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Executive Summary 
 
This report summarizes monitoring and 
mitigation/restoration activities of the Division of 
Marine Fisheries (MarineFisheries) during the 
period 31 May 2003 through 31 May 2008 in 
response to assumed impacts from the 
construction of the HubLine natural gas pipeline 
in Massachusetts Bay.  This program represents 
the first, large-scale, comprehensive effort by 
MarineFisheries to assess and mitigate for 
impacts from a major marine construction project 
in Massachusetts coastal waters.   
 
The "HubLine" natural gas pipeline was 
constructed by Algonquin Gas Transmission 
Company in Massachusetts Bay during 2002-
2003.  This 29.4 mile long, 24" to 30" diameter 
pipe runs from Salem/Beverly to Weymouth and 
is buried at a minimum depth of 3 ft. with several 
exceptions.  Horizontal directional drilling, 
conventional dredging, jetting, plowing, and 
blasting were all part of the construction process 
and collectively, they were assumed to have 
exerted an impact on the marine environment and 
living resources.  Depending upon the type of 
equipment used, the area of disturbed sediments 
along the pipeline pathway caused by trenching 
and back-filling varied to as wide as ~70ft.   
 
Specific Time-Of-Year (TOY) work windows 
were defined in the permitting process by the 
reviewing agencies in order to minimize the 
impact of construction activities on e.g., migratory 
movements or spawning seasons and the 
associated vulnerability of eggs and larvae of 
various species.  Exceeding recommended TOY's 
beyond 30 April 2003 and 31 May 2003 work 
window end dates resulted in monetary 
compensation to the Commonwealth by 
Algonquin for mitigation and restoration for any 
short or long-term impacts to aquatic resources 
and habitat and for assessment.  MarineFisheries 
was the designated lead agency in receipt of these 
funds and with the responsibility to provide 
effective mitigation and/or restoration of aquatic 
resources and habitat.   
 
Public input and an inter-agency steering 
committee were solicited to help develop a 

monitoring plan and suite of mitigation/restoration 
proposals.  The mitigation proposals included 
work in four areas:  eelgrass restoration, habitat 
enhancement, anadromous fish restoration, and 
shellfish propagation.  Recovery monitoring was 
initiated in 2003-2004 and all mitigation efforts 
were implemented during 2004-2008 and included 
mitigation-specific monitoring and evaluation of 
relative success in meeting program objectives. 
 
Assessment Projects 
MarineFisheries’ post-construction 
assessment activities of the HubLine pathway 
were multi-faceted and intended to evaluate 
impacts from the construction and monitor 
recovery.  This long term effort included specific 
assessment and monitoring plans which, in some 
cases, were associated with related and co-
occurring mitigation project field activities.  
Acoustic and optical surveys of sediment and 
biota, species diversity investigations and on-
going MarineFisheries surveys helped to 
contribute to the evaluation of potential impacts.  
Commercial lobster sea sampling, ventless lobster 
trap monitoring, early benthic phase lobster 
suction sampling, and standardized bottom trawl 
survey data were incorporated into the final 
assessment of relative abundance trends for 
species inhabiting the impacted area.   
 
Acoustic and Optical Surveys of Pipeline 
Pathway
Monitoring studies were initiated by 
MarineFisheries in August 2003 with several 
localized sampling efforts.  SCUBA surveys 
provided baseline data for future recovery 
monitoring and indicated that significant changes 
in vegetation and re-colonization of crustaceans 
and finfish had occurred in a relatively short time 
since the pipe was laid.  There was no definitive 
evidence found during 2003 surveys conducted by 
either MarineFisheries or by Algonquin’s 
subcontractors that surface-laid pipe or its trench 
construction blocked the seasonal inshore 
migration of lobsters. 
 
Broader-based, multi-year monitoring of the 
pipeline pathway began in March 2004 after the 
construction schedule of trench back-filling and 
leveling was projected to be completed.  Sonar 
and video monitoring indicated impacted 
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sediments along the 29.4-mile path had not yet 
been restored to pre-construction quality.  A 
considerable amount of relief was evident in 
elongated spoil piles 1-2m in elevation.  Width of 
disturbed sediments along the pathway generally 
significantly exceeded estimates provided during 
the pre-construction review process and 
approached 25 m (75ft).  Overall, most of the 
back-filled trench, especially areas with cobble 
deposition or a cobble sand mix suggested early 
stages of flora and fauna colonization.   
 
A series of 19 permanent monitoring sites, 
representing an array of habitat types, were 
established from this initial sonar imaging and 
surveyed in subsequent years.   
 
Sediment Relief Monitoring—Sonar 
Standardized transects, representative of relief 
profile, were defined at each site for annual relief 
monitoring with side-scan sonar (2004-2006).  
Side scan relief measurements were calculated 
from the shadow component of each site’s side 
scan sonar record and reflect vertical profile 
relative to the surrounding natural seabed.  Relief 
was also evaluated with multibeam sonar (2006-
2007) which allowed interpretation of relief by 
calculating depth differentials.   
 
Four years after pipeline construction, relief 
created by trenching and back-filling persisted at 
most sites.  Side scan data exhibited some changes 
to relief morphology and elevation at all sites; 
some exhibited subtle changes while others 
showed moderate to major changes.  Most of the 
sites which exhibited smoothing or weathering 
were at depths <70ft where the impact of storm 
surge is more likely to affect the ocean floor.  
Analyses of multibeam data for changes >0.25m, 
indicated little difference in the profiles of all sites 
between 2006 and 2007.   

ROV Video Monitoring 
Most sites already exhibited some algal growth 
plus various macro-invertebrate and finfish 
species presence when ROV video surveys began 
in 2004.  It is clear that mobile species 
repopulated the construction area relatively 
quickly.  However, video imaging of the 19 sites 
in 2007 indicated that full recovery had not yet 
occurred.  More algal, hydroid, and sponge 

growth was present on nearby natural bottom 
compared to sites on the back-filled pipeline 
trench.   
 
Algal growth and invertebrate and finfish 
presence/abundance was related to bottom type 
and depth.  Sites at >50 ft depth exhibited 
invertebrate and finfish presence, but minimal 
attached growth.  Hard substrate facilitated 
attachment of algae, but the proliferation of algal 
growth was largely dependent upon shallow water 
depths to allow light penetration for 
photosynthesis.  A more detailed analysis of hard 
bottom recovery is provided in the mitigation 
section of this report, Section IVB: Habitat 
Enhancement Project. 

Species Diversity 
In 2007, benthic infaunal communities at 5 soft-
bottom stations located along the HubLine 
pipeline construction route were investigated for 
evidence of impact from the construction process 
which occurred between 2002 and 2003.  Results 
indicate that biological samples taken on the 
disturbed HubLine trench and on natural bottom 
adjacent to it were more similar to each other then 
when compared across stations.  Pipeline 
trenching and trench back-filling may have 
originally impacted these benthic infaunal 
communities, but this 2007 survey indicated that 
the benthic communities along the HubLine route 
appeared to be largely recovered.  Their species 
diversity and evenness values were similar to 
those at ambient control stations located outside 
the HubLine area of disturbance and within the 
mean baseline range of MWRA’s Harbor Outfall 
Monitoring program. 
 
Species diversity of epibenthic fauna on hard-
bottom sites was investigated in 2005 and 2007.  
The 2005 analyses demonstrated that natural reef 
sites had a higher measure of species richness than 
similar, but disturbed, sediment on a HubLine site.  
Biological monitoring during 2006-2007 allowed 
comparative evaluations of species diversity using 
three SCUBA survey procedures: 1) air-lift 
suction sampling, 2) transect surveys, and 3) 
percent cover evaluations in quadrats.  In most 
cases, species diversity on the natural reef was 
significantly different and still higher, with some 
seasonal variation, than that on the HubLine back-
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filled trench approximately 4 years after pipeline 
construction. 
 

Commercial Lobster Sampling 
Initial concerns about pipeline construction effects 
on the commercial lobster fishery in 
Massachusetts Bay focused our attention on 
enhancing existing commercial lobster sea 
sampling activities in the general Massachusetts 
Bay area in calendar year 2003.  MarineFisheries’ 
commercial lobster sea sampling is a cooperative 
effort with commercial lobstermen and is 
conducted twice per month during May-
November when over 90% of commercial lobster 
landings occur.  Standardized catch rate trends 
encompassing the HubLine study period depict a 
general downward trend from 1999-2007, 
however, this is consistent with a broader-based 
downward trend elsewhere in the Gulf of Maine. 

Suction Sampling Juvenile Lobsters 
Suction sampling of early benthic phase (EBP) 
lobsters also was conducted in the Massachusetts 
Bay area to help evaluate larval lobster settlement 
in the area of construction.  Sampling was 
conducted annually, using a diver-operated 
suction device, and augmented with site-specific 
suctioning of impacted sediments on the pipeline 
pathway.  
 
Generally, catch densities increased through about 
2004-2005 then declined thereafter to 2002-2003 
levels.  However, interpretation of these data 
should be done cautiously since they are 
characterized by high variances.  Consequently, 
these time series show no obvious correlation with 
the 2002-2003 HubLine construction period.   
 
Ventless Lobster Trap Survey 
A pilot ventless lobster trap survey was started in 
fall, 2004 (October-November) as part of 
HubLine assessment initiatives to assist with 
monitoring the lobster population in and around 
the HubLine-affected region.  An expanded 80 
station, seven month survey was subsequently 
launched in Massachusetts Bay in 2005 and 2006.  
This research design, if modified for finer-scaled 
site investigations, represents a potentially useful 
tool for evaluating future marine construction 
projects.   

 
The use of ventless gear extends lobster size 
structure information to the smaller sizes that do 
not normally occur in commercially-deployed 
vented traps.  Trap placement was stratified by 
bottom sediment type and bathymetry.   
 
No significant trends in catch per unit effort 
(CPUE) by substrate type were observed 
throughout Massachusetts Bay.  However, depth 
(or its associated temperature gradient) was an 
important variable influencing catch rates and size 
distribution.  Sublegal CPUE was fairly evenly 
distributed throughout the study area in all three 
years, while legal CPUE was consistently higher 
in the deepest strata. 
 
A 3-year, October-November, time series (2004-
2006) of these data was inadequate to draw 
meaningful conclusions about lobster relative 
abundance trends, since it was not only too short 
(at the time of this writing) but did not encompass 
the entire molting season.  However CPUE of 
sublegals was significantly less in 2004 compared 
to 2005 and similar to 2006, while legal CPUE 
exhibited no differences across years. 
 
This initial effort led to a coastwide survey, 
adopted by the Atlantic States Marine Fisheries 
Commission (ASMFC), which was implemented 
in coastal waters from Maine to Long Island, NY 
in 2006, 2007, and 2008.  The ASMFC coastwide 
ventless trap survey is based on the sampling 
methodology and survey design developed for this 
initial ventless trap sampling effort, and it is 
planned to continue indefinitely as an additional 
means to monitor American lobster relative 
abundance in U.S. coastal waters.   
 
Bottom Trawl Survey Trends 
MarineFisheries’ bottom trawl survey data were 
used to evaluate relative abundance trends for 
selected species from the HubLine study area.  
This bottom trawl survey was not a HubLine-
funded effort and it was not designed to detect 
fluctuations in abundance on a fine geographic 
scale, e.g., the HubLine trench, but its statistical 
precision is appropriate for detecting larger scale 
changes as may be evident in annual trends.   
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Relative biomass (mean weight per tow) and 
relative abundance (mean catch per tow in number 
of animals) from 1978-2007 was analyzed for 
Atlantic cod, winter flounder, yellowtail flounder, 
American lobster, and Sea Scallops.  Species 
trend analyses did not depict any obvious 
relationship with the HubLine construction period. 
 
 
Mitigation Projects 
Four mitigation projects were undertaken by 
MarineFisheries staff.  They addressed eelgrass 
restoration, habitat enhancement, anadromous fish 
restoration (including anadromous fish run 
restoration, smelt restoration, and shad 
restoration), and shellfish restoration and stock 
enhancement: 
 
Eelgrass Restoration Project 
The primary goal of the MarineFisheries Eelgrass 
Restoration Project was to re-establish eelgrass in 
Boston Harbor as partial mitigation for assumed 
impacts to the environment from the pipeline 
construction.  Restoration of eelgrass habitat will 
provide shelter, food, and has the potential to 
positively affect abundance of a number of finfish 
and invertebrate species judged to be potentially 
impacted.   
 
Extensive site selection work was conducted 
during fall 2004 and spring 2005 to identify areas 
suitable for eelgrass growth.  Twelve sites were 
originally identified, received (phase I) small 
scale test transplants (200 shoots in a 1m2 area), 
and were monitored for survival.  Five of those 
sites exhibited acceptable survival and were 
selected for secondary test transplants (phase II, 
1000 shoots) and later full-scale plantings 
between 2005 and 2006: Long Island North , 
Long Island South, Peddocks E, Portuguese Cove, 
off the west side of Peddocks Island, and 
Weymouth.   
 
Planting was conducted using a combination of 
hand- and frame-planting, and seed dispersal 
followed by monitoring for shoot density 
expansion.  The site selection process achieved 
successful results at 4 of our 5 sites. Shoot density 
expanded significantly and by late 2007, total 
areal coverage was over 2 hectares (~ 5 acres).  

 
Biological monitoring was undertaken to 
determine ecosystem function of transplanted 
beds compared to existing beds in Boston Harbor, 
a healthy bed in Nahant, and an unvegetated 
control site in Boston Harbor.  Parameters 
investigated included demersal, epibenthic, and 
benthic infaunal species richness and diversity; 
percent cover of eelgrass; shoot density; above-
ground biomass; and, leaf area index.  Transplant 
sites compared favorably to existing Boston 
Harbor eelgrass beds, and approached healthy 
beds in Nahant for several indices. 
 
Hydrodynamic modelling results indicated that it 
was unlikely that seeds would spread naturally 
from existing remnant beds in Boston Harbor to 
sites we selected.  However, it did show that, with 
our planted beds as “feeders,”  natural spreading 
via seed shoots was likely within and near most 
transplant locations, thus more efficiently 
focusing restoration efforts. 
 
Outreach was an important part of the Eelgrass 
Restoration Project.  We provided a “hands-on” 
educational experience for members of the 
community and promoted stewardship of this 
valuable resource.   Volunteers were an essential 
part of our restoration effort.   We enlisted the 
help of a number of volunteer divers and shore 
helpers.  A total of 428 hours were donated by 
155 volunteers during our restoration activities. 
 
Habitat Enhancement Project 
In March-April, 2006, MarineFisheries 
constructed a six unit cobble-boulder reef off 
Boston Harbor in order to provide partial 
mitigation for the assumed impacts to biological 
resources and habitat from HubLine construction.  
This Project enhances complex substrate in 
Massachusetts Bay, thereby providing niches for 
multiple life stages of numerous finfish and 
invertebrate species.   

Reef Site Selection 
A simple site selection model used seven 
systematic steps: exclusion mapping, depth and 
slope verification, surficial substrate assessment, 
data weighting and subsequent ranking analysis, 
visual transect surveys, benthic air-lift sampling, 



 xi 

and larval settlement collector deployment.  Results from each step in this process ultimately 
allowed us to select a site for habitat enhancement 
at a target depth that received little wave action, 
had no slope, and possessed a surficial substrate 
type that could support the weight of a reef.  The 
site also had the presence of a natural larval 
supply and low species diversity prior to reef 
installation.  Each step in this site selection model 
was designed for adaptation by others interested 
in future artificial reef development. 
 
Artificial Reef Monitoring Program:   
An intensive, long-term monitoring program was 
implemented to measure ecological variation on 
the artificial reef and to determine how well the 
artificial reef met specific goals.  Two primary 
questions were addressed with this monitoring 
program: (1) can a cobble/boulder artificial reef 
establish similar levels of species abundance and 
diversity as a nearby natural reef, and (2) if so, in 
what timeframe?  MarineFisheries also 
investigated smaller scale questions such as: does 
the artificial reef augment post-larval lobster 
settlement and the settlement of other fish and 
invertebrates; does the artificial reef provide 
mitigation for the hard-bottom encrusting 
community; and does the artificial reef provide 
shelter for multiple life stages of various marine 
organisms? 
 
To investigate these questions, a research plan 
was developed which incorporated three different 
monitoring methods: annual air-lift sampling for 
crustacean and fish larvae, semi-annual small fish 
trap sampling, and seasonal permanent transect 
sampling using SCUBA.  Four primary areas were 
monitored: the artificial reef, a nearby natural 
reef, a cobble fill point on the HubLine pipeline, 
and a sand site.  Results from the first year and a 
half of monitoring showed that young-of-the-year 
lobster densities on the artificial reef, as 
determined by air-lift sampling, were similar to 
the natural reef, HubLine, and sand.  Fish trap 
sampling showed that significantly more cunner, 
Massachusetts’ most common reef-dwelling 
species, were caught on the artificial reef and the 
HubLine than on the natural reef and the sand and 
that cunner had high site fidelity, only 
occasionally moving from one site to another.  
The artificial reef had the highest diversity of 
enumerated species, yet the lowest diversity of 

species assessed by percent cover.  This difference 
was likely due to species life histories, as the 
artificial reef quickly attracted mobile 
invertebrates and fish species that preferred 
complex habitat with high relief, whereas sessile, 
slower-growing species take longer to settle and 
establish. 
 
Species composition on the artificial reef will 
most likely take years to follow fluctuations in 
composition similar to that of a natural reef.  The 
HubLine cobble fill point is a few years older than 
the artificial reef and does not yet mimic the 
natural reef in species abundance or diversity.  If 
the artificial reef never resembles a natural reef or 
if it takes more than five to ten years to reflect the 
conditions of a natural reef, the effectiveness of 
artificial reefs as mitigation tools in New England 
waters should be viewed cautiously.  However, in 
the present timeframe of comparison, some 
conclusions can be drawn from this on-going 
monitoring program.  The cobble and boulder 
artificial reef did provide habitat for the hard-
bottom encrusting community, larval settlement 
occurred in similar densities to adjacent 
comparison sites, and the abundance of cunner is 
currently higher on the artificial reef than the 
natural reef. 
 
Anadromous Fish Restoration Project (3 Parts) 
The Anadromous Fish Restoration Project 
enhanced the anadromous fish resources in the 
embayments and associated watersheds adjacent 
to the HubLine Pipeline.  These are resources that 
were potentially impacted by the HubLine 
construction.  The project  consisted of 
propagation/stocking, monitoring, construction 
and repair of anadromous fish passage, and 
improvements to habitat.  There were three parts 
to this restoration effort: 

1. The Anadromous Fish Passage Enhancement 
Project had the objective of enhancing and 
increasing the spawning habitat for alosid fishes 
(alewives, Alosa pseudoharengus; blueback 
herring, Alosa aestivalis; American shad, Alosa
sapidissima).  MarineFisheries selected and 
completed 20 projects in 13 systems in the 
HubLine region that (a) ranged from minor to 
major fishway improvements, (b) created new 
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passage for anadromous fish, (c) evaluated the 
feasibility for restoring anadromous fish 
populations, (d) restored or enhanced spawning 
habitat, and (e) developed innovative technology 
for assessing river herring passage and run size.   
 
2. The Rainbow Smelt Culture and Enhancement 
Project assisted the restoration of rainbow smelt 
(Osmerus mordax) populations in several river 
systems in the Massachusetts Bay area.  A two-
year pilot project began in 2004 using HubLine 
funds to develop smelt culture and early life-stage 
marking techniques.  This effort was linked to a 
NOAA Protected Species Program grant to 
develop population indices for smelt.  The 
population index project developed fyke net 
sampling stations in 2004 and 2005 that also 
served as a source for mature smelt for laboratory 
culture and for re-capturing marked smelt that 
were stocked in specific rivers.  The project goals 
were to achieve high survival of smelt eggs in a 
hatchery incubation setting, develop otolith 
marking protocols and verify restoration success 
following stocking in a control river.   
 
Approximately 5.3 million marked smelt larvae 
were stocked into the Crane River during 2005-
2008.  The analysis of age-1 smelt otoliths from 
2008 fyke net catches at restoration river stations 
found 16% of the Crane River age-1 smelt and 
14% of the North River age-1 smelt were stocked 
as larvae by this project.  Conclusions cannot be 
reached on the contributions of larvae stocked in 
2005 and 2006 because these smelt were marked 
as eggs and subsequent investigations found that 
the OTC mark in smelt marked as eggs did not 
persist in hatchery specimens reared for one year.  
The smelt larvae stocked in 2007 and 2008 were 
marked as larvae with 500 mg/l OTC which our 
laboratory investigations indicated is more 
durable than the egg marking and does not 
negatively influence egg or larval survival.  
 
Smelt fyke nets successfully captured smelt at all 
six stations during 2005-2008 revealing unique 
population signals of spawning run seasonality, 
age composition, and size at age.  This technique 
shows promise for tracking age composition and 
cohort strength.  The catch data also contributed 
information on other species of diadromous fish 
that are poorly documented in Massachusetts.   

 
We believe these efforts mark the first time 
rainbow smelt have been reared on a dry diet and 
to maturity in a closed-loop hatchery system.  The 
recapture of OTC-marked rainbow smelt in the 
Crane River is also a novel achievement that may 
develop into a restoration tool that can be applied 
in other river systems.   Continued sampling and 
larval stocking in 2009 should provide a better 
assessment of the contribution of stocking to 
smelt runs and the overall utility of these methods 
for smelt population restoration.   
 
3. The American Shad Propagation Project is a 
collaborative effort between MarineFisheries and 
the U.S. Fish and Wildlife Service to restore 
viable populations of shad to the Charles and 
Neponset Rivers by establishing a fry-stocking 
program and improving fish passage in these 
systems.  Significant fish passage improvements 
were made to the Charles River, but passage in the 
Neponset River was not projected to be realized 
during this study period, so all American shad fry 
production was allocated to the Charles River.   
 
Despite coincident high water flow events in the 
Merrimack River that limited broodstock 
availability, the HubLine American Shad 
Propagation Project successfully produced and 
stocked shad fry in the Charles River between 
2005 and 2008.  In June 2005, following 
infrastructure installation, limited pilot production 
was conducted at Essex Dam and at the North 
Attleboro National Fish Hatchery and by spring 
2006, full-scale spawning and rearing was 
operational at the Nashua and North Attleboro 
National Fish Hatcheries and at Essex Dam.  
From 2006 through 2008, approximately 3000 
adult American shad broodstock were captured at 
the Essex Dam, Merrimack River, injected with 
hormone and successfully spawned.  A total 3.6 
million shad fry were immersed in an oxy-
tetracycline bath to mark their otoliths and 
stocked in the Charles River.   
 
Otolith marking allows identification and 
quantification of hatchery-origin shad in 3-4 years 
when these fish reach maturity and return to 
spawn.  A successful restoration will be indicated 
in future years by the presence of a greater 
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number of naturally-spawned individuals as 
compared to hatchery-spawned individuals. 
 
 
Shellfish Stock Enhancement Project 
The Shellfish Stock Enhancement Project is 
restoring/enhancing soft-shell clam (Mya 
arenaria) populations in five Boston Harbor 
communities Winthrop, Quincy, Weymouth, 
Hingham and Hull.  The soft-shell clam was 
identified as an impacted species from the 
construction of the HubLine gas pipeline along 
near shore areas.  Restoration is being conducted 
through cooperative programs with local 
municipalities, commercial shellfishers, and 
Salem State Northeast Massachusetts Aquaculture 
Center (NEMAC), with funding and technical 
assistance from MarineFisheries.  
 
In 2006, the study team seeded over one million 
hatchery-reared juvenile clams within five 
enhancement sites on tidal flats in Quincy, 
Weymouth and Hingham.  Clam size, sediment 
type and beach kinetics were found to 
significantly influence clam survival.  Planted 
clams larger than 10mm in length exhibited a 
higher survival rate than smaller juveniles.  
Juvenile clams that were planted in silty mud did 
not survive.  Similarly, enhancement sites that 
were exposed to significant tidal current, stream 
flows, wind driven waves or vessel wake suffered 
high levels of clam mortality. 
 
During summer 2007, an additional 870,000 
juvenile clams that averaged between 10.5 to 16.8 
mm SL were stocked at eight enhancement sites in 
Hull, Winthrop, Quincy, Weymouth and 
Hingham.  In 2008, 42 plots were seeded with 
756,000 seed clams at four enhancement sites in 
Winthrop, Quincy and Weymouth.  Subsequently, 
temporary restrictions placed on the sale of seed 
clams from the NEMAC hatchery facility reduced 
the plan to plant 1.62 million clams.  Routine 
pathology tests of juvenile clams within Salem 
State’s hatchery revealed the presence of an 
ectoparasite which warranted further investigation 
by MarineFisheries. 
 
A controlled harvest of two of the 2006 
enhancement plots was undertaken.  Legal-sized 
clams were depurated at the Newburyport plant 

and later sold by the Master digger.  Under-sized 
clams were replanted within the harvested plots. 
 
Efforts to collect wild clam spat were 
unsuccessful.  No significant numbers of YOY 
clams were found within any of the 44 spat 
collectors that were sampled.  This was likely due 
to currently small resident spawning stocks of 
softshell clams in Boston Harbor since this 
collection method has been used successfully in 
other coastal Massachusetts areas.
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HubLine Impact Assessment, Mitigation, and Restoration 
Completion Report  

May 31, 2003-May 31, 2008 
 
 

I. Introduction 
 
This report summarizes monitoring and 
mitigation/restoration activities of the Division of 
Marine Fisheries (MarineFisheries) during the 
period 31 May 2003 through 31 May 2008 in 
response to assumed impacts from the 
construction of the HubLine natural gas pipeline 
in Massachusetts Bay.  The "HubLine" natural gas 
pipeline was constructed by Algonquin Gas 
Transmission Company in Massachusetts Bay 
during 2002-2003.  This 29.4 mile long, 24" to 
30" diameter pipe runs from Salem/Beverly to 
Weymouth and is buried at a minimum depth of 3 
ft. with several exceptions (Figure I.1).  
Horizontal directional drilling, conventional 
dredging, jetting, plowing, and blasting were all 
part of the construction process and collectively, 
they were assumed to have exerted an impact on 
the marine environment and living resources.  
Depending upon the type of equipment used, the 
area of disturbed sediments along the pipeline 
pathway caused by trenching and back-filling 
varied to as wide as ~70ft.   
 
Specific Time-Of-Year (TOY) work windows 
were defined in the permitting process by the 
reviewing agencies in order to minimize the 
impact of construction activities on e.g., migratory 
movements or spawning seasons and the 
associated vulnerability of eggs and larvae of 
various species.  Exceeding recommended TOY's 
beyond 30 April 2003 and 31 May 2003 work 
window end dates resulted in monetary 
compensation to the Commonwealth by 
Algonquin for mitigation and restoration for any 
short or long-term impacts to aquatic resources 
and habitat and for assessment.  MarineFisheries 
was the designated lead agency in receipt of these 
funds and with the responsibility to provide 
effective mitigation and/or restoration of aquatic 
resources and habitat and impact assessment.   
 
 

II. Program Administration and 
Public Process 
 
A HubLine Mitigation and Restoration 
Coordinator (Bruce T. Estrella) was assigned to 
administer, develop, and manage a 
mitigation/restoration and monitoring/assessment 
program and associated costs.  An administrative 
budget was prepared for operation and support of 
HubLine-related activities.  Expenditure 
organization and accounting associated with the 
management of the budget, designing, 
implementing, and supervising research projects, 
purchasing, contracting, and hiring are among the 
responsibilities of this program coordinator. 
 
Duties were initiated with the development of an 
accounting system to monitor and collate 
expenses incurred by the HubLine Program.  A 
MarineFisheries internal steering committee was 
chosen to provide initial guidance to the HubLine 
mitigation and restoration program.  An 
informational brief was drafted for committee 
discussion to provide members with the HubLine 
construction project background.  This included 
assumed impacts to marine resources and habitat 
from the construction, funding granted to mitigate 
those impacts, a list of assessment, monitoring, 
mitigation, and restoration proposals 
recommended to date, and a timeline for our 
future activities. 
 
A public process was implemented by November 
2003 to solicit input on mitigation/restoration 
project selection criteria and project ideas.  We 
defined the public process to include a public 
announcement and comment period during 
October 28- November 28, 2003 and the creation 
of an Inter-Agency Steering Committee to seek 
input from interested stakeholders and relevant 
state and federal agencies.  The Steering 
Committee, which included representatives of the 
MA Department of Environmental Protection, 
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Figure  I.1.  Route of HubLine natural gas pipeline in Massachusetts Bay. 
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National Marine Fisheries Service, Coastal Zone 
Management, Environmental Protection Agency, 
Conservation Law Foundation, and Marine 
Fisheries Commission, met twice during winter 
2003/2004 to help us define a 
mitigation/restoration work plan.  On 23 
December 2003, we presented an array of optional 
mitigation ideas to the Steering Committee.  
These were a product of a review of all available 
inter-agency documents and communications 
associated with the environmental review process 
for the HubLine construction, the scientific 
literature on mitigation and restoration studies, 
and contributions from key MarineFisheries' 
project leaders (Internal Steering Committee) with 
expertise on specific resources.  Ideas favored by 
the Committee were developed into full proposals 
which were reviewed by the Committee on 24 
February 2004.  The proposals include work in 
four areas:  eelgrass restoration, habitat 
enhancement, anadromous fish restoration, and 
shellfish propagation.  All mitigation efforts were 
planned for implementation during 2004-2008 and 
include monitoring and evaluation of relative 
success in meeting program objectives. 
 
 
III. Monitoring and Assessment 
  
Post-construction assessment activities of the 
HubLine pathway were multi-faceted and 
intended to evaluate impacts from the construction 
and monitor recovery.  This long term effort 
included specific assessment and monitoring plans 
which, in some cases, were associated with related 
and co-occurring mitigation project field 
activities.  Acoustic and optical surveys of 
sediment and biota, species diversity 
investigations and on-going MarineFisheries 
surveys helped to contribute to the evaluation of 
potential impacts.  Commercial lobster sea 
sampling, ventless lobster trap monitoring, early 
benthic phase lobster suction sampling, and 
standardized bottom trawl survey data were 
incorporated into the final assessment of relative 
abundance trends for species inhabiting the 
impacted area.   
 
 

III A.  Acoustic and Optical Surveys of Pipeline 
Pathway 
 
1.  Short Term Transect Surveys of Unburied 
Pipe 
 
1.1.  Surveys of Unburied Pipe -- TRC 
Solutions Contract 
Assessment of impacts of pipeline construction 
began in June 2003.  The exceeding of spring 
TOY work window end dates raised concerns 
about potential impacts to American lobster 
(Homarus americanus) and the associated fishery 
via interference with seasonal onshore migration 
of lobsters.   This resulted in the immediate need 
to evaluate the effect of surface laid pipe or open 
trench on the seasonal onshore migration of 
American lobster.  Accordingly, of the funds 
allocated to the Commonwealth for assessment, a 
portion was spent by Algonquin on a contracted 
diver video and ROV survey of lobsters in the 
vicinity of the pipeline.  The survey was 
conducted during a 12-day period in June and 
July, 2003, however, it was originally intended to 
occur prior to pipe burial.  The study did not 
report higher concentrations of lobsters on the east 
side of the pipe which would have indicated that 
the pipe was an impediment to inshore (westward) 
migration of lobsters (Anonymous 2003).    
However, since back-fill plowing had already 
begun, these results are considered inconclusive. 
 
1.2.  Surveys of Unburied Pipe -- 
MarineFisheries 
Additional monitoring studies were initiated by 
MarineFisheries in August 2003 with several 
localized sampling efforts.  MarineFisheries' staff 
conducted underwater video monitoring and diver 
transect surveys to describe and quantify biota in 
and near the trenches of three sections of exposed 
pipe (two 500' and one 1800' section) off Boston 
on August 11, 2003 (Figure IIIA1.2).  Algonquin 
representatives had indicated that burial of these 
sections to the mandated depth of 3-10ft) was not 
possible due to ledge and they planned on 
covering them with stone.  Concerns were raised 
because this was an unplanned activity for this 
time of year which could affect finfish or 
crustacean presence in adjacent natural habitat.  In 
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Figure IIIA1.2.   Location of three sections of exposed pipe targeted for DMF SCUBA surveys, 
August 11, 2003.   
 
 
 
advance of this action, we devised and deployed a 
sampling strategy to evaluate the potential impact 
on fauna and flora which may have re-populated 
the area.  A request was made to Algonquin’s 
representatives to place marker buoys on the pipe 
sections in question to facilitate locating the sites. 
 
Our survey design included observational and 
video transects along the center of each pipe 
section and also parallel transects 30' to either side 
of center to provide an overview.  Perpendicular, 
"across-pipe" 60' transects were also planned at 
100' intervals to characterize the bottom sediments 
and enumerate finfish and invertebrates.  
Perpendicular transect length was established by 
doubling the projected 30' footprint of the area 

designated for fill (30' out from each side of the 
pipe centerline). 

Two ~ 500+ ft. sections were evaluated, but a dive 
on the third and longest section (1800+ ft) was not 
possible because its marker buoy was not located.  
At this point the current was very strong and the 
fog was too thick to risk drift dives at this location 
to find the 3rd exposed section, particularly with 
boat traffic in the area.   
 
This monitoring effort indicated that significant 
changes in vegetation and re-colonization of 
crustaceans and finfish had occurred in a 
relatively short time since the pipe was laid.   
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2.0 Long Term Surveys of Back-Filled Trench 
MarineFisheries’  "long-term" surveys began after 
the original schedule of pipeline trench filling and 
leveling was completed by Algonquin and its 
contractors (Table IIIA2.1).  (Additional back-
filling occurred thereafter at specific sites via 
permit amendments, but this did not affect our 
survey activities.) 
 
2.1 Acoustic and Optical Survey Methodology  
In order to monitor changes in vegetation, re-
colonization in the disturbed area, and sediment 
relief recovery we undertook a sonar and video 
monitoring effort to provide post-construction 
baseline information.  As-built coordinates of the 
pipeline pathway were acquired from Algonquin’s 
subcontractor, TRC Environmental Corporation, 
and baseline imaging of the disturbed sediments 
using sonar and video equipment aboard the 65' 
NOAA R/V Gloria Michelle was initiated.  
 
Side scan and ultimately multibeam sonar were 
deployed to monitor sediment relief.  (This 
sediment imaging effort also contributed to the 

site selection process for the naturalistic reef; see 
Section IV.)  A dual camera sled system was 
initially set up for surveillance of the pipeline 
pathway and DVD recording hardware and GPS 
video-overlay electronics were interfaced.  ROV 
cameras eventually replaced the sled system.  
Video data assisted in the ground-truthing of 
sonar records and both helped us to monitor 
sediment relief recovery, floral succession, and 
faunal recolonization of the disturbed sediments.  
Diver surveys (associated with related HubLine 
mitigation projects) were also conducted to 
complement this work.  Multi-year assessments 
were made to track the recovery of species 
diversity on the disturbed sediments relative to 
control sites.   
 
Surveys were conducted along the pipeline 
pathway using NOAA’s 65’ R/V Gloria Michelle 
as a research platform and were confined to a 
minimum operating depth of about 20ft MLW.  
The vessel was operated from the Pt. Allerton 
USCG Base in Hull, Massachusetts.  Inshore, 

   
 
    Table IIIA2.1.  Schedule of MarineFisheries' sonar and optical surveys conducted on the  
     HubLine pipeline, Massachusetts Bay, 2004-2007. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

March April May June July Aug. Sept. Oct. Nov. 
2004                   

Video Sled X X   X   X   X X 
Side Scan Sonar X X        X       X  
Benthos C3D/ 
Sonar X              
ROV       X   X    X  X  
                    

2005                   
ROV       X X     X X 
Side Scan Sonar       X X     X X 
                    

2006                   
ROV       X      X  
Side Scan Sonar       X X         
Multibeam Sonar       X X         
                    

2007                   
ROV       X           
Multibeam Sonar       X           
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shallow water area segments (< 20 ft.), previously 
not surveyed due to the R/V Gloria Michelle's 
draft, were surveyed with a smaller contracted 
vessel resulting in near complete coverage of the 
back-filled trench across all but the shallowest 
depths.  Exceptions included each terminus of the 
underwater pipeline and certain locations at the 
mouth of Boston Harbor because they were in 
shallow rocky areas that prevented safe navigation 
and towing of equipment.   
 
American Underwater Search and Survey, Ltd. 
(AUSS), conducted the side-scan sonar surveys 
and participated in the ROV surveys conducted by 
Ocean Eye, CJ Industries, Inc.  MarineFisheries 
personnel conducted the video sled, SCUBA, and 
multibeam surveys.   
 
The suite of equipment operated from the survey 
vessels included: 
 
Navigation:  Vessel’s DGPS and a Hypack Max 

program on a laptop computer 
 
Survey:  EG&G DF1000 dual frequency digital sonar 

in the 500kHz mode (2004) 
         

Edgetech 272 dual frequency analog 
sonar in 500kHz mode (2004-2006) 

         
Benthos C3D bathymetric side scan sonar 
(March 2004) 

                      
Marine Sonic sonar in 900 kHz mode 
(November 2004) 
        
Marine Fisheries’ one and two camera system 
mounted to drift and on an AUSS towfish  
(March, April, June, August 2004) 
        
Benthos MiniRover Mark II ROV (2004-
2007) 
        
Outland Technology ROV Model 1000 
(October 2006) 
        
Simrad EM3002 multibeam sonar (2006-
2007) 

 
 
Sonar images recorded during 2004 surveys were 
reviewed in order to evaluate sediment type and 
relief. Nineteen permanent sites were then 

established from this analysis for future 
monitoring (Figure IIIA2.1).  These sites were 
representative of various sediment types, 
topographical features, and depth along the 
pipeline pathway.  Forty-six concrete moorings 
with tethered sonar reflectors were constructed 
and deployed at these sites to help ensure 
accuracy in the re-surveying of these locations.  
Surveys of these “sentinel” sites began in June 
2005. 
 
 
2.1.1 Side Scan Sonar Survey 2004-2006 
Standardized transects, representative of relief 
profile, were defined at each site for annual relief 
monitoring.  Relief measurements were calculated 
from the shadow component of each site’s side 
scan sonar record and reflect vertical profile 
relative to the surrounding natural seabed.  Side 
scan measurements were facilitated by the berm 
pattern left by trench back-fill plowing.  Trench 
backfilling equipment typically leaves a tell-tale 
pattern of berms similar to that in Figure IIIA2.2.  
This pattern, although partially obscured at some 
sites due to permit-required dumping of fill, 
provided “landmarks” for annual relief 
measurements along standardized transect 
coordinates.  These “landmarks” were outer and 
inner berms on the west side of the trench, three 
points in the center of the trench, and outer and 
inner berms on the east side of the trench (Figure 
IIIA2.2). 
 
Relief changes evaluated with side scan 
sonagrams during the 2004-2006 period are 
depicted in Figure IIIA2.3 for 15 sites for which 
data were available. 
 
All sites exhibited some changes to relief 
morphology and elevation; some sites exhibited 
subtle changes while others showed moderate to 
major changes.  Current speed and bottom 
morphology may have channelled water flow and 
intensified dynamics at some sites.  Thus 
enhancing the ageing or weathering effect 
resulting in the smoothing of features over time.  
Most of the sites which exhibited smoothing were 
at depths <70ft where the impact of storm surge is 
more likely to affect the ocean floor.  
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        Figure IIIA2.1.  Map of HubLine natural gas pipeline pathway and MarineFisheries’ sonar  
        and video survey sites in Massachusetts Bay. 
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Figure IIIA2.2.  Side scan image showing typical berm pattern left by plow in back-filled 
pipeline trench (1 =outer berm-west, 2 = inner berm-west, 3 = trench-west, 4 = trench-
center, 5 = trench-east, 6 = outer berm-east, and 7 = inner berm-east). 
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Figure IIIA2.3.  Relief changes observed at seven points along standardized 
transects at HubLine sites 3-17 during 2004-2006 side-scan sonar surveys.  The 
seven points correspond to berms created by trench backfill equipment and their 
measurements (1-7) are displayed in a West to East orientation.  (Side scan images 
for sites 3, 4, and 5 in 2006 were either missing due to the inability to survey caused 
by the presence of pot gear and vessel traffic or image quality was inadequate for 
generating elevations; sites 1,2,18, and 19 were too shallow to tow sonar equipment.)   
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Figure IIIA2.3 (Continued).  Relief changes observed at seven points along 
standardized transects at HubLine sites 3-17 during 2004-2006 side-scan sonar 
surveys.  The seven points correspond to berms created by trench backfill 
equipment and their measurements (1-7) are displayed in a West to East 
orientation.  (Side scan images for sites 3, 4, and 5 in 2006 were either missing due to 
the inability to survey caused by the presence of pot gear and vessel traffic or image 
quality was inadequate for generating elevations; sites 1,2,18, and 19 were too 
shallow to tow sonar equipment.)   
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Figure IIIA2.3 (Continued).  Relief changes observed at seven points along 
standardized transects at HubLine sites 3-17 during 2004-2006 side-scan sonar 
surveys.  The seven points correspond to berms created by trench backfill 
equipment and their measurements (1-7) are displayed in a West to East 
orientation.  (Side scan images for sites 3, 4, and 5 in 2006 were either missing due to 
the inability to survey caused by the presence of pot gear and vessel traffic or image 
quality was inadequate for generating elevations; sites 1,2,18, and 19 were too 
shallow to tow sonar equipment.)   
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2.1.2 Multibeam Sonar Survey 2006-2007 
Relief changes from 2006-2007 were evaluated 
with multibeam sonar data which allows 
interpretation of relief by calculating depth 
differentials (Figure IIIA2.4).  A Kongsberg 
EM3002 300 kHz multibeam system was used to 
image the pipeline pathway in 2006 and 2007 
using equiangular beam spacing.  A Seapath 200 
with dual-antennas was used for navigation and a 
Seatex MRU 6 for motion correction.  The 
transducer, MRU, and a sound velocity probe 
were mounted together using a bow-mounted 
bracket on the R/V Gloria Michelle.  A sound 
velocity profiler was also used regularly 
throughout both surveys. 
 
The survey was run from the south to the north 
(Hull to Salem) in both years.  In 2007, data was 
collected on both legs of the survey.   
 
All analyses, including calibration and refraction 
corrections, were conducted in CARIS HIPS/SIPS 
software.  Sites were analyzed using the best data 
available considering salinity correction, tide 
correction, and site coverage (e.g., if a site was 
imaged more than once, the best imaging was 
used; multiple passes over a single site were not 
used in the gridding).  Data was gridded at 1m 
resolution. 
 
Pre-established standardized profile transects were 
analyzed to correspond to profiles generated with 
sidescan sonar data and to compare the gridded 
multibeam bathymetric data from each year.     
 
Assessment of vertical and horizontal accuracy.
Vertical and horizontal accuracy of the technique 
was assessed  by analysis of “static” hard bottom 

relief (concrete armored section of pipeline) at 
Site 8 across years.  The site profile was 
characterized by a pronounced berm in the center, 
1.5m high.  The peaks between the years lined up 
perfectly on a horizontal plane, and were 0.185m 
different vertically.  This suggests that changes (at 
least) in excess of 0.185m should be considered 
significant.  At sites with very rough seafloors, 
measurements may be less accurate due to both 
acoustic reflection errors and error introduced by 
gridding. 
 
Tide correction. The pipeline runs across 
Massachusetts Bay and into two estuarine harbors 
at each pipeline terminus.  The tide station used 
for corrections was Boston Harbor (NOAA 
Station 8443970).  Therefore, consistent or 
relatively minor (< 25cm) changes in the profiles 
are likely due to correction artifacts.   

Salinity and refraction.  Refraction errors due to 
rapid salinity changes were evident in some 
survey lines.  Since the multibeam system 
generates the best data at the center beams, these 
errors were most apparent in the outer beams.  
Although refraction was accounted for in CARIS, 
some sites (e.g., 8, 9, 10, 11, and 16) do show the 
most significant changes between survey years at 
the edges of the profiles.  Also, these changes are 
remarkably consistent across the sites.  The 
eastern side of each site is consistently deeper in 
2006, and the western side is consistently 
shallower in 2006. It is unlikely that these changes 
are real. 

Position offset.  There was a minor position offset 
between survey lines that were run during the 
morning of the survey in 2006. 
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Figure IIIA2.4.  Site relief profiles calculated with multibeam sonar imaging, 2006-2007. 
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Figure IIIA2.4 (Continued).  Site relief profiles calculated with multibeam sonar imaging, 2006-
2007. 
 
When degree and pattern of error was defined and 
evaluated, it was apparent that the majority of the 
differences between years could be explained by 
the vagaries of the acoustics including beam 
refraction, the gridding process, and 
environmental data adjustments during post-
processing, e.g., for tide and salinity.  Resulting 
analyses of multibeam data for changes >0.25m, 
indicated little difference in the profiles of all sites 
between 2006 and 2007 (Table IIIA2.2).  Reliable 
quantification of finer changes beyond this was 
difficult with this method.  

 
The multibeam survey method is potentially 
useful for examining relief changes between 
years, however, one must account for a number of 
pertinent variables.  Frequent sound profiling is 
needed to improve comparative analyses and 
facilitate differentiation between data artifacts and 
real differences.  Sites with “fixed” seafloor 
should be used to evaluate horizontal and vertical 
error across surveys.  
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Table IIIA2.2.  Changes in site relief profiles measured with multibeam sonar.  
 

Site 
% of line changed 

>0.25m 
Standard deviation of 

change 
6 17.39 0.10 
7 2.97 0.09 
8 18.60 0.18 
9 15.38 0.18 

10 53.97 0.24 
11 34.43 0.20 
12 14.63 0.19 
13 6.25 0.14 
16 0.00 0.08 
17 30.00 0.18 

 
 
2.1.3.  ROV Video Surveys  
Video from ROV surveys of the 19 sites (4-136 ft 
depth range) was reviewed, described, and 
evaluated for evidence of re-vegetation and re-
colonization.  A comparison of 2004 with 2005 
data depicted an algal growth and invertebrate and 
finfish presence/abundance which was related to 
bottom type and depth.  Hard substrate facilitated 
attachment of algae, but the proliferation of algal 
growth was largely dependent upon shallow water 
depths to allow light penetration for 
photosynthesis.  Most sites had already exhibited 
algal growth and the presence of various macro-
invertebrate and finfish species when 
MarineFisheries surveys began in 2004.  Clearly, 
mobile species had repopulated the area relatively 
quickly.  Dernie et al. (2003) reported this 
response to sediment disturbance, but it is 
generally coupled with low species diversity.  
Lewis et al. (2002) found a similar response from 
the benthic invertebrate community to the impacts 
of pipeline construction.  Biological monitoring of 
this Mitigation Program's artifical reef installation 
during 2006-2007 also provides supportive 
evidence for these observations (see Habitat 
Enhancement Project in Section IVB of this 
report).  The lack of an available documented 
construction timeline complicated an evaluation 
of site changes since we did not know when 
specific construction activities occurred at each 
site during the 2002-2003 pipeline construction 
period.   
 
Of 13 sites at depths <50 ft, all exhibited 
invertebrate and finfish species presence and algal 

growth, but only 7 of these sites showed any 
obvious changes between 2004 and 2005.  Most 
of the changes were characterized by increases in 
algal growth, but one of them clearly showed 
increased invertebrate presence while one showed 
less growth in 2005 due to added fill.  Of the 6 
sites at >50 ft depth, all sites exhibited 
invertebrate and finfish presence, but minimal 
algal growth.  Only one of these sites (68-84 ft) 
exhibited increased sponge and hydroid growth on 
cobble in 2005. 
 
Between 2005 and 2006, 7 of the 13 sites at 
depths <50 ft exhibited changes primarily in algal, 
hydroid, bryozoan, and sponge growth and areal 
coverage.  Three of 6 sites >50 ft in depth 
exhibited change between 2005 and 2006.  The 
change in two sites (>100 ft) was primarily in 
invertebrate and finfish presence while the third 
site (56-67 ft) exhibited additional hydroid, and 
bryozoan coverage on cobble. 
 
Comparison of the impacted areas with nearby 
natural bottom indicated that more algal, hydroid, 
and sponge growth was present compared to sites 
on the trench.  Four years after construction, 
complete recovery had not yet occurred.  A more 
detailed analysis of hard bottom succession in the 
vicinity of the back-filled trench was conducted as 
part of the Habitat Enhancement segment of this 
Program’s mitigation efforts and can be found in 
Section IVB of this completion report.   
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2.1.4.  Summary of Acoustic and Optical 
Survey Results 
Evaluation of sediment recovery was complicated 
by the presence of cobble fill at 12 of 15 sites for 
which sonar data were available.  Sonar and video 
imaging indicated that 4 years after construction 
the disturbed sediment along the 29.4-mile path 
had not been restored to pre-construction quality 
as required in the construction permit.  A 
considerable amount of relief persisted in the form 
of elongated spoil piles 1-2m in elevation.  
Residual excessive relief had been the subject of 
permit review meetings in 2004 with state and 
federal regulatory agencies and additional fill was 
subsequently added to some locations, but not to 
others based on a consideration for impacts to 
fauna which were already recolonizing.   
   
Sites which received cobble fill could not  be 
expected to exhibit ageing or reduction of 
elevation over time.  However, it is conceivable 
that soft-bottom sediments which are disturbed by 
trenching and back-filling activities may be 
modified and/or leveled by currents and storm 
surge.  Nevertheless, areas with comparatively 
low current velocity or deeper water sediments 
which are less affected by strong winds, may not 
recover naturally.  Sites <70 ft in depth exhibited 
more ageing or smoothing of  features over time 
than deeper sites which was likely due to a greater 
susceptibility to storm surge at shallower depths.   
 

Sediments disturbed by trenching and trench 
back-filling along the pathway generally exceeded 
estimates provided during the pre-construction 
review process and approached 25m (75ft) width.  
This is important information relative to 
evaluation of the impact of future similar marine 
construction projects.   
 
Overall, most of the back-filled trench, especially 
areas with cobble deposition or a cobble sand mix 
suggested early stages of flora and fauna 
colonization.  The shallower sites appeared to 
have more attached growth (bryozoans and 
hydroids) than the deeper sites.  Finfish and 
crustaceans, including lobsters, were observed 
infrequently.   
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III B.  Species Diversity Assessment 
 
1.0 Soft Bottom Species Diversity 
 
Surveys of benthic infauna along the HubLine 
pipeline pathway were conducted to assess species 
diversity and evaluate recovery of biotic 
communities in the sediments disturbed by 
construction. 
 
Methods 
In June 2007, replicate samples were collected by 
SCUBA with 6”diameter acrylic sediment core 
tubes from each of five paired sites (4 samples per 

site, 20 total) representing disturbed and adjacent 
natural "soft" bottom sediments along the pipeline 
(Figure IIIB1.1).   
   
Sample naming reflects the numerical order in 
which the paired samples were collected and the 
location of each station.  For example, at site # 1 
(Figure IIIB1.1), the disturbed sediment replicates 
were named 1 HUB which indicates that this 
sample was taken along the impacted area of the 
HubLine pipeline route and 1 OFF is the paired 
sample to 1 HUB that was taken 50 m away in an 
area that was adjacent, but unlikely to have been 
impacted by pipeline construction. 

 

 
 

Figure IIIB1.1.  Map of Massachusetts Bay with five soft-bottom sites used to evaluate 
species diversity of benthic infauna; sites are numbered in order of data collection. 
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Benthic samples were preliminarily sorted by 
MarineFisheries.  They were stained with Rose 
Bengal to facilitate removal of small organisms 
from the sediment, viewed under a dissecting 
microscope, and each organism was removed and 
assigned to major taxonomic groups that included 
polychaete families, oligochaetes, bivalves, 
gastropods, amphipods, isopods, tanaidaceans, 
and miscellaneous taxa such as anemones, 
nemerteans, and tunicates.   Specimens were then 
identified and enumerated.  During the 
identification process, names of organisms and 
counts were recorded on specially designed data 
sheets.  These data were later entered 
electronically into an Excel spreadsheet.   ENSR 
Marine and Coastal Center, Woods Hole, was 
contracted to assist with identification of species 
and in the analysis of these data.  The substance of 
that work is presented here.  Benthic data was 
analyzed for community parameters including 
calculation of numbers of species and individuals 
per sample.  A secondary tier of parameters was 
calculated to further assess community patterns 
and structure.   
 
PRIMER 6.0 software package of statistical 
routines (Clarke and Gorley 2008) was used to 
calculate diversity indices, including Shannon's H� 
(base 2), Pielou’s evenness value J�, and Fisher’s 
alpha (Clarke and Gorley, 2001) as well as Bray-
Curtis similarity, and Principal Component 
Analysis (PCA).  The Shannon index, which is 
based on information theory, has been popular 
with marine ecologists for many years, but this 
index assumes that individuals are randomly 
sampled from an infinitely large population and 
that all species are present in the sample (Pielou 
1966, 1975; Magurran 1988).  Neither assumption 
correctly describes the biological samples 
collected in most marine benthic programs.  
Fisher's log-series model of species abundance 
(Fisher et al. 1943) has been widely used, 
particularly by entomologists and botanists 
(Magurran 1988).  Taylor's (1978) studies of the 
properties of this index found that it was the best 
index for discriminating among subtly different 
sites.  Hubble (2001) considered Fisher’s log-
series alpha model as the fundamental biodiversity 
parameter and promoted the use of this index for 
studies of diversity in all environments.  For the 
purpose of testing hypotheses, all three diversity 

indices were calculated.  Multivariate 
measurements were also calculated to further 
elucidate benthic infaunal community patterns. 
 
Results 
The HubLine benthic samples were collected over 
a large geographic area including Salem Sound, 
Hingham Bay, and outer Boston Harbor (Figure 
IIIB1.1) and consequently represent a variety of 
habitats.  While grain size samples were not taken 
in association with the infaunal samples, 
inferences regarding sediment texture were made 
with an understanding of species habitat 
preferences.  The most comprehensive marine 
soft-bottom sampling program within the United 
States exists as a component of the long-term 
Massachusetts Water Resources Authority 
(MWRA) Harbor Outfall Monitoring Program.  
The HubLine benthic infaunal dataset can be 
directly compared to the MWRA dataset because 
several of the HubLine Stations were sampled 
from areas that have been historically assessed as 
part of the MWRA Program.  HubLine benthic 
infaunal results from Stations 1, 2, and 3 can be 
directly compared with the MRWA Boston 
Harbor dataset while HubLine Station 4 can be 
compared to the MWRA Farfield Station dataset.   
HubLine Station 5 is within an area not sampled 
by the MWRA Programs; however, this station is 
located within an anthropogenically impacted 
Harbor similar to those sampled as part of the 
Boston Harbor MWRA monitoring program.   

Species Richness 
A total of 95 species were identified from the 5 
replicated, paired HubLine samples  (Appendix 
IIIB1.A).  Number of species per sample ranged 
from 12 species at 4 HUB to 45 species at 2 OFF 
(Table IIIB1.1).  In general, the paired stations 
were more similar to each other when the five 
replicated OFF stations were compared to the five 
replicated HUB stations.  For example, 2 HUB 
had 41 species and 2 OFF had 45 species.  The 
exception to this trend and the only station that 
showed a significant difference when the number 
of species at the HUB station was compared to the 
paired OFF station was Station 1.  The number of 
species identified at 1 HUB (n=32) was 
significantly greater than 1 OFF (n=18) (X2=3.84, 
p=0.05, df=1).  Number of individuals ranged 
between 58 at 1 OFF and 180 at 2 OFF.  Species 
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richness is much higher for the MWRA Program 
with the number of species approaching 250, 
however, it is important to note that MWRA has 
been sampling for nearly 20 years and, thus, has a 
much larger database.  In addition, MWRA’s 
samples are taken with a 0.10 m2 modified Ted 
Young Van Veen grab that samples a greater area, 
affording a statistically better chance to obtain 
more species as compared to 6” cores used in the 
HubLine Program. 

Diversity and Evenness 
The Shannon diversity (H�) was highest at Station 
2 HUB (4.36) and lowest at Station 5 OFF (1.43).  
The remaining stations had H� diversity ranging 
between 4.16 to 3.05.  Diversity (H) tended to be 
higher and more similar along the HUB stations 
when compared to the paired OFF stations with 
subtle differences.  For example, Station 2 OFF 
had a nearly identical Shannon-Weiner diversity 
index to 3 HUB (3.78 and 3.73, respectively) 
while 2 HUB had an H� diversity of 4.35 and 3 
OFF had a diversity of 3.35.  Stations 5 HUB and 
5 OFF had a similar number of species (21 and 
20, respectively), however, 5 OFF had an 
exceptionally low diversity with a value of 1.43.  
Station 5 HUB had diversity which was more 
similar to the other stations with a value of 3.09.  
Overall, H� values were similar to diversity 
measurements from Farfield and Boston Harbor 
benthic infaunal stations sampled as part of the 
MWRA Program with a Farfield mean baseline H� 
of 3.74 (1992-2006) (Maciolek et al. 2007). 

Pielou’s evenness (J�) was generally higher at 
HUB stations when compared to OFF stations 
except for Station 4 where 4 HUB and 4 OFF had 
nearly identical evenness (0.852685 and 
0.852841, respectively). All stations are above the 
MWRA Threshold set for evenness that ranges 
between 0.56 to 0.68 for the Farfield benthic 
community, except for Station 5 OFF that had 
very low evenness (0.33) as a consequence of low 
abundance and species richness. 
 
Mean log-series alpha ranged from 56.40 at 
Station 4 OFF to 5.82 at Station 5.  Station 4 HUB 
and 4 OFF had 12 and 16 species, respectively.  
These two stations had nearly identical evenness 
and had an H� diversity that differed by only 0.36.  
However, the log-series alpha measurement for 
these two stations was 7 times higher at 4 OFF 
when compared to 4 HUB.  Station 4 OFF had 
many more “singleton” species identified, which 
accounted for the high log-series alpha 
calculation.  The baseline mean for log-series 
alpha for the MWRA Farfield stations (1992-
2006), which includes stations within 
Massachusetts Bay, off Gloucester Harbor, and 
Cape Cod Bay, is 13.4 (Maciolek et al. 2007).  
The HubLine Stations 1 HUB, 2 HUB, 2 OFF and 
4 OFF were the only 4 stations above the MWRA 
Farfield baseline mean for log-series alpha, 
however, all stations sampled as part of the 
HubLine program had a log-series alpha value 
that was above the MWRA Boston Harbor mean 
value of 8.5 except Station 5 OFF. 

 

  
 

Table IIIB1.1.  Diversity measurements for HubLine Infaunal Samples 

    Log Series alpha Shannon Weiner  
 Number of Species No. Individuals J' (Evenness) Fisher H' 

1 HUB 32 60.5 0.833528 27.52809 4.167642 
1 OFF 18 58 0.769203 8.941261 3.207518 
2 HUB 41 160.5 0.812888 17.78861 4.35509 
2 OFF 45 180 0.689559 19.25823 3.786958 
3 HUB 27 128 0.786328 10.4489 3.738901 
3 OFF 30 131 0.684242 12.17015 3.357501 
4 HUB 12 27.5 0.852685 8.111446 3.056845 
4 OFF 16 18.5 0.852841 56.40494 3.411364 
5 HUB 21 62 0.704584 11.17522 3.094757 

5 OFF 20 174.5 0.332743 5.827067 1.438093 
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Dominant Species 
Up to the top 10 dominant species at each station 
are listed within Appendix IIIB1.B, along with the 
percent contribution of each to the total 
community.  Differences of dominant species by 
station were likely a consequence of sediment 
texture and resulted in paired HUB/OFF stations 
having more similarity to each other than when 
the HUB stations or OFF stations were compared 
as separate groups.    
 

� 1 HUB and 1 OFF had 60 and 58 
individuals, respectively and shared 4 
of the 6 species that comprised the 
only 9 dominants available at these 
two stations.  Polychaetes dominanted 
these two stations.  Lumbrineris 
tenuis, Nephyts cornuta, Aricidia 
cathrinae, and Prionospio steenstrupi  
were numerically dominant among 
the two stations.  1 HUB had a greater 
number of Leptochirus pinguis 
(amphipods) when compared to 1 
OFF but the number of individuals of 
this species were relatively small (8 
and 1.5, respectively). 

 
� 2 HUB and 2 OFF had two species of 

amphipods (Leptochirus pinguis and 
Ampelisca vadorum) within the top 10 
dominants suggesting these stations 
were both occupied by tube mats.  
Polychaetes also were among the top 
dominants and included the same 
polychaete dominants as found at 
Station 1 HUB and 1 OFF 
(Lumbrineris tenuis, Nephyts cornuta, 
Aricidia cathrinae, and Prionospio 
steenstrupi ).  Station 2 had a greater 
Shannon-Weiner index when 
compared to both 1 HUB and 1 OFF, 
but the log-series alpha was greater 
for 1 HUB when compared to 2 HUB 
and 2 OFF and the communities that 
typically develop among amphipod 
tube mats may contribute to these 
differences. 

   
� 3 HUB and 3 OFF have species that 

are commonly found in sandy habitats 

(e.g., Exogene hebes and Clymenella 
torquata, and Telina agilis) as well as 
three species of amphipods.  While 
there are shared species of 
polychaetes at Station 3 when 
compared to the other stations, the 
overall community at Station 3 is 
different than the communities found 
at the other stations and is likely due 
to the fact that that sediment texture 
has a greater component of sand.  
Shannon-Weiner diversity was similar 
when Station 3 was compared to 
Station 2 but log-series alpha was 
slightly lower (both HUB and OFF).  
Station 2 and Station 3 likely had an 
amphipod tube mat component. 

 
� 4 HUB and 4 OFF had very few 

species and individuals.  While some 
polychaetes found within Station 4 
samples (e.g., Aricidia catherinae) 
were consistently found among all 
stations including 4 HUB and 4 OFF, 
this station had Echinarachnius 
parma dominant at both Station 4 
locations suggesting the sediment at 
this station was comprised of a coarse 
sand and influenced by dynamic wave 
action causing sand wave formation.  
Station 4 HUB and 4 OFF are more 
similar to each other than any other 
stations sampled on or off the 
HubLine route.  Exogene hebes and 
Cyclocardia boreallis were also 
found at 4 HUB and indicate that the 
sediment is largely comprised of 
sand. 

 
� 5 HUB and 5 OFF were comprised of 

species characteristic of muddy 
sediments although the number of 
species at both stations was low.  
Abundance of Nephtys cornuta, a 
predacious polychaete, at 5 OFF was 
extremely high with 141 individuals 
affecting both diversity measurements 
and evenness.  There were 
polychaetes and amphipods present in 
low numbers at both Station 5 
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locations.  Stations 5 OFF and 5 HUB 
were more similar to each other in 
species composition then to other 
stations, however, both Station 5 
samples were more similar in species 
composition to both Station 1 samples 
than to Stations 2, 3, or 4 (likely due 
to the lack of sandy sediment texture). 

 

Multivariate Analysis 
 
Similarity Analysis--The Bray-Curtis analysis 
(Figure IIIB1.2) of these data (after a fourth-root 

transformation to decrease the influence of species 
with high abundances) resulted in a pattern where 
Stations grouped together (e.g., 1 HUB and 1 OFF 
were more similar to each other than any other 
station).  Station 5 and Station 1 form a cluster 
with Station 2 and 3 forming a separate branch.  
Station 4 which was likely to have the greatest 
component of sand and most wave dynamic, 
based on species identified, formed its own cluster 
separate from Stations 1, 2, 3, and 5.  Paired 
stations showed at least 60% similarity.  Stations 
1 and Stations 5 clustered together with 
approximately 45% similarity. 
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PCA-H analysis--The PCA-H analysis (based on 
the similarities) separated the cluster groups 
discussed above along several multidimensional 
axes, with axes 1, 2 and 3 collectively accounting 
for 55% of the total variation (Figures IIIB1.3A 
and IIIB1.3B).  These three axes most likely 
represent a combined sediment grain size and 
regional depth gradient effect; however, these 
factors are not clearly assignable to any of the 
axes.  Axis 1 may represent separation based on 
sediment type as this seems to be the factor 

driving similarity of stations in the Bray-Curtis 
analysis.  Similar to the Bray-Curtis results, 
Stations 1 and 5 clustered together while Stations 
2 and 3 clustered nearer to each other (this is 
clearer in Figure IIIB1.3B).  The separation of 
Station 4 from the other stations is likely due to 
the relatively high abundance of Echinarachnius 
parma (sand dollar) and low species richness at 
this station.  Echinarachnius parma comprised 
20% of the total abundance of individuals at 4 
HUB and 10% of individuals at 4 OFF.  
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results. 

Station 4 
occupies its 
own PCA 
space.

Stations 2 and 3 occupy similar space but 
separate from 1 and 5 as shown in Figure 
IIIB1.3A. 
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Conclusions 
Overall, the benthic communities along the 
HubLine route appeared to be largely recovered 
since species diversity was similar to the ambient, 
control stations located outside the HubLine area 
of disturbance.  This conclusion is based on the 
investigation of the benthic infaunal communities 
at 5 soft-bottom stations located along the 
HubLine pipeline construction route for evidence 
of impact from the construction process which 
occurred between 2002 and 2003.  Replicate core 
samples were collected on and off the trench at 
each of the 5 stations in 2007.  
 
