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M E M O R A N D U M  

Date:  June 12, 2018 

To: Surfclam and Ocean Quahog Committee 

From:  Jessica Coakley, Staff 

Subject:  Surfclam and Ocean Quahog Committee Meeting on Possible Research on 
Surfclam Genetics 

The following is included for the Surfclam and Ocean Quahog Committee consideration on this 
subject: 
 

1) Draft Request for Proposals (RFP) for review and consideration. 
2) Shields, Tom. Memo to David Pierce. MA Marine Fisheries Preliminary Southern Surf 

Clam Investigations, Boston, MA. 12 March 2018. 
3) Hare, M. and J. R. Weinberg. 2005.  Phylogeography of surfclams, Spisula solidissima, in 

the western north Atlantic based on mitochondrial and nuclear sequences.  Marine Biology 
146: 707-716. 

4) Hare, M., J. R. Weinberg, O. Peterfalvy, M. Davidson. 2010. The “southern” surfclam 
(Spisula solidisssima similis) found north of its typical range: a commercially harvested 
population in Long Island Sound New York.  J. Shellf. Res. 29(4):799-807. 

5) Northeast Fisheries Science Center. 2017. 61st Northeast Regional Stock Assessment 
Workshop (61st SAW) Assessment Report. US Dept Commer, Northeast Fish Sci Cent 
Ref Doc. 17-05; 466 p. (doi:10.7289/V5/RD-NEFSC-17-05) Available from: National 
Marine Fisheries Service, 166 Water Street, Woods Hole, MA 02543-1026, online at 
https://www.nefsc.noaa.gov/publications/crd/crd1705/ 
 
 

 

Mid-Atlantic Fishery Management Council 
800 North State Street, Suite 201, Dover, DE 19901 

Phone: 302-674-2331 ǀ FAX: 302-674-5399 ǀ www.mafmc.org 
Michael P. Luisi, Chairman ǀ G. Warren Elliott, Vice Chairman 

Christopher M. Moore, Ph.D., Executive Director 

https://www.nefsc.noaa.gov/publications/crd/crd1705/


1 

 

 

 
 

Request for Proposals 
For a Study to Document the Distribution of Surfclams  

in the US Northwest Atlantic 

 
Proposal Submission Deadline: XXXX, XXXX, 2018 
Term of Contract: 2 years 

 
The Mid‐Atlantic Fishery Management Council (Council) seeks a highly-qualified contractor to 
document the distributions of Spisula solidissima similis and Spisula solidissima solidissima in 
the nearshore waters of the US Northwest Atlantic. This study should involve an examination of 
the extent of genetic and reproductive isolation among areas sampled for these species.  

 
Background 
 
The surfclam taxon Spisula solidissima similis, known as the “southern” surfclam has a reported 
distribution that includes shallow nearshore marine habitats south of Cape Hatteras as well as in 
the Gulf of Mexico. Spisula solidissima solidissima, the commerically harvested Atlantic 
surfclam, is larger with a longer life span and is found in cooler waters north of Cape Hatteras 
both nearshore and offshore. 
 
S. s. similis was recently shown to be reproductively isolated and genetically distinct from S. s. 
solidissima at the level of species (Hare et al., 2005, 2010). While morphological differences 
were observed, these differences were not sufficient to distinguish these two species in the field 
(Hare et al., 2010). A commercially harvested population of S. s. similis has been documented 
North of Cape Hatteras in the Long Island Sound (Hare et al., 2010), and this southern species 
has also been documented in Massachusetts state waters (Shields, 12 March 2018). Recent 
analysis on size, growth, and longevity of surfclams by the National Oceanic and Atmospheric 
Administration’s Northeast Fisheries Science Center (NEFSC) has suggested that there are 
portions of the inshore federal survey strata that have surfclams that are fast growing, with 
shorter longevity and smaller maximum sizes than other parts of the survey (NEFSC 2017). It is 
possible that warmer waters and changing conditions are altering the distribution of this species.  
 
Currently, the federal fishery management plan treats all Atlantic surfclams as a single 
management unit and does not distinguish between S. s. solidissima and S. s. similis. There are 
potential implications to the stock assessment if multiple species (that are genetically or 
reproductively distinct) are assessed as part of a single stock. Multiple species that have 
different maximum sizes, longevity, and growth may also affect how assessment results are 
interpreted and biological reference points are developed. In addition, there are management 
implications because the commercial fishery targets larger clams, in part through size restrictive 
gear. Although managers annually suspend the minimum size limit, if a substantial portion of the 
stock does not approach the maximum size of S. s. solidissima, recommended gear 
specifications may need to be revisited. S. s. solidissima has not been a strong candidate stock 
for rotational management because of its relatively slow growth. S. s. similis may be better 
suited to rotational management, which presents interesting spatial management options that 
will depend on the distribution of each species.  
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This study should improve the information available to the stock assessment and allow fisheries 
managers to make better informed decisions on surfclam management in the Northeast.  

 
Scope of Work 
The contractor will document the distributions of Spisula solidissima similis and Spisula 
solidissima solidissima in the nearshore waters of the US Northwest Atlantic. The contractor 
will also examine the extent of genetic and reproductive isolation among areas sampled for 
these species. 
 
The contractor will be responsible for the genetic testing of samples, analysis of this 
information, a discussion of the implications of findings, and presentation of final results to the 
Council.  
 
Samples should be obtained from inshore regions of the federal surfclam survey (Map 1) and 
state surveys (< 3 miles). Tentative commitments have already been obtained from several 
state agencies (i.e., NJ-Department of Environmental Protection, NY-Department of 
Environmental Conservation, and MA-Division of Marine Fisheries) and federal agencies (i.e., 
NEFSC) to provide georeferenced samples from their surveys.  
 
The contractor should specify the exact number of samples needed to address the scope of 
work, as well methods for sample collection (e.g. size of surfclam needed, processing of tissue, 
etc.), to allow these agencies to provide samples. The contractor will coordinate with the 
NEFSC (Dr. Daniel Hennen), and points of contact in the state agencies to obtain the 
georeferenced samples.  

 
Contractor Qualifications 
Applicants should have demonstrated experience with current techniques for genetic testing, 
including mitochondrial and DNA sequencing, on marine shellfish. 

 

How to Apply 

Applicants should submit a proposal to Dr. Chris Moore, Executive Director, by email 
(cmoore@mafmc.org) by 11:59 pm on XXXXX XX, 2018. Proposals should include the 
following elements: 

 
• Executive Summary: A summary of the proposed scope of work as well as brief summary of 

the applicant’s qualifications. 

• Proposed Scope of Work: A detailed plan for addressing the scope of work described above. 
This should include a summary of potential analysis approaches, a project schedule, a brief 
summary of how the project will be managed, and a list of all personnel who may work on the 
project. 

• Qualifications of Applicant: A summary of the qualifications of the applicant and other team 
members, if applicable. Curriculum vitae should be included for all individuals who will work 
on the project. 

• Proposed Budget: A detailed budget, including the basis for the charges (e.g. hourly rates, 
fixed fees). Proposals should also include costs for materials needed to process and ship 
samples to the contractor. 

• References: Names, full addresses, and phone numbers for three clients for whom the 
applicant has provided similar services to those requested. 
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Proposal Evaluation Criteria 
Proposals will be evaluated based on methodology, prior experience, references, qualifications, 
and budget. The Council may request additional information as deemed necessary or negotiate 
modifications to an accepted proposal. 

 
Requests for Further Information 
Christopher M. Moore, Ph.D., Executive Director 
Mid-Atlantic Fishery Management Council 
800 North State Street, Suite 201 
Dover, DE 19901 
tel: 302-526-5255 

email: cmoore@mafmc.org 

 
Disclaimer 

 
1. All costs associated with the preparation and presentation of the proposal will be borne by 

applicants. 
2. Proposals and their accompanying documentation will not be returned. 

3. Respondents must disclose any relevant conflicts of interest and/or pending 
civil/criminal legal actions. 

4. The Council reserves the right to accept or reject any or all applications received, negotiate 
with all qualified applicants, cancel or modify this request for proposals in part or in its 
entirety, or change the application guidelines, when it is in its best interests. 
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Fisheries Service, 166 Water Street, Woods Hole, MA 02543-1026, online at 
http://www.nefsc.noaa.gov/publications. 
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mailto:cmoore@mafmc.org


4 

 

 

Map 1: Current Northeast Fisheries Science surfclam survey sampling strata.  

