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B) Executive Summary 

 

Arctic surfclams, Mactromeris polynyma, are a large (to 15 cm in shell length, SL), benthic, 

subtidal bivalves with a circumboreal distribution, and live shallowly burrowed in soft sediments 

at depths ranging from 50-100 m.  In the northwest Atlantic, they are distributed from the Strait 

of Belle Isle (northern Gulf of St. Lawrence) to Rhode Island.  In this region, they form a 

commercial fishery only in the Maritime Provinces of Canada as well as in Quebec Province.  

The foot is most noteworthy, as it is purple in color in live specimens and turns red upon 

cooking, similar to crustaceans such as lobster and shrimp.  The foot is marketed in North 

America and Asia as a sushi product named hokkigai.  During the period prior to the grant 

award, we were successful in unlocking the unknowns associated with the hatchery and nursery 

phase of M. polynyma. The work reported here, a series of investigations both in the field and 

laboratory, was an attempt to create a new culture candidate species (4-5 cm SL) to: 1) increase 

our domestic food security; and, 2) lower our reliance on other countries to produce seafood for 

us and reduce the current seafood trade deficit that was approximately $16 billion in 2017.  

Animals between 4-5 cm can be eaten raw, on the half-shell, steamed like soft-shell clams, 

quahogs, or mussels, used in chowders, or fried.  Highlights from the work are as follows:  1) It 

is possible to grow cultured juveniles (4-10 mm SL) in the soft-bottom lower intertidal in eastern 

Maine where few native shellfish exist due to increasing predation from invasive green crabs; 2) 

Green crabs prefer Arctic surfclam juveniles to other bivalves; 3) Because the siphons of the 

Arctic surfclams are relatively long, and the animals burrow shallowly in the soft sediments, 

predator exclusion netting (3.2 mm – 4.2 mm aperture) must not come in contact with the 

animals, and should be raised 5-6 cm off the substrate where the cultured juveniles are being 

grown; 4) Hatchery seed (4-10 mm SL) can attain sizes of 3.5-4 cm in one growing season (April 

to November) in eastern Maine, but require an additional eight-nine months to attain sizes as 

large as 5 cm; 5) Seawater temperatures > 20oC represent a physiological barrier to successful 

growout operations; 6) Animals should be grown in cages that are impermeable to attack from 

infaunal and epibenthic predators because these predators can foil traditional attempts to grow 

cultured seed surfclams that are broadcast onto the benthos and covered with predator-deterrent 

netting;  and, 7) A field growout system was devised that resulted in survival rates > 95%.  
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C) Purpose 

 

The purpose of the project was to provide fishers and other members of the public with growout 

techniques to rear successfully cultured juveniles of the Arctic surfclam, Mactromeris polynyma, 

to market size (40-50 mm, or 1.5- to 2-inches in shell length).  Having discovered that cultured 

juveniles of M. polynyma can be reared successfully in the lower intertidal zone, the significance 

of this finding to the fisheries resource and fishing community is that the efforts to enhance the 

diversity and quality of our domestic seafood through the culture of Arctic surfclams may create 

jobs in an economically depressed part of the Maine coast.  The project goals were to  increase the 

supply, quality, and diversification of domestic seafood through demonstration of aquaculture 

technologies to fishers in eastern Maine in both pilot- and commercial-scale field-intensive 

projects involving the culture of Arctic surfclams to create new jobs in coastal communities.  

 

The activities undertaken are related to the objectives 

 

1) determine the interactive effects of transplant time of year, size of cultured seed, and 

type/orientation of predator exclusion netting on the growth and survival of cultured juveniles 

of Mactromeris polynyma in pilot- and commercial-scale field trials in eastern Maine; 

 

2) determine the interactive effects of geographic location (in eastern Maine) and sampling 

date on bioaccumulation of paralytic shellfish toxins (PSTs), and to determine the rate of 

biotoxin depuration in the lab of cultured animals challenged with bloom levels of the toxic 

dinoflagellate, Alexandrium fundyense; and,  

 

3) demonstrate aquaculture technologies, and provide training for fishers and other  

entrepreneurs in aquaculture production methods focused on culturing Arctic surfclams. 

 

 

The questions addressed were to:   

 

1) determine if it is possible to obtain consistently high survival rates (> 50%) of animals 

< 10 mm SL in small-scale field plots. 

 

2) determine if it is possible to obtain consistently high survival rates (> 50%) of animals 

< 10 mm SL in large-scale field plots, and what effect does stocking density and 

planting season have on growth and survival? 

 

3) determine the level of bioaccumulation of Paralytic Shellfish Toxins (PST) occur in 

large (> 30 mm SL) field-raised Arctic surfclams, and what is the depuration rate of 

surfclams exposed to bloom concentrations of a toxic dinoflagellate. 

 

Surfclams used in all work conducted during the award period were cultured from broodstock that 

originated from two places:  St. Lawrence River and the Gulf of Maine. F1 animals were produced 

as a result of a cross between those two stocks (Fig. 1). 
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Figure 1.  Cultured juveniles of Mactromeris polynyma (6-10 mm SL) in a nursery container 

with sandy gravel.  The screening that holds the clams and sand in place in the flow-through 

container is Pet Screen (https://www.phifer.com/product/consumer-diy/petscreen-pet-resistant-

screen/).  Approximately 5,000 clams were added to each of 125 boxes in nursery rafts in 

preparation for field trials. 

 

 

D) Approach 

 

To better understand both biotic and abiotic conditions leading to successful growout scenarios, a 

series of small-scale studies was initiated in the fall of 2017 at several intertidal locations in eastern 

Maine from Stockton Springs to Lubec (Fig. 2).  To examine the fate and growth of cultured 

juveniles of Mactromeris polynyma across lower intertidal sites in eastern Maine, a total of 10 

treatments were employed (Table 1).  At each site, the ten treatments were arranged into eight 

blocks of twenty experimental units (two replicates of each treatment in each block; Fig. 3).  Units 

(Figs. 4-6) were deployed on five consecutive days beginning on 5 October 2017 and ending on 9 

October.  These trials ended during July-August 2018. 