Multivariate statistics allow for visualization of 
data similarities.  Both the Bray-Curtis similarity 
and PCA show that the grouping of  stations is 
related to the organisms identified from them in 
addition to a possible sediment grain size and 
regional depth gradient effect for these organisms.  
Station grouping is not related to pipeline 
trenching and/or back-filling effects.   
 
Analyses suggest that biological samples taken on 
the HubLine trench (HUB) and adjacent to the 
HubLine trench (OFF) were more similar to each 
other (e.g., 1HUB to 1OFF) then when compared 
across stations.  Pipeline trenching and trench 
back-filling may have originally impacted these 
benthic infaunal communities, but this 2007 
survey indicates their species diversity and 
evenness values are within the mean baseline 
range of MWRA’s Harbor Outfall Monitoring 
program.   
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2.0 Hard Bottom Species Diversity 
Between 2005 and 2007 species diversity surveys 
were conducted in conjunction with the 
MarineFisheries Habitat Enhancement Project's 
reef siting and biological monitoring efforts and 
were planned in order to enhance HubLine 
recovery assessment activities.  SCUBA surveys 
of "hard" bottom sites on and off the HubLine's 
back-filled trench provided data for comparative 
analyses of fauna on this sediment type. 
 
Pre-Reef Installation  
A preliminary comparative analysis of biota at 
several "hard" bottom sites was conducted from 

survey data collected prior to the reef construction 
in 2005.  Suction sampling was used to gather 
quantitative data on species abundance and 
diversity from a site impacted by pipeline 
construction (HubLine fill point) and two control 
sites at natural reefs (Marblehead Natural and 
Boston Natural; Figure IIIB.2).  The suction 
sampling device consisted of a PVC lift tube 
supplied with air from a SCUBA tank.  Samples 
were air-lifted into a mesh nylon bag attached to 
the upper end of the suction tube.  At each site, ½  
m2 quadrats were haphazardly placed on the 
substratum at least 2 m apart until a total of 12 
replicates were completed at each site.  

 

 
 
Figure IIIB.2.  Map of Massachusetts Bay with three site locations used to evaluate species 
diversity.   
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Species densities, calculated per m2, indicated that 
larval crustacean settlement was highest on the 
natural reefs and lowest on the HubLine site 
(Table IIIB.1), but postlarval lobsters were present 
at all three sites.  The HubLine site had the lowest 
density of all size lobsters.  Three benthic finfish 
species, the radiated shanny, cunner, and rock 
gunnel, showed no definitive trends across sites 
(Table IIIB.2).  
 
A comparison of species abundance and diversity 
by site is depicted in Figure IIIB.3.  The two 
natural reefs had higher species diversity and 
lower abundance than the disturbed site.  The 
HubLine site had the highest abundance, but its 

species diversity was extremely low, consisting 
primarily of small whelks and crustacean larvae.  
This high abundance and low diversity is 
characteristic of disturbed sediment (Dernie et al. 
2003; Lewis et al. 2002). 
 
Three species diversity indices were calculated on 
the suction sampling data in order to compare 
natural cobble sites to the HubLine site.  All three 
analyses (Shannon-Weiner, Simpson, and 
JackKnife) demonstrated that the natural reef sites 
had the higher measure of species richness than 
the disturbed sediment on the HubLine site (Table 
IIIB.3). 

 
 
          Table IIIB.1.  Mean density in number per m2 of suction-sampled crustaceans, 2005.   

Marblehead
Natural Boston Natural HubLine Fill 

Mean YOY Lobster 
Density* 

1.17 1.33 0.83 

Standard Error 0.46 0.38 0.30 

Mean Density of all 
Lobsters*

5.33 3.00 1.67 

Standard Error 0.71 0.67 0.48 

Mean Density of All 
Crustaceans* 

52.33 41.83 25.50 

Standard Error 4.52 6.58 3.61 

* n = 12 quadrats per site  
 
 
 
 
           Table IIIB.2.  Mean density in number per m2 of suction-sampled finfish, 2005*. 
 

Radiated 
Shanny Cunner Rock Gunnel 

Total
Standard

Error 

Marblehead Natural 0.42 0.08 0.08 0.26 
Boston Natural 0.17 0.08 0.33 0.19 

Hubline Fill 0.58 0.17 0 0.23 

     
* n = 12 quadrats per site      
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Figure IIIB.3.  Mean species abundance from suction sampling (percentages calculated from 
number of individuals per 1/2 m2  quadrat) and species diversity for three cobble "reef" sites, 2005. 
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Table IIIB.3.  Results of species diversity analyses by site from2005 suction sampling data.  Lower 
values indicate lower diversity. 
 

Marblehead 
Natural Boston Natural 

HubLine 
(Back-filled Site) 

Species count 26 21 12 
Individual count 677 496 818 
Shannon-Wiener Diversity Index       
                   N statistic 9.21 7.30 2.57 
                   H statistic (Ln of N)  2.22 1.99 0.94 
Simpson 0.84 0.83 0.44 
JackKnife 29.67 25.58 15.67 
                      Upper CI 36.04 32.04 19.20 
                      Lower CI 23.30 19.12 12.13 

 
 
Post-Reef Installation 
During 2006-2007 biological monitoring allowed 
comparative species diversity evaluations on the 
new artificial reef site, a natural reef, sand, and a 
disturbed site on the HubLine trench (cobble-
filled area) (refer to Section IVB in this report for 
a comprehensive data treatment).  These data are 
helpful in analyzing recovery of disturbed 
substrate. 
 
Surveys of biota were conducted in three ways: 1) 
air-lift suction sampling (finfish, mollusks, and 
mobile invertebrates, except polychaetes), 2) 

transect (swath) surveys (mobile 
macroinvertebrates, solitary tunicates, bivalves, 
and fish) and 3) percent cover evaluations in 
quadrats (encrusting tunicates, sponges, barnacles, 
and macroalgae).  Results of Shannon-Weiner 
diversity analyses were used to compare the 
natural reef site to the disturbed HubLine site and 
are reported in Table IIIB.4.  In most cases, the 
species diversity on the natural reef was 
significantly different and still higher, with some 
seasonal variation, than that on the HubLine back-
filled trench approximately 4 years after pipeline 
construction. 

 
 
Table IIIB.4.  Shannon-Weiner diversity index results from three survey data sets, 2006-2007. 

Natural 
Reef 

(H' statistic) 

HubLine
(Back-filled Site) 

(H' statistic) 

Natural vs. HubLine 
Bonferroni-adjusted 

alpha = 0.008 
Air-Lift Suction Data 1.80 1.58 t = 3.931, Sig. Different 

Bonferroni-adjusted 
alpha = 0.01 

Transect Survey 
Spring 1.14 1.72 t = 9.22, Sig. Different 

Summer 1.25 1.57 t = 4.60, Sig. Different 
Fall 1.42 1.14         t = -2.08      ------ 

Winter 0.35 0.94 t = 6.08, Sig. Different 
Percent Cover 

Spring 2.410 1.722 t = 3.72, Sig. Different 
Summer 2.613 1.530 t = 5.67, Sig. Different 

Fall 2.867 0.920 t = 9.31, Sig. Different 
Winter 2.330 1.130 t = 9.72, Sig. Different 
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These results are not surprising since it takes years 
for encrusting organisms, sponges, algae, and 
other sessile invertebrate communities to develop 
and provide a balanced environment for predators 
and foraging species.  Larger, mobile epibenthic 
macroinvertebrate and finfish species can 
repopulate an area relatively quickly which may 
explain the mixed transect survey results.  
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III C. Enhanced Commercial Lobster Sea Sampling in Massachusetts Bay 
 
Initial concerns about pipeline construction on the 
commercial lobster fishery in Massachusetts Bay 
focused our attention on enhancing existing 
commercial lobster sea sampling activities in the 
general Massachusetts Bay area and in the MA 
portion of the southern Gulf of Maine in calendar 
year 2003.  Two additional contract Fisheries 
Technicians were hired to conduct this work and 
their efforts nearly doubled the usual number of 
commercial sea sampling trips in the area of 
concern during 2003.   
 
This commercial sea sampling is a cooperative 
effort with commercial lobstermen and is 
conducted at least twice per month during May-
November when over 90% of commercial lobster 
landings occur.  Data are from a subset of the fleet 

and MarineFisheries has continued commercial 
lobster sea sampling in order to monitor trends in 
this important fishery.    
 
The marketable catch in number of lobster per 
trap, standardized to 3 set-over-days (CTH'3;  
Estrella and McKiernan 1989) was calculated by 
month (May-November) during 1999-2007 for the 
Massachusetts Bay areas of Beverly-Salem and 
Boston Harbor (Figure IIIC.1).  Annual CTH'3 for 
the two areas are displayed in Figure IIIC.2.  The 
data depict a general downward trend from 1999-
2007, however this is consistent with a broader-
based downward trend elsewhere in the Gulf of 
Maine.  These data need to be interpreted 
cautiously since they comprise catch rates of 
legal-sized lobsters which were hatched and 
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settled out as post-larvae 6-8 years earlier.  Trends 
in these data are a reflection of not only survival 
during the pelagic larval period and settlement 

success, but natural mortality during their sub-
legal term and fishing mortality upon reaching 
minimum legal size.
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Figure  IIIC.1. May-November CTH'3 by year (1999-2007) for American lobster from 
from the Beverly-Salem and Boston Harbor areas of Massachusetts Bay.
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and Boston Harbor areas of Massachusetts Bay, 1999-2007.
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III D.  Suction Sampling of Early Benthic Phase Lobsters 
 

The partially HubLine-funded MarineFisheries 
suction sampling of early benthic phase (EBP) 
lobsters in the Massachusetts Bay area was used 
to help evaluate potential HubLine impacts on 
larval lobster settlement relative to previous years 
(Figure IIID.1).  Sampling was conducted using a 
diver-operated suction device.  Sampling design 
and equipment was standardized according to the 
strategy defined by Wahle (1993).  The suction 
device consisted of a 3" PVC lift tube supplied 
with air from a SCUBA tank.  Samples were air-
lifted into a 1.5 mm mesh nylon bag attached to 
the upper end of the suction tube.  At each site, 
0.5 m2 quadrats were haphazardly placed on the 
substratum at least 2 m apart.  Large boulders and 
large patches of sand were avoided.  Sampling a 

quadrat in cobble habitat involved slowly moving 
the lift tube over the bottom while carefully 
moving rocks individually (Figure IIID.2).  Rocks 
were removed until no interstitial spaces 
remained.   
 
Experimental EBP sampling by diver-operated 
suction equipment in MA coastal waters began in 
1995.  Due to the short length of the time series, 
indices have yet to be related directly to 
commercial catch rates or landings.  The effects of 
natural mortality occurring between settlement 
and recruitment to commercial size are unclear, 
making it difficult to interpret trends and their 
effect on the fishery.   

 

 
 

Figure IIID.1.  Suction sampling sites occupied in Massachusetts coastal waters 
north of Cape Cod, 2006. 
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Figure IIID.2.  View of typical SCUBA suctioning operation within a 1/2 m2 quadrat. 

 
 
 

 
 
 
The densities of young-of-the-year (YOY) 
lobsters (<14mm CL) from regions in the 
vicinity of the HubLine construction, i.e., Salem 
Sound, Boston Harbor, and Cape Cod Bay, are 
depicted in Figure IIID.3.  These are post-larval 
lobsters which had recently settled out of the 
pelagic stage to the bottom-dwelling stage.  The 
densities of early benthic phase lobsters (0-
25mm CL)  are presented in Figure IIID.4.  This 
group includes YOY sizes through 25 mm CL at 
which juveniles tends to become mobile and 
seek alternative shelter.   

 
Generally, catch densities increased through 
about 2004-2005 then declined thereafter to 
2002-2003 levels.  However, interpretation of 
both sets of these data should be done cautiously 
since they are characterized by high variances.  
Consequently, these time series show no 
obvious correlation with the 2002-2003 HubLine 
construction period.   
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Figure IIID.3.  Densities of YOY Lobsters (0-14mmCL) in the MA portion of the
 Gulf of Maine, 1995-2007.
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Figure IIID.4.  Densities of EBP Lobsters (0-25mm CL) in the MA portion of the
 Gulf of Maine, 1995-2007.
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 III E.  Ventless Lobster Trap Survey 
 

Staff:  Robert Glenn, Tracy Pugh, Coordinators 
 Steve Voss, Fisheries Supervisor 
 Steve Wilcox, Fisheries Supervisor 
 
Completion Report – Robert Glenn and Tracy Pugh 
 
Introduction 
In the fall of 2004 MarineFisheries initiated a 
pilot ventless lobster trap survey in Massachusetts 
Bay with funding from the HubLine Mitigation 
Fund. This survey was designed to monitor lobster 
(Homarus americanus) relative abundance and 
size distribution over a variety of habitats and 
depths in Massachusetts Bay.  Sediment and depth 
were used as the survey strata, since these two 
variables are known to influence the spatial 
distribution of lobsters at any given time of year 
(Aiken and Waddy 1986, Thomas 1968, Cooper 
1970, Cobb 1971, Cooper et al 1975, Hudon 
1987, Able et al 1988, Wahle and Steneck 1991).  
 
The survey had three main goals: 

� Characterize size distribution and relative 
abundance of American lobster in 
Massachusetts Bay. 

� Document the relative importance of 
substrate type and depth as it pertains to 
American lobster abundance and 
distribution. 

� Develop a pilot project for a coastwide 
fishery-independent monitoring program 
for American lobster.  
 

The initial pilot effort consisted of forty randomly 
selected sampling stations distributed 
proportionately among fifteen strata (four fully-
defined sediment strata, one “mixed” sediment 
strata, and three depth strata).  Each ventless trap 
trawl was hauled twice in October and November 
of 2004 respectively.  This pilot effort allowed us 
to make inferences about the CPUE and size-
distribution of American lobsters by sediment 
type and depth range.   
 
Based on what we learned during the 2004 pilot 
season, the survey methodology was adjusted (see 
Methods) and the survey was expanded to eighty 

stations.  Traps at these stations were hauled twice 
per month for seven months (May through 
November) in 2005 and 2006.  Funding for the 
expanded survey was provided by the Northeast 
Consortium.  In addition to the ventless trap 
survey work in 2006, MarineFisheries initiated a 
bottom sediment verification survey with the 
intent of verifying the accuracy of the original 
sediment data layer we used to stratify our survey.  
The sediment data layer used in the stratification 
process was generated from a report (Knebel 
1993) that combined existing sonar records from a 
number of different projects to produce maps of 
the sedimentary environments for Boston Harbor 
and Massachusetts Bay.  In some instances, and to 
varying degrees, these records were verified using 
photographs and/or bottom grab samples. In other 
instances there are no records of visual 
verification of sediment types.  The areal 
arrangement and concentration of the side scan 
sonar transects also varied according to the 
purposes of the original projects, thus the data 
used to create the overall sediment map were 
spatially variable.  Three general sediment types 
were described using a geologic classification; 
erosional/non-depositional, depositional, and 
sediment reworking (which could have features in 
common with both erosional and depositional 
environments). 
 
In order to accurately describe the sediment on 
which the ventless trap survey was conducted, we 
needed to visually confirm the type of sediment 
present at each sampling location.  This 
verification allowed us to correct inaccuracies in 
the sediment classification data layer and 
permitted examination of lobster distribution and 
relative abundance in relation to habitat type with 
a great degree of confidence that the traps were 
indeed fished on a particular bottom type.  This 
work also gave us an opportunity to verify that the 
geologic description used by USGS coincided 
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with a meaningful biological description of 
habitat. 
 
Out of the original forty stations that were 
sampled in October and November of 2004 with 
HubLine funding, twenty-six of these stations 
were also sampled in 2005 and 2006.  
Consequently, the data from these twenty-six 
stations sampled during October and November, 
2004 to 2006, represent a three year time series 
over which we can compare relative abundance 
(CPUE) and size distribution by our depth strata 
and revised sediment strata.  The data and 
synthesis presented here finalize the reporting 
requirements for the original 2004 pilot survey 
funded by the HubLine Mitigation Fund.  This 
report supersedes any previous HubLine progress 
reports by incorporating corrected bottom 
sediment classification data into the survey 
stratification and subsequent analysis. 
 
Only data from stations sampled in all three 
survey years are included in this report to allow 
comparisons among years.  A detailed report of all 
data collected in 2005 and 2006 can be found at:  
http://www.northeastconsortium.org/ProjectView.
pm?id=4862&on_update=RECORDSET_refresh_
list 
 
Methods 
Study Area 
The ventless trap survey was conducted in 
Massachusetts Bay, within the territorial waters of 
the Commonwealth of Massachusetts.  The study 
area was bounded on the west side by the 
coastline of Massachusetts, from approximately 
the southwestern tip of Gloucester, MA to 
Scituate, MA in the south. The eastern-most 
boundary of the study area was approximately the 
70° 43’ West longitude line.   
 
Survey Design 
The habitat characteristics of depth and sediment 
type were the basis for the survey stratification 
scheme.  Depths are generally not greater than 50 
meters within the study portion of Massachusetts 
Bay.  The three depth strata of interest were 
defined based on the range of depths in which 
lobsters are typically fished in inshore waters.  
They are: 0 - 15 m, 16 - 30 m, and > 30 m.  A 
variety of bottom sediments are present within the 

study area, ranging from silty muds to boulders 
and ledge outcrops.  Sediment types were 
classified into four primary categories in 
Massachusetts Bay (Knebel 1993), Erosional 1 
(Boulder), Erosional 2 (Pebble), Depositional 
(Mud), and Sediment reworking (Sand/gravel).  
 
A 15 second latitude/longitude grid was created 
over the study area using the ETGeoWizards 
extension for ArcGIS.  This grid was intersected 
with the existing sediment (Figure IIIE.1) and 
bathymetry (Figure IIIE.2) datalayers to create a 
new shapefile in which each grid cell contained 
both sediment and bathymetry attributes.  The 
resulting attributes table was exported to Excel, 
and columns were added for each category of 
sediment and depth (four sediment categories and 
three depth ranges).  The percent cover which 
each of these categories occupied within a cell 
was calculated relative to the total area of the cell.  
The grid cell was then assigned a final sediment 
and depth category, based on which sediment 
category and which depth category comprised at 
least 75% of the cell’s surface area.  The final 
strata assigned to that grid cell was the 
combination of sediment and depth.  The resulting 
table with calculations of percent cover and grid 
cell strata designation was joined to the existing 
attribute table of the ‘grid with bathymetry and 
sediments’ shapefile (Figure 3).   
 
Employing the 75% designation effectively 
increased the number of fully defined cells.  Grid 
cells defined as “mixed” were removed from the 
station selection, with the exception of one station 
that was placed adjacent to the HubLine Habitat 
Enhancement Project in Boston Harbor.  Twelve 
strata were defined based on the four sediment 
types and three depth zones (Figure IIIE.3), 
however only eleven strata had sufficient cells to 
include in the sampling design. A total of seven 
permanent sampling stations (grid cells) were 
chosen randomly for each of the eleven strata 
(Table IIIE.1, Figure IIIE.3).  Three additional 
stations located within Boston Harbor were added 
with the intention of monitoring lobster relative 
abundance in the vicinity of the recently 
constructed HubLine gas pipeline and on-going 
mitigation efforts. Thus there were a total of 
eighty sampling stations throughout the 
Massachusetts Bay area. 
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Table IIIE.1.  Number of six-trap trawls cross-tabulated by survey strata.  There were too few mid-
water mud strata cells to include in the sampling design; one station was added in the “mixed” 
sediment 0 to 15 m strata. 

 Boulder Pebble Mud Gravel 
0 to 15 m 7 9 7 7 
16 to 30 m 7 7 0 7 
> 30 m 7 7 7 7 

 

Figure IIIE.3. Massachusetts Bay study area with grid cells defined by sediment 
and depth. Sampling stations are shown as red triangles. 
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Sampling Methods 
Each of the twenty-six stations was sampled with 
one six-trap trawl, in which vented and ventless 
lobster traps were alternated (three of each per
trawl, see Figure IIIE.4).  Lobster traps were 
constructed with one-inch wire mesh, five-inch 
entrance head rings, one kitchen and one parlor, 
and overall dimensions of 40” x 21” x 14”.  
Escape vents in the vented traps were standard 
LMA 1 (Lobster Management Area 1) rectangular 
vents (115/16” x 53/4”).  All gear was rigged to meet 
or exceed Federal “whale-safe” regulations.  All 
lines (vertical, ground, and gangions) were 
negatively buoyant.  Break-away links (600 lbs 
break-away strength) were incorporated at each 
buoy.  
 
Stations were sampled twice per month in October 
and November of 2004, and from May through 
November in 2005 and 2006.  The semi-monthly 
sampling frequency of this design enhanced the 
temporal resolution of the survey, making it more 
likely to capture seasonal aspects of lobster 
distribution and abundance.     
 

Trap deployment, maintenance, and hauling were 
contracted to commercial lobstermen.  Survey 
gear was hauled on a three to five day soak time 
to standardize catchability among trips.  All trawls 
were reset in the same assigned location after each 
haul.  MarineFisheries staff accompanied the 
fishermen on each sampling trip to record CPUE 
and biological data.  Sea samplers used the 
standard MarineFisheries lobster trap sampling 
protocol, wherein a series of parameters are 
recorded: catch in number of lobster, number of 
trap hauls, set-over-days, trap and bait type, 
carapace length (to the nearest mm), sex, shell 
hardness, culls and other shell damage, external 
gross pathology (including shell disease 
symptoms), mortality, and presence of extruded 
ova on females (ovigerous).  After each haul, 
trawl location was confirmed with the stations 
original coordinates via GPS.  Trawl location was 
confirmed with the station’s original coordinates 
after each haul via GPS.  Depth at mean low water 
for each trawl location was recorded from NOAA 
navigational charts as a coastwide standard to 
avoid variability from tidal fluctuations.

 
 
 

Figure IIIE.4.  Diagram of gear configuration for the MarineFisheries ventless trap survey. 
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Analytical Procedures 
Data were keypunched into a relational database.  
A computer auditing process was used to uncover 
keypunch and recording errors and statistical 
analyses were performed using SPSS statistical 
software. 
 
After completion of the sediment verification 
process, strata were re-defined at each ventless 
trap sampling station (see Sediment Verification 
results).  All trap survey data analyses were 
conducted with the corrected strata instead of the 
original strata.   
 
General catch characteristics were generated and 
examined for each strata, including; sex ratio, 
percent egg-bearing females, percent v-notch, and 
percent of the catch with shell disease.  Catch size 
distributions were examined by strata.  Statistical 
comparisons of size distributions were made using 
the Kolmogorov-Smirnof test with a Bonferroni 
adjustment to account for type II error biases 
associated with multiple comparisons. 
 
Relative abundance (expressed as catch per unit 
effort, CPUE) was examined by pooling catch 
data from each trap within the six-trap trawl at 
each sampling station.  As such all CPUE data 
presented are as mean catch per trawl haul.  This 
was done to avoid biases associated with the lack 
of independence of traps within a trawl and to 
include the range of selectivity from both trap 
types (vented and non-vented) into an independent 
sampling unit.  CPUE data were examined 
graphically for normality.  Because of the higher 

frequency of observations with zero or few 
lobsters, CPUE data were highly skewed to the 
right and appeared to assume a Poisson 
distribution.  To remedy this problem and allow 
for parametric testing CPUE data were 
transformed to the square root plus one.  This 
transformation was successful and CPUE data 
assumed a normal distribution.  CPUE data were 
generated by strata separately for legal and 
sublegal size classes.  Unless specified otherwise, 
the term "legal" lobster includes all lobsters > 
82.6 mm, and “sublegal” lobster refers to all 
lobsters less than this size (82.6 mm or 3 ¼” , the 
minimum size in effect in the study area).  A two-
factor ANOVA (strata and year) with Tukey’s 
HSD post-hoc analysis was used to examine 
differences in relative abundance. 
 
Sediment Verification  
To collect sediment data, an underwater video 
camera system was purchased from SharkMarine 
Technologies, Inc. (Ontario, CA) and deployed 
from contracted commercial lobster vessels at 
each sampling station (Figure IIIE.5 A,C).  The 
camera system consisted of an underwater color 
video camera (SV-DSP-Zoom2, 380,000 pixels, 
40x zoom, depth rating 600 m), two underwater 
lights (250 watts), and two scaling lasers (Figure 
IIIE.5B).  A topside control unit provided power 
controls, video recording and still image capture 
options, and controls to adjust light levels, as well 
as a view screen.  The system was mounted on a 
custom-designed stainless steel frame (Apple 
Machine and Tool, Co., Acushnet, MA) (Figure 
IIIE.5C). 
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Figure IIIE.5.  Underwater camera system; A) system ready for deployment from contracted vessel, 
B) close up of camera and lasers, C) system mounted on frame and ready for deployment. 
 
 
 
 
The navigational software Offshore Navigator 
(MAPTECH) was run on a laptop linked to a GPS 
with an external antenna to provide a real-time 
position of the vessel within the boundary of each 
sampling station.  Multiple still images were taken 
at each station, in a pattern that generally 
consisted of several transects diagonally crossing 
the station’s area (Figure IIIE.6).  Transect 
direction and camera drop locations were 
determined visually by the camera operator, who 
provided direction to the vessel captain.  The 
spacing of camera drops along transects within a 
station ranged from approximately 90 meters to 
160 meters apart.  A waypoint was taken at each 
camera drop to record the latitude and longitude 
of each photo. 
 
The live video feed generated by the system 
allowed the camera operator to delay image 
capture until any particles stirred up by the drop 

frame were clear, and provided the ability to 
adjust the focus as necessary. Multiple photos 
were taken at each drop, sometimes including 
zoomed images if particular features were present 
that might aid in sediment identification (worm 
castings, e.g.).  
 
For those stations where visibility was too poor to 
capture useful still images, a grab sample was 
taken (15.2 cm x 15.2 cm sample area, Wildco® 
Petite Ponar Grab).  If the image in the camera 
view screen did not clear sufficiently for analysis, 
the camera was retrieved and the grab sample 
immediately deployed. The grab was lowered and 
retrieved by hand from the stern of the boat, and 
emptied into a fish tote.  A digital photo was taken 
of each grab sample, and sediment type was 
determined based on a gross examination of the 
sample.  Thus, each waypoint has a visual record 
of the bottom.  

A

B C
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                     Figure IIIE.6.  Example of sediment verification sampling pattern at a ventless  
                   trap sampling station; waypoints for each camera drop taken at station 57 (black 
                   rectangle). 

 
 
 
 
Photos from each camera drop were analyzed by 
selecting the image with the most clarity at the 
full scale, and displaying the image on a computer 
monitor with an overlaid grid consisting of twelve 
boxes (Figure IIIE.7).  The percent cover for each 
category of substratum was visually determined 
for each of the twelve boxes, which were then 
averaged to produce the mean percent cover of 
each substratum per photo.  
 

In order to minimize the statistical variability 
related to over-stratification, the eight primary 
sediment categories were combined to represent 
either “featureless” or “complex” sediments.  The 
categories of mud, sand, gravel, and shell debris 
were considered to be featureless, while the 
pebble, cobble, and boulder categories were 
considered complex.  The value for algal percent 
cover was added into the total for the primary 
substrate, as it was assumed algae was obscuring 
the predominant sediment type.  
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Figure IIIE.7.  Example of photo with the 12 cell analysis grid overlaid. 
 
 
 
 
The waypoints for each photo, with the associated 
percent-featureless sediment characterization, 
were loaded into ArcGIS 9.0 in order to map the 
sediments present at each station.  The data were 
interpolated based on the percentage of featureless 
sediments with the Spatial Analyst feature in GIS, 
using the Inverse Distance Weighted method.  The 
resulting data layer was clipped to the boundaries 
of each station, then converted into a feature class 
with four sediment divisions (based on the percent 
of featureless sediments); 0%-15% = “rocky”, 
15% - 50% = “rocky mix”, 50% - 85% = 
“featureless mix,” >85% = “featureless.”  The 
percentage of each station cell that each of these 
divisions comprised was then calculated, and a 

final sediment classification for each station was 
determined.  A station was classified as 
Featureless if the “featureless” sediment division 
comprised >85% of the station’s surface area.  
Otherwise, the station was classified as Complex.   
 
The new sediment classifications for each 
sampling station were used to re-stratify the 
survey stations, using the original three depth 
divisions and the two new sediment divisions, for 
a total of six strata.  

Only results for the twenty-six stations sampled 
during all three ventless trap survey periods (2004 
- 2006) are presented in this report. 
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Results and Discussion 
 
Sediment Verification Results 
An average of thirteen photos were taken at each 
ventless trap sampling station, with a range of six 
to sixteen photos (Figure IIIE.8, Table IIIE.2).  
There were a couple of stations where shallow 
water or high densities of fixed fishing gear 
prevented us from accessing the entire station, 
thus limiting the number of photos taken.  
Sediment types observed in the bottom photos 
ranged from featureless sediments like mud and 
sand to rocky high-profile sediments like boulder 
and cobble (Table IIIE.2).  The rocky areas were 
frequently composed of a mix of rock sizes with 
sand or mud underlying, providing a 
heterogeneous habitat for benthic animals such as 
lobster. 
 
All of the photos at each station were assigned a 
value that represented the percent of featureless 
sediments present, and used to extrapolate the 
sediments present throughout the station (Table 
IIIE.3).  The results of the GIS interpolation 
yielded areas that fell into four sediment 
divisions; rocky (<15% featureless), rocky mix 
(15% – 50% featureless), featureless mix (50% - 

85% featureless), and featureless (� 85% 
featureless) (Figure IIIE.9).  The percent cover of 
each of these divisions within a station was then 
used to determine the new classification for that 
station; Featureless (� 85% featureless sediments) 
or Complex (< 85% featureless sediments).  We 
used 85% as the dividing line because a station 
with 85% of its surface area composed of barren 
sediments is likely to provide few options in the 
way of shelters, meaning higher exposure to 
predators, and fewer options for foraging.  A 
station with a surface area composed of less than 
85% barren substrate is more heterogeneous, 
offering more options for shelter and foraging.  
Because so much of a lobster’s life history 
revolves around shelters (molting, mating, 
foraging, protection from predation, see, e.g.; 
Lawton and Lavalli 1995, Tremblay and Smith 
2001, Karnofsky et al. 1989, Atema and Cobb 
1980, Watson et al. 1999), we wanted to be 
relatively conservative in our definition of habitat 
which is functionally featureless.  If a station is 
composed of more than 15% complex sediment 
types, we presume there is opportunity for more 
than one lobster to establish and maintain a shelter 
in that area.  
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Figure IIIE.8.  Massachusetts Bay study area with all camera drop waypoints at each ventless trap 
sampling station.   
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Table IIIE.2.  Summary data for sediment verification at each ventless trap sampling station 
including; station ID, center point location (Lat./Long.), number of camera drops, and the mean 
percent cover of each sediment category. 

Station ID Latitude Longitude # Camera drops Silt/mud Sand
Shell

fragments
Whole 
shell Weed Gravel Pebble Cobble Boulder Other

1 42.5563 -70.7979 12 30.21 48.82 1.04 0.00 4.86 3.33 1.46 0.21 0.00 10.07
3 42.5396 -70.7312 15 99.94 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 42.5271 -70.7854 12 0.00 7.71 2.71 0.14 14.58 12.50 46.39 7.57 8.26 0.21
9 42.5188 -70.7271 16 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 42.4854 -70.7937 15 16.94 77.50 2.17 0.00 0.00 0.00 1.11 2.22 0.00 0.06
15 42.4729 -70.8687 14 0.00 22.74 1.13 1.01 12.02 19.58 21.01 3.33 18.87 0.30
16 42.4729 -70.7521 15 82.78 5.89 0.94 0.00 0.00 0.94 6.78 2.61 0.00 0.17
17 42.4688 -70.8146 15 31.17 15.83 0.33 1.00 0.00 5.78 9.22 16.67 20.06 0.00
19 42.4604 -70.8854 13 46.15 21.54 1.92 0.00 8.46 1.35 5.00 0.13 15.38 0.06
20 42.4604 -70.8604 15 7.56 30.44 2.83 0.00 0.67 8.44 23.50 14.56 11.89 0.11
24 42.4313 -70.8979 12 46.32 2.43 5.90 0.00 4.72 1.94 12.01 12.22 14.03 0.42
25 42.4229 -70.8771 14 92.50 0.00 0.00 0.00 0.00 0.00 2.80 1.13 3.45 0.00
29 42.3979 -70.9437 14 1.85 68.69 1.19 0.00 0.00 3.93 12.26 11.37 0.00 0.71
32 42.3979 -70.8729 15 71.06 0.00 0.22 0.00 0.00 0.06 10.94 13.61 4.17 0.00
35 42.3896 -70.8312 14 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
38 42.3771 -70.7146 13 87.05 0.00 0.19 0.00 0.00 0.96 9.81 1.73 0.00 0.00
40 42.3729 -70.7187 13 78.85 0.00 0.38 0.00 0.00 0.32 13.27 5.96 0.00 0.96
45 42.3604 -70.7187 13 10.83 32.76 0.06 0.00 0.00 3.53 17.24 16.79 18.46 0.32
46 42.3563 -70.9104 9 0.00 77.04 1.67 0.00 11.11 3.06 6.85 0.28 0.00 0.00
57 42.3354 -70.9104 14 0.00 76.79 2.68 0.95 3.75 2.38 12.26 1.19 0.00 0.00
63 42.3188 -70.9187 15 5.50 21.17 0.22 0.00 1.11 44.83 25.67 1.28 0.00 0.22
65 42.3146 -70.7896 12 0.00 38.75 0.49 0.00 1.04 17.85 24.42 15.42 1.46 0.00
70 42.3063 -70.7729 13 0.00 9.74 0.64 0.00 31.28 3.27 21.92 16.35 16.35 0.00
71 42.3063 -70.7187 15 0.00 93.00 1.39 0.00 0.00 2.61 2.83 0.17 0.00 0.00
72 42.3021 -70.9604 8 98.96 0.00 0.94 0.00 0.00 0.00 0.10 0.00 0.00 0.00
78 42.2729 -70.7729 6 0.00 46.81 1.53 0.00 0.56 4.58 21.81 8.89 15.83 0.00  

 
 

 
Table IIIE.3.  Strata classification data for each ventless trap station, including center point 
(Lat/Long), number of camera drops, depth strata, original sediment strata, the mean percent of 
featureless sediment type (includes mud, sand, and gravel), and the new sediment strata.  

Station ID Latitude Longitude # Camera drops Depth strata
Original 

sediment strata
Percent 

featureless
New sediment 

strata
1 42.5563 -70.7979 12 0 - 15 m Pebble 99.84 featureless
3 42.5396 -70.7312 15 > 30 m Pebble 100.00 featureless
7 42.5271 -70.7854 12 0 - 15 m Boulder 0.00 complex
9 42.5188 -70.7271 16 > 30 m Pebble 100.00 featureless
13 42.4854 -70.7937 15 > 30 m Pebble 88.98 featureless
15 42.4729 -70.8687 14 0 - 15 m Boulder 0.00 complex
16 42.4729 -70.7521 15 > 30 m Sand/gravel 45.77 complex
17 42.4688 -70.8146 15 > 30 m Boulder 14.01 complex
19 42.4604 -70.8854 13 0 - 15 m Boulder 58.17 complex
20 42.4604 -70.8604 15 16 - 30 m Boulder 9.16 complex
24 42.4313 -70.8979 12 16 - 30 m Boulder 4.21 complex
25 42.4229 -70.8771 14 16 - 30 m Sand/gravel 90.85 featureless
29 42.3979 -70.9437 14 0 - 15 m Pebble 67.87 complex
32 42.3979 -70.8729 15 16 - 30 m Sand/gravel 7.42 complex
35 42.3896 -70.8312 14 > 30 m Mud 100.00 featureless
38 42.3771 -70.7146 13 > 30 m Sand/gravel 52.62 complex
40 42.3729 -70.7187 13 > 30 m Sand/gravel 24.23 complex
45 42.3604 -70.7187 13 > 30 m Sand/gravel 0.00 complex
46 42.3563 -70.9104 9 0 - 15 m Sand/gravel 75.53 complex
57 42.3354 -70.9104 14 0 - 15 m Boulder 53.43 complex
63 42.3188 -70.9187 15 0 - 15 m Boulder 14.10 complex
65 42.3146 -70.7896 12 16 - 30 m Pebble 0.00 complex
70 42.3063 -70.7729 13 16 - 30 m Boulder 0.00 complex
71 42.3063 -70.7187 15 > 30 m Sand/gravel 88.23 featureless
72 42.3021 -70.9604 8 0 - 15 m Sand/gravel 100.00 featureless
78 42.2729 -70.7729 6 16 - 30 m) Boulder 0.00 complex  
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Figure IIIE.9.  Results of the GIS interpolation.  Four divisions of sediments, based on a scale of 
percent featureless sediment, present at each sampling station: Rocky: 0 – 15% featureless, Rocky 
Mix: 15% – 50% featureless, Featureless Mix: 50% - 85% featureless, Featureless: >85% 
featureless.  
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Eight stations were classified as featureless, and 
eighteen were classified as complex (Figure 
IIIE.10, Table IIIE.4).  Re-stratification of the 

survey stations yielded six strata (Table IIIE.4) 
which were used in the analysis of the ventless 
trap survey catch data. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             Figure IIIE.10.  Ventless trap survey stations with new sediment strata classification: red =  
             complex, brown = featureless. 
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Table IIIE.4.  New strata for the ventless trap 
survey and the number of survey stations in 
each strata. 

Depth Complex Featureless
0 - 15 m 7 2
16 - 30 m 6 1

> 30 m 5 5

Sediment

 
 
 
 
 
 
Originally, the sediment strata were boulder, 
pebble, sand/gravel, and mud.  Boulder and 
pebble were considered to be complex sediments, 
while sand/gravel and mud were grouped as 
featureless sediments.  Ten of the twenty-six 
stations have been altered with the new 
classification, having changed from complex to 
featureless or vice versa (Table IIIE.3).  All of the 
changes occurred with stations that were 
originally classified as pebble or as sand/gravel.  
Thus the original data layer, derived from 
Knebel’s (1993) report, generally classified the 
extremes of the sediment scale reliably well, while 
the middle grain size sediments were not as well 
defined.  Some of our reclassifications may also 
be related to the spatial scale over which the 
original data were extrapolated (relatively few 
data points interpolated over a relatively large 
geographic area). 
 
The number of stations that had to be re-classified 
demonstrates the necessity of our sediment 
verification project.  While large scale sediment 

datasets based on remote sensing techniques 
provide a good starting point to examine the 
habitats present in an area, they are of limited use 
for fine-scale biological studies.  Sediment data 
used in ecological studies, or population 
assessment studies, needs to match the scale over 
which sampling is occurring.  In our case, using 
the large scale sediment map derived from 
Knebel’s report was a mismatch in scale.   
 
Although we sampled only 0.0023% of the 
surface area at each survey station, the spatial 
coverage of sediment sampling at each station was 
good.  While it is possible we may have missed 
small patches of a particular sediment type, those 
small patches, taken in total within the entire 
sampling station area, would not have altered the 
functional habitat designation assigned to that 
station.  Furthermore, only data from camera 
drops within each particular survey station were 
used to extrapolate the sediments present 
throughout that station, so there were many data 
points in a relatively small geographic area.   
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Ventless Trap Survey Catch Results 
Results are based on October and November 
sampling periods from 2004 – 2006 at twenty-six 
stations, and include a total of 286 trawl hauls.  A 
total of 16,895 lobsters were observed during 
these sampling periods.  More than 90% of the 
lobsters observed each year were sublegal (<83 
mm CL).  
 
There were some trends in lobster size distribution 
by strata within each year of sampling (Figures 
IIIE.11 – IIIE.13).  Lobsters in the deep complex 
strata were significantly larger than those in the 
other two complex strata and those in the shallow 
and mid-depth featureless strata in 2004 (Figure 
IIIE.11, �` = .0033).  Similarly, in 2005, lobsters 
in the deep complex strata were significantly 
larger than lobsters in any other strata (Figure 12, 

�` = .0033).  Also in 2005, the size distribution of 
lobsters in the mid-complex strata was similar to 
the size distribution in deep featureless strata, but 
different from all other strata (�` = .0033).  While 
2006 sampling revealed no significant differences 
in lobster size distributions by sediment type, 
trends similar to 2004 and 2005 were visible 
(Figure IIIE.13).  Generally, lobsters in the deep 
complex strata tended to be larger than in other 
strata, while the lobsters in the shallow strata 
(both bottom types) tended to be smaller than in 
other strata.  These trends are consistent with 
lobster life history, in that as lobsters grow from 
early benthic phase to adulthood, their range of 
movements and habitat utilization increase (see, 
e.g., Cobb and Wahle 1994, Lawton and Lavalli 
1995). 
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                           Figure IIIE.11.  Lobster size distribution by strata, fall 2004. 
  



 

 50 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

35 40 45 50 55 60 65 70 75 80 85 90 95 10
0

10
5

11
0

11
5

12
0

12
5

13
0

Carapace length (mm)

C
um

ul
at

iv
e 

pr
op

or
tio

n 

Shallow complex Mid complex Deep complex
Shallow featureless Mid featureless Deep featureless  

                    
                Figure IIIE.12.  Lobster size distribution by strata, fall 2005. 
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                  Figure IIIE.13.  Lobster size distribution by strata, fall 2006. 
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Generally the composition of the lobster catch 
varied from 40% to 60% female (Figure IIIE.14).  
Females made up the lowest percentage of the 

catch in the shallow featureless habitat, while the 
mid-depth complex habitat (16 – 30 m) was 
consistently, but only slightly, female-biased.  

 

0

10

20

30

40

50

60

70

0 -15 m 16 - 30 m > 30 m 0 -15 m 16 - 30 m > 30 m

Complex Featureless

Pe
rc

en
t f

em
al

e

2004 2005 2006
 

Figure IIIE.14.  Percent of the catch that was female by strata for 2004 - 2006. 
 
 
The percentage of females observed with eggs 
was low, mostly less than six percent (Figure 
IIIE.15).  Egg extrusion typically takes place in 
late summer and fall in this region 
(MarineFisheries unpub. data), so most of the 
eggs observed in this time period were freshly 
extruded.  These low values are likely related to 
the large numbers of sublegal lobsters observed.  
Less than fifty percent of female lobsters in this 
region reach sexual maturity before they reach 
minimum legal size (Estrella and McKiernan 
1989), so most of the females observed in the 
ventless trap survey were likely immature 
lobsters.  The deeper regions, where slightly 
higher percentages of females were egg-bearing, 
are also regions where the size distribution is 
slightly larger (see Figures IIIE.11 – IIIE.13, e.g.), 
thus mature lobsters may have been more 
prevalent in these areas.   
 
Environmental conditions which lobsters 
encounter in each strata are likely important 

driving forces behind the observed trends in both 
sex ratio and egg-bearing females.  The shallow 
areas inside Boston Harbor and Salem Sound are 
at the mouths of estuaries and are therefore 
subject to more environmental variability, 
primarily in temperature and salinity.  Male 
lobsters tend to be more tolerant of this type of 
environment (Howell et al. 1999, Jury et. al 1994, 
and Watson et. al 1999).  The temperature and 
salinity in deeper coastal areas tend to be 
relatively stable, providing a more favorable 
environment to female and egg-bearing female 
lobsters.  It is possible that egg-bearing female 
lobsters seek out areas of stable temperature and 
salinity regimes due to the enhanced egg 
development (Templemen 1940) and increased 
larval survivorship (Templemen 1936) afforded 
by these environments.  Furthermore, substantial 
egg loss has been documented in European 
lobsters (Homarus gammarus) exposed to low 
salinities (Wickins et al 1995).  
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Figure IIIE.15.  Percent of the female catch that were bearing eggs by strata for 2004 - 2006. 

 
 
 
 
An examination of salinity data recorded by the 
Massachusetts Water Resources Authority 
(MWRA) at a station adjacent to the inner Boston 
Harbor ventless trap stations, compared to salinity 
data collected by GoMoos Buoy A (offshore to 
the southeast of Gloucester, near the northeastern 
portion of the ventless study area), demonstrates 
the more variable nature of the inshore portions of 
the study area (Figure IIIE.16).  The salinity at the 
inner Boston Harbor station ranged from 28.2 to 
32 ppt, a total variation of four parts per thousand, 
over the two year time period.  In contrast, the 
GoMoos buoy, located farther offshore, had 
relatively stable readings that ranged from 31.8 to 
32.9 ppt, a maximum difference of only one part 

per thousand over the same time frame.  Similarly, 
the bottom temperature at shallow locations inside 
Boston Harbor is more variable than deeper 
locations in coastal Massachusetts Bay (Figure 
IIIE.17).  These apparent environmental 
influences on the demographics of lobster sex 
ratio have important implications relative to 
monitoring lobster stocks.  This demonstrates that 
sampling across a broad area and throughout all 
potential substrate types and depths is critical to 
accurately characterizing important lobster 
population parameters like sex ratio, as well as 
accurately estimating population abundance by 
sex.   
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Figure IIIE.16.   Bottom water salinity in Inner Boston Harbor (Dorchester Bay) and at 
GoMoos Buoy A (SE of Gloucester, 65 m depth) in 2005 and 2006 (Data provided by 
Massachusetts Water Resource Authority, and Gulf of Maine Ocean Observing System). 
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Figure IIIE.17.  Daily mean bottom water temperature at inner Boston Harbor  
(Sculpin Ledge, 20ft) and outside Boston Harbor (Martin’s Ledge, 70ft.) (MarineFisheries 
unpublished data). 
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Mean relative abundance of sublegal lobsters 
varied by year and strata (Figure IIIE.18, Table 
IIIE.5).  Catch of sublegals in 2004 was 
significantly less than in 2005 (Tukey’s HSD p = 
0.0018), but not different than catch in 2006, nor 
was the catch different from 2005 to 2006.  
Sublegal catch in deep water featureless habitat 
was significantly higher than in deep water 
complex habitat (Tukey’s HSD p = 0.006).  While 
not significant, there were other visible trends in 

the catch data.  Within each year, the catch of 
sublegals in the deep water complex strata was 
generally lowest (with the exception of 2004, 
when shallow featureless strata exhibited the 
lowest catch).  In 2004, there was a trend of 
decreasing catch with depth in complex, but 
increasing catch with depth in featureless habitat.  
No trends were visible in 2005, and in 2006 there 
was a very slight trend of decreasing catch with 
depth in both bottom types. 
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Figure IIIE.18.  Mean catch per trawl (± S.E.) of sublegal lobsters by strata for 2004 – 2006. 
 
 
 
 
 
Table IIIE.5.  Two-way ANOVA results (fixed factors Year and Newstrat) for sublegal mean catch 
per trawl haul (� + 1 transformed). 

df F p
year 2 6.4419 0.0019
newstrat 5 3.2175 0.0077
year * newstrat 10 1.4197 0.1712  
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Average catch of legal lobsters varied by strata 
(Figure IIIE.19, Table IIIE.6).  There were no 
differences in mean catch detected from year to 
year, however, legal catch in 2004 was generally 
higher than in other years in most strata (except in 
shallow featureless strata).  Catch in deep water 

complex habitat was significantly higher than in 
any other strata (Tukey’s HSD p < .01).  This is 
likely related to the fact that these data were 
collected in October and November, when 
lobsters tend to move to deeper nearshore and 
offshore waters (Fogarty et al. 1980).  
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Figure IIIE.19.  Mean catch per trawl (± S.E.) of legal lobsters by strata for 2004 – 2006 
 
 
 
 

Table IIIE.6.  Two-way ANOVA results (fixed factors Year and Newstrat) for legal mean 
catch per trawl haul (� + 1 transformed). 

df F p
year 2 0.6177 0.5399
newstrat 5 8.3244 0.0000
year * newstrat 10 0.6221 0.7946  
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The maps in Figures IIIE.20 and IIIE.21 (sublegal 
and legal, respectively) represent the mean catch 
per trawl at each station and are reflective of the 
spatial distribution of lobster within the study 
area.  There was a greater range of observed 
CPUEs among stations in 2004 as compared to 
2005 and 2006 (Figure IIIE.20).  There was a 
moderate amount of inter-annual variability in the 
catch at most stations; only four stations (in four 
different strata) had consistent catch rates over all 
three years.  
 
The average catch of legal lobsters at each station 
generally varied from one to five or five to ten 
lobsters per trawl haul (Figure IIIE.21).  The 
highest catch of legals observed was ten to 
twenty-five lobsters, at Station 38 in 2005.  This 
station was one of three to have legal catch rates 
of at least five to ten lobsters per trawl haul in all 
three years.  Average catch of legal lobsters at 

each station was always less than the sublegal 
catch.  Catch rates of legal lobsters were 
consistently higher at stations in deeper water 
across all three years.  This is likely related in part 
to the time of year, as fall is generally when 
lobsters begin to move offshore into deeper waters 
(Fogarty et al. 1980).  Also, there is less fishing 
effort in the vicinity of the deep-water stations, 
which has the potential to influence legal catch 
rates in the survey as lobsters are removed via 
commercial fishing.   
 
There were no discernable spatial trends (North 
vs. South or East vs. West) in sublegal or legal 
lobster catch observed in any of the three years.  
This suggests that the differences observed in 
mean catch by strata were being driven by the 
stratification factors, notably depth, instead of 
regional factors. 
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Figure IIIE.20.  Average catch per trawl haul of sublegal lobsters at each sampling station, 2004 – 
2006. 
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Figure IIIE.21.  Average catch per trawl of legal lobsters at each sampling station, 2004 – 2006. 
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Conclusions and Future Research 
 
The Massachusetts Bay ventless trap pilot 
sampling effort initiated in 2004 with HubLine 
funds provided an excellent platform to assess the 
methodology and survey design of a broad scale 
random stratified ventless trap survey for 
American lobster.  This initial effort led to an 
expanded 80 station, seven month survey in 
Massachusetts Bay in 2005 and 2006, and also led 
to a coastwide survey, adopted by the Atlantic 
States Marine Fisheries Commission (ASMFC), 
which was implemented in coastal waters from 
Maine to Long Island, NY in 2006, 2007, and 
2008.  The ASMFC coastwide ventless trap 
survey is based on the sampling methodology and 
survey design developed for this initial ventless 
trap sampling effort, and it is planned to continue 
indefinitely as an additional means to monitor 
American lobster relative abundance in U.S. 
coastal waters.   
 
While stratification by both substrate and depth 
seems logical for American lobster, we did not 
observe any significant trends in CPUE by 
substrate type.  This lack of relationship between 
substrate type and CPUE could be related to 
differences in the daily scale of lobster  movement 
and the scale of our sampling grid.  It is possible 
that lobsters were moving into featureless 
sediment stations from adjacent areas, beyond the 
sampling grid, which had complex sediments 
(hard bottom).  An alternative explanation for the 
lack of relationship between sediment type and 
CPUE is that the relative efficiency of the traps 
varied by sediment type.  For example, lobsters on 
complex substrates may be less likely to trap 
because of increased shelter and prey 
opportunities.  Depth, however, was an important 
variable influencing catch rates and size 
distribution.  Thus the results of this survey 
suggest that future surveys should be depth 
stratified, but that stratification by substrate may 
not be useful.   
 
There were no apparent regional trends (North to 
South) in the CPUE of sublegal and legal lobsters 
within the study area.  Sublegal CPUE was fairly 
evenly distributed throughout the study area in all 
three years, while legal CPUE was consistently 
higher in the deepest strata.  This observation 

supports our expectation that the trends in CPUE 
by depth were indeed driven by depth or its 
associated temperature gradient and not site 
specific-differences in catch rates.  Sublegal 
lobsters tend not to make seasonal migrations, 
making them more likely to be evenly distributed 
in the fall when the sampling occurred, whereas 
legal-sized lobsters tend to migrate to deeper 
water in the fall.   
 
The 3-year, October-November, time series is 
inadequate to draw meaningful conclusions about 
relative abundance trends, since it does not 
encompass the entire molting season.  However 
CPUE of sublegals was significantly less an 2004 
compared to 2005 and similar to 2006, while legal 
CPUE exhibited no differences across years.   
 
One of the next steps for ventless trap surveys 
involves defining the actual area on the bottom 
that is sampled by each trap type, thus allowing us 
to use the relative abundance estimates for each 
strata to estimate lobster density.  This process 
will require that each strata be treated separately, 
as the factors that influence the area of trap 
attraction will vary by strata characteristics 
(Miller 1990, Tremblay and Smith 2001, 
Tremblay et al 2006).   
 
Another avenue of future research is examination 
of the possibility and degree of trap saturation that 
may be occurring in the ventless traps.  It is 
possible that behavioral interactions of lobsters in 
and around the traps may be influencing the catch 
retained, and it is important to understand the 
degree to which this may influence catch 
characteristics.  These factors could impact the 
survey’s ability to differentiate between periods of 
moderate abundance and high abundance, and as 
such should be a high priority for future research. 
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III F.  Bottom Trawl Survey Trends for Selected Species 

 
MarineFisheries'  Coastwide Resource 
Assessment bottom trawl survey indices were 
calculated for selected finfish and invertebrate 
species found in the HubLine area of construction.  
The survey is conducted semi-annually (May and 
September) throughout Massachusetts coastal 
waters and generates stratified-random relative 
abundance indices for available marine species.  
The time series began in 1978 and is currently 
conducted aboard NOAA’s 65’ R/V Gloria 
Michelle.  A ¾ North Atlantic type two-seam 
trawl (39’ headrope/51’ footrope) is fished with a 
3.5” rubber disc chain sweep and 6’ x 40”, 325lb 
rectangular wooden doors.  Net mesh varies 
depending upon the section (3.5”,wings and 
square; 2.5”, body and codend; 0.25”, codend 
liner).    
 
Focus was placed on relative abundance trends for 
selected species from the survey’s Region 5 
(Massachusetts Bay to the New Hampshire 
border, Figure IIIF.1) because it encompasses the 
HubLine study area.   However, it should be noted 
that this bottom trawl survey was not designed to 
detect fluctuations in abundance on a fine 
geographic scale, e.g., the HubLine trench.  The 
statistical precision of a survey’s indices is a 
critical factor in one’s ability to determine annual 
differences in parameters.  Within a stratified-
random design, trawl frequency, i.e., number of 
tows per square mile, is a key element of 
statistical precision and this survey’s precision 
may be more appropriate for detecting larger scale 
changes.   

 
Other considerations for data interpretation 
include the influence of large annual differences 
in young-of-the-year catches on fluctuations in 
annual abundance indices for many species, 
Atlantic cod in particular.  In addition, a species 
distribution may vary, thereby contributing to 
annual variation in catch.  These issues can be 
exacerbated when examining a limited geographic 
area, particularly when the study area is smaller 
than the overall range of the species. 
 
Nevertheless, analyses of long term survey time 
series trends can be useful in evaluating the 
general status of the selected species.  Relative 
biomass (mean weight per tow) and relative 
abundance (mean catch per tow in number of 
animals) from 1978-2007 is graphed for Atlantic 
cod  (Figure IIIF.2), winter flounder (Figure 
IIIF.3), yellowtail flounder (Figure IIIF.4), 
American lobster  (Figure IIIF.5), and Sea 
Scallops (Figure IIIF.6). 
 
Spring and Fall biomass and abundance trends for 
Atlantic cod oscillated without apparent trend 
during the 1978-2007 time series (Figure IIIF.2).  
However, focus on the spring season, when cod 
are more available, reveals that spring biomass 
was below the time series median during most of 
the 1990’s, and since 1999, biomass has been 
above the median in all but one year.  Spring 
abundance trended higher since 1999 after a 
period of low indices during 1990-1998. 
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Figure IIIF.1.  Massachusetts inshore bottom trawl survey study area showing 
Region 5 represented by depth strata 31through 36. 

 
 
With the exception of the fall abundance data 
which fluctuated without trend since 1985, annual 
biomass and abundance data for yellowtail 
flounder fluctuated upward in recent years (Figure 
IIIF.3). 
 
Winter flounder indices were low during the 
1980’s, strengthened during the late 1990’s, 
peaked between 2000 and 2003, then declined in 
the last 3-4 years of the series (Figure IIIF.4). 

American lobster biomass and abundance data 
peaked in the early to mid 1990’s (Figure IIIF.5), 
however, survey biomass and abundance levels 
before and after this peak were similar. 
 
Sea scallop biomass and abundance, was higher in 
the latter half of the time series, declining to the 
time series median by 2007 (Figure IIIF.6).  
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Figure IIIF.2.  Marine Fisheries bottom trawl survey trends for Atlantic cod from Massachusetts 
Bay (state waters from North River to NH border), 1978-2007.  (Red line: Loess Smoothed Index, 
span=0.05, degree=2; black line: time series median). 
 

            Spring Biomass 1978-2007

M
ea

n 
W

ei
gh

t/T
ow

 (k
g)

10
20

30
40

50
60

1980 1985 1990 1995 2000 2005

Atlantic Cod

 

            Fall Biomass 1978-2007

M
ea

n 
W

ei
gh

t/T
ow

 (k
g)

0
2

4
6

8
10

1980 1985 1990 1995 2000 2005

Atlantic Cod

 
            Spring Abundance 1978-2007

M
ea

n 
N

um
be

r/T
ow

0
50

10
0

15
0

20
0

1980 1985 1990 1995 2000 2005

Atlantic Cod

 

            Fall Abundance 1978-2007

M
ea

n 
N

um
be

r/T
ow

0
20

0
40

0
60

0

1980 1985 1990 1995 2000 2005

Atlantic Cod

 
 
 
 
 
 
 
 
 
 
 
 



 

 64 

Figure IIIF.3.  Marine Fisheries bottom trawl survey trends for yellowtail flounder from 
Massachusetts Bay (state waters from North River to NH border), 1978-2007.  (Red line: Loess 
Smoothed Index, span=0.05, degree=2; black line: time series median). 
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Figure IIIF.4.  Marine Fisheries bottom trawl survey trends for winter flounder from 
Massachusetts Bay (state waters from North River to NH border), 1978-2007.  (Red line: Loess 
Smoothed Index, span=0.05, degree=2; black line: time series median). 
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Figure IIIF.5.  Marine Fisheries bottom trawl survey trends for American lobster from 
Massachusetts Bay (state waters from North River to NH border), 1978-2007.  (Red line: Loess 
Smoothed Index, span=0.05, degree=2; black line: time series median). 
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Figure IIIF.6.  Marine Fisheries bottom trawl survey trends for sea scallops from Massachusetts 
Bay (state waters from North River to NH border), 1978-2007.  (Red line: Loess Smoothed Index, 
span=0.05, degree=2; black line: time series median). 
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Introduction 
From 2004-2007, the Massachusetts Division of 
Marine Fisheries (MarineFisheries) restored 
eelgrass in Boston Harbor, MA as partial 
mitigation for assumed impacts to the 
environment and biota from the construction of 
the "HubLine" natural gas pipeline across 
Massachusetts Bay.  Pipeline construction 
activities during 2002-2003 exceeded 
recommended time-of-year work windows and 
were determined to potentially impact a number 
of finfish and invertebrate species including 
crustaceans, flounders, cod, and anadromous fish.  
Restoration of eelgrass habitat was chosen as a 
mitigation option because it had the potential to 
provide shelter and food and positively impact 
populations of these species. 
 
The ecosystem value of eelgrass (Zostera marina) 
is well documented.  Eelgrass acts to stabilize 
sediments, buffer wave energy, and provide 
habitat for juvenile fish and shellfish (Stauffer 
1937; Orth et al. 1984; Heck et al. 1989; Hughes 
et al. 2002; Lazarri and Tupper 2002).  Decline of 
this important marine plant has been tracked 
throughout its range (Jacobs 1979; Short et al. 
1986; Valiela et al. 1992; Short and Burdick 
1996).  It has been estimated that 90% of eelgrass 
died off in the 1930s due to an outbreak of 
wasting disease (Tutin 1942).  While wasting 
disease continues to occur sporadically (Short et 
al. 1986, 1987), natural re-population has been 
thwarted by degraded water quality from coastal 
development, which limits light essential for 
eelgrass growth (Batuik et al. 2000).  This 
problem is compounded by the limited ability of 
eelgrass to disperse to suitable areas over long 
distances. 
 

The clear relationship between eutrophication and 
eelgrass loss (Kemp et al. 1983; Valiela et al. 
1992; Short et al. 1996; Hauxwell et al. 2001, 
2003; Cardoso et al. 2004) underscores the futility 
of attempting restoration where water quality 
remains poor.  In addition, physical and biological 
changes that can occur in an area when eelgrass is 
lost may inhibit natural re-vegetation (Rasmussen 
1977; Duarte 1995; Short et al. 2002b).  In fact, 
attempts to actively restore eelgrass have met with 
varied success, and many failures (Homziak et al. 
1982; Thom 1990; Fonseca et al. 1998).  Just 31% 
of restoration sites reviewed in Short et al. 
(2002a) succeeded in establishing eelgrass and 
many of these were only on a test transplant scale 
(<0.01 hectares).  Careful site-selection is now 
recognized as an essential precursor to any 
restoration project (Fonseca et al. 1998; Short et 
al. 2002a; Kopp and Short 2003) and should 
improve the poor record of past attempts.  Short et 
al. (2002a) developed a site-selection model with 
criteria based on some of their most successful 
transplant sites.  Criteria included historical and 
current eelgrass distribution, proximity to natural 
eelgrass beds, sediment, wave exposure, water 
depth, and water quality.  Further field testing is 
done at sites identified by the model, including 
light measurements and surveys of bioturbators.  
We used the Short et al. model (hereinafter the 
Short model) with some modifications as the basis 
for our site selection process in Boston Harbor. 
   
Wastewater management upgrades in Boston 
Harbor presented an excellent opportunity to 
assess eelgrass restoration success in an area 
where most beds had disappeared due to severe 
eutrophication, but where major water quality 
improvements could enable its growth.  The 
improvements in water and sediment qualities 
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increased the potential for eelgrass growth, but it 
was unlikely that this growth would happen 
naturally on an acceptable time scale.  
MarineFisheries therefore undertook an eelgrass 
restoration project in the Harbor with the goal of 
“jump-starting” the re-colonization of eelgrass to 
this embayment.  Rigorous attention to site 
selection was essential due to the massive 
physical and ecological changes which the Harbor 
had undergone. 
 
Eelgrass spreads both vegetatively (rhizome 
expansion) and non-vegetatively (seeds). 
Vegetative spreading is limited to adjacent areas, 
so the natural spread of eelgrass to new areas must 
be accomplished by the dispersal of seeds.  
Eelgrass seeds are negatively buoyant and do not 
travel far within the water column once released 
from a vegetative shoot (Orth et al. 1994).  
Detached reproductive eelgrass shoots containing 
seeds can float long distances, and thus can start 
new meadows far from the bed of origin (Harwell 
and Orth 2002a and 2002b).  However, such a 
scenario requires several assumptions: first, that 
seed shoots are available in the area from existing 
beds; second, that local currents carry the shoots 
to an area that is suitable for eelgrass propagation 
given requirements for water quality, depth 
(light), and sediment; third, that shoots will sink 
or the seeds drop out coincident with each shoot’s 
travel over such an area; and, finally, that any 
seeds that do sink in suitable areas will germinate 
and survive burial, grazing, etc. to grow into a 
viable plant.  We took these dynamics into 
account to determine the likelihood that eelgrass 
could have naturally re-colonized Boston Harbor, 
and to focus on areas in our site selection process 
where eelgrass would become self-spreading. 
 
Study Area 
Boston Harbor is a relatively shallow (4.9m 
average depth), tide-dominated estuary located on 
the western edge of Massachusetts Bay within the 
Gulf of Maine (Figure IVA.1).  The 125 km2 area 
is broken up by numerous small islands.  Tidal 
range averages 2.7 m (Signell and Butman 1992).  

The City of Boston (population 590,000) lies 
directly on the Harbor, and until the 1990’s 
virtually the entire volume of sewage from the 
city and surrounding area (population 2 million) 
was discharged directly into the water body with 
minimal or no treatment.  Prior to 1991, Boston 
Harbor received well over 100,000 metric tons of 
suspended solids annually (Knebel 1992; Rex et 
al. 2002).  By the time MarineFisheries’ efforts 
began in 2004, eelgrass in the Harbor had been 
reduced to 3 remnant beds  Two of these beds had 
declined in area by over half between the 1995 
and 2001 Massachusetts Department of 
Environmental Protection (DEP) Wetlands 
Conservancy Program surveys.  A fourth bed 
shown on these surveys had virtually disappeared 
by the time we surveyed it in 2004.  Cause of 
disappearance in the area was very likely poor 
water quality (http://www.mass.gov/dep/water/ 
resources/maps/eelgrass/eelgrass.htm).  A massive 
wastewater collection and treatment project for 
the Boston area, The Boston Harbor Project, 
curtailed sludge discharge in 1991.  Over the next 
9 years, effluent treatment was upgraded to 
secondary; in 2000, wastewater discharge was 
diverted from within Boston Harbor, via an outfall 
pipe extension, to an area 15 km offshore in 
Massachusetts Bay.  Intensive studies conducted 
by the Massachusetts Water Resources Authority 
(MWRA), United States Geological Survey 
(USGS), and others have led to a good 
understanding of the impacts of the wastewater 
system upgrades on water and sediment quality in 
the Harbor. 
  