 



Commonwealth of Massachusetts 
Division of Marine Fisheries 
251 Causeway Street, Suite 400 
Boston, Massachusetts  02114

(617)626-1520
fax (617)626-1509 

MEMORANDUM 

To: Dr. David E. Pierce, Director  

From: Tom Shields, Shellfish Program Biologist 

Cc: Daniel McKiernan, Deputy Director  
J. Michael Hickey, Shellfish Program Leader
Bob Glenn, Invertebrate Fisheries Project Leader

Date: March 12, 2018 

Subject: MA Marine Fisheries Preliminary Southern Surf Clam Investigations 
______________________________________________________________________________ 

Background 

The surf clam taxon Spisula solidissima similis (Say 1822), known as the ‘‘southern’’ surf clam or 
“Raveneli’s surf clam”, was recently shown to be reproductively isolated and genetically distinct 
from S. s. solidissima (Dillwyn 1817), the commercially harvested Atlantic surf clam, at the level 
of species. The reported distribution for S. s. similis includes shallow nearshore marine habitats 
south of Cape Hatteras as well as in the Gulf of Mexico. In contrast, S. s. solidissima is larger, 
has a longer life span, and is found in cooler waters north of Cape Hatteras both nearshore and 
offshore. In 2010, researchers determined that a distinct population S. s. similis exists in Long 
Island Sound (LIS), New York, at latitude 410 N, well north of its typical range (Hare et. al., 2010). 
After analyzing a diagnostic mitochondrial DNA marker in 90 surf clam specimens from 3 
locations in LIS, the team determined that all samples were identified as S. s. similis. The LIS 
sample was also significantly different in both shell shape and in the shape of the cardinal tooth 
than comparably sized offshore S. s. solidissima. However, these shell differences are not 
adequate for differentiating between these taxa in the field. Scattered records of S. s. similis as 
far north as Cape Cod exist in museums, but their taxonomic assignments have been disputed 
(Jacobson & Old, 1966). One nearshore surf clam specimen from southern Massachusetts was 
genetically identified as S. s. similis (Hare & Weinberg 2005). 

David E. Pierce, Ph.D. 
Director  Charles D. Baker 

Governor 
Karyn E. Polito 

Lieutenant Governor 
Matthew A. Beaton 

Secretary 
Ronald Amidon 
Commissioner 
Mary-Lee King 

Deputy Commissioner 
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Recently there has been growing interest among some commercial surf clam harvesters and 
shellfish constables on Cape Cod, MA about the possible presence of southern surf clams in 
nearshore shallow waters, particularly on the south side of Cape Cod. Commercial surf clam 
vessel owners are also interested in a nearshore population of surf clams in Westport that 
features  high densities of smaller (undersized) animals, most of which never reach the 
minimum commercial size limit of five inches in length. As a result of this growing interest, MA 
Division of Marine Fisheries (DMF) collaborated with fisheries and aquaculture specialists at 
Cape Cod Cooperative Extension (CCCE)  & Woods Hole Sea Grant and Dr. Matt Hare at Cornell 
University to examine nearshore surf clam genetics around the region to better understand 
these populations and the distribution of S. solidissima vs. S. s. similis.  The objective of this 
preliminary survey is to determine if S. s. similis is present in nearshore waters in Cape Cod Bay, 
Buzzards Bay or waters south of Cape Cod (Nantucket Sound and Vineyard Sound). The survey 
was not designed to define population size or distribution, but to simply determine if southern 
surf clams are present in these waters. 
 
Methods 
 
Surf clams were collected from eleven sites throughout the southern coast of Massachusetts 
including; Westport (2 sites) in Buzzards Bay; Chatham and Mashpee in Nantucket Sound; 
Falmouth (2 sites) in Vineyard Sound; and Provincetown, Barnstable, Brewster, Yarmouth and 
Plymouth in Cape Cod Bay (Figure1). Samples were collected between November 1 and 
November 28, 2017 by SCUBA divers in Falmouth and Westport and by bullrake at all other 
locations. Water depth, tidal stage and sediment type were documented at each collection site. 
Between five and 25 surf clams were collected at each site, placed on ice, and delivered to CCCE 
staff for further processing. Shell length, shell width, shell height and live weight were recorded 
for all surf clams collected. Adductor muscle tissue samples were dissected from the clams and 
preserved in 90% ethanol for molecular assays at Dr. Matt Hare’s Lab at Cornel University. 
 
Surf clam samples were determined to be S. s. solidissima or S. s. similis using diagnostic 
mitochondrial DNA markers as described by Hare et. al. (2010). 
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Figure 1. Location of eleven surf clam collection sites. WV = Westport, WFH = West Falmouth Harbor, 
ELP = Eel Pond, PPB = Popponesset Bay, CTM = Chatham, PVT = Provincetown, BRW = Brewster, 
CGC = Chase Garden Creek, BAR = Barnstable Harbor, PLY = Plymouth. 
 
 
 
Results 
 
A summary of the surf clam molecular marker analysis is presented in Table 1. Subspecies 
determination and morphometric measurements for each sampled surf clam along with habitat 
descriptions (sediment type, tidal stage and water depth) are presented in Appendix A. The four 
sites from West Falmouth to Chatham on the south side of the Cape were all Southern surf 
clam (S. s. similis), but no Southern surf clams were found on the north side of Cape Cod. 
Samples collected at the two Westport sites consisted entirely of Atlantic surf clam (S. s. 
solidissima).  
 
 

 
 
 
 
 
 
 
 
 

Westport-V5 Buzzards Bay South S.s. solidissima 10/10 100%
Westport-V1 Buzzards Bay South S.s. solidissima 10/10 100%
Chatham Nantucket Sound South S.s. similis 9/10 90%
Mashpee Popponesset Bay South S.s. similis 6/6 100%
Falmouth Eel Pond South S.s. similis 10/10 100%
Falmouth West Falmouth HarborSouth S.s. similis 8/8 100%
ProvincetownProvincetown Harbor North S.s. solidissima 10/10 100%
Barnstable Barnstable Harbor North S.s. solidissima 10/10 100%
Brewster Cape Cod Bay North S.s. solidissima 5/5 100%
Yarmouth Chase Garden Creek North S.s. solidissima 11/11 100%
Plymouth Plymouth Bay North S.s. solidissima 10/10 100%

Site Water Body
N or S of 

Cape Result #Result/Total
% 

Result

Table 1. Summary of molecular marker analysis 
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Conclusions 
 
This preliminary study demonstrates the presence of southern surf clams in Massachusetts 
coastal waters.  Southern surf clams were only found at sampling location on the south side of 
Cape Cod and in water 4’ or less. No samples were collected in water deeper than 4’ except off 
Westport.  Additional studies utilizing a depth stratified sampling design are warranted to 
describe the range, habitat utilization, and co-occurrence of these two subspecies in 
Massachusetts waters.  Moreover, the factors contributing to the apparent stunting of northern 
surf clams off of Westport, MA should be investigated including, age and growth studies. 
 