 

 

 

 

 

 

https://www.phifer.com/product/consumer-diy/petscreen-pet-resistant-screen/
https://www.phifer.com/product/consumer-diy/petscreen-pet-resistant-screen/
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Figure 2.  Map of Maine coast with study sites used during 2017-2018 field trials. 1) Stockton 

Springs (Waldo County); 2) Trenton (Hancock County); 3) Steuben (Washington County); 4) 

Beals (Washington County); 5) Cutler (Washington County); 6) Lubec (Washington County). 

 
 

Table 1.  Description of treatments used in small-scale study (2017-18) at the eastern Maine sites. 

 

Material for 

Experiment Unit 

Treatment Flexible 

Netting 

Aperture 

Sediment Orientation of Netting Prediction 

– Clam 

Mortality 

      

15 cm plastic pot 1 1.8 mm Flush with pot lip Flush with top of pot HIGH 

15 cm plastic pot 2 4.2 mm Flush with pot lip Flush with top of pot HIGH 

15 cm plastic pot 3 1.8 mm ½ full in pot Flush with top of pot LOW 

15 cm plastic pot 4 4.2 mm ½ full in pot Flush with top of pot LOW 

15 cm plastic pot 5 1.8 mm Flush with pot lip 3 cm above lip of pot LOW 

15 cm plastic pot 6 4.2 mm Flush with pot lip 3 cm above lip of pot LOW 

15 cm PVC pipe 7 2.1 mm Flush with sediment Flush with sediment HIGH 

15 cm PVC pipe 8 6.4 mm Flush with sediment Flush with sediment HIGH 

15 cm PVC pipe 9 2.1 mm 3 cm below top of pipe 3 cm above  sediment LOW 

15 cm PVC pipe 10 6.4 mm 3 cm below top of pipe 3 cm above  sediment LOW 
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Figure 3.  The arrangement of two replicates of each treatment designed to protect cultured 

juveniles of Mactromeris polynyma from predators.  Twelve juvenile, cultured surfclams were 

added to each unit. 

 

 

 

 
 

Figure 4.  PVC pipe – 15 cm diam. (20 cm long; 2.1 mm plastic mesh – Treatment #9 – Table 

1). 
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Figure 5.  PVC pipe – 15 cm diam. (20 cm long; 6.4 mm plastic mesh – Treatment #10 – Table 

1). 

 

 

 

Figure 6.  Plastic plant pot – 15 cm diameter x 15 cm deep (4.2 mesh with dowel to keep mesh 

lifted off the sediment surface – Treatment #6 – Table 1). 
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In addition, we placed cultured individuals (> 30 mm) in field plots in November 2018 at the two 

easternmost sites (Cutler and Lubec) where PSP and ASP occur regularly.  Both sites were visited 

monthly to collect surfclams for biotoxin assessment.  The tissues from live animals was excised, 

frozen, and sent to the lab of Dr. Steve Morton at the National Center for Coastal Ocean Science 

in Charleston, South Carolina.  

 

To examine interactive effects of seasonal deployment and predator exclusion on growth and 

survival of cultured juveniles of Mactromeris polynyma, beginning in mid-April 2018 and 

continuing in May and June, we initiated a series of field trials at five sites in eastern Maine.  At 

each site and for each month, we established five blocks of 12 units (extruded, polyethylene mesh 

cages 18-inches wide x 36-inches long) in the lower intertidal.  Four of the 12 units had a 9 mm 

mesh aperture, and eight of the units had a 6.4 mm mesh aperture.  Cultured juveniles of M. 

polynyma at one of two densities (120 [= Low] vs. 240 [= High] individuals) were added to each 

unit.  For the larger aperture units, surfclams were placed into sealed PetScreen bags (Fig. 7) that 

were divided into three channels (approximately 6-inches wide) with each channel receiving 40 

(Low density) or 80 (High density) individuals.  Each block at each site on each deployment date 

had two replicates of each of the high and low density treatment (Figs. 8-9).  For the smaller 

aperture units, four received PetScreen bags with high and low density treatments as described 

above.  The remaining four smaller aperture units received clams that were not held in bags (Fig. 

8).  Bags were sealed by taking a wooden lath and rolling the PetScreen bag around it three times, 

then taking small, heavy-duty rubber bands used to keep the claws of lobsters from opening and 

working one over the two ends of the laths.   For each deployment date at each site, a total of 60 

cages were deployed (Fig. 10).  In addition to the 60 bottom cages, on each deployment date at 

each site, a series of twelve large-scale plots (7-ft x 12-ft) were established and clams at one of 

two densities (1,080/plot ≈ 20/ft2; 2,160/plot ≈ 40/ft2) were seeded within each plot.  After seeding, 

the top of each plot was covered with a piece of flexible netting (4.2 mm aperture) that was secured 

by forcing the perimeter of the net into the sediments by walking on it.  This created a small furrow 

that was filled with adjacent sediments so that the edge of the entire netted perimeter was 15 cm 

below the sediment surface (Figs. 11-12).  The growout gear at each site was sampled and removed 

during field dates in November and December 2018, and January 2019. 

 

In 2019, we initiated a laboratory trial on 17 January in the flowing seawater laboratory at the 

Downeast Institute (Beals, ME).  The objective was to determine the fate and growth of cultured 

juveniles of Mactromeris polynyma held over the winter when contained in units that are not 

exposed to predators such as crabs, fish, and birds.  The trial was conducted because of the poor 

results obtained from the large-scale plots at the study sites.  Few surfclams were found alive in 

these plots, and we wished to determine, in a predator-free environment in the laboratory, whether 

losses observed in the field under the purportedly protective netting was due to death by dissolution 

of the shells, or whether death was caused by predators able to burrow through the mud underneath 

the nets, and then prey on the clams within the seeded plots.  