Geometry of the estuary mouth, combined with 
regional bathymetry, define an ebb tide-dominated 
system, with net flushing of water from within the 
Harbor on each outgoing tide (Signell and Butman 
1992). This flushing has accelerated water and 
sediment quality improvements since initiation of 
the wastewater treatment project.  MWRA 
reported that, five years after the offshore transfer, 
almost all water-quality parameters had improved 
for the whole Harbor or for individual stations 
(Table IVA.1; Taylor 2006).  
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Figure IVA.1.  Boston Harbor, Massachusetts. 

ubstrate within the Harbor is dominated by 
epositional sediment (silts, clayey silts, and 
ndy silts) in a patchy distribution. Gravel is also 
und within the Harbor (Knebel et al.1991; 
nebel 1993; Knebel and Circé 1995). Tide- and 
ind-driven current patterns vary in different 

parts of the Harbor (Signell and Butman 1992; 
Knebel 1993); consequently improvements to 
both water and sediment have been more rapid in 
better-flushed areas (Taylor 2006; Tucker et al. 
2006).  
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Table IVA.1: Summary of differences in selected water-quality parameters in Boston Harbor at 
aseline and 5 years after outfall went online (adapted from Table 1 in Taylor (2006)).  All current 
alues are considered "improvements" for eelgrass except that shaded in gray.  Recommended 
quirements for eelgrass (Batiuk et al. 2000) are provided for comparison where available (NA= 
ot available). 

Variable 

 % increase (+) 
or decrease (-) at 
5-y Current value 

Recommended 
requirements 
for eelgrass 

b
v
re
N
 
 
 

Total nitrogen (TN) 
(μmol l-1) -35 20.2 ± 2.9 NA 
Dissolved inorganic 
nitrogen (DIN) (mg l-1) -55 .074 ± .049 <0.15 (mg l-1) 
Total Phosphorus (TP) -28 1.48 ± 0.31 NA 
Dissolved inorganic 
phospohorus (DIP)  -15 0.02 ± .0084 <0.02 (mg l-1) 
Total chlorop
1) -26 4.8 ± 2.4 <15 

hyll-a (μg l-

Total suspended solids 
(TSS) (mg l-1) 5 3.8 ± 1.1 <15 
Percent organic carbon 
(POC) as % TSS -33 12 ±  3 NA 
Secchi depth (m) 4 2.7 ±  0.70 NA 
Dissolved oxygen (DO) 
(mg l-1) 5 8.9 ± 1.3 NA 

 
 
Existing water quality standards for eelgrass were 

et in Boston Harbor following the outfall 

μM and Total 
rganic Carbon (TOC) < 5% (Koch 2001).  
ediment in existing eelgrass beds is often very 
ne (Wanless 1981; Smith et al. 1988), largely 

due to the trapping and settling of suspen
particles by leaves extending into the wat
column.  Acc of organic matter
inability of o r into fine 
sediments oft
centimeter or so in existing eelgrass meadows 
(Klug 1980; st 
1992).  Neve e

in unvegetated areas may be problematic for 
eelgrass transplants.  It is easily re-suspended, and 

 

r 
 

in these parameters among stations noted by 
Tucker et al. (2006), and the wide range of 
recommended levels in the literature, it was 
important to conduct sediment quality work as a 

ponent of site se

Met
MarineFisheries’ Eelgrass Restoration Project 
efforts were initiated in spring 2004 and 
conc 200 ey encompassed site 
selection, permitting, test transplants, large-scale 
plan e  of planting 

m
diversion.  However, the Harbor is dominated by 
fine-grained sediment. Sediment guidelines for 
eelgrass vary widely in the literature, ranging 
from a silt/clay fraction of <20% (Koch 2001) to 
< 70% (Short et al. 2002a).  Pore water sulfide 
evels were recommended at <400 

can worsen light attenuation; it is also subject to
high porewater sulfide levels which can lead to 
H2S toxicity in eelgrass (Barko and Smart 1983; 
Carlson et al. 1994; Goodman et al. 1995; Holme
et al. 1997; Koch 2001). Because of the variation
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methods, survival/expansion assessment, and 
comparison o en pl and 
existing eelgrass beds and unvegetated control 
sites.  In addition, an 
involved a nu er  
educated the  f ms.  
Estrella (200 gh ne 
2005, and Le 7) 
summarized d 2006 f
seasons.  Thi formation from 
the three prev des 
results from t eld season. 

ermitting

f habitat quality betwe anted 

outreach component 
s andmber of hands-on volunte

 public in mutiple different oru
 Ju5) reported activities throu

schen et al. (2006 and 200
activities in 2005 an ield 
s report combines in
ious reports, and also inclu
he 2007 fi
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MassGIS eelgrass areal coverage was overlaid on 
Massachusetts Bay nautical charts with town
water boundaries to determine municipal 
responsibility for each area.  The Program 
Coordinator contacted shellfish constables and 
conservation commissions from towns 
surrounding Boston Harbor regarding our intent to 
harvest and transplant submerged aquatic 
vegetation (SAV).  All constables were called and
their respective town conservation commissions 
received a letter of introduction, a description of
work to be accomplished, and a request for inpu
on local permitting guidelines and requirements. 
 
Considerable time was spent researching eelgras
restoration permit requirements with pertinent 
agencies and submitting appropriate documents.  
All necessary permit applications were filed 
including Notices of Intent with the seven affected
towns (Boston, Hull, Hingham, Weymouth, 
Quincy, Revere, and Nahant – Winthrop had 
already been eliminated as a possibility before 
permitting began) and DEP.  A PowerPoint 
presentation on our eelgrass restoration work was
developed for communication to Town 
Conservation Commissions during our Notice of 
Intent hearings.  Orders of Conditions were 
subsequently received from all towns.  Appro
was also obtained from the Army Corps of 
Engineers, the Massachusetts Historical 
Commission, and Board of Underwater 

rcheological Resources.   A
 
Site selection 
Initial site selection began simultaneously with 
permitting process.  To narrow planting efforts to
areas most likely to support eelgrass, 

their suitability as eelgrass habitat (Table IVA.2). 
All the parameter scores were then multiplied to 
get a Preliminary Transplant Suitability Index 
(PTSI) score (Short et al. 2002a) for each cell.  
Since the model employed a multiplicative index, 
a score of zero (0 - unsuitable) in any one 
parameter eliminated the site from further 
consideration, whereas high parameter scores 
made it more likely to support eelgrass.  Each cel
was color-coded to reflect the PTSI scores, whic
allowed mapping of areas with the most poten
for eelgrass growth.  PTSI results effectively 
focused the search for suitable sites, thus reducing
the number of areas requiring further 

vestigation.   

the 
 

environmental data specific to Boston Harbor was 
acqu ction model 
produced by Short et al. (2002a) was modified 
and  GIS sis (Estrella 2005; 
Lesc 06)  analysis was based on 
a gri x 10 lls covering the Boston 
Harb ven eters were estimated at 
each cell: depth, exposure, historical eelgrass 
distr , water 
qual on ediment type.  
Parameters were assigned scores ranging from 0-2 
(2 be st suitable for eelgrass growth) 
based on literature values or from conditions at 
existing local reference eelgrass beds based on 

l 
h 

tial 

 

ired (Estrella 2005).  The site sele

adapted to a
hen et al. 20

 analy
.  This

d of 100 m 
or area.  Se

0 m ce
param

ibution, current eelgrass distribution
ity, bioturbati , and s

ing the mo

in
 
The parameter estimates came from a variety of 
sources: 

Depth: Average depth at mean low w
was estimated by using point depth
measurements taken from NOAA 
Electronic Navigational Chart (
data.  The depth points, along with 
MassGIS tidal flats and shoreline data 
(depth = 0), were spatially interpolated 
using the Inverse Distance Weighted 
(IDW) method to obtain depth estimates 
at each cell. 

ater 
 

ENC) 

Exposure: The fetch in the NE direction 
was used as a surrogate for exposure, as it 
is the prevailing direction of winter storm 
winds.  NE fetch was estimated using the 
MassGIS 1:25,000 shoreline data. 
Historical SAV Distribution:  Data 
produced by Mass DEP Wetlands 
Conservancy Program surveys in 1951, 

 72



 

 73

al 1971, and 1995 were used for historic
SAV distribution.   
Current SAV Distribution:  The most 
recent survey (2001) was used for current 
SAV distribution. 
Water Quality:  Water quality scores were
made using point measurements of 
various water quality criteria taken by the
Massachusetts Water Resources Au
(MWRA) and later supplemented
MarineFisheries Eelgrass Projec
First, the median Ap

 

 
thority 

 by 
t staff.  

ril to October value 
for each water quality criterion was 

ted.  These median values were estima
then interpolated using the IDW method 
to obtain estimates at each cell. 
Bioturbation:  Values were ba
density of bioturbating organisms such as 
green crabs and skates which were 
counted along 2 to 3, 50 m transects per
site (2 m swath per transect).  

sed on 

 

Sediment Type: Using a polygon layer of 
sediment types for Massachusetts Bay 
developed by the U.S. Geological Survey 
(USGS), the percent composition of ea
sediment type was determined for each 
grid cell.  The predominant sedim
for each cell was then used to derive a 

score for the sediment parameter.  This 
score was revised as described below. 

 
The potential transplant sites originally ide
by the PTSI output were surveyed in the field. 
Sites were surveyed for actual depth (corrected for 
tide), presence of marinas, mooring fields,  
extensive shore armoring (rip-rap), and proximity 
to commuter ferry routes (wakes).  Underwate
surveys of sediment and bioturbators such as 
green crabs and skates were undertake
SCUBA divers a

  
Table IVA.2.  PTSI scoring criteria for param
(Zostera marina) transplanting. 
 

Parameter PTSI score
Depth 0 = <0.5m or > 4m

ch 

ent type 

ntified 
 

r 

n by 
long two to three 50 m transects 

t each site (2 m swath transect-1).  Sediment 
 

 cm long, 4.9 cm diameter flow-through 
cylindri
sieved b   A 
second nt for 
process  
(BU) w e 
using st
 
Our init
indicate
USGS w  in the shallow depth zone 
targeted e 
extrapo
decided
the mod

eters used in lgrass 

a
cores were collected every 5 m along the transect
with a 15

cal core. The sediment was dried and 
y MDMF for preliminary grain size.

set of samples was collected and se
ing to a laboratory at Boston University
here they were analyzed for grain siz
andard methods of Poppe et al. (2000). 

ial sediment groundtruth sampling 
d that the GIS sediment data layer from 
as inaccurate

 for eelgrass restoration because data wer
lated from deeper water.  We therefore 
 to remove the USGS sediment layer from 
el and instead, conducted extensive

 evaluation of site suitability for ee

GIS Data Source Groundtruthing method
AA Navigational Chart, values based on reference 
s

Depth soundings adjusted to low tide

3m

S USGS Open File 99-439

E Fisheries  calculations fro

H P Wetlands Conservanc
Historical eelgrass distribution (1

 eelgrass distribution (200

C ss DEP Wetlands Conservan
torical eelgrass distribution (1

 eelgrass distribution (200

W MWRA BHWQM, CSORWM proj

B

figures based on

NO
bed

1 = 3 - 4m

2 = 0.5 - 

ediment type 0 = > gravel and >70% silt/clay

1 = coarse sand to very coarse sand

2 = <70% silt/clay to medium sand

xposure 0 = NE fetch > 2724 (max. fetch of existing 
bed)

Marine m existing beds Visual: protection from NE

Underwater camera, Ponar grab samples, 
analysis of sediment cores 

1 = 1866 to 2274 m

2 = < 1866 m (average of existing beds

istorical SAV distribution 0 = previously unvegetated Mass DE

current

1 = previously vegetated in 1 survey

2 = previously vegetated in 2 or more surveys

urrent SAV distribution 0 = currently vegetated Ma
His
current

2 = unvegetated

ater Quality 0 = >1 WQ value does not meet eelgrass 
requirements*

1 = meet all but one

2 = meet all requirements

ioturbation 0 = >1 crab/m2 none

1 = 1 crab/m2

2 = < 1 crab/m2

y Program (WCP) 
951, 1971, 1995) and 
1)

Visual inspection with SCUBA

cy Program (WCP) 
951, 1971, 1995) and 
1)

Visual inspection with SCUBA

ects Light attentuation measured with LICOR 1400 
data logger

 Davis et al. 1998
50m sweep with 2m swath bar, counting crabs 
and skates/rays in each 10m segment



 

sediment groundtruthing.  A Ponar grab sampler 
and an Atlantis underwater camera allowed 
quickly assess bottom type in an area.  With the 
camera, rocky sites and areas of high macroalgal
growth could quickly be eliminated.  Gravelly
areas were omitted by using the grab sample
black, anoxic areas noted for later consideration 
(only if such sediment proved suitable for 
transplantation).  If the sediment did not show 
obvious problems a core sample was collected via 
SCUBA for grain size analysis.  When high PT
scores were upheld after groundtruthing, the area

us to 

 
 

r, and 

SI 
 

as selected for test transplanting. 

ny sites was 
ery fine (silt and clay) with a visible redox layer 

below ~2 cm.  These observations of possible 
anoxic sediments in some areas raised concerns 
about bottom sediment quality, e.g., organic 
loading and H2S toxicity (Barko and Smart 1983; 
Koch 2001; Carlson et al. 1994; Goodman et al. 
1995).  Therefore, we contracted analyses of TOC 
and pore water sulfide to help refine the transplant 
site selection process.  An additional set of 
sediment cores was collected for analysis, stored 
intact and upright in coolers on the boat, and 
delivered to the Department of Environmental, 
Coastal and Ocean Sciences Laboratory at the 
University of Massachusetts, Boston.  There they 
were analyzed immediately according to the 
methods of Cline (1969) and Hedges and Stern 
(1984), respectively.  Briefly, sulfide in pore 
water was determined by sectioning the cores, 

  

y 

w
 
Sediment grain size obtained at ma
v

isolating pore water by centrifugation (10,000g), 
0.4 μm polycarbonate syringe filtration, and 
preservation by the addition of 2% zinc acetate 
(all performed in a nitrogen or argon atmosphere).
Sediment for TOC analysis was dried at 60oC, 
acidified with HCl to remove carbonates and 
analyzed by a Perkin-Elmer CHN Analyzer. 
 
In spring 2007, we contracted Boston Universit
(BU) to re-analyze sediment grain size from 12 
original test transplant sites and pre-existing 
remnant beds with more accurate laboratory 
techniques than previously used. 
 
Harvest and test transplants 
Test transplanting began after potentially suitable 
sites had been identified and permits obtained.  
An existing bed north of Boston Harbor, in Lynn 

r 
e 

 
s a donor site since it was not as dense as the 

Harbor, Nahant, was adopted as the primary dono
site after investigation confirmed it was extensiv
and dense (Figure IVA.2).  (A bed across the 
channel in Revere was examined, but eliminated
a
Nahant bed). 

 
Figure IVA.2. Donor beds in Revere and 
Nahant. 
 
Several steps were taken to minimize impact to 
the donor bed.  A GPS-referenced 50 m transect 
line was used to avoid re-harvest of the same area.  

 

rs 

 
ng 

Divers then placed a 1 m2 quadrat adjacent to the
transect and harvested eelgrass shoots in one of 
two ways: the single-shoot method, described by 
Davis and Short (1997), or the clump method, 
adapted from Save the Bay, Rhode Island (Sue 
Tuxbury, personal communication).  In the single 
shoot method, trained MarineFisheries divers 
fanned away sediment from the rhizomes and 
snapped off one shoot at a time with 
approximately 3-5 cm of rhizome.  Shoots were 
grouped into bundles of 50.  Alternatively, dive
dug small clumps of eelgrass using a garden 
trowel, leaving sediment intact around the 
rhizomes of harvested shoots, and placed clumps
in mesh dive bags.  No more than 20% of standi
stock was harvested from each quadrat using 
either method and quadrats with sparse eelgrass 
coverage were skipped.  The quadrat was then 
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flipped along the transect and harvest continu
this way until enough eelgrass was obtained.  
Shoot counts were taken approximately every 2 
months during the first and second harvest 
seasons to determine if harvest was having a lo
term impact on the donor beds.  Ten 0.25 m2 

ed in 

ng-

uadrats were sampled along transect lines re-laid 

t. 

ites which warranted primary phase test 
ERFs™ [weighted 

s 

ed 
offset; 1 

m  quadrats were hand planted; and, 1 m2 PVC 
frames were deployed with string grid in the 
middle to which shoots were tied (a prototype 
designed to address problems experienced with 
TERFs™).  A total of 1000 eelgrass shoots were 
planted in this pattern along a 50 m transect at 
each site (Figure IVA.3). 
 
Medium-scale transplant sites were monitored 
over the summer for survival and overall health of 
eelgrass shoots.  Sites that did well received 
larger-scale plantings in fall 2005 or spring 2006.  
The PVC string frame design was modified into a 
PVC frame/jute mesh structure with an anchoring 
system (Figure IVA.4).  Volunteers tied pairs of 
eelgrass shoots at 25 junctions of the jute and 10” 
spikes were driven through pre-drilled holes in 2 
of the frame corners to anchor the frame in the 
sediment; metal landscape and bamboo staples 
(bamboo barbeque skewers soaked in water and 
bent in half) were used to tighten up the jute.  At 

 of the frame and left to biodegrade; 
ames and spikes were retrieved for reuse. 

q
in the same location as harvest and also along 
control transects (where no harvest occurred). 
Data from harvest and control sites were 
compared using the Wilcoxon signed-rank tes
 
S
transplanting received four T
wire mesh frames to which paired eelgrass shoots 
were tied - Short et al. (2002b)] with 200 eelgras
shoots (50 per TERF™).  These plantings were 
monitored for shoot survival and general health.  
Sites with best results were chosen for medium-
scale transplanting in 2005 at which time the 
effectiveness of different planting methods and 
configurations was tested.  TERFs™ were plac
singly, together in a square pattern, and 

2

the end of the season, the jute was cut away along 
the inside
fr
 
Large-scale transplants 
Sites selected for large-scale transplants received 
either frame or hand-planting, or both, depending 

on local conditions.  A slightly gravelly site was 
hand-planted because frames could not rest flat on
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Figure IVA.3.  Secondary test transplants in 
Boston Harbor, 2005.  Each site was plan
with 1000 shoots in various patterns by 
different methods. 
 
 

 
Figure IVA.4.  A PVC frame/jute mesh 
structure was constructed as a lighter-weight 
alternative to TERFs™. 
 
the sediment.  Muddier areas received frames to
minimize agitation of sediment, which obscured 
visibility.  At sandier sites we used both methods.
Single shoots were planted using the horizontal
rhizome method (HRM; D

 

  
 

avis and Short 1997), 
here the rhizomes of 2 shoots are overlapped 

y  
w
facing in opposite directions and held in place b
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atural Resources, and others; it is designed to 
continuous planting of 

 

sessment of test- and medium-scale transplants 
was based on an assumed count of 50 shoots per 
square.  However, at our large-scale planting sites 
we conducted baseline shoot counts within two 
weeks of planting to avoid compromising shoot 
survival estimates.  This method accounted for: 1) 
bundler counting error, 2) more or less than 50 
shoots actually being tied to the frames by 
volunteers, and 3) loss of shoots between the tying 

stage and transport/placement of the string frames 
on sediment. 
 
Seeds

a bamboo staple.  Clumps were either tied into 
bundles of approximately 50 shoots prior to 
planting or planted "as is” with divers simply 
pulling them out of the mesh bag and estimating 
50 shoots per square.  Clumps were held in place 
using several bamboo staples.  Hand-planted 
squares and string frames were arranged in a 
checkerboard pattern by alternating eighteen 
planted and unplanted ¼ m2 quadrats (Figure 
IVA.5).  The planted squares contained 
approximately 50 shoots each.  This pattern was 
adapted from a strategy used by Save the Bay i
Rhode Island, the Maryland Department of 
N
cover more ground than 
shoots, while providing voids for eelgrass to fill as
it spreads.  Initially, four to eight of these grid 
plots, spaced 30-50 m apart, were planted at each 
large-scale site.  More were added later.  Survival 
as

 
Eelgrass reproduces sexually by producing seeds 
and also spreads asexually by rhizome expansion.  
To determine if we could successfully grow 
eelgrass from seed, twelve fish totes of flowering 
shoots were harvested from Nahant in July 2005.  
Flowering shoots are generally longer and lighter-
colored than vegetative shoots and can easily be 
spotted and plucked by divers.  Shoots break off 
near the base so no digging or rhizome 

hoots 

; Granger et al. 2002). 

r 

A.6).  Sorted seeds were stored in lobster 
reisels (narrow cylindrical tanks with circulating 

 
 

disturbance occurs.  If left in place, these s
would normally senesce and die after dropping 
their seeds (Orth et al. 1994
 
Shoots were maintained in flow-through seawate
tanks at the Marine Biological Laboratory in 
Woods Hole for approximately six weeks until 
seeds ripened and dropped from the leaves.  
Thereafter, vegetation was discarded and seeds 
were collected and sorted from detritus using a 
series of sieves (Granger et al. 2002; Figure 
IV
k
water) until late fall when they were planted.  
Approximately 300,000 seeds were 

 

g alternating planted and unplanted ¼ m
2 

lant site. 
Figure IVA.5. Planting pattern showin

          quadrats at a typical large-scale transp



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure IVA.6. Clockwise from upper left: flowering shoots containing immature seeds; 
removing vegetation once seeds have dropped out; close-up of mature seeds; measuring 
seeds into bags for deployment. 
 

collected and distributed at three sites to 
complement the shoot planting.  Divers scratched 
seeds into the sediment using a small garden claw 
at two of the sites and simply broadcast the seeds 
from the boat at the third site.  We repeated these 
methods with approximately the same number of 
seeds at different sites in 2007. 
 
In 2006 we te
techniqu
ssociat
lowering shoots were harvested as before, but 
ere transported directly to the planting site, 
here they were bundled in handfuls (average 22 

hoots/bundle).  Bundles were attached at 
tervals of 0.25-0.5 m along a continuous length 

f twine using a simple slip knot (Figure IVA.7a).  
he lines trailed behind the boat (Figure IVA.7b) 
nd were staked to the seafloor in a zig-zag 
attern by divers (Figure IVA.7c). 

Monitoring

sted an innovative seed planting 
e in an attempt to reduce time and costs 

ed with the previous year’s methods.  

 
Several measures of habitat structure and function 
were used to compare habitat function of our 
transplant sites to that of pre-existing natural beds 
and an unvegetated control site.  Measures 
included survival and expansion, assessment of 
faunal communities, and habitat structure.  Data 
were collected in July 2006 and 2007 from four 

l 
beds 

 and 2006, and an unvegetated control 
site near some of the planted sites.  In 2007 we 
also conducted monitoring at one of the seeded 
areas. 
 
Shoot density and size of plots were used to assess 
survival and expansion.  Sites were evaluated for 
these parameters at the end of the summer for 
spring plantings and the following spring for fall 
plantings.  

 

a
F
w
w
s
in
o
T
a
p
 

locations: a pre-existing Boston Harbor natura
ahant donor site, our transplanted bed, the N

from 2005
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a b c

 
undl
ed t

ce per year for the 
uration of the project.   

ned 

f 

th 
H) (also 

nown as Shannon-Weaver or Shannon-Wiener) 
measures the chance of correctly predicting the 
species of the next individual collected.  
Simpson’s Diversity (1-D) index is the probability 
that two individuals randomly selected from a 
sample will belong to different species (Krebs 
1999).  Though commonly used in ecology, the 
Shannon index assumes random sampling from an 
infinitely large population and that all species in 
the area sampled are present in the sample.  These 
are assumptions that are rarely true in benthic 
monitoring efforts (Pielou 1975; Magurran 1988; 
Maciolek et al. 2004).   
 
Since infaunal organisms could not be identified 
to species level in all cases, these analyses of 

a, 

 
 

 to be two different, though unidentified, 
pecies. 

 of 
 

he percent contribution of the two 
most important species. 
 
We selected several easily-measured proxies to 
evaluate habitat function (Evans and Short 2005).  
Three-dimensional structure was measured as 
shoot density, two-sided leaf area index (LAI), 
canopy height, and above-ground peak eelgrass 
biomass.  
 
Data were tested using Shapiro-Wilk W test for 
non-normality. The non-parametric Kruskal-
Wallis test was employed for each parameter, and 
then for all pair-wise comparisons (between sites 
in each year, and between years for each site) to 
determine significance at P< 0.05.  StatsDirect 
statistical software version 

Figure IVA.7.  Handfuls of seed shoots tied in b
trailing behind the boat (b).  Planting pattern us
 
 
Thereafter shoot density and areal coverage 
monitoring continued at least on

es along a length of twine (a).  String of bundles 
o stake down bundles (c). 

Calculations of abundance were made for all tax
including those identified only to higher 
taxonomic levels.  Calculations based on species 
(i.e., species richness, evenness, diversity, and 
dominance) included only those taxa identified to 
species level or those treated as such (67 of 76).  
For example, Oligochaete spp.1 and Oligochaete
spp. 2 were treated as species because they were
known

d
 
To compare epibenthic/demersal and benthic 
faunal communities, we examined abundance, 
species richness, evenness, and diversity among 
sites and between years.  Abundance was defi
as the total number of organisms found at a site.  
Species richness (S) refers to the number o
species found at each site.  Evenness (relative 
abundance of the species present) was calculated 
using Shannon’s Equitablility (EH) index.  
Species diversity indices take into account bo
richness and evenness.  Shannon’s (
k

diversity were performed with several caveats.  

s
 
The top 3 contributors to the percentage of total 
species at each site were determined.  An index
dominance (McNaughton 1967) was calculated as
the sum of t
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2.6.5, available online, was used 
m(http://www.statsdirect.co ).  Shannon and 

 also 

n was used for 
hannon’s Equitability.  

s in 

 

005 

 
ssed 

d 
 

d 

 over seine or other net 
urveys for several reasons: depths at the sites 

ling 

A survey was 
t was 

al 
ets in 

phyte cover.  

ached the quadrats, 
 30 

f each organism was 
sed in analyses.  Species with large numbers 

 

access.  One of each pair of divers “crawled” a 
gloved hand along the substrate at each quadrat to 

 

tion of core size and number sampled.  
wenty 4.9 cm diameter core samples were taken 

rab 
ites, all cores were taken 

here eelgrass was growing.  Clear flow-through 
e 

 brought to the boat, where they were 
mptied and washed with seawater into a 0.5 mm 

 and 

 
  

s fixative to samples in 
ambient seawater to equal approximately 10% of 

and 

re 
 

imes into 

s 

Simpson diversity indices and their SDs were
calculated using StatsDirect.  Microsoft Excel 
Statistical Package Add-i
S
 
Survival and expansion 
Density was based on the mean shoot density 
count from nine 0.25 m2 quadrats in each plot ± 
SD.  To determine areal cover, we measured and 
multiplied distance between outermost shoot
perpendicular directions. 
 
Epibenthic and demersal species monitoring
Ten 1 m2 quadrats were distributed randomly 
within each site in one of two ways.  At our 2
and 2006 transplant sites, distribution of the ten 
quadrats among the plots was determined with a
random numbers table.  Quadrats were to
from the boat into the planted areas at low tide 
when they were visible.  At harvest, natural, 
control, and seeded sites, quadrats were attache
at random intervals along a 50 m transect line (to
facilitate finding them in poor visibility 
conditions) and pushed overboard.  In all cases, 
sampling of quadrats was delayed for a minimum 
of ½ hour after placement to allow any disturbe
fish and invertebrates to return to the area.  A 
diver survey was chosen
s
made other methods extremely difficult and 
planted plots were too small for effective traw
which could also damage and uproot recent 

scare epibenthic fauna out of hiding.   
 
 
Benthic infaunal species monitoring 
We followed the University of New Hampshire, 
Jackson Estuarine Lab Standard Operating 
Procedures and the San Francisco Wetlands 
Regional Monitoring Plan protocols for sampling
benthic infauna in eelgrass habitats, with 
modifica

transplants.  Since a visual SCUB
the only feasible method in transplant plots, i
deployed throughout all sites for consistency.  
Pratt and Fox (2001) found that underwater visu
transects sampled more species than gilln
medium and heavy macro
 
Two divers slowly appro
quickly assessed the species present in the first
seconds, and then more carefully counted and 
recorded numbers of each species.  The divers 
observed each quadrat at the same time and the 
higher-recorded number o
u
(over 100) were estimated to the nearest 100 up to
1000, and then as 1000+.  In vegetated plots, 
eelgrass was parted several times to gain visual 

total volume, and several drops of Rose Bengal 
stain solution (4 g/L) were added to stain 
organisms and facilitate sorting (Raz-Guzman 
Grizzle 2001; Holme and McIntyre 1984; 
Mudroch and MacKnight 1994).  Samples we
left in dilute formalin until they were processed in
the laboratory.  They were then poured through a 
0.25 mm mesh sieve and rinsed several t
a waste collection container.  After rinsing, 
samples were returned to jars with tap water in 
which they were stored in a refrigerator for a 
maximum 4 days before sorting  (most sample
were sorted on the same day as transfer).  Samples 
were sorted in Petri dishes 
 
 
 

T
by divers from well-distributed, haphazard 
locations within each site.  This method was 
chosen to minimize damage to transplanted beds 
that would have occurred with larger cores or g
samplers.  At vegetated s
w
cores were inserted approximately 15 cm into th
sediment and capped.  Divers capped the bottom 
of the cores as they removed them from the 
sediment.  
 
Cores were
e
mesh sieve (Eleftheriou and Holme 1984, Tetra 
Tech, Inc. 1987).  Large pieces such as stones
shell debris were discarded after being rinsed and 
examined for organisms.  Samples remaining after
flushing were washed into labeled collection jars.
Buffered formalin (4 oz. borax per gallon 40% 
formaldehyde) was added a
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during examination with a dissecting microscope.  
Animals stood out with Rose Bengal stain and 
were removed with tweezers to small labeled 
collection vials containing 70% ethyl alcohol fo
later identification.  Organisms were ide

r 
ntified to 

pecies where possible by ENSR, Inc., Woods 

 of 
l. 

 in 
g 
d 

”. 

t each 1 m2 quadrat, divers placed a 0.25 m2 
arting in the 

 
rat 
each 

 shoots 
.  

n 

tes 
de or 

ere then placed separately in a pre-weighed foil 
drying oven (60°C).  

 

s
Hole, MA and data recorded in an Excel 
spreadsheet.  Posterior fragments were discarded.  
 
Habitat structure monitoring 
Faunal presence and diversity in eelgrass beds 
have been correlated with the physical structure
the habitat (Evans and Short 2005, Fonseca et a
1990).  Trained divers estimated percent cover of 
eelgrass, macroalgae, and sessile invertebrates
the same 1 m2 quadrats used to count fauna alon
transects.  Algae and invertebrates were identifie
to species where possible or otherwise recorded as 
e.g., “un-id’d red algae, un-id’d sponge
 
A
quadrat in a quadrant of the square, st
upper left corner and rotating clockwise with each
successive 1 m2 quadrat.  This 0.25 m2 quad
was further divided with string into quarters, 
of which was 0.0625 m2 (Bosworth and Short 
1993; Evans and Short 2005).  We counted
within the 0.25 m2 quadrat to obtain shoot density
To calculate LAI and aboveground biomass we 
cut and removed all above-ground vegetatio
from within two of the four 0.0625 m2 
subsections.  In the lab, ten shoots from each 
sample were haphazardly chosen; length and 
width of these leaves were measured to the nearest 
mm, and leaf area calculated.  LAI (m2 leaf per m2 
area of seafloor) was calculated as 2-sided leaf 
area times density (Evans and Short 2005; 
Hauxwell et al. 2003).  To determine epiphyte 
cover in the field, we estimated percent of the leaf 
area covered with epiphytes.  In the lab, epiphy
were scraped from leaves using a glass sli
dull knife. All leaves and epiphytes from each site 
w
pouch and dried for 48 hr in a 
Dry leaves and epiphytes were then weighed to
obtain biomass in g per m2 (Westlake 1965; 
Phillips 1990).  Canopy height was measured in 
situ (80% of mean of maximum length shoots 
from each quadrat).  
 

Efficiency of Harvest and Planting Methods 
An efficiency analysis of hand- vs. frame-planting
was conducted by recording the number of 
person-hou

 

rs spent by divers, boat handlers, and 
horeside volunteers, vs. the number of shoots 

 
s
planted in this effort.  Results were averaged for 2
planting days.   
 
The efficiency of the "clump harvest method" vs. 
the single shoot method was investigated.  
Number of shoots harvested and planted per dive 
hour (time spent in the water by divers) was 
calculated for each method.  We used the same 
checkerboard pattern described above with 50 
shoots planted in each square.  
 
Modeling of seed shoot movement 
We modeled the movement of seed shoots from 
pre-existing natural beds to areas which we
suitable for eelgrass in the Harbor in order to 
determine whether our restoration efforts were 
redundant, i.e., would eelgrass have colonized the 
Harbor without our efforts.  Our previous field 
surveys had indicated that existing remnant b
the source of reproductive shoots, may be scarce
or non-existent in areas affected by water qual
degradation, thereby severely limiting available 
seed stock.  We also investigated whether seeds 
from our selected sites were

 found 

eds, 
 

ity 

 likely to populate 
ther suitable areas.     

e used the model GNOME™ (General NOAA 
perations Modeling Environment) to investigate 

the potential path of seed shoots that become 

se it is 
de and current driven, it was applicable in our 

 to 

e objects 
tion 

o
 
W
O

detached from "parent" plants and float to the 
surface.  GNOME™ is primarily used to simulate 
the movement of oil after a spill, but becau
ti
research question.  The model was first run to 
evaluate the distribution of seed shoots from 
historical (remnant) beds in Boston Harbor.  The 
simulation was re-run using our successful 
transplant locations as start points to determine 
whether seeds from our transplants were likely
re-vegetate other suitable areas.  We used Boston 
Harbor inputs of 1) wind typical for the time of 
year when seed shoots are maturing (early-mid-
July) obtained from the NOAA National Data 
Buoy Center, 2) floating non-degradabl
(representing seed shoots), and 3) 2-week dura
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(the maximum time eelgrass shoots remain 
buoyant, and by which time they have dropped 
two-thirds of their seeds (Harwell and Orth 
2002a)).  (Massachusetts Bay current data were 
not included in the model inputs, which ma
affect distribution of shoots after they leave 
Boston Harbor, but they are not considered to 
significantly impact the results within Boston 
Harbor.  The Nahant/Revere beds were also 
included in a model run, but did not affect results 
and were therefore left out of future model runs 
for simplicity). 
 
Results and Discussion 

y 

Evaluation of Harvest Method  
Shoot densities measured at harvest and contro
sites in the Nahant do

l 
nor bed are presented in 

igure IVA.8.  Differences were not significant  
vest 

in 

F
(p>0.05) in all comparisons of control vs. har
on any date, suggesting that our harvest methods 
had no detrimental impact on shoot density 
donor beds. 

Shoot density at harvest and control sites
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Figure IVA.8.  Eelgrass shoot densities at donor site 
in Nahant in 2005.  Control and harvest data on 
each date were compared using the Wilcoxon 
signed-rank test.  Error bars are ± SD. 
 
Site selection and test transplants 
The GIS map generated from the original PTSI 
scoring (Figure IVA.9A) was a starting point in 
our site selection process.  The majority of the 
blue area (PTSI score of 0) was the result of 
unsuitable depth or exposure.  This effectively 
focused our search along shallow segments of the
shoreline that were protected from NE storm 
winds.  Of the potential

 

 transplant areas originally 
entified with the PTSI output, six were 

d 
nd 

e 
 

ith the 

d 

 from 

dary 
e 

far 
n 

ival at the Thompson Island site 
as high; however, the grass looked very 

ith epiphytes and 
sily when 

ne, 

and 
ing plants looked very healthy.  The 

significant excavation by crabs (bioturbation) 
under TERFs™ at Long Island and Peddocks 
Island SE sites may have caused most of the 
eelgrass mortality, rather than poor growing 
conditions.  Further planting by alternative 
methods was therefore pursued at these sites.  
Four sites, Long Island South (LIS), Peddocks SE 
(hence also referred to as “Peddocks”), and 
Weymouth were selected for secondary test 
transplants in the fall of 2005, with the intention 
of also planting Long Island North (LIN) in spring 
2006.

id
eliminated due to presence of a marina, high 
energy environment, or incorrect depth, i.e., too 

shallow or too deep.  The boat traffic associate
with marinas makes transplanting impractical a
potentially dangerous.  Riprap reflects the wakes 
generated in shipping channels, creating energetic 
conditions unsuitable for eelgrass growth.  Figur
IVA.9B shows the PTSI scores once the USGS
sediment map layer was removed after 
groundtruthing revealed its inaccuracy in shallow 
water.  Figure IVA.9C depicts the scoring w
MarineFisheries sediment layer created from 
groundtruthing and the resulting limited area for 
restoration. 
            
Twelve sites remained viable after sediment 
groundtruthing using Short model guidelines an
were selected to receive test transplants (Figure 
IVA.10).  Shoot survival after primary test 
transplanting with four (4) TERFs™ ranged
5% - 90% (Table IVA.3).  
 
However, several factors in addition to shoot 
survival influenced the decision to continue 
planting at a site after both primary and secon
test transplants were completed.  Sediment at th
Rainford E sites proved unsuitable; there were 
more rocks and kelp than had been apparent o
the initial visit, and despite initial high survival 
shoots later disappeared and the site was 
eliminated.  Surv
w
unhealthy, was covered w
sediment, and up-rooted very ea
TERFs™ were removed.  Because of these 
factors, and the prevalence of extremely soft, fi
anoxic sediment, the Thompson Island site was 
eliminated as was Lovell Island which was too 
shallow and gravelly to support eelgrass.  Despite 
mediocre survival rates at some of the Long Isl
sites, remain
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Figure IVA.9.  Results of PTSI scoring with USGS sediment layer (A).  Higher scores 
indicate greater suitability for eelgrass growth based on the Short model.  PTSI map with 
problematic USGS sediment layer removed (B) and PTSI scoring with MarineFisheries 
sediment layer (C). 

 
 
 



 

 
Figure  IVA.10.  Primary test transplant locations in Boston Harbor, 2005.  Each site was 
planted using four TERFs™ frames arranged in a square; each had approximately 50    
eelgrass shoots attached.  There are two sites at Rainford Island and Weymouth (they 
appear as one on the map due to their close proximity).  CPF (Crow Point Flats), Hull, and 
Logan are pre-existing eelgrass beds). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

ot survival after 6-8 weeks at primary transplant sites.  An 
Asterisk (*)  indicates site buoy was gone and TERFs™  were not recovered, but sediment  
was deemed unsuitable anyway.  

SITE 
% SHOOT 
SURVIVAL AFTER 
6-8 WEEKS 

Long I  NW 50 
Long I  SW 45 

      Long I  SE 75 
Thompsons I 90 

Rainford I * 
Rainford  I  E 87 

Lovell I 5 
Portugese Cove 

(Peddocks I) 
45 

 Peddocks I  SE 85 
Peddocks I  E 70 
Weymouth E 95 
Weymouth W 82 

Table IVA.3.  Percent sho
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Combined shoot survival with TERFs™ at four 
secondary transplant sites ranged from 54-67%.  
However, these numbers may be artificially low 
for two reasons: 1) Percent survival was based on 
a planned baseline of 50 shoots per 0.25 m2 
TERF™, rather than a follow-up baseline count as 
we did later.  The initial survival estimates from 
test transplants are therefore more useful in 
relative, rather than absolute, terms.  Later 
survival estimates were more strongly correlated 
with follow-up baseline counts.  2) In general, we 
found that hand-planted shoots did much better 
than those in TERFs™ due to crab bioturbation 
under TERFs™ and uprooting of shoots during 
removal of the frames. 
 
Prototype string frames showed potential; when 
they remained anchored, shoots did well and 
looked healthier than those in the TERFs™.  
Hand-planted quadrats remained free of 
excavation and did very well.  Evaluation and 
selection of final sites was therefore subjectively 
based o
rather th
equipme
seconda

eelgrass was healthy, would be most conducive to 
eelgrass growth. 
 
The pattern in which TERFs™ were planted 
(Figure IVA.11) appeared to have less effect on 
survival than the planting technique (i.e., hand 
plant vs. TERFs™ vs. "string frames").  There 
was no statistical difference in survival among the 
single, offset, and square patterns of TERFs™ 
except at Peddocks (Figure IVA.11).  Here the 
offset arrangement did poorly, but crab excavation 
was again an important factor in these results.  A 
single-factor ANOVA was used to determine 
whether differences in survival were evident 
between planting patterns at each site.  Such 
differences were not significant (P > 0.05) at any 
site except Peddocks Island, where the offset 
pattern displayed significantly poorer survival 
than the other two patterns (p =0.01).  This result 
is also likely due more to crab excavation than 
TERFs™ arrangement. 
 

n health and vigor of remaining plants 
an strictly survival.  It was felt that once 
nt and techniques had been perfected, the 
ry transplant locations, where remaining 

Large-scale transplants 
LIS, LIN, Weymouth, and Peddocks SE were 
selected for large-scale planting.  Some sites w
investigated further which led to additional 
plantings at Portuguese Cove (Figure IVA.12). 

ere 
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Figure IVA.11. Percent s grass shoo anted in various patterns at four sites 
in Boston Harbor, 2005.  -scale tes ansplant, four TERFS™  were 

l.  

quare.  N=12 at each site. 
 

urvival of eel ts pl
In the medium t tr

arranged in each of three patterns at four sites to assess the pattern's effect on surviva
"Single" TERFs™ were placed linearly 5 m apart along a transect.  "Offset" TERFS™ 
were laid in a checkerboard pattern.  In the "square" pattern, 4 TERFS™ were laid 
adjacent to each other to form a s
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Eight grid plots were initially planted at LIS in 
fall 2005, four hand-planted and four with frames
along two 150 m transects, respectively, bounding
approximately one acre.  Peddocks SE (frames) 
and Weymouth (hand-plant) were each plant
with 4 plots in a square pattern, and encompassed 
~ ½ acre per site.  In spring 2006, Portuguese 
Cove and LIN were planted with 6 and 4 plo
respectively (plot size varied at these sites b
on amount of eelgrass available from harvest), 
using a combination of hand- and frame-planting.  
More plots were added at each site through sprin
2007.  Figure IVA.13 depicts plot configuration.
 
 

, 
 

ed 

ts, 
ased 

g 
   

his occurred to varying degrees 
t the other sites. 

 
ing 

 
sy 

Much of the area bounded by buoys at LIS filled 
in with eelgrass; t
a
 
String frames 
PVC string frames (Leschen et al. 2006) planted
in fall 2005 were left in place during the follow
winter.  Those planted in spring 2006 were 
retrieved at the end of the summer after eelgrass
shoots had rooted.  The string frames proved ea
with which to work, deploy, and retrieve and their 
spiked anchoring system effectively prevented 
frame-shifting (Figure IVA.14). 
 
 
 
 

 
Figure IVA.12.  Large-scale transplant sites planted in 2005 and 2006. 
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Figure IVA.13.  Enlargements of each large-scale transplant site and respective areal coverage. 
 
 
 
 
 
 

 
Figure IVA.14.  Photos of PVC frame in situ (left) and after frame has been removed 
(right). Note that jute is silted over. 
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Also, there were few crab excavations events with 
PVC frames (with the exception of Portuguese 
Cove), in contrast to our experience with TERFs 
at these same sites.  While restoration efforts in 
other areas have experienced significant damage 
from green crabs, this species caused little or no 
destruction in our study area, despite its presence 
in low densities.  Excavations at our sites were 
caused by Cancer spp. crabs and juvenile lobsters.   
 
The jute mesh silted over fairly rapidly at all sites 
except Portuguese Cove, allowing eelgrass to root.  
Eelgrass within the frames generally increased 
greatly in density.  However, expansion beyond 
the frames was limited since the PVC apparently 
provided a significant, though not insurmountable, 
barrier to vegetative spreading.  This confinement 
was primarily a problem for frames planted in 
spring, which, in the future, could be resolved by 
removing the frames earlier in the summer. 
 
Seeds 
Initial monitoring of seed germination in late 
April 2006 appeared to indicate a low germination 

rate (<1%) at both Peddocks SE and LIS from 
seeds planted in 2005.  However, our site survey 
in July 2006 revealed a large, flourishing bed of 
eelgrass at the LIS seed-planting site.  This bed 
continued to expand throughout the summer and 
by the end of August covered almost 180 m2 
(Figure IVA.15). 
 
Assessment in spring 2007 revealed an area of 
3100 m2 harboring at least some tufts or bunches 
of eelgrass which spread from the original 2005 
seed planting  (Figure IVA.16); by fall 2007 most 
of the area exhibited fairly dense growth.  Growth 
at Peddocks from the 2005 seed planting was less 
extensive and harder to measure due to poor 
visibility, nevertheless, this site showed promising 
growth and expansion.  The LIN site, where seeds 
were simply broadcasted, covered approximately 
100 m2 by fall 2007.  This cover was much less 
than at sites where divers scratched the seeds into 
the sediment.  The additional, minimal effort by 
divers may have helped to conceal seeds from 
grazers and facilitated germination.   

 
 
 
               

 
igure IVA.15.  Seed planting progression at LIS; initial sparse germination eventually spread into 
 large, dense bed. 

 

 

Spring 2006 

Summer 2007 Spring 2007 

Fall 2006 Summer 2006 

F
a
 
 

 87



 

(3117)

1000

2000

3000

A
re

al
 c

ov
er

ag
e 

(m
2
)

(181)(60)

0

2005 2006 2007

Year
 

t 

vestigation of these sites over summer 2007 
 little if any growth.  We speculate that 

e seeds; hermit crabs were observed carrying 
oots away while we were staking bundles.  

herefore, in 2007, we reverted to the highly 
ccessful 2005 seeding method. 

s of our seed planting efforts 
corroborates that of other projects (Orth et al. 
2006; Pickerell et al. 2005; Maryland Department 
of Natural Resources).  Seeding populated far 
more ground with eelgrass than our shoot 
transplant efforts, with a much smaller investment 
of time and resources.  Large numbers of seed 
shoots can be harvested in 1-2 days, and s
planted  days.  Additional ti
expense are involved in storing the seeds in a 
flow-through seawater tank and sieving the 
contents; but, overall, effort per area colonized is 
much less than transplanting shoots.  Restoration 
efforts must still rely upon the site-selection 
process and test transplant stages to identify areas 
where seeds are likely to grow and spread.  
However, seed planting sho red as 

Figure IVA.16.  Areal coverage of seeded site a
LIS, 2005-2007. 
 
In May 2007, the area at LIS which was seeded in 
2006 with staked reproductive shoot bundles, 
showed sparse shoot germination.  At LIN only 
one or two shoots were observed.  Further 
in
showed
grazers, much more active in July when these 
shoots were staked out, may have eaten most of 
th
sh
T
su
 
The succes

eeds 
me and  in another 1-2

uld be conside
an option to enhance the more labor- intensive 
shoot transplanting method.  
 
 
 

Monitoring of Survival and expansion 
Eelgrass plots planted in 2005 were evaluated in 
spring 2006.  Initial survival of 2005 plantings 
ranged from 41% (Weymouth) to 89% (Peddock
SE).  At Weymouth, few shoots survived the 
winter, and those remaining were in poor 
condition.  We the

s 

refore decided to eliminate this 
ite.  Peddocks E and LIS were evaluated for 

er, 

on.  PVC 
string frame (hereinafter “frame”) and hand 
planting at LIS 05 yielded similar survival rates.  
Expansion by the following spring (2006) was 
variable.  For example, Weymouth shoots 
(frames) declined continuously throughout the 
monitoring period until only a few shoots 
remained.  At LIS 05, densities in hand-planted 
plots expanded only 71% vs. 127% for frame 
plantings, but at Peddocks SE, density in hand-
planted quadrats expanded 116%.  Initially high 
density increases in frames at LIS 05 and hand 
plantings at Peddocks SE slowed by the summer.  
In contrast, the initial slow density increase at LIS 

planted sites accelerated during this 
riod.  As a result, by r 2006, shoot 

density was fairly even across all 2005 sites 
(except Weymouth). 
 
Sites planted in spring 2006 showed expansion by 
the following fall which ranged from 20%  to 
193% (Table IVA.4).  LIN frame plantings did 
extremely well (193% expansion) while hand 
plantings  doubled (93%).  At 
Portuguese Cove, excavation by crabs and 

considerably better (78%expansion) than frames 
(20%).

s
density and expansion in spring and again in 
August/September, 2006.  Spring 2006 plantings 
at LIN and Portuguese Cove were evaluated for 
survival/shoot density expansion in the 
summer/fall of that year (Table IVA.4).  More 
plots were added to all of the remaining sites over 
the 2006 field season, and into 2007.  Hereaft
2005 and 2006 plantings are distinguished, e.g. 
LIS 05 represents plots planted at Long Island 
South in 2005 and LIS 06 plots were planted in 
2006.  
 
Planting method did not appear to make a 
difference in survival in 2005 nor was it a 
consistent determinant of plot expansi

05 hand-
pe  Septembe

 approximately

lobsters resulted in hand-planted areas faring 
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Table IVA.4.  Survival and shoot density expansi nd 
"frames" refers to planting method.  "Overall" 
method.  "Survival" is the percent of originally plan s the 
percent increase above the original planting density nitored 
for expansion in the fall.  Eelgrass planted in la  
survival.  NA = planting did not occur at that site ong 
Island North. 

2005 
Plantings       

on for 2005 and 2006 plantings.  "Hand" a
is the average of all plantings, regardless of 
ted shoots remaining alive.  "Expansion" i
.  Eelgrass planted in the spring was mo
te summer was monitored a month later for
 and time; LIS=Long Island South; LIN=L

    

Site 
Plant 
method 

planting to 
Oct 05 

Survival 
from Sept 05 

Sh
ex
fal
06 

oot density 
pansion from 
l 05 to spring 

Shoot 
density 
expansion 
from spring 
06 to 
summer 06 

Total shoot 
density 
expansion 
since 
planting 

Weymouth frames 40.6% -35.0% -65.7% -86.0% 
overall 68.2% 95.3% 137.5% 210.4% 
frames 66.6% 126.7% 25.5% 205.2% LIS 
hand 69.6% 71.1% 186.4% 241.3% 

Peddocks E hand 88.6% 116.2% 93.1% 283.0% 
        
        
        
2006 
Plantings           

Site 
Plant 
method 

Sh
ex
sp
06 

oot density 
pansion from 
ring 06 to fall 

Survival 
from Aug 06 
planting to 
Sept 06   

overall 144.1% NA   
frames 192.9% NA   Area  A 
hand 93.2% NA   

LIN 

Area B hand NA 78.9%   
Area A hand 61.5% NA   

LIS 
Area B hand NA 81.4%   

overall 48.8% NA   
frames 19.8% NA   

Portuguese 
Cove 

  
hand 77.8% NA   

 
 
 
 
 
 

 
 
 
 
 
 



 

Both LIN and LIS sites planted in August 2006, 
howed high survival one month later (~80%; 

re were 2 plots at the southernmost 
end of the LIS site which had virtually 
disappeared.  Prevailing currents run north along 
that area of shoreline, and we speculate that seeds 
produced in the plots were carried northward, 
filling in the northern segment of the LIS site, but 
leaving few seeds to re-populate the southernm
beds.  It is also possible these plot
crab damage, becau  very c
doing exceptionally  plo the 
s IS h ed with th d 
by the time plots w red in Se
2 t was no lon le to dist e 
two from one another.  The 7 mean areal cover 

at LIS 05 excluded that plot and also the plots that 
had virtually disappeared at the southernmost end. 

Both 2005 sites increased significantly in areal 
covererage each year after planting (P<0.05 in all 
cases; Figure IVA.17).  The difference between 
Peddocks and LIS 05 sites did not differ 
significantly in an ensity 

ific  20
 c d
g en  
h  pattern, except that 2006 

7 densitie  up re 
w erence be  two sit  
or t in 2007 as sign
higher at Peddocks th 5.

 
 

s
Table IVA.4).  In summer 2007, all sites (LIS, 
Peddocks SE, LIN, and Portuguese Cove) looked 
healthy and most plots showed substantial shoot 
density increases and areal expansion (Figure 
IVA.17), with two exceptions. 
 
In one case, the

The second exception was in 4 plots at LIN, 
where 2 plots had decreased in size, one had 
expanded slightly, but one had expanded 
significantly, accounting for the large SD seen in 
Figure IVA.17 for that site. 
 

ost 
s had localized 
lose by were 
t nearest 

se areas
 well.  The

eeded area at L ad merg e seed be
ere measu ptember 

007; i ger possib
 200

inguish th

y year.  D
antly between
ontinued to tren
nificantly differ
e same
s did not trend

at Peddocks 
05 and 2006, 
 upward, 2007 
t from 2006. 

ward.  The

increased sign
and, although it
data were not si
LIS 05 showed t
and 200

as no diff tween the es in 2005
 2006, bu  density w ificantly 
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    Figure IVA.17. Mean density and areal cover (± SD) over the duration of the project (2005- 

2007) of plots planted in 2005 (LIS and Peddocks SE) and 2006 (Portuguese Cove and LIN).   
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At 2006 sites, there were no significant 
differences in areal cover between sites or year
There was more crab damage at Portuguese Cov
than anywhere else, yet density increased 
significantly there between years, and was 
significantly higher than at LIN 06 in 2007. 
 

s. 
e 

ll four large-scale planting sites exhibited 

ites.  LIS 

.  

of 

ahant.   
 
The sites planted in 2006, LIN and Portuguese 
Cove, showed evidence of between-plot 
spreading.  Again, spreading seemed to be in 
either density increase (Portuguese Cove) or areal 
expansion (LIN 06), but not both. 
 

A
healthy eelgrass, growth, and expansion, however, 
the patterns of growth differed among s
showed the most between-plot spreading, with all 
voids within the periphery of planted plots and 
seeded area filled or filling in (likely via seeds 
originating from planted plots and the seeded 
bed).   
 
Individual planted plots were also spreading 
considerably, but with modest density increases
Peddocks SE plots expanded, but there was little 
between-plot spreading; the length and density 
the eelgrass at this site exceeded all other 
transplant sites including the healthy donor bed at 

Sediment Monitoring

N

 
Using results from BU’s sediment analysis, we 
compared grain size composition among exis
beds, successful transplant sites and 4 that fai
Thompson Island, two at Rainford (prelim
test transplants), and Weymouth (other sites that 
failed after preliminary trans

ting 
led: 

inary 

plants for reasons 
uch as gravel, kelp, and boat traffic were 

t 

vels did not 
exceed Koch’s recommended levels at any sites 
except slightly at Thompson Island and Logan 
(pre-existing bed; Figures IVA.19 and IVA.20).  
However, levels at our Peddocks sites were higher 
than the LI sites.  TOC levels there were close to 
those at Weymouth and Thompson, and sulfide 
levels at the Peddocks sites exceeded those at 
Weymouth and Thompson. 

 

s
excluded from the analysis).  Sites with 35% or 
less silt/clay were successful.  Those with >57% 
silt/clay failed (Figure IVA.18). 
 
All but one of the failed sites had less than Shor
et al.’s (2002a) recommended <70% silt/clay 
(Rainsford, 75%), and would not have been 
eliminated under that model.  Though we had no 
data points between 35 and 57%, all of our 
successful sites, and all of the existing beds, had 
<35% silt/clay. 
 
Surprisingly, sulfide and TOC le

Percent silt/clay by site

0

20

40

60

80

LI
N

LI
S

Ped
do

ck
s S

E. 

Por
tu

gu
es

e 
Cov

e 

Rain
fo

rd
 S

Rai
nf

or
d 

SW

Tho
m

ps
on

W
ey

m
ou

th
 

Cro
w P

oin
t F

lat
s 

Hul
l 

Lo
ga

n 

Nah
an

t 

P
e

rc
e

n
t s

ilt
/c

la
y

 
Figure IVA.18. Percent silt/clay at successful (white bars) and failed (black bars) transplant 
sites,and existing beds (gray bars). Top (dashed) line is recommended maximum per Short 
model. Middle (solid) line is maximum found at our successful sites. Bottom (dotted) line is 
 maximum recommended by Koch (2001). 
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Figure IVA.19.  Porewater sulfide concentrations (converted to ln) at existing eelgrass beds and 
potential transplant sites in Boston Harbor in June (A) and September (B) 2005.  In existing beds 
(Hull, Logan, Crow Pt.—see Figure IVA.10), "dense" and "sparse" refer to a dense, central part of 
the bed and the sparse edges, respectively.  "Outside" refers to just beyond the boundary of the bed 
where there is no eelgrass.  "Top section" = upper 5 cm of the core;  "Bottom section" = remainder 
of core (core 
compos
sandy/s
replicat

length ranged from 9.4 - 17.5 cm due to collection techniques and sediment 
ition).  Sites where concentration is zero either had too little porewater to test (typical of 
ilty sediment) or tested below the detectable limit of sulfide, 0.21 μM.  (The mean of 

 exhibited anomalously large differences.)   e sample values was graphed when the data
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A.  Percent pore water TOC at existing beds and potential 
transplant sites, June 2005
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B.  Percent pore water TOC at existing beds and potential 
transplant sites, September 2005
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threshold (5%) 
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            Figure IVA.20.  Percent Total Organic Carbon (TOC) at existing beds and potential 

transplant sites in Boston Harbor in June (A) and September (B) 2005.  The length of  
the core from the Weymouth E site in June did not permit a bottom section analysis. 

 

 

 

 
Water quality parameters were acceptable at all 
attempted transplant sites, minimizing macroalgal 
and epiphytic effects, and grain size composition 
was the only potential detrimental factor we found 
in common among failed sites.  There were no 
other obvious similarities between Thompson, 
Rainford, and Weymouth sites that would account 
for the transplant failures there.  For example, the 
Weymouth site is in a protected cove exposed to 

NW winds, whereas Thompson is more exposed,
but to E winds;  the Rainford coves have SW and 
SE exposure.  Weymouth receives more ferry and 
other boat wakes, and although Peddocks SE also 
receives ferry wakes, its plantings have done very 
well.  Rainford receives little in the way of ferry
wakes, but experiences heavy weekend 
recreational boat traffic.  The sediment at 
Thompson Island was more flocculent than at



 

Weymouth.  None of the sites had large numbers 
of epibenthic bioturbators when surveyed in 2004, 
nor did excavation appear to be a problem for 
transplants at Weymouth or Thompson.  Rainford 
shoots disappeared over the winter, during the 
absence of monitoring, so we could not determine 
whether excavation played a role.  While it is 
possible that other unknown factors contributed to 
eelgrass failure at all three sites, it is more likely 
that sediment quality may be responsible.   
 
The exact mechanism by which high silt/clay 
content renders an area unsuitable for eelgrass 
transplant is unclear.  Our sulfide analytical 
results (Figure IVA.19) do not implicate sulfide 
toxicity per se as the cause for eelgrass decline 
and death, unless thresholds are less than Koch 
(2001) recommends (although in that case we 
might have expected Peddocks SE to do poorly).  
TOC levels were also acceptable at most sites.  
Sediment at established eelgrass beds can be rich 
in organics and have low redox potential without 
adversely affecting the plants (Smith et al. 1988; 
Klug 1980; Thayer et al. 1984).  It is possible, 
however, that eelgrass transplants become stressed 
in reducing environments often found in very 
fine-grained sediment.  Much of the sediment at 
our failed sites was black-colored with a shallow 
redox layer indicating anoxic conditions. 
 
While eelgrass restoration programs have often 
used existing beds to determine baseline 
conditions for site selection, it is possible that 
transplants have different requirements than 
established beds. Seagrasses can ameliorate 
reducing conditions and resultant sulfide toxicity 

 releasing oxygen from their rhizome and root 

Smith e
xygen

 

thus neutralizing the effects of high organic 
content (Koch et al. 2001; Lee and Dunton 2000; 
Brüchert and Platt 1996; Blackburn et al. 1994; 
Schlesinger 1991).  In addition, if the sediment 
around the root zone is oxygenated, the plant does 
not have to continually send oxygen to the roots to 
maintain respiration in these structures.  The 
supply of oxygen to the roots and surrounding 
sediment, where some diffuses, is therefore 
dependent on both the level of photosynthesis 
occurring in the leaves (Terrados et al. 1999; 
Smith et al. 1988; Nienhus 1983) and the demand 
of the roots for oxygen.  If individual shoots, or 
even small clumps of eelgrass are transplanted 
into anoxic sediment, the net photosynthesizing 
biomass at the new site would be a fraction of that 
in the donor bed, thus making it more difficult for 
transplants to overcome an anoxic environment in 
very fine grained sediments.  A study f 
Phragmites australis, an invasive salt marsh plant, 
found that severing rhizomes significantly 
lowered the photosynthetic rate of the plants, and 
that this effect was nearly double in anoxic vs. 
oxygenated sediment (Amsberry et al. 2000).  If 
this effect is also true for eelgrass, severing the 
rhizomes during harvest would compound the 
already-diminished level of photosynthesis that 
occurs at a transplant site.  The effort involved in 
attempting to keep roots oxygenated under these 
circumstances may stress the transplants to the 
point of death.  Transplants, then, may need more 
oxygenated sediment than established beds until 
enough biomass is established to compensate for 
lower porewater oxygen in finer-grained 
sediments. 
 
The prevalence of unsuitable sediment throughout 

ries 

by
systems into the sediment (Terrados et al. 1999; 
Pedersen et al. 1998; Sand-Jensen et al. 1982; 

much of Boston Harbor five years after the 
offshore outfall became operational (Figur

t al. 1984; Lee and Dunton 2000).  
e 

IVA.21) raises concerns about the future 
O
p

 is produced in the leaves through possibilities for eelgrass restoration in estua
hotosynthesis and delivered through the plant’s 

lacunar system (Larkum et al 1989; Pedersen et al.
1998; Smith et al. 1984) to the roots to support 
respiration in these non-photosynthesizing 
structures (Goodman 1995; Zimmerman et al. 
1989).  When light and photosynthetic biomass 
are plentiful, the oxygen released by the roots is 
able to keep reducing conditions at a minimum, 

degraded by eutrophication.  In areas where low 
flushing rates result in long-term deposition of 
organic matter, it may take years for sediment to 
recover enough to support eelgrass, even when 
water quality has improved.  This issue will 
require further study as improvements are made to 
coastal water quality in other locations.

 o
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Figure IVA.21.  Sediment type observed
underwater camera, Ponar grab

 in B
, or by diver

mud around the shoreline and the limited ar

oston Harbor.  Data were gathered using an 
s taking cores.  Note the prevalence of anoxic 
eas of suitable sediment. 

 
 
Biological Monitoring 
 
Epibenthic/demersal species abundance and 
diversity 
From 2006 to 2007 Shannon diversity indices (H’
for benthic and demersal fish and invertebrates 
increased at all Boston Harbor sites (Table IVA
and Figure IVA.22); by 2007 our 2-year old
generated indices which exceeded those at 
and Hull.  (There is no comparative data for the 
seed bed because it was first assessed in 2007.) 
 
The Simpson diversity index (1-D) increase
markedly at our planted sites; there was little 
change in reference and control sites.  By 2007, 
indices at our planted sites exceeded those at 
reference beds. 

Evenness, measured by Shannon’s equitability 
(EH) index, exhibited a similar pattern. 
 

) 

.5 
 beds 

Nahant 

d 

 

verall, diversity indices for our planted sites 

ariation 
  

es 

d 
l, and 

ber of 
individuals per m  (N) declined markedly at 
Peddocks and LIS 05 which was primarily due to 
greatly reduced numbers of Mysis spp in 2007. 

O
were comparable to or exceeded those of natural 
beds and the Control site. 
 
Total number of species (S) showed less v
than diversity between years at our planted sites.
It did not change at Peddocks, but increased 
slightly at all other sites.  Total number of speci
at planted sites approached or exceeded the 
healthy natural donor bed at Nahant and exceede
Hull and Control sites by 2007.  Nahant, Hul
Control site data also exhibited slight increases in 
species number across years.  Mean num

2



 

Since Mysis spp. can number in the hundreds or 
thousands and greatly influence all indices, the 
data are reported in two ways in Table IVA.5: 
with and without Mysis spp.  A total list of 
epibenthic/demersal species is presented in 
Appendix IVA.A. 
 
Benthic infaunal species abundance/diversity  
There was a total of 71 species of infaunal 
invertebrates found at all the sites in 2006, and 69 
in 2007 (Appendix IVA.B). 
 
