.6145), and B) large surfclams (P =
0.0293; Y = 16.5 + 0.403X, r2 = 0.0793). Black line is the regression line and blue lines represent
the 95% CI around the fitted line. (n = 60)

Figure 16.
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Figure 16. Photos of the contents of two experimental growout boxes taken on 10 September
2021 at Grand Marsh Bay, Gouldsboro, Maine. A) A 1-ft x 2-ft box filled with muddy sediments.
Initially (27-28 March 2021), ~2-inches of play sand were added to each 6-inch deep box so that
surfclams would have a substrate to burrow into. B) A 1-ft x 2-ft growout box with many dead
surfclam juveniles with dead, undamaged valves (shells). The black spots are areas of anoxia
where clams have died within a few days of taking the photo. C) The top of the box from photo
B. This was a 2-inch top and it was choked with muddy sediments that did not permit adequate
seawater circulation/exchange between the overlying water column and the animals in the
growout box. The flexible mesh that is torn away from the wooden frame enabled the mud that
had built-up between the bottom and top of the frame to be excavated and placed on the adjacent
mudflat. Box tops from all 60 boxes were removed temporarily, and any mud occurring between
the top and bottom meshes of each frame was excavated as shown in this photo.
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Figure 17. Mean percent survival for large surfclams in experimental units of two sizes at Mud
Hole Cove, Beals, Maine (3 December 2021). Experiment was initiated on 1 April 2021 (246
days). ANOVA indicated a significant difference in survival between unit sizes (Table 6; P =
0.0027). n = 30
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Figure 18. Size-frequency distribution of initial and final sizes of large, live surfclams recovered
from experimental units on 3 December 2021 at Mud Hole Cove, Beals, Maine.
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Figure 19. Interaction plot demonstrating how mean percent survival varies across stocking
densities in both small (2 ft2) and large (4 ft2) experimental units (P = 0.0404; Table 8) (n = 10)
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Figure 20. Size-frequency distribution of initial and final sizes of small, live surfclams recovered
from experimental units on 3 December 2021 at Mud Hole Cove, Beals, Maine.
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Figure 21. Three-way interaction plot of mean absolute growth for small Arctic surfclams at
Mud Hole Cove, Beals, Maine (1 April to 3 December 2021). Bars without error bars represent n
= 1, otherwise n = 2-5 depending on survival. See Table 9.
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Figure 22. Size-frequency distribution of green crabs in experimental units at Mud Hole Cove,
Beals, Maine on 3 December 2022 (N = 47).
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Figure 23. Relationship between maximum carapace width of green crabs in each experimental
unit and percent survival of A) small surfclams (P = 0.6850), and B) large surfclams (P = 0.0220;
Y = 35.84 + 0.777X, r2 = 0.0871). Black line is the regression line and blue lines represent the
95% CI around the fitted line. (n = 60)