 

The research lab at the Downeast Institute allowed the use of unfiltered seawater that enters into 

a 3,000-gallon tank.  To examine effects of sediment pH on growth and survival of cultured 

juveniles of Mactromeris (initial SL = 7.7 ± 0.66 mm, n = 20), we used 6-inch plastic plant pots  
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Figure 7.  18-inch x 16-inch PetSreen bag with three 6-inch channels used to hold cultured 

juveniles of Mactromeris polynyma. 

 

as our experimental units, and examined four treatments:  5 clams in ambient muddy sediments; 

10 clams in ambient muddy sediments; 5 clams in a terrestrial play sand; 10 clams in a terrestrial 

play sand.  The muddy sediments were collected from a nearby intertidal mud flat (Mud Hole 

Cove, Great Wass Island, Beals, ME; Latitude: 44.487364, Longitude: -67.593621).  The terrestrial 

play sand was purchased from a local hardware store, and was similar to what one could purchase 

from Home Depot (see: https://www.homedepot.com/p/Quikrete-50-lb-Play-Sand-

111351/100318476). The plastic plant pot experimental units were filled to within 10 cm of the 

rim, and then added to the bottom of the tank that received ambient, uninterrupted flowing seawater 

until 2 July 2019.  Once the experimental units were added to the tank, and the seawater covered 

all units, the clams were added to the top of the sediment in each unit and allowed to burrow by 

themselves.  (Clams in containers with sand took 4-5 days to completely burrow whereas clams in 

containers with the ambient mud took 2-4 days to completely burrow.)  Approximately 30 cm of 

seawater covered each experimental unit in the tank.  In addition to the flowing seawater, two air 

stones were added to ensure adequate flow and dissolved oxygen within the tank. The experiment 

ended on 2 July 2019.  Seawater temperature and pH of the overlying seawater were taken 

regularly during the first three months, then irregularly thereafter. Temperature and pH were 

positively correlated over the 166-day period (rp = 0.512; P < 0.0001). In addition, after the first  

https://www.homedepot.com/p/Quikrete-50-lb-Play-Sand-111351/100318476
https://www.homedepot.com/p/Quikrete-50-lb-Play-Sand-111351/100318476
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Figure 8.  Schematic of field design (for one of five blocks) to examine effects of stocking 

density, type of predator deterrent, and deployment time (April vs. May vs. June) on growth and 

survival of cultured juveniles of Mactromeris polynyma at five low intertidal sites in eastern 

Maine.   

 

forty days, pH of sediments in one unit filled with sand and one unit filled with mud were taken 

(depth = 1 cm) approximately weekly. 
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Figure 9.  A 9 mm aperture cage (18-inches wide, 36-inches long, 3-inches deep) with a 

PetScreen bag holding juveniles of Mactromeris polynyma.   

 

A field experiment was initiated on 18 & 19 April 2019 at two intertidal locations in eastern Maine 

(Cutler and Beals; Fig. 1) to examine effects of stocking density in wooden boxes (61 cm x 30.5 

cm x 15 cm tall) designed to deter predators.  The trials used cultured juveniles with a mean SL ± 

95% CI of 10.9 ± 0.51 mm (minimum = 8.2 mm; maximum = 12.8 mm).  Surfclams were seeded 

into boxes with Pet Screening on the bottom (Fig. 13) and with 2 L of terrestrial play sand as a 

burrowing substrate at one of three densities: 50, 100, or 200 individuals per box (n = 5), 

representing approximate stocking densities of 270, 540, and 1,070 individuals m-2 (Fig. 14).  

Boxes were placed directly on top of sediments, and anchored in place by pushing a 50 cm wooden  
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Figure 10.  A study site in Steuben, Maine showing five blocks of 12 bottom cages.  Photo taken 

on 22 April 2018. 
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Figure 11.  A 7-ft x 10-ft plot seeded with cultured juveniles of Mactromeris polynyma at a 

density of approximately 20 animals per square foot. A single sytrofoam float affixed to the 

underside of each net was used to lift the netting off the sediment surface during tidal inundation.  

Twelve nets (six containing clams at 20/ft2 and six at 40/ft2) were established at each of five 

sites in eastern Maine on each of three deployment dates (April, May, and June 2018).  (Note the 

extruded mesh cages in the background.) 

 

 

lath to a depth of 40 cm at each short end of the box, then pounding nails through the lath and into 

the box.  Boxes were arranged in a 3 x 5 matrix (Figs. 15).  After stocking each box (n = 5) with 

the cultured juveniles, two pieces of extruded polyethylene mesh 4.2 mm aperture 

(https://www.industrialnetting.com/xv1347-black-polyethylene-mesh.html).  The mesh was 

stapled to a wooden lath frame that was then nailed to the top of the box. Boxes in Beals were 

sampled on 29 September 2019, while those in Cutler were sampled on 2 October.  

 

A laboratory study was designed to provide valuable information on the rate at which Mactromeris 

accumulates the biotoxin, and whether or not the biotoxins are sequestered in the 

tissues.  Surfclams were exposed to the common toxic dinoflagellate, Alexandrium catenella, to 

assess: 1) potential toxicity of the dinoflagellates to the clams, and 2) the propensity for the juvenile 

clams to accumulate, potentially sequester, and release the toxins.  

https://www.industrialnetting.com/xv1347-black-polyethylene-mesh.html
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Figure 12.  A series of large nets adjacent to three blocks of 12 bottom cages (22 April 2018). 