In 2006 Pygosio elegans, a spionid polychaete, 
was among the top 3 dominant species at all sites 
except Nahant, and at all sites in 2007 (Table 
IVA.6 displays 2007 data).  It comprised 33.7% 
and 55.3% of the total infauna in 2006 and 2007, 
respectively.  All spionid polychaetes, combined, 

comprised 63% of the top 3 dominants.  Control 
and LIS seed sites exhibited the largest number of 
individuals (N) in 2007 (Figure IVA.23); they also 
had the highest dominance index, indicating that 
these N’s were in large part due to the presence of 
just 2 species.  This dominance is reflected in the 
lower evenness and diversity indices for these 2 
sites.  Highest number of species, evenness, and 
diversity were found at Nahant.  These indices 
were slightly lower at our planted sites. 
 
Measures of 3-D habitat function 
Percent cover of algae and sessile invertebrates 
was negligible in almost all quadrats, and never 
exceeded 5%.  Epiphytes also comprised 
immeasurable or minute weight fractions of 
above-ground biomass at all sites.

 
 
 
Table IVA.5.  Diversity indices of benthic and demersal samples at planted, reference and control 
sites.  The LIS seeded site was not sampled until 2007.  LIS 05 = Long Island South beds planted in 
2005.  LIN+LIS 06 represents combined data from Long Island South and North planted in 2006.  
Numbers in parentheses indicate the index with Mysis spp. excluded from analyses.  There were no 
Mysis spp. seen at Nahant in 2006. 

2 6

S
Ped

LIS 05 1.09   (1.68) 0.40   (.64) 15   (14) 188  (55)
LIN06+LIS 06 .92   (1.41) 0.36   (.49) 12   (11) 174  (51)

1.54 0.64
   (1.02) 0.56   (.53)

1   (.37) 9)

)
82 (49)

)
.58)
.54)

Index00

ite Shannon (H') Pielou’s evenness value J' Total no. spp. (S) Number individuals m-2 (N)
366  (33)docks 0.44   (1.51) 0.17   (.61) 13   (12)

Nahant
Hull 1.16

11 23
8   (7) 59   (27)
10   (9) 130   (8Control 1.18   (.82) 0.5

2007
Peddocks 1.88   (1.72) 0.73   (.69

LIS 05 1.87   (1.97) 0.68   (.73)
LIS06+LIN 06 1.67   (1.55) 0.60   (.57)

Nahant 1.55   (1.61) 0.59   (.63)
Hull 1.36   (1.31) 0.55   (.55

Control 1.42   (1.39) 0.57   (
LIS seeds 1.33   (1.13) 0.61   (

13 (12) 29 (26)
16 (15)
16 (15) 136 (89)
14 (13) 42 (23)
12 (11) 131 (67)
12 (11) 122  (121)

9 (8) 117 (68)   
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Figure IVA.22.  Indices of species diversity, 
abundance, evenness, and richness for 
epibenthic and demersal fish and invertebrates, 

006 and 2007. Sites on x-axis are: Peddocks, 
ahant, LIS & LIN 06, LIS 05, Hull, Control, 
nd LIS seeds.  LIS seeds was not monitored 
ntil 2007.  H’ is Shannon diversity index; 1-D 
 Simpson diversity index; EH is Shannon 
quitablility; S is number of species found at 

ite; N is mean number of individuals per m2. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IVA.23.  Indices of species diversity, 
abundance, evenness, and richness for benthic 
infauna, 2006 and 2007.  Sites on x-axis are: 
Peddocks, Nahant, LIS & LIN 06, LIS 05, Hull, 
Control, and LIS seeds.  LIS seeds was not 
monitored until 2007.  H’ is Shannon diversity 
index; 1-D is Simpson diversity index; EH is 
Shannon Equitablility; S is number of species 

und at site; N is mean number of individuals 
er core.  
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Table IVA.6.  Top three numerical dominants with percent of total organisms of each 
species at each site in 2007.  All are Annelids (polychaetes) except for Leptocheirus pinguis 
(Arthropoda/amphipoda).  Index of dominance represents the percentage of total standing 
crops (N) contributed by the top 2 most num rous species (McNaughton 1967). 

 

 2006, the healthy reference donor bed in 
ahant exceeded our then-1 yr old beds in 
ensity, LAI, and biomass.  In 2007, however, our 
o yr old beds were comparable to or exceeded 

ahant, and surpassed Hull with respect to 

 

he one year old beds (LIN/LIS 06) did not yet 
xhibit the structure of the two year old beds, 
owever, they are comparable to 2006 
easurements at sites planted in 2005; if they 

 

 
 

Site Top 3 dominants (% of total (N) at te) Family Index of dominance 
Peddocks Polydora cornuta (44.1%) Spionidae

Maldanidae spp (22.4%) Maldanidae 66.5 
Pygospio elegans (6.6%) Spionidae
Clymenella torquata (6.6%) Maldanidae

Nahant Exogone hebes (23.5%) Syllidae
Pygospio elegans (18.6%) Spionidae 42.1 
Aricidea catherinae (7.4%) Paraonidae
Maldanidae spp (7.4%) Maldanidae

LIN/S 06 Pygospio elegans (33.9%) Spionidae
Polydora cornuta (20.1%) Spionidae 54.0 
Spiophanes bombyx (16.9%) Spionidae

LIS 05 Pygospio elegans (36.2%) Spionidae
Polydora cornuta (19.3%) Spionidae 55.5 
Spiophanes bombyx (7.3%) Spionidae
Tharyx acutus (7.3%) Cirratulidae

Hull Pygospio elegans(34.7%) Spionidae
Exogone hebes (32.7%) Syllidae 67.4 
Polydora cornuta (12.1%) Spionidae

Control Pygospio elegans (62.2%) Spionidae
Leptocheirus pinguis (6.83%) Amphipoda 69.0 
Polydora cornuta (6.7%) Spionidae

LIS seeds Pygospio elegans (72.7%) Spionidae
Spiophanes bombyx (6.7%) Spionidae 79.4 
Exogone hebes (6.3%) Syllidae

e
 

si

 
 In
TN
ed
htw
mN
continue to follow the growth pattern of older 
transplants, we can expect that, by their second 
year, they, too, will reach parity with the reference
donor bed.  Benthic infaunal composition was 
typical of healthy sand-mud sediment.  Spionids, 
typically found more in non-complex habitats 
where a few opportunistic species do very well, 
were in fact more dominant at the Control and LIS
seed sites (which were still patchy), and were least
dominant at Nahant. 

measures of 3-D habitat function.  Peddocks 
equaled or exceeded Nahant with regard to all 
four measures: density, aboveground biomass, 
canopy height, and LAI (Figure IVA.24).  LIS 05 
equaled Nahant in biomass, canopy height, and 
density.  In 2007, our 1 yr old beds (LINLIS 06) 
exhibited comparable measures of structure to 
those of the 2005 plantings, when they were 1 yr 
old (2006 results).  Significance of interactions is
given in Table IVA.7. 
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ce and 
diversity indicate that our successfully-planted 

oach  habitat 
functi ealthy natural donor bed outside 
Boston Harbor.  In contrast, habitat structure 
decre ur habitat measures at the pre-
existi d we monitored within Boston 
Harbor, i.e, Hull.  Eelgrass at that site was 
patchier with leaves exhibiting more re-settled 
suspended sediment in 2007
locati y well flushed and it may be 
suffering from localized water quality issues, 
possib ated by its position in a mooring 
field. ates tha ceived general trend 
of im  for eelgrass has not been 
uniform  Boston Harbor.  It also 
emph need for ul site selection to 
locate those limited area reviously degraded 
estuar ay be conducive to restoration.  
The LIS seed bed values are diluted because the 
bed is still patchy; if zeroes are removed from the 
datase
narro
 
Effici est an ting methods

  
Figure IVA.24.  Measures of 3-D habitat function in 
areas monitored in 2006 and 2007.  Control site = 
unvegetated.  Nahant = healthy reference bed
outside Boston Harbor; Hull = reference bed in
Boston Harbor.  LIS seeds was seeded in fall 2005
LIS 05 and Peddocks were planted in 2005. LIN/L
06 were planted in 2006; data from these areas were 
combined.  Error bars are ±SD.  Because of the 
method used to calculate LAI, SD was not 
computed.  Note:  the drop in density at Nahant is 
likely due to the extraordinarily dense area 
randomly selected in 2006, rather than a decrease in
density of the bed as a whole in 2007.  

  
The improvements in measures of both habitat 
structure and those of species abundan

beds are appr ing or exceeding the
on of the h

ased in all fo
ng natural be

 than in 2006.  Its 
on is not ver

ly aggrav
 This indic t a per
proved suitability

 throughout
asizes the  caref

s in p
ies which m

t the gap between it and the 2006 beds 
ws. 

ency of harv d  plan  
An ef alysis was conducted to evaluate 
harvesting rates and hand vs. frame planting 
(Tabl Practiced divers harvested an 
average of  671 shoots/h s number dropped to 
450 s teer divers participated, 
likely due to their inexperience.  Hand-planting 

 MarineFisheries personnel was 390 
hoots/person h  (dive time plus boat helmsman), 

g 
by 

fference is 

 if 

ficiency an

e IVA.8).  
.  Thi

hoots/h when volun

rate by
s
compared to 82 shoots/person h for frame plantin
which also included number of hours invested 
dive, boat, and shore personnel.  This di
magnified (390 vs. 64) if time invested in 
stringing the frames is also included.  However,
only dive hours expended in both planting 
techniques are counted, hand planting is less 
efficient than frame planting (441 shoots/h vs. 740 
shoots/h, respectively).  This gap narrows when 
dive time for retrieving frames is included (441 
shoots/h vs. 542 shoots/h). 
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Table IVA.7. Habitat structure: significance of interactions between sites monitored in 2006 
(light gray), in 2007 (dark gray), and at each ite between 2006 and 2007 (white). LIS seeds 
and LINLIS06 were only monitored in 2007  
(**) denotes P< 0.01. 

 

 s
; (*) denotes significant difference at P < 0.05;

Shoot density
Nahant Hull Peddocks LIS 05

.0067** 0.0022**
0.9714 0.8624
0.0263* 0.9999
0.0447* 0.241
.0027** 0.0719 LIS seeds

0.0154* 0.9999 0.0969

eddocks LIS 05
0.5819 0.2452
0.8239 0.9999
0.0209* 0.7769
0.7506 0.0588
.0019** 0.008** LIS seeds

0.0377* 0.4084 0.044**

eddocks LIS 05
0.8248

Nahant 0.0001** 0.0022** 0
Hull 0.0221* 0.0005**
Peddocks 0.0134* 0.003**
LIS 05 0.9993 0.0499*
LIS seeds 0.0373* 0.9982 0
LINLIS 06 0.9977 0.0318*

Aboveground biomass
Nahant Hull P

Nahant 0.4406 0.0933
Hull 0.0065** 0.0004**
Peddocks 0.6566 0.0021**
LIS 05 0.999 0.0112*
LIS seeds 0.044* 0.999 0
LINLIS 06 0.9347 0.005**

Canopy height
Nahant Hull P

Nahant 0.512 0.0007** 0.0353*
Hull 0.018* 0.0012** 0 0.0005**
Peddocks 0.9925 0.0031**
LIS 05 0.8957 0.0049**
LIS seeds 0.1293 0.9999 0
LINLIS 06 0.5514 0.0402* 0

.0009**
0.0139* 0.2802
0.0526 0.7608
.0045** 0.0591 LIS seeds
.0043** 0.1738 0.7647  

nting methods using trained MarineFisheries 
r person-hour includes time invested by divers, 
e-h includes hours invested by divers onl

MF+ shore 
nteers (frames)

Shoots/dive h 
only (handplant)

Shoots/dive h only 
(frames)

441 740

 per person hour

 
 
 
 
 
 
 

 pla
ots pe

hoots/div y. 

Table IVA.8.  Efficiency of different harvest and
(MDMF) personnel and volunteers.  Mean sho
boat handlers, and shoreside volunteers.  S

MDMF only MDMF + 
volunteer divers

MDMF 
(handplant)

Planting hours only 671 450 390

Includes time for 
stringing and 
retrieving frames

Mean 
Harvest Plant

MD
volu

82

64 542

shoots
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ome method. 

Table IVA.9.  Efficiency of single shoot vs. clump harvesting and planting (dive time only).  
Numbers are mean shoots per person-hour. Percent difference is between the 2 methods. 
HRM=horizontal rhiz

Plant
shoots/h % difference shoots/h % difference

Single 
shoot/HRM 300* 300

271% 158%
Clump 814 475

Harvest

*exactly the number reported in Davis and Short (1997)  
 
The "eelgrass clump" method proved much more 
efficient for both planting and harvesting than the 
single shoot/HRM methods (Table IVA.9).  
Divers using the clump method were able to 
harvest 171% more shoots and plant 58% more 
shoots per person h than divers employing the 
single shoot/HRM methods.  This analysis did not 
count time expended in bundling shoots for HRM, 
an unnecessary step for the clump method, which 
would increase the time differential between the 
two methods.  The efficiency and apparent lack of 
negative impact on donor beds of the clump 
method (Leschen et al. 2006) provide justification 
for its use in areas where donor beds are 
sufficiently robust.  The survival and eventual 
expansion of beds planted by the 2 methods 
should be studied further to determine if results 
differ significantly, but so far our planted plots 
how no evidence of a difference. 

and planting can be accomplished efficiently by 
 or more experienced divers.  On several 
ccasions, 2 trained MarineFisheries divers 
ansplanted 1000-3000 shoots (harvest and plant) 
 one day.  While larger scale efforts can result in 

 
Frame-planting was much less efficient than hand-
planting, based on time invested, because of the 
number of steps involved.  Volunteers are needed 
to string frames, sort and bundle shoots, and tie 
shoots in pairs onto the mesh of frames (25 
pairs/frame) which are then deployed by divers.  

rames must be retrieved at a future date and re-
trung for re-use.  Conversely, once shoots have 
een hand-planted, the task is completed (except 

onitoring).  However, frame planting 

provides a means for the non-diving public to be 
involved, and offers hands-on educational 
opportunities if within the goals of a restoration 
effort.  Volunteers can also be employed in a 
hand-planting operation to bundle shoots (Short et 
al. 2002b; Sue Tuxbury, personal 
communication), although in our study area the 
distance between our harvest sites and a suitable 
shore base made this step prohibitively inefficient.  
 
These instances highlight factors that must be 
considered in deciding which planting method and 
scale to use.  The goals of the restoration program, 
available time, staff resources, including diving 
vs. shore-side volunteers, and tidal amplitude and 
resulting water depth in which volunteers would 
be working must be taken into account.  In some 
coastal bays and rivers, much of this work can be 
done by snorkelers or even waders at low tide.  
This was never an option in Boston Harbor due to 
the steep tidal amplitude, short period of shallow 
depth available during low tide, and distance from 
shore; these factors limited our use of in-water 
volunteer workers to SCUBA divers.  
 

s
 
H
2
o
tr
in
a greater numbers of shoots planted, such efforts 
also involve more coordination, divers, 
equipment, and boats. 

Modeling of seed shoot movement 
The paucity of suitable sediment in formerly 
eutrophic estuaries has implications for natural re-
colonization of eelgrass, in addition to limiting 
possible restoration sites.  GNOME™ model 
results showed it was improbable that seed shoots 
from existing bed locations would naturally 
disperse to the most suitable areas within Boston 
Harbor to grow new beds. 
   
During the first simulation, hypothetical “shoots” 
were “spilled” at existing bed locations and spent 
14 days adrift, but few shoots came near Long or 

F
s
b
for m



 

Start

Day 5

Day 1

Day 10

Boston Long I.

Peddocks 
I.

 
igure IVA.25.  Selected output from GNOME™ m

ed b  
 site selecti

re we 
t in the Harbor (Figure 

A.25).  According to the model output, the 

to 

ffort 

ts, 

ong the western coast 
Long Island, in the Peddocks SE cove, and 

F odel run for 14 days.  "Shoots" (black dots) 
y arrows) in Boston Harbor to ascertain if they

on process as suitable for eelgrass (purple 
were "spilled" at remnant eelgrass beds (indicat
would spread over areas identified in the
ovals). 
 
 
 
Peddocks Islands, the only locations whe
found suitable sedimen
IV
likelihood that floating reproductive shoots will 
pass over good eelgrass habitat is low.  
Furthermore, the probability that those few shoots 
which approach good sites actually sink and/or 
drop seeds there, and that those seeds go on 
germinate and survive, decreases with each step.  
Since natural re-colonization appears unlikely, 
 
 

these results support the use of a restoration e
to "jump-start" the growth of eelgrass in Boston 
Harbor. 
 
In contrast, when the simulation was re-run using 
our successful transplant sites as starting poin
shoots were delivered throughout the Harbor, 
including a large number al
of 
some in Portuguese Cove (Figure IVA.26). 
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start Day 1

Day 5 Day 10

Boston
Long I.

Peddocks I. 

 
Figure IVA.26.  Selected output from GNOME™ model run for 14 days. "Shoots" (black dots) 
were "spilled" at our transplant sites (indicated by arrows) at Long and Peddocks Islands in Boston 
Harbor to ascertain if they would spread throughout those areas. 
 
This result indicates that our planted beds are 

kely to "self-spread" throughout the transplant 

ur 
n 
s 

 

20 

d 
rth 2002a).  This was a clear indication that 
005 and 2006 plantings were dispersing seed 

shoots and seeds in the area.  The model output's 
display of a broad shoot distribution from our 

olonized by seeds from shoots 

ard 

colonized, and 2) from which further self-
spreading is likely.

li
areas, thus increasing the efficiency of our 
restoration efforts.  Possible empirical 
confirmation of this model result comes from o
divers’ observations that, in addition to expansio
within the beds, both individual and small clump
of shoots grew scattered throughout the previously
bare areas between plots, particularly at LIS.  
These shoots were found from a few to perhaps 
m from the nearest plots with the furthest found 
beyond the range reported for seeds dropping 
from rooted plants (Orth et al. 1994; Harwell an

planted beds to points throughout the Harbor also 
increases the possibility that other, previously 
unidentified, small pockets of suitable sediment 
may be c

O
2

originating in these locations.  Though results are 
qualitative, use of GNOME™ can be useful to 
coastal managers in their decision-making about 
where or if to restore eelgrass.  If initial site 
selection reveals a number of potentially suitable 
areas, GNOME™ can help steer resources tow
areas that 1) are less likely to be naturally 
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Outreach  
We received help during this Project from 155 
volunteer shore workers and divers who provided 
428 hours of assistance with harvesting and 
planting (Fig. IVA.27).  These included 
volunteers from several corporate groups, 
Odyssey High School, National Park Service, 
Boston Single Volunteers, Norfolk County House 
of Correction, New England Aquarium, Boston’s 
Environmental Ambassadors to National Parks 
(BEAN) program, Genzyme, Clear Forest, State 
St. Corp., Boston University Marine Program, 
local dive clubs, and many individuals.  Many 
MarineFisheries’ divers also participated. 
 
MarineFisheries’ biologists gave presentations to 
staff at the New England Aquarium; to meetings 
of a Stellwagen Bank Sanctuary work group; the 
Massachusetts Bays Program; the Quincy Beaches 
and Coastal Commission; and also to the public 
on a catamaran tour of the Harbor sponsored by 
the National Park Service as part of its 
“Biodiversity Days”.   Other public outreach 
efforts included a presentation on a day-long 
biodiversity event for about 50 Earthwatch 
Institute employees who cruised Boston Harbor 
while learning about, and participating in, various 
research and restoration projects occurring there. 
 
Our involvement with local school systems 
included Boston’s Odyssey High School GIS class 

which used data from our research efforts as a 
real-life example to help them learn the mapping 
software.  Members of Odyssey’s after-school 
program completed the design of a logo which we 
used on t-shirts supplied to all volunteers.  
MarineFisheries staff also delivered a 
presentation to a career explorations class at Hull 
High School; to a group of Charlestown High 
School students who participated in the 
Courageous Sailing Program in Boston; and to 
Massachusetts Marine Educators at University of 
Massachusetts, Dartmouth.  Children at the 
Marion Natural History Museum after school 
program also enjoyed learning about eelgrass 
from our staff.  Eelgrass project personnel 
appeared on a Martha’s Vineyard cable television 
program to talk about eelgrass and water quality 
with several other local biologists.  Project 
activities and results were communicated through 
updates of the HubLine Eelgrass Restoration 
Project website and numerous news and magazine 
articles. 
 
Presentations were made to professional peers 
including a poster at the spring New England 
Estuarine Research Society meeting in Hull; a 
poster at the USEPA conference: “Celebrating 
aquatic habitat restoration in Massachusetts” in 
Ipswich in May 2007; an invited talk in a special 
section on urban estuaries at the September 2007 
Annual American Fisheries Society meeting in

Figure IVA.27.  Some of the many volunteers that helped on this project. 
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urvival and expansion rates were recorded at 4 of 

new sediment guidelines). 
 
Planting technique had no effect on eelgrass 
survival or expansion. Our light-weight PVC 
string frames experienced fewer excavations from 
crustaceans than TERFs™, however, hand-
planted plots were free of bioturbation.  Seeding 
populated far more ground with eelgrass than our 
shoot-transplant efforts with a much smaller 

y 

a 
arbor in 

 even 
 

r 

 
ithin 

hat 

tal 

MarineFisheries’ projects contributed data and/or 
SCUBA assistance: Coastal Lobster 
Investigations, Shellfish, and Environmental 
Impact Assessment.  David Taylor and Ken Keay, 
MWRA  kindly provided environmental data, and 
Charlie Costello, DEP contributed historical SAV 
distribution information.  George Hampson and 
Pam Neubert provided helpful assistance with 
initial benthic infaunal investigative procedures.

 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
  

Estuarine Research Federation conference in 
November 2007 in Providence, R.I.; talks at the 
annual meeting of eelgrass scientists and 
managers at EPA, Boston, and at the sum
2007 meeting of the Mass. Shellfish Office
Association on Martha’s Vineyard.  A talk was
also delivered at the Restore America’s Estuaries 
conference in October 2008. 
 
Project staff participated in a multi-agency effort 
to harvest eelgrass from Gloucester Harbor in a
area targeted for construction of a CSO pipeline
Approximately 7000 shoots were harvested
d
Eddy.  Shoreside volunteers from CZM, MIT 
Seagrant, Winthrop Middle School, Gloucester 
Maritime Heritage Center, and other interested 
Gloucester citizens assisted with shoot bundling.  
These shoots were subsequently planted in Bosto
Harbor by MarineFisheries divers to augment 
restoration efforts there. 
 
Conclusions 
We successfully restored over 5 acres of eel
to a previously degraded estuary, Boston Harbor,
by intensively focusing on site selection, with 
particular attention to sediment quality.  High 
s
5 of our large-scale sites (the exception, 
Weymouth, would have been eliminated under 

investment of time and resources.  The efficienc
of checkerboard plot planting saved time and 
effort while allowing transplanted eelgrass to 
eventually fill in open spaces within the pattern.  
Planted beds were comparable or exceeded 
healthy natural bed outside of Boston H
both habitat function and diversity of species 
inhabiting them. 
 
Our choice of planting locations was severely 
constrained by unsuitable sediment, which 
persisted throughout much of Boston Harbor
5 years after elevated wastewater treatment and
improved water quality were realized.  These 
results have important implications for othe
estuaries where water quality improvement 
projects are undertaken.  Such efforts may need to
be combined with increasing flushing rates w
these areas via dredging or other means in order to 
clear out accumulated depositional sediment t
will impair eelgrass growth. 
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Introduction 

Despite its common use as a mitigation tool, 
artificial reef development is rarely subjected to a 
rigorous site selection process prior to 
deployment.  Although many states within the 
U.S. have artificial reef plans with guides on site 
selection methods, these guidelines focus 
primarily upon physical variables (i.e. shipping 
channels, commercial fishing, or substrate) and 
methods necessary to obtain local, state, and 
federal permits (e.g. Wilson et al. 1987, Stephan 
et al. 1990; Figely 2005; U.S. Dept. of Commerce 
2007).  The majority of scientific effort is placed 
on studying the artificial reefs post-installation to 
develop successional time series and quantitative 
assessments of community dynamics (e.g. 
Ardizzone et al. 1989; Reed et al. 2006; Thanner 
et al. 2006).   While these post-deployment results 
are important for judging the effectiveness of 
reefs, they can fall short in providing managers 
the details necessary for informed decision 
making, regarding future siting for mitigation 
reefs.  Indeed, inadequate site selection is one of 
the most common causes of unsuccessful artificial 
reefs (Mathews 1985; Chang 1985; Tseng et al. 
2001; Kennish et al. 2002). 

Exclusion mapping, where cartographic 
information is used to exclude undesirable areas, 
is one of the most popular methods utilized by 
managers and scientists to select sites for habitat 
restoration and/or artificial reef deployment (Pope 
et al. 1993; Gordon Jr. 1994; Tseng et al. 2001; 
Kennish et al. 2002; Kaiser 2006).  While this 
method is useful for initially eliminating areas 
where obvious conflicts (with navigation, fishing 
activities, oil and gas platforms, etc.) are likely to 

arise, this process does not provide managers with 
the particular physical and biological information 
needed to understand the ecology of a prospective 
site for artificial reef development. 

 A number of criteria have been identified as 
important to the artificial reef site selection 
process, including: currents (Nakamura 1982; 
Baynes and Szmant 1989), wave action 
(Nakamura 1982; Duzbastilar et al. 2006), 
proximity to natural habitat (e.g. Carter et al. 
1985b; Chang 1985; Spieler et al. 2001), substrate 
stability (Mathews 1985), and existing benthic 
communities (Carter et al. 1985b; Mathews 1985; 
Bohnsack and Sutherland 1985; Hueckel et al. 
1989).  Although these site selection criteria have 
been summarized in the literature (Yoshimuda and 
Masuzawa 1982; Carter et al. 1985b; Ambrose 
1994; Sheng 2000), there are few examples of 
projects that have investigated each criterion prior 
to reef deployment (but see Hueckel and Buckley 
1982; Tseng et al. 2001; Kennish et al. 2002).  
Additionally, the natural presence of larvae has 
not been included as a criterion in the site 
selection process, despite the importance of larval 
delivery to the success of a newly deployed 
artificial reef with goals of enhancing production 
(Carter et al. 1985b; Pratt 1994).  Although 
exclusion mapping could take the majority of 
these parameters into account, there are no 
published examples of a study that combines 
exclusion mapping with physical and biological 
field measurements used to evaluate the suitability 
of a site for artificial reef deployment.  

In 2004, the Massachusetts Division of Marine 
Fisheries (MarineFisheries) received monetary 
compensation from Algonquin Gas Transmission 
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Company to provide mitigation for impacts 
resulting from the construction of a 48-km natural 
gas pipeline, the “HubLine”, in Massachusetts 
Bay, Massachusetts, U.S.A.  A substantial amount 
of the impacted bottom along the pipeline 
footprint was comprised of rocky substrate, a 
habitat type that cannot be easily restored.  Hard-
bottom habitat is critical to several life stages of 
commercially important species in this region, 
including American lobster (Homarus 
americanus), Atlantic cod (Gadus morhua), 
yellowtail flounder (Limanda ferruginea), 
Atlantic sea scallops (Placopecten magellanicus), 
and numerous other fishes and invertebrates 
(Wahle and Steneck 1992; Tupper and Boutilier 
1995; Johnson et al. 1999; Packer et al. 1999).  As 
mitigation for the assumed impacts of hard-
bottom habitat loss, MarineFisheries constructed 
a series of cobble/boulder reefs in Massachusetts 
Bay designed to target different life history stages 
of invertebrate and vertebrate species (see 
Appendix IVB.A for reef design specifications). 

Prior to deployment, a thorough site selection 
technique was developed with the aim of 
promoting a successful reef.  Our goals were to 
(1) utilize exclusion mapping as an initial means 
of selecting target areas for reef deployment, (2) 
collect data in situ to develop a comprehensive 
record of biological and physical parameters for 
each prospective site, and (3) create a rigorous but 
simple site selection process that could be adapted 
for use by others interested in artificial reef 
development.  American lobster (H. americanus) 
was selected as the target species for these 
investigations due to local commercial importance 
of the species.  This is one of the first examples of 
a site selection model that included natural larval 
supply as a criterion.  Furthermore, the selection 
process presented here uniquely integrates 
procedures recommended by multiple 
investigators into a comprehensive model 
encompassing both biological and physical 
criteria. 

 

Materials and methods 

Exclusion Mapping.  Nine general and two 
project-specific site selection criteria were used to 

determine the optimal site for an artificial reef in 
Massachusetts Bay (Table IVB1.1).  Following 
the identification on these criteria, we developed a 
simple model to identify potential sites using a 
geographic information system (GIS) (ESRI 
ArcGIS 9.0).  Three criteria were included in the 
GIS model: substrate, bathymetry, and proximity 
to the HubLine pipeline.  Prior to running the 
model, the substrate and depth data layers were 
“clipped” to create a 300-m border on either side 
of the pipeline’s path (a detailed description of the 
commands used in this model is listed in 
Appendix IVB.B).  This delineated area 
represented the project’s maximum acceptable 
distance away from the pipeline based on 
mitigation requirements. The clipped substrate 
and bathymetry data were coded to represent 
prime, potential, and unsuitable areas (Table 
IVB1.2).  Next, the data layers were converted to 
a grid file, where each grid cell (10 m2) contained 
the reclassified value for that particular substrate 
or depth.  These categorical indices were then 
reclassified into numerical values (Table IVB1.2).  
Using the ArcGIS raster calculator, numerical 
values from both data layers were multiplied to 
produce a site-suitability data layer.  This layer 
was used to identify prime sites for the artificial 
reef (Figure IVB1.1); we then selected 24 
potential sites for further investigation that fell 
within areas delineated as “prime.” 

Depth Verification and Slope Calculation.  After 
completing the initial selection process using 
exclusion mapping, bathymetry data were 
collected in situ on all 24 sites to verify the GIS 
datalayer.  Based on the reef design, each 
potential site footprint was 140 x 50 m in size 
(Appendix IVB.A).  Depth data were collected 
using sonar within the footprint of the site 
(Appendix IVB.B).  Depth was adjusted to 
account for tidal stage.  Slope was calculated 
based on the difference between the depths of 
measured points and the distance between those 
points.  Sites that were too shallow or too deep (< 
5 m or > 15.1 m), and sites that had slopes over 5º 
were eliminated from further consideration (Table 
IVB1.1, Yoshimuda and Masuzawa 1982).  This 
process eliminated 10 potential sites leaving 14 
sites in consideration (Figures IVB1.2 & IVB1.3).  
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Substrate Composition.  To determine the 
composition of the surficial substrate at each site, 
underwater surveys using SCUBA were 
conducted along two 50-m transects per potential 
site.  The two parallel transects were deployed at 
45º angles to the 140 x 40-m footprint such that 
each transect bisected about half of the reef area 
(Appendix IVB.B).  Divers quantified substrate 
type in continuous 5 x 2-m sections, gauging 
swath-width with a 2-m PVC bar, along each 

transect.  Each divers collected data on one side of 
the transect.  Using a ruler for reference, coarse 
surficial substrate was visually classified 
according to the Wentworth scale (i.e. bedrock, 
boulder, cobble; Wentworth 1922) while fine 
substrates were placed into broad categories such 
as sand, mud, or silt.  These data were categorized 
as primary (sediment type that constituted more 
than 50% of the area), secondary (sediment type 
that constituted between 10 and 50% of the area), 

Table IVB1.1. Criteria for selecting a site for habitat enhancement in Massachusetts Bay. 

 

Criterion Description Reference 

General criteria   

Accessibility 
Area needed to be suitable for safe small boat operation and 
recreational use of the reef, and in a location that did not interfere 
with commercial vessel traffic. 

Tseng et al. 2001; 
Kennish et al. 
2002 

Current 

Areas with strong tidal currents were avoided to prevent scouring 
and to allow SCUBA monitoring of the reef. Some current was 
necessary to deliver nutrients and larvae to the reef, and to 
maintain a well-oxygenated environment. Sites were oriented for 
maximum exposure to the current. 

Nakamura 1982; 
Baynes and 
Szmant 1989 

Depth and wave 
action 

Required water depths deep enough for navigation and to protect 
the reef from wave action, but shallow enough to promote larval 
settlement. Target depth range was 5 - 9.9 m; 10 - 15 m was also 
acceptable. 

Nakamura 1982; 
Duzbastilar et al. 
2006 

Established habitat 
and/or proximity to 
established habitat 

Existing natural reefs were avoided to minimize further impacts to 
hard-bottom habitat. The artificial reef needed to be in fairly close 
proximity to a natural reef for comparison of the two sites. 

Carter et al. 1985; 
Ambrose 1994; 
Spieler et al. 2001 

Natural larval supply  
Prospective sites were tested for the presence of a natural larval 
supply, specifically targeting postlarval crustaceans such as 
American lobster. 

This study 

Substrate 

Substrate consisting of firm sediment types that provided a stable 
platform for the cobble and boulder were needed. Soft, muddy 
sediments, silt, and shifting fine sand were avoided to minimize 
reef sinking. 

Yoshimuda and 
Masuzawa 1982;  
Mathews 1985 

Slope Sites with slopes over 5º were eliminated for reef stability. 
Yoshimuda and 
Masuzawa 1982 

Water quality 
Water around the potential sites needed to have low turbidity and 
low siltation rates. Adequate light penetration was necessary to 
establish primary productivity. 

Yoshimuda and 
Masuzawa 1982 

User conflicts 
Consideration was given to potential conflicts with other user 
groups, including commercial and recreational fishers. 

Kennish et al. 
2002 

Project-specific criteria   

Proximity to the 
pipeline pathway 

Areas <30 m away from the pipeline were targeted, although sites 
up to 300 m away from the pipeline were considered. 

This study 

Proximity to cobble 
fill areas on the 
pipeline 

Proximity to points where the pipeline was covered with cobble fill 
was considered because the fill point would serve as a comparison 
area for mitigation research. 

This study 
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or underlying (sediment type found directly 
beneath the primary and secondary substrates).  
For example, Massachusetts Bay is characterized 
by large areas of boulder and cobble with sand or 
granule underlying; consequently, data from this 
type of area could be classified as: primary = 
boulder, secondary = cobble, and underlying = 
sand.  If the majority of the substrate was the 
same throughout the quadrat, primary and 
secondary substrates were recorded as the same 
type.  For example, if a quadrat consisted of 95% 
cobble and 5% shell litter, we recorded both the 
primary and secondary substrates as cobble, while 
the shell litter was recorded as tertiary. 

Divers also conducted a qualitative “hand burial” 
test every 5 m to obtain a general index of the 
relative ability of the substrate to support the 
weight of a reef.  Each diver made a fist with their 
hand and attempted to press it deep into the 
substrate.  Hand burial depth was coded on a scale 
of 1 – 3 depending on how far the hand was 
buried (see Appendix IVB.B). 

Divers qualitatively estimated the abundance of 
benthic macroinvertebrates and vertebrates seen 
during these dives.  Once dives on a prospective 
site were complete, divers filled out a species 
presence/absence form (Appendix IVB.C), 
estimating the percent coverage of algae and 

encrusting invertebrate species as well as counts 
for mobile benthic vertebrates and invertebrates. 

Although wave action was considered by 
following Nakamura’s (1982) depth suggestions 
when screening potential sites, divers also ranked 
the presence of sand ripples on sites as an 
indicator of wave presence. Sand ripples were 
classified into three categories: large (> 13.1 cm 
height), small (2.5 – 13 cm), or none. 

Weighting and Ranking Analysis.  A weighting 
and ranking system was developed to incorporate 
multiple aspects of the site selection criteria.  Data 
used in this portion of the study included: primary 
and secondary surficial substrates, underlying 
sediment, sand ripple presence, site proximity to 
the pipeline, and site proximity to cobble fill 
points along the pipeline (areas along the pipeline 
armored with rock) (Table IVB1.3). 

For each potential site, we assigned a numerical 
score to every data category based upon how well 
the site met the selection criteria (Table IVB1.3).  
Categories possessing more than one type of 
classification (i.e. surficial substrates) were 
weighted by the areal proportion of that 
classification using the assigned numerical score.  
For example, if a site had 70% pebble (prime 
score = 3) and 30% silt (poor score = 1) as  

Original value 
Reclassified 
value 

Reasoning for reclassification 
Numerical 

value 
(a) Bathymetry    

0 – 4.9 m Unsuitable Navigational concerns, wave action 0 

5 – 9.9 m Prime Ideal larval settlement depth, safe SCUBA depth 2 

10 – 15 m Potential 
Acceptable larval settlement depth, reduced 
bottom time for divers 

1 

>15.1 m Unsuitable Too deep for many larvae, and SCUBA 0 

(b) Substrate (Knebel 1993)    

Deposition = silt, very fine 
sand 

Unsuitable Not capable of supporting reef weight 0 

Erosion or nondeposition I = 
boulder to coarse sand 

Unsuitable Existing productive habitat 0 

Sediment reworking = fine 
sand to silty clay 

Potential Potential sedimentation problems 1 

Erosion or nondeposition II = 
granule/pebble to fine sand 

Prime Capable of supporting reef weight 2 

 

Table IVB1.2. Reclassification values for (a) bathymetry and (b) substrate data used in the exclusion mapping 
model. Depth range and substrate type were reclassified based on biological and physical constraints. 



 116

primary surficial substrates, the following 
calculation was performed to obtain a final score: 
(0.70 x 3) + (0.30 x 1) = 2.4. 

Next, a weighting system was developed based on 
the relative importance of each criterion to the 
project goals.  Substrate variables were assigned 
the highest weights: primary = 50%, secondary = 
15%, and underlying = 15%, since proper 
substrate was necessary for creating a stable reef, 
and existing hard-bottom habitat was to be 
avoided.  The remaining criteria were assigned the 
following weights to represent their importance in 
the selection process: wave action = 10%, 
proximity to the pipeline = 5%, and proximity to 
cobble fill points along the pipeline = 5% (Table 
IVB1.3).  Numerical scores for each data category 
were multiplied by the category’s assigned 
weight.  The final weighted scores were summed 
for each site.  Sites with the highest scores 
contained the majority of the required physical 
attributes in the selection process.  

In addition to the ranking analysis, a principle 
component analysis (PCA) was conducted using 
all sites, based on the original scores from each 
data category per site.  The PCA was used to 
examine how particular variables affected the 
sites’ overall scores, and to determine the degree 
of similarity among sites based on relative 
strengths of criteria used to assess the sites.  The 
PCA demonstrated how high and low-ranking 
sites clustered in comparison to each other.  

The weighting and ranking analysis did not 
consider biological aspects of the sites; therefore, 
qualitative notes on the abundance and diversity 
of macroinvertebrates and vertebrates were 
considered post-ranking analysis.  In order to 
avoid placing the reef on a naturally productive 
area, one site was eliminated because of high 
species abundance and diversity.  At this point, 
the number of potential sites was narrowed to six. 

Figure IVB1.1.  Results of the initial exclusion mapping model for habitat enhancement in 
Massachusetts Bay, Massachusetts, USA.  Numerical values representing prime, potential, and 
unsuitable depth and sediment were multiplied using the GIS raster calculator to produce the 
suitability data layer. 



 117

  

Figure IVB1.2.  Location of potential sites in Boston and Hull following slope and depth 
eliminations.
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Figure IVB1.3.  Location of potential sites in Beverly and Marblehead following slope and depth 
eliminations.
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Current Direction Meter and Qualitative Transect 
Surveys.  Prior to conducting thorough transect 
surveys on each of the six sites, we wanted to 
obtain a relative estimate of the predominant 
current direction near each footprint.  Our goal 
was to use these data to shift sites, if necessary, 
such that the rectangular reef would be 
perpendicular to the predominant current (Baynes 
and Szmant 1989). 

We designed an effective, low-cost current 
direction meter to estimate the predominant 
current direction near each of the potential sites.  
The current direction meter collected information 
from four directions: (1) north / south, (2) east / 
west, (3) northeast / southwest, and (4) northwest / 
southeast.  A concrete base was constructed with a 
rebar stake placed vertically in the center and eye 
bolts on all four corners for lowering and lifting 
the device.  Four 30-cm long PVC tubes (7.6 cm 
diameter) were mounted horizontally onto the 

Data category Description of data categories Classification 
Numerical 

score 
Primary surficial substrate Boulder, cobble, silt Poor 1 
 Pebble, granule, sand, shack, shell debris Prime 3 

Secondary surficial substrate Boulder, silt Poor 1 

(see Wentworth, 1922 for  Flat cobble Potential 2 
description of substrate type) Pebble, granule, sand, shack, shell debris, hard clay Prime 3 

Underlying sediment Soft clay, silt Poor 1 
 Hard clay, granule, sand Prime 3 

Wave action / sand ripple Large sand ripples (>13.1 cm height) Poor 1 

 Small sand ripples (2.5 - 13 cm height) Potential 2 
 No sand ripples Prime 3 

Proximity to the pipeline 150 - 300 m from pipeline Poor 1 

 30 - 150 m from pipeline Potential 2 
 <30 m from pipeline Prime 3 

Proximity to cobble fill on  >150 m from fill point Poor 1 

pipeline 30 – 150 m from fill point Potential 2 

 Adjacent to fill point (<30 m) Prime 3 

 

Table IVB1.3. Assignment of numerical scores based upon data classifications for the site ranking analysis. 

Figure IVB1.4.  Current direction meter.  
Image shows position of stacked PVC tubes 
on a concrete base and bridles used for 
deployment and retrieval. 

Bridle 

PVC tubes 
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stake and angled 45º from the previous tube 
(Figure IVB1.4).  Small holes were drilled 
through the top and bottom of the tube’s midpoint.  
We used the dissolution of molded plaster of paris 
blocks to measure water motion (similar to “clod 
cards;” Doty 1971).  The blocks were filed to a 
weight between 30 - 33 g.  Prior to deployment, 
each block was weighed and suspended through 
the holes into the center of the tubes by a wire 
running through the block.  The current direction 
meter was lowered to the bottom and oriented by 
divers using a compass such that the uppermost 
tube faced north/south.  After a soak time of 48 to 
72 hours the current direction meter was retrieved.  
Blocks were allowed to dry for at least four days 
before they were weighed again.  The block with 
the greatest weight loss was the block in the tube 
facing the predominant current.  Using these data, 
we adjusted the orientation of potential sites as 
necessary.  

Comprehensive visual surveys using SCUBA 
were conducted along 140-m transects on each of 
the properly oriented sites (sites were oriented 
perpendicular to the predominant current; Baynes 
and Szmant 1989).  Three lengthwise transects 
were established along the sides and center of 
each footprint.  Divers qualitatively noted habitat 
type and species diversity of macroinvertebrates 
and vertebrates on both sides of the transect.  The 
viability of each site was discussed post-dive.  
Sites possessing hard-bottom habitat or 
comparatively high sampled species diversity 
were eliminated.  Results of this survey were used 
to narrow the number of prospective sites to three. 

Benthic Air-Lift Sampling.  Using methods 
described by Wahle and Steneck (1991), the three 
potential sites, the pipeline fill point, and two 
natural rocky reefs were air-lift sampled in order 
to compare densities of mobile benthic 
macrofauna (Figure IVB1.5). Air-lift sampling 
provided two important datasets: it established 
baseline information on the sites prior to reef 
installation, and it allowed us to compare relative 
sampled species diversity and larval settlement on 
potential reef sites versus nearby natural reefs.  If 
potential reef sites had similar densities of benthic 
macrofauna and/or species diversity when 
compared to the natural reefs, sites were 
eliminated to prevent disruption of existing 
productive habitat. 

Figure IVB1.5.  Location and orientation of final 
three potential sites, natural reefs, and the pipeline 
cobble fill point.  Map also depicts general target 
areas for habitat enhancement: Marblehead (MH), 
Boston Harbor near the Hypocrite Channel 
(BHH), Boston Harbor near the Brewster Spit 
(BHB), and Boston Harbor near Peddocks Island 
(BHP). 
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At each site, twelve 0.5-m2 quadrats were 
haphazardly placed on the substratum at least 2 m 
apart.  Large boulders and patches of sand were 
avoided on the natural reefs (Wahle and Steneck 
1991), whereas sand was primarily sampled on the 
potential reef footprints.  The air-lift sampling 
device consisted of a PVC tube supplied with air 
from a SCUBA tank to create a vaccuum.  
Sampling a quadrat in cobble habitat involved 
pushing the lift tube (fitted with a 1.5-mm nylon 
mesh collection bag) slowly over the bottom 
while moving rocks individually until few 
interstitial spaces remained.  If no rocks were 
present, such as on the potential reef sites, the lift 
tube was simply moved over the area of the 
quadrat until the entire quadrat had been sampled.  
Gastropods, polyplacophorans bivalves, decapods, 
echinoderms, solitary tunicates, and fish were 
identified to the lowest practical taxon and 
enumerated.  Polychaetes were not counted 
(except for scale worms: families Polynoidae and 
Sigalionidae) because most were destroyed in the 
process.  Species that were not readily identifiable 
in the field were preserved in alcohol and 
identified in the laboratory. 

The following hypotheses were tested: (1) there is 
a difference in decapod crustacean density by site, 
(2) there is a difference in young-of-the-year 
(YOY) lobster density by site and, (3) there is a 
difference in sampled species diversity among 
sites. 

A one-way ANOVA was used to investigate 
differences in mean decapod crustacean density 
by site (SPSS 9.0 statistical software).  Data were 
lg10 (x + 0.1) transformed to meet the assumption 
of homogeneity and a post hoc comparison was 
conducted using a Tukey HSD test.  YOY density 
data were examined by site using a non-
parametric Kruskal-Wallis test and follow-up 
pairwise comparisons using permutation testing at 
1000 iterations (Microsoft Excel 2002, Sprent 
1989).  Using all the enumerated species data, the 
Shannon index was used to assess diversity on 
each potential reef site and the nearby natural 
reefs (Krebs 1999). 

Larval Settlement Collectors.  All three potential 
reef sites lacked prime postlarval lobster settling 
habitat (i.e. cobble and boulder; Wahle and 
Steneck 1991 and 1992), which may explain the 

low levels of postlarval lobster settlement at the 
sites (see air-lift sampling results).  Therefore, we 
used a modified settlement collector design (Incze 
et al. 1997) to determine if postlarvae would settle 
in these areas when provided with cobble habitat.  
Our 0.5-m2 collectors (70.6 cm length x 70.6 cm 
width x 30.5 cm height) were built using coated 
wire (3.8 cm mesh) with a layer of Astroturf ™ on 
the bottom (Figure IVB1.6).  Each collector was 
filled with 15 - 25-cm diameter cobble and 
lowered from the boat using a built-in bridle 
(Appendix IVB.B).  Ten collectors were placed on 
each of the three sites in July prior to the 
postlarval lobster settlement season (Lawton and 
Lavalli 1995).  Collectors remained on the bottom 
for two months before retrieval.  Divers relocated 
the collectors and covered them with a thin 2-mm 
mesh screen to prevent escapement during the 
retrieval.  Buoyed lines were tied to the collector 
bridle and the collector was hauled to the surface 
using a winch.  All the rocks and Astroturf ™ 
from each collector were inspected and species 
were recorded following the same methods used 
in air-lift sampling. 

The larval settlement collector data were used to 
address our primary hypothesis; young-of-the-

Figure IVB1.6.  Settlement collector loaded 
with rocks and ready for deployment. 
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year (YOY) lobster or larvae of other species 
settle at these sites when provided with their 
preferred habitat.  Two additional hypotheses 
were investigated using these data: (1) there is a 
difference in juvenile and adult lobster density by 
site and (2) there is a difference in sampled 
species diversity among sites.  Data collected to 
investigate these hypotheses also indicated which 
species might initially colonize the artificial reef 
and how the reef would be utilized by a target 
species, American lobster. 

A simple present/absent rule was used to address 
our primary hypothesis, whereby if YOY lobster 
or other YOY of other species were recorded in 
the collector we concluded that the site had a 
natural larval supply.  Limited sample sizes 
prevented a more quantitative analysis on 
postlarval settlement.  The second hypothesis was 
investigated by running a one-way ANOVA and a 
post-hoc Tukey HSD test on the mean number of 
lobster per 1 m2 by site (SPSS 9.0 statistical 
software).  Diversity indices (Shannon index) 
were calculated for each potential reef site (Krebs 
1999). 

Results 

Exclusion Mapping.  The GIS model results 
indicated general areas that had the most potential 
for successful artificial reef development; within 
these areas 24 sites (and five alternate sites to be 
used only if the other sites failed to meet the site 
selection criteria) were selected near naturally 
occurring hard bottom.  The model allowed us to 
eliminate 80% of prospective reef area prior to 
field assessments (Figure IVB1.1). 

Depth Verification and Slope Calculation.  Eight 
sites were eliminated due to unsuitable depth or 
slope; the remaining 16 sites had slopes ranging 
from 0º to 5º.  After careful consideration of these 
16 sites, three more sites were eliminated due to 
known poor larval settlement in the area 
(MarineFisheries, unpublished data), high 
siltation rates, and concerns for diver safety due to 
heavy boat traffic.  At this point Site 29, an 
alternate site, was included in the selection 
process because of the large number of eliminated 
sites and the need to fill a gap in a prospective 
area; this brought the total number of potential 
sites to fourteen (Figures IVB1.2 & IVB1.3).   

All 14 remaining sites were within 11 km to the 
nearest harbor, and in the 6 – 15-m mean low 
water depth range, therefore meeting the 
accessibility criteria (Table IVB1.1).  No sites 
were located within shipping channels marked on 
navigational charts.  Additionally, no commercial 
fishing activities aside from lobstering were 
expected to occur within potential site areas due to 
shellfish closures and shallow, undesirable depths 
for mobile gear fishing practices such as trawling 
(Table IVB1.1). 

Substrate Composition and Weighting and 
Ranking Analysis.  Sites 3, 13, 14, and 17 (all in 
Marblehead = MH), the lowest ranking sites, were 
eliminated due to the presence of large sand 
ripples or silty substrate (Table IVB1.4, Figure 
IVB1.7).  The “hand burial” test confirmed that 
the sediments at these sites would not be able to 
support the weight of the reef.    Site 4 (MH) was 
eliminated because it had the highest relative 
species abundance and diversity of all the 
potential sites.  Site 11 (Boston Harbor near 
Peddocks Island) was eliminated due to heavy 
boat traffic and poor larval settlement (MADMF, 
unpublished data). 

The PCA analysis revealed that some of the high 
ranking sites (such as 11 and 18) ranked well for 
different strengths in the various data categories, 
while the two highest-ranking sites had 
comparable qualities (sites 20 and 29) (Table 
IVB1.4). (Figure IVB1.8).  Sites that scored 
poorly (3, 13, and 14) were grouped together, 
indicating that they had similar weaknesses.   

After these initial eliminations, we were prepared 
to select two final sites within each of the three 
areas considered for reef development:  (1) MH, 
(2) Boston Harbor near the Hypocrite Channel 
(BHH), and (3) Boston Harbor near the Brewster 
Spit (BHB) (Figure IVB1.5).  The top two 
remaining sites within each of these regions were: 
(1) MH sites 5 and 6, (2) BHH sites 18 and 20 
and, (3) BHB sites 8 and 23 (Table IVB1.4). 

Current Direction Meter and Qualitative Transect 
Surveys.  Due to time constraints, we only 
obtained replicates from the current direction 
meter in one of the three major areas of 
consideration.  In BHB, the predominant current 
direction was north/south (n = 1), BHH was 
east/west (n = 3), and the MH region was 
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northwest/southeast (n = 1).  These data indicated 
that Site 6 needed to be rotated in order to position 
the potential reef footprint perpendicular to the 
current (Baynes and Szmant 1989).  Transect 
survey data were collected after this site was re-
oriented. 

Based on the qualitative survey data, sites 5, 8, 

and 18 were eliminated due to concerns about 
further impacting existing hard bottom habitat. 
Sampled species diversity was compared among 
remaining sites and sites with lower species 
diversity were retained for further analysis.  Site 6 
(MH), Site 20 (BHH), and Site 23 (BHB) were the 
three final sites selected for further consideration. 
Following this selection, we were informed that 

Site 
ID 

Primary 
sediment  

Secondary 
sediment 

Underlying 
sediments 

Wave 
action 

Proximity 
to pipeline 

Proximity 
to cobble 

fill 
Total 

Ranking 
within 
area 

Overall 
rank 

(a) Marblehead 
3 0.60 0.23 0.20 0.30 0.15 0.05 1.520 4 12 
4 1.45 0.45 0.45 0.20 0.15 0.05 2.746 1 7 
5 1.43 0.41 0.45 0.20 0.15 0.05 2.688 3 10 
6 1.50 0.44 0.45 0.20 0.05 0.05 2.693 2 9 
13 0.50 0.15 0.15 0.30 0.05 0.05 1.200 7 14 
14 0.50 0.15 0.15 0.30 0.15 0.05 1.300 6 13 
17 1.50 0.45 0.45 0.10 0.10 0.05 2.646 5 11 
(b) Boston Harbor Hypocrite Channel 
18 1.41 0.39 0.45 0.30 0.15 0.10 2.799 3 4 
19 1.46 0.42 0.45 0.20 0.10 0.15 2.786 4 6 
20 1.50 0.45 0.45 0.30 0.15 0.15 3.000 1 1 
29A 1.50 0.44 0.45 0.30 0.15 0.15 2.985 2 2 
(c) Boston Harbor Brewster Spit 
8 1.44 0.39 0.45 0.30 0.10 0.05 2.731 2 8 
23 1.50 0.45 0.45 0.30 0.05 0.05 2.796 1 5 
(d) Boston Harbor Peddocks Island 
11 1.50 0.45 0.45 0.30 0.05 0.05 2.800 1 3 

 

Table IVB1.4. Weighted scores by data category and final ranking analysis results. Note: All 
sediments are surficial substrates. Low scores indicate poor ability to meet site selection 
criteria. Ranks with the lowest values indicate the best sites. A = alternate site. 

Figure IVB1.7.  Primary surficial substrate composition of the 14 potential sites.  P = prime 
substrate for artificial reef deployment, U = unsuitable substrate for reef deployment. 
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Site 20 was located within the buffer zone of an 
area of archeological concern (Massachusetts 
Board of Underwater Archaeological Resources, 
pers. comm.). Therefore, alternate Site 29 (the 
second highest ranking site) was substituted for 
Site 20 in the BHH region. 

Final Three Site Descriptions.  Site 6 in 
Marblehead (MH) was located adjacent to Cat 
Island outside of the shipping channel (Figures 
IVB1.3 and IVB1.5).  The primary substrates at 
this site were pebble, granule and sand (Figure 
IVB1.9).  All three of these substrate types were 
desirable because they tend to support lower 
species diversity and abundance of 
macroinvertebrates and vertebrates than cobble 
and boulder.  The secondary substrates on this site 
were sand, pebble, and granule with a small 
percentage of cobble.  We were not concerned 
with the small amount of cobble as secondary 

substrate because it was not found in large enough 
quantities to create the interstitial spaces 
necessary to support high species abundance and 
diversity.  The underlying substrates of sand and 
granule were considered strong enough to support 
the weight of a reef.  No species on this site were 
observed in abundances greater than 2 - 5 counts 
per 140-m. transect.  The only species seen of 
commercial importance were the sea scallop 
(Placopecten magellanicus), rock crabs (Cancer 
irroratus), and lobster (Homarus americanus), 
although only two to five individuals of each 
species were observed.  There was a fair amount 
of drift algae (unattached to substrate) on the site, 
most likely the result of a strong Nor’easter that 
passed through the region one week before 
sampling.  Sampled species abundance and 
diversity values on this site were lower than at all 

Figure IVB1.8.  Principal component analysis comparing similarity of potential artificial reef sites (by site ID).  
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other potential sites in the Marblehead (MH) 
region.  Site 23 was located 

just north of the Brewster Spit in Boston (BHP) 
waters off Lovell Island (Figures IVB1.2 and 
IVB1.5).  The primary substrates at this site were 

pebble and sand with a small percentage of shell 
shack (Figure IVB1.9).  The secondary substrates 
also met our criteria for site selection, consisting 
primarily of sand, shack and pebble with a small 
amount of cobble.  Again, we were not concerned 

Figure IVB1.9.  Primary, secondary, and underlying sediment proportions of the final three potential 
sites.
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with the small amount of cobble as secondary 
substrate because it was not found in large enough 
quantities to support high species abundance and 
diversity of macroinvertebrates and vertebrates.  
The underlying substrate of sand was considered 
strong enough to support the weight of the habitat 
enhancement area.   

Two species of non-commercially important 
invertebrates, the horse mussel (Modiolus 
modiolus) and hydroids were recorded in high 
abundance (100 - 200 individuals) along sections 
of our 140-m transect dives.  Other species 
recorded in very low densities (no counts greater 
than 6-10 along 140-m transects) consisted of 
Cancer sp. crabs, razor clams (Ensis directus), 
lobster (H. americanus), northern cerianthid 
anemones (Cerianthus borealis), sea stars 
(Asterias sp. and Henricia sp.), moon snails 
(Lunatia heros), grubby sculpin (Myoxocephalus 
aenaeus), sea scallop (P. magellanicus), skates 
(Raja sp.), spider crabs (Libinia emarginata), and 
winter flounder (Pseudopleuronectes 
americanus).  Algal coverage was less than 1% 
for all species noted on transects.  Despite this site 
having a higher range of observed species 
abundance when compared to other two final 
sites, its species diversity was much lower than 
the other sites in Boston near the Brewster Spit. 

Site 29 was located just east of Lovell Island and 
just south of the Hypocrite Channel in Boston 
(BHH) (Figures IVB1.2 and IVB1.5).  The 
primary substrates were sand and pebble and a 
small amount of granule (Figure IVB1.9).  The 
secondary substrates were pebble and sand with a 
small percentage of cobble and granule.  The 
cobble recorded here was not found in large 
enough quantities to create substantial interstitial 
space and, therefore, was not expected to support 
high species abundance and diversity of 
macroinvertebrates and vertebrates.  The 
underlying substrate of sand was considered 
strong enough to support the weight of the reef.  
When compared to the other two final sites, 
species abundance and diversity appeared to be 
the lowest at Site 29.  Species that were noted in 
densities of 11 - 25 individuals per 140-m transect 
included crabs (Cancer sp.) and sponges 
(Isodictya palmata).  Species noted in low 
densities (1 – 10 per 140-m transect) included 
lobster (H. americanus), sea stars (Henricia sp.), 

grubby sculpin (M. aenaeus), skates (Raja sp.), 
and northern cerianthid anemones (C. borealis).  
Algal coverage was less than 1% (kelp) and a thin 
diatom film was noted to be covering 25 to 50% 
of the pebble and sand substrate. 

Benthic Air-Lift Sampling.  As expected, 
significantly more decapod crustaceans were 
found on the two natural reef sites (Marblehead = 
52.33 m-2, s.e. = 4.52, n = 12; Boston = 41.83 m-2, 
s.e. = 6.58, n = 12) than the three potential reef 
sites (Site 23 (BHP) = 14.67 m-2, s.e. = 2.12, n 
=12; Site 29 (BHH) = 14.17 m-2, s.e. = 2.25, n = 
12; Site 6 (MH) = 14.00 m-2, s.e. = 3.50, n = 12), 
(F5, 66 = 12.85, p < 0.05; Tukey HSD, p < 0.05, 
Figure IVB1.10).  The pipeline cobble fill point 
(mean = 25.50 m-2, s.e. = 3.61, n = 12) was similar 
to the Boston natural reef, as well as the potential 
reef sites (Tukey HSD, p > 0.05, Figure IVB1.10).  
However, the pipeline had a significantly lower 
crustacean density than the Marblehead natural 
reef (Tukey HSD, p < 0.05, Figure IVB1.10).  No 
significant differences were detected between the 
two natural reef sites or among the three potential 
reef sites (Tukey HSD, p > 0.05, Figure IVB1.10). 

Young-of-the-year (YOY) lobster densities were 
significantly lower on the potential reef sites (all 

Figure IVB1.10.  Mean decapod crustacean 
density by site as determined by air-lift sampling 
(n = 12 for each site).  MH = Marblehead, BH = 
Boston Harbor.  Horizontal bars indicate 
statistical similarity based on a post-hoc Tukey 
HSD test (α = 0.05).  Standard error bars are 
shown. 
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three sites = 0 m-2, n = 12) than the natural reef 
sites (Marblehead = 1.17 m-2, s.e. = 0.46, n = 12; 
Boston = 1.33 m-2, s.e. = 0.38, n = 12) (Kruskal-
Wallis test, H/D = 11.5, p < 0.05; permutation 
tests, p < 0.05, Figure IVB1.11).  YOY lobster 
density on the pipeline (mean = 0.83, s.e. = 0.30, 
n = 12) was similar to all other sites (permutation 
tests, p > 0.05, Figure IVB1.11).  There was no 
significant difference in YOY lobster density on 
the two natural reefs.  The three potential reefs 
were similar in that they had no larval lobster 
settlement (permutation tests, p > 0.05, Figure 
IVB1.11). 

As expected, the two natural reef sites had higher 
sampled species diversity than the potential reef 
sites (Table IVB1.5).  Of the three potential reef 
sites, Site 6 (MH) had the highest species 
diversity and Site 23 (BHP) had the lowest 
diversity (Table IVB1.5).  

Larval Settlement Collectors.  Site 23 was the 
only site with YOY lobster; however, the three 
sites experienced settlement of other species of 
decapod crustaceans and fish.  Site 23 had 
significantly more juvenile and adult lobster in the 
settlement collectors (mean = 6.75 m-2, s.e. = 1.00, 
n = 8) than the other two potential reef sites (Site 
29 = 2.40 m-2, s.e. = 0.40 n = 10; Site 6 = 2.67 m-2, 
s.e. = 0.47, n = 9) (F2, 24 = 14.08, p < 0.05; Tukey 
HSD, p < 0.05, Figure 1.12).  Site 29 and Site 6 
had similar densities of lobster (Tukey HSD, p > 
0.05, Figure IVB1.12).  Site 23 had the highest 
sampled species diversity in the settlement 
collectors, whereas the diversity at Site 6 was the 

lowest (Table IVB1.5). 

 

Figure IVB1.11.  Mean young-of-the-year lobster 
density by site as determined by air-lift sampling 
(n = 12 for each site).  MH = Marblehead, BH = 
Boston Harbor.  Horizontal bars indicate statistical 
similarity based on permutation testing at 1000 
iterations (α = 0.05).  Standard error bars are 
shown. 
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Table IVB1.5. Shannon index of diversity results.

Figure IVB1.12.  Mean juvenile and adult lobster 
density in settlement collectors by potential reef 
site (Site 23, n = 8; Site 29, n = 10; Site 6, n = 9).  
Horizontal bars indicate statistical similarity 
based on a post-hoc Tukey HSD test (α = 0.05).  
Standard error bars are shown. 
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Discussion 

A systematic seven step process was used to 
ultimately select Site 29 as the location for the 
artificial reef.  Each step in the selection model 
addressed our criteria and provided valuable input 
toward the goal of selecting an appropriate site.  
The majority of these steps led us to our three 
final sites; data gathered from the settlement 
collectors and air-lift sampling was then 
considered to select Site 29. 

Of the three final prospective sites, Site 23 
experienced the highest level of postlarval 
settlement.  However, during the two-month 
period the collectors were deployed on Site 23, 
the rocks and Astroturf ™ became partially buried 
under a layer of fine sand and silt.  Early benthic 
phase lobster and other benthic species typically 
excavate burrows underneath cobble for shelter 
(Lawton and Lavalli 1995).  This layer of fine 
substrate may have made the collectors at Site 23 
more suitable for settling postlarvae because of 
the additional shelter it offered.  The sand and silt 
could also explain why Site 23’s collectors had 
the highest sampled species diversity when 
compared to the other two sites’ collectors, which 
did not experience high sedimentation rates.  
Despite these results, the partial burial of the 
cobble in two months indicated that there was 
high potential for siltation and reef burial at Site 
23.  Due to these concerns, Site 23 was eliminated 
from consideration. 

Site 29 in Boston Harbor near the Hypocrite 
Channel and Site 6 in Marblehead were the two 
sites remaining in the selection process.  Although 
neither site had postlarval lobster present in the 
settlement collectors, many other young-of-the-
year decapod crustacean and fish species were 
recorded at the sites.  Air-lift sampling the 
adjacent natural reefs also demonstrated that 
postlarval lobster and other larval species were 
present near the prospective reef sites.  Thus, the 
data from air-lift sampling and the settlement 
collectors allowed us to conclude that adequate 
levels of larval settlement would occur at either of 
these sites. 

The results of the species diversity analyses and 
the weighting and ranking analysis were used to 
determine the best site for reef development.  The 
air-lift sampling results demonstrated that Site 29 

had lower existing species diversity than Site 6, 
while the settlement collector results indicated 
that Site 29 could potentially have higher species 
diversity than Site 6 if cobble habitat was present.  
Since our site selection criteria required avoidance 
of naturally productive areas (i.e. Site 6), and 
because Site 6 ranked much lower than Site 29, 
Site 29 was selected for reef placement (Table 
IVB1.4, Figure IVB1.5). 