We suspected that the beds of undersized clams off Westport were southern surf clams but the 
genetic analysis demonstrates otherwise.  The agency remains challenged to devise a sound 
management strategy for clams that appear healthy but appear to fail to reach harvestable 
minimum size.    
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Appendix A: Surf clam samples for S.s. similis Survey in MA. Samples taken in Fall 2017 to look for "southern" surf clams in MA waters. 
S.s. similis are the "Southern" surf clams while S.s. solidissima are the Atlantic surf/sea clam 

Plate 
Column 

Plate 
Well Sample ID Subspecies 

Determination Town Water Body Growing 
Area Latitude Longitude Date 

Collected 
Bottom 

Type Depth Tide Length 
(mm) 

Width 
(mm) 

Depth 
(mm) 

Live 
Wt (g) 

1 A CTM-001 similis Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 90.3 64.9 

  
1 B CTM-002 similis Chatham 

Nantucket 
Sound SC42 41.6706 -70.0164 11/28/2017 

coarse 
sand 1-4' low 78.7 57.3 32.4 55.5 

1 C CTM-003 similis Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 93.1 68 39.1 135 

1 D CTM-004 similis Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 99.8 72.1 39 147.5 

1 E CTM-005 similis Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 72.1 52.5 32.4 59 

1 F CTM-010 similis Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 66.3 48.5 28.3 46.5 

1 G CTM-006 similis Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 90.3 65.8 39.7 109 

1 H neg1 n/a 
             

2 A CTM-007 similis Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 96.3 68.5 41.1 136.5 

2 B CTM-008 solidissima Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 44.5 34.8 20.8 18.5 

2 C CTM-009 similis Chatham 
Nantucket 

Sound SC42 41.6706 -70.0164 11/28/2017 
coarse 
sand 1-4' low 95.2 70.3 44.2 146.5 

2 D BAR-001 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 11/21/2017 
coarse 
sand 2-4' incoming 104.8 

 
45.6 

 
2 E BAR-002 solidissima Barnstable 

Barnstable 
Harbor CCB31 41.71716 -70.2802 11/21/2017 

coarse 
sand 2-4' incoming 127 95 54.5 346 

2 F BAR-003 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 11/21/2017 
coarse 
sand 2-4' incoming 139.1 103.8 59.6 507 

2 G BAR-004 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 12/8/2017 
coarse 
sand 2-4' low 57.6 45 27.7 34 

2 H BAR-005 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 12/8/2017 
coarse 
sand 2-4' low 125.2 89.6 53.6 303 

3 A BAR-006 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 12/8/2017 
coarse 
sand 2-4' low 118.4 87.5 51.7 254 

3 B BAR-007 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 12/8/2017 
coarse 
sand 2-4' low 112.1 84.1 49.1 226.5 

3 C BAR-008 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 12/8/2017 
coarse 
sand 2-4' low 145.7 110.5 67 579 

3 D BAR-009 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 12/8/2017 
coarse 
sand 2-4' low 165 108.3 67.6 577 
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3 E BAR-010 solidissima Barnstable 
Barnstable 

Harbor CCB31 41.71716 -70.2802 12/8/2017 
coarse 
sand 2-4' low 96.9 76.5 44.2 126.5 

3 F BRW-001 solidissima Brewster Cape Cod Bay CCB20 41.77014 -70.1131 11/13/2017 
coarse 
sand 1-4' low 146.8 108 63.3 481 

3 G BRW-002 solidissima Brewster Cape Cod Bay CCB20 41.77014 -70.1131 11/13/2017 
coarse 
sand 1-4' low 161.9 112 64.5 571.5 

3 H BRW-003 solidissima Brewster Cape Cod Bay CCB20 41.77014 -70.1131 11/13/2017 
coarse 
sand 1-4' low 99.6 72.6 44.4 135 

4 A BRW-004 solidissima Brewster Cape Cod Bay CCB20 41.77014 -70.1131 11/13/2017 
coarse 
sand 1-4' low 153.6 105.4 63.1 563 

4 B BRW-005 solidissima Brewster Cape Cod Bay CCB20 41.77014 -70.1131 11/13/2017 
coarse 
sand 1-4' low 146.4 102.2 64 406 

4 C WV5-001 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 110 75.5 45.1 226.5 

4 D WV5-002 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 109.6 77.9 43.8 212 

4 E neg2 n/a 
             

4 F WV5-003 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 120.8 91.4 54.6 374.5 

4 G WV5-004 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 115.1 82.8 50.4 266 

4 H WV5-005 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 125.7 90.3 52 310 

5 A WV5-006 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 123.8 88.7 53.2 346.5 

5 B WV5-007 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 106.3 72.8 44.3 204 

5 C WV5-008 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 118.5 83.7 52.6 305.5 
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5 D WV5-009 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 117.1 83 47 246 

5 E WV5-010 solidissima Westport Buzzards Bay BB1 41.50455 -71.0619 11/9/2017 

packed 
fine 

grain 
sand 14' incoming 115.1 82.2 43.7 224.5 

5 F WV1-001 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 117.4 85.5 50.1 287.5 

5 G WV1-002 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 105.4 80 46.9 199 

5 H WV1-003 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 121 87.5 50.4 291 

6 A WV1-004 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 115.1 82.2 48.7 277 

6 B WV1-005 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 115.2 85.2 48.9 264.5 

6 C WV1-006 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 105.6 75.9 42.6 199.5 

6 D WV1-007 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 131.4 95.5 56.1 390 

6 E WV1-008 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 116.5 86.2 50.2 287 

6 F WV1-009 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 116.8 79.9 46.2 269 

6 G WV1-010 solidissima Westport Buzzards Bay BB1 41.49073 -71.0534 11/9/2017 

medium 
grain 
sand 29' incoming 117.3 88.2 52.3 316.5 

6 H PPB-001 similis Mashpee 
Popponesset 

Bay SC18/19 41.58818 -70.4491 11/4/2017 Sand 3-4' flood start 88.9 63 37.4 76.3 

7 A PPB-002 similis Mashpee 
Popponesset 

Bay SC18/19 41.58818 -70.4491 11/4/2017 Sand 3-4' flood start 84 62.1 39.4 99.9 

7 B PPB-003 similis Mashpee 
Popponesset 

Bay SC18/19 41.58818 -70.4491 11/4/2017 Sand 3-4' flood start 86.1 61.3 37.6 88.6 

7 C PPB-004 similis Mashpee 
Popponesset 

Bay SC18/19 41.58818 -70.4491 11/4/2017 Sand 3-4' flood start 62 47 28.3 33.6 
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7 D PPB-005 similis Mashpee 
Popponesset 

Bay SC18/19 41.58818 -70.4491 11/4/2017 Sand 3-4' flood start 80.3 59.8 34 73.4 

7 E PPB-006 similis Mashpee 
Popponesset 

Bay SC18/19 41.58818 -70.4491 12/4/2017 Sand 3-4' flood start 68.5 49.8 30.8 44 

7 F WFH-001 similis Falmouth 

West 
Falmouth 

Harbor BB54 41.60661 -70.6507 11/2/2017 Sand 3-4' incoming 79.5 54.4 32.8 60.7 

7 G WFH-002 similis Falmouth 

West 
Falmouth 

Harbor BB54 41.60661 -70.6507 11/2/2017 Sand 3-4' incoming 80.6 57.7 34.2 67.9 

7 H WFH-003 similis Falmouth 

West 
Falmouth 

Harbor BB54 41.60661 -70.6507 11/2/2017 Sand 3-4' incoming 73.3 52.1 32 50.1 

8 A WFH-004 similis Falmouth 

West 
Falmouth 

Harbor BB54 41.60661 -70.6507 11/2/2017 Sand 3-4' incoming 88.5 62.5 36.9 80.8 

8 B WFH-005 similis Falmouth 

West 
Falmouth 

Harbor BB54 41.60661 -70.6507 11/2/2017 Sand 3-4' incoming 73.7 53.9 32.1 55.7 

8 C WFH-006 similis Falmouth 

West 
Falmouth 

Harbor BB54 41.60661 -70.6507 11/2/2017 Sand 3-4' incoming 83.9 58.6 35.4 71.4 

8 D WFH-007 similis Falmouth 

West 
Falmouth 

Harbor BB54 41.60661 -70.6507 11/2/2017 Sand 3-4' incoming 51.3 35.6 22.5 17.4 

8 E WFH-008 similis Falmouth 

West 
Falmouth 

Harbor BB54 41.60661 -70.6507 11/2/2017 Sand 3-4' incoming 80.4 57.7 33.2 64.8 

8 F ELP-001 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 94.9 65.1 39.3 109.5 

8 G ELP-002 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 83 59.1 37.1 72.4 

8 H ELP-003 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 82.4 60.4 35.6 77.4 

9 A ELP-004 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 99.1 69.1 41.9 128.6 

9 B ELP-005 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 88.8 64.2 39.1 87.4 

9 C ELP-006 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 101.4 70.3 42.9 132.6 

9 D ELP-007 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 60.3 43.4 24.8 27 

9 E ELP-008 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 81.8 59.6 33.8 72.3 

9 F ELP-009 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 82 57.8 36.3 78 

9 G ELP-010 similis Falmouth Eel Pond SC14 41.55453 -70.5482 11/1/2017 Sand 3-4' flood start 85.5 58.2 36.2 76.3 

9 H neg3 n/a 
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10 A PVT-001 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 104.1 76.3 44.6 171 