 

To determine the time frame for surfclams to accumulate and dissipate the toxic marine 

microalgae, on 17 January 2019, a biotoxin challenge experiment was initiated at the Downeast 

Institute using 120 juvenile individuals of Mactromeris polynyma (15-25 mm SL).  Upon selecting 

the surfclams, 10 individuals (initial controls) were dissected, and two areas of tissue separated 

from each (digestive gland and remaining tissue).  After dissection, tissues were placed separately 

into 15 ml vials and placed in a freezer. The remaining 110 individuals of M. polynyma were placed 

into a 30 cm x 60 cm tray that was lowered into a 350-liter fiberglass tank.  Over the first four 

days, surfclams were challenged with a bloom concentration of Alexandrium catenella (strain 

GTCA 28) that had been obtained from the Woods Hole Oceanographic Institute on 4 December 

2018.  Microalgal cultures were grown in a sterile seawater medium enriched with Guillard’s F/2 

media.  Cultures were maintained in an AL-41L4 Percival algae incubator at 18oC with a 14:10 

light dark cycle.  Cultures were initiated in 12- ml Erlenmeyer flasks for ten days and then used to 

inoculate 500-ml Erlenmeyer flasks using sterile techniques.  After 14 days, microalgae from the 

500 ml flasks were used to inoculate either 1L or 1.5L Erlenmeyer flasks.  The Alexandrium in 

these large flasks grew for an additional 14 days, reaching an average cell density of approximately 

10,000 cells per ml at time of harvest (representative of a natural bloom concentration).  The 

concentration of A. catenella in the challenge tank was kept at 100,000 cells/liter during the 4-day 

accumulation period (representative of a natural bloom period).  Samples of 7-10 individuals were  
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Figure 13.  Wooden growout box (1-ft x 2-ft x 4-inches deep) lined on the bottom with 

PetScreen backed with a piece of 1-inch vinyl-coated lobster trap wire. 

 

 

collected on Days 1, 2, and 4, and dissection and post-dissection methodologies were as described 

above.  After day four, animals in the 350-liter tank received unfiltered, ambient seawater (2-3oC), 

again, representative of a natural period of depuration.  Dissection of additional animals occurred 

after the challenge event on Days 7, 14, 21, and 30. All frozen samples were sent for processing  
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Figure 14.  1-ft x 2-ft x 4-inch deep wooden growout box with 2L of terrestrial sand and a 

stocking density of 50 animals (18 April 2019; Mud Hole Cove, Beals, Maine). 
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Figure 15.  Schematic used for the 2019 field trials in Cutler and Beals, ME. 

 

to the NOAA Charleston and Hollings Marine Laboratories, one of the National Centers for 

Coastal Ocean Science.  

 

E) Project Management 

 

Individuals who participated in the project include the PI (Brian Beal) as well as research 

technicians at the Downeast Institute (Kyle Pepperman, Cody Jourdet, Justin Lewis, Bryce Kadis), 

and various undergraduate students enrolled in the B.S. program in Marine Biology at the 

University of Maine at Machias and University of Maine (students assisted mostly during summer 

months).  Dr. Sandra Shumway participated in the biotoxin challenge experiment.  Fishers 

included Chad Coffin (Freeport) and Joseph Porada (Trenton).  These gentlemen participated in 

fieldwork that occurred during the spring and summer of both 2017 and 2018.  Mr. Coffin 

participated in an overwintering study described in a previous Progress Report.  Dianne Tilton, 

Executive Director at the Downeast Institute, was responsible for all financial reports and 

documentation.  Jeff Robinson, Facilities Manager at the Downeast Institute, was responsible for 

overseeing work conducted in the Fabrication Shop, where growout units were crafted. 

 

The work was completed by rearing cultured juveniles of Mactromeris polynyma in the shellfish 

production center at the Downeast Institute (DEI).  Animals attaining sizes > 3 mm were then 

placed into subtidal nursery cages where they grew to sizes between 7-12 mm in shell length (SL).  

Clams used for all field and laboratory studies were transported from the field nursery site and 

then housed in the Boreal Culture Room at DEI where they were fed cultured algae until being 

used in subsequent trials.  Experimental growout units (plant pots; wooden boxes; and plastic 
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cages) were either crafted at DEI or purchased, and then were transported along with the cultured 

clams to the intertidal experimental study sites where the units were deployed.   

 

F) Findings 

 

2017-2018  

 

Results from the small-scale experiments conducted in Lubec, Cutler, Beals, Steuben, and Trenton 

were relatively consistent, and informed subsequent experimental designs.  Weather conditions 

during the winter were quite severe as ice formed in the upper intertidal in late December 2017, 

and reached the lower intertidal where the plant pots and PVC pipes were located by mid-January 

2018.  This resulted in the loss of 20-60% of experimental units across sites. The most consistent 

result across sites was that due to ice formation, few surfclams survived in the PVC pipes.  The 

pipes became pushed into the sediments and covered with sediments.  That is, it appeared that 

most of the surfclams died due to anoxia in all of the PVC pipe treatments.  Pipes either were flush 

with the sediment surface or buried 2-3 cm below the surface of the flat.  The tops of many pipes 

were partially ripped or torn, which would not have occurred otherwise.  None of the longer pipes 

(8-inches long vs. 6-inches long) that were pushed into the sediments so that 2-inches would 

remain above the sediment surface were recovered the way in which they were deployed.  All were 

at least flush with the sediment and most were buried 1-2 cm under the sediment surface. 

Nonetheless, results from the plastic horticultural pots were more encouraging.  For example, 

wooden dowels were used to keep the predator exclusion netting raised off the sediments in 20% 

of the treatments. The purpose of this treatment was to reduce the possibility of surfclam siphons 

extending either up to the bottom of the mesh in the unit or through the netting.  (We have observed 

in the laboratory that crabs, especially green crabs, Carcinus maenas, can attack the siphons and 

pull the clams out of the sediments and consume them without damaging the netting.)  At most 

sites, surfclam survival was enhanced 50-80% in horticultural pots with dowels compared with 

those that did not (Fig. 16); however, there was a growth penalty for surfclams protected with the 

smaller (PetScreen ~ 1.8 mm) vs. larger (4.2 mm) aperture netting of approximately 10%.  A 

similar trend was observed for surfclam juveniles in horticultural pots filled initially half-way vs. 

a full complement of sediment in each.  The major finding, then, was that clam survival was 

enhanced when the predator-deterrent netting was lifted off the sediments either with a dowel or 

by half-filling, rather than completely filling, the protected horticultural units. 