Throughout this year-long process, areas where 
improvements and simple adaptations to our seven 
step model could be made were noted.  The first 
of the seven steps, exclusion mapping, allowed us 
to target prime areas for habitat enhancement 
prior to conducting any field work.  A lack of 
georeferenced data for Massachusetts Bay limited 
development of this model.  Therefore, we 
worked with the minimum requirements for this 
model: bathymetry and substrate data.  The model 
could be easily modified for future projects to 
include other selection criteria such as existing 
pipeline pathways, popular commercial or 
recreational fishing areas, or marine protected 
areas.  Kennish et al. (2002) demonstrated that 
larger datasets were valuable in the site selection 
process when developing exclusion mapping 
models. 

Depth verification and slope calculation 
constituted the second step in the selection 
process.  Verifying the results of the mapping 
model in the field proved to be extremely 
valuable, as some of the bathymetry datasets 
contained inaccurate information.  Although sites 
were eliminated due to unsuitable slope or depth, 
it was also necessary to discard sites with highly 
variable depths.  Uneven depths confound the 
ability to answer questions involving species 
composition on newly installed reefs. 

The third step, surficial substrate surveys, was 
designed to quantify substrate on each site for the 
weighting and ranking analysis.  These surveys 
also provided verification of the substrate data 
layer for portions of Massachusetts Bay.  This 
proved to be an important step because several of 
the sites (3, 13, and 14) were located in “prime” 
areas for reef deployment according to the GIS 
model (Figure IVB1.1), yet in situ verification 
revealed that the substrate at these sites was too 
soft to support the weight of a reef (Figure 



 129

IVB1.7).  The hand burial method did not provide 
us with information that could not be gathered 
from quantitative substrate surveys alone, thus 
this method could be eliminated from the process.   

During these dives, the relative abundance of 
species on each site was qualitatively noted in 
order to avoid placing the reef on naturally 
productive areas.  Although these observations 
were informative, quantitative data collection 
would have been more instructive.  Quantitative 
data could have been incorporated into the 
weighting and ranking analysis also, rather than 
subjectively taken into account at the end of the 
analysis. 

The weighting and ranking analysis (fourth step) 
was influential in targeting areas that met our 
project’s criteria.  Maintaining three separate 
geographic regions in our analysis gave us 
flexibility in case one of the areas did not meet all 
of our selection criteria.  This aspect was crucial 
because high siltation rates were recorded at Site 
23 during the final weeks of site selection, 
requiring the elimination of that site and 
consideration of alternatives.  For future projects, 
the weighting and ranking step should be adapted 
to include pertinent project specific criteria, and 
the weighting scheme changed to suit the project’s 
goals.   

The PCA analysis, which was conducted using the 
original scores from the weighting and ranking 
analysis, did not provide us with information 
additional to that gained from the later analysis, 
however it did provide confirmation.  If the PCA 
analysis was conducted on the original data, rather 
than the scores from each site, the results may 
have been more useful. 

Although the current meter did not provide data 
specific to our site selection model, collecting this 
information allowed us to design properly 
oriented sites that maximized settlement, aeration, 
and nutrient delivery (Baynes and Szmant 1989).  
Our current meter is an example of an innovative, 
low-cost design that can be used to determine 
predominant current direction in many types of 
ecological applications.  Most instruments capable 
of measuring current speed and direction are cost-
prohibitive or too complicated to build for small-
scale projects (Maida et al. 1993).  Although other 
commercially-available instruments are more 

precise in their measurements, our device 
provided useful information regarding current 
direction.  While a larger sample size would have 
enhanced our ability to verify the design’s 
precision, in the instance where we were able to 
obtain replicates (n = 3), the predominant current 
direction was consistent among samples. 

The fifth step, final qualitative transect surveys, 
allowed us to visually confirm the suitability of 
each site and narrow the number of potential sites 
to three.  No major alterations were needed to 
improve the method for future site selection 
models. 

Results from the two final steps, air-lift sampling 
and settlement collectors, proved to be the most 
beneficial data obtained.  These procedures 
sampled the species naturally present in each area 
and indicated which species might initially settle 
on the reef.  Settlement collectors also provided 
ancillary information on sedimentation rates at 
each site, which was an influential factor in the 
site selection process.  Observed decapod 
crustacean densities, young-of-the-year (YOY) 
lobster densities and sampled species diversity 
from the air-lift sampling were, as expected, 
higher on the natural reefs than the potential reef 
sites.  Natural rocky reefs generally support more 
diverse epifaunal and macroalgal communities 
than sandy habitat (Lenihan and Micheli 2001; 
Whitman and Dayton 2001).  These data were 
evidence that the reef would not be placed on a 
site that already had comparably high densities of 
macroinvertebrates or vertebrates. 

The pipeline cobble fill area appeared to represent 
a type of intermediate stage hard-bottom habitat, 
possibly because this “reef” was only two years 
old when it was sampled.  The age of this artificial 
reef may explain why the site’s crustacean 
densities were similar to the Boston natural reef 
and the potential sites, and why the YOY densities 
were similar to both natural reefs and the potential 
reef sites.  Additionally, it is well known that 
recently disturbed areas tend to maintain lower 
species diversity until succession eventually 
increases diversity (Connell 1978; Sousa 1979).  
This may explain why the pipeline fill point had 
the lowest species diversity of all the sites.   

Finally, the air-lift sampling results from the three 
potential reef sites confirmed that we would not 
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be impacting areas that already provided habitat 
for settling lobster postlarvae because no YOY 
lobster were recorded on these sites.  The species 
diversity analysis of these air-lift sampling data 
also allowed us to eliminate Site 6 because it had 
the highest species diversity of the three potential 
sites. 

Although settlement collectors have primarily 
been used in larval settlement studies (Incze et al. 
1997; Cruz and Adriano 2001; Montgomery and 
Craig 2003), this study is potentially the first to 
use collectors as a tool in an artificial reef site 
selection model.  The settlement collector results 
from Site 23 suggest that larval settlement and 
sampled species diversity are higher when 
burrowing habitat is provided.  Thus, future 
projects would benefit from adding a layer of fine 
sand on top of the Astroturf ™ (Figure IVB1.6) to 
more closely approximate preferred habitat and 
reflect natural conditions.  In spite of this, the 
larval settlement and species diversity data 

obtained from the remaining two sites were 
important factors in the final site selection 
process. 
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Introduction 

Although artificial reef development has occurred 
throughout the world for several decades (see 
Bohnsack and Sutherland 1985 for review), the 
use of artificial reefs as a mitigation tool has only 
recently become popular (e.g. Davis 1985; 
Hueckel et al. 1989; Ambrose 1994; Foster et al. 
1994; Pratt 1994; Burton et al. 2002).  Mitigation 
reefs are traditionally developed to alleviate 
human impacts to the marine environment such as 
destruction to marine habitats from construction 
(Davis 1985; Hueckel et al. 1989; Foster et al. 
1994) and discharge from power plants (Carter et 
al. 1985a and 1985b; Ambrose 1994).  Although 
several mitigation reefs have been well-studied, 
little data exist on whether or not artificial reefs 
can effectively mitigate for these types of impacts 
across different geographic regions and ecosystem 
regimes. 

In order to better understand the biological 
processes that occur on newly deployed artificial 
reefs, artificial reefs are typically compared to 
nearby natural reefs (e.g. DeMartini et al. 1989; 
Carr and Hixon 1997; Perkol-Finkel and 
Benayahu 2004a, Perkol-Finkel et al. 2005).  
Perkol-Finkel et al. (2004, 2006 and 2007) found 
that in order for an artificial reef to resemble a 
natural reef (if that is the goal of the mitigation 
process) the artificial reef must have similar 
structural features such as vertical relief, spatial 
orientation, and rugosity.  Their research also 
suggested that unless the artificial reef is 
composed of the same material as the natural reef 
(i.e. rock for rock), species assemblages on the 
two sites are likely to remain different 
indefinitely.  These findings may explain the 

typical disparity in species assemblages when 
comparing natural and artificial reefs (Rilov and 
Benayahu 2000; Badalamenti et al. 2002; Perkol-
Finkel and Benayahu 2004a, Perkol-Finkel et al. 
2006).  The majority of artificial reef material 
used in the U.S. is either concrete or scrap 
material (Bohnsack and Sutherland 1985).  If the 
objective of a mitigation reef is to provide habitat 
such that the artificial reef eventually becomes 
similar in species composition to natural reefs, it 
is plausible that the vast majority of mitigation 
reefs will not achieve this goal. 

Although several projects have constructed 
artificial reefs with similar structural complexity 
and substrate as natural reefs, and consequently 
compared the artificial reef to a natural reef 
(Carter et al. 1985a; Ambrose and Swarbrick 
1989; DeMartini et al. 1989; Hueckel et al. 1989), 
none of these studies were conducted in the 
temperate waters of the northwest Atlantic.  Yet, 
artificial reefs have been used by various Atlantic 
states to enhance fisheries or provide mitigation 
for habitat loss (e.g. Foster et al. 1994; Steimle 
and Figley 1996, Burton et al. 2002).  Only one of 
these artificial reefs has been constructed with 
natural materials (Castro et al. 2001).  This 
artificial reef specifically targeted American 
lobster (Homarus americanus) and thus, no 
published information exists on the development 
of the entire marine community on this reef.  
Newly deployed artificial reefs in the northwest 
Atlantic will likely develop marine communities 
on a different ecological scale than the better-
studied tropical, subtropical, or eastern Pacific 
systems. 
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In March and April of 2006, the Massachusetts 
Division of Marine Fisheries (MarineFisheries) 
installed a six-unit artificial cobble/boulder reef in 
Boston Harbor, Massachusetts.  This reef was 
constructed as part of a mitigation effort to 
enhance habitat for marine invertebrates and 
finfish near the recently constructed HubLine 
pipeline.  The reef materials consisted of cobble 
and boulder obtained from a nearby quarry in an 
attempt to provide the most effective in-kind 
mitigation for the loss of hard-bottom habitat (see 
Appendix IVB.A for reef design information).  
The artificial reef was designed to provide a 
heterogeneous environment for multiple life 
history stages of marine organisms.  A mixture of 
rock sizes was used to target various phases of 
crustaceans and fish (Cobb 1971, Dixon 1987, 
Wahle 1992, Wahle and Steneck 1992, Tupper 
and Boutilier 1995 and 1997, Dorf and Powell 
1997, Bigelow and Schroeder 2002, Pappal et. al. 
2004). MarineFisheries developed and 
implemented an intensive, long-term monitoring 
program to measure ecological variation on the 
artificial reef and to determine how well the 
artificial reef met particular goals.  Two primary 
questions were addressed with this monitoring 
program: (1) will a cobble/boulder artificial reef 
establish similar levels of species abundance and 
diversity as a nearby natural reef, and (2) if so, in 
what timeframe?  We also investigated smaller 
scale questions such as: does the artificial reef 
augment settlement of post-larval lobster and 
other finfish and invertebrates; does the artificial 
reef provide mitigation to the hard-bottom 
encrusting community; and does the artificial reef 
provide shelter to multiple life stages of various 
marine organisms? 

 

Methods 

To evaluate the success of the reef project, a 
structured monitoring program was designed to 
characterize and track larval settlement and the 
development of invertebrate and finfish 
assemblages on the reef.  This program primarily 
included seasonal visual dive surveys along 
permanent transects, semi-annual small fish 
trapping and tagging, and annual larval air-lift 
sampling.  Permanent transect sampling began in 

fall 2005 and the other surveys were instituted 
primarily in spring/summer 2006. 

Unique identification numbers were assigned to 
each artificial reef and control unit for descriptive 
purposes (Figure IVB2.1).  Throughout the 
remainder of this report, the reef and sand units  

 

are referred to using their unique numbers. 

Multibeam Survey 

Prior to the construction of the artificial reef, a 
multibeam survey of the selected site was 
conducted to confirm bathymetry and bottom type 
(Figure IVB2.2).  Immediately following the 
reef’s construction, side-scan sonar and 
multibeam surveys were conducted again over the 
artificial reef and the nearby HubLine fill point 
(areas along the pipeline armored with cobble) 
(Figures IVB2.3 & IVB2.4).  The surveys 
provided confirmation that the reef units were 

FigureIVB 2.1. Assigned identification 
numbers for artificial reef units and sand 
areas.  Sand = white, artificial reef unit = 
gray. 

HubLine
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Figure IVB2.2.  Multibeam and side-scan sonar 
survey results from a pre-construction survey in 
January 2006.  Location of the planned reef area 
(Site 29) is shown over the sonar image; hashed 
areas depict areas where reef units were to be 
constructed, open bars depict sand sites. 

Boston Harbor

deployed and spaced as planned and allowed for 
measurement of the individual reef units.  The 
maps also provided a reference for measurement 
of any future reef movement due to storms or 
resulting wave action. 

Permanent Transect Surveys 

Permanent transects were used to quantify 
temporal changes in species abundance and 
diversity across four sites including: (1) the 
artificial cobble/boulder reefs, (2) sand controls, 
(3) a nearby natural cobble/boulder reef, and (4) 
the HubLine fill point.  In order to make 
comparisons across seasons, the permanent 
transects were sampled in May (spring), early 
August (summer), and late October (fall) of 2006.  
Winter sampling was completed in March 2007, 
spring sampling in May and June 2007, and 
summer sampling in July 2007.  Following the 
2007 summer sampling, the reefs will be sampled 
annually in July and August in subsequent years.  
Permanent sampling methodology allows for 
repeated survey of the same transects over time on 
each site (Figure IVB2.5). 

Prior to collecting data on the sites, a permanent 
40-m transect was established at each survey site.  
In winter 2005, divers assembled permanent 
transects on a site which eventually became reef 
ID number 7, sand areas 2 and 5, a shallow natural 
reef off Lovell Island near our final reef location 
designated as Site 29 in Chap. 1), and the 
HubLine fill point (Figure IVB2.5).  These five 
transects were established prior to reef 
construction in order to document changes in 
habitat and species abundance and diversity post-
reef installation.  In the spring of 2006, the natural 

 

 

 

 

 

 

 

 

 

reef survey site was changed to a site with a depth  
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which was more similar to that of the artificial 
reef (Figure IVB2.5). 

It should be noted that when divers were not 
working on a transect, no transect line was left on 
the seafloor.  Rather, the start and end points of 
the transect were permanently marked with 
subsurface buoys.  Divers used a known compass                            
bearing to set the transect tape on the same area 
prior to each data collection.   

All transects were sampled in the spring and 
summer of 2006, and a sub-set was sampled in the 
fall of 2006 and winter of 2007.  All sites were 
sampled in the spring of 2007 except for two of 
the sand areas.  Transects included in the sub-
sample for each site (artificial reef, HubLine, 
natural reef, and sand) were selected randomly.  
At the minimum, the set of sub-sample transects 
were surveyed each season.  One change was 
made to the sub-sample set during the survey 
period.  The natural reef transects initially selected 
for sub-sampling were transects 1 and 2.  
However, after completing an analysis of 
substrate, it was apparent that transect 2 was the 

HubLine 

Figure IVB2.3.  Side-scan sonar survey, conducted in May 2006, of the artificial reef 
units (outlined with their unique ID numbers) and the HubLine cobble fill point 
(ribbon-like line in center is the track of the vessel).

Figure IVB2.4.  Results from the multibeam 
survey, conducted post-construction in July 
2006, showing the location of the artificial reef 
units in relation to the HubLine cobble fill 
area. 
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least similar of the three transects in substrate 
composition to the artificial reefs.  Thus, transect 
3 was included and transect 2 was eliminated from 
the sub-sample set in the summer of 2007.   

Transects on the HubLine fill point and artificial 
reefs ran down the middle and/or top of the rocky 
mounds.  The natural reef did not have a distinct 
mound, although there was occasionally a visible 
edge to the natural reef.  We avoided placing the 
natural reef transects along the edge and instead 
ran the transects through rocky fields.  On the 
sand sites, transects were set through the center of 
each control area (Figure IVB2.1). 

Divers quantified all mobile macroinvertebrates 
(e.g. whelks, echinoderms, crustaceans, etc.), most 
sessile macroinvertebrates (e.g. solitary tunicates, 
anemones, etc.), and fish in continuous 5 x 2-m 
sections along the transect using a 2-m PVC 
“swath” bar (Figure IVB2.6).  Each diver 
collected data on their respective side of the 
transect until the entire transect was sampled.  
Rocks were not lifted, but interstitial spaces were 
carefully inspected for organisms, such as lobsters 
or crabs.  If a particular species within the swaths 

was highly numerous or densely packed (e.g. 
solitary tunicates), abundance within the swath 
was estimated. 

A 1-m2 PVC quadrat with a ¼-m2 inset quadrat 
was used to assess substrate type, algal coverage, 
and encrusting or sessile invertebrate coverage 
(e.g. colonial tunicates or sponges) (Figure 
IVB2.7). Each diver collected data on one side of 
the transect.  The meter marks on which to place 
four quadrats (two on each side) within each 10-m 
segment of the transect were randomly selected.  
This occurred four times to sample the entire 40-
m transect (16 quadrats total, eight on each side of 
the transect).  To minimize observer variability 
throughout the field seasons, only four divers 
trained in data collection techniques conducted 
these surveys.   

Surficial substrate was classified visually, within 
the 1-m2 quadrat, according to the Wentworth 
scale (Wentworth 1922).  Substrate was quantified 
into four main categories: primary (sediment type 
that constituted more than 50% of the area), 
secondary (sediment type that constituted between 
10 and 50% of the area), tertiary (any other 
sediments that constituted < 10% of the area) and 
underlying (sediment type found directly 
underneath the primary and secondary substrates).  
The “underlying” substrate was defined as the 
lowest-lying substrate that divers could visually 
identify. Therefore, if divers saw sand underneath 
the rocks, the underlying substrate was recorded 
as sand.  However, if divers observed only rocks 
in the quadrat, the underlying substrate was 
recorded as cobble or boulder, depending on the 
rock size.  Percent coverage of algae, sponges, 
and encrusting tunicates was visually estimated 
within the 1-m2 quadrat (using a 1% cover disc for 
reference).  If half of an individual or colony 
(alga, sponge, tunicate, etc.) was inside the 
quadrat and half was outside of the quadrat, 
coverage of the half that was inside the quadrat 
was estimated.  Because newly deployed artificial 
reefs are dynamic systems, new species were 
regularly sighted. When a new species was 
observed, it was recorded and added to the 
datasheets for future surveys.   

A comprehensive checklist of all species likely to 
be seen in Massachusetts Bay was reviewed 
following each survey to document each species 

Figure IVB2.5.  Location of permanent transects 
deployed on the artificial reef, sand, HubLine, and 
natural reef. 



 136

presence/absence.  If a species was present, the 
overall percent cover or number of individuals 
observed on the site was estimated.  If a species 
was observed that was not on the 
presence/absence list, it was added. 

Temperature, light, and water transparency.  
Temperature monitors were installed alongside 
one artificial reef unit and one natural reef 
transect.  The monitors were fixed approximately 
25 cm above the sea floor.  The monitors logged 
bottom temperature hourly and were collected and 
redeployed on an annual basis.  In the summer of 
2007 light monitors were placed in the same area 
as the temperature monitors.  Water transparency 
(horizontal) was estimated visually by divers at 
the start of each permanent transect survey and 
categorized as: 0 – 1.6, 1.7 – 3.1, 3.2 – 4.6, 4.7 – 
6.1, 6.2 – 7.6, 7.7 – 9.1, or 9.2 – 10.6 m.   

Monitoring photographs.  In order to obtain a 
qualitative record of changes in species abundance 
and diversity, permanent photo stations were 
installed on artificial reefs 7 and 9, on HubLine 
transect 3, and transect 1 of the natural reef.  An 
orange-painted rebar stake was driven into the 
substrate near a large boulder or cobbles to mark 
each site and support a camera bipod.  The 
“bipod” (two legs) was built from ½”-PVC tubing 
and had four fixed camera attachment points 
(labeled with unique ID numbers) along the center 
bar.  In order to consistently photograph the same 
area, the rebar stake was employed as a hinge pin 
for one leg of the bipod, allowing for the accurate 
positioning of the bipod unit along a known 
compass bearing.  The camera and housing system 

were attached to the center bar on the attachment 
point that positioned the camera accurately over 
the desired rock(s).  The bearing from the rebar to 
the stabilizing leg and location of the camera 
attachment point ID was recorded for the first set 
of photograph on each site.  The same bearing and 
attachment points were used for all subsequent 
photographs.  The camera was zoomed out to the 
widest angle, with the flash and macro function 
enabled.  This report includes photographs taken 
from December 2006 through July 2007. 

Substrate.  Proportions of each substrate type 
within the primary and secondary surficial 
substrate and underlying substrate categories were 
calculated.  Substrate data were averaged from all 
transects at each site separately, including the 
HubLine, sand, and artificial reefs.  Natural reef 
transects were analyzed independently because 
each transect varied considerably in substrate 
type. 

Species diversity.  Species diversity analyses 
(Shannon index) were conducted on permanent 
transect survey data to investigate changes in 
diversity across sites and over time.  Because 
species were assessed using two different 
measures of abundance based on whether or not 
discrete individuals could be identified, two 
separate analyses were run.  One analysis included 
only enumerated species (counts of individuals 
collected in quadrats or swaths), and the other 
included only species that were assessed by 
estimation of their percent of surface coverage 
within a quadrat.  Enumerated species included all 
species sampled in swath surveys and also blue 

Figure IVB2.7. Diver collecting data on the 
artificial reef using quadrats. 

Figure IVB2.6. Diver collecting data on the 
artificial reef using a swath bar. 
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mussels (Mytilus edulis), whose counts were 
collected in quadrat surveys. Counts of cunner 
(Tautogolabrus adspersus) were removed because 
observers did not record this species consistently 
across sites.  For sessile or encrusting species 
assessed by percent cover within quadrats, the 
average cover on each site in each season was 
calculated.  Average percent cover was then used 
as the metric of abundance in the diversity 
analysis, replacing abundance of individuals of 
each species (Magurran 1988). 

For the diversity analyses, records were separated 
by season to avoid repetitive sampling (Magurran 
1988).  When sample size varied within a season, 
it was standardized by randomly selecting a subset 
of transects from the total.  Species counts were 
then summed across quadrats within each transect 
by season.  Shannon indices of diversity were 
generated for each site by season of survey.  A 
Student’s t statistic was calculated for pairwise 
comparisons of diversity across sites but only 
within each season (Magurran 1988).  A t statistic 
was also calculated to compare diversity by 
season on the artificial reef.  A Bonferroni 
adjusted alpha value of 0.008 was used to 
determine the significance of the pairwise 
comparisons (Sokal & Rohlf 1995) among sites 
within a season, while an adjusted alpha value of 
0.016 was used for comparisons between seasons 
on the artificial reefs.  The alpha value was 
adjusted to account for the increased probability 
of type I error associated with making multiple 
pairwise comparisons. 

Species densities.  Swath and quadrat data were 
used to obtain density information on selected 
species.  Species chosen for this analysis were 
either relatively common or species that were 
potential indicators for gauging development of 
the artificial reefs.  These species included: red 
filamentous algae, common kelp (Laminaria sp.), 
sponges, solitary tunicates, blue mussels (Mytilus 
edulis), Cancer crabs (Cancer irroratus and 
Cancer borealis), and American lobster (Homarus 
americanus).  Because our experimental design 
was created for long-term monitoring, it was not 
possible to conduct statistical tests on a single 
year of data.  A larger, repeated measures dataset 
will be obtained over the next few years.  
However, the collected data are presented for 
comparison of trends among sites and seasons. 

Lobster density by rock size.  Differences in 
lobster density by rock size were estimated using 
a non-parametric test (Kruskal-Wallis) and 
pairwise comparisons (Mann-Whitney test).  A 
Bonferroni adjusted alpha value of 0.003 was used 
for pairwise comparisons.  Prior to conducting 
these analyses, however, substrate type (collected 
in quadrats) and lobster observations (collected in 
swaths) were coded by rock size.  Primary 
surficial substrate data were grouped by swath 
meter mark across all seasons; each 5-m swath 
section was assigned the substrate type that 
occurred most commonly within that particular 
section of the transect.  For example, if a swath 
section had eight records of boulder and two 
records of cobble, the section was coded as 
“boulder” for this analysis.  If a lobster was 
recorded in that swath section, then that lobster 
was coded as using boulder habitat.  Coding was 
complete after every lobster record was assigned a 
corresponding substrate type.  Data from all sites 
and seasons were combined in this analysis. 

Fish Tagging Study 

In 2006, we conducted a semi-annual fish trapping 
study to compare movements, abundance, and 
length-frequency of small structure-associated 
fishes, specifically cunner (Tautogolabrus 
adspersus), on the artificial reefs, sand, natural 
reef, and HubLine fill point.  Traps were set six 
times in the spring (May/June) and five times in 
the fall (October) with targeted soak times of two 
to three days between sets.  Weather constraints 
resulted in an actual soak time of two to six days. 

To trap fish, we used eel pots (Figure IVB2.8) 
weighted with a brick and rigged with a 20-m line 
and surface buoy.  The traps were baited with 
quartered herring placed in plastic mesh bait bags.  
We used GIS to select seven waypoints on each of 
the four sites: artificial reef, sand, natural reef, and 
HubLine (Figure IVB2.9).  Traps were placed at 
least 12 m apart; most traps were 30 m apart.  In 
the fall, the natural reef location was moved 
because the spring site had limited hard-bottom 
habitat at depths similar to the artificial reefs 
(Figure IVB2.9). 
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When the fish traps were hauled, captured fishes 
and crustaceans were placed immediately into a 
cooler with ambient seawater and processed.  
Carapace length or width was measured to the 
nearest 0.1 mm for all lobsters and crabs, 
respectively.  If a lobster was captured, it was 
measured and sexed, tagged with a unique ID 
knuckle tag, and released (Figure IVB2.10).  For 
all fish species, total length was measured to the 
nearest 0.1 mm using a measuring board.  Cunner 
with a total length of 7.5 mm or greater (spring) or 
8.0 mm or greater (fall), were tagged with Floy 
Fingerling tags (Figure IVB2.11).  After a brief 
holding period of 10 to 15 minutes to allow the 
fish to recover from post-capture tagging stress, 
all tagged individuals (including lobsters) were 
released at the surface over the site on which they 
were captured. 

Catch rate analysis.  Prior to completing any 
analyses involving catch rates, a scatter plot was 
used to determine if there was a relationship 
between soak time and catch.  No relationship was 
evident, so further catch rate analyses were 
conducted.  Cunner catch data were examined to 
determine if catch rate differed by season, site and 

Figure IVB2.8. Eel pot used in the small fish trap-
sampling and tagging study. 

Figure IVB2.9. Locations of fish traps set in the spring and fall of 2006.  Note: Spring locations represented 
by the stars were not resampled in the fall. 
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individual artificial reef units.  Data from all sites 
were combined by season and a one-way ANOVA 
was conducted on mean catch rate by season.  
Catch data were ln (x +1) transformed for this 
analysis to meet the assumptions of the ANOVA.  
With no difference in catch rate between seasons, 
the seasonal data were combined by site.  A non-
parametric test (Kruskal-Wallis) with follow-up 
pairwise comparisons (Mann-Whitney test) was 
performed to determine differences in catch 
among sites.  A Bonferroni adjusted alpha of 
0.008 was used in the comparisons.  Next, using 
only data from the individual reef units, we 
conducted a one-way ANOVA and a follow-up 
Tukey test on cunner catch rates among reef units.  

A one-way ANOVA was also run on the HubLine 
traps to determine if a difference existed in catch 
rate along a north-south gradient.  These analyses 
were not run on lobsters or crabs because catch 
rates were minimal.    

Cunner length-frequency.  Cunner length-
frequency was investigated by season and by site.  
A one-way ANOVA was run to determine if there 
was a difference in cunner length by season (data 
were ln transformed).  Because there was a 
difference in mean length by season, the data were 
separated by season for further analysis.  The 
cumulative percent frequency of total length was 
calculated by site within each season.  Pairwise 
comparisons (Kolmogorov-Smirnov test) were 
conducted on frequency data to investigate 
differences in length distributions by site.  A 
Bonferroni adjusted alpha value of 0.008 was 
used.  

Cunner growth.  Average growth of cunner was 
determined by calculating the mean difference in 
total length for cunner tagged in the spring and 
then recaptured in the fall.  For multiple 
recaptures, the first recapture in the fall was used 
in the calculation. 

Cunner movement.  Cunner movement was 
examined by mapping tag and recapture locations.  
This graphically demonstrated the relative 
strength of cunner site fidelity in each area and 
qualitatively illustrated movement patterns. 

We tested whether there was a difference in the 
total length of cunner that were recaptured on a 
different site than their original tagging location 

Figure IVB2.11.   Tagged cunner.  Note: Thread on the fish on right was trimmed prior to release.  

Figure IVB2.10. Juvenile lobster 
tagged with a knuckle tag. 
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compared to cunner that were recaptured on the 
site at which they were tagged.  The cumulative 
percent frequency of total cunner length was 
calculated for the fish that “moved” versus the 
fish that did not move.  A pairwise comparison 
(Kolmogorov-Smirnov test) was conducted on the 
frequency data to investigate differences in length 
distributions of fish that moved versus fish that 
did not move.   

Air-lift Sampling 

The MarineFisheries Coastal Lobster 
Investigations Project conducts annual surveys to 
quantify the relative abundance of early benthic 
phase American lobster in Massachusetts coastal 
waters (Glenn et al. 2007).  In the summer of 
2006, the artificial reef, sand, HubLine fill point, 
and natural reef were added to the annual 
Massachusetts Bay air-lift sampling plan to 
compare larval lobster settlement among sites 

(Figure IVB2.12).  These stations will continue to 
be monitored.  Three of the sites were air-lift 
sampled in 2005 as well, prior to reef installation. 

Air-lift sampling was conducted to gather 
quantitative data on the species present at each 
location as well as presence/absence data on 
particular benthic species and algae.  Sampling 
design and equipment were standardized 
according to the methods defined by Wahle and 
Steneck (1991).  The diver-operated suction 
device consisted of a 7.5-cm PVC lift tube 
supplied with air from a SCUBA tank.  Samples 
were air-lifted into a 1.5-mm mesh nylon bag 
attached to the upper end of the suction tube.  The 
normal air-lift sampling routine consisted of 
haphazardly placing ½-m2 quadrats on the 
substratum at least 2 m apart until a total of 12 
samples were taken.  This routine was used on the 
natural reef site (large boulder and patches of sand 

 
Figure IVB2.12.  Location of 2006 air-lift sampling sites. 
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were avoided) and on the sand.  A slightly 
different protocol was followed for the HubLine 
fill point and artificial reef since they had distinct 
edges.  Since we had hypothesized that prevailing 
east/west currents could affect larval settlement on 
either side of the reefs, we sampled half of the 
HubLine and artificial reef on the east side and 
half on the west side.  The sampling side (east or 
west) was randomly assigned to the artificial reef 
quadrats prior to the start of the dive.  We also 
wanted to determine if there was a difference in 
settlement of larvae by rock size on the artificial 
reef.  Thus, on each reef unit, one ½-m2 quadrat 
was used to sample each of four rock sizes (small 
cobble, large cobble, small boulder, and large 
cobble/small cobble mix).  The two largest rock 
sizes (large boulder and large boulder/small 
boulder mix) were not sampled due to the 
impracticality of turning those rocks over.  In 
order to identify which reef, rock size, and side 
(east/west) on which the sample was collected, 
waterproof identification tags were placed into 
each sample bag underwater immediately 
following the collection.  Quadrats were 
haphazardly placed within the desired area on the 
edge where the rock met the sand.  Overturned 
rocks were replaced after suctioning ceased at 
each quadrat on the HubLine and the artificial 
reef.  We sampled 12 quadrats on the HubLine (6 
east and 6 west) and 24 quadrats on the artificial 
reef (4 per reef unit, 12 total on the east side and 
12 total on the west).  Sampling each quadrat in 
cobble habitat involved slowly pushing the lift 
tube over the bottom while moving rocks 
individually until few interstitial spaces remained.  
When sampling the sand, the air-lift device was 
moved over the sand until the entire quadrat was 
sampled.  Samples were sorted on the surface and 
all flora and fauna were recorded.  Lobsters were 
sexed and measured (carapace length) to the 
nearest 0.1 mm.  Encrusting species and algae 
were recorded as present or absent, while 
individuals of other species were enumerated.  
Polychaetes were not counted (except for scale 
worms, families Polynoidea and Sigalionidae) 
because they were destroyed in the air-lift process. 

Species diversity.  Species recorded from the air-
lift sampling were tallied for each site.  The 
Shannon index of diversity was used to compare 
species diversity across sites.  A Student’s t 

statistic was calculated for pairwise comparisons 
of diversity among sites (Magurran 1988) using a 
Bonferroni adjusted alpha value of 0.008.  Data 
from 2006 and 2007 were used in these analyses. 

Lobster density by site.  A non-parametric test 
(Kruskal-Wallis) with follow-up pairwise 
comparisons (Mann-Whitney test) was conducted 
to test for differences in lobster density by site.  
We used a Bonferroni adjusted alpha value of 
0.008.  Data from 2006 and 2007 were combined 
for this analysis. For all density analyses, the data 
were standardized to 1 m2. 

Young-of-the-year lobster density by site.  A non-
parametric test (Kruskal-Wallis) with follow-up 
pairwise comparisons (Mann-Whitney test) was 
used to test for differences in young-of-the-year 
(YOY) lobster density by site.  A Bonferroni 
adjusted alpha value of 0.008 was used to account 
for the possibility of increased type I error.  Data 
from 2006 and 2007 were combined for this 
analysis. 

Young-of-the-year Cancer crab density by site.  
Differences in settlement of YOY Cancer crabs by 
site were examined by running a one-way 
ANOVA with follow-up Tukey tests.  Data from 
2006 and 2007 were combined for this analysis. 

Early benthic phase lobster by site.  Early benthic 
phase (EBP) lobster densities were initially 
combined across sites to assess whether there 
were differences in densities by year (2005 - 
2007, Kruskal-Wallis test).  A Kruskal-Wallis test 
was run on EBP lobster densities by site with 
survey years combined.  A Bonferroni adjusted 
alpha value of 0.017 was used in follow-up 
pairwise comparisons (Mann-Whitney test) to 
detect differences by site.  Data from the sand 
sites were not included in this analysis due to the 
absence of lobster. 

Lobster density by rock size.  A one-way 
ANOVA was used to test for differences in lobster 
density by rock size.  Data were ln (x+1) 
transformed to meet the assumptions of the 
ANOVA.  Data from 2006 and 2007 were 
combined for this analysis. 

Young-of-the-year lobster density by rock size.  A 
Kruskal-Wallis test was used to test for 
differences in post-larval lobster settlement by 
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rock size.  Follow-up pairwise comparisons 
(Mann-Whitney test, Bonferroni adjusted alpha 
value = 0.008) were used to test for differences in 
YOY lobster density by rock size.  Data from 
2006 and 2007 were combined for this analysis. 

Young-of-the-year lobster density by east or west.  
A Mann-Whitney test was run to determine if 
post-larval lobster settlement was different on the 
east and west sides of the HubLine or the artificial 
reef.  Data from 2006 and 2007 were combined 
for this analysis. 

Results 

Permanent Transect Surveys 

Temperature, light, and water transparency.  
Temperature data from June 2006 through June 
2007 indicated that the artificial reef and the 
natural reef had similar temperature regimes 
(Figure IVB.2.13).  However, the residuals of 
these data showed that between October 2006 and 
May 2007 the natural reef was on average ~0.2 ºC 
colder than the artificial reef (Figure IVB2.14).  
Light data from July 18, 2007 to August 1, 2007 
indicated that the artificial reef had slightly more         
light than the natural reef (Figure IVB2.15).  The 
residuals of these data indicated that the artificial 

reef received an average of ~4 lux more than the 
natural reef during this period (Figure IVB2.16). 

Water transparency ranged from the 1.7 – 3.1-m 
category to the 9.2 – 10.6-m category over the 
course of survey from May 2006 to August 2007 
(Figure IVB2.17).  Water clarity was generally 
higher in the winter months (November 2006 to 
March 2007) than in the spring and summer 
months (May to October 2006 and April to 
August 2007).  

Monitoring photographs.  Although only three 
seasons of bottom photographs were taken on the 
sites, the photographs demonstrated changes in 
the biota on the artificial reef, natural reef, and 
HubLine.   

The first photographs taken on Reef 9 in 
December 2006 showed little algal growth on the 
artificial reef, a few solitary tunicates, and high 
coverage of barnacles and hydroids (Figure 
2.18a).  In March 2007, red filamentous algae and 
a diatom film had grown over much of the reef 
(Figure IVB2.18b).  Yet, by June 2007 much of 
the red filamentous algae had declined and there 
was 

Figure IVB2.13.  Temporal changes in bottom temperature on the 
artificial and natural reefs from July 1, 2006 to July 1, 2007. 
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evidence that a broad, leafy red algae 
(Membranoptera alata) had recruited to the reef 
(Figure IVB2.18c).  A juvenile kelp recruit, most 
likely Laminaria sp., was also noted in the spring 
(Figure IVB2.18c).  By the summer of 2007, 
encrusting tunicates had recruited to one of the 
rocks.  One species appeared to be Didemnum sp. 
an invasive colonial tunicate (Figure IVB2.18d).  

The second photograph station on the artificial 
reef (Reef 7) was not constructed until March 
2007, therefore only three seasons of photographs 
exist (Figure IVB2.19).  In March 2007, the area 
was covered predominantly by barnacles, red 
filamentous algae, and a thin diatom film (the 
brown layer over the barnacles) (Figure 
IVB2.19a).  Coverage of the red filamentous algae 
decreased noticably between March and June 
2007 (Figures IVB2.19a & b) but increased from 
June to July 2007 (Figures IVB2.19b & c).  
Coverage of other species of broad-leafed red 
algae also increased.  It is apparent in the July 
2007 photographs, that other benthic organisms 
(worms and a diatom film) grew over the 
barnacles, although it was not possible to identify 
them to species using the photographs. 

The HubLine photographs depicted an increase in 
red algal growth from December 2006 to May 
2007 (Figures IVB2.20a - c) and a slight decline 
from May to July 2007 (Figures IVB2.20c & d).  
Small encrusting tunicates (orange dots in Figure 
IVB2.20a), evident on the rocks and sponge 
(Halichondria panicea) in the December 2006 
photograph, appeared to have either died off or 
been covered by algae by June 2007.  Barnacles 
and hydroids  

Figure IVB2.14.  Temperature residuals between 
the artificial and natural reefs from July 1, 2006 to 
July 1, 2007.  Negative values indicate when the 
natural reef was colder than the artificial reef. 
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Figure IVB2.15.  Daily changes in light intensity 
(lux) on the artificial and natural reefs in July 
2007. 
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Figure IVB2.16.  Light intensity residuals between 
the artificial and natural reefs in July 2007.  Negative 
values indicate when the natural reef had less light 
than the artificial reef. 
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Figure IVB2.17.  Water transparency estimated 
by divers at the start of each permanent transect 
survey.  

06 / 06  08 / 06  10 / 06  12 / 06  02 / 07  04 / 07  06 / 07  08 / 07  

T
ra

ns
pa

re
nc

y 
C

a
te

go
ry

1

2

3

4

5

6

7

 

Transparency Category 
1 = 0.0 – 1.6 m 
2 = 1.7 – 3.1 m 
3 = 3.2 – 4.6 m 
4 = 4.7 – 6.1 m 
5 = 6.2 – 7.6 m 
6 = 7.7 – 9.1 m 
7 = 9.2 – 10.6 m 

 



 144

Figure IVB2.19.  Photographs taken on Artificial Reef 7 on (A) 3/14/2007, (B) 6/26/2007, 
and (C) 7/27/2007.  Note:  Photograph C was taken with a wider angle lens on a new 
camera system. 
 

Figure IVB2.18.  Photographs taken on Artificial Reef 9 on (A) 12/7/2006, (B) 3/14/2007,  
(C) 6/26/2007, and (D) 7/25/2007. 
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Figure IVB2.21.  Photographs taken on Natural Reef 1 on (A) 12/7/2006, (B) 4/11/2007, and (C) 
5/24/2007.  Note:  photographs were not obtained in July 2007 due to adverse diving conditions. 

Figure IVB2.20.  Photographs taken on the HubLine on (A) 12/7/2006, (B) 3/1/2007, (C) 5/23/2007, 
and (D) 7/12/2007. 
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were also obvious in December, but not easily 
viewed in March, May, or June 2007 due to algal 
coverage.  A small broad-leafed red alga was 
present in July 2007.   Also in July 2007, it 
appeared that some of the rocks had been 
disturbed, as a portion of the sponge 
(Halichondria sp.) and patches of red filamentous 
algae were missing from the surface of some 
rocks (Figure IVB2.20d).  This disturbance was 
specific to the HubLine photo monitoring site, as 
we did not observed a site-wide occurrence.   

The natural reef photographs showed an overall 
decline in the percent cover of encrusting 
tunicates (Botryllus schlosseri and Botrylloides 
violaceus) and a fair amount of growth of the 
sponge Halichondria panicea from December 
2006 to May 2007 (Figure IVB2.21).  There was 
also a noticable increase in red algal coverage 
(filamentous and leafy red) from December 2006 
to May 2007.  Usable photographs were not 
obtained in July 2007 due to adverse diving 
conditions including strong currents and poor 
visibility.   

Substrate.  Primary surficial substrate, the 
sediment type that constituted more than 50% of 
the area, varied within each study site as well as 
across sites (Figure IVB2.22).  The natural reef 
had a greater assortment of primary substrates 
including boulder, cobble, granule, pebble, sand, 
and shack (whole shell debris).  Primary surficial 
substrates on the artificial reef were mainly 
boulder and cobble, while the HubLine was 
dominated by cobble.  The sand site was 
composed largely of sand and pebble. 

Secondary surficial substrate, the sediment type 
that constituted from 10 to 50% of the area, also 
varied across sites (Figure IVB2.23).  The natural 
reef had high proportions of shack and boulder as 
secondary substrates.  The artificial reef and 
HubLine were predominantly boulder and cobble.  
Secondary substrates on the sand included a wide 
range of sediment types, but primarily consisted 
of sand, pebble, and granule. 

Underlying substrates were fairly similar across 
the natural reef and the sand sites, (Figure 
IVB2.24) consisting primarily of sand and 
occasionally cobble, granule, pebble, and shack.  
The artificial reef and HubLine, however, had 

more hard-bottom as their immediate underlying 
substrate.  In other words, the substrate directly 
underneath the top layer of rocks was also rock.  
This occurred in about 50% of the artificial reef 
quadrats (with the other underlying substrate 
being primarily sand) and in all HubLine quadrats. 

Species diversity.  Using presence/absence species 
data, a total of 80 species were sighted on the 
artificial reef between May 2006 and July 2007 
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Figure IVB2.22.  Proportion of primary surficial 
substrates (> 50% of area) among study sites. 
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Figure IVB2.23.  Proportion of secondary surficial 
substrates (10 - 50% of area) among study sites. 
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(Table IVB2.1).  Seventy-seven species were 
observed on the natural reef from July 2006 to 
July 2007 (Table IVB2.2), 64 species were 
sighted on the HubLine from June 2006 to July 
2007 (Table IVB2.3), and 53 species were sighted 
on the sand sites from June 2006 to July 2007 
(Table IVB2.4). 

Diversity analyses.  The Shannon index of 
diversity run on enumerated species (swath 
surveys) indicated that diversity was higher on the 
artificial reef in the summers of 2006 and 2007 
than any other sites or seasons (Table IVB2.5, 
Figure IVB2.25).  On all sites, diversity was 
lowest in winter 2007; then rose considerably 
from winter to spring 2007.  On the artificial reef, 
there was a significant decrease in diversity from 
summer 2006 to fall 2006 (t-stat = 3.31, p < 
0.016) and from fall 2006 to winter 2007 (t-stat = 
6.68, p < 0.016), then, a significant increase in 
diversity from winter 2007 to spring 2007 (t-stat = 
7.62, p < 0.016), and from spring 2007 to summer 
2007 (t-stat = 15.6 p < 0.016).  A comparison of 
diversity among all sites in spring 2006 revealed 
significantly lower diversity on the artificial reef 
than the HubLine (t-stat = 3.86, p < 0.008) and 
sand (t-stat = 3.35, p < 0.008) (Table IVB2.5).  
There was no difference in diversity between the 
artificial and natural reef in spring 2006 (t-stat = -
2.03, p > 0.008).  Also, in summer 2006, fall 
2006, and winter 2007 diversity on the artificial 
reef was not significantly different from the 
diversity on the other three sites (p > 0.008).  In 
the following spring (2007), diversity on the 
artificial reef was significantly lower than on the 
HubLine (t-stat = 6.99, p < 0.008), but there was 
no difference in diversity between the artificial 
reef and natural reef or sand (t-stat = -3.46, -2.17 
respectively, p > 0.008).  In summer 2007, index 
values varied less than 0.4 among sites and none 
of the differences were significant. 

The Shannon index of diversity run on species 
assessed by percent cover (quadrat surveys) 
indicated that diversity on the natural reef and the 
sand was higher than on the artificial reef and the 
HubLine (Table IVB2.6, Figure IVB2.26).  On the 
artificial reef, diversity of sessile species generally 
increased over time, with the lowest value in 
spring 2006 and the highest value in summer 2007 
(Table IVB2.6, Figure IVB2.26).  Statistically, the 

only significant difference in diversity between 
the artificial reef and the other three sites was in 
summer 2007 between the artificial reef and the 
HubLine (t-stat = 5.15, p < 0.008).  The natural 
reef had significantly higher diversity than the 
HubLine in all seasons except spring 2007 (t-stat 
= 4.89 p < 0.008).  HubLine diversity was higher 
than the artificial reef from spring 2006 to fall 
2007 but in winter 2007 artificial reef diversity 
was higher.  Overall, the natural reef maintained 
higher diversity than the artificial reef and 
HubLine throughout the course of monitoring. 

Species densities.  Densities of red filamentous 
algae, common kelp (Laminaria sp.), sponges, 
solitary tunicates, blue mussels (Mytilus edulis), 
Cancer crabs, and American lobster (Homarus 
americanus) were compared among survey sites.  
Mean percent cover of red filamentous algae 
decreased from the summer months (July and 
August 2006) to fall (September and 
November/December 2006), then increased from 
late fall (November/ December 2006) to spring 
(March 2007).  Densities fluctuated from May to 
July 2007 (Figure IVB2.27).  The HubLine 
consistently had the highest percent cover of red 
filamentous algae until March 2007.  Mean 
percent cover of red filamentous algae on the 
artificial reef was low (< 3%) post-installation 
from June to December 2006, and then rose in 
March 2007 to surpass the natural reef (~23%).  In 
May and June 2007, the natural reef and HubLine 
had higher coverage than the artificial reef, 
however in July the artificial reef was again 
highest. The artificial reef had higher cover of red 
filamentous algae in 2007 than in 2006. 

Common kelp (Laminaria sp.) mean percent 
cover was variable across sites especially in the 
summer months (Figure IVB2.28).  The artificial 
reef was nearly void of common kelp throughout 
the survey period in 2006, as was the sand site.  
The HubLine had minimal kelp coverage in 
November/December and June 2006, then 
relatively high cover from July to August 2006 
(~15%).  Natural reef kelp coverage was similar to 
the HubLine in August.  Both sites then 
experienced a dramatic decline in kelp coverage 
in September 2006 that continued through March 
2007.  Kelp coverage increased on all sites except 
the sand in June 2007, and continued to increase  
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Table IVB2.1.  Species recorded on the artificial reef by date.  

ARTIFICIAL REEF (page 1 of 2)

 D
at

e

0
5/

31
/0

6

0
6/

14
/0

6

0
6/

19
/0

6

0
6/

20
/0

6

0
6/

29
/0

6

0
7/

18
/0

6

0
7/

25
/0

6

0
7/

27
/0

6

0
8/

02
/0

6

0
8/

10
/0

6

0
9/

18
/0

6

0
9/

26
/0

6

1
1/

20
/0

6

1
1/

21
/0

6

0
3/

14
/0

7

0
5/

07
/0

7

0
5/

24
/0

7

0
6/

20
/0

7

0
6/

26
/0

7

0
6/

27
/0

7

0
7/

09
/0

7

0
7/

12
/0

7

0
7/

17
/0

7

0
7/

25
/0

7

0
7/

27
/0

7

Algae
Agarum cribrosum Sieve kelp / shotgun kelp x
Brown filamentous algae Unid. brown filamentous x x x x x x x x x x x x x x x x x x x x x
Chondrus crispus Irish moss x x x x x x x x
Desmarestia sp. Filamentous brown algae x
Laminaria  sp. Kelp species x x x x x x x x x x x x x x x x x
Membranoptera alata Leafy red blade x x x x x x x x x x x x x x x x
Palmaria palmata Red blade algae x x x x x x x x x x x
Porphyra sp. Thin red blade algae x
Red blade algae Unidentified blade-like sp. x x x x x x x x
Red coralline algae Encrusting coralline algae x x x x x x x x x x x x
Red filamentous algae Unidentified red filamentous x x x x x x x x x x x x x x x x x x x x x x x x x
Ulva lacuta Sea lettuce, green blade x

Invertebrates
Poriferans

Clathrina  sp. White tubular sponge x x x x x x x x x x x
Halichondria panicea Crumb of bread sponge x x x x x x x x x x x x x x x x x x
Haliclona loosanoff Loosanoff's haliclona sponge x x x x x x
Haliclona oculata Dead man's finger sponge x x x x x
Isodictya sp. Palmate sponge x x x x x x x x x x x x x x x x x x
Unidentified sponge Unidentified sponge x

Cnidarians
Cerianthus borealis Burrowing anemone x x x x x x x x
Metridium senile Frilled anemone x x x x x x x x x x x x
Obelia sp. Hydroid on kelp x x x x x x x x
Tubularia crocea Pink hydroid x x x x x x x x x x x x
Unidentified hydroid Unidentified hydroid x

Bryozoans
Bugula turrita Tree-shaped bryozoan x x x x x x x x x x x x x x x x
Cryptosula pallasiana Red crust bryozoan x x x x x x
Electra pilosa Encrusting bryozoan x
Membranipora  sp. Encrusting bryozoan x x x x x x x x x x x x

Molluscs - Gastropods
Crepidula fornicata Atlantic slipper snail x
Crepidula plana Eastern white slipper shell x x x x x x x x x x x x x x x x x
Dorid nudibranch Family Onchidorididae x x
Dendronotus  sp. Dendronoid nudibranch x
Flabellina pellucida Red-gilled nudibranch x x x
Lacuna vincta Northern Lacuna x
Muricidae Family Drill whelks x
Nassarius trivittata New England dog whelk x x x x x x x x x x x x
Unidentified snail or whelk Unidentified snail or whelk x

Molluscs - Bivalves
Mytilus edulis Blue mussel x x x x x x x x x x x x x x x x x
Modiolus modiolus Horse mussel x
Placopecten magellanicus Sea scallop x x x x

Molluscs - Polyplacophorans
Tonicella sp. Chiton x

Annelids
Myxicola  sp. Slime worm x
Scale worm Polynoidae & Sigalionidae x
Spirorbis borealis Spirorbid worm x x x

Arthropods
Barnacles Order Thoracica x x x x x x x x x x x x x x x x x x x x x x x
Cancer borealis Jonah crab x x x x x x x x x x x x x x x x x x x x x x x x x
Cancer irroratus Rock crab x x x x x x x x x x x x x x x x x x x x x x x x x
Cancer  sp. Rock and Jonah crabs x x
Carcinus maenas Green crab x
Crangon  sp. Sand shrimp x
Homarus americanus American lobster x x x x x x x x x x x x x x x x x x x x x x x x x
Majidae crabs Spider crab (Hyas or Libinia) x x x x x x x x x x x x
Pagarus  sp. Large hermit crabs x x x x x x
Unidentified shrimp Unidentified shrimp x

Echinoderms
Asterias forbesi Common sea star x x x x x x x x x x x x x x x x x x x
Asterias vulgaris Northern sea star x x x x x x x x x x x x x x x
Asterias  sp. Asterid sea star species x x x x x x
Henricia  sp. Blood star x x x x x x x x x x x x x x x x x x x x x x
Strongylocentrotus droebachiensis Green sea urchin x x x x x x x

Chordates
Tunicates

Ascidiella aspersa European sea squirt x x x x x x x x x x x x x x x
Botrylloides violaceus Orange sheath tunicate x x x x x x x x x x x x x x x x x x x x
Botryllus schlosseri Star tunicate x x x x x x x x
Ciona intestinalis Sea vase tunicate x x x x x x x x x x x x
Didemnum albidum White encrusting tunicate x x x x x x x x x x x x x x
Didemnum  sp. Gray encrusting, invasive x x x x x x x x x x x
Styela clava Club tunicate x x x x x x x x x x x x
Unidentified tunicate Unidentified tunicate x x x x x x x x x x x x
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ARTIFICIAL REEF (page 2 of 2)
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Fishes
Centropristis striata Black sea bass x
Gadus morhua Atlantic cod x x x x x x x
Hemitripterus americanus Sea raven x x x x x x x
Macrozoarces americanus Ocean pout x x
Myoxocephalus aenaeus Grubby sculpin x x x x x x x x x x x x x x x
Myoxocephalus scorpius Shorthorn sculpin x x x x x x
Myoxocephalus  sp. Shorthorn/ grubby/ longhorn x x x x
Pholis gunnellus Rock gunnel x x x x x x x x x x x
Pollachius virens Pollock x x x x x x x x
Pseudopleuronectes americanus Winter flounder x x x x x x x x x x x x x x x x x x
Tautogo onitis Tautog x
Tautogolabrus adspersus Cunner x x x x x x x x x x x x x x x x x x x x x x
Ulvaria subbifurcata Radiated shanny x x x x x x x
Urophycis chuss Red hake x x

Table IVB2.1 (cont.).  Species recorded on the artificial reef by date.  
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NATURAL REEF (page 1 of 2)
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Algae
Agarum cribrosum Sieve kelp / shotgun kelp x x x x x
Alaria sp. Kelp w/ mid-rib
Brown filamentous algae Unid. brown filamentous x x x x x x x x x x x x x x
Chondrus crispus Irish moss x x x x x x x x x x x x x x
Desmarestia sp. Filamentous brown algae x
Green filamentous algae Unid. green filamentous x x x
Laminaria  sp. Kelp species x x x x x x x x x x x x x x
Membranoptera alata Leafy red blade x x x x x x x x x x x
Palmaria palmata Red blade algae x x x x x x x x x x x x x
Porphyra sp. Thin red blade algae x
Red coralline algae Encrusting coralline algae x x x x x x x x x x x x
Red filamentous algae Unidentified red filamentous x x x x x x x x x x x x x x
Ulva lactuca Sea lettuce, green blade x x x x x x x

Invertebrates
Poriferans

Clathrina  sp. White tubular sponge x x x x x
Halichondria panicea Crumb of bread sponge x x x x x x x x x x x x x x
Haliclona loosanoff Loosanoff's haliclona sponge x x
Haliclona oculata Dead man's finger sponge x x x x x x x x x x x x x x
Isodictya sp. Palmate sponge x x x x x x x x x x x x x x
Suberites ficus Fig sponge x x x x x x x x x x x x
Unidentified sponge Unidentified sponge x

Cnidarians
Cerianthus borealis Burrowing anemone x x
Haliclystus auricula Stalked jellyfish x x
Tubularia crocea Pink hydroid x x
Obelia  sp. Hydroid on kelp x x x x x
Hydroid Unidentified hydroid x

Bryozoans
Bugula turrita Tree-shaped bryozoan x x x x x x x x x x x x
Cryptosula pallasiana Red crust bryozoan x x x x x x
Electra pilosa Encrusting bryozoan x x
Membranipora  sp. Encrusting bryozoan x x x x x x x x x x x x
Unidentified bryozoan Unidentified bryozoan x x

Molluscs - Gastropods
Acmaea  sp. x
Anomia  sp. Jingle shell x
Crepidula fornicata Atlantic slipper snail x x x x x x x x x x x
Crepidula plana Eastern white slipper shell x x x x x x x x x x x
Dorid nudibranch Family Onchidorididae x
Flabellina pellucida Red-gilled nudibranch x x x x x
Metridium senile Frilled anemone x
Nassarius trivittata New England dog whelk x x x x x x x x x
Unidentified snail or whelk Unidentified snail or whelk x

Molluscs - Bivalves
Mytilus edulis Blue mussel x x x x x x x x x x x x x x
Placopecten magellanicus Sea scallop x x x

Annelids
Spirorbis borelis Spirorbid worm x x x x x x x x x x x x

Amphipods
Caprellid shrimp Skeleton shrimp x

Arthropods
Barnacles Order Thoracica x x x x x x x x x x x x x
Cancer borealis Jonah crab x x x x x x x x x x x x x
Cancer irroratus Rock crab x x x x x x x x x x x x
Cancer  sp. Unid. rock or Jonah crab x
Crangon  sp. Sand shrimp x
Homarus americanus American lobster x x x x x x x x x x x x x x
Majidae crabs Spider crab (Hyas or Libinia) x x x x x x x x x x x x
Mysid  sp. Mysis shrimp x x
Pagarus  sp. Large hermit crab x x x x x x

Echinoderms
Asterias  sp. Asterid sea star species x
Asterias vulgaris Northern sea star x
Brittle star Class Ophiuroidea x x
Henricia  sp. Blood star x x x x x

Chordates
Tunicates

Ascidiella aspersa European sea squirt x x x x x x x x x x x
Botrylloides violaceus Orange sheath tunicate x x x x x x x x x x x x x x
Botryllus schlosseri Star tunicate x x x x x x x x x x x x x x
Ciona intestinalis Sea vase tunicate x x x x
Didemnum albidum White encrusting tunicate x x x x x x
Didemnum  sp. Gray encrusting, invasive x x x x x
Styela clava Club tunicate x x x x
Unidentified tunicate Unidentified tunicate x x x x x x x

Table IVB2.2.  Species recorded on the natural reef by date.  
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NATURAL REEF (page 2 of 2)
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Fishes
Hemitripterus americanus Sea raven x x
Liparis sp. Snailfish x
Macrozoarces americanus Ocean pout x x
Myoxocephalus aenaeus Grubby sculpin x x x x x x x x x x x x x
Myoxocephalus scorpius Shorthorn sculpin x x x
Myoxocephalus  sp. Shorthorn/ grubby/ longhorn x
Pholis gunnellus Rock gunnel x x x x x x x x x
Pollachius virens Pollock x
Pseudopleuronectes americanus Winter flounder x x x x x x x x
Raja  sp. Skate x x
Tautogolabrus adspersus Cunner x x x x x x x x x x x x
Ulvaria subbifurcata Radiated shanny x x x x x x x x x
Unidentified fish Unidentified fish x x x

Table IVB2.2 (cont.).  Species recorded on the natural reef by date.  
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HUBLINE
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Algae
Agarum cribrosum Sieve kelp / shotgun kelp x
Brown filamentous algae Unid. brown filamentous x x x x x x x x x
Chondrus crispus Irish moss x
Desmarestia sp. Filamentous brown algae x
Laminaria  sp. Kelp species x x x x x x x x x x x
Membranoptera alata Leafy red blade x x x x x x x x x x
Palmaria palmata Red blade algae x x x x x x x x x x
Red blade algae Unidentified blade-like sp. x x
Red coralline algae Encrusting coralline algae x x x x x
Red filamentous algae Unidentified red filamentous x x x x x x x x x x x x
Ulva lactuca Sea lettuce, green blade x x

Invertebrates
Poriferans

Halichondria panicea Crumb of bread sponge x x x x x x x x x x
Haliclona loosanoff Loosanoff's haliclona sponge x x
Haliclona oculata Dead man's finger sponge x x x x x
Isodictya sp. Palmate sponge x x x x x x x x x x
Unidentified sponge Unidentified sponge x

Cnidarians
Obelia  sp. Hydroid on kelp x x x x x x x
Hydroids Unidentified hydroid x x x

Bryozoans
Bugula turrita Tree-shaped bryozoan x x
Cryptosula pallasiana Red crust bryozoan x x x x
Electra pilosa Encrusting bryozoan x
Membranipora  sp. Encrusting bryozoan x x x x x x x
Unidentified bryozoan Unidentified bryozoan x

Molluscs - Gastropods
Crepidula plana Eastern white slipper shell x x x x x x x x x x
Nassarius trivittata New England dog whelk x x x x

Molluscs - Bivalves
Mytilus edulis Blue mussel x x x x x x x x x x x
Modiolus modiolus Horse mussel x
Placopecten magellanicus Sea scallop x x x x x x

Annelids
Myxicola sp. Slime worm x
Scale worm Polynoidae & Sigalionidae x
Spirorbis borelis Spirorbid worm x x x x

Arthropods
Barnacles Order Thoracica x x x x x x x x x x x x
Cancer borealis Jonah crab x x x x x x x x x x x x
Cancer irroratus Rock crab x x x x x x x x x x
Homarus americanus American lobster x x x x x x x x x x x x
Majidae crabs Spider crab (Hyas or Libinia) x x
Pagarus sp. Hermit crab x

Echinoderms
Asterias forbesi Common sea star x x x x x x x x x x x
Asterias vulgaris Northern sea star x x x x x x x x x x x x
Asterias  sp. Asterid sea star species x x
Brittle stars Subclass Ophiuroidea x
Henricia  sp. Blood star x x x x x x x x x x x
Stronglyocentrotus droebachiensis Green sea urchin x

Chordates
Tunicates

Ascidiella aspersa European sea squirt x x x x
Botrylloides violaceus Orange sheath tunicate x x x x x
Botryllus schlosseri Star tunicate x x x x
Ciona intestinalis Sea vase tunicate x x
Didemnum albidum White encrusting tunicate x x x x
Didemnum  sp. Gray encrusting, invasive x x
Unidentified tunicate Unidentified tunicate x x x x

Fishes
Hemitripterus americanus Sea raven x x
Liparis sp. Snailfish x
Morone saxatilis Striped bass x
Myoxocephalus aenaeus Grubby sculpin x x x x x x x x
Myoxocephalus scorpius Shorthorn sculpin x x
Myoxocephalus  sp. Shorthorn/ grubby/ longhorn x
Pholis gunnellus Rock gunnel x x x x x x x
Pseudopleuronectes americanus Winter flounder x x x x x
Squalus acanthias Spiny dogfish x x
Stichaeus punctatus Arctic shanny x x x
Tautogolabrus adspersus Cunner x x x x x x x x x x
Ulvaria subbifurcata Radiated shanny x x x x x
Unidentified fish Unidentified fish x

Table IVB2.3.  Species recorded on the HubLine by date.  
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SAND
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Algae
Brown filamentous algae Unid. brown filamentous x x x x x x x x x x
Chondrus crispus Irish moss x x x x
Laminaria  sp. Kelp species x x x x x x x x x
Membranoptera alata Leafy red blade x x x x x x
Palmaria palmata Red blade algae x x
Red blade Red blade algae x x x
Red coralline algae Encrusting coralline algae x x x x x x
Red filamentous algae Unidentified red filamentous x x x x x x x x x

Invertebrates
Poriferans

Halichondria panicea Crumb of bread sponge x x x x x x x x x
Isodictya sp. Palmate sponge x x x x x x x x x x x

Cnidarians
Cerianthus borealis Burrowing anemone x x x x x x x
Tubularia crocea Pink hydroid x

Bryozoans
Bugula turrita Tree-shaped bryozoan x x x x x x x
Cryptosula pallasiana Red crust bryozoan x x x x x x
Membranipora  sp. Encrusting bryozoan x x x

Molluscs - Gastropods
Acmaea  sp. x
Anomia  sp. Jingle shell x
Crepidula fornicata Atlantic slipper snail x x x x
Crepidula plana Eastern white slipper shell x x x x x x x
Nassarius trivittata New England dog whelk x x x x x

Molluscs - Bivalves
Mytilus edulis Blue mussel x x x x x x x x x x
Pandora gouldiana Gould's pandora x x x x x x
Placopecten magellanicus Sea scallop x x x x x

Annelids
Myxicola  sp. Slime worm x x
Scale worm Scale worm x

Arthropods
Barnacles Order Thoracica x x x x x x x x x x
Cancer borealis Jonah crab x x x x x x x x x x x
Cancer irroratus Rock crab x x x x x x x x x x x
Crangon  sp. Sand shrimp x
Homarus americanus American lobster x x x x x x x x x x x
Majidae crabs Spider crab (Hyas or Libinia) x x x x x x
Mysid  sp. Mysis shrimp x
Pagarus  sp. Large hermit crab x x x x x x x
Unidentified shrimp x

Echinoderms
Asterias forbesi Common sea star x x x x
Asterias vulgaris Northern sea star x x x
Henricia  sp. Blood star x x x x x x x x

Chordates
Tunicates

Ascidiella aspersa European sea squirt x x x
Botrylloides violaceus Orange sheath tunicate x x x x x x x x x
Botryllus schlosseri Star tunicate x x
Ciona intestinalis Sea vase tunicate x
Didemnum albidum White encrusting tunicate x
Styela clava Club tunicate x
Unidentified tunicate Unidentified tunicate x

Fishes
Myoxocephalus aenaeus Grubby sculpin x x x x x x
Pholis gunnellus Rock gunnel x x x x
Pseudopleuronectes americanus Winter flounder x x x x x x x x
Raja  sp. Skate x x
Syngnathus fuscus pipefish x
Tautogolabrus adspersus Cunner x x x x x x x x
Ulvaria subbifurcata Radiated shanny x x
Urophysis sp. hake x
Unidentified fish Unidentified fish x

Table IVB2.4.  Species recorded on the sand by date.  
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Table IVB2.6. Shannon index values 
of diversity on species assessed by 
percent cover. 