10 B PVT-002 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 97.9 72.1 45.4 159 

10 C PVT-003 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 109.3 82.1 45.8 202 

10 D PVT-004 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 83.2 65.9 38.5 110 

10 E PVT-005 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 99.7 75.9 44.7 167 

10 F PVT-006 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 103 76.2 46.7 187 

10 G PVT-007 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 85.3 65.3 42.9 117 

10 H PVT-008 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 107.7 78.7 47.7 185 

11 A PVT-009 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 103.5 78.8 48.7 173 

11 B PVT-010 solidissima Provincetown 
Provincetown 

Harbor CCB4 42.06071 -70.1592 12/4/2017 sand 0-3' low 95.3 70.9 43.8 149 

11 C CGC-001 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 31.8 25.4 15.1 7 

11 D CGC-002 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 62.5 46.2 27 38 

11 E CGC-003 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 50.4 39.1 22.7 24 

11 F CGC-004 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 72.2 54.5 29.9 60 

11 G CGC-005 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 79.7 62.9 37.2 93 

11 H CGC-006 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 92.6 68 38.7 127 

12 A CGC-007 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 114 82.6 47.8 245 

12 B CGC-008 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 105.6 75.9 40.9 173.5 

12 C CGC-009 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 115.9 83.3 48 250 

12 D CGC-010 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 111.7 84.3 
 

177 

12 E CGC-011 solidissima Yarmouth 
Chase Garden 

Creek CCB27 41.72389 -70.2362 12/6/2017 soft sand 1-4' low 120 84.8 47.7 194 

12 F PLY-001 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 114.8 81.5 46.5 200 
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12 G PLY-002 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 101.3 69.8 40.9 151 

12 H PLY-003 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 141.7 101.3 59.2 442 

13 A PLY-004 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 139.2 99.3 55.7 423 

13 B PLY-005 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 148.4 107.7 67.2 534 

13 C PLY-006 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 148.7 105.2 62.1 413.5 

13 D PLY-007 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 153.5 104.5 63.1 584 

13 E PLY-008 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 163 111.1 71.9 886.5 

13 F PLY-009 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 166 113.8 69.2 804 

13 G PLY-010 solidissima Plymouth Plymouth Bay CCB41 41.98301 -70.6517 12/7/2017 

medium 
to coarse 

sand 1-4' low 180 115.1 66.3 588 

13 H neg4 n/a 
             * Note: a plate has only 12 columns and there are 13 above. The plate has 1-12, and 13 is a strip that will be taped to the top of the plate. Plate 

label: "Feb 2018 Spisula Chelex extractions" 
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Abstract The Atlantic surfclam, Spisula solidissima
(Dillwyn), is broadly distributed in sandy sediments of
the western North Atlantic between the Gulf of St.
Lawrence and the Gulf of Mexico. In the United States,
a substantial commercial fishery between Long Island
and Cape Hatteras harvests offshore populations of one
subspecies, S. s. solidissima. A smaller coastal form, S. s.
similis Say (also known as S. s. raveneli Conrad), has a
partially sympatric geographic distribution, but differs
in several life-history characteristics. DNA sequence
variation in mitochondrial cytochrome oxidase I (COI)
and in introns at two nuclear calmodulin loci was
examined to measure genetic divergence between the two
subspecies and to test for population structure among
populations of S. s. solidissima. Surfclams were collected
from seven localities between 1994 and 2001. Based on
both mitochondrial and nuclear DNA variation, the two
subspecies of S. solidissima are reciprocally monophy-
letic, with a net COI divergence of 13.9%, indicating
long-term reproductive isolation. The only significant
differentiation among populations of S. s. solidissima
(based on an AMOVA analysis of COI sequences) was
between the Gulf of St. Lawrence and more southerly
populations. A long internal branch in the S. s. soli-
dissima genealogy coupled with low haplotype diversity
in the northern-most population suggests that popula-
tions north and south of Nova Scotia have been isolated
from each other in the past, with gene exchange more
recently. Populations of S. s. similis from Atlantic and

Gulf of Mexico coasts had a net COI divergence of
9.2%. Thus, diversification of Spisula spp. clams in the
western North Atlantic involved an early adaptive
divergence between coastal and offshore forms, with
later barriers to dispersal emerging in the offshore form
from north to south and in the coastal form between
Atlantic and Gulf of Mexico populations.

Introduction

Genealogical data can be used to examine the biogeog-
raphy of populations and closely related species through
time, a field known as phylogeography (Avise 2000).
Contemporary ecological processes and long-term evo-
lutionary processes both shape patterns of population
genetic variation. By distinguishing patterns that
emerged at these different time scales, phylogeography
contributes information that is potentially useful to
fisheries management (e.g. Bentzen et al. 1996; Vecchi-
one and Griffis 1996; Dahlgren et al. 2000; Weinberg
et al. 2003) and evolutionary inferences about diversifi-
cation mechanisms (e.g. Bernardi et al. 1993; Young
et al. 2002).

Surfclams are common in the western North Atlantic,
where two subspecies of Spisula solidissima have been
recognized: S. s. solidissima (Dillwyn, 1817) from the
Gulf of St. Lawrence to South Carolina and S. s. similis
(Say, 1822) from Cape Cod to the Gulf of Mexico
(Andrews 1971; Abbott 1974). S. s. raveneli (Conrad,
1831) is a likely synonym of S. s. similis (Abbott 1974;
Emerson and Jacobson 1976; Ropes 1980; Vecchione
and Griffis 1996); we have used the latter name here to
represent both S. s. similis and S. s. raveneli. S. s. soli-
dissima occurs commonly from the coastal beach zone to
depths of approximately 50 m, and has supported a
multi-million dollar fishing industry in the USA for over
four decades (NEFSC 2003). S. s. similis is found in
shallow coastal waters (Abbott 1974), but in Georgia
and Tampa Bay, Florida, S. s. similis occupies a narrow
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range of habitats (Walker and Heffernan 1994). Mac-
tromeris polynyma, a similar looking species that was
previously named Spisula polynyma (Chamberlin and
Stearns 1963), occurs in eastern Canadian waters and in
the Bering Sea, i.e. farther north than either S. s. soli-
dissima or S. s. similis.

The two surfclam subspecies have different gameto-
genic cycles and spawning seasons, even when reared
under similar conditions (Walker 1998). Additional
differences between the subspecies include larval char-
acteristics (Walker and O’Beirn 1996), juvenile growth
rate (O’Beirn et al. 1997), longevity, and maximum adult
length. S. s. solidissima reaches a maximum total length
of 170 mm (Weinberg 1999), with geographic variability
in growth rate and maximum size attributed to physio-
logical stress or density effects (Ambrose et al. 1980;
Jones 1980; Cerrato and Keith 1992; Weinberg 1998).
The maximum size of S. s. similis is 76 mm in Georgia
and 122 mm in western Florida (Walker and Heffernan
1994). Larval development times to metamorphosis at
20–22�C are 2–3 weeks in both subspecies (Ropes 1980;
Walker and O’Beirn 1996; Walker et al. 1998).

Differences in life-history traits among populations
are well documented by these studies, but there has been
no test for parallel genetic differences. Historical epi-
sodes of recruitment and mortality appear to have had
somewhat local effects on the age structure and growth
rate of S. s. solidissima (Wagner 1984; Murawski and
Serchuk 1989; Weinberg and Helser 1996; Weinberg
1998; Chintala and Grassle 2001), suggesting that there
might be only limited genetic exchange across a broad
geographic scale, at least on ecological time scales.
Remarkably, age structure of Spisula ovalis populations
in the eastern North Atlantic varied across kilometer-
scale patches in a density-independent manner despite a
3- to 4-week larval phase (David et al. 1997).