 

2018-2019  

 

No deployment occurred in Steuben after April, and another study site (Stockton Springs) was 

used instead for the May and June deployment.  Unfortunately, no surfclams survived at sites in 

Steuben, Trenton, or Stockton Springs.  From the growth that could be discerned from the valves 

of the juvenile clams, it appeared that both in Steuben and Trenton mortality occurred sometime 

after July when seawater temperatures reached nearly 20oC for several days.  In Stockton Springs, 

a massive settlement of blue mussels appeared to compete with the Arctic surfclams for space, 

and, more likely, food.  Because Stockton Springs is further west than Trenton, it is also likely that 

warm seawater temperatures could have played a role similar to that observed in Steuben and 

Trenton; however, no HOBO temperature recorder was deployed at that site. Seawater temperature  
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Figure 16.  Mean percent survival of Arctic surfclam juveniles at two of five study sites in 

plastic horticultural pots filled with sediments with and without the presence of a dowel that 

lifted the predator-deterrent netting off the sediment surface. NMud Hole(no dowel) = 64; NMud Hole 

(dowel) = 32; NDuck Brook (no dowel) = 41; NDuck Brook (dowel) = 10.   

 

 

in nearby Belfast Harbor (https://www.seatemperature.org/north-america/united-

states/belfast.htm) showed sea surface temperatures in August approaching, but not exceeding 

20oC. 

 

Live surfclams were sampled from experimental units at the three other sites, but mean percent 

survival varied significantly (P < 0.001) by site and date (Fig. 17).  At the Lubec site, none of the 

fixed factors (date, stocking density, aperture size of the bag) were statistically significant (Table 

2).  In Cutler, mean percent survival varied significantly by date (Table 3), with survival lowest 

associated with the April deployment (34.2 ± 10.3%; n = 52) vs. 47.9 ± 8.9% (n = 50) and 49.6 ± 

8.2% (n = 56) for the May and June deployment, respectively.  In addition, surfclam survival in 

bags within the VEXAR cages was approximately 50% higher than in cages without bags (48.9 ± 

8.2%, n = 102 vs. 32.1 ± 12.1%, n = 46); however, mean absolute growth of surfclam juveniles 

pooled across deployment dates was more than twice as fast in cages without (8.4 ± 0.4 mm, n = 

59) vs. with bags (3.7 ±  0.6 mm, n = 25).   In Beals, the only source of variation that was significant 

was the effect of the presence or absence of the growout bags in the 6 mm aperture cages (Fig. 17).   

https://www.seatemperature.org/north-america/united-states/belfast.htm
https://www.seatemperature.org/north-america/united-states/belfast.htm
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Figure 17.  Mean percent survival of cultured Arctic surfclam juveniles grown in plastic cages 

(HDPE-VEXAR mesh bags – see Figs. 9-10) at three eastern Maine locations (Lubec = Pirate’s 

Creek; Cutler = Duck Brook Flat; Beals = Mud Hole Cove). n (sample size) varied from 50 to 

60. 

 

 

That is, surfclam survival in the PetScreen bags varied between 1.8 ± 2.4% and 3.5 ± 2.6% (n = 

60) vs. 50.54 ± 6.3% (n = 60).  In addition, the PetScreen bags resulted in a growth penalty ranging 

from -48% to -58% for the surfclam juveniles compared to growth in the cages without bags.  For 

example, mean absolute growth of surfclams in the 6 mm aperture cages without PetScreen bags 

pooled across all deployment dates was 8.4 ± 0.4 mm (n = 59), whereas in the cages with the bags, 

mean absolute growth varied between 4.3 ± 0.8 mm (6 mm aperture cages; n = 7), and 3.5 ± 0.5 

mm (9 mm aperture cages; n = 18). 
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Table 2.  Analysis of variance on the arcsine-transformed mean percent survival data of cultured 

Arctic surfclam juveniles from Pirate’s Creek, Lubec, Maine.  Surfclams were seeded into 

VEXAR bags (Figs. 9 & 10) that were anchored on top of the sediments on each of three 

deployment dates in April, May, and June 2018.  Bags were retrieved in November 2018.  The 

schematic for the design of a single block is shown in Fig. 8.  Block was considered a random 

factor, all others were fixed.  Type III sums of squares are presented because some replicates 

were lost.  Statistically significant P-values are bold-faced. (n = 2). 

 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

       Block                        4     1321.519763      330.379941       1.51    0.2076 

       Deployment Date              2     965.6608150      482.830408       2.90    0.1131 

       Block x Date                 8     1333.108884      166.638611       0.76    0.6379 

       Stocking Density             1       21.197175       21.197175       0.26    0.6396 

       Block x Density              4      331.346852       82.836713       0.38    0.8235 

       Date x Density               2      105.357846       52.678923       0.43    0.6649 

       Block x Date x Density       8      980.863530      122.607941       0.56    0.8075 

       Bag(Aperture)                2      867.374614      433.687307       0.56    0.5945 

       Block x Bag(Aperture)        8     6247.990227      780.998778       3.57    0.0014 

       Date x Bag(Aperture)         4      679.897816      169.974454       0.95    0.4629 

       Density x Bag(Aperture)      2      136.697617       68.348809       0.28    0.7623 

       Date x Den x Bag(Aperture)   4      747.051082      186.762771       0.43    0.7871 

       Block x Date x Bag(Aperture)16     2874.341128      179.646320       0.82    0.6592 

       Block x Den x Bag(Aperture)  8     1946.855026      243.356878       1.11    0.3647 

       Block x Dat x Den x Bag(Ape)16     7001.292321      437.580770       2.00    0.0230 

 

       Error                       80    25234.903670      252.349040 

 

       Corrected Total            169    43392.583780 
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 Table 3.  Analysis of variance on the arcsine-transformed mean percent survival data of 

cultured Arctic surfclam juveniles from Duck Brook Flat, Cutler, Maine.  Surfclams were seeded 

into VEXAR bags (Figs. 9 & 10) that were anchored on top of the sediments on each of three 

deployment dates in April, May, and June 2018.  Bags were retrieved in November 2018.  The 

schematic for the design of a single block is shown in Fig. 8.  Block was considered a random 

factor, all others were fixed.  Type III sums of squares are presented because some replicates 

were lost.  Statistically significant P-values are bold-faced. (n = 2). 
       