Table IVB2.5. Shannon index values 
of diversity on enumerated species. 

Figure IVB2.25.  Temporal changes in 
diversity of enumerated species (diversity 
calculated with the Shannon index).    

Figure IVB2.26.  Temporal changes in 
diversity of species that were assessed by 
percent cover (diversity calculated with the 
Shannon index).    
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Figure IVB2.28.  Temporal changes in mean percent cover of common kelp 
(Laminaria sp.) on the study sites.  The dotted vertical line represents the date 
that the artificial reef was installed.  

Figure IVB2.27.  Temporal changes in mean percent cover of red filamentous 
algae on the study sites.  The dotted vertical line represents the date that the 
artificial reef was installed.
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on the artificial and natural reefs in July 2007.  
The artificial reef had notably higher kelp 
coverage in spring 2007 than in spring 2006.  

Densities of sponges (including Clathrina sp., 
Halichondria panicea, Haliclona oculata, 
Haliclona loosanoff, Isodictya sp., Suberites ficus, 
and an unidentified sponge) on the artificial reef, 
HubLine, and sand were low over the survey 
period compared to the sponge density on the 
natural reef (Figure IVB2.29).  Mean sponge 
percent cover on the artificial reef, HubLine, and 
sand was less than 1.3% in all months, while 
mean percent cover on the natural reef varied 
between ~3.2 and 4.5%.  From fall 2006 through 
summer 2007, sponge density increased slightly 
on the artificial reef. 

Mean solitary tunicate density (including Ciona 
intestinalis, Ascidiella sp., and Styela clava) was 
low (< 0.2 m-2) on all sites from June 2006 to 
September 2006 (Figure IVB2.30).  From 
September 2006 to April 2007, there was a rapid 
increase in the density of solitary tunicates from 
0.1 to over 7 m-2 on the artificial reef.  Densities 
on the natural reef, HubLine, and sand remained 
less than 0.3 m-2 during the same time period.  
From April 2007 through July 2007, the density of 
solitary tunicates decreased considerably on the 
artificial reef, although it was still much higher 
than on the other sites.  There was a small 
increase followed by a decline in the density of 
tunicates on the natural reef from March to July 
2007. 

Mean densities of blue mussels (Mytilus edulis) 
were variable across sites (Figure IVB2.31).  
Mussel densities on the artificial reef and sand 
remained low (< 1.2 m-2) throughout this study 
from March 2006 to July 2007.  Mussel densities 
were much higher on the natural reef than on the 
HubLine from July to September 2006.  However, 
in March 2007, natural reef mussel densities 
dipped below HubLine densities.  From March to 
July 2007 mussel densities on the natural reef and 
HubLine fluctuated. 

Mean Cancer crab density appeared to be 
seasonably variable for both Cancer irroratus 
(Figure IVB2.32a) and Cancer borealis (Figure 
IVB2.32b).  From September 2006 to March 
2007, mean densities decreased on each site to 
less than 0.05 m-2 for both species.  From March 

2007 through July 2007 densities of both crab 
species increased noticeably on all sites.  In July 
2007, the artificial reef had the highest density of 
Cancer irroratus and Cancer borealis when 
compared to the other sites.   

Mean lobster densities varied across sites, but 
followed a general trend of increasing during 
warmer summer months and decreasing in cooler 
winter months (Figure 2.33).  The sand site had a 
relatively lower lobster density (< 0.07 m-2) than 
the three other sites.  Lobster density was highest 
overall in June 2006 on the HubLine fill point 
(0.31 m-2).  The natural reef had the highest 
relative density in the summer from July to 
September 2006 (~0.16 m-2).  In June 2007 the 
artificial reef surpassed the natural reef in lobster 
density (0.14 m-2 versus 0.07 m-2, respectively).  

Lobster density by rock size.  Mean lobster 
density varied depending on the habitat type (χ2 = 
66.94, p < 0.01, Figure IVB2.34).  Lobster 
densities were the highest on the boulders (mean = 
0.127 ± 0.001 s.e. per m2, n = 302) and the 
boulder/cobble (BO/CO) transition areas (mean = 
0.115 ± 0.011 per m2, n = 116).  The lobster 
densities on BO/CO transition zone were similar 
to the cobble mix (CO mix) (0.077 ± 0.015 s.e. 
per m2, n = 54) and the cobble (CO) (0.091 ± 
0.001 s.e. per m2, n = 340, p < 0.003).  The 
density of lobsters found on cobble was 
significantly higher than the density of lobsters 
found on sand (SA) (0.039 ± 0.001 s.e. per 10 m2, 
n = 156, p < 0.003).  Lobster densities were also 
higher on pebble (PE) (0.079 ± 0.001 s.e. per m2, 
n = 136, p < 0.003) than on the sand.  The density 
of lobsters found on the cobble mix was similar to 
densities on other habitat types (p > 0.003). 

Fish Tagging Study 

Catch rate analysis.  Mean trap soak time was 
significantly shorter in the spring (79 hrs. ± 6.1) 
than in the fall (110 hrs. ± 9.7, t-stat = 6.94, p < 
0.01) but these data were not adjusted because no 
relationship was found between soak time and 
catch rate (Figure IVB2.35).  Mean cunner catches 
did not vary by season (Table IVB2.7, F1, 288 = 0.45, p 
= 0.50), although the catch differed significantly by site 
(χ2 = 135.7, p < 0.01).  Pairwise comparisons revealed 
that the HubLine had significantly higher mean catch 
rates than any other site, while the artificial reef had 
higher mean catch rates than the  
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Figure IVB2.30.  Temporal changes in mean solitary tunicate density on the study sites.  Species included: 
Ciona intestinalis, Ascidiella sp., and Styela clava.  The dotted vertical line denotes artificial reef installation.  
 

Figure IVB2.29.  Temporal changes in mean sponge density on the study sites.  Species included: Clathrina 
sp., Halichondria panicea, Haliclona oculata, Haliclona loosanoff, Isodictya sp., Suberites ficus, and an 
unidentified sponge.  The dotted vertical line denotes time of artificial reef installation.   
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Figure IVB2.31.  Temporal changes in mean blue mussel (Mytilus edulis) density on the study sites.  The 
dotted vertical line denotes time of artificial reef installation. 
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Figure IVB2.32.  Temporal changes in mean (A) Cancer irroratus and (B) C. borealis 
densities on the study sites.  The dotted vertical line denotes time of artificial reef 
installation. 

Figure IVB2.33.  Temporal changes in mean American lobster (Homarus americanus) 
density on the study sites.  The dotted vertical line denotes time of artificial reef 
installation. 
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natural reef and the sand (p < 0.008, Table 
IVB2.7, Figure IVB2.36).  Finally, the natural reef 
had significantly higher mean catch rates than the 
sand area (p < 0.008, Table IVB2.7, Figure 
IVB2.36).  There was a difference in mean catch 
rates by individual reef units (F5, 61 = 4.92, p < 
0.01).  Reef 3 had a significantly higher catch rate 
than Reef 4, 8, and 9 (Table IVB2.7, Figure 
IVB2.36).  All other reef units had similar mean 
catch rates.  Looking at only the HubLine traps, 
no difference in catch rate was found along the 
north to south gradient (F6, 61 = 1.983, p > 0.05).  
There was no interaction of mean HubLine catch 
rate and season (F6, 61 = 0.840, p > 0.05).  No 
lobsters tagged were recaptured. 

Cunner length-frequency.  Captured cunner 
ranged in size from 3.5 – 23.5 cm total length.  
Cunner were significantly larger in the fall than in 
the spring (Table IVB2.8).  Cumulative percent 
frequency of cunner total length demonstrated that 
cunner on the natural reef (in both spring and fall) 
had a larger and broader distribution than cunner 
on other sites (p < 0.008, Figures IVB2.37 & 
IVB2.38).  The natural reef had a significantly 
different length distribution in the fall than in the 
spring (p < 0.008).  Length distributions in the fall 
and spring on the HubLine and artificial reef were 
similar (p > 0.008, Figures IVB2.37 & IVB2.38).  

Cunner growth.  Mean growth was 1.8 cm ± 0.15 
over an average of 132.3 ± 1.1 days at large (n = 
43). 

Cunner movement.  Cunner exhibited high site 
fidelity (Figure IVB2.39).  Of the 130 recaptures 
on the HubLine, 112 (86%) were originally tagged 
and released on the HubLine, compared to 18 fish 
(13.8%) tagged on the HubLine that were 
recaptured elsewhere.  On Reef 3, 16 of the 28 
recaptured fish (57%) were tagged there, and on 
Reef 7, six of the eight fish (75%) recaptured 
there were originally tagged on Reef 7.  Although 
cunner showed high site fidelity, some did move 
within and among sites.  There was one recorded 
incident of a cunner moving from the HubLine to 
the natural reef, a minimum distance of ~700 m.  
All other fish recaptured on the natural reef had 
been tagged and released on the natural reef.  
Thirteen tagged fish moved from hard-bottom 
habitat such as the HubLine or artificial reef to the 
sand, while eight fish that were tagged 
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Figure IVB2.35.  Number of cunner 
(Tautogolabrus adspersus) caught per trap by 
trap soak time (spring and fall data combined).
 

 
Figure IVB2.34.   Mean density of lobsters by 
primary (> 50% of area) surficial substrate type.  
BO = boulder (n = 302), BO/CO = area where size 
transitions from boulder to cobble (n = 116), CO 
mix = mix of small and large cobble (n = 54), CO = 
cobble (n = 340), PE = pebble (n = 136), and SA = 
sand (n = 156).   
(* Note: CO mix was also similar to PE and SA 
lobster densities.  This result was not depicted 
because lobster densities on CO and PE were 
significantly higher than on SA.) 
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Figure IVB2.36.  Mean cunner catch per trap represented spatially (error 
and sample size in Table 6).  R# = unit ID number.  Note: Image not drawn 
to scale. 

Table IVB2.7.  Mean catch of cunner (Tautogolabrus adspersus) per trap and 
descriptive statistics by (A) season, (B) site, and (C) reef unit.  Note: Catch rates from 
spring and fall were combined for (B) site data and (C) reef unit data because there 
was no significant difference in catch rate by season.   

Mean  s.e. n
(A) Season
Spring 7.64 0.68 166 1268 1068 131 147
Fall 8.46 1.03 124 1049 447 34 61

(B) Site
Artificial reefs 10.87 1.32 73 794 553 49 54
HubLine 15.89 1.24 75 1192 709 98 130
Natural reef 3.01 0.39 76 229 189 9 12
Sand 1.55 0.32 66 102 64 9 12

(C) Specific reefs
Reef 1 14.73 3.64 11 162 99 8 7
Reef 3 20.55 4.59 11 226 134 22 28
Reef 4 6.09 1.9 11 67 58 3 3
Reef 7 11.55 2.61 20 231 173 8 8
Reef 8 3.73 0.96 11 41 32 3 3
Reef 9 7.44 1.78 9 67 57 5 5

Mean # cunner per trap Total # 
recaptured

Total # 
tagged

Total # 
caught

# Unique 
recaptures
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on the sand moved to hard-bottom areas.  Of 
cunner that moved from their original tagging 
location, the distance traveled ranged from ~23 m 
to ~76 m (excluding one fish that moved from the 
HubLine to the natural reef).  There were no 
occurrences of recaptured fish moving from the 
sand area to the HubLine or to the natural reef. 

Length distributions of cunner that moved 
from their original tagging location versus fish 
that were recaptured at their original tagging 
location (i.e. fish that moved versus fish that did 
not move) were compared using the KS test.  Fish 
that moved were significantly larger (total length) 
than fish that did not move from their original 
tagging location (Z = 1.504, p = 0.02, n = 214).  
Cumulative length-frequency distributions of 
these fish were similar in shape but larger for 
cunner that moved (Figure IVB2.40).

Length 
(cm) s.e. n

(A) Season
Spring 10.39 0.07 1268
Fall 10.86 0.08 1049

(B) Site
Spring
Artificial reefs 10.05 0.12 387
HubLine 10.43 0.09 650
Natural reef 11.48 0.24 154
Sand 9.6 0.28 77

Fall
Artificial reefs 10.73 0.13 407
HubLine 10.81 0.11 542
Natural reef 11.97 0.38 75
Sand 10.6 0.56 25

Table IVB2.8. Mean cunner length 
by (A) season and (B) site. 
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Figure IVB2.37.  Cumulative percent 
frequency distribution of cunner total 
length by site and season (spring – top, fall 
– bottom).
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Air-lift Sampling 

Species diversity.  Of the species collected 
through air-lift sampling, the natural reef had 
higher species diversity than the HubLine (t-stat = 
3.93, p < 0.008) and the sand (t-stat = 8.08, p < 
0.008, Table IVB2.9 & IVB2.10).  The artificial 
reef, however, was similar in diversity to the 
natural reef (t-stat = -0.518, p > 0.008, Tables 
IVB2.9 & IVB2.10).  The artificial reef had 
significantly higher diversity than the HubLine 
and the sand.  The HubLine had higher species 
diversity than the sand. 

Lobster density by site.  The Kruskal-Wallis test 
showed that there was a significant difference in 
lobster density by site (χ2 = 36.80, p < 0.01).  
Pairwise comparisons (Bonferroni adjusted α = 
0.008) showed that lobster density was higher on 
the artificial reef (mean = 0.92 m-2 ± 0.19, n = 48) 
than on the sand (mean = 0 m-2, n = 24, p < 0.01), 
and lower on the artificial reef than on the natural 
reef (mean = 3.08 m-2 ± 0.54, n = 24, p < 0.01) 
(Figure IVB2.41).  Lobster densities on the 
artificial reef and HubLine (mean = 2.0 m-2 ± 
0.47, n = 24), were similar (p > 0.01).  Also, the 
natural reef and HubLine had significantly higher 
lobster densities than the sand (p < 0.01) (Figure 
2.41). 
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Figure IVB2.40.  Cumulative length-frequencies 
of cunner that were recaptured on the same site 
that they were tagged versus cunner that were 
recaptured on a site other than their original 
tagging location. 

Table IVB2.9. Shannon index of diversity 
values from air-lift sampling data. 

Area H’ value 

Artificial reefs 1.78 

Natural reef 1.80 

HubLine 1.58 

Sand 1.29 

Table IVB2.10. Results of Student’s t-test 
conducted on Shannon index values.  Note: 
Critical value of Student’s t distribution for 
all comparisons = 2.80, α = 0.008.  A = 
Artificial reef, H = HubLine, S = Sand, and 
N = Natural reef.

Comparison t-stat df Difference? 
A to H 3.382 1303 yes 
A to S 7.553 1147 yes 
A to N -0.518 1470 no 
H to S 4.389 1216 yes 
H to N 3.931 1437 yes 
S to N 8.088 1185 yes 

Figure IVB2.39.  Cunner movements among 
sites. Curved arrows indicate recaptures at the 
same site; straight arrows show direction of 
movement of recaptured fish (includes multiple 
recaptures). Image not drawn to scale; circles do 
not represent trap locations. 
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Young-of-the-year lobster density by site.  The 
Kruskal-Wallis test indicated that young-of-the 
year (YOY) lobster density varied significantly by 
site (χ2 = 17.24, p < 0.01).  Pairwise comparisons 
(Bonferroni adjusted α = 0.008) revealed that the 
natural reef (mean = 1.42 ± 0.35, n = 24) had a 
higher YOY lobster density than the sand (mean = 
0.0, n = 24, p < 0.008) (Figure IVB2.42).  All 
other sites had similar YOY lobster densities. 

Young-of-the-year Cancer crab density by site.  
The ANOVA revealed a significant difference in 
YOY Cancer crab density among the sites (F3, 116 
= 6.44, p < 0.05).  A follow-up Tukey test showed 
that the artificial reef had a similar density (mean 
= 18.8 m-2 ± 1.23, n = 48) as the natural reef 
(mean = 16.9 m-2 ± 2.42, n = 24) and the HubLine 
(mean = 15.6 m-2 ± 1.81, n = 24, all p > 0.05). 
However, YOY Cancer crab density on the sand 
(mean = 8.7 m-2 ± 1.77, n = 24) was significantly 
lower than densities on the artificial reef (p < 
0.001) and the natural reef (p = 0.015) (Figure 
IVB2.43).  The HubLine had a similar density of 
YOY Cancer crabs as the sand (p = 0.056). 

Early benthic phase lobster by site.  There was no 
significant difference in early benthic phase (EBP) 
lobster density by year (2005 mean = 1.27 m-2 ± 
0.30, n = 36; 2006 mean = 1.5 m-2 ± 0.26, n = 48; 
2007 mean 1.54 m-2 ± 0.30, n = 48; Kruskal-
Wallis, χ2 = 0.646, p > 0.05) (Figure IVB2.44).  
Thus, data were combined across years and 
analyzed by site.  Each site had a significantly 
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Figure IVB2.44.  Temporal changes in the mean 
number of early benthic phase lobsters (m-2) by 
site (n = 24 for natural reef, HubLine, and sand; 
n = 48 for artificial reef).  Dotted line denotes 
artificial reef installation. 
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(m-2) by site (n = 24 for natural reef, 
HubLine, and sand; n = 48 for artificial reef).   
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different EBP lobster density (χ2 = 30.98, p < 
0.05). Pairwise comparisons (Bonferroni adjusted 
α = 0.017) indicated that the natural reef had more 
EPB lobsters (mean = 2.89 ± 0.39, n = 36) than 
the HubLine (mean = 1.39 ± 0.20, n = 36) and the 
artificial reef (mean = 0.633 ± 0.15, n = 60).  The 
HubLine also had more EBP lobsters than the 
artificial reef (Figure IVB2.44). 

Lobster density by rock size.  No significant 
differences existed in lobster density by rock size 
(F 3, 44 = 1.89, p > 0.05).  The large cobble (mean 
= 1.67 m-2 ± 0.48, n = 12), however, did appear to 
have a slightly higher density of lobster than the 
small boulder (mean = 0.5 m-2 ± 0.26, n = 12), the 
small cobble (mean = 0.5 m-2 ± 0.26, n = 12), and 
the small rock mix (mean = 0.83 m-2 ± 0.38, n = 
12) (Figure IVB2.45). 

YOY lobster density by rock size.  YOY lobster 
preferred one rock size over the other (χ2 = 8.07, p 
< 0.05).  Nevertheless, follow-up pairwise 
comparisons failed to detect where this difference 
existed.  Large cobble had the highest mean 
density (mean = 1.16 m-2 ± 0.37, n = 12) 
compared to small cobble (mean = 0.5 m-2 ± 0.26, 
n = 12), small boulder (mean = 0.17 m-2 ± 0.17, n 
= 12), and the small rock mix (mean = 0.58 m-2 ± 
0.17, n = 12) (Figure IVB2.46). 

Young-of-the-year lobster density by east or west.  
YOY lobster density was higher on the west side 
(mean = 0.75 m-2± 0.18, n = 37) than on the east 
side (mean = 0.29 m-2± 0.15, n = 35) (Mann 
Whitney U = 498.5, p = 0.02) (Figure IVB2.47). 
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Figure IVB2.45.  Mean number of lobsters 
(m-2) by rock size (n = 12 for each rock size). 
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Figure IVB2.47.  Mean number of young-of-the-
year (YOY) lobsters (m-2) by side (west or east) 
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significant difference between sides. 
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Discussion 

Permanent Transect Surveys 

Data collected on two physical parameters, 
temperature and light, on the artificial reef and the 
natural reef indicated slight differences between 
the sites.  The average temperature on the natural 
reef was ~0.2 ºC cooler than the artificial reef in 
the winter months (Figures IVB2.13 and 
IVB2.14).  This small difference in bottom 
temperature probably did not affect species 
composition between the two sites, but if 
consistent over time, could affect growth and 
reproduction of certain species on the sites.  Light 
intensity on the artificial reef was an average ~4 
lux higher than on the natural reef (Figures 
IVB2.15 and IVB2.16). This result was 
unexpected given that the natural reef transect 
locations were slightly shallower (by ~ 1 m) than 
those on the artificial reef.    

Although the monitoring photographs were not 
used in a quantitative analysis, the photos 
provided qualitative information when compared 
across seasons and visually confirmed some of the 
biological changes recorded in our permanent 
transects.  For example, from November of 2006 
through May 2007 a dramatic increase in the 
percent cover of red filamentous algae was 
recorded on the HubLine, followed by a sharp 
decline in June 2007 (Figure IVB2.27).  This 
pattern was also readily visible in the permanent 
station photographs taken on the HubLine (Figure 
IVB2.20).  The photographs confirmed and 
illustrated changes in species composition 
identified through other more intensive surveys.   

The artificial reef and natural reef were composed 
of similar substrates but had some important 
differences.  Primary and secondary substrates on 
the artificial reef were mostly cobble and boulder, 
not unlike the HubLine.  Both of these substrate 
types were also present on the natural reef 
(Figures IVB2.22 and IVB2.23).  In addition to 
cobble and boulder, the natural reef had relatively 
high proportions of shack (whole empty shells), 
sand, and pebble.  These additional substrate types 
offer greater habitat complexity than the two man-
made structures, possibly allowing for greater 
diversity of species.  Alternatively, the artificial 
reef had greater vertical relief and more interstitial 
space than the natural reef, which are important 

factors when considering the potential for 
diversity and abundance of species.  Furthermore, 
about half of the underlying substrate on the 
artificial reef was boulder or cobble; the natural 
reef did not have such a deep rock layer, and its 
underlying substrate consisted primarily of sand 
(Figure IVB2.24).  This indicates that the artificial 
reef probably had more interstitial space than the 
natural reef because of the nature of the artificial 
reef design.  This habitat difference could explain 
variations in species densities by site.  For 
example, Cancer irroratus density may have been 
higher on the artificial reef and HubLine than on 
the natural reef (Figure IVB2.31) because the 
man-made sites offered more shelter.  
Observations in the field supported this 
hypothesis, as many juvenile C. irroratus were 
seen in interstitial spaces formed by cobble on the 
artificial reef and HubLine, yet juvenile Cancer 
crabs were rarely seen on the natural reef (J. 
Barber and K. Whitmore, personal observations). 

The Shannon index of diversity conducted on 
enumerated species including mobile 
macroinvertebrates, solitary tunicates, bivalves, 
and fish indicated that diversities on the artificial 
reef and natural reef were not significantly 
different throughout the survey period (Figure 
IVB2.25).  Although this result was surprising, 
mobile macroinvertebrates, fish, and solitary 
tunicates are able to utilize new habitat rapidly, 
minimizing differences in their abundances on old 
and new habitat.  They are also easily detectable 
on substrates that lack much algal or other 
encrusting growth.  These reasons may explain 
how the artificial reef had the highest diversity 
index values of all sites for three out of the five 
sampled seasons, from summer 2006 to winter 
2007, although these differences were not 
statistically significant. 

The Shannon index of diversity conducted on 
species assessed by percent cover (i.e. encrusting 
tunicates, sponges, barnacles, and macroalgae) 
indicated that the artificial reef and HubLine had 
similar species diversities and relatively lower 
index values than the natural reef and the sand 
(Figure IVB2.26).  Diversity was significantly 
higher on the natural reef than on the HubLine 
from spring 2006 to winter 2007.  Although 
diversities on the artificial and natural reef were 
not significantly different, artificial reef diversity 
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was lower and more similar to the HubLine than 
to the natural reef (Figure IVB2.26).  The lowest 
diversity index value overall was on the artificial 
reef in spring 2006, immediately following reef 
deployment when the rocks were barren.  
Diversity of species assessed by percent cover on 
the artificial reef rose to its highest level in 
summer 2007, when the reef was approximately 
1.5 years old.  In summer 2007, the sand, 
HubLine, and artificial reef had similar diversity 
values, all below that of the natural reef.  

In spring of 2006, the artificial reef had been in 
place for about two months.  Two months was 
enough time for fast recruiting invertebrates and 
mobile species to colonize the reef (as seen in 
Figure IVB2.25), but not enough time for algae, 
sponges, and other slower growing species to 
recruit.  As the age of the artificial reef increased, 
the diversity of species assessed by percent cover 
also increased (Figure IVB2.26).   

One of the objectives of the habitat enhancement 
project was to determine when and if the artificial 
reef would resemble the natural reef in appearance 
and function.  Although this question will require 
a longer time series to answer, observations from 
the first year and a half of monitoring on the 
artificial reef, natural reef, sand, and HubLine 
cobble fill revealed some interesting trends in 
species composition.  One of the most striking 
aspects of the natural reef is its sponge diversity 
and abundance.  We recorded six species of 
sponge on the natural reef (plus an unidentified 
sponge), one of which, the fig sponge Suberites 
ficus, was unique to the natural reef (Table 
IVB2.2).  Although five of the six species of 
sponge were also present on the artificial reef and 
HubLine, there was a substantial difference in 
density on these sites compared to the natural reef.  
Mean cover of sponge (m-2) was generally less 
than 1% on the artificial reef and HubLine, yet 
ranged from about 4 to 7% on the natural reef 
throughout the year (Figure IVB2.29).  Even 
though the HubLine is approximately two years 
older than the artificial reef, the presence of 
sponge on the HubLine is minimal.  These initial 
results indicate that it may take many years for 
sponge density on the new substrate to be similar 
to that found on a natural reef, assuming that the 
artificial reef habitat is appropriate for sponge 
growth.  In turn, species that are commonly 

associated with sponges (such as decorator crabs) 
will likely take longer to establish themselves on 
the artificial reef as well. 

Trends in algal cover suggest that the artificial 
reef is beginning to resemble natural habitat.  In 
July and August 2006, cover of red filamentous 
algae and common kelp (Laminaria sp.) was high 
on the natural reef and HubLine, yet minimal on 
the artificial reef.  In the winter, algal cover on all 
sites diminished but in March 2007 cover of red 
filamentous was higher on the artificial reef than 
on all other sites (Figure 2.27).  After March 
2007, coverage on the HubLine, natural reef, and 
artificial reef increased, and then sequentially 
decreased.  In July 2007 the three sites had similar 
coverages.  These trends were also seen in the 
monitoring photographs, where red algal coverage 
on all sites was minimal in December 2006 and 
high in March 2007 (Figures IVB2.18 - IVB2.21).  
The dramatic increase in coverage of red algae 
most likely occurred because of an increase in 
water clarity (eg. Figure IVB2.17), allowing more 
light to penetrate and promote algal growth.  
Although kelp recruitment was limited on the 
artificial reef until June 2007 (Figure IVB2.28), 
kelp on the artificial reef appears to be following 
similar seasonal trends in percent coverage as the 
natural reef and HubLine.  This suggests that 
trends in algal cover will be fairly consistent 
among the three sites within a short period of 
time. 

The density of solitary tunicates changed 
dramatically from spring/summer 2006 to spring 
2007 on the artificial reef (Figure IVB2.30).  
Mean density on the artificial reef was less than 
0.2 m-2 from June to September 2006.  In the 
following six months, the solitary tunicate density 
rose to almost 8 m-2.  This change was not 
observed on the HubLine or natural reef, where 
the solitary tunicate densities remained below 0.3 
m-2.  On the artificial reef, the solitary tunicates 
settled on a range of rock sizes and in various 
locations but the densest patches were seen on 
vertically-oriented faces of large boulders.  
Favorable water currents around these large 
boulders and limited competition with other 
encrusting and/or sessile species, with the 
exception of barnacles, on the artificial reef rocks 
might have contributed to the population 
expansion.  The HubLine and natural reef do not 
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have as much vertically-oriented surface area as 
the artificial reef and they also had greater 
coverage of kelp and other algae in summer 
months than the artificial reef which might have 
limited solitary tunicate growth on these sites. 

Blue mussel (Mytilus edulis) densities varied on 
each of our survey sites (Figure 2.31).  Blue 
mussels were nearly absent from the artificial reef 
throughout the survey period.  A few patches of 
juvenile blue mussels were observed on the 
artificial reef in the summer and fall 2006 but 
were not observed again until spring 2007, when 
the mussels were roughly 1 to 2 cm in length.  The 
lack of immediate colonization of blue mussels on 
the reef was surprising to us knowing that the reef 
offers a great deal of hard surface area and 
interstitial space for settlement and that there were 
adult mussel beds nearby on the HubLine and 
natural reef.  It is possible that the surface of the 
originally barren rock must first go through 
certain physical and biological changes (i.e. 
deposition of silt/biofilm or changes in pH, etc.) to 
provide suitable habitat for significant mussel 
settlement and growth.  Or, the artificial reef may 
have been deployed during a recruitment pulse of 
barnacles, rather than mussels; thus the barnacles 
may have out-competed the blue mussels.  In 
addition to competitive displacement, local 
current cycles and the length of the blue mussels’ 
motile larval veliger stage (up to 35 days) (Bayne 
1965) may have affected the ability of nearby 
mussel beds to contribute mussel colonization on 
the artificial reef during the study period.  If the 
barnacles experience a die-off (there was some 
evidence for this in summer 2007), mussels may 
be able to recruit to the newly-opened space.   

The natural reef exhibited the most variability in 
mussel density.  The mussel beds tended to be 
very patchy on the natural reef (J. Barber, 
personal observation), thus it is possible that the 
high density recorded in September 2006 was a 
random factor of the quadrats falling on large beds 
of mussel rather than an actual increase in the 
density of a slower-growing animal like the blue 
mussel.  Understanding this, the blue mussel may 
not serve as a good indicator species for a timeline 
of species development comparing the artificial 
and natural reef. 

As mentioned in the diversity comparisons, 
mobile macroinvertebrates, including Cancer 
crabs (Cancer irroratus and C. borealis) and 
American lobster (Homarus americanus) 
appeared on the artificial reef within weeks after 
its installation (Figures IVB2.32 & IVB2.33).  In 
June 2007, crab and lobster densities were 
actually highest on the artificial reef.  The large 
number of interstitial spaces available on the 
artificial reef for these shelter-seeking species 
may be a factor contributing to these higher 
densities.  Cancer crab and lobster densities also 
exhibited a general increasing trend during the 
warmer summer months and decreasing in the 
cooler winter months on all the sites.  This was 
expected, as it is well-known that these species 
exhibit seasonal movement from colder, deep 
water to warmer, shallow water (Lawton and 
Lavalli 1995).   

In addition to investigating differences in relative 
abundance of lobster on each site, we also 
assessed lobster abundance on each substrate type 
across sites by compiling densities for all seasons.  
Larger rock sizes (boulder and boulder/cobble 
transition) supported significantly higher lobster 
densities than smaller, more featureless substrate 
types (pebble and sand) (Figure IVB2.34).  
Lobster densities on the cobble mix were not 
significantly different from the lobster densities 
on either the large rock or small substrate types.  
However, the cobble mix had a much smaller 
sample size than the other habitat types and the 
power to detect differences in densities between 
the substrate types might have been compromised.  
It should also be noted that although the method 
used to collect these data (i.e. visual swath 
surveys) does not detect all the lobsters present in 
a particular substrate, it provides a comparison of 
relative lobster densities among sites. It is likely 
that smaller lobsters were not sighted because no 
rocks were disturbed during the survey.  Larger 
lobsters may have also been missed due to 
sheltering behavior.  Thus, it is likely that lobster 
densities were higher across all substrate types.  

Fish Tagging Study 

The fish tagging study was designed to compare 
cunner populations on the artificial reef to the 
natural reef, the HubLine fill point, and the sand.  
The results from the catch rate analysis indicated 
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that the HubLine fill point had a higher relative 
abundance of cunner than the other study areas.  
The artificial reef, however, also had a high 
overall abundance of cunner, although abundance 
of each reef unit was not uniform.  The natural 
reef had a very low mean catch rate, but 
significantly more cunner were captured there 
than on the sand site (Table IVB2.7).  The sand 
site, which had the lowest mean catch rate, most 
likely provided little refuge from predators and 
minimal foraging opportunities.  Our observations 
from working underwater on the reef confirmed 
these results.  Most cunner were observed on the 
HubLine, although the artificial reef also had large 
numbers of fish.  We saw few cunner on the 
natural reef or the sand.  The HubLine and the 
artificial reef may have supported larger cunner 
abundances because the rocky reefs provide the 
fish with more interstitial space and surface area 
than the natural reef and the sand.  Although the 
HubLine and artificial reef are similar habitat 
types, the HubLine likely supported a slightly 
larger abundance than the artificial reef because 
the rocks on the pipeline were deployed a few 
years prior to the artificial reef.  Those rocks had a 
higher percent cover of algae than the artificial 
reef, providing cunner with better-quality habitat 
than the artificial reef. 

It is important to note that only fish larger than 3.5 
cm (total length) were sampled due to trap 
selectivity.  The smallest cobble on the artificial 
reef provided appropriately-sized interstitial 
spaces for smaller cunner (< 3.5 cm), while the 
HubLine had only larger cobble.  There may have 
been differences in abundance of cunner less than 
3.5 cm on the sites due to rock size but this was 
not investigated.   

Mean cunner catch rates varied among reef units 
in the artificial reef complex.  Reef 3 had 
significantly higher catch rates than Reefs 4, 8, 
and 9 (Table IVB2.7).  Reef 3 also had a relatively 
higher mean catch rate than the HubLine (Figure 
2.36).  It is difficult to determine why this 
particular unit had more cunner than other 
artificial reef units.  The entire reef complex (six 
reef units and three sandy sites) is only about 1.5 
acres in size; therefore, it was unlikely that Reef 3 
experienced more favorable physical conditions 
(temperature, current, etc.) than the other reef 
units.  On the other hand, Reef 3 is isolated (by 

sand) from the other reef units, although it is the 
same distance away (20 m) from the HubLine as 
Reef 9 (Figure IVB2.1).  There was no difference 
in catch rates from north to south along the 
HubLine, indicating an even distribution of fish 
that could move from the HubLine to Reef 3 or 
Reef 9.  Yet, Reef 3 had higher overall cunner 
abundance, and movement trends indicated that 
there were more exchanges between the HubLine 
and Reef 3 than between the HubLine and Reef 9, 
or between other reef units (Figure IVB2.39).  
Cunner may have been more concentrated on Reef 
3 than Reef 9 because Reef 3 is isolated from 
other hard-bottom habitat on all sides except the 
HubLine.  Fish traveling to Reef 9 from the 
HubLine could easily move from Reef 9 to other 
reef units (Figure IVB2.39).  Once on Reef 3, fish 
would have to cross a greater distance over 
featureless habitat (sand) to get to other reef units. 

Catch rates, length-frequencies, and movements 
were analyzed by site.  In addition to having 
significantly less cunner on the natural reef than 
on the artificial reef, the length distribution of 
cunner on the natural reef was statistically 
different (broader and larger) than cunner on the 
artificial reef, HubLine, and sand in both the 
spring and the fall (Table IVB2.8, Figures 
IVB2.37 & IVB2.38).  These differences may 
have been due to the natural reef having less 
interstitial space than the artificial reef and 
HubLine.  Smaller fish may have preferred the 
artificial reef and the HubLine because they could 
more easily take refuge from predators on those 
sites.  The artificial reef and the HubLine were 
similar in their length-frequency distributions.  
Both areas provided the same type of habitat (high 
relief and many interstitial spaces); therefore, they 
likely attracted the same life history stages of 
cunner.  The length-frequency distribution of 
cunner on the sand site was statistically different 
from the other sites, however, the number of fish 
sampled on the sand was small (Table IVB2.8).  
Fish caught on the sand had lower site fidelity 
than fish at the other sites.  The low recapture rate 
suggests that the few fish recaptured here may 
have been attracted to the traps for structure 
and/or food when transitioning from one reef to 
another.  

Because of the proximity of the artificial reef and 
sand sites, it is possible that trap independence 
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was compromised, particularly with the use of 
bait.  Currents, temperature, and other 
environmental conditions could have caused 
overlap in bait odor plumes across the artificial 
reef and sand sites, attracting cunner from an 
optimal habitat type to a less-optimal one (eg. the 
artificial reef to the sand).  This could have 
inflated capture rates on the sand, although traps 
with the strongest scent of bait would have been 
on the fish’s original location.  Recapture rates 
suggested that sites were reasonably independent, 
as cunner showed high site fidelity on the 
HubLine, artificial reef units, and the natural reef, 
while relatively fewer fish were recaptured on the 
sand.   

The differences in catch rates, length-frequencies, 
and movements observed indicate that cunner 
abundance on the HubLine and artificial reef may 
remain disparate from cunner abundance on the 
natural reef.  This is an important determination, 
because one of the goals of the reef project was to 
determine how long, if ever, it will take for an 
artificial reef to reach similar levels of species 
abundance and diversity as a natural reef.  Cunner, 
which are the most abundant fish on the HubLine 
and the artificial reef, utilize the high relief of 
these structures, as well as the large number of 
variably-sized interstitial spaces.  Conversely, the 
natural reef, a more low-profile reef with mostly 
large boulders surrounded by sand and pebbles, 
has less available interstitial space.  This type of 
habitat is fitting for many other species, such as 
lobster, but not as ideal for a structure-oriented 
fish like cunner.  Thus, the HubLine and artificial 
reef will likely continue supporting more cunner 
than the natural reef or sand. 

Our research findings suggest that if the goal of an 
artificial reef is to mimic species abundance and 
diversity on nearby natural reefs, then the relief 
and rugosity (i.e., surface complexity) of the 
natural environment needs to be duplicated, in 
addition to replicating the same substrate type 
(e.g., rocks).  As found in the tropics, the degree 
of resemblance of structural features between 
artificial and natural reefs may dictate how similar 
the benthic communities will become over time 
(Perkol-Finkel et al. 2006).  In the case of our 
artificial reef, it will most likely continue 
supporting more cunner than nearby natural reef 
in the future because of differences in relief.  This 

introduces implications in understanding the 
ecology of the artificial reef system.  For example, 
differences in larval settlement or algal percent 
cover on the artificial reef and the natural reef 
may be due to disproportionate depredation by 
cunner.  Although it is unlikely that cunner will 
considerably alter the ecology of the reef, it is 
important to recognize the influences that these 
differences may have on species assemblages. 

Air-lift Sampling 

The most important result from comparing air-lift 
sampling data from the four sites was that within 
one year larval settlement on the artificial reef 
appeared to have reached comparable levels to 
that of the nearby natural reef.  The artificial reef 
also reached similar levels of species diversity for 
air-lift sampled species as the natural reef within 
five months of its deployment.  This species 
diversity analysis took a particular set of 
invertebrates and fish into account, those sampled 
by air-lift methods, rather than the species seen 
during permanent transect surveys.  Air-lift 
techniques are better at sampling post-larval fish 
and crustacean diversity than visual methods, and 
thus are an important component in the 
monitoring program.  Using air-lift data, the 
artificial reef and the natural reef supported 
significantly higher species diversities than the 
HubLine or the sand.  We are not certain why the 
artificial reef reached significantly higher levels of 
diversity than the HubLine, which is similar in 
composition.  It is possible that the variable rock 
sizes on the artificial reef (the HubLine rocks are 
fairly uniform) created a more diverse habitat 
which could support multiple species.  The 
variable rock sizes on the artificial reef may also 
have been the reason that species diversity levels 
were similar to the natural reef. 

The natural reef had higher densities of lobsters of 
all life history stages (Figure IVB2.41) and of 
early benthic phase (EBP) lobsters (Figure 
IVB2.44) when compared to the artificial reef.  
However, settlement of both young-of-the-year 
lobsters and Cancer crabs was similar between the 
natural reef and the artificial reef.  It is 
encouraging that within a short period of 
existence, the artificial reefs supported 
comparable levels of larval settlement as the 
natural reef, as this was one of the goals of our 
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project.  In terms of the overall lobster density, 
however, these data demonstrated that the natural 
reef had a higher density of lobsters (all life 
history stages) than the artificial reef (Figures 
IVB2.21 and IVB2.44).  This result is consistent 
because the natural reef had more edge habitat, 
with large boulders interspersed through sand and 
pebbles.  This type of habitat allows all life 
history phases of lobster to easily dig burrows 
under rocks and modify the habitat to their 
preference.  Although the artificial reef has a fair 
amount of edge habitat, it consists mostly of rocks 
piled on top of each other with less opportunity 
for habitat modification. 

Statistically, our analyses demonstrated that rock 
size did not play an important role in larval 
settlement.  An alternative to this is that the 
efficiency of the sampling gear differed on the 
various rock sizes.  Although there was no 
statistical difference in larval settlement, there 
was a trend in lobster density by rock size, which 
suggested that large cobble was preferred by 
lobster (of all life history phases) over the other 
rock sizes (Figures IVB2.45 and IVB2.46).  Since 
post-larval lobsters settle preferentially on large 
cobble (Wahle and Steneck 1991 & 1992), it is 
likely that additional years of survey will show 
differences in lobster settlement by rock size on 
the artificial reef, specifically, more young-of-the-
year lobsters on the large cobble.  

Wahle and Incze (1997) demonstrated that post-
larval lobster settlement can be driven by 
dominant current and wind directions.  We found 
that YOY lobsters settled out more often on the 
west side of the reef (Figure IVB2.47).  Whether 
this is due to current patterns or other aspects of 
post-larval habitat selection (Cobb and Wahle 
1994) is unknown.  Boston Harbor frequently 
experiences alternating currents and wind 
directions.  Temperature and nutrient delivery also 
may vary from one side of the reef to the other 
due to differences in the waters leaving inner 
Boston Harbor versus the waters entering the 
harbor from Massachusetts Bay.  Further 
examination of settlement patterns may be 
warranted if preference for the western side 
remains evident in successive surveys. 

Conclusions 

In addition to addressing the broad goal of 
developing a timeframe of reef succession, we 
were also interested in investigating smaller scale 
questions including whether the artificial reef 
augments post-larval lobster settlement and 
settlement of other fish and invertebrates, whether 
the artificial reef provides mitigation to the hard-
bottom encrusting community, and whether the 
artificial reef provides shelter to multiple life 
stages of various marine organisms.  The artificial 
reef has met the goal of enhancing opportunities 
for larval settlement.  Within months of its 
deployment, the density of newly settled Cancer 
crab larvae on the artificial reef was similar to that 
on the natural reef.  Although the density of 
young-of-the-year lobster was slightly lower on 
the artificial reef than on the HubLine or the 
natural reef, we expect that densities will increase 
as the rocks become increasingly fouled with 
encrusting organisms and algae and provide more 
optimal habitat. 

To address whether the artificial reef has provided 
mitigation for the hard-bottom encrusting 
community it is important to define the term 
“mitigation” in the context of the particular goal.  
If mitigation is only defined as providing new 
habitat for encrusting/benthic organisms, then the 
artificial reefs have succeeded at meeting this 
goal.  Within weeks of the installment of the 
artificial reef, barnacles had recruited to the rocks.  
Shortly following, hydroids, tunicates (both 
solitary and encrusting), and algae were recorded 
on the rocks.  Other encrusting species were 
observed for the first time on each consecutive 
research dive.  Thus, the artificial reef units 
clearly provide habitat for the benthic hard-bottom 
community.  However, if “mitigation” is defined 
as providing new habitat for encrusting/benthic 
organisms such that the community resembles that 
of similar naturally existing hard-bottom habitat, 
we have not yet met this goal with the reef. 

Fish and invertebrates in most life history phases 
(young-of-the-year through adult) were recorded 
on the artificial reef throughout this year and a 
half of sampling.  Thus, the artificial reef has met 
the goal of providing habitat for different life 
history phases of various marine species.  A larger 
sample size, however, is needed before we can 
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establish which habitat types (i.e. rock size) are 
preferred by particular species’ life history phases.  
Observations from the field include small juvenile 
cunner (< 3.5 cm) inhabiting the smallest cobble 
and larger adult cunner (~10 - 15 cm) utilizing the 
larger boulders.  We also recorded adult lobster 
within the larger interstitial spaces of the boulders 
and juvenile lobster inside the spaces of the large 
and small cobble. 

Because one of the main goals of this study was to 
determine how long, if ever, it takes for an 
artificial reef to mimic the species abundance and 
diversity seen on natural reefs, it is important to 
consider our three monitoring programs together.  
The permanent transects surveys illustrated how 
drastic some differences were between the 
artificial reef and the natural reef, while the air-lift 
sampling data demonstrated that some aspects of 
the artificial reef quickly mimicked the natural 
reef.  Finally, the fish tagging study showed that 
the abundances of certain fauna on the artificial 
and natural reefs may remain disparate due to 
structural dissimilarity between the sites.  Thus, it 
is clear that the artificial reef does not currently 
resemble existing natural hard-bottom habitat in 
species composition, within a year and a half of 
deployment.  This result was not surprising, as 
succession in the marine environment is variable, 
and it can take 20 or more years for species 
assemblages on artificial reefs to resemble those 
on natural reefs (Perkol-Finkel and Benayahu 
2004b, Perkol-Finkel et al. 2005).  Continued 
monitoring will allow us to track the reef’s 
progress, detecting changes in species abundance 
and diversity through time, and provide the 
information needed to construct a timeframe on 
species succession. By tracking these ecological 
changes, MarineFisheries will ultimately be able 
to determine whether reef development is an 
effective technique for hard-bottom habitat 
mitigation in New England coastal waters.  If the 
benthic community on the artificial reef never 
resembles the benthic community on natural 
cobble habitat, or if it requires five, ten, or more 
years to approach a comparable state, the efficacy 
of reef construction as mitigation is limited.  
Rigorous site selection and judicious reef design 
provide the framework for successful reef 
development, yet only long-term monitoring will 

determine the extent of benthic community 
reparation. 
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IV C.  Anadromous Fish Restoration in Massachusetts Bay 
 
Anadromous fishes are an important part of the near-shore fauna along the Massachusetts coast.  
Seventeen species of anadromous fish reside in our marine and inland waters at various times of year.  
The potential impact to anadromous fish populations from disruption of the near-shore environment 
during spawning and migration periods can be high.  Siltation resulting from construction activities can 
smother eggs of anadromous fish that spawn in  the upper portion of estuaries (e.g., blueback herring,  
rainbow smelt, white perch, tomcod) or can block the spawning migration of other anadromous species 
that are trying to reach the headwaters of rivers draining into the estuaries (e.g., alewives and American 
shad).  The effect of perceived minor insults to the populations can be significant because the anadromous 
fish resources have already suffered the cumulative effects of years of habitat alteration and disturbance. 
 
MarineFisheries implemented a three-year Anadromous Fish Action Plan to enhance the anadromous fish 
resources in the embayments and associated watersheds adjacent to the HubLine Project.  These are 
resources that were potentially impacted by the HubLine construction.  A 3-part project was proposed 
which consisted of propagation/stocking, monitoring, construction and repair of anadromous fish passage, 
and improvements to habitat. 
 

Part 1.  Anadromous Fish Passage Enhancements 
 
Staff: Project Supervisor, Kristen H. Ferry 

Laborers, Ed Clark* and Louis Carmo 
AQB III, Phil Brady* 
(*  non HubLine-funded positions) 

 
Completion Report: Kristen H. Ferry 
 
Introduction 
The objectives of the HubLine Anadromous Fish 
Passage Enhancement project were to enhance 
and increase spawning habitat for all anadromous 
species, but primarily for alosine fishes (alewives, 
Alosa pseudoharengus; blueback herring, Alosa 
aestivalis; and American shad, Alosa 
sapidissima).  In 2004, the MarineFisheries 
Anadromous Fish Dynamics and Management 
Program completed a survey of fish passage along 
the Massachusetts coast, which identified sites 
where anadromous fish are impeded or blocked 
from reaching their spawning grounds.  The 
survey encompassed 215 coastal systems and 
identified 380 obstructions, mostly nonfunctional 
dams.  Of these dams, 175 have existing fish 
passage structures of variable condition.  Survey 
results demonstrated that the Commonwealth of 
Massachusetts has a large investment in coastal 
fish passage and highlighted the need for 
significant improvement or new passage in many 

locations (Reback et al. 2005a; Reback et al. 
2005b).  
 
In 2005, using data from the completed fish 
passage survey, MarineFisheries biologists 
created a prioritized list of construction/repair 
projects, many of which are located in watersheds 
associated with the HubLine construction area.  
Needs for biological monitoring of anadromous 
fish and spawning habitat improvements in the 
HubLine region were also identified.  Based on 
the prioritized project list and other identified 
needs, MarineFisheries selected and completed 20 
projects in 13 systems in the HubLine region that 
(a) ranged from minor to major fishway 
improvements, (b) created new passage for 
anadromous fish, (c) evaluated the feasibility for 
restoring anadromous fish populations, (d) 
restored or enhanced spawning habitat, and (e) 
developed innovative technology for assessing 
river herring passage and run size (Tables IVC1.1 
and IVC1.2).  Projects were completed in all 
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major tributaries to Boston Harbor, except the 
Mystic River.  The criteria considered for project 
selection included potential acreage of restored or 
accessed habitat, historical presence of a fish run, 
water quality, system hydrology (i.e., flow 
availability), community support, information 
gained, and cost effectiveness.  Some large 

potential passage projects in the Boston Harbor 
region were not considered because costs would 
have exceeded HubLine funding and/or because 
of complexities of water management and dam 
repairs (e.g., improvements at the Charles River 
Dam, Charles River and the Mystic Lakes Dam, 
Mystic River). Two Boston Harbor systems,

 

 
 

Table IVC1.1.  HubLine anadromous fish passage enhancement and feasibility projects.  

System Town Obstruction Work Description

Crane River Danvers N/A; instream habitat Restoration of riffle spawning habitat for smelt; riparian habitat 
enhancement

Forest River Salem Culvert at Coy Pond & instream 
habitat

Evaluation and enhancement of American eel passage and smelt 
spawning habitat

Saugus River Saugus Lynn Waterways Dam Installation of eel ramp & monitoring of American eel population

Charles River Watertown Bleachery Dam Dam breach to create fish passage on river's north side

Charles River Waltham Moody St. Dam Fishway repairs and improvement 

Charles River Wellesley; Newton Finlay Dam Replacement of fishway baffles 

Charles River Wellesley; Newton Cordingly Dam Replacement of fishway baffles 

Neponset River Milton; Mattapan Walter Baker Dam; Tilestone  
and Hollingsworth Dam

Supplemental feasibility study for dam removals and contaminant 
remediation; collaborative project with Riverways, Dept.of Fish and 
Game

Fore River; Monatiquot  
River 

Braintree System-wide (five total) Feasibility study to evaluate river herring passage and restoration

Fore River; Monatiquot  
River 

Braintree N/A Installation of USGS staff gage and development of rating curve

Back River Weymouth Jackson Square Dam Removal of accumulated sediment and artificial weir below fishway

Back River Weymouth Jackson Square Dam Streambed enhancement below fishway to accommodate smelt 
spawning & river herring passage; increased shading

Back River Weymouth Iron Hill Dam Installation of protective grating on fishway & construction of viewing 
platform (Eagle Scout project) 

Weir River Hingham Foundry Pond Dam Restoration of smelt spawning habitat in spillway

Weir River Hingham Foundry Pond Dam Fishway repairs and partial reconstruction 

Weir River Hingham Foundry Pond Dam Evaluation of system-wide herring spawning habitat and outmigration 
options; herring population monitoring; development of water 
management plan

Bound Brook Cohasset Hunters Pond Dam Feasibility study to evaluate anadromous fish passage improvements 
and restoration

Indianhead River Hanover Elm St. Dam Fishway reconstruction and baffle replacement

Herring Brook Pembroke 3rd Mill Ponds Dam Installation of steeppass fishway and related engineering
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Table IVC1.2.  Digital video assessment of herring runs at Town Brook, Back, Charles,  
and Bourne Rivers.  The number of time intervals possible, number of intervals counted, 
average fish per interval, and point estimates of run size are provided. 

 
System Number of 10 

minute 
intervals 
possible 

Number of 10 
minute 
intervals in 
which fish 
were counted 

Average 
number of fish 
per 10 minute 
interval 

Estimate of run 
size (number 
of fish passing 
upriver) 

     
Town Brook 5040 321 24.97 125,840 
Charles River 2016 126 21.44 43,230 
Back River 5040 284 13.71 69,052 
Bourne River 5040 315 10.34 53,151 

 
 
the Neponset River and the Fore River, lack fish 
passage entirely.  Consequently, HubLine-funded 
work in those systems focused on extensive 
hydraulic modeling and engineering to assess the 
feasibility and alternatives for fish passage and the 
potential for anadromous fish restoration. 
 
Summaries of individual HubLine supported fish 
passage enhancement projects and feasibility 
studies are provided in the following sections, 
categorized geographically as North Coastal 
(adjacent to Boston Harbor and within the 
HubLine impact area), Boston Harbor, and South 
Coastal (immediately adjacent to the HubLine 
impact area). The one major research project, 
which focused on the development of automated 
digital video counting technology, is described 
separately.  All HubLine Anadromous Fish 
Passage Enhancement projects received federal 
matching funds through the Wallop-Breaux Sport 
Fish Restoration Program (Massachusetts 
Division of Marine Fisheries, Diadromous 
Research and Restoration Grant, F-57R).  Two 
projects also received matching funds from the 
National Oceanic and Atmospheric 
Administration (NOAA) Habitat Restoration 
Partnership and the U.S. Fish and Wildlife Service 
Fish Habitat Initiative. 
 
 

Fish Passage Restoration 
 

 North Coastal Projects 

In the north coastal region, fish passage and 
instream habitat restoration projects were 
completed in the Crane River, the Forest River, 
and the Saugus River.  Given the present lack of 
sustained river herring runs in these north coastal 
systems, HubLine projects focused on 
enhancements for American eel (Anguilla 
rostrata) and rainbow smelt (Osmerus mordax).  
River herring were historically present in these 
north coastal systems; however, the severity of 
habitat loss over time from industry, development, 
and water supply needs, as well as the degradation 
of remaining habitat, eliminated the application of 
HubLine funds for projects specific to river 
herring.  For example, findings from a 
collaborative river herring restoration feasibility 
study led by MarineFisheries and the Saugus 
River Watershed Council concluded that restoring 
river herring to the Saugus River was infeasible 
because of watershed modifications from the 
construction of transportation corridors, and 
because the constraints of public water supply 
have reduced river flow and impacted water 
quality (Gomez and Sullivan 2006).  The 
feasibility study did highlight the possibility for 
restoring passage for American eels, which in turn 
led to the successful installation of an eel ramp 
supported by HubLine funds. 
 
 
Crane River, Danvers: 
The Crane River is a tributary to the Danvers 
River, which empties into Beverly Harbor. In 
1990, MarineFisheries identified a stretch of riffle 
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habitat upstream of a sluiceway at Purchase Street 
in  Danvers as potential spawning habitat for 
rainbow smelt, but the sluiceway limited access to 
smelt (Chase 2006).  In 1997, the sluiceway was 
removed, allowing full passage for migrating 
smelt (Chase 2008a).  More recently, 
MarineFisheries has been working to restore 
smelt to the Crane River through the HubLine 
supported Rainbow Smelt Propagation program.  
In conjunction with this effort, Fish Passage 
Enhancement funds are targeted for enhancements 
to spawning riffle habitat upstream of the former 
Purchase Street sluiceway.  These enhancements 
are in the conceptual stage. 

 
Forest River, Salem MA 
Although there is little evidence of the presence of 
diadromous fish in the Forest River system, 
juvenile American eels were observed during a 
survey from 1988-1990 (Chase 2006).  Coy Pond, 
a former Town of Marblehead water supply pond, 
is connected to the tidal portion of the Forest 
River by a man-made creek referred to here as 
Leggs Hill Creek.  The pond, which flows into the 
creek through a perched drain pipe, is known to 
contain American eels, and it supports a 
recreational fishery for largemouth bass 
(Micropterus salmoides).  In 2007, 
MarineFisheries, in collaboration with Salem 
Sound Coastwatch, evaluated the potential for 
diadromous fish habitat enhancement in Leggs 
Hill Creek and for passage improvements to Coy 
Pond.  Based on this HubLine supported 
evaluation, river herring passage to Coy Pond was 
deemed infeasible due to low flow and steep 
gradient.  A 15-20m reach of marginal smelt 
spawning habitat was identified (i.e., low flow and 
minimal gravel), but intensive management of the 
invasive strain of the common reed Phragmites 
australis would be necessary to maintain an open 
channel over the spawning riffle.  Improvements 
to passage for American eel were determined to 
provide the greatest benefit for diadromous 
resources.  HubLine funds have been designated 
for an in-stream debris cleanup (tires, barrels, 

trash, etc.) and an in-channel only Phragmites 
removal to be conducted by Salem Sound 
Coastwatch.  Along with general benefits to the 
stream environment, the debris cleanup and 
Phragmites removal will improve passage for eels 
by eliminating artificial blockages in the stream 
and will improve the existing potential smelt 
spawning habitat.  HubLine funds will also be 
used to conduct an assessment of eel passage at 
the perched culvert entering the pond, and if 
appropriate, implement passage improvements 
(e.g., modify the slope of the drain pipe or install 
an eel ramp).  These activities are likely to occur 
in 2009 and/or 2010.  Also, if passage 
enhancements are deemed suitable for this site, 
developing an estimate of abundance of eels in the 
pond may be considered prior to any 
installation/construction.  Collecting information 
on eels currently in the pond would provide 
MarineFisheries the opportunity to assess the 
success of passage improvements. 
 
Saugus River, Lynn/Saugus: 
A recent feasibility study on Saugus River fish 
passage and hydrology identified American eel 
passage as a potential restoration option for 
diadromous fish in the Saugus River (Gomez and 
Sullivan, 2006).  This initial study was funded by 
the Gulf of Maine Council and conducted by the 
Saugus River Watershed Council (SRWC) and 
Marine Fisheries.  Subsequently, in March 2007, 
a HubLine supported eel ramp specially designed 
by Dr. Alex Haro of the USGS Conte 
Anadromous Fish Research Center, (Turners 
Falls, MA) was constructed and installed at the 
Lynn Waterways Dam/Colonial Country Club 
Dam (Figure IVC1.1).  A trap for eels was affixed 
to the top of the ramp for monitoring purposes.  
SRWC staff trained by MarineFisheries biologists 
monitored the eel ramp from March 29 to July 2, 
2007.  Despite operational and high flow 
problems in April, the eel ramp passed 9082 eels 
in its first year of operation.  In May, two large 
catches alone, exceeded seasonal passage 
expectations (Figure IVC1.2; Chase 2008b). 
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Figure IVC1.1.  Eel ramp at the Lynn Waterways Dam/Colonial Country Club Dam, 
Saugus River, Lynn, MA.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In 2008, approximately 6,500 eels were passed 
upriver and no operational problems were 
encountered.  In addition to HubLine support for 
design, installation, and monitoring of the eel 

ramp, matching funds for this project were 
received by the Gulf of Maine Council/NOAA 
Habitat Restoration Partnership. 
 

  Figure IVC1.2.  Saugus River eel ramp catch-per-unit-effort 

(CPUE, total eels/night), 2007. From: Chase 2008b.
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Boston Harbor Projects 
In the Boston Harbor region structural fish 
passage enhancements and habitat restoration 
projects were completed in the Charles, Back, and 
Weir Rivers.  Although improvements in all 
systems will benefit river herring, fishway 
modifications in the Charles River were made 
especially in anticipation of returning adult 
American shad from the HubLine-supported 
American shad propagation project.  In addition, 
the restoration of critical rainbow smelt spawning 
habitat downriver of Foundry Pond Dam in the 
Weir River is slated to occur now that the 
entrance to the fishway has been reconstructed.   
 
Two HubLine supported feasibility studies were 
completed in the Boston Harbor region for the 
Neponset and Fore Rivers, both of which lack fish 
passage at major impediments.  In collaboration 
with ongoing efforts by the Massachusetts 
Riverways Program to examine fish passage and 
contaminant remediation alternatives for the 
Neponset River, MarineFisheries funded a 
supplemental study covering hydrologic and 
hydraulic analyses, structural evaluation, sediment 
analysis and management, and an alternatives 
analysis.  MarineFisheries led a feasibility 
analysis for restoring river herring to the Fore 
River watershed, specifically to the historic 
spawning ground at Great Pond in Braintree.  
Restoration of passage to Great Pond, a public 
drinking water supply, will require modifications 
at five structures and the assistance of the 
TriTown Water Board of Braintree, Randolph and 
Holbrook to manage limited flow from Great 
Pond for adult immigration and juvenile 
emigration.  Since the mid-1990s, river herring 
have been returning to the Fore/Monatiquot River 
in increasing numbers but have been limited to 
marginal spawning habitat due to blocked 
passage.  
 
Charles River, Boston to Waltham: 
Evaluation and improvement of fish passage in 
the Charles River was a primary focus of the 
Anadromous Fish Passage Enhancement Project, 
as the success of the concurrent HubLine-funded 
American Shad Propagation project depends on 
adequate passage for shad to spawning/rearing 
habitat.  In May 2005, MarineFisheries and a U.S. 
Fish and Wildlife Service fish passage engineer 

completed an initial examination of fish passage 
structures in the Charles River from the Charles 
River Locks in Boston upriver to the Cordingly 
Dam in Wellesley.  Modifications and/or repairs 
were recommended for six fishways, along with 
the recommendation for a breach at the Bleachery 
Dam in Waltham. 
 
In summer and fall of 2005, the MarineFisheries 
fishway construction crew completed functional 
repairs and modifications to fishways from 
Watertown to Wellesley/Newton, and created a 
breach on the north side of the river at Bleachery 
Dam (Figure IVC1.3).  The breach, which was 
under consideration for a 

 
 

 
Figure IVC1.3  Notching of Bleachery Dam. 

 
 
number of years, created an additional avenue for 
anadromous fish passage that complements a 
breach completed on the south side of the river 
decades ago.  Although the “Mother’s Day Flood” 
in May of 2006 damaged the boulder and granite 
block configuration that provides the proper 
hydraulics for fish passage through the breach, 
repairs were made in late summer 2006 by the 
fishway crew.   Fish migrating along the north 
side of the river are now no longer impeded by the 
3.5 ft dam. 
 
To highlight improved passage structures and 
anadromous fish species in the Charles River, 
MarineFisheries participated in the development 
of a multi-panel educational kiosk that was 
installed near the Watertown Dam fishway in 
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2008.  Kiosk project partners included the 
Massachusetts Department of Conservation and 
Recreation (DCR), the Corporate Wetlands 
Restoration Partnership (CWRP), the Charles 
River Watershed Association (CRWA), Sasaki 
Associates.  MarineFisheries staff also led an 
educational field trip at Watertown Dam in 2008 
for the Atrium School (Watertown), focused on 
anadromous fish resources in the Charles River. 
 
Neponset River, Milton and Mattapan 
Fish passage has been impeded by dams in the 
Neponset River for several centuries, leading to 
the extirpation of most anadromous fish resources, 
including a once thriving population of American 
shad.  The first two dams in the Neponset, the 
Walter Baker Dam (Milton, Dorchester) and the 
Tileston and Hollingsworth Dam (T&H Dam; 
Milton, Mattapan) do not have fish passage 
structures.  Today, only rainbow smelt, which 
spawn at the base of the Walter Baker Dam, and 
possibly American eel remain.  Passage at these 
sites would open up approximately 17 miles of 
spawning/rearing habitat for American shad.  The 
Neponset River was initially targeted for 
American shad fry stocking as part of the 
HubLine-funded American Shad Propagation 
Project, but stocking has been delayed until 
passage provisions are imminent.  The long-term 
success of shad restoration in the Neponset will 
depend on adequate passage for migrating adults 
to upriver spawning grounds. 
 