Studies of other western North Atlantic species, with
similarly long periods of larval dispersal, show that this
feature has not prevented genetic differentiation along
the Atlantic coastline (reviewed by Avise 1992; Wares
2002). The American oyster, for example, shows a
strong genetic break between continuously distributed
populations in the Atlantic and Gulf of Mexico (Reeb
and Avise 1990; Hare and Avise 1996), as well as some
substructure along the Atlantic coast (Gaffney and
Reece 2002). Hard clams, Mercenaria mercenaria and
M. campechiensis, the ranges of which differ by latitude
and depth, hybridize in eastern Florida, where they are
sympatric (Dillon and Manzi 1989; Bert and Arnold
1995). Gulf of Maine and eastern Canada populations
showed genetic differentiation in M. mercenaria (Dillon
and Manzi 1992) and in the longwrist hermit crab,
Pagarus longicarpus (Young et al. 2002), despite long
larval development times in the plankton. Examination
and comparison of additional species may provide sup-
port for common historical processes that have shaped
population structure (Wares 2002).

We collected DNA sequence data from mitochon-
drial cytochrome oxidase I (COI) and two nuclear cal-

modulin introns to test several phylogeographic
hypotheses potentially explaining the broad variation in
Spisula spp. population biology and life history. COI
variation has been useful for molecular identification of
bivalve larvae to the species level (Hare et al. 2000) and
for phylogeographic analyses in several marine species
capable of high dispersal (Lee 1999; Lessios et al. 2003;
Uthicke and Benzie 2003). Calmodulin intron variation
has been informative about phylogenetic relationships
among congeneric species of fungi (e.g. Johannesson and
Stenlid 2003) and gastropods (Duda and Palumbi 1999).

Our null hypothesis was that there is no significant
genetic divergence between the two subspecies. This
hypothesis implies that observed phenotypic differences
were recently evolved or were mostly shaped by the
environment. An example of this is provided by two
congeneric species of the deep-sea red crab, Chaceon
quinquedens, and the partially sympatric C. fenneri,
which have different life histories and inhabit the con-
tinental shelf at different depths around Florida, yet
show no genetic differentiation based on mitochondrial
16S and nuclear ribosomal ITS (internal transcribed
sequences) (Weinberg et al. 2003). Within each S. soli-
dissima subspecies it was hypothesized that the long
duration of larval dispersal maintained genetic homo-
geneity among geographically dispersed populations. A
rejection of either of these hypotheses would indicate
that the populations are evolutionarily independent, and
would thereby help establish proper units for fisheries
management.

Materials and methods

Sample and data collection

Spisula spp. samples were collected from seven localities
spanning the known geographic range of this species,
excluding the western Gulf of Mexico (Fig. 1; Table 1).
Specimen identifications were verified by both authors
and voucher specimens deposited in a museum collection
(Smithsonian). Homogenized gill or adductor muscle
tissue was used in commercial spin columns (Promega
Wizard Plus Miniprep and Qiagen DNeasy) to extract
genomic DNA from specimens that were fresh, frozen,
or ethanol preserved.

The polymerase chain reaction (PCR) was used to
amplify a portion of the COI gene with different pairwise
combinations of the primers 2198, 1490 (Folmer et al.
1994), Spis-L (5¢-GGKACKGGKTTTAGKATNAT-
3¢), and Spis-R (5¢-AAGTATTAAAATGNCGAT-
CAGT-3¢). PCR reactions of 25 ll total volume
included 2.5 mM MgCl2, 250 lM of each dNTP,
200 lM of each primer, 0.5 ll genomic DNA, and 0.5 U
of Taq polymerase (various vendors). All reactions were
initiated in a rapid-ramping thermocycler (Biometra
Tgradient, Labrepco) by adding enzyme and buffer
during a 2-min hot start at 80�C. After 2 min at 94�C for
full template denaturation, 35 PCR cycles included 94�C
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for 30 s, annealing for 30 s, and extension at 72�C for
50 s. The reaction was completed with 5 min at 72�C.
Annealing temperatures were 45�C or 47�C. Amplifica-
tion products were purified using shrimp alkaline
phosphatase and exonuclease I (USB) and cycle se-
quenced (Applied Biosystems BigDye) according to the
manufacturer’s instructions on a genetic analyzer (Ap-
plied Biosystems 3100). PCR primers were used as
sequencing primers to sequence both DNA strands.

A similar protocol was used to amplify introns from
two calmodulin loci using the primers Cal-1 and Cal-2
(Duda and Palumbi 1999) at 55�C annealing tempera-
ture, except each dNTP was 50 lM,MgCl2 was 1.0 mM,
and extension time was 20 s, to minimize Taq misin-
corporations (Gelfand and White 1990). From several
amplification products that coamplified, the two stron-
gest were isolated and cloned using pGEM-T vectors
(Promega). One or two clones from each individual/lo-
cus combination were sequenced from miniprep DNA
(Promega Wizard columns) using M13 primers. All un-
ique sequences were deposited in GenBank under the
accession numbers AY707795–AY707831.

Data analysis

Polymorphism statistics and pairwise genetic distances
were computed using MEGA 2.1 (Kumar et al. 2001).
Standard error estimates were based on 1000 bootstrap
pseudoreplicates. Heuristic searches for maximum-par-
simony trees were done with PAUP* ver.4.0b10 (Swof-
ford 1998) using random stepwise addition and TBR
(tree-bisection-reconnection) branch swapping. We used
a Kimura two-parameter model of evolution to correct
genetic distances for the possibility of multiple muta-
tions at a single site. Because substitution rate hetero-
geneity among sites also affects the likelihood of
multiple hits, the maximum-parsimony tree was used to
estimate a, the shape parameter for a four-category
gamma distribution of rates. Population structure within
S. s. solidissima was tested using molecular analysis of
variance (AMOVA, implemented in Arlequin ver. 2.0,
Schneider et al. 1999). The AMOVA estimates /st, an
analogue of Wright’s Fst (Wright 1951), which takes into
account genetic distances among haplotypes while par-
titioning allele frequency variance within and among
populations. A minimum spanning network among S. s.
solidissima haplotypes was also estimated using Arle-
quin.

Genetic differences among populations may indicate
long-term limits to gene flow, but can also be caused by
natural selection or by recent changes in population size.
Selection was tested at the molecular level by two tests
that compare the number of segregating sites (Tajima’s
D; Tajima 1989) or the number of alleles (Fu’s Fs; Fu
1997) against their neutral expectation based on the
mean number of pairwise differences under an infinite
sites model. The significance of both tests was calculated
as the proportion of a null distribution, derived from
coalescent simulations, having lower or equal values of
the test statistic as implemented in Arlequin. The
hypothesis of a recent population size expansion was
tested based on the frequency distribution of pairwise
genetic distances as implemented in Arlequin (Rogers
and Harpending 1992; Schneider and Excoffier 1999).
This distribution is expected to be multimodal in a re-
cently declining or equilibrium population, but show a
Poisson shape after a rapid population expansion
(Rogers and Harpending 1992). These patterns emerge
from differences in the shape of the gene genealogy:
stochastic loss of allelic lineages during population
growth leads to a star-like genealogy, whereas equilib-
rium and declining populations have more highly
structured genealogies (Slatkin and Hudson 1991).

We used coalescent simulations to test whether an
unusual feature of the intraspecific COI gene tree in S. s.
solidissima was cause for rejecting a single, constant-
sized population model. Coalescent simulations were
performed using Treevolve ver. 1.32 (Grassly et al.
1999). We simulated sequences using the same popula-
tion mutation parameter, h=2Nl, as observed in S. s.
solidissima COI. For our purposes, the relative rate of
mutation, l, and effective population size, N, were not

Fig. 1 Spisula solidissima. Subspecies range distributions and
sample collection localities. Stars mark collection sites for S. s.
solidissima, circles for S. s. similis. Sample sizes in Table 1. Station
numbers refer to the National Marine Fisheries Service R.V.
‘‘Delaware II’’ clam survey in 1999. Hatching indicates broad-scale
latitudinal ranges of the two subspecies, and should not be used to
infer their fine-scale depth distributions or continuous occurrence
of appropriate habitat (e.g. southern Florida)
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critical, so we arbitrarily assumed a mutation rate of
1·10�8 bp generation�1 and therefore set population
size at 6.09·105 in the simulations. To make the simu-
lated sequences comparable to the Spisula spp. COI
data, substitution rates were varied according to a four-
category gamma distribution using the empirical esti-
mate of the gamma shape parameter, a. A matrix of
Kimura two-parameter genetic distances, calculated
with the same a value to describe rate heterogeneity, was
generated from the simulated sequences using the
DNADIST program of PHYLIP ver. 3.6b (Felsenstein
2004). Neighbor-joining and unweighted paired-group
(UPGMA) trees and their branch lengths were produced
from the distance matrices using the NEIGHBOR rou-
tine of PHYLIP.