 

        

       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

       Block                        4      332.584916       83.146229       0.21    0.9310 

       Deployment Date              2     7114.944665     3557.472333       8.11    0.0119 

       Block x Date                 8     3509.850683      438.731335       1.12    0.3626 

       Stocking Density             1      609.969737      609.969737       7.82    0.0489 

       Block x Density              4      311.811938       77.952984       0.20    0.9383 

       Date x Density               2      968.753781      484.376890       0.79    0.4856 

       Block x Date x Density       8     4894.947063      611.868383       1.56    0.1536 

       Bag(Aperture)                2     7470.859238     3735.429619       4.69    0.0449 

       Block x Bag(Aperture)        8     6371.280907      796.410113       2.03    0.0555 

       Date x Bag(Aperture)         4     9073.113601     2268.278400       6.63    0.0024 

       Density x Bag(Aperture)      2     1557.787738      778.893869       2.50    0.1438 

       Date x Den x Bag(Aperture)   4      912.289892      228.072473       0.34    0.8450 

       Block x Date x Bag(Aperture)16     5470.774145      341.923384       0.87    0.6035 

       Block x Den x Bag(Aperture)  8     2496.581500      312.072688       0.79    0.6089 

       Block x Dat x Den x Bag(Ape)13     8676.590952      667.430073       1.70    0.0804 

 

       Error                       69    27088.09347       392.58106 

 

       Corrected Total            155    92597.37428 
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Table 4.  Analysis of variance on the arcsine-transformed mean percent survival data of cultured 

Arctic surfclam juveniles from Mud Hole Cove, Beals, Maine.  Surfclams were seeded into 

VEXAR bags (Figs. 9 & 10) that were anchored on top of the sediments on each of three 

deployment dates in April, May, and June 2018.  Bags were retrieved in November 2018.  The 

schematic for the design of a single block is shown in Fig. 8.  Block was considered a random 

factor, all others were fixed.  Type III sums of squares are presented because some replicates 

were lost.  Statistically significant P-values are bold-faced. (n = 2). 
       

        

        

       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 

 

       Block                        4       444.47174       111.11794       0.89    0.4720 

       Deployment Date              2      1453.10760       726.55380       3.03    0.1046 

       Block x Date                 8      1916.37676       239.54709       1.92    0.0659 

       Stocking Density             1        64.69812        64.69812       2.64    0.1796 

       Block x Density              4        98.07979        24.51995       0.20    0.9394 

       Date x Density               2       543.60682       271.80341       2.39    0.1534 

       Block x Date x Density       8       909.32175       113.66522       0.91    0.5098 

       Bag(Aperture)                2     67046.58263     33523.29131     318.86    <.0001 

       Block x Bag(Aperture)        8       841.07787       105.13473       0.84    0.5664 

       Date x Bag(Aperture)         4       698.73693       174.68423       0.85    0.5145 

       Density x Bag(Aperture)      2       223.63767       111.81883       0.56    0.5899 

       Date x Den x Bag(Aperture)   4       607.22234       151.80559       1.11    0.3869 

       Block x Date x Bag(Aperture)16      3290.29345       205.64334       1.65    0.0716 

       Block x Den x Bag(Aperture)  8      1585.52121       198.19015       1.59    0.1384 

       Block x Dat x Den x Bag(Ape)16      2192.45458       137.02841       1.10    0.3669 

 

       Error                       90     11208.00000       124.53333 

 

       Corrected Total            179     93756.54855 
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Figure 17. Mean percent survival of cultured Arctic surfclam juveniles inside PetScreen bags in 

growout cages with 6 and 9 mm aperture and in growout cages with a 6 mm aperture without the 

bags.  The differences in means between the groups was highly significant (Table 4).  n = 60. 
 

 

2019 

 

Laboratory Trial 

 

Analysis of variance was used to examine interactive effects due to the different sediment types (a 

= 2; sand vs. mud) and stocking densities (b = 2; 5 vs 10 individuals/experimental unit).  Mean 

percent survival was transformed using arcsine √𝑃 where P = proportion surviving.  No significant 

effects due to either main or the interactive factors were observed.  Overall mean percent survival 

(± 95% CI) was 96.5 ± 2.2% (n = 100).  It was also possible to measure growth rate for each 

individual living animal due to a disturbance line in the shell that coincides with the initiation of 

the experiment (thereafter, no handling of individual clams occurred).  The disturbance lines are 

similar to those that occur with cultured soft-shell clam juveniles (see: 

https://www.st.nmfs.noaa.gov/spo/FishBull/15bealfi.pdf). For each live clam, the initial and final 

SL were recorded to the nearest 0.01 mm using digital calipers.  Absolute growth (Final SL – 

Initial SL) did not correlate with Initial SL (rp = 0.039); hence, analysis of variance on the mean 

absolute growth (Table 5) was conducted. Only stocking density had a significant effect on 

absolute growth (P = 0.0220), as clams at 5/unit grew approximately 5% faster than when stocked 

with 10 clams (Fig. 18).  Interestingly, the umbo region of the valves of most clams in muddy 

https://www.st.nmfs.noaa.gov/spo/FishBull/15bealfi.pdf
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sediments, regardless of stocking density, were etched and pitted compared to the same region of 

the shell of clams in the sandy sediments (Fig. 19).  This observation coincides with pH 

measurements taken in these sediments (Fig. 20). 

 

Results from the laboratory overwintering trial provide compelling evidence that these cultured 

individuals planted directly underneath predator netting in the field do not dissolve, even in 

sediments that are highly corrosive.  Rather, it is more likely that the disappearance of these 

animals is due to predators (C. maenas, that are abundant at most intertidal sites examined during 

the past two years, and other burrowing carnivorous species). 