MarineFisheries has been working actively with 
the Massachusetts Riverways Program 
(Riverways) for several years to restore ecological 
function to the Neponset River through 
establishment of fish passage and remediation of 
contaminated sediments.  In addition to the 
blockages for fish caused by dams, the Neponset 
River’s industrial past and continued urbanization 
have resulted in contamination of river bottom 
sediments by polychlorinated biphenyls (PCBs; 
Breault et al. 2004).  In 2006, Riverways 
contracted the consulting firm Milone & 
MacBroom, Inc. (MMI) to complete a final 
feasibility study to determine the best alternatives 
for fish passage and river restoration (i.e., 
remediation of PCB-laden sediments) in the area 
from the Walter Baker Dam to the Tileston and 
Hollingsworth Dam.  Riverways simultaneously 

convened a Technical Advisory Committee 
(TAC) composed of representatives from state and 
federal agencies (including MarineFisheries 
staff), non-profit organizations, and town 
government.  The TAC reviewed MMI’s 
November 2006 report entitled Environmental 
Restoration Report and Environmental 
Assessment; Neponset River Fish Passage and 
Habitat Restoration Project; Neponset River 
Basin.  Based on MMI’s findings, the TAC 
recommended the following preferred 
alternatives: 
 

Baker Dam, option 1: Full dam removal 
with full sediment dredging 
 
Baker Dam, option 2: Full dam removal 
with containment wall 
 
T & H Dam, option 1: Full dam removal 
with full sediment dredging 
 
T & H Dam, option 2: Partial dam 
removal with containment wall 

 
Supplemental analyses were required to further 
refine recommended restoration and remediation 
alternatives.  Thus, in a joint contract with 
Riverways, MarineFisheries used HubLine funds 
to support a supplemental feasibility study 
conducted by MMI and completed in February 
2008.  This study, Supplemental Report, Neponset 
River Fish Passage and Habitat Restoration 
Project, Neponset River Basin, included the 
following critical elements for continuance of the 
Neponset project: (a) supplemental hydrologic 
and hydraulic analysis, (b) structural evaluation, 
(c) supplemental sediment analysis, (d) sediment 
management, and (e) further discussion of 
restoration alternatives (Milone and MacBroom 
2008).  Riverways and MarineFisheries sponsored 
a well-attended public meeting in January 2008 in 
conjunction with the completion of the 
supplemental report, and the Neponset project has 
since shifted toward full public process.  
Currently, an independently facilitated Citizen’s 
Advisory Committee (CAC) is addressing issues, 
ideas, and alternatives for the cleanup, restoration, 
and preservation of the Neponset.  The CAC is 
sponsored by the Department of Conservation and 
Recreation, the Department of Fish and Game, the 
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City of Boston’s Office of Environmental and 
Energy Services, the Town of Milton 
Conservation Commission, the Lower Mills 
Merchants Association, and the Neponset River 
Watershed Association.  The Neponset River 
restoration project has progressed significantly 
during the period of HubLine funding; however, 
numerous agencies, NGOs, and local citizens are 
still deliberating on the best restoration 
alternatives and next steps.  Final 
recommendations from the CAC are expected in 
spring 2009. 

 
Fore River/Monatiquot River, Braintree 
(stream gage installation) 
The Fore River is a major tributary to Boston 
Harbor and is known to have one of the largest 
smelt spawning populations in the state.  In recent 
years thousands of river herring have been 
observed below natural waterfalls in Braintree, 
unable to pass upriver to spawning habitat.  To 
better understand the hydrology of this key 
tributary and in preparation for potential fish 
passage improvements, MarineFisheries entered 
into a cooperative agreement with the U.S. 
Geological Survey (USGS) to install a staff gage 
and develop a rating curve for the Fore River.  
The gage was installed in August 2005 and the 
rating curve completed over the late summer low 
flow period.  Based on this initial HubLine-funded 
work and due to the demonstrated importance of 
this site, the Fore River was subsequently selected 
by the Massachusetts Executive Office of 
Environmental Affairs Streamgaging Initiative 
(now Executive Office of Energy and 
Environmental Affairs) for installation of a state 
of the art real-time stream gage.  The new gage 
(USGS #01105583, Monatiquot River) was one of 
approximately 30 new gages installed across the 
state in systems where the growing demand for 
water is competing with the need to maintain 
adequate streamflow for aquatic habitat 
protection.  Real-time data from this site can be 
viewed on the USGS website 
(http://waterdata.usgs.gov/ma/nwis/rt). 

 
Fore River/Monatiquot River, Braintree 
(system-wide study to evaluate restoration) 
The Fore River Basin is located south of Boston 
and primarily includes the towns of Braintree, 

Randolph, Holbrook, Quincy, and Weymouth.  
The main river draining into the Fore River 
Bay/Boston Harbor is the Monatiquot River.  The 
Monatiquot River is formed by two main 
tributaries, the Farm and Cochato Rivers. The 
Monatiquot River historically contained a large 
run of alewife that spawned in the large headwater 
pond called Great Pond, which presently serves as 
a public water supply; however, successful 
spawning runs ceased after the construction of 
dams during the industrial revolution. 
 
There are currently man-made and natural barriers 
that preclude upstream movement of river herring 
in the Fore River (Table IVC1.3; Figure IVC1.4).  
The natural falls referred to here as Rock Falls 
represents the current upstream extent of river 
herring migration.  There appears to be a historic 
bypass channel extending around the falls that 
may have been modified due to the construction 
of the MBTA railroad and adjacent parking lot.  
Approximately 50 feet upstream of Rock Falls is 
the 2 to 3-foot high Ames Pond Dam followed by 
the Hollingsworth Dam another 560 feet 
upstream.  The Hollingsworth Dam is the first 
major challenge for restoring river herring.  A 
brick building sits atop the dam, and vertical 
columns or structural supports extend from the 
base of the building to the spillway crest.  Moving 
upriver, the next barrier is the Diversion Dam 
located on Farm River that diverts flow into 
Richardi Reservoir.  Next, Sunset Lake canal 
connects Sunset Lake to the Farm River at the 
small Sunset Lake Dam.  Finally, the 6.6-foot-
high Great Pond Dam is a barrier to passage at 
Great Pond, the key spawning habitat (180 acres; 
Table IVC1.3; Figure IVC1.5). 
 
In addition to physical obstructions to anadromous 
fish passage, river flows on the Farm and 
Monatiquot Rivers are heavily impacted by water 
supply withdrawals occurring within the Farm 
River watershed.  Two water supply intakes are 
located in Great Pond that provide potable water.  
The two intakes are maintained and operated by 
the Braintree Water and Sewer Commission 
(BWSC) and the Randolph/Holbrook Joint Water 
Board.   Only on rare occasions is water spilled 
below Great Pond Dam; most of the watershed 
runoff is used for water supply.  In addition to 
water withdrawals in Great Pond, water from the 
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Farm River can be diverted at the Diversion Dam 
into Richardi Reservoir for water supply.  Water 
retained in Richardi Reservoir is pumped to either 
Great Pond or Upper Reservoir to further 
supplement water supply demands (Figure 
IVC1.4).   
 
Although river herring were believed to be absent 
from the Fore River system, MarineFisheries and 
the Fore River Watershed Association (FRWA) 
observed river herring at the natural falls (referred 
to here as Rock Falls; Figure IVC1.6) below 
Hollingsworth Dam in the 1990s.  Currently, river 
herring are spawning in marginal habitat in the 

main stem Monatiquot River near Route 93.  Due 
to the increasing observations of river herring and 
the amount of potential spawning habitat further 
upstream in Great Pond and Sunset Lake, 
MarineFisheries established a partnership with 
the local community and dam owners to evaluate 
the feasibility of restoring river herring to the Fore 
River System.  This partnership included 
MarineFisheries, the Town of Braintree, the 
FRWA, and F.X. Messina Enterprises 
(Hollingsworth Pond LLC).  Shown in Figure 
IVC1.4 is the proposed migration route for river 
herring. 

 
 
 
 
 
Table IVC1.3.  Man-made and natural barriers that preclude upstream movement of River 
Herring in the Fore River, Braintree, MA. 
 

Barrier 
Location 

Ownership River Approximate Barrier 
Height 

Alternative(s) to Mitigate 
Barrier 

Natural Falls – 
referred to as 
“Rock Falls” 

Along 
shoreline- 
Hollingsworth 
Pond, LLC 

Monatiquot 
River 

4 feet- steep falls Resurrect bypass channel 
around Rock Falls 

Ames Pond Dam Hollingsworth 
Pond, LLC 

Monatiquot 
River 

2-3 feet depending on 
flow 

Lower the sill elevation of dam 
to mitigate vertical barrier 

Hollingsworth 
Dam 

Hollingsworth 
Pond, LLC 

Monatiquot 
River 

12.5 feet Conventional fishway and dam 
removal 

Richardi 
Reservoir- 
Diversion Dam 

*Tri-Town 
Water Board 

Farm River Unknown- although 
appears to be minor 

Based on a site visit does not 
appear to be a barrier.  Slight 
modifications to stoplog 
operations may be necessary 

Sunset Lake 
Dam 

Town of 
Braintree 

Sunset Lake 
Canal, Tributary 
to Farm River 

1-2 feet, depending on 
the number of 
weirboards 

Modifications to weirboards, 
and potentially install cross 
vanes below dam to raise water 
surface elevation 

Great Pond Dam *Tri-Town 
Water Board 

Tributary to 
Farm River 

6.6 feet Conventional fishway 

* The Tri-Town Water Board consists of three towns- Braintree, Holbrook and Randolph 
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Figure IVC1.4.  Fish passage route and obstructions to Fore River/Monatiquot River system, 
Braintree, MA. 
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Figure IVC1.5.  Great Pond Dam and Great Pond, key spawning area. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure IVC1.6.  Natural falls or Rock Falls, Fore River/Monatiquot River system, Braintree, MA. 
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In January 2008, MarineFisheries awarded a 
HubLine-funded contract to the firm Gomez and 
Sullivan Engineers, P.C. to complete the 
feasibility study which included (a) an evaluation 
of existing river information, (b) hydrologic and 
hydraulic analysis, (c) scoping design of fish 
passage options, and (d) recommendations.  
Concurrent with the contract, MarineFisheries 
staff conducted water quality monitoring at Great 
Pond and Sunset Lake to determine if water 
quality conditions are suitable for river herring 
spawning, incubation and growth.  
MarineFisheries collected information on 
dissolved oxygen, temperature, specific 
conductivity, turbidity, and pH.  The fundamental 
questions examined as part of the feasibility study 
included: 
 

 How much water is withdrawn from the 
watershed for water supply needs? 

 Is there enough water in the basin to 
support river herring migration? 

 Does the drawdown and refill of Great 
Pond impact the success of spawning? 

 Can conventional fish passage be installed 
at Hollingsworth and Great Pond Dam? 

 What are the impacts of removing the 
Hollingsworth Dam?  

 Are water quality conditions in Great 
Pond and Sunset Lake sufficient to 
support river herring spawning and 
growth? 

 Is it possible to maintain fishway flows 
below Great Pond Dam, while preserving 
water supply needs? 

 What are the order of magnitude costs to 
restore river herring to the basin? 

 
The final report entitled Feasibility Analysis for 
Restoring River Herring to the Fore River 
(Gomez and Sullivan 2009) is available on the 
MarineFisheries website: 
(www.mass.gov/dfwele/dmf/ 
programsandprojects/anadrom.htm#anadromous).  
An evaluation of fish passage options and/or 
minor modifications was conducted at each dam.  
Specifically, conventional fish passage options 
were evaluated at Hollingsworth Dam and Great 
Pond Dam, while only minor modifications may 
be necessary at Ames Pond Dam and Sunset Lake 

Dam to permit fish passage.  In addition to 
conventional fish passage at Hollingsworth Dam, 
a dam removal alternative was also evaluated.   
 
No decisions on project feasibility or potential 
fishway structures will be made until the 
completed feasibility study has been reviewed by 
project partners.  If feasible options for improving 
fish passage and restoring river herring are 
demonstrated and suitable spawning habitat is 
present, funding will be sought for the next stage 
of plan development, which includes project 
design, engineering and permitting.   
Improved fish passage for anadromous species 
will also benefit the catadromous American eel 
(Anguilla rostrata) which also inhabits the Fore 
River.   

 
South Coastal Projects 
 
Back River, Weymouth 
In collaboration with the Town of Weymouth, 
MarineFisheries completed the first Hubline-
funded fish passage enhancement project in 
January 2005.  A swinging grate was installed 
over the bypass channel near the Back River 
fishway.  The grate will prevent adult river 
herring and rainbow smelt (Osmerus mordax) 
from entering the bypass channel and assist them 
in finding the fishway as they move upriver to 
spawn.  The success of the gate will be evaluated 
by examining herring count data collected 
annually by the Town of Weymouth. 
 
In the fall of 2005, MarineFisheries installed 
grating over the Iron Hill fishway to prevent 
poaching of river herring as they migrate to their 
spawning habitat.  Given the severe decline in 
river herring and the current MarineFisheries ban 
on harvest until 2009, preventing poaching is 
critical for the protection of this resource.  The 
Iron Hill Dam is the sixth obstruction in this 
system.  After herring ascend the Iron Hill 
fishway, they must traverse only one additional 
obstruction before entering their spawning habitat 
in Whitman’s Pond.  A viewing platform was also 
constructed near the fishway to enhance 
accessibility for biological monitoring and to 
promote public advocacy.  MarineFisheries 
sponsored and assisted a local Eagle Scout 
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working through Senator Robert Hedlund’s office 
to carry out this project. 
 
A third Back River project is underway and 
involves two components which will improve 
smelt spawning habitat and enhance river herring 
passage.  Smelt spawning below the Jackson 
Square Dam fishway (Figure IVC1.7) has been 
impacted by reduced flow caused by an 
unauthorized stone weir.  To restore adequate 

flow, MarineFisheries is working with the Town 
of Weymouth to breach the weir.  In addition, 
river herring passage has been impacted by the 
loss of large cobble substrate below the fishway 
(due to storm/flood events) and the subsequent 
increase in sediment buildup.  MarineFisheries 
proposes to remove the sediment buildup 
immediately below the fishway and restore the 
bed of large cobble. 

 
 

 
               Figure IVC1.7.  Jackson Square dam, Back River, Weymouth, MA. 

   
 
Weir River, Hingham: 
Project:  Multi-component smelt habitat 
restoration/river herring restoration  evaluation 
Status:    Underway 

The Weir River was once home to the largest 
smelt population in Massachusetts; however, an 
emergency dam repair at Foundry Pond Dam 
eliminated the majority of smelt spawning habitat 
immediately below the dam, and now smelt are 
rarely observed in this system.  River herring are 
also rarely observed in the Weir River.  Although 
MarineFisheries and the Town of Hingham are 
very interested in restoring river herring to this 
system, an evaluation is necessary to determine 
whether the river has adequate flow and habitat to 
support herring production.  If the river can 
support a sustainable herring population, juvenile 
herring out-migration may be negatively impacted 
by rip-rap at the base of the dam (part of the 
emergency dam repair).  Thus, out-migration 
options will need to be addressed. 

 

MarineFisheries drafted a multi-component 
proposal that encompasses the restoration needs 
for both smelt and river herring.  In conjunction 
with this proposal, MarineFisheries is working 
with the Town of Hingham to develop a 
springtime water management protocol, as 
variable releases through the Foundry Pond Dam 
sluice creates (a) false attraction to poor spawning 
habitat and egg mortality for smelt and (b) false 
attraction flow for river herring attempting to 
move upriver. 

 
For the smelt component of this project, 
MarineFisheries proposes the reconstruction of 
several islands and deeper swift water channels 
below the dam to accommodate smelt spawning, 
and thus restore the habitat to pre-existing/pre-
dam repair conditions.  The bidding process for 
this work is underway. 

 
For the river herring component, MarineFisheries 
repaired the base of the fishway.  The first step of 
the fishway had degraded, possibly hindering 
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passage and impacting attraction flow.  Next, 
MarineFisheries constructed and installed a trap 
at the fishway exit to allow the assessment of 
presence and/or numbers of herring entering the 
river to spawn and herring were subsequently 
documented in the river (Figure IVC1.8).  The 
Assistant Conservation Officer for the Town of 
Hingham has committed to checking this trap 
daily during the migratory fish season.  Based on 
the results of the monitoring phase, project 
partners will then determine whether to pursue a 
feasibility study that will examine the 
hydrological condition of the river, quantify 
potential spawning habitat for river herring 
(current and future, based on the rate of water 
withdrawals), and evaluate out-migration options 
for juvenile fish at Foundry Pond Dam (e.g., a 
notch in the dam).  The feasibility study is a 
critical element to this project, but because it is a 
long-term objective, it will extend beyond the 
opportunity for Hubline funding. 
 
 

 

 
Figure IVC1.8.  Foundry Pond Dam fishway 
and monitoring trap, Indianhead River, 
Hanover. 

 
 

The Indianhead River, a tributary to the North 
River, supports a variety of anadromous fish 
species including river herring, white perch, trout, 

and most notably—one of the few established 
populations of American shad in the state.  The 
Elm Street Dam denil style fishway was in need 
of new wooden baffles and minor structural 
repair.  Specifically, fish passage was impacted at 
this site because numerous baffles were damaged 
or missing and because the floor of the fishway 
was leaking.  MarineFisheries partnered with the 
Town of Hanover to replace baffles and 
MarineFisheries anadromous fish staff 
constructed new baffles and conducted repairs 
during 2008.   

 
Bound Brook, Cohasset: 
Project: Assess fishway efficiency; monitor for 
presence of river herring; develop water 
management plan  
Status: Under consideration 

 
The objective of this project is to evaluate the 
feasibility of improving passage for diadromous 
fish populations in the Bound River system.  The 
target species to benefit from improved passage 
are river herring (blueback herring -Alosa 
aestivalis, and alewife -Alosa pseudoharengus).  
Restoration of river herring is important to the 
region because they provide: (1) forage for many 
species of wildlife, (2) recreational and cultural 
benefits to citizens who value fish runs for 
providing food and bait, (3) a sign of a healthy 
river.  Successful passage restoration will also 
provide benefits to American eel (Anguilla 
rostrata) that seek upstream habitat for foraging, 
and may improve migratory habitat for freshwater 
fish and rainbow smelt (Osmerus mordax) 
spawning habitat below Hunters Pond Dam.  In 
addition to improving migratory habitat, the 
project seeks to evaluate and enhance diadromous 
fish spawning and nursery habitat.    
 
The Bound Brook watershed (drainage area = 9 
mi2) is located in Cohasset and Scituate in the 
South Shore Coastal Drainage Area.  Bound 
Brook is formed at the confluence of Aaron River 
and Herring Brook. Aaron River originates from 
the Aaron River reservoir (150 acres) that was 
constructed in 1978, and Herring Brook originates 
from the natural Lily Pond (50 acres).  Bound 
Brook flows through Hunters Pond (< 2 acres) to 
meet the tidal waters of The Gulf, a tidal tributary 



 190

to Cohasset Harbor.  Bound Brook has a long 
history of regulation for hydropower and as a 
water supply. The presence of Hunters Pond Dam 
and water management by the Town of Cohasset 
was recognized as a significant challenge for 
restoring river herring nearly 100 years ago 
(Belding 1921).  These same concerns have been 
documented in subsequent surveys by DMF 
(Reback and DiCarlo 1972; Reback et al. 2005b).  
A DMF smelt survey identified Hunters Pond 
Dam as a candidate for dam removal evaluation 
because of limitations on smelt and herring habitat 
(Chase 2006). 
 
The Aaron Reservoir and Lily Pond serve as water 
supplies for Cohasset and both have functional 
fishways built in the late-1970s.  The Hunters 
Pond Dam has a notched weir-pool fish ladder 
that was first constructed in 1913 (Belding 1921) 
and presently provides inefficient passage.  Bound 
Brook does not possess a stream flow gauge 
station; however, a recent Interbasin Transfer Act 
(ITA) review included the development of a 
model to simulate water surface elevations and 
flow from the two reservoirs and led to release 
recommendations for maintaining anadromous 
fish passage (Cox et al. 2006).  The permit issued 
under the ITA in 2004 included requirements for 
Cohasset to monitor Bound Brook discharge and 
uphold a minimum release target of 2.2 cfs to 
support river herring adult immigration and 
juvenile emigration. Interest in restoring the 
Bound Brook herring run has increased following 
the flow management improvements from the ITA 
process and due to recent observations of river 
herring at Hunters Pond Dam and Lily Pond by 
the members of the Gulf Association.  This 
proposal seeks to improve passage and habitat 
quality for river herring in the Bound Brook 
system with a focus on the first obstruction at 
Hunters Pond Dam.  
 
This fish ladder was first built in 1913 and was 
rebuilt in the same location possibly 40 years ago. 
The condition of the fish ladder was assessed as 
“poor/not passable” during the latest fishway 
survey (Reback et al. 2005b).  More recent 
modifications appeared to have improved the 
fishway condition, however, the structure is aged 
and the original design appears inefficient.  The 
project will evaluate the status of the fish ladder 

and control gate at the mill sluice and make 
recommendations on dam removal and fish ladder 
reconstruction options.  In addition, the minimum 
flow targets from the ITA permit should be 
considered in relation to recently acquired 
discharge data and the passage improvement 
options.  Any structural improvements will have 
to be made on the basis that there will be enough 
flow to support adult spawning migrations and 
juvenile emigrations.  Finally, the water quality of 
spawning and nursery habitat in Aaron Reservoir, 
Lily Pond, and Hunters Pond should be evaluated 
to ensure that suitable conditions exist for 
successful spawning and juvenile rearing.   
 
Herring Brook, Pembroke: 
Project: Fish passage improvement at the Upper 
Mill Pond Dam 
Status: Underway 
 
Herring Brook is the migratory path for river 
herring to 347 acres of primary spawning and 
nursery habitat in the North River system, Furnace 
and Oldham Ponds.  Maintaining passage at the 
Upper Mill Pond Dam is essential for supporting 
one of the largest river herring spawning runs on 
the South Shore of Massachusetts (Reback and 
DiCarlo1972).  This Project will benefit the 
migration requirements for alewives (Alosa 
pseudoharengus), blueback herring (Alosa 
aestivalis), American eel (Anguilla rostrata), and 
sea lamprey (Petromyzon marinus).   
 
The plan is to reconstruct the dam outlet structure 
and sluice with concrete forms, replace the 
wooden fish ladder with three sections of Alaskan 
steeppass fish ladder, enhance the tailrace of the 
dam spillway with concrete leads to improve fish 
attraction, and install a gravity flow American eel 
ramp in the sluice alongside the fish ladder.  
Herring run monitoring would be conducted by 
the Town of Pembroke and local partners. 

 
MarineFisheries funded the development of a 
scoping design for the outlet structure and fish 
ladder construction.  These plans are available and 
will guide the development of engineering plans.  
The Massachusetts Public Access Board (PAB) 
has agreed to provide engineering plans for the 
project in 2009.  MarineFisheries will fund any 
costs associated with the engineering plans and 
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work with the Town of Pembroke on 
environmental permitting.  The completion of 
engineering plans is scheduled for September 
2009, followed by the bidding for a contract to 
construct the project during the low water period 
of the summer 2010.  Funding, in addition to that 
available from HubLine, will be necessary to 
cover all aspects of the Project. 
 
 

Research and Monitoring 
 
Boston Harbor Rivers/Region: 
Project: Automated digital video technology for 
counting river herring 
Status: Underway 

Due to the severe decline in river herring 
abundance and the current MarineFisheries ban 
on river herring harvest until January 1, 2012, 
monitoring numbers of herring entering coastal 
Massachusetts rivers to spawn is critical for the 
protection and restoration of this resource.  
MarineFisheries has an established herring 
monitoring program, but it is only implemented in 
selected streams due to technical or financial 
limitations to coastwide surveillance.  
Furthermore, monitoring programs run by 
community groups and NGOs, although energetic, 
do not have the scientific rigor needed for science-
based management.  To improve population 
assessments for river herring, MarineFisheries 
funded the Massachusetts Cooperative Fish and 
Wildlife Research Unit, University of 
Massachusetts-Amherst to develop the technology 
for an inexpensive and accurate automated digital 
video system that will count river herring in 
fishways in coastal Massachusetts streams, and 
which will produce scientifically defensible data.  
The Massachusetts Cooperative Fish and Wildlife 
Research Unit is highly recognized for expertise 
in anadromous fish biology and ecology, 
monitoring protocols, and for the development of 
innovative methodological techniques in fisheries 
science. 
 
The first step of this project was to develop video 
technology that can detect distinct images of 
herring with enough resolution that the images 
can be recognized and counted individually under 
a variety of light, turbidity, and turbulence 

conditions.  Accompanying software distinguishes 
fish images from non-fish images (e.g., bubbles, 
sticks, leaves).  The second step was to develop 
adequate data storage that encapsulates entire 
herring runs (e.g., approximately 90 days).  Using 
streaming video, time lapse, or motion detection 
technology (depending on the situation), images 
are compressed, stored, and archived using 
minimal space.  The third step was to develop 
automated image identification 
procedures/software that summarizes fish counts 
by hour, day, and season.  Data were ground-
truthed by and compared to traditional sampling 
procedures. 

 
In 2006, prior to HubLine funding, the University 
of Massachusetts scientists conducted a successful 
pilot study in the Monument River in Bourne, 
which included live streaming of the herring run 
over the internet.  The project subsequently 
targeted the Back River in Weymouth, the Charles 
River in Watertown (with HubLine funds) and 
ultimately, Town Brook, Plymouth using non-
HubLine grants because Plymouth falls outside of 
the HubLine-impact footprint.  The Back River 
was selected for its large herring run, its reliable 
local citizen herring counts, and for the variety of 
power, security, and internet challenges it 
provides.  For comparison, the Charles River was 
selected because it has a smaller herring run, it 
harbors a different suite of security and power 
issues, and because there is substantial community 
interest in this river.  Also, the installation of this 
video technology in the Charles River greatly 
benefits the Hubline-funded American shad 
project, as hatchery-produced adult shad will be 
monitored as they return to the Charles River to 
spawn.   

 
University of Massachusetts scientists tested 
camera equipment types and setups, located and 
confirmed power and wireless internet sources, 
and worked on the technical aspects of images 
produced by above water, underwater, and 
infrared cameras.  MarineFisheries staff assisted 
University of Massachusetts scientists through 
this process.   
 
Automated systems will allow MarineFisheries to 
record entire herring runs and use powerful 
statistical software to help answer critical 
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questions about herring run size and composition, 
run timing, and fish behavior. Remote operation 
and monitoring of the cameras will allow 
MarineFisheries staff the ability to manage data 
collection in a number of systems simultaneously.   
 
During the spring 2008 spawning migration, 
UMASS scientists made point estimates of the 
number of adult river herring returning to Town 
Brook, the Charles River, the Back River, and 
Bourne (Table IVC1.2).  Herring were counted 
during randomly-selected time slots over the 
duration of each run and sample counts were 
expanded.  More sophisticated analyses and 
improvements to the system are on-going. 
 
   
 Literature Cited: 
 
Belding, D. L. 1921. A report upon the alewife 

fisheries of Massachusetts. Mass. Div. of 
Fish. and Game, Dept. of Natural 
Resources , 135 pp.  

 
Breault, R. F., Cooke, M. G., and M. Merrill. 

2004.  Sediment quality and 
polychlorinated biphenyls in the lower 
Neponset River, Massachusetts, and 
implications for urban river restoration. 
U.S. Geological Survey Scientific 
Investigations Report 2004-5109. 

 
Chase, B. C. 2006. Rainbow smelt (Osmerus 

mordax) spawning habitat on the Gulf of 
Maine coast of Massachusetts. Mass. 
Division of Marine Fisheries. Tech. Rep. 
TR-30. 

 
Chase, B. C., J. H. Plouff, and M. Gabriel. 2008a. 

An Evaluation of the Use of Egg 
Transfers and Habitat Restoration to 
Establish an Anadromous Rainbow Smelt 
Spawning Population.  Massachusetts 
Division of Marine Fisheries Technical 
Report TR-33.  Gloucester, MA. 16p. 

 
Chase, B.C.  2008b.  Final Report, Saugus River 

American Eel Ramp, Saugus River, 
Lynnfield, MA. Final Report Gulf of 

Maine Council/NOAA Habitat 
Restoration Partnership. 

 
Cox, C., D.M. Leone, and T.J. Keeffe.  2006. 

Case study in practical approaches for 
water supply versus aquatic base flow 
needs.  New England Water Works 
Association, Vol. 70(4): 321-329. 

  
Gomez and Sullivan.  2006.  Evaluation of Saugus 

River Fish Passage and Hydrology. 
Prepared for, Saugus River Watershed 
Council and Mass. Division of Marine 
Fisheries, by Gomez and Sullivan 
Engineers, P.C., Weare, NH.   

 
Gomez and Sullivan.  2009.  Feasibility Analysis 

for Restoring River Herring to the Fore 
River.  Prepared for Mass. Division of 
Marine Fisheries, by Gomez and Sullivan 
Engineers, P.C., Weare, NH.   

 
Milone and MacBroom, Inc.  2008.  Neponset 

River Fish Passage and Habitat 
Restoration Project, Neponset River 
Basin.  Prepared for Commonwealth of 
Mass. Riverways Program and 
Mass. Division of Marine Fisheries by 
Milone and MacBroom, Inc., Cheshire, 
CT. 

 
Reback, K. E. and J. S. DiCarlo.  1972.  

Completion report on the anadromous fish 
project. Mass. Div. of Mar. Fish., 
Publication No. 6496, 113 pp. 

 
Reback, K. E., P. D. Brady, K. D. McLaughlin, 

and C. G. Milliken. 2005a.  A survey of 
anadromous fish passage in coastal 
Massachusetts, Part 4.  Boston Harbor, 
North Shore and Merrimack River. 
Mass. Division of Marine Fisheries. Tech. 
Rep. TR-18. 130p.  

 
Reback, K. E., P. D. Brady, K. D. McLaughlin, 

and C. G. Milliken. 2005b. A survey of 
anadromous fish passage in coastal 
Massachusetts, Part 3.  South Shore. 
Mass. Division of Marine Fisheries. Tech.  
Rep. TR-17. 91p 

 



 193

Part 2. : Rainbow Smelt Culture and Enhancement 
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  AQB I, Matt Ayer* 
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Completion Report – Bradford Chase, Matt Ayer, and Scott Elzey 
 
Introduction 
Anadromous rainbow smelt (Osmerus mordax) 
populations have long supported popular 
recreational and small-scale commercial fisheries 
in the Gulf of Maine.  Smelt are also valued as an 
important prey for numerous fish and wildlife 
species.  Smelt undergo spring spawning runs 
where they deposit demersal, adhesive eggs at 
freshwater riffles near the tidal interface. In many 
rivers, these locations are also centers of human 
development where watershed alterations have 
degraded water and substrate quality.  In response 
to growing concerns over the status of smelt, 
MarineFisheries monitored the spatial occurrence 
and temporal use of smelt spawning habitat on the 
Gulf of Maine coast of Massachusetts (Chase 
2006).  The study also identified influences on 
smelt spawning success and recommended 
measures for improving population assessment 
and restoring populations.   
 
Smelt restoration efforts in New England have 
primarily involved smelt egg transfers from 
healthy donor runs to rivers targeted for 
restoration.  Egg transfers occurred in 
Massachusetts for over 70 years with limited 
evidence of population enhancement for 
anadromous smelt runs. During 1995-1997, 
MarineFisheries conducted a smelt egg transfer 
evaluation in the Crane River, Danvers (Chase et 
al. 2008).  This study demonstrated that a smelt 
run could be established with egg transfers; 
however the recruitment gained from the transfers 
was minor when considering the project cost and 
effort.  The egg transfer study concluded that 
smelt population restoration could be better 
achieved by applying growing technologies in 
laboratory culture (Trencia and Langevin 2003; 
Ayer et al. 2005) than traditional egg tray transfer 
methods.  Following these experiences and 

recommendations, proposals were submitted in 
2003 for HubLine Restoration funding to develop 
smelt culture and early life-stage marking 
techniques, and to NOAA Protected Species 
Program to develop smelt population indices from 
fyke net monitoring. Both proposals were 
approved.  The fyke net project was funded by 
NOAA during 2004/2005 and received 
supplemental HubLine funding during 2006-2008.  
The smelt culture project was funded by HubLine 
for 2005-2008.  The two projects were linked 
throughout the study period as fyke net catches 
served as the source of mature smelt for 
laboratory culture and the means to capture 
hatchery smelt that were previously marked and 
stocked as larvae. 
 
   
Methods 
 
Smelt Fyke Net 
Fyke nets were deployed during spring spawning 
runs to catch adult smelt and record age structure 
data and catch-per-unit-effort (CPUE) indices of 
abundance.  Following a pilot season in 2004, a 
custom fyke net was deployed during 2005-2008 
using standardized methods (Appendix IVC2.1).  
Fyke nets were deployed for an 11 week season 
that coincided with the smelt spawning run, 
beginning the first week of March.  The nets were 
set facing downstream in the intertidal zone below 
the downstream limit of smelt egg deposition.  
The fyke nets were set on Monday and hauled for 
three consecutive days and removed from the 
rivers on Thursday.  A modified fyke net was 
designed with a 4x4 ft. box frame entrance, 4x4 ft. 
wings, and ¼ inch delta mesh throughout the net 
(Appendix Figure IVC2.2).  Captured fish were 
counted, measured, and released.  
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Four stations were selected to serve as long-term, 
population monitoring stations (Table IVC2.1 and 
Figure IVC2.1).  Random subsamples of smelt 
were collected weekly at the Fore and Saugus 
River stations for age sampling and to collect 
gametes for culture experiments.  Smelt larvae 
hatched from Fore River and Saugus River eggs 

were marked with oxytetracycline (OTC) and 
stocked in the Crane River, Danvers.  The Crane 
River and North River of the Danvers River were 
selected as restoration monitoring stations where 
captured smelt will be checked for OTC otolith 
marks.

   
 
Table IVC2.1.  Smelt fyke net sampling stations and summary river information (discharge = 
spring ave.). 

Land Use Drainage Discharge Channel
River Watershed Latitude Longitude (1o/2o) Area (km2) (cfs) Width (m)

Jones River South Coastal Basin 41o 59.760' 70o 43.399' Residential / Forest 76.7 54.9 18.5

Fore River Boston Harbor 42o 13.353' 70o 58.391' Urban / Residential 93.5 55.8 16.0

Saugus River North Coastal Basin 42o 28.078' 71o 00.461' Residential / Urban 124.8 43.2 11.0

North River North Coastal Basin 42o 31.328' 70o 54.696' Urban / Residential 29.8 24.0 9.0

Crane River North Coastal Basin 42o 33.396' 70o 56.183' Residential / Urban 14.8 19.1 5.5

Parker River Parker River 42o 45.027' 70o 55.694' Residential / Forest 156.4 83.2 20.0  
 
 
 
   Figure IVC2.1.  Smelt fyke net sampling stations on the Gulf of Maine coast. 
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Smelt Culture 
Our objectives were to develop culture techniques 
to achieve high survival of fertilized smelt eggs 
and reared larvae in a hatchery setting, mark all 
fertilized eggs with OTC, stock OTC marked 
larvae in rivers targeted for restoration, and to 
confirm the persistence of the OTC mark and 
contributions to spawning runs.  Adult smelt were 
collected from the Fore and Saugus River fyke 
nets and brought back live to the Annisquam 
River Marine Fisheries Station in Gloucester, for 
strip spawning and egg incubation.  Smelt were 
processed the same or next day and the following 
data were collected: sex, maturity, total length 
(mm), fork length (mm), weight (g), and scales.  
Gametes were extracted from mature fish in the 
laboratory for in-vitro fertilization. Ripe males 
were patted dry with a paper towel and milt was 
extracted with plastic pipettes and placed in a dry 
container on ice.  Milt was activated with 
freshwater and examined under a compound 
microscope for motility.  Ripe females were 
patted dry with a paper towel and eggs were 
stripped into sterile and dry polystyrene weigh 
boats.  Total egg weight was recorded for each 
female and three sub-samples (0.1 g) were 
removed from the total egg mass and counted to 
calculate the total number of eggs (eggs/gm). Milt 
(1 mL) was added to the dry eggs before the 
addition of 10 mL of freshwater.  The mixture was 
then swirled for three minutes to ensure 
fertilization.   After three minutes, the mixture 
was poured into a solution of swirling tannic acid 
(150 mg/L) in a hatching jar (Appendix Figure 
IVC2.3).  The jar was swirled vigorously for 10 
minutes before eggs were allowed to settle in the 
bottom of the jar.  The tannic acid solution was 
replaced with 6-L freshwater following three 
freshwater rinses.  The jars were immersed in a 
temperature-controlled water bath at 16°C and 
aeration was added to suspend the developing 
embryos. Embryos were examined under a 
dissecting microscope after 24 hours to confirm 
fertilization.   
 
Just prior to hatching (<24 h), four subsamples of 
embryos (>100) were removed from each 
hatching jar and viable and dead embryos were 
counted to calculate the percent viability for each 
jar prior to hatch.  Newly hatched larvae were 
immersed in 500 mg/L of buffered OTC.  The 
OTC solution was buffered with dibasic and 

monobasic sodium phosphate to stabilize the pH 
of the marking solution between 6.5 and 7.0 while 
marking larvae.  The solution was added to larvae 
for 6 h in the hatching jars with aeration.  After 6 
h the marking solution was removed and the jars 
were refilled with freshwater and aeration was 
replaced in the jar.  Estimates for total eggs 
spawned were calculated from egg/gm 
subsamples collected from each female.  
Confidence intervals (CI, 95%) of egg estimates 
were calculated for each batch by summing 
individual fish variances; and for the season by 
summing variances of all fish sampled.  The total 
eggs incubated for each batch was calculated by 
subtracting eggs used for subsamples.  The 
subsample data on percent viability were then 
applied to the total egg estimate for each 
incubation jar to estimate the total number of 
larvae released in the Crane River.    
 
The success of smelt hatchery culture prior to this 
study had been limited by challenges presented by 
the adhesive properties of smelt eggs and feeding 
transitions of larval smelt.  The innovation of 
applying tannic acid at the time of fertilization 
prevented egg adhesion and created opportunities 
to use traditional hatchery methods for rearing 
smelt (Ayer et al. 2005).  During 2003-2005, we 
consulted with fisheries biologists and fish 
culturists at MIT Sea grant, University of New 
Hampshire and the Quebec Department of 
Wildlife and Parks to compare experiences related 
to our goals with smelt culture. Starting in 2005, 
we attempted to rear samples of smelt larvae in 
static 38 L aquaria with algae (Nannochloropsis 
occulata) enriched water (greenwater) and rotifers 
(B. plicatilis) and supplied aeration through an 
airstone.  Algae and rotifers were added each day 
as necessary to the larval culture water.  Water 
quality (temperature, dissolved oxygen, 
conductivity, ammonia, nitrite, and pH) was 
monitored twice per week and 50% water changes 
were also made twice per week.   
 
Results 
 
Smelt Culture 
2005 Smelt Culture Summary 
A total of 55 females were strip-spawned in seven 
batches during 2005, resulting in an estimate of 
1,337,094 fertilized eggs (± 15,504 eggs, 95% 
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CI).  After removal of subsamples and accounting 
for mortality, an estimate of 1.1 million larvae 

was stocked in the Crane River (Table IVC2.2). 
 

 
 
Table IVC2.2.  Smelt egg stocking summary for HubLine restoration project, 2005-2008. 

2005 Batch Date Females Incubation Egg Total Egg Total Viability Larvae Total
(No.)  (No.) Jars (No.) (stripped) (post-sample) (ave. %) (Released)

1 4/1 10 182,738 179,772 148,211
2 4/7 4 88,698 85,805 70,518
3 4/13 14 387,371 370,893 306,841
4 4/14 6 203,785 196,940 162,465
5 4/25 5 125,271 120,135 99,012
6 4/26 7 173,519 164,216 86.8 136,300
7 5/11 9 175,712 166,342 83.0 137,063

Total 55 NA 1,337,094 1,284,103 1,060,410

2006 Batch Date Females Incubation Egg Total Egg Total Viability Larvae Total
(No.)  (No.) Jars (No.) (stripped) (post-sample) (ave. %) (Released)

1 3/23 5 2 122,931 118,846 70.0 83,752
2 3/29 25 4 529,867 502,060 76.0 356,494
3 3/30 5 1 146,221 139,392 57.0 79,453
4 4/4 17 3 393,753 372,083 47.3 153,593
5 4/11 17 3 404,703 389,273 60.7 225,977
6 4/12 2 1 53,622 51,809 93.1 48,234
7 4/20 6 1 140,688 135,782 64.9 88,122
8 4/26 3 1 27,978 24,993 93.9 23,468
9 4/27 13 1 106,543 96,820 51.6 49,959
10 5/2 16 3 163,652 149,913 84.0 120,549

Total 109 20 2,089,958 1,980,971 1,229,601

2007 Batch Date Females Incubation Egg Total Egg Total Viability Larvae Total
(No.)  (No.) Jars (No.) (stripped) (post-sample) (ave. %) (Released)

1 3/14 11 3 351,117 339,936 76.3 255,713
2 3/21 12 4 537,207 527,416 53.2 83,334
3 3/22 4 1 61,396 58,736 71.9 42,235
4 3/27 11 2 214,501 208,364 62.0 128,073
5 3/29 2 1 43,819 43,065 94.8 40,839
6 4/3 8 2 209,419 204,133 76.1 147,455
7 4/4 8 1 187,737 180,860 86.9 157,194
8 4/10 19 4 553,263 537,097 79.4 297,886
9 4/24 16 3 320,782 309,434 51.6 157,742
10 5/1 7 2 156,003 150,113 89.4 126,574
11 5/8 10 2 215,274 207,631 87.7 182,178

Total 108 25 2,850,518 2,766,785 1,619,223

2008 Batch Date Females Incubation Egg Total Egg Total Viability Larvae Total
(No.)  (No.) Jars (No.) (stripped) (post-sample) (ave. %) (Released)

1 3/14 11 2 292,185 280,239 84.1 236,615
2 3/19 3 1 70,701 67,288 75.9 51,072
3 3/25 5 1 90,184 86,150 90.6 78,088
4 3/26 6 2 176,903 171,650 80.3 134,835
5 4/1 11 2 263,744 253,232 62.4 151,209
6 4/8 13 2 404,334 389,689 53.7 209,138
7 4/10 6 1 191,884 184,746 68.5 126,462
8 4/15 2 1 17,125 15,238 83.5 12,731
9 4/17 5 1 136,836 130,482 83.9 109,437
10 4/22 21 3 267,507 245,584 83.9 201,944
11 4/23 6 1 95,420 89,102 75.0 66,864

Total 89 17 2,006,823 1,913,400 1,378,395  
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Fertilized eggs were maintained at 12 °C in 
hatching jars, and the average survival of 
incubated larvae among batches was 
approximately 83%.  During 2005 and 2006, OTC 
marking was done on eggs marked with 500 mg/l 
OTC for 24 hours.  Between 700-1000 marked 
larvae from each batch were saved for rearing.  
Newly hatched larvae responded well initially to 
rotifers raised on green algae.  The rearing 
experiments were not long-lasting as our static 
aquaria system suffered ammonia spikes about 10 
days after hatch-out.  All larvae from the first six 
batches that were reared in the laboratory died 
within a month of hatch, presumably due to 
nitrogen loading. For the 7th batch, we tested 
subsamples (N = 1000) of larvae in two aquaria 
with freshwater (same treatment as batch 1-6) and 
two with 5 ppt salinity.  The freshwater tanks 
suffered the ammonia spike after 10 days and the 
larvae in the low-salinity tanks survived through a 
month of feeding on enriched rotifers and lasted 
for about a month feeding on brine shrimp 
(Artemia sp.) naupplii.  All smelt larvae died at 
about two months, possibly caused by unhatched 
Artemia cysts in their guts. 
 
Smelt eggs from the 6th batch were placed in an 
experimental streamside incubator in the Crane 
River that was a modified design of a successful 
streamside hatchery used in Quebec on the 
L’Eglise River (Bouchard and Larose 1999; 
Trencia and Langevin 2003).  The hatching jars in 
the streamside incubator received pumped water 
from the Crane River and flow exiting the jars 
carried the positively buoyant larvae out to the 
river.  The eggs were successfully marked with 
OTC and passively released to the Crane River.  
However, during incubation, moderate rain 
elevated turbidity in river water and required daily 
visits to clean the incubator’s filters.  The 
experiences of 2005 led to the decision to 
concentrate on improving laboratory culture 
methods. This included developing a recirculating 
water system, refining rotifer culture in low-
salinity water, and improving Artemia culture to 
decapsulate cysts prior to hatching.   
 
2006 Smelt Culture Summary     
Smelt hatching and rearing was shifted from a 
static aquaria system that maintained freshwater in 
a chiller bath at 12 °C in 2005 to a recirculating 
water system with 5 ppt salinity water chilled to 
13 °C in 2006.  The water system temperature was 

raised in an attempt to decrease the range of 
hatching time (3-4 days at 12 °C) to reduce the 
potential for stocking larvae with nearly spent 
yolk-sacs.  The streamside incubator was not 
deployed in 2006 out of concern for reduced egg 
survival and increased labor related to stormwater 
pulses in the urban Crane River.  HubLine funds 
were first used in 2006 to hire a full-time 
Fisheries Supervisor and seasonal technician to 
assist the smelt projects. 
 
A total of 109 females were strip-spawned in 10 
batches during 2006, resulting in an estimate of 
2,089,958 fertilized eggs (± 13,508 eggs, 95% 
CI).  After removal of subsamples and accounting 
for mortality, an estimate of approximately 1.2 
million larvae was stocked in the Crane River 
(Table IVC2.2).  Fertilized eggs were maintained 
at 13 °C in hatching jars, and the average survival 
of incubated larvae among batches was 62%.  All 
eggs were marked with 500 mg/l OTC. We 
reached our pre-season goal of processing two 
million eggs; however, overall egg survival was 
reduced in 2006 resulting in only a modest 
increase in numbers of marked larvae stocked in 
the Crane River.  The reason for the decline in 
average survival is not certain.  Data quality on 
the assessment of egg viability improved in 2006.  
A few large batches of eggs appeared to be less 
than fully ripe at the time of capture and 
subsequently had lower survival (47-60%). 
 
OTC Marking Experiment.  An experiment was 
conducted to test the hypothesis that OTC 
marking causes no increase in smelt egg mortality.  
Eyed smelt eggs (N = 200) were placed in 1-L jars 
in a 13 °C water bath and exposed to 24-hr 
treatments of moderate dose OTC (500 mg/l), 
high dose OTC (1000 mg/l) and a control with no 
OTC (0 mg/l).  Six replicates were run for each 
treatment.  High survival was found for each 
treatment (85.8% - 0 mg/l; 91.8% - 500 mg/l; and 
82.6% - 1000 mg/l).  The percentage survival data 
were arcsine transformed and tested using the 
student t-test assuming unequal variances (α = 
0.05).  The control treatment was not significantly 
different from the two OTC doses and the 1000 
mg/L OTC treatment did have significantly higher 
mortality than the 500 mg/L (P < 0.001).   
 
The larvae from the OTC experiment were used 
for continued rearing experiments and to serve as 
specimens to confirm the persistence of the OTC 
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mark in their otoliths.  After two weeks of 
enriched rotifer rearing in static 38 L aquaria, the 
larvae were stocked into three 95 L black tanks set 
in a chilled 1890 L tank connected to a 
recirculating system with mechanical, ultraviolet 
and biological filtration.  The larvae in these tanks 
were fed enriched rotifers, followed by enriched 
Artemia, and finally weaned onto a prepared dry 
diet.  The survival of these larvae improved 
dramatically from the 2005 static system.  At the 
time of this reporting, over one hundred smelt of 
this 2006 cohort were still alive in the Gloucester 
laboratory tank system.  To the best of our 
knowledge, this is the first time that rainbow 
smelt have been reared in a recirculating water 
system to maturity.   
 
Naomi Delphin, an intern from Manchester High 
School, conducted a project to evaluate larval 
smelt growth and the persistence of OTC marks 
following the OTC marking experiment.  A Zeiss 
Axiostar microscope with ultraviolet light source 
was used (40x) to determine the presence of OTC 
marks on otoliths.  Four monthly samples, starting 
in June 2006, were taken from the three 
treatments to evaluate growth and the occurrence 
of the OTC mark in smelt otoliths.  For each of 
the four samples, the OTC mark could not be 
detected in the control treatment and was detected 
in the OTC treatments.  At the project conclusion 
(84 days post-hatch) the OTC marks were readily 
detected for all marked larvae with a stronger 
mark apparent for the 1000 mg/l dose. A single 
factor ANOVA and student t-test assuming equal 
variances were used to determine if significant 
growth differences occurred among treatments (α 
= 0.05).  No significant differences were found for 
monthly comparisons except for the August 
sample where the control larvae were significantly 
larger than the 1000 mg/l treatment larvae (P = 
0.007).  
 
During September 2006, project staff attended a 
smelt OTC marking workshop in Hallowell, 
Maine, sponsored by the Maine Department of 
Marine Resources.  Maine DMR was progressing 
with smelt marking techniques for a landlocked 
smelt stocking project and held a workshop to 
discuss and share methods.  At this workshop, 
concerns were raised over UV autoflorescence 
occurring in the focus of smelt otoliths, where the 
OTC mark would be established in embryos. At 
this point, we considered marking larvae instead 

of embryos because of the potential that 
autoflorescence and limited OTC diffusion 
through the embryo membrane could confound 
the consistent determination of otolith marks. 
 
In October 2006, we conducted a test of smelt 
from the spring 2006 OTC marking experiment to 
detect the presence of the OTC mark at six 
months post-hatch.  In a non-blind test, all marked 
larvae were confirmed to possess the otolith mark.  
However, the 500 mg/L treatment larvae at this 
time had marks that were losing clear distinction.  
These results and concerns over autoflorescense 
resulted in the decision to begin OTC marking 
smelt larvae in 2007.  The goal of marking 
embryos was based on the expected use of the 
streamside incubator and the efficiency of a single 
marking dose per egg batch.  Marking larvae 
would require more labor as multiple marking 
doses would be needed over the duration of 
hatching.  However, the methodologies of larval 
OTC marking have received wider applications 
with more demonstrated success than egg marking 
(Secor et al. 1995).  
 
2007 Smelt Culture Summary    
A total of 108 females were strip-spawned in 11 
batches during 2007, resulting in an estimate of 
2,850,518 fertilized eggs (± 14,996 eggs, 95% 
CI). After removal of subsamples and accounting 
for mortality, an estimate of 1.6 million larvae 
was stocked in the Crane River (Table IVC2.2). 
Fertilized eggs were maintained at 15 °C in 
hatching jars, and the average survival of 
incubated larvae among batches was 75%.  
Overall, incubation survival improved in 2007.  A 
few batches (#2 and #9) had aeration problems 
that led to high mortality in individual jars. In the 
absence of high mortality in these three jars, the 
average survival would have exceeded 80%.  
Following a change in marking methods, newly 
hatched larvae were immersed in 500 mg/l OTC 
for four hours in hatching jars with aeration 
supplied.  Marked larvae were immediately 
stocked in the Crane River following the OTC 
application. Despite raising incubation 
temperature, the hatching duration remained at 3-
4 days.   Three OTC marking experiments were 
conducted in 2007; one on smelt embryos and two 
on newly hatched smelt larvae.  
 
(1)  Smelt Eggs (High Dose).  Following the 2006 
OTC marking experiment at lower doses we 
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tested the survival of smelt eggs at higher doses.  
Eyed smelt eggs (N = 100) were placed in 1-L jars 
in a 15 °C water bath and exposed to 24-hr 
treatments of 1500 mg/L, 2000 mg/L and a 
control of 0 mg/L. Six replicates were run for each 
treatment.  High survival was found for each 
treatment (98.6% - 0 mg/l; 99.6% - 1500 mg/l; 
and 94.5% - 2000 mg/l).  The percentage survival 
data were arcsine-transformed and tested using the 
student t-test assuming unequal variances (α = 
0.05).  Egg survival was not significantly different 
among treatments.  The higher doses of OTC did 
cause a foamy precipitate to form on the water 
surface.  Although, the foam did not cause 
mortality rates to differ significantly, the concern 
was raised that the foam could entrain large 
numbers of eggs in the larger hatching jars with 
higher aeration.    
 
(2)  Smelt Larvae (Low Dose).  Using the same 
jars, and water and aeration treatments, the egg 
OTC marking experiments were repeated with 
yolk-sac larvae that were 2-3 days post-hatch.  
Smelt larvae (N = 100) were placed in 1-L jars in 
a 15 °C water bath and exposed to 4-hr treatments 
of 250 mg/l, 500 mg/l and a control of 0 mg/l. Six 
replicates were run for each treatment.  High 
survival was found for each treatment (99.8% - 0 
mg/l; 92.3% - 250 mg/l; and 91.2% - 500 mg/l).  
The percentage survival data were arcsine 
transformed and tested using the student t-test 
assuming unequal variances (α = 0.05).  Larval 
survival was not significantly different among 
treatments. 
 
(3)  Smelt Larvae (High Dose).  Using the same 
jars, and water and aeration treatments, the egg 
OTC marking experiments were repeated with 
yolk-sac larvae that were 2-3 days post-hatch. 
Smelt larvae (N = 100) were placed in 1-L jars in 
a 15 °C water bath and exposed to 4-hr treatments 
of 750 mg/l, 1000 mg/l and a control of 0 mg/l.  
Six replicates were run for each treatment.  High 
survival was found for each treatment (98.2% - 0 
mg/l; 98.8% - 750 mg/l; and 99.7% - 1000 mg/l).  
The percentage survival data were arcsine 
transformed and tested using the student t-test 
assuming unequal variances (α = 0.05).  Larval 
survival was not significantly different among 
treatments.  

 
Otolith Analysis.  Substantial progress was made 
in 2007 to develop techniques for processing 
smelt otoliths and to verify the persistence of OTC 
in smelt otoliths.  The smelt raised from the 2006 
OTC marking experiment were checked for OTC 
marks at >365 days post-hatch during a blind test.  
The otoliths from the 500 mg/L marked smelt 
eggs and control smelt could not be distinguished.  
Otoliths from the 1000 mg/L marked smelt eggs 
contained a mark that was readily visible in 
ground otoliths but inconsistently detected in 
whole otoliths.  These results indicate that the 
OTC mark in smelt marked as eggs, visible at six 
months, becomes obscured as the otolith grows.  
The smelt were in good condition and at normal 
size for age-1 smelt at their one year anniversary; 
with individuals ranging in length from 110-150 
mm TL for all treatments.     
 
Smelt larvae from the 2007 larval marking 
experiment were inspected during blind tests for 
the presence of an OTC mark in the otoliths at 14-
days (Figure IVC2.2) and six-month post-hatch.  
At 14-days post-hatch, all marked treatments had 
a distinct ring present around the focus and no 
such mark was present in the controls.  The six-
month OTC check confirmed the mark in all 750 
mg/L and 1000 mg/L samples; however, the mark 
was not detected in any of the 250 mg/L otoliths 
and the mark was not detected in one of nine 
otoliths marked at 500 mg/L.  It appears that 
otolith growth had obscured the 250 mg/L mark at 
six months and reduced detection in 500 mg/L 
samples from 100% to 90%.  The mean total 
length of smelt larvae was compared at six months 
using ANOVA with the Tukey Test for multiple 
comparisons (α = 0.05).  Mean larval smelt length 
ranged from 34 mm (1000 mg/L) to 45 mm 
(control).  The control sample larvae were 
significantly larger than all other treatments 
except 750 mg/L which was also significantly 
larger than the 500 and 1000 mg/L samples.  
During the winter of 2007/2008, the project 
purchased and set up a Buehler EcoMet3000 
variable speed grinder-polisher and a Buehler 
Isomet low speed saw for otolith processing.  The 
project also acquired ImagePro6.2 image analysis 
software to improve our capability to process and 
analyze smelt scales and otoliths. 

 
 
 



 200

Figure IVC2.2.  Photographs of OTC mark on smelt otoliths. 
 

  
 
     0 mg/l OTC           250 mg/l OTC            500 mg/l OTC 
 
 
2008 Smelt Culture Summary    
A total of 89 females were strip-spawned in 11 
batches during 2008, resulting in an estimate of 
2,006,823 fertilized eggs (± 7,824 eggs, 95% CI).  
After removal of subsamples and accounting for 
mortality, an estimate of 1.4 million larvae was 
stocked in the Crane River (Table IVC2.2). 
Fertilized eggs were maintained at 16 °C in 
hatching jars, and the average survival of 
incubated larvae among batches was 76.5%.  
Newly hatched larvae were immersed in 500 mg/l 
OTC for four hours in hatching jars with aeration 
supplied.  Marked larvae were immediately 
stocked in the Crane River following the OTC 
application.  The number of female smelt sampled 
and eggs collected declined from 2007, in part due 
to much lower catches in one of the donor rivers 
(Saugus River) in 2008 compared to 2006-2007.   
 
The presence of fungal growth on clumped 
incubating embryos was observed for the first 
time in 2008.  Fungal growth is common at 
natural smelt spawning habitat when eggs become 
crowded. The growth seen this season occurred in 
only a few jars and influenced relatively few eggs 
and did not appear to change water quality or 
suppress typical survival rates.  The presence of 
fungus after four seasons of smelt culture was a 
reminder to maintain quality assurance practices 
for cleaning culture supplies, handling fish, and 
incubating procedures.   
 
Otolith Analysis.  No additional OTC marking 
experiments were conducted in 2008.  A blind test 
was conducted one-year post-hatch for the 
presence of OTC marks in the otoliths of smelt 

marked as larvae in 2007 with 0, 250, 500, 750, 
and 1000 mg/L OTC doses.  The results were 
identical to the six-month post-hatch test.  
Apparently, the 250 mg/L OTC dose is not strong 
enough to persist in smelt ototliths; and there is 
some evidence of fading with the 500 mg/L OTC 
dose, although a high proportion of detection is 
possible.   
 
All age-1 smelt caught in the Crane and North 
rivers in 2008 were retained to determine the 
presence of smelt that were marked with 500 
mg/L OTC as larvae and released in the Crane 
River during 2007.  Smelt catches in the Crane 
River increased sharply from 6 in 2007 to 133 in 
2008 with age-1 smelt comprising 56% of the 
catch.  Sixteen percent of these age-1 smelt 
possessed the OTC mark of smelt stocked in 
2007.  The North River catches increased 
modestly from 12 in 2007 to 23 in 2008.  Fourteen 
percent of these age-1 smelt possessed the OTC 
mark of smelt stocked in 2007.  These results 
provide the first confirmation that our OTC 
marked larvae stocked in the Crane River survive 
the emigration to marine waters and a year in 
marine waters and return to their release location 
as well as a nearby tributary in the same tidal river 
system.    
 
Smelt Fyke Net 
The smelt fyke net project was developed with 
funding from NOAA’s Protected Resources 
Division during 2004-2005 (Chase et al. 2006).  
Following the NOAA pilot project, the fyke net 
project was adopted as an annual monitoring 
series by MarineFisheries and received 
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supplemental funding from HubLine Restoration 
funds.  Most targeted hauls (N = 33) were 
successfully completed at the six fyke net stations 
from 2005-2008 and smelt were caught at each 
station.  Catch data have been processed for 
species composition and catch-per-unit-effort 
(catch per haul or CPUE) for the study period and 
age structure data are complete for 2005-2006. 
Catches have ranged from few smelt at the 
restoration stations (present in <30% of hauls and 
a mean CPUE ≤1.0) to evidence of a relatively 
strong run in the Fore River (present in 87% of 
hauls and mean CPUE = 72.3).   
 
A total of 33 fish species were caught at the fyke 
net stations.  Of this total, there were nine 
diadromous species, 10 estuarine species, and 14 
freshwater species.  Six species of arthropods 
were also caught in the nets.  Although the project 
and fyke net were designed to target smelt, the 
catches also provide useful catch and size data for 
other diadromous fish that receive little attention 
in Massachusetts such as Atlantic tomcod, 
American eel, white perch and lamprey.  
 
Fyke Net Stations 
Parker River.  The Parker River is located in 
Newbury and the watershed is the largest among 
stations and may be the least developed.  This 
station is unique among the six stations by having 
the shortest smelt spawning run duration and the 
highest catch rates for sea lamprey.  The Parker 
River mean smelt CPUE was third highest among 
stations (20.6) (Appendix Table IVC2.4).  The 
Parker River run ended abruptly in late April 
during each of the monitoring seasons despite 
being the northernmost station with a delayed ice-
out and the coolest water temperature (Figure 
IVC2.3). 
 
Crane River.  The Crane River is a restoration 
station in Danvers where all marked larvae from 
the culture project are stocked.  The Crane River 
is a tributary to the Danvers River estuary and has 
the smallest watershed, lowest average discharge 
and lowest species richness (Appendix Table 
IVC2.5) among stations.  It was selected as a 
restoration station because of the recent 
introduction of a smelt run following a 

MarineFisheries restoration project (Chase et al. 
2008).  It was expected that the small size of the 
river and small existing smelt run would allow the 
detection of improvements following stocking. 
Crane River catches have shown signs of 
improvement in 2008 and 2006 following low 
catches of only six smelt in 2005 and 2007.  
Larval smelt stocking began in 2005.  The 
presence of OTC marks in Crane River smelt was 
confirmed in 2008.  
 
North River.  The North River is a tributary to the 
Danvers River estuary in Salem.  The North River 
was not found to contain a smelt run during the 
1980s and 1990s (Chase 2006); however, smelt 
eggs were found in the North River in 2001 and 
were presumed to have colonized the river 
following the stocking project in the nearby Crane 
River during 1995-1997.  The North River has 
undergone substantial improvements in dry 
weather water quality due to the reduction of 
industrial pollution.  Yet, the wet weather water 
quality is likely the worst among stations due to 
urban stormwater flows.  North River smelt 
catches have been the lowest among all fyke 
stations and indicate the presence of a small 
spawning run.  The mean CPUE and frequency of 
occurrence (FOC) of American eel were the 
second highest among stations (Appendix Table 
IVC2.6). 
 
Saugus River.  The Saugus River station is 
located at the National Park Service Saugus Iron 
Works, Saugus.  After relatively low catches in 
2005, the 2006 CPUE increased 10-fold and 
doubled again in 2007.  The dramatic increase in 
catches appeared to be driven by a strong 2005 
cohort that contributed large numbers of age-1 
smelt in 2006 and age-2 smelt in 2007.  The large 
catches in 2006-2007 allowed Saugus smelt 
samples to contribute to the age-key and gametes 
for smelt culture.  The Saugus River catches have 
the highest richness of freshwater fish and the 
highest mean CPUE for white perch among 
stations (Appendix Table IVC2.7).  Similar to the 
Parker River, the Saugus smelt run peaks early 
(week 4-5) and few smelt are caught after week 6. 
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Figure IVC2.3.  Average weekly smelt CPUE (smelt/haul) in fyke nets during 11 week season.   
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Fore River.  The Fore River in Braintree has been 
historically known as one of the largest smelt runs 
in Massachusetts and was a source of donor eggs 
for the 1995-1997 Crane River restoration project 
(Chase et al. 2008).  The Fore River is one of only 
five river systems in Massachusetts with >10,000 
m2 of spawning habitat (along with Parker River, 
Ipswich River, Neponset River and Jones River – 
Chase 2006).  The Fore River has maintained 
relatively high smelt catch rates for the study 
period and is the primary source for age samples 
and gametes for the culture project. In addition to 
the highest mean CPUE for smelt, it also has the 
highest mean CPUE for American eel and 
Atlantic tomcod (Appendix Table IVC2.8).  The 
spawning season has consistently been the longest 
among stations with smelt caught during each of 
the 11 weeks and a distinct peak during week 6 in 
each season.            
 
Jones River.  The Jones River discharges to Cape 
Cod Bay and is located in Kingston as the 
southernmost fyke net station.  Similar to the 
Parker River, the watershed is not as developed as 
the four stations along Massachusetts Bay.  The 
Jones River and the Parker River are the only 
smelt runs in the study area with previous studies 
that recorded population data (Lawton et al. 1990; 
and Murawski and Cole 1978).  Work done by 
MarineFisheries during 1979-1981 included run 
estimates of several million smelt annually.  
Although the methods differ, a comparison of the 
two data sets indicates a substantial decline has 
occurred in the Jones River smelt run.  The Jones 
River catches during 2005-2006 had a high 
proportion of age-1 smelt and the age-1 males 
were significantly smaller in length than age-1 
males at the other stations (ANOVA, α = 0.05).  
The Jones River smelt CPUE steadily maintained 
a 3rd or 4th rank annually among stations and has 
the highest richness of diadromous and estuarine 
fish species (Appendix Table IVC2.9).   
 
2008 Season 
The catch data for the 2008 season are not fully 
processed at the time of this report. Smelt aging is 
not complete and the catch data have not been 
audited.  The catch summary data for 2008 are 
used in Figure IVC2.3- IVC2.4 and Table IVC2.3. 
Smelt total catch and CPUE in 2008 were within 
each station’s ranges for 2005-2007 with the 

exception of the Crane River.  Crane River smelt 
catch increased to the highest observed in the four 
year period.  The increase in Crane River catch 
was driven by the presence of age-1 smelt (56%) 
of which 16% were confirmed as recaptures of 
stocked smelt by detecting the OTC otolith mark.  
Also of note in 2008, was the improvement of 
smelt catch in the Jones River following very low 
catches in 2007 and the sharp decline in Saugus 
River smelt catches.  The size composition of the 
Saugus River catch indicates that the strong 2005 
cohort did not contribute large numbers of age-3 
smelt to the 2008 run.  The cause for increased 
Jones River catches from 2007 to 2008 is not 
certain as the 2005, 2006, and 2007 cohorts were 
well represented in 2008 catches.     
 