Results

COI sequences were obtained from 56 Spisula solidiss-
ima individuals collected at seven localities (Fig. 1) on
the dates shown in Table 1. Sequences of COI from
three of these individuals are from Hare et al. (2000).
The total alignment contained 609 nucleotide (nt) posi-
tions, with a small number of missing nucleotides

(average=48 or 8%) in 11 individuals. The alignment
had 99 variable sites, of which 91 were parsimony
informative. The COI sequence was translated using the
mitochondrial genetic code in Drosophila spp. to reveal
12 polymorphic amino acids within S. solidissima, 3 of
which were within the S. s. solidissima subspecies.
Nucleotide polymorphism distinguished 13 different
haplotypes within S. s. solidissima and 4 haplotypes in S.
s. similis (Table 1).

The maximum-likelihood estimate of substitution-
rate heterogeneity (a) was 0.35 under a Kimura two-
parameter model of evolution. Under this model the
mean nucleotide difference (±SE) among sequences was
1.2 (±0.3)% in S. s. solidissima, 5.4 (±1.0)% in S. s.
similis, and 4.3 (±0.6)% overall. Net divergence be-
tween the two subspecies, after accounting for ancestral
polymorphism (d; Nei and Li 1979), was 13.9 (±2.2)%.

Phylogeny

One COI sequence for Spisula subtruncata was obtained
from GenBank (AF207657, Giribet and Wheeler 2002)
for use as an outgroup. The other two outgroup
sequences, reported here for the first time, were from

Table 1 Spisula spp. Observed numbers of mitochondrial haplo-
types by locality. Collection information is provided at the top of
each locality column and statistics describing genetic diversity and
tests for selection (described in ‘‘Materials and methods’’) are at the

bottom for single or grouped localities. P is the proportion of test
statistic values, derived from coalescent simulation under the neu-
tral model, that were less than or equal to the observed value (NA
not available; NC not calculated)

Magdellan Isl.,
Gulf of St.
Lawrence

Cape Cod
Bay, Mass.

Georges Bank,
stratum 73,
station 536

Virginia,
tratum 9,
station 422

Coastal
Atlantic

Panacea,
Florida

Latitude (N) 47�20¢ 41�60¢ 41�32.99¢ 37�11.1¢ a 30�00¢
Longitude (W) 62�00¢ 70�25¢ 67�33.58¢ 74�57.18¢ a 84�21¢
Date 2001 1999 17 Jul 1999 10 Jul 1999 1994 1999
Depth NA NA 53 m 40 m Shallow coastal Shallow coastal
Haplotype
Ab 7 2 0 3 0 0
B 0 0 3 4 0 0
C 0 3 4 4 0 0
D 0 0 0 1 0 0
E 0 2 5 4 0 0
F 0 0 1 0 0 0
G 0 0 1 0 0 0
H 0 1 0 0 0 0
I 0 1 0 0 0 0
J 1 0 0 0 0 0
K 1 0 0 0 0 0
L 0 0 0 1 0 0
M 0 0 0 1 0 0
sim-Atl1 0 0 0 0 3 0
sim-Atl2b 0 0 0 0 1 0
sim-Gulf1 0 0 0 0 0 1
sim-Gulf2b 0 0 0 0 0 1
Sample size 9 9 14 18 4 2
Haplotype diversity (SE) 0.417 (0.191) 0.861 (0.087) 0.791 (0.067) 0.863 (0.042) NC NC
Nucleotide diversity·100 (SE) 0.62 (0.39) 1.25 (0.73) 0.52 (0.32) 1.02 (0.56) NC NC
Tajima’s D (P) �1.911 (0.003) �0.006 (0.566) NC NC
Fu’s Fs (P) 3.14 (0.944) 0.543 (0.639) NC NC

aCoastal Atlantic sites include 1994 collections from Waquoit Bay,
Mass. (41�32.3¢N; 70�31.3¢W), and St. Catherines Sound, Georgia
(31�42.4¢N; 81�08.5¢W) (O’Beirn et al. 1997)

bThree sequences from Hare et al. (2000, their Fig. 1, in which sim-
Atl2 is labeled ‘‘Spisula sp.’’, sim-Gulf2 is labeled ‘‘S.s.similis’’ and
haplotype A from Cape Cod is labeled ‘‘S.solidis’’)
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S. subtruncata collected at Malagueta Beach, Málaga
town, at 2 m depth in the Mediterranean Sea (36�43.1¢N;
04�24.1¢W) and S. solida collected at Atunara Beach, La
Lı́nea (Cádiz), near the Straight of Gibraltar (36�10.6¢N;
05�19.8¢W). The total alignment contained 165 parsi-
mony-informative characters. Maximum-parsimony
analysis of the COI haplotypes produced four equally
short trees (length 292) all showing monophyly of S.
solidissima relative to congeneric outgroups, reciprocal
monophyly between the two S. solidissima subspecies,
and topologies varying only with respect to tip place-
ment within S. s. solidissima (Fig. 2). Bootstrap support
was 93% for the reciprocal monophyly of S. s. solidiss-
ima and S. s. similis and 100% for monophyly of this
sister-group relative to outgroup species. The rescaled
consistency index was 0.77 for all four trees, indicating a
low level of parallel or back mutations (homoplasy).

Intron sequences were analyzed from what are pre-
sumed to be two independent calmodulin loci, referred
to here as Cal-A and Cal-B. Orthologous nuclear se-
quences could not be amplified from the outgroup taxa,
so only monophyly of each subspecies was tested, not
reciprocal monophyly between them. No correction was
made for Taqmisincorporations when sequencing intron
clones from most individuals, so terminal branch lengths
and overall nucleotide diversity are inflated. However,
because Taq errors are random, they are not likely to
create shared, derived characters that affect topology or
internal branch lengths.

Cal-A included a total of 506 nucleotides, 52 of which
were variable. Parsimony-informative characters in-
cluded 25 nucleotide sites plus two insertion/deletions
(indels), with lengths of 6 and 76 nucleotides. Entire
indels were analyzed as single presence/absence charac-
ters. A single maximum-parsimony tree of length 60 had
a rescaled consistency index of 0.78 and showed high

bootstrap support for monophyly of S. s. similis (96%;
Fig. 2).

Cal-B included a total of 585 nucleotides, of which 55
were variable and 22 were phylogenetically informative.
Three maximum-parsimony trees of length 68 differed
only in allelic relationships within S. s. similis (one
shown in Fig. 2). The rescaled consistency index was
0.53, indicating a moderate level of homoplasy, but, as
with Cal-A, the Cal-B intron trees had high bootstrap
support for monophyly of S. s. similis (80%).

COI sequences were reciprocally monophyletic be-
tween Atlantic and Gulf of Mexico populations of S. s.
similis, although sampling was sparse (Fig. 2). Net
divergence of Atlantic and Gulf of Mexico S. s. similis
was 9.2 (±1.8)% at COI. In contrast, both calmodulin
loci showed polyphyletic genealogies between S. s. sim-
ilis sequences from the Atlantic and Gulf of Mexico
(Fig. 2).