 

Several hypotheses can be invoked to explain the extensive etching and pitting of the valves of the 

live animals held in muddy vs. sandy sediments.  First, while sediments were collected from the 

intertidal at Mud Hole Cove during January, it is likely that bacterial populations were present and 

remained active throughout the experimental period, respiring, and producing CO2 that resulted in 

lower sediment pH than sandy sediments that initially contained no bacteria.  Muddy sediments 

did not contain large macroinvertebrates, as these (Mya arenaria, Limecola balthica, Alitta virens) 

were removed prior to adding sediments to the experimental units. We did not assess permeability 

of the sediments, but it may be that the observed differences in pH between mud and sand 

treatments are due to less exchange of overlying seawater in the units containing mud so that the 

carbon from respiration builds up differentially in the two sediment types. Second, it may be likely 

that the composition of the play sand contributes to alkalinity, giving it a greater buffering capacity 

compared with the muddy sediments.  Regardless of the mechanism, muddy sediments are likely 

undersaturated with respect to aragonite, the primary mineral of calcium carbonate in the shells of 

this species, and the etching and pitting observed more frequently on the valves of animals in the 

more corrosive sediments (mud) is likely related  

to the more naturally acidic sediments. 

 

 

 
 

Table 5.  Analysis of variance on mean absolute growth (Final SL – Initial SL) of cultured 

juveniles of Mactromeris polynyma in the laboratory overwintering trial at the Downeast 

Institute (17 January to 2 July 2019).  Significant differences are boldfaced.  (n = 25) 

 

Source   df        SS    MS    F  Pr > F 

 

Sediment  1       1.24   1.24  3.13  0.0801 

Density  1       2.15   2.15  5.42  0.0220 

Sediment x Density 1       0.41   0.41  1.04  0.3114 

 

Error   96     38.16   0.3975 

Total   99     41.97 
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Figure 18.  Mean absolute growth of cultured juveniles of Mactromeris polynyma in the 

overwintering experiment at the Downeast Institute (17 January to 2 July 2019).  Individuals 

initially were, on average, 7.7 mm SL.  ANOVA (Table 5)  
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Figure 19. The umbo region of a valve of cultured juveniles of Mactromeris polynyma in the 

overwintering experiment (Downeast Institute, Beals, ME; 17 January – 2 July 2019, 166 days). 

a) individual held in muddy sediments from Mud Hole Cove (Beals, ME), b) individual held in 

terrestrial play sand. 
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Figure 20. Overlying, ambient seawater pH (red diamonds), and sediment surface pH in 

experimental units filled with terrestrial play sand (blue squares), or muddy sediments from Mud 

Hole Cove (black circles). (n = 25) 

 

 

Field Trial 

 

Results from the field trial at Cutler and Beals (Duck Brook Flat and Mud Hole Cove, respectively) 

that examined effects of stocking density on survival and growth of surfclam juveniles were 

surprising, given previous attempts to thwart predators, especially green crabs (Table 6).  At Mud 

Hole Cove (Beals, ME), none of the tops (two pieces of flexible netting with 4.2 mm aperture) had 

been compromised.  Mean percent survival across each of the three stocking densities was greater 

than 95% (Fig. 21), and there was no significant effect of density on mean absolute growth (Figs. 

22 & 23). While several green crabs occurred in the boxes, none had carapace widths greater than 

25 mm.  Figures 24 & 25 depict the results of the field experiment.  Mean final shell length of the 

live Mactromeris was 27.9 ± 0.4 mm (n = 298).  At Duck Brook Flat (Cutler, ME), 9 of the 15 

tops had been compromised with typical results (Figs 26-28).  Mean survival pooled across all 

boxes that had compromised tops was 18.8 ± 22.9% (n = 9), whereas in boxes with pristine tops 
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Table 6.  Survival of Arctic surfclam juveniles (mean SL = 10.9 ± 0.5 mm) at Cutler (18 April to 

2 October 2019) and Beals (19 April to 29 September 2019) placed in boxes (1-ft x 2ft x 4-inches 

deep) with 2L of play sand at three stocking densities (50, 100, or 200 per box).  Absolute growth 

= final SL – initial SL. 

 

Site Density     Replicate Status of         Number     Percent  Mean Absolute   

            Per Box  Deterrent   Alive        Alive          Growth (mm) 

    Netting          

Beals    50  1 Perfect     48          96          13.9 

   2 Perfect     50         100          12.8 

   3 Perfect     50         100          22.7 

   4 Perfect     50         100          21.2 

   5 Perfect     49           98          15.5 

 

 100  1 Perfect     99           99          19.0 

   2 Perfect   100         100          12.9 

   3 Perfect     97               97          19.8 

   4 Perfect     98           98          15.3 

   5 Perfect     97               97          20.0 

 

 200  1 Perfect  199           99.5           18.9 

   2 Perfect  200         100           13.5 

   3 Perfect  199           99.5           19.6 

         4 Perfect  200         100           21.4 

   5 Perfect  193           96.5           19.0  

 

Cutler   50  1 Perfect     50         100          15.2 

   2 Ripped/Torn      0             0             . 

   3 Ripped/Torn      0             0             . 

   4 Perfect     50         100          15.1 

   5 Perfect     49           98          15.3 

 

 100  1 Perfect     99           99          14.5 

   2 Perfect   100         100          14.8 

   3 Ripped/Torn    84               84          13.1 

   4 Ripped/Torn      2             2            6.9 

   5 Ripped/Torn      0                0             . 

 

 200  1 Perfect  194           97           13.8 

   2 Ripped/Torn     5                  2.5           12.9 

   3 Ripped/Torn     0             0              . 

         4 Ripped/Torn   85           42.5           16.3 

   5 Ripped/Torn   76           38           13.0  
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Figure 21.  Mean percent survival of cultured juveniles of Mactromeris polynyma in 1-ft x 2ft x 

4-inches deep wooden boxes (PetScreen bottom and two pieces of flexible netting – aperture = 

4.2 mm – on the top of each box).  Boxes contained 2L of terrestrial play sand.  No significant 

effect of stocking density on survival occurred (P > 0.05). (n = 5)  

 

 

mean percent survival was similar to that observed at Mud Hole Cove (99.3 ± 1.8%, n = 6; Fig. 

29). 

 

Biotoxin Challenge Trial 

 

We are currently awaiting the analyses of these samples.  While they were sent to the National 

Laboratory in May of 2019, there were several problems that have resulted in a delay in the 

analyses of these samples, including Hurricane Dorian that closed the NOAA Laboratory for 

extended periods of time and resulted in a backlog for all users.  The more devastating issue with 

regard to these analyses was the fact that the tritiated saxitoxin used as the standard for the 

receptor binding assay was unavailable.  This material is supplied to the NOAA Laboratory from 

the ARC and it was not binding properly.  This problem continued for several months during the 

summer, and was resolved in the last few weeks (mid-November). Tritiated saxitoxin is now 

available, and performing within the ISSC guidelines.  The small tissue sample size (~50 mg 

each for digestive and ~150 mg each for the remainder) has also proven a challenge and this has 

been overcome by pooling samples.  Our collaborator on this aspect, Dr. Steve Morton, has 

assured us that the samples are currently being analyzed, and that the data will be available for 

inclusion in our manuscripts.   



30 

 

Stocking Density Per Box

M
e
a
n

 A
b

s
o

lu
te

 G
ro

w
th

 i
n

 m
m

 (
+
 9

5
%

 C
I)

0

5

10

15

20

25

50 100 200

  
 

Figure 22.  Mean absolute growth (final SL – initial SL) for individuals of Mactromeris 

polynyma in growout boxes (see Fig. 21) at Mud Hole Cove, Beals, Maine from 19 April to 29 

September 2019. No significant effect of stocking density on growth was observed (P > 0.05). (n 

= 19) 
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Figure 23.  Changes in size-frequency distribution of cultured juveniles of Mactromeris 

polynyma in growout boxes (see Fig. 21) at Mud Hole Cove, Beals, Maine from 19 April to 29 

September 2019. 
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Figure 24. (Left) Contents of one of the 15 boxes with cultured juveniles of Mactromeris 

polynyma at Mud Hole Cove (29 September 2019).  (Right) A portion of the experimental matrix 

in the process of sampling. 

 

 
 

Figure 25.  Contents of one of the boxes at Mud Hole Cove initially seeded with 200 individuals 

of Mactromeris polynyma on 19 April 2019.  Survival to 29 September 2019 was 99.5%, as 199 

live individuals were recovered. 
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Figure 26.  One of the 15 boxes at Duck Brook Cove (Cutler, Maine) that had a compromised 

net.  Photo taken on 2 October 2019.  
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Figure 27.  One of fifteen growout boxes at Duck Brook Flat, Cutler, Maine, that had been 

compromised sometime during the period between 18 April and 2 October 2019.  In this box, 

200 individuals of Mactromeris polynyma had been seeded, and 5 survived (2.5%). 
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Figure 28.  The contents of the growout box shown in Figure 27.  Notice the five green crabs 

that ranged in carapace width from 33.9 mm to 53.5 mm.  Survival of M. polynyma = 2.5%. 
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Figure 29.  Mean percent survival (+ 95% CI) for cultured juveniles of Mactromeris polynyma 

in growout boxes at Duck Brook Flat (Cutler, ME) in which predator deterrent netting had not 

been compromised (as in Figs. 26-27). N50 = 3, N100 = 2, N200 = 1. 

 

 

G)   Evaluation 

 

All project goals and objectives were attained, except the testing for the presence of biotoxins in 

the surfclam tissues from the challenge experiment performed during the winter of 2019 (see 

p.28). The fieldwork conducted in 2017 and 2018 showed clearly that predators were the primary 

threat to survival of the cultured Arctic surfclam juveniles, and with the culmination of each trial, 

a new path was discovered to adapt growout techniques to accommodate the presence of this 

invasive species.  Early work demonstrated the necessity to move the predator deterrent netting 

3-4 inches above the surfclam siphons so that predators could not reach them.  In addition, the 

use of a terrestrial sand as a burrowing substrate proved necessary because using ambient 

sediments to fill experimental units often times resulted in stocking the units with small green 

crabs that ultimately grew and became entrapped by the netting and then consumed most/all of 

the juvenile surfclams.  The field trials in Beals and Cutler during 2019 proved noteworthy in the 

design of the predator protective top used to deter crabs and other predators from accessing the 

boxes.  It is unclear whether green crabs were the only threat to the Artic surfclams, as some of 

the netting on the boxes appeared to have been pecked by gulls, which “opened the door” for 

green crabs to enter.  Future protective tops will include two levels of the predator protection.  

The bottom portion of the protective top will be two pieces of the 4.2 mm flexible netting (as 

used in the 2019 experiments at Duck Brook Flat and Mud Hole Cove). The top portion of the 
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protective top will be separated by 2-3 cm of wood to which a piece of extruded polyethylene 

(VEXAR with a 6.4 mm aperture) that is beneath a piece of 12 mm vinyl-coated trap wire.  Plans 

to examine effects of similar stocking densities in 2-, 4-, and 8 ft2 growout boxes are planned for 

the spring of 2020. 

 

Project results have been disseminated orally at the Northeast Aquaculture Conference and 

Exposition in Boston, Massachusetts in January 2019, and plans are being made to share results 

at the annual meeting of the National Shellfisheries Association in Baltimore, Maryland (29 

March – 2 April 2020).  In addition, two manuscripts are being prepared for the scientific 

literature (Aquaculture; Journal of Shellfish Research) describing results of the fieldwork.  Dr. 

Sandra Shumway (UConn) is planning to prepare a manuscript detailing results from the 

biotoxin work once the tissue samples from the challenge experiment are processed.  In addition, 

plans are being made to present results at the Maine Fishermen’s Forum (early March 2020) as 

well as presentations to local shellfish committees in eastern Maine during the winter of 2020. 
        

        

 

        

 

        