Population genetics of S. s. solidissima

Haplotype diversity among the four S. s. solidissima
populations varied from 0.42 to 0.86 (Table 1). Haplo-
type A was at high frequency in the Magdellan Isl.
sample, accompanied only by singletons, while the
southern samples all had several haplotypes at moderate
frequencies. The Magdellan Isl. sample had significantly
less haplotype diversity than any of the more southern
populations (P £ 0.032), which were not significantly
different from each other (P>0.05, Z-test, Nei 1987,
p. 183). To test the low haplotype diversity against
neutral expectations, we used the nucleotide diversity
observed in S. s. solidissima samples combined, 1.2%, to
simulate 1000 genealogies with a sample size of nine (as
in Magdellan Isl.). This generated a distribution of

Fig. 2 Spisula spp. Maximum-
parsimony phylograms based
on sequences from cytochrome
oxidase I (COI) and two
calmodulin introns. Numbers
above or below a branch give the
percentage of bootstrap
pseudoreplicates that contained
the same clade defined by that
branch. Hatched vertical bars
correspond to S. s. solidissima
clades, gray bars indicate S. s.
similis clades. The COI tree
includes all haplotypes in
Table 1 and was rooted using
S. subtruncata and S. solida as
outgroups. In the calmodulin
trees S. s. solidissima sequences
were used as the outgroup.
Sequences are labeled as in
Table 1 and Fig. 1 or, for
Waquoit Bay, Mass., WB and,
for Cape Cod Bay, Mass., CCB;
a and b refer to alleles from a
single individual
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expected haplotype diversity values under the null
hypothesis of no population structure or historical
changes in population size. The 95% confidence interval
of 0.67–0.97 did not include the observed haplotype
diversity, 0.42 (Table 1). Thus, haplotype diversity was
significantly lower in the Magdellan Isl. population than
expected based on a simple population model
(P £ 0.005) and also significantly lower than in more
southern populations.

In contrast to haplotype diversity, genetic diversity
measured as the mean pairwise sequence difference
(nucleotide diversity per nucleotide) ranged from 0.52%
to 1.25% and was not significantly different among the
four populations (Z-test, Table 1). This contrast in
population-specific patterns of diversity is due to the
overwhelming influence of large genetic distances be-
tween some haplotypes. A minimum spanning network
of the S. s. solidissima haplotypes (Fig. 3) shows two
groups of haplotypes separated by a long evolutionary
branch representing 12 substitutions. Haplotypes from
both clades were present in each geographic sample,
resulting in uniformly high nucleotide diversity in all
populations.

Does the long branch in the S. s. solidissima network
indicate an extended period of isolation between
northern and southern populations, perhaps with recent
secondary contact? We used simulations to test whether
the long internal branch (Fig. 3) is consistent with
expectations from coalescent theory (Hudson 1990).
Coalescent theory provides an efficient means of simu-
lating genealogies for a given sample size under a specific
null model. A statistic can be calculated from each
simulated tree, and the distribution of values can be
compared to the statistic calculated from observed data
(Knowles and Maddison 2002; Rosenberg and Nord-
borg 2002). If plausible null models can be rejected with
this procedure, then greater confidence is provided for
the alternative hypothesis. For the S. s. solidissima data,
the ratio of the longest branch length to the sum of all
branch lengths was 0.526 using Kimura two-parameter
distances in a Neighbor-joining tree (not shown). The

distribution of this ratio for 1000 simulated trees, each
based on 50 sequences and assuming a single constant-
sized population with the same nucleotide diversity as
observed in S. s. solidissima, had P=0.053 values higher
than or equal to the observed value. Thus, there is
marginally significant evidence to reject a single-popu-
lation model, suggesting that the long internal branch
length resulted from a long period of isolation with
subsequent secondary contact.

Historical and/or contemporary barriers to gene flow
were also suggested by other patterns in the COI data.
For example, in the commercially harvested S. s. soli-
dissima subspecies, 34% of the molecular variance was
distributed among populations. The significant /st of
0.338 (AMOVA, P<0.0003) was entirely due to diver-
gence between Magdellan Isl. clams from Canada and
populations to the south. Pairwise /st estimates between
Magdellan Isl. and other populations ranged from 0.40
to 0.73 (all P<0.026) compared to a maximum value of
0.10 between any two southern populations (all
P>0.05). Implementing AMOVA using conventional
Fst, thereby testing for differentiation based solely on
haplotype frequencies, produced Fst=0.12 (P<0.002)
over all populations, with Magdellan Isl. again provid-
ing the only significant difference in pairwise compar-
isons among populations. There was no correlation
between the matrix of interpopulation /st and minimum
coastal distance among collecting sites.

Based on the AMOVA results, the homogeneous
non-Canadian S. s. solidissima population samples were
combined to test for non-neutral patterns of molecular
evolution in two populations, North and South. A test
based on the number of haplotypes in a population given
observed nucleotide diversity (Fu 1997) detected no
significant deviations from neutral expectations in either
population (Table 1). Another test of selection (Tajima
1989) that compares estimates of the population muta-
tion parameter, 2Nl, based on nucleotide diversity and
number of segregating sites, indicated a significant dif-
ference from neutral expectations in the North (Table 1;
P=0.003). Because the negative values of Tajima’s D
can result from population expansion as well as selec-
tion, we examined the distribution of pairwise sequence
differences (mismatch distribution) for evidence of a
population expansion (Rogers and Harpending 1992).
Each population (North and combined South) had a
bimodal distribution that was significantly different from
the expectations of a rapid expansion model (P<0.05).
Taken together, these results suggest that historical
isolation, followed by secondary contact (producing a
bimodal mismatch distribution), shaped mitochondrial
diversity in the Magdellan Isl. population.

Discussion

We used mitochondrial and nuclear DNA sequence data
to test for genetic exchangeability (sensu Templeton
1989; Crandall et al. 2000) among Spisula solidissima

Fig. 3 Spisula solidissima solidissima. Minimum spanning network
of COI haplotypes. Short branches represent 1 nucleotide substi-
tution, long branch is 12 substitutions. Size of circles is propor-
tional to overall haplotype frequency. Haplotype labels are from
Table 1. Number of times a haplotype was observed given in
parentheses. Gray shading indicates haplotypes observed at Mag-
dellan Isl., Canada
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populations. Specifically, we tested the null hypothesis
of genetic exchangeability: (1) between S. solidissima
subspecies distinguished by habitat and life-history
characters and (2) among geographically distant popu-
lations within each subspecies.

Geneological patterns at all three loci showed a
concordant pattern of reciprocal monophyly between
the two subspecies. Concordant patterns of reciprocal
monophyly observed at multiple independent loci are
only expected when two populations have been evolving
independently for an extended period of evolutionary
time (Avise 2000; Palumbi et al. 2001; Hudson and
Turelli 2003; Rosenberg 2003).

There is now ample evidence, both phenotypic and
genetic, to elevate the taxonomic classification of Spisula
subspecies to species status. Despite sympatric use by the
two subspecies of shallow coastal habitats in the mid-
Atlantic and lower New England waters, there is no evi-
dence from our data that these two populations of clams
have exchanged genes during their recent evolutionary
history. Unfortunately, no calibration of the molecular
evolutionary rate in the COI gene is available for mac-
trid clams, so we refrain from estimating divergence
time. There has clearly been enough time, however, for
the evolution of divergent life-history traits (Walker and
Heffernan 1994; O’Beirn et al. 1997; Walker 1998). Phe-
notypic differences in Spisula spp. are more extreme than
those between a similar pair of sister taxa, Mercenaria
mercenaria andM. campechiensis, the range distributions
of which segregate by both depth and latitudes (Dillon
andManzi 1989). TheMercenaria species exchange genes
in an area of sympatry along eastern Florida, but a com-
bination of endogenous and exogenous selection against
hybrids limits introgression beyond a discrete shallow-
water hybrid zone (Bert and Arnold 1995). For Spisula
spp., the area of potential sympatry is much more exten-
sive (from Virginia to Massachusetts), but little is known
about how the taxa differ in latitude-specific spawning
times, relative densities, or microhabitat preferences.

Based on the unique and restricted habitat occupied
by S. s. similis in Georgia and on the west coast of
Florida, Walker and Heffernan (1994) judged that den-
sities were too low to sustain a fishery. These clams in-
habit sand ridges at the mouth of sounds or where a
river enters a sound, locations with relatively fast cur-
rents. The Massachusetts specimen examined here was
collected just outside the entrance to Waquoit Bay in
sandy sediments (A.F. Govindarajan, personal com-
munication).

Our genetic data suggest that Atlantic and Gulf of
Mexico populations of S. s. similis may also be inde-
pendent evolutionary lineages. This should not be sur-
prising given the multitude of marine taxa that show
genetic discontinuities between Atlantic and Gulf of
Mexico populations (Avise 1992), even in cases where
populations are continuously distributed around Florida
(Saunders et al. 1986; Reeb and Avise 1990). The
Atlantic and Gulf of Mexico clades of S. s. similis are
distinguished by several diagnostic substitutions in COI,

leading to 100% bootstrap proportions. In contrast, the
Atlantic and Gulf of Mexico populations are polyphy-
letic at both calmodulin loci. Under a phylogenetic or
autapomorphic species concept the mtDNA data justify
recognition of two species (Nixon and Wheeler 1990).
The literature contains a number of marine examples for
which high bootstrap support for ‘‘intraspecific’’
mtDNA clades has motivated recognition of cryptic
species or speculation about speciation processes with-
out further support from additional independent loci or
phenotypic characters. Some of these examples show
extremely large mtDNA divergences within sympatric
populations (e.g. Schizas et al. 2002 for meiofaunal co-
pepods), whereas others show the mtDNA clades to be
partially allopatric (e.g. Williams 2000 for the starfish
Linckia spp.). However, extreme divergences between
recently isolated populations will occur at some loci by
chance (Hudson and Turelli 2003; Rosenberg 2003), and
can even occur between adjacent populations exchang-
ing genes (Neigel and Avise 1986; Saunders et al. 1986;
Irwin 2002). Thus, data from single loci never suffice to
make a strong inference about the degree of reproduc-
tive isolation. For S. s. similis, more samples and higher
resolution data from nuclear loci are needed to defini-
tively test for complete barriers to gene flow between
Atlantic and Gulf of Mexico populations.

Among populations of the commercial subspecies S.
s. solidissima, strong genetic differentiation existed be-
tween the northern-most population in the Gulf of St.
Lawrence, Canada, and populations on the east coast of
the USA. The northern population also had significantly
lower haplotype diversity than the southern populations.

The deep structure of the intraspecific genealogy in S.
s. solidissima did not partition haplotypes geographi-
cally. Rather, all populations contained haplotypes from
each of the divergent clades, albeit at different frequen-
cies. This phylogeographic pattern, classified as cate-
gory II by Avise (2000), may originate from
deterministic or stochastic causes. A common deter-
ministic interpretation invokes historical isolation of
populations to explain a polyphyletic genealogy with a
long internal branch such as observed in the S. s. soli-
dissima minimum spanning network. This inference is
usually made with the benefit of additional genetic or
biogeographic patterns that reinforce this interpretation
(reviewed by Avise 2000). Under this historical isolation
hypothesis, two explanations are possible as to why
haplotypes are shared between the two historical popu-
lation ‘‘isolates’’ rather than having variation in each
population form exclusive clades: (1) incomplete lineage
sorting of ancestral polymorphisms, or (2) secondary
contact and recent gene flow. These ‘‘gene-flow-early’’
and ‘‘gene-flow-late’’ alternatives (Avise 2000) have been
evaluated in multiple taxa (Avise et al. 1990; Quinn
1992; Baker and Marshall 1997; Hare and Avise 1998;
Kim et al. 1998; Schneider-Broussard et al. 1998), and
the analytical tools for distinguishing between them have
recently been improved (Wakeley 1995; Nielsen and
Wakeley 2001; Hey and Nielsen 2004).
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Within a single panmictic population, stochastic
processes can also generate unusually long internal
branch lengths for a given genealogical depth, thereby
complicating efforts to distinguish between gene-flow-
early and gene-flow-late hypotheses. This is particularly
true when genetic data are available from only a single
locus in a species with a potentially large effective pop-
ulation size such as S. solidissima. On average, based on
coalescent theory in a panmictic population of constant
size, one-half of the total depth of a gene tree will be
occupied by two branches, leading to the final coales-
cence at the most recent common ancestor. Thus, two
‘‘clades’’ will be connected by branches that extend half
the depth of the tree, on average (this average coalescent
proportionality in gene trees should not be confused
with the 0.526 ratio obtained between the longest branch
length and the sum of all branch lengths in S. s. soli-
dissima). The more genetic diversity that exists within a
species, the stronger is the phylogenetic support for these
intrapopulation ‘‘clades’’, even if their particular
arrangement was not determined by demography, but
by chance. Thus, strong phylogenetic support for an
intrapopulation clade, by itself, does not indicate a
deviation from panmixia or the presence of cryptic
evolutionary units (Schizas et al. 2002). Clearly, the
gene-flow-early and gene-flow-late hypotheses should
only be considered if the stochastic model is rejected.

Four considerations lend support to the hypothesis
that the long internal branch in the S. s. solidissima
mtDNA genealogy is a result of historical isolation be-
tween populations. First, there is no evidence for non-
neutral patterns of molecular variation, except in the
Magdellan Isl. population, and even there the more
powerful test (Fu 1997) did not reject the neutral model.
Second, a simple stochastic model was rejected because
the length of the longest branch in the mtDNA gene
tree, relative to the sum of all branch lengths, was high
compared to single-population expectations (but only
marginally significant). Third, the Magdellan Isl. popu-
lation was significantly differentiated from southern
populations when tested using haplotype frequencies
(Fst) and genetic distances (/st). Fourth, the Magdellan
Isl. population had significantly lower haplotype diver-
sity than any southern population. This latter pattern is
consistent with many terrestrial (Hewitt 2000) and pis-
cine (Bernatchez and Wilson 1998) species, in which
northern populations have relatively low genetic diver-
sity because of population bottlenecks within Pleistocene
refugia or during recolonization.

The sharing of identical haplotypes between Mag-
dellan Isl. and southern populations suggests that re-
cent gene flow has occurred between historical isolates,
a tentative conclusion at this time. We did not expect
these patterns in a presumably high-gene-flow species
inhabiting the continental shelf, and our sample sizes
and marker resolution are not sufficient to provide a
definitive test of this scenario. Using the available
mtDNA data, we attempted to estimate gene flow and
divergence time between S. s. solidissima populations

using Monte Carlo simulations in a Bayesian frame-
work (Nielsen and Wakeley 2001). Using uninforma-
tive priors, the posterior distribution for divergence
time between Magdellan Isl. and populations further
south was nearly flat, indicating that the data were
consistent with both recent and ancient divergence
times. The estimated average number of migrants per
generation was Nm=0.44. The posterior distribution
for Nm had a 95% credibility interval (a type of
Bayesian confidence interval), excluding zero, but
spanning two orders of magnitude (0.16, 16.0). Addi-
tional samples, particularly from the north, and data
from additional loci (Hare 2001) will be needed to
definitively test the ‘‘gene-flow-late’’ hypothesis.

In conclusion, the genetic patterns revealed by this
study are consistent with phenotypic differences previ-
ously described between S. s. solidissima and S. s. similis.
Monophyly of the ‘‘subspecies’’ at mitochondrial and
nuclear loci provides strong evidence that these taxa
merit species-level recognition and perhaps separate
management (Crandall et al. 2000).

The US Fishery Management Plan (FMP) treats all
Atlantic surfclams, S. solidissima, in federal waters (3–
200 nautical miles from shore) as a single management
unit, and the FMP does not distinguish between S. s.
solidissima and S. s. similis. Likewise, several mid-
Atlantic states have surfclam fisheries that operate in
their territorial waters, 0–3 nautical miles from shore. If
the surfclam harvest is composed of a mixture of species,
this is not presently recognized by state or federal
managers. However, separate management of the two
species will not be possible until future research can
provide detailed maps of the geographical distributions
of each species.

We found no evidence for historical barriers to gene
flow among S. s. solidissima populations from Georges
Bank to Virginia. This does not preclude local or
regionally distinct patterns of recruitment, which may be
important for managing the fishery (David et al. 1997;
Weinberg 1999), but suggests that over evolutionary
time scales gene flow has homogenized populations
along the eastern seaboard. The genetic divergence of a
population in the Gulf of St. Lawrence is consistent with
genetic results in other taxa (Wares 2002), including
bivalves (Dillon and Manzi 1992). This study therefore
strengthens the evidence that marine taxa with high
dispersal potential have been affected by common his-
torical and/or contemporary diversifying processes
north and south of Nova Scotia.
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