Population Indices 
The fyke net stations in the Fore, Saugus, Parker, 
and Jones rivers will be maintained as annual 
population monitoring stations by 
MarineFisheries.  Future efforts will focus on 
identifying CPUE and age-structure metrics that 
track population trends.  To date, we have 
evaluated fyke net catch data as nominal CPUE 
for the 11 week season (Table IVC2.3) and as 
geometric means for the peak season of weeks 4-9 
(Figure IVC2.4).  The relative variability of 
nominal data have been high (CV >100) at most 
stations for most years.  At the Fore River where 
catch rates are relatively high and consistent, CVs 
have been the lowest, in the range of 65-115.  The 
Saugus River data exhibited high variability 
during 2006 and 2007 when large catches 
occurred.  This was caused by a few hauls with 
very high catches and resulted in high nominal 
CPUE but low geometric CPUE in those years.  
Trend analyses will require more seasons of catch 
data.  In the study period, there are cases of 
significantly higher CPUE that are related to 
cohort strength (Saugus River – 2006 and Fore 
River – 2007), and cases of significantly lower 
CPUE that have no immediate explanation (Parker 
River – 2006 and Jones River – 2007).   
 
As future analyses are conducted, we will seek 
metrics that provide trends on run strength and 
cohort size and environmental influences on 
recruitment.  Because male smelt spawn more 
than once during the spawning season and the rate 
of repetitive spawning is unknown, the CPUE data 
could be biased if the 
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Figure IVC2.4.  Smelt CPUE (catch-per-unit-effort = catch/haul) during peak season (weeks 4-9) of 
fyke net monitoring.  Smelt CPUE data are graphed as geometric mean with back-transformed 
95% C.I. 
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Table IVC2.3.  Fyke net smelt catch summary for 2005-2008.  Ages for all smelt with length data 
were allocated using age-length proportions from aged samples. Data from 2007-2008 are not fully 
processed. 
 
 Length Age

River Total Catch Hauls CPUE Sample Sample Male Female Age-1 Age-2 Age-3 Age-3+
(No.) (No.) (smelt/haul) (No.) (No.) (%) (%) (%) (%) (%) (%)

2005
Fore 2131 30 71.0 1050 274 0.79 0.21 0.17 0.82 0.01
Parker 924 26 35.5 482 102 0.86 0.14 0.24 0.74 0.01 0.01
Jones 489 32 15.3 459 0 0.61 0.39 0.49 0.51
Saugus 141 32 4.4 141 0 0.79 0.21 0.54 0.45 0.01 0.01
Crane 6 22 0.3 6 0 0.83 0.17 0.50 0.50
North 5 22 0.2 5 0 0.60 0.40 1.00

2006
Fore 1015 30 33.8 973 266 0.75 0.25 0.36 0.50 0.14 <0.01
Parker 123 29 4.2 123 0 0.82 0.18 0.33 0.46 0.19 0.02
Jones 614 30 20.5 614 0 0.65 0.35 0.59 0.32 0.09 <0.01
Saugus 1457 30 48.6 1192 184 0.91 0.09 0.65 0.28 0.07 <0.01
Crane 74 26 2.8 74 0 0.84 0.16 0.63 0.34 0.03
North 43 29 1.5 43 0 0.81 0.19 0.21 0.77 0.02

2007
Fore 3435 29 118.4 1835 348 0.76 0.24
Parker 629 23 27.3 474 0 0.85 0.15
Jones 103 29 3.6 103 0 0.63 0.37
Saugus 2433 29 83.9 1080 189 0.93 0.07
Crane 6 30 0.2 6 0 0.83 0.17
North 12 30 0.4 12 0 0.67 0.33

2008
Fore 2473 32 77.3 1959 372 0.78 0.22
Parker 850 22 38.6 850 0 0.94 0.06
Jones 402 33 12.2 402 0 0.61 0.39
Saugus 376 31 12.1 353 77 0.90 0.10
Crane 120 35 3.4 120 0 0.80 0.20
North 24 36 0.7 24 0 0.58 0.42  
 
 
 
 
 
rates differ among rivers and seasons.  Secondly, 
age-1 smelt are considered to be partially 
recruited to the spawning run with potentially 
more males entering the rivers at age-1.  With 
these factors in mind, a metric of mature female 
smelt may prove to be a less biased indicator of 
run strength.  To date, we have processed data for 
Jones River age-2 females (Figure IVC2.5).  The 
relative variability of nominal CPUE data for age-

2 Jones River females actually increased over 
CPUE data for all Jones River smelt; however, the 
geometric means showed less separation for the 
age-2 females.  This could reflect less bias in the 
catch data if the repetitive spawning behavior of 
males varies with season.  The value of sex and 
cohort-based population metrics will be evaluated 
with additional seasons of catch data. 
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Conclusions 
 
Smelt Culture 
Approximately 5.3 million marked smelt larvae 
were stocked into the Crane River during 2005-
2008.  The analysis of age-1 smelt otoliths from 
the 2008 catch at the restoration river stations 
revealed that 16% of the Crane River age-1 smelt 
and 14% of the North River age-1 smelt were 
stocked as larvae by this project.  Conclusions 
cannot be reached on the contributions of larvae 

stocked in 2005 and 2006 because these smelt 
were marked as eggs and subsequent 
investigations found that the OTC mark in smelt 
marked as eggs did not persist in hatchery 
specimens reared for one year.  The smelt larvae 
stocked in 2007 and 2008 were marked with 500 
mg/l OTC as larvae.  Our laboratory 
investigations to date indicate that the OTC mark 
in smelt marked as larvae is more durable than the 
egg marking and does not negatively influence 
egg or larval survival. 

 
 
 
Figure IVC2.5.  Smelt CPUE (catch-per-unit-effort = catch/haul) for age-2 females at the Jones 
River, 2005-2008. Smelt CPUE data are graphed as geometric mean with back-transformed 95% 
CI. 
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The total numbers of smelt caught at the 
restoration stations during 2005-2008 and 
proportion of stocked smelt in the 2008 catch are 
relatively low.  The catch data imply that both 
smelt runs have relatively few adult smelt running 
into these small tidal rivers.  The fyke net catch 
data for the Crane and North River show 
inconsistent catches during the four seasons.  
Despite a narrow channel, only six smelt were 
caught in the Crane River during 2005 (no 
stocking influence possible) and 2007 (two 
potential cohorts of stocked smelt).  The catch in 
2008 was nearly twice as much as seen the 
previous three seasons in the Crane River.  With 
continued sampling and larval stocking in 2009 
we should gain a better assessment of the 

contribution of stocking to subsequent smelt runs 
and the overall utility of these methods for smelt 
population restoration.  
 
The smelt culture project has made significant 
contributions to our understanding of smelt 
culture and restoration.  We believe these efforts 
mark the first time rainbow smelt have been 
reared on a dry diet and to maturity in closed-loop 
hatchery system.  This success came through 
substantial trial-and-error and innovation.  The 
recapture of OTC-marked rainbow smelt in the 
Crane River is also a novel achievement that will 
hopefully develop into a restoration tool that can 
be applied in other river systems.    
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Smelt Fyke Net 
The smelt fyke net project successfully 
maintained fyke nets at six stations during 2005-
2008.  A high percentage of targeted sets were 
successful and smelt were found to be present at 
each station within a wide range of mean CPUE.  
Also, the stations displayed unique population 
signals of spawning run seasonality, age 
composition, and size at age.  The fyke net catch 
data is showing promise for tracking age 
composition and cohort strength.  The 2005-2008 
catches confirm concerns over declining smelt 
populations when compared to catch data from 
studies conducted in the 1970s in the Jones and 
Parker Rivers.  The fyke net catch data also 
contributed information on other species of 
diadromous fish that are poorly documented in 
Massachusetts. The FOC and size composition 
data are unique for American eel, white perch, 
Atlantic tomcod and sea lamprey in coastal rivers 
of Massachusetts.  Additional seasons of sampling 
and analysis are needed to determine if unbiased 
indices of relative abundance can discern annual 
smelt population trends.  
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Part 3.  American Shad Propagation 
 
Staff: Project Supervisor: Kristen H. Ferry 

Fisheries Technicians: Holly Frank, Ashley Silberzweig, Sara Turner 
 
Completion Report: Kristen H. Ferry 
 
 
Introduction 
American shad (Alosa sapidissima), the largest 
members of the Clupeidae or herring family (up to 
7-8 lbs and 30 inches in length), were once an 
important component of the anadromous fish 
fauna in Massachusetts, especially in larger rivers 
such as the Connecticut, Merrimack, Neponset, 
and Charles Rivers.  Shad were also present in a 
few smaller systems including the Palmer and 
Indianhead Rivers.  As anadromous fish, 
American shad spend the majority of their lives in 
the ocean, but adults (beginning at age three to 
five years) must return to freshwater to spawn.  In 
Massachusetts, adult shad migrate into their natal 
rivers to spawn each spring, primarily during May 
and June.  Newly born juveniles remain in 
freshwater riverine nursery habitat until late 
summer and fall, when they migrate to the ocean 
to feed and grow for the next several years.  Due 
to differences in water temperature and other 
environmental cues, the timing of adult upriver 
migration and juvenile outmigration varies 
throughout the range of American shad from 
Florida to Newfoundland.  
 
Historically, American shad were important to 
commercial and recreational fisheries in 
Massachusetts, but over the last century, shad 
were extirpated or reduced to unsustainable 
populations in all Massachusetts rivers where they 
occurred.  The decline of shad was likely due to 
the construction of dams/obstructions which 
blocked spawning migrations, water pollution on 
the spawning grounds, and over-fishing.  
Developing impacts today may include changes in 
land and water use patterns (i.e., urbanization) that 
result in habitat loss, non point source pollution, 
and heightened water withdrawals from key 
spawning rivers.  Other concerns include climate 
change, predation, and bycatch in other fisheries.  
Currently, American shad are in severe decline 
Atlantic coast wide. 

 
The objectives of the of the MarineFisheries 
HubLine funded American Shad Propagation 
Project were to (a) begin to restore sustainable 
populations of American shad to the Charles 
River and secondarily the Neponset River, and to 
(b) create local sportfisheries in those systems.    
Project design included the development of a shad 
culture and stocking program in conjunction with 
fish passage improvements to the Charles and 
Neponset Rivers.  Since the mid-1990s, the 
technology for artificial production of American 
shad has improved, and the propagation and 
stocking of shad fry in tributaries to the 
Chesapeake Bay and the Delaware River have 
resulted in successful enhancement of shad 
populations (Hendricks 1995; Hendricks 2006).  
Regionally, a smaller scale fry stocking program 
in Maine is beginning to exhibit positive results 
(Pers. Comm., Nate Gray, Maine Department of 
Marine Resources).  Thus, the MarineFisheries 
shad propagation project was modeled after these 
successful programs. 
 
To achieve the restoration objectives 
MarineFisheries and the U.S. Fish and Wildlife 
Service (USFWS), Central New England Fisheries 
Resource Office (CNEFRO) entered into a formal 
five year Cooperative Agreement for American 
shad propagation in April 2006.  This agreement 
provided for the development of a shad culture 
program at the Nashua National Fish Hatchery, 
Nashua, NH and the North Attleboro National 
Fish Hatchery, North Attleboro, MA, and two 
regional Atlantic salmon hatcheries.  The 
production commitment for this agreement was 
nine million shad fry for the Charles River, at 
three million per year; however, both 
MarineFisheries and the CNEFRO are committed 
to the long-term collaborative effort of restoring 
American shad to the Commonwealth, including 
the Merrimack River, the donor broodstock 
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system for this project.  In addition to HubLine 
funding, the CNEFRO received internal USFWS 
funds to help retrofit the Nashua and North 
Attleboro National Fish Hatcheries for shad 
production and to hire additional hatchery staff 
dedicated to the project.  MarineFisheries 
successfully secured match funding for the Shad 
Propagation Project for current and future years 
through the federal Wallop-Breaux Sport Fish 
Restoration Program (F-57R). 
 
 
Target Systems 
 
Charles River 
The 80 mile long Charles River flows through 23 
metro-Boston communities and changes 350 ft in 
elevation from source to sea.  The watershed area 
is approximately 308 square miles.  Of the twenty 
documented dams on the Charles, six between 
Boston Harbor and Wellesley/Newton provide 
passage for anadromous fish via fishways or 
breach.  Currently, anadromous fish cannot pass 
beyond the Metropolitan Circular Dam at river 
mile 20, Wellesley/Newton.  Historical records of 
American shad in the Charles River date back to 
1633, when Puritan settlers in Watertown 
constructed an extensive weir for their harvest.  In 
1634 William Wood described the harvest of 
100,000 shad from the Charles in two consecutive 
tides near Watertown (Wood 1634).  
 
The Charles River was the primary target for 
HubLine-funded American shad restoration due to 
(a) the availability of spawning/rearing habitat, (b) 
the availability of functioning fishways suitable 
for shad passage, and (c) the historical 
significance of shad in this system.  The Charles 
River is estimated to support a population of 
30,000 adult shad, and recent water quality 
improvements coupled with fish passage 
improvements have enhanced the opportunity for 
successful restoration.  In preparation for the shad 
propagation project, MarineFisheries completed 
HubLine funded repairs to fishways at Watertown 
Dam, Watertown and Moody Street Dam, 

Waltham in summer and fall of 2005.  New 
baffles were constructed and replaced for the denil 
style fishways at Finlay and Cordingly Dams in 
Newton/Wellesley.  Most notably, a breach to the 
north side of the 3.5 ft high Bleachery Dam, 
Waltham was completed in September 2005 
(Figure IVC3.1).  This breach, under 
consideration for a number of years, created an 
additional avenue for anadromous fish passage 
that complements a breach completed on the south 
side of the river decades ago. 
 
Neponset River 
The secondary target for American shad 
restoration was the 29 mile long Neponset River, 
which serves as the southern border to the City of 
Boston as it flows through four prominent 
neighborhoods.  This system, whose watershed 
area is approximately 120 square miles, was likely 
home to a once thriving shad population.  
Unfortunately, dams have impeded fish passage in 
the Neponset for 350 years, leading to extirpation 
of most anadromous fish resources.  The first two 
dams on the Neponset, the Walter Baker Dam and 
the Tileston and Hollingsworth Dam do not have 
fish passage structures.  Today, only rainbow 
smelt (Osmerus mordax), which spawn at the base 
of the Walter Baker Dam, and possibly American 
eel (Anguilla rostrata) remain.  In addition to the 
dams, the Neponset River’s industrial past and 
continued urbanization have resulted in 
contaminated water and bottom sediments.  Joint 
efforts between MarineFisheries and the 
Massachusetts Riverways Program are currently 
underway to remove or provide passage at these 
dams and remove or contain PCB contaminated 
sediments (Ferry 2007).  In conjunction with the 
shad restoration project, MarineFisheries also 
used HubLine monies to fund the most recent 
Neponset River Supplemental Feasibility Study to 
further examine restoration alternatives.  Dam 
removal or partial dam removal, the preferred 
options at the Walter Baker and Tileston and 
Hollingsworth sites would open up approximately 
17 miles of spawning/rearing habitat for American 
shad. 
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Figure IVC3.1.  Charles River watershed showing locations of functioning fishways and first 
obstruction.  Fry were stocked in the Charles River at the Woerd Avenue launch ramp, Waltham, 
between Moody St. dam and Finlay Dam in Newton.   
 
 
 
Although much progress was made on the 
Neponset River project during the period of 
HubLine funding, numerous agencies, NGOs, and 
local citizens are still deliberating on the best 
restoration alternatives for this system.  Currently, 
an independently facilitated Citizen’s Advisory 
Committee (CAC) is addressing issues, ideas, and 
alternatives for the cleanup, restoration, and 
preservation of the Neponset.  The CAC is 
sponsored by the Department of Conservation and 
Recreation, the Department of Fish and Game, the 
City of Boston Office of Environmental and 
Energy Services, the Town of Milton 
Conservation Commission, the Lower Mills 
Merchants Association, and the Neponset River 
Watershed Association. 
 
As fish passage was not projected to be realized 
during the HubLine period, MarineFisheries 

opted to delay enhancement to the Neponset River 
and allocate all American shad fry production to 
the Charles River.  MarineFisheries will initiate 
shad enhancement in the Neponset, as the habitat 
restoration process moves forward. 
 
 
Methods 
Broodstock shad for the HubLine American shad 
propagation project were obtained from the 
Merrimack River, at Essex Dam in Lawrence, 
MA.  The Merrimack was chosen because of its 
proximity to the Charles River and because until 
recently the shad population appeared to be 
rebounding, with passage numbers at Essex Dam 
surpassing 76,000 in 2001.  The increase in shad 
numbers was likely due to improved water quality 
and the construction of more efficient fish passage 
structures at hydropower facilities, including 
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mechanical fish lifts at Essex Dam and Pawtucket 
Dam in Lowell, MA.  In addition to the 
MarineFisheries project, American shad from the 
Merrimack River are also used to support 
restoration programs in Maine and New 
Hampshire through the Merrimack River 
Anadromous Fish Restoration Program. 
 
Between 2005 and 2008, the Merrimack River 
experienced a number of extreme high flow 
events during the upstream anadromous fish 
passage season, April to July.  Unfortunately, 
these events severely impacted fish passage 
operations at the Essex Dam fish lift, where 
USFWS hatchery staff planned to acquire 
broodstock shad for the HubLine project.  In 
2005, a series of significant rain events in June 
and subsequent high water conditions forced the 
closure of the fish lift at the time of peak shad 
passage.  Only 6,500 American shad were passed 
upriver, roughly 10% of the previous five year 
average.  In 2006, the historic Mother’s Day 
Flood in May damaged the fish lift, resulting in a 
suspension of operations for the majority of the 
fish passage season.  Heavy rains (approx. 15 
inches in 48 hours) brought the average 
Merrimack River flow (4,500 to 10,000 cfs during 
May and June) to a near record 106,000 cfs.  Just 
over 1200 fish were passed.  Broodstock shad 
were obtained primarily via boat electrofishing 
below Essex Dam once tailrace waters receded to 
safe levels in late June 2006, causing a far later 
than anticipated start to fry production.  High 
water events were less severe in 2007 and 2008, 
but caused either a delayed start to fish passage or 
shutdowns during the passage season; broodstock 
shad were successfully obtained from the fish lift.  
Enel North America, the licensed operator of the 
Essex Dam hydropower facility, is currently 
installing a multi-million dollar inflatable crest 
gate system that will replace wooden flashboards, 
help mitigate the effects of moderate high water 
events, and improve fish passage during those 
events.  Although numbers of American shad 
passed at Essex Dam increased in 2007 and 2008, 
the American shad stock assessment completed by 
the Atlantic States Marine Fisheries Commission 
in 2007 indicated that shad populations are 
continuing to decline Atlantic coast wide. 
 

Despite coincident high flow events in the 
Merrimack River that limited broodstock 
availability, the HubLine American Shad 
Propagation Project successfully produced and 
stocked shad fry in the Charles River between 
2005 and 2008.  Beginning in June 2005, limited 
pilot production was conducted at Essex Dam and 
at the North Attleboro National Fish Hatchery.  
The goals of the pilot work were to (a) construct 
test facilities, (b) evaluate reproductive condition 
of captive broodstock, (c) test and evaluate tank 
spawning and rearing techniques, and (d) adjust 
water quality and flows in the hatchery to suit 
shad production.  To address these goals, 50 adult 
shad were collected from the Essex Dam fish lift, 
injected with a Luteinizing-Releasing Hormone 
analogue and Salmon Gonadotropin Releasing 
Hormone, and held in spawning tanks on the dam 
(Figure IVC3.2).  The goal was to spawn 
broodstock onsite and transfer live eggs to the 
Nashua and North Attleboro hatcheries for rearing 
instead of transporting adult shad which can 
experience high mortality.  Live eggs and larvae 
were produced and transferred to the North 
Attleboro hatchery for experimental rearing, 
however, riverside spawning at the Essex Dam 
was abandoned in subsequent years due to 
increased water temperatures and high turbidity in 
the tanks, and security and construction 
complexities at the privately owned hydroelectric 
facility.  All shad broodstock were transferred to 
the Nashua National Fish Hatchery for spawning 
during 2006-2008 (also the North Attleboro 
National Fish Hatchery in 2008).  Prior to annual 
spawning operations, a sample of adult American 
shad were obtained at the Essex Dam fish lift, 
Merrimack River and sent to the USFWS lab in 
Lamar, Pennsylvania for fish health certification.   
 
Pilot production goals were met, and at the end of 
the trials, broodstock shad and eggs/larvae were 
sacrificed.  Federal law prohibits the release of 
hormone-injected fish into the wild, and stocking 
the minimal number of shad fry produced was not 
economically reasonable.  Following the trials, 
infrastructure modifications were completed at the 
Nashua National Fish Hatchery in preparation for 
full production, including the installation of 
fiberglass spawning tanks and heating units to 
accommodate thermal conditions suitable for 
shad. 
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Figure IVC3.2.  Hormone injection of American shad broodstock, Essex Dam, Merrimack River, 
Massachusetts.   
 
 
Both hormone-induced spawning and volitional 
spawning (no hormones) were tested; however, 
hormones were generally used to encourage more 
rapid tank spawning.  This decision was made 
mainly due to space-time constraints, as volitional 
spawning typically requires fish to be held in large 
capacity hatchery tanks for several weeks before 
spawning occurs naturally.  American shad are 
sensitive fish, often suffering high in-hatchery 
mortality.  Thus, volitional spawning can impose 
additional challenges on hatchery staff.  Strip 
spawning, a method in which eggs and sperm are 
physically removed or “stripped” from adult shad 
for use in fry production, was not considered for 
this project due to the large number of sacrificial 
fish necessary to obtain adequate eggs and sperm. 
 
Egg incubation and rearing of larvae took place at 
the USFWS hatcheries in Nashua and North 
Attleboro.  Larvae were raised for a minimum of 
7-10 days before release as fry into the upper 
Charles River.  Prior to release, all fry were 
immersed in an oxy-tetracycline bath to mark 
their otoliths (ear bones).  Otolith marking allows 
identification and quantification of hatchery-
origin shad in 3-4 years when these fish reach 
maturity and return to spawn.  Because marked 

shad fry surviving to maturity have shown high 
fidelity to natal rivers (Hendricks et al. 2002), 
MarineFisheries expects a proportion of shad 
stocked into the Charles River to return to these 
systems as adults when they will be sampled and 
examined for marked otoliths.   
 
Fry were stocked in the Charles River at the 
Woerd Avenue boat launch ramp, Waltham, the 
impounded habitat between Moody St. dam and 
Finlay Dam in Newton (Figure IVC3.1).  
Although shad can move great distances upriver 
to spawn in unimpeded systems, we chose to 
stock the fry in an area that they could feasibly 
return to as adults.  The intent was to lessen 
mortality on outmigrating juveniles by stocking 
them above a minimal number of dams to provide 
adequate nursery area, while encouraging 
retention until fall.  To exit a system with 
impediments, juvenile shad must either traverse 
the crest of the dam landing in the spillway or exit 
downriver through the fishway.  In higher flow 
events, it is more likely that juveniles would be 
washed over the dam crest, increasing the 
possibility of mortality.  Thus the decision was a 
tradeoff between where shad should be stocked 
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based on life history and where it is feasible in an 
impacted system. 
 
Following stocking of fry, continuous water 
quality data, including temperature, pH, dissolved 
oxygen, conductivity, and turbidity were recorded 
by a YSI 6920 Sonde downriver of the stocking 
site (river km 22).  To estimate juvenile survival 
and to help establish recruitment indices, 
sampling for hatchery-origin juveniles began 
several weeks following annual stockings, was 
conducted throughout the river below the stocking 
site, and continued through fall.  Several methods 
for monitoring juveniles were assessed, including 
seining, drop netting (e.g., in dam bays), and 
electrofishing; however, electrofishing by boat 

was selected as the most efficient method for 
detecting the presence/absence of juvenile shad 
over a wide river area and for identifying habitat 
utilized (Figure IVC3.3).  
 
 
Results and Discussion 
 
Production 
Based on the pilot work completed in 2005, full 
production began in 2006.  Between 2006 and 
2008, the total number of broodstock shad used 
annually for fry production ranged from 773 – 
1155, including in-hatchery mortalities and fish 
released alive to the Merrimack (Table IVC3.1). 

 
  

 
 
Figure IVC3.3.  Electrofishing for American shad (left).  Close-up of electro-shocking apparatus 
(right). 
 
 
 

Year Hatchery
No. Broodstock 

Shad
No. Eggs 
Produced

Percent Viability 
of Eggs (%)

No. Fry 
Hatched

 Percent Fry 
Survival (%) Total Released

2006 Nashua NFH 911 4,342,376 50.7 2,149,906 83.0 1,785,622
2007 Nashua NFH 1,155 3,801,201 19.7 747,369 89.4 668,048
2008 Nashua NFH 619 2,144,859 34.7 744,183 78.4 583,642
2008 North Attleboro NFH 154 1,807,498 36.0 ND ND 610,442

*Several thousand fry were retained and sent to the New England Aquarium for exhibit. 

**Although 619 total broodstock were obtained for spawning, 202 fish were released live back to the Merrimack following nearly one month
    in the hatchery without spawning.  Thus, 417 shad (including hatchery mortalities) were used for active spawning.

Table IVC3.1.  American shad fry production by year and hatchery.  Number of broodstock shad includes both males and 
                         females and hatchery mortalities. Fry were released into the Charles River in Waltham.  ND refers to no data 
                         available.

**
*
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Broodstock reproductive condition varied across 
years, influencing the number of fish used for 
spawning.  In June 2006, shad collected for 
spawning in the tailrace of Essex Dam were very 
ripe, producing the highest percentage of viable 
eggs among years following hormone injection.  
The flood-induced failure of fish passage in 2006 
(i.e., damaged fish lift) combined with high June 
Merrimack River temperatures forced migrating 
shad to congregate in warm tailrace waters, 
possibly enhancing reproductive condition in this 
localized area.  Merrimack River flow was high at 
the commencement of the 2007 run and water 
temperature was cooler compared to 2006.  
Broodstock shad collected during the same June 
time period were far less ripe, and in-hatchery 
mortality was higher following hormone injection.  
Egg viability was also greatly reduced, as 
hormone-treated fish consistently released unripe 
eggs throughout the production season.  Due to 
increased broodstock mortality, hatchery staff had 
difficulty maintaining the 2:1 male to female ratio 
typically recommended for American shad 
production. 
 
In an effort to increase egg viability and reduce 
in-hatchery mortality of adults, volitional 
spawning was attempted.  Adult broodstock were 
obtained from the Essex Dam fish lift, Merrimack 
River, in May and June 2008, and transported to 
the Nashua National Fish Hatchery and the North 
Attleboro National Fish Hatchery.  Although the 
fish at the Nashua Hatchery exhibited good 
survival, they failed to spawn after nearly a month 
in the hatchery.  Given the narrow time window 
for shad production and the limited tank capacity 
for broodstock, these shad were released back to 
the Merrimack River in mid June 2008, upriver of 
the Essex Dam.  Replacement broodstock were 
obtained at the fish lift, treated with hormone, and 
successfully spawned.  The fewer broodstock held 
at North Attleboro spawned successfully without 
hormones; however, these fish were obtained late 
in the run.  All hormone-treated broodstock shad 
were dispatched following spawning and used for 
agency and university biological sampling when 
possible.  
 
In 2006, 4.3 million eggs were produced, and 
average egg viability was 50.7% (Table IVC3.1).  
Fry survival from hatch to stock was 86.9%.  All 

1,785,622 stocked fry were immersed in an 
oxytetracycline bath (OTC) to mark their otoliths 
prior to release.  Although the production goal for 
2006 was three million fry, the production 
achieved in that year was exceptional, given the 
severe delay in broodstock collection due to the 
historic flood levels.   
 
Of the 3.8 million eggs produced in 2007, only 
747,369 fry were hatched (19.7% viability; Table 
IVC3.1).  This low viability was likely linked to 
the hormone induction of apparent unripe 
broodstock.  Similar to 2006 results, 2007 fry 
survival from hatch to stock was 87%.  The 
660,000 fry stocked in the Charles River were 
immersed in an oxytetracycline bath to mark their 
otoliths prior to release.  Although the long term 
goal is to use a consistent otolith mark (one day or 
multiple day mark combination), due to limited 
rearing tank capacity at the Nashua hatchery, day-
of-mark varied slightly among stocked fry. 
 
In 2008, a total 3.9 million eggs were produced by 
the two hatcheries (average 35% viability, Table 
IVC3.1).  The number of oxytetracycline-treated 
fry released was 1.2 million. 
 
 
Evaluation 
In September 2006, hatchery origin juveniles were 
detected during an electrofishing monitoring 
survey in the Charles River, Waltham (Figure 
IVC3.4).  The total length of the OTC juvenile 
samples ranged from 75-130mm.  Hatchery origin 
was confirmed by the presence of an OTC mark 
on otoliths examined under a fluorescent 
microscope (Figure IVC3.5). 
 
Two electrofishing surveys for juvenile shad were 
conducted in fall 2007 by USFWS and 
MarineFisheries staff.  On September 25, the first 
survey was conducted from the stocking site at the 
Woerd Avenue Boat Launch, Waltham, downriver 
to the Moody Street Dam, Waltham.  American 
shad and river herring were observed in large 
schools during this survey.  A sample of 10 
juvenile shad ranging in total length from 96 – 
160mm was retained for the identification of 
marked otoliths.  Hatchery origin was confirmed 
by the presence of an oxytetracycline mark on 
nine of the ten fish subsampled.  Otoliths for one
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fish were broken during extraction and were 
unreadable.  Marks were identified using a 
fluorescent  
microscope and state-of-the-art image analysis 
system.   
 
Two electrofishing surveys for juvenile shad were 
conducted in fall 2007 by USFWS and 
MarineFisheries staff.  On September 25, the first 
survey was conducted from the stocking site at the 
Woerd Avenue Boat Launch, Waltham, downriver 
to the Moody Street Dam, Waltham.  American 
shad and river herring were observed in large 
schools during this survey.  A sample of 10 
juvenile shad ranging in total length from 96 – 
160mm was retained for the identification of 
marked otoliths.  Hatchery origin was confirmed 
by the presence of an oxytetracycline mark on 
nine of the ten fish subsampled.  Otoliths for one 
fish were broken during extraction and were 
unreadable.  Marks were identified using a 
fluorescent microscope and state-of-the-art image 
analysis system.   
 
On October 2, 2007, a second survey was 
conducted from the Daly Field Boat Launch, 
Brighton downriver to the Museum of Science, 
Boston.  No American shad were observed; 

however, numerous schools of juvenile river 
herring were observed near the Beacon Street and 
Arsenal Street Bridges, Brighton.  During 
September and October 2007, coastal 
Massachusetts experienced a drought.  Charles 
River flow was low and no spill was occurring 
over the Moody Street Dam. 
 
In fall, 2008, 41 juvenile shad were collected, 
ranging in size from 75-107mm total length. The 
samples exhibited 100% OTC-mark retention. 
 
American shad passage was much improved in 
2008, with over 26,000 shad passing through the 
lift facility (Figure IVC3.6).  River herring 
passage was poor due to the late opening of the 
lift.  Delayed opening was a result of high river 
flow from increased snow pack melt in New 
Hampshire.   
 
Starting in 2009, any adults returning to the 
Charles River will be captured on video at the 
Watertown Dam.  Adult shad will be sampled and 
examined for marked otoliths.  A successful 
restoration will be indicated in future years by the 
presence of a greater number of naturally-
spawned individuals as compared to hatchery-
spawned individuals. 

 

Figure IVC3.4.  Hatchery origin juvenile 
American shad sampled in a September 2006 
electrofishing survey in the Charles River, 
Waltham, MA. 

Figure IVC3.5.  Oxytetracycline mark on 
juvenile American shad otolith from the 
Charles River, Waltham, MA (bright ring 
in center of image). 
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Figure IVC3.6.  Number of American shad passed at the Essex Dam Fish Lift, Merrimack 
River, Massachusetts, 1983-2008. 

 
 
MarineFisheries considers Charles River 
American shad an important fishery resource of 
the Commonwealth and is committed to achieving 
a successful restoration.  As with all juvenile 
anadromous fish stocking programs, the shad fry 
stocked in the Charles River will contend with 
obstacles including predation, unsuitable flow, 
downriver passage, availability of forage species 
(i.e. the zooplankton community), and habitat 
alterations including unsuitable temperature in the 
zone of passage habitat.  However, every effort 
will be made to facilitate the success of this 
Project including achievement of target 
production goals.  In the event that production 
goals are not met during the funding period, our 
partner, USFWS, is committed to fulfilling this 
obligation to the benefit of the Commonwealth.   
 
Outreach 
Outreach was an important part of the HubLine 
Shad Restoration Project.  A lecture on the 
Charles River shad restoration program was 
presented to the Boston area chapter of Trout 
Unlimited and another presentation was co-

authored with the USFWS about this Shad 
restoration project for an annual Northeast Fish 
and Wildlife Conference.   
 
Shad fry, produced by this Project, were provided 
to the New England Aquarium for an educational 
exhibit.  Project personnel, USFWS, and the fish 
curator of the New England Aquarium developed 
educational signage for the HubLine American 
shad juvenile display.   
 
Staff also participated in the development of a 
multi-panel educational kiosk installed near the 
Watertown Dam fishway.  Kiosk project partners 
include MarineFisheries, the Department of 
Conservation and Recreation, the Corporate 
Wetlands Restoration Partnership, the Charles 
River Watershed Association, and Sasaki 
Associates. 
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IV D.  Shellfish Stock Enhancement Project 
 
Staff: Project Supervisor, Thomas Shields, AQB II 
 Fisheries Technicians: Brian Doran, Sara Turner 
 
Completion Report - Thomas Shields 
 
 
Introduction 
For more than a decade, Boston Harbor has 
suffered from declining shellfish harvest due to 
poor water quality, poor larval recruitment and 
over harvesting (Shields and Kennedy, 2006).  
Additional disruptions to native softshell clam 
(Mya arenaria) populations in Boston Harbor that 
resulted from installation and operation of the 
“HubLine” natural gas pipeline catalyzed a 
remediation effort by the Massachusetts Division 
of MarineFisheries (MarineFisheries).  In April 
2006, a multi-year restoration and enhancement 
effort was initiated.  The main goal of the 
Shellfish Stock Enhancement Project is to restore 
and enhance existing populations of softshell 
clams in five Boston Harbor communities through 
cooperative programs with local municipalities, 
commercial shellfishers and Salem State 
Northeast Massachusetts Aquaculture Center 
(NEMAC), with funding and technical assistance 
from MarineFisheries. 
 
MarineFisheries’ approach to this restoration 
project began on a pilot scale followed by gradual 
expansion as team members gained familiarity 
with the technology and processes of shellfish 
aquaculture.  Proven enhancement methods were 
developed within specific coastal regions of 
Boston Harbor along with an understanding of the 
softshell clam and its habitat within the targeted 
enhancement areas.  We hope to build a sound 
network of participants within each of the five 
Boston Harbor coastal communities, who are 
committed to and capable of carrying on with 
independent clam enhancement activities. 
 
This report summarizes the status of our 
enhancement efforts in Boston Harbor from June 
2006 through June 2008. 
 
 
 

Project Team 
The Boston Harbor Shellfish Restoration Project 
is a collaborative effort involving 
MarineFisheries personnel, local municipalities, 
commercial shellfishers and Salem State 
Northeast Massachusetts Aquaculture Center 
(NEMAC).  MarineFisheries role consists of 
project oversight and the provision of technical 
assistance and funding to its participating 
partners.  Current MarineFisheries team members 
consist of Tom Shields (Shellfish Restoration 
Biologist) and Sara Turner (Fisheries Technician).    
 
MarineFisheries is working closely with Shellfish 
Constables in the communities of Hingham, Hull, 
Quincy and Weymouth, and the Harbormaster in 
the Town of Winthrop.  These individuals are 
responsible for the selection of enhancement sites 
within their respective communities, provision of 
logistic support to MarineFisheries personnel and 
commercial shellfishers, patrolling the 
enhancement sites, and managing payments to 
participating commercial shellfishers. 
 
Most of the enhancement activities were carried 
out by Boston Harbor commercial shellfishers.  
Master Digger’s and their subordinate diggers 
were involved in all phases of softshell clam 
enhancement within each of the five participating 
communities. 
 
Responsibilities of NEMAC personnel included 
production of the juvenile softshell clams that 
were out-planted to the Boston Harbor tidal flats.  
The seed clams were grown within their Cat Cove 
shellfish hatchery.  NEMAC personnel were also 
responsible for the biological monitoring of the 
enhancement sites in order to document the 
survival and growth of the planted clams.  
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2006 Season Overview 
MarineFisheries Shellfish Enhancement Project 
efforts were initiated in spring 2006 with the 
inspection of potential softshell clam 
enhancement sites in three Boston Harbor 
municipalities; Quincy, Weymouth and Hingham.  
Stock enhancement and propagation in 
PROHIBITED/CLOSED areas is contrary to the 
National Shellfish Sanitation Program (NSSP) due 
to public health and law enforcement concerns 
(FDA, 2007).  In fact, the Interstate Shellfish 
Sanitation Committee (ISSC) and FDA 
recommend stock depletion in long term, 
prohibited areas (FDA, 2007).  For these reasons, 
shellfish propagation and stock enhancement is 
limited to OPEN areas of Boston Harbor.  Also, 
due to state regulations, shellfish aquaculture is 
precluded from existing productive areas.  
Potential restoration sites within Boston Harbor 
are therefore restricted to those tidal flats within 

open areas which are suitable for clam growth but 
are currently unproductive.  Given these 
constraints, available sites are limited.  
MarineFisheries and NEMAC personnel 
accompanied by Shellfish Constables from each 
town visited a number of prospective mitigation 
sites, ultimately identifying five sites for clam 
stocking.  The selected enhancement sites include 
the Bathing Beach and World’s End Conservation 
area in Hingham; Moon Head beach in Quincy; 
and Abigail Adams Park and King’s Cove in 
Weymouth (Figure IVD.1). 
 
Clams were seeded over a 50 x 12 ft area at ~25 
or ~50 clams/ft2.  Each seeded plot was 
subsequently covered with 0.25 inch mesh, 
extruded plastic netting floated by 11 ounce 
toggle floats to exclude predators.  Predator 
exclusion netting (52 x 14 ft) was secured in 

 

 
 

Figure IVD.1. Location of 2006 shellfish enhancement sites in Boston Harbor. 
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position by a 6-12 inch deep trench dug along the 
perimeter of each seeded area and back-filled with 
sediment that provided a 600 ft2 netted refuge (50 
x 12 ft).  Between May and August 2006, 41 
enhancement plots were installed on the flats, and 
1,070,000 juvenile clams, ranging in size from 5.4 
to 15.3 mm shell length (SL), were planted within 
the five propagation sites.  The bulk of clam 
seeding and net installations were carried out by 
local commercial shellfishers and in one location 
(Hingham), students from Norwell High School. 
 
GPS coordinates for the corner of all deployed 
nets were obtained by MarineFisheries personnel 
shortly after installation.  All 41 predator 
exclusion nets were removed in November and 
December, and enhancement plot corners were 
permanently marked with ½ inch rebar stakes. 
  

From August through December 2006, Salem 
State and MarineFisheries personnel sampled the 
enhancement sites for growth and survival of 
seeded clams, and routinely cleaned and 
maintained the 41 predator exclusion nets. The 
2006 enhancement sites were sampled again in the 
spring and winter of 2007 and the results are 
presented within this report. 
 
2007 Season Overview 
During summer 2007, MarineFisheries and its 
partners carried out a second year of restoration, 
enhancement and monitoring of softshell clams 
(Mya arenaria) in Boston Harbor.  Information 
gained during the pilot-scaled 2006 season was 
used to select more suitable restoration sites and 
to modify our clam seeding methodology. The 
number of municipalities participating in the 2007 
program was expanded to five with the inclusion 
of Hull and Winthrop (Figure IVD.2). 

 

 
Figure IVD.2. Location of 2007 shellfish enhancement sites in Boston Harbor. 
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Between 5 June and 5 September 2007, using the 
methods described for the 2006 seed planting, we 
stocked approximately 870,000 clams (10.5 to 
16.8 mm SL produced at the Cat Cove shellfish 
hatchery) at eight enhancement sites in Hull, 
Winthrop, Quincy, Weymouth and Hingham.  At 
each site, 18,000 hatchery-reared juvenile clams 
were seeded over a 50 x 12 ft plot at a seeding 
density of 30 clams/ft2.  Each seeded plot was 
subsequently covered with 0.25 inch mesh, 
extruded plastic netting (52 x 14 ft).  A seventh, 
smaller net (~20 x 14 ft) was installed in Hingham 
and seeded with 6,000 clams.  In the summer of 
2007, a total of 49 enhancement plots were 
planted with seed clams. 
  
In an effort to entrap naturally occurring wild 
clam spat, 46 spat collectors were deployed within 
suitable intertidal locations throughout the study 
area.  The collectors consisted of ¼ inch mesh 
extruded plastic netting, floated with 11 ounce 
toggle floats. In some areas the extruded plastic 
nets were replaced with 30 percent shade cloth 
which consisted of woven 1/6 to ¼ inch mesh 
plastic material.  Spat collectors were either 25 ft 
or 50 ft long and varied between 12 and 14 ft in 

width.  GPS coordinates for the corner of all 
deployed nets were obtained by MarineFisheries 
personnel shortly after installation.  Nets covering 
all seeded and spat collection plots were removed 
in November and December 2007.  Plot corners 
were then permanently marked with rebar or PVC 
stakes.  
 
During winter 2007 and again during spring 2008, 
all restoration sites were sampled for growth and 
survival of seeded clams.  During fall/winter 
2007, 44 spat collectors were similarly sampled.  
Assessment of growth and survival of clams 
seeded within all 2007 restoration sites along with 
the success of our spat collection efforts are 
presented within this report. 
 
2006 Field Season Methods 
 
Clam Stocking and Net Installation  
Between May and August 2006, 41 enhancement 
plots were seeded with 1,070,000 juvenile clams 
that ranged in size from 5.4 to 15.3 mm SL.  Clam 
stocking and net installation occurred on nine 
separate dates (Table IVD.1). 

 
Table IVD.1.  Stock data for softshell clams planted on tidal flats in the towns of Hingham, Quincy 
and Weymouth in summer 2006.  Parenthesized letters and numbers identify specific plot locations 
at each site.  At the Weymouth site, plot E was seeded with two sizes of clams: 5.9 mm SL clams 
were planted on the half adjacent the 3-4 side and 7.0 mm SL clams were planted on the half 
adjacent the 1-2 side. 

Enhancement Site & Plot ID Date Average 
length (mm)

S.D. Number 
stocked

Hingham (Bathing beach: 1, 2, 3) 18-May 15.3 3.2 20,000
Hingham (Bathing beach: A2, A3, B1, B2, B3) 22-Jun 10.4 2.4 105,000
Hingham (Bathing beach: A1) 22-Jun 9.7 2.8 30,000
Hingham (Bathing beach: C1, D1, D2, D3, E1) 27-Jun 10.2 2.8 105,000
Hingham (Bathing beach: C2,C3) 27-Jun 10.3 2.7 60,000
Quincy (Moon beach, A, B, C, D, E) 10-Jul 10.1 2.9 150,000
Quincy (Moon beach, F) 10-Jul 10.1 2.4 30,000
Quincy (Moon beach: G, H, I, K) 11-Jul 8.6 2 120,000
Weymouth (Abigail Adams Park: A, B, C, E 1-2) 25-Jul 7 1.5 105,000
Weymouth (Abigail Adams Park: D, E 3-4) 25-Jul 5.9 1.7 45,000
Weymouth (King’s Cove: A, B, C, D, E) 26-Jul 6 1.7 150,000
Quincy (Moon Beach: K, L) 8-Aug 5.4 1.4 50,000
Quincy (Moon Beach: L, restocked) 13-Oct 20.5 3.9 20,000
Weymouth (Abigail Adams Park: F, G) 9-Aug 5.4 1.4 50,000
Hingham (World’s End: A) 9-Aug 5.4 1.4 30,000  
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Hingham 
On May 18, 2006 over two dozen Norwell High 
School students assisted with the first planting of 
clams at the Hingham Bathing Beach.  This was a 
trial run to work out the logistics and procedures 
required to carry out larger scaled planting 
operations.  A total of three plots (1, 2, & 3), 
measuring 50 ft X 8 ft, were stocked at a density 
of approximately 22 clams/ft2 with an estimated 
20,000 clams (Table IVD.1; Figure IVD.3). 
 
Following these field trials, set procedures for 
planting the hatchery reared seed clams were 
established.  Plot installation involved positioning 
the 52 ft by 14 ft predator exclusion net on the 
tidal flat, digging a trench around the inside 
perimeter of the net, raking the area to be covered 
by the net and removing crabs and debris, seeding 
the clams and securing the net by backfilling the 
trench so the outer 1 ft edge of the net was buried 
to a depth of 6-12 inches.  
 
Full-scaled planting efforts at the Bathing Beach 
site in Hingham were carried out on 22 – 27 June.  
A total 320,000 clams were seeded at the Bathing 
Beach site in Hingham.  The clams averaged ~10 
mm SL, and were planted at densities of  25 and 
50 clams/ft2 on raked and unraked substrates 
protected by predator exclusion nets (N = 13; 52 x 
14 ft).  An additional 30,000 clams (avg. = 5.4 
mm SL) were stocked within one plot on 9 August 
in Martin’s Cove at the World’s End Conservation 
site (Table IVD.1; Figure IVD.3). 
 
Quincy   
On 10 July, 10 plots (A – J) were established at 
the Moon Head site in Quincy (Table IVD.1; 
Figure IVD.4). 180,000 juvenile clams that 
averaged 10.1 mm SL were seeded at 50 
clams/ft2on raked substrates and protected by 
predator exclusion nets. On 11 July, four plots (G 
– J) were seeded with 120,000 clams that 
averaged 8.6mm SL.  On 8 August, Plots K and L 
were seeded with 50,000 clams that averaged 5.4 
mm SL.  On 13 October net L was restocked with 
20,000 clams that averaged 20.5 mm SL.  A total 

of 370,000 clams were planted and 12 nets 
installed in Quincy. 
 
Weymouth 
Between 25 July and 9 August, 350,000 juvenile 
clams that averaged 5.4 - 7.0 mm SL were seeded 
within 12 enhancement plots at two Weymouth 
enhancement sites; Abigail Adams Park and 
King’s Cove (Table IVD.1; Figure IVD.5). The 
clams were seeded on raked substrates protected 
by predator exclusion nets. Eleven of the plots 
were stocked at a density of 50 clams/ft2.  At 
Abigail Adams Park site one net (G) was stocked 
at 33 clams/ft2.  A total of 12 nets were installed; 
seven at Abigail Adams Park and five at King’s 
Cove. 
 
Biological Monitoring 
Concurrent with clam seeding and net installation, 
two samples (~1 ft2) were collected from each 
enhancement plot and transported to the 
NEMAC’s lab.  Samples were sieved and aquatic 
organisms were collected for identification. 
 
Between 17 August and 27 October 2006 the five 
enhancement sites were monitored and sampled 
on 13 separate dates.  Site monitoring consisted of 
visually inspecting all nets at a site for damage, 
repairing any damage and removing debris, 
mainly green and red algae, from the net.  
Sampling involved pulling back a portion of the 
predator exclusion net.  Initially, three sides of a 
net were excavated, folded over and the now 
exposed netted area randomly sampled.  Net 
excavation required considerable effort and 
random sampling often yielded few or no clams.  
Following our initial efforts, a standardized net 
sampling protocol emerged that involved 
removing 10 ft of net from one end and using a 1 
ft2 quadrant to collect nine samples from the 
exposed end.  Three samples were obtained from 
the middle of the exposed area and three from 
each edge at 1, 4 and 8 ft intervals measured from 
the edge of the netted area. 
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Bathing Beach 

 
 
 

Martin’s Cove 

 
Figure IVD.3.  Arrangement of plots at the 2006 Bathing Beach and Martin’s  
Cove enhancement sites in Hingham. 
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Moon Head 

 
Figure IVD.4. Arrangement of plots at the 2006 Moon Head enhancement site in Quincy. 
 
By late October, it was determined that many of 
our enhancement sites experienced heavy clam 
mortalities.  Our sampling of the enhancement 
plots established that there were virtually no 
clams remaining within the 12 seeded plots at the 
Moon Head site in Quincy, nor within the 5 
seeded plots at the King’s Cove site in 
Weymouth.  Similar problems were encountered 
at the Martin’s Cove site in Hingham where no 
clams were found within the one plot located 
there, and at the Abigail Adams site in Weymouth 
where no clams were found within four of the 
seven seeded plots. 
 
Both random and systematic sampling of 
enhancement plots in the summer and fall yielded 
few or no clams.  During the winter 2006/2007 
and spring 2007sample periods, the sampling 
methodology was again modified, in order to 
collect enough clams to adequately define growth 
and density parameters within each site.  Within 

each enhancement plot, samples were collected 
from areas with a high density of siphon holes.  
One ft2 sediment samples were collected and 
processed until 60 clams had been obtained.  
Generally, no more than three samples were 
collected from each plot. In a few cases, less than 
three samples and 60 clams were collected 
because of time constraints (e.g., incoming tide, 
loss of daylight).  In a few cases, less than three 
samples and 60 clams were collected because of 
time constraints (e.g., incoming tide, loss of 
daylight).  Clams were separated from sediment 
and debris by sieving through a 0.375 inch mesh 
sorting tray.  Shell length (SL) of measurable 
clams was determined to the nearest 0.1 mm in the 
field with calipers.  Number of clams collected 
and SL of measurable clams were recorded.  
Sample holes were back-filled and clams, unless 
excessively damaged during collection, were 
carefully replaced to their original location. 



 226

Abigail Adam’s Park 

 
 
 

King’s Cove 

 
 

Figure IVD.5.  Arrangement of plots at the 2006 Abigail Adams Park and King’s Cove 
enhancement sites in Weymouth. 
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During the winter 2006/2007 and spring 2007, 
biological monitoring was limited to the three 
enhancement sites where clams remained; Bathing 
Beach site in Hingham (13 nets), Abigail Adams 
site in Weymouth (3 nets) and Moon Head site in 
Quincy (1 net).  Winter sampling trips occurred 
on 29 December 2006 and 11 January 2007.  The 
spring sampling occurred between 14 and 20 May, 
2007. 
 
 
 
2007 Field Season Methods 
 
Clam Stocking and Net Installation 
Between 5 June and 5 September 2007, 
approximately 870,000 clams that averaged 
between 10.5 to 16.8 mm SL were stocked within 
49 plots in Hull, Winthrop, Quincy, Weymouth 
and Hingham (Table IVD.2; Figure IVD.2). With 
one exception, stocking procedures were identical 
at all eight enhancement sites. At each site, a total 

of 108,000 clams were planted in 6 plots.  Within 
each 50 x12 ft plot, 18,000 clams were seeded at 
an approximate density of 30 clams/ft2.  Each 
seeded area was subsequently covered with 0.25 
inch mesh, extruded plastic netting (52 x 14 ft) to 
exclude predators.  Predator exclusion netting was 
secured in position by a 6-12 inch deep trench dug 
along the perimeter of each seeded area and back-
filled with sediment that provided a 600 ft2 netted 
refuge (50 x 12 ft).  One smaller net (~20 x 14 ft) 
was installed in Hingham and seeded with 6,000 
clams. GPS coordinates for the corner of each net 
were obtained by MarineFisheries personnel 
shortly after installation. 
 
The eight 2007 enhancement sites are illustrated 
in Figure IVD.6 (Hull-Casey’s Beach East and 
Casey’s Beach West), Figure IVD.7 (Winthrop-
Court Road and Snake Island), Figure IVD.8 
(Quincy – Terne Road and Post Island Road), 
Figure IVD.9 (Weymouth – Laundry Cove) and 
Figure IVD.10 (Hingham – Broad Cove).  

 
 
 
Table IVD.2.  Stock data for softshell clams planted within eight enhancement sites in the towns of 
Winthrop, Quincy, Weymouth, Hingham and Hull in summer 2007. 
 

Site Date 

Number 
of 

Clams 
Number 
of Plots 

   Average  
Size(mm) 

Winthrop         

Court Road 6/18/2007 108,000 6 10.5(1.5) 

Snake Island 7/1/2007 108,000 6 11.3(1.4) 

Quincy         

Terne Road 7/7/2007 108,000 6 10.7(1.8) 

Post Island Road 8/5/2007 108,000 6 12.9(1.4) 

Weymouth         

Laundry Cove 8/12/2007 108,000 6 12.8(1.4) 

Hingham         
Broad Cove 9/5/2007 114,000 7 13.0(1.6) 

Hull         
Casey’s Beach East 6/6/2007 108,000 6 16.8(3.0) 
Casey’s Beach West 6/5/2007 108,000 6 16.1(2.6) 

Totals   870,000 49   
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Figure IVD.6.  Arrangement of plots at the 2007 Casey’s Beach East and Casey’s Beach  
West enhancement sites in Hull. 

 
Wild Spat Collection  
In an effort to entrap naturally occurring wild 
clam spat, 46 spat collectors were deployed within 
suitable intertidal locations throughout the study 
area (Figures IVD.7 through IVD.10).  Spat 
collectors were deployed at seven sites; Terne 
Road and Post Island Road in Quincy, Barnes 
Warf and Broad Cove in Hingham, Laundry Cove 
and Great Esker Park in Weymouth and Snake 
Island in Winthrop.  Forty four of the spat nets 
were deployed in early-June (7th-15th), while two 
were deployed on July1st (Snake Island, 
Winthrop).  Types of equipment and netting used 
to collect natural soft shell clams and methods of 
deploying spat collectors in southeastern 
Massachusetts have been described by Leavitt 
(1998 and 2004).  Collectors used in this study 
consisted of ¼ inch mesh extruded plastic netting 
floated with 11 ounce toggle floats.  In some areas 
the extruded plastic nets were replaced with 30 
percent shade cloth which consisted of woven 1/6 

to ¼ inch mesh plastic material.  Spat collectors 
were either 25 ft or 50 ft long and varied between 
12 and 14 ft in width.  Dates of deployment and 
retrieval of spat collectors at various locations 
within the study area are provided in Table IVD.3.  
 
Biological Monitoring 
Biological sampling of the 2007 enhancement 
sites was carried out by NEMAC personnel, with 
some assistance by MarineFisheries personnel. 
Selected enhancement plots at each site were 
inspected within one month of seeding to confirm 
the presence of clams. NEMAC personnel 
collected samples from all sites during fall/winter 
2007/2008 and from most sites in spring 2008. 
Sampling methods were identical to those that 
were described for the winter 2006/2007 and 
spring 2007 sampling of the 2006 enhancement 
sites (Section 2.2). 
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Court Road 

 
 
 

Snake Island 

 
Figure IVD.7.  Arrangement of plots at the 2007 Court Road and Snake Island  
enhancement sites in Winthrop. 
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Terne Road 

 
 
 

Post Island Road 
 

 
Figure IVD.8.  Arrangement of enhancement plots and wild spat collectors at the 2007  
Terne Road and Post Island Road enhancement sites in Quincy. 
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Laundry Cove 

 
 

Great Esker Park 

 
Figure IVD.9.  Arrangement of the enhancement plots and wild spat collectors at the 2007  
Laundry Cove and Great Esker Park enhancement sites in Weymouth. 
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Broad Cove  

 
 
 

Barnes Warf 

 
 

Figure IVD.10.  Arrangement of the enhancement plots and wild spat collectors at the 2007 
Broad Cove and Barnes Warf enhancement sites in Hingham  



 233

Table IVD.3.  Summary of wild spat collector deployment and retrieval dates during the 2007 field 
season. 

 
Number of Nets 

Site 
Date 

Installed 
Date 

Removed 50' 25' Total 
Terne Road, Quincy 6/14/2007 11/7-8/07 3 4 7 

Post Island Road, Quincy 6/15/2007 11/7-8/07 2 6 8 
Barnes Wharf, Hingham 6/8/2007 12/28/2007 3 4 7 
Broad Cove, Hingham 6/7/2007 12/18/2007 2 6 8 

Laundry Cove, Weymouth 6/11/2007 12/19/2007 3 4 7 
Great Esker Park, 

Weymouth 6/12/2007 12/31/2007 3 4 7 
Snake Island, Winthrop 7/1/2007 11/21/2007 2 0 2 

 Total 18 28 46 
 

Forty four of the 46 spat collection plots were 
sampled between 20 November 2007 and 11 
January 2008.  Within each plot, between one and 
six 1 ft2 quadrat samples were collected and 
screened using ¼ inch meshed trays.  Shell length 
(SL) of measurable clams was determined to the 
nearest 0.1 mm in the field with calipers.  Number 
of clams collected and SL of measurable clams 
were recorded.  Sample holes were back-filled and 
clams, unless excessively damaged during 
collection, were carefully replaced to their 
original location.   
 
The remaining 2006 enhancement plots in 
Hingham and Weymouth were again sampled by 
NEMAC personnel between 29 October and 7 
December, 2007. 
 
Results and Discussion 
 
2006 Enhancement Sites 
A summary of field sampling results for the 
periods of winter 2006, spring 2007 and winter 
2007 are presented in Appendix IVD.A.  Sample 
dates, total number of samples, total number of 
clams, total number of clams and average length 
(SL) of the seed clams are presented for each 
sampled enhancement plot.  
 
Clam Survival  
Survival of clams planted at the 2006 
enhancement sites was assessed qualitatively 
since sampling was not random, but directed to 
portions of the plots where siphon holes were 

abundant. A qualitative ranking based on average 
density per ft2 was developed to generally describe 
seed clam survival within the enhancement plots: 
High indicates >25 clams; Moderate indicates 15 
to < 25 clams; Low indicates 1 to <15; and none 
indicates no clams found. 
 
Table IVD.4 and Figure IVD.11 summarize seed 
clam survival within plots at all of the 2006 
enhancement sites based on field data collected  in 
the fall and winter of 2007.  Sites with no data 
(Table IVD.4) indicate that no clams survived. 
 
By fall 2006, we established that there were 
significant problems at four of our five 2006 
enhancement sites.  No planted clams were found 
within the 12 nets seeded at Moon Head site in 
Quincy, the single plot/net planted at the Martin’s 
Cove site in Hingham, the five nets seeded at the 
Kings Cove site in Weymouth, and four of the 
seven plots/nets seeded at the Abigail Adams site 
in Weymouth. 
 
Seed size appears to have played a major role in 
survival of the planted clams.  The average size of 
clams planted at the two sites that exhibited total 
failure was between 5 and 7mm (SL). Multiple 
efforts to find clams at King’s Cove in Weymouth 
(5 nets) and Martin’s Cove in Hingham (1 net) 
revealed that no planted clams survived.  
Similarly, the four plots/nets at Abigail Adams 
that were seeded with 5-7 mm clams yielded no 
clams. 
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Table IVD.4.  Summary of clam survival within the 2006 enhancement sites based on samples collected in the fall/winter 2007. Four 
survival rankings are based on number of clams/ft2; High (25+), Moderate (15 to <25), Low (1 to <15) and None (0). 

 

Enhancement Site 
Sample 

Date Plot 
Number of 
Samples 

Number of 
Seed Clams 

Sample 
Density 

Average 
Shell Length StDev 

Survival 
Estimate  

Bathing Beach, Hingham 11/8/2007 A1 1 63 63.0 46.3 3.7 High  
Bathing Beach, Hingham 11/28/2007 A2 3 96 32.0 49.7 5.2 High  
Bathing Beach, Hingham 11/28/2007 A3 1 55 55.0 51.0 4.6 High  
Bathing Beach, Hingham 11/28/2007 B1 4 88 22.0 50.8 5.3 Moderate  
Bathing Beach, Hingham 11/28/2007 B2 2 64 32.0 52.9 5.6 High  
Bathing Beach, Hingham 11/28/2007 B3 2 55 27.5 52.6 5.3 High  
Bathing Beach, Hingham 11/28/2007 C1 1 55 55.0 47.3 3.4 High  
Bathing Beach, Hingham 12/7/2007 C2 2 76 38.0 49.0 4.1 High  
Bathing Beach, Hingham 12/7/2007 C3 2 62 31.0 51.8 5.0 High  
Bathing Beach, Hingham 12/7/2007 D1 3 49 16.3 54.1 5.4 Moderate  
Bathing Beach, Hingham 12/7/2007 D2 2 72 36.0 54.2 5.7 High  
Bathing Beach, Hingham 12/7/2007 D3 2 72 36.0 55.4 5.9 High  
Bathing Beach, Hingham 11/8/2007 E 4 61 15.3 53.9 6.3 Moderate  
Martin's Cove, Hingham N/A A N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A A N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A B N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A C N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A D N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A E N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A F N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A G N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A H N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A I N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A J N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A K N/A N/A N/A N/A N/A None  
Moon Head, Quincy N/A L N/A N/A N/A N/A N/A None  
Moon Head, Quincy 10/29/2007 L(reseeded) 2 28 14.0 50.2 5.4 Low  
Abigail Adams, Weymouth 10/31/2007 A 3 6 2.0 33.6 6.0 Low  
Abigail Adams, Weymouth 10/31/2007 B 3 19 6.3 40.5 5.0 Low  
Abigail Adams, Weymouth 10/31/2007 C 3 39 13.0 39.1 5.8 Low  
King's Cove, Weymouth N/A A N/A N/A N/A N/A N/A None  
King's Cove, Weymouth N/A B N/A N/A N/A N/A N/A None  
King's Cove, Weymouth N/A C N/A N/A N/A N/A N/A None  
King's Cove, Weymouth N/A D N/A N/A N/A N/A N/A None  
King's Cove, Weymouth N/A E N/A N/A N/A N/A N/A None  
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Figure IVD.11.  Clam survival at five 2006 enhancement sites based on field data collected in the fall 
and winter of 2007.  Average clam density within individual enhancement plots was used to describe 
clam survival: High = >25 clams; Moderate = 15 to < 25 clams; Low = 1 to <15; and None = no clams 
found.  Number of nets (or plots) and estimated survival of clams within them are presented for each 
of the enhancement sites. 

 
However, three other nets (A, B and C) seeded 
with 5-7 mm clams at Abigail Adams did survive 
at moderate to low densities. 
 
With one exception, all but one of the 13 plots 
planted at the Bathing Beach site in Hingham 
were seeded with clams greater than 10 mm SL.  
Net A1 was seeded with 9.7mm clams.  The 
Bathing Beach site exhibited the highest survival 
rates, followed by the three nets at the Abigail 
Adams Park site. 
 
Physical characteristics of the enhancement sites 
(sediment type and beach kinetics) and human 
activity also influenced the survival of clams 
planted in 2006.  Despite the teams best effort to 
select appropriate enhancement sites, Moon Head 
(Quincy), Martin’s Cove (Hingham), King’s Cove 
(Weymouth) and portions of Abigail Adams 
(Weymouth) sites were not well suited for the 
seeding and rearing of juvenile softshell clams. 
 
In 2006, juvenile clams were planted in three 
basic sediment types; silty mud, sand/mud mix 
and rock/sand/mud mix.  Beach kinetics at each of 

the five 2006 enhancement sites were also 
variable.  Juvenile clams planted at these five sites 
were exposed to variable degrees of tidal current 
and stream flows, wind driven waves and vessel 
wake.  In addition, the level of human activities at 
the five sites was variable and generally involved 
beach combers and sport fishermen.  An 
assessment of sediment type, beach kinetics 
(High, Medium Low) and user conflicts (High 
Medium and Low) is summarized and presented 
in Table IVD.5 as a site matrix. 
 
As previously stated, clams planted at Kings Cove 
in Weymouth (5 nets) and within 4 of the 7 
plots/nets planted at Abigail Adam’s Park in 
Weymouth did not survive.  We believe that this 
was primarily due to the small size of the juvenile 
clams (5-7mm).  All of these clams were planted 
in silty mud, which may have contributed to poor 
clam survival at these sites.  We believe that all of 
the small clams (5.4mm) planted in Martin’s 
Cove(1 net) in Hingham were washed out from 
under the ¼ inch meshed predator exclusion net 
by a stream that drains the nearby tidal marsh 
(Damdee Meadows) during outgoing tides. 
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Table IVD.5.  Assessment of site characteristics (sediment type, beach kinetics, and user conflicts) 
at the five 2006 enhancement sites. 
 

Enhancement # of 
Site Plots               Sediment Type              Beach Kinetics User Conflicts

Stream/
Silty Sand/Mud Rock/Mud Tidal Wave Vessel
Mud Mix Mix Current Exposure Wake (Anglers)

Hingham
Site 1 13 X L** L L L
Site 2* 1 X H H M H

Weymouth
Site 1 7 X X L L L M
Site 2* 5 X H L L L
Quincy
Site 1* 12 X H H H H

  *  Shaded areas = sites with no clam survival

  * * Ratings for Beach Kinetics and User Conflicts: H = High, M = Medium, L = Low.  
 
 
 
  
 
Despite the fact that one half of the clams planted 
at the Moon Head site in Quincy were greater than 
10mm SL and that all of the clams were planted in 
what we thought was optimal substrate (sand/mud 
mix), none of the 360,000 clams could be found 
within the 12 seeded enhancement plots.  We 
believe that beach kinetics at this site were the 
determining cause of the observed poor survival.  
During an incoming tide, there was a significant 
long shore current at this site. Moon Head is also 
exposed to the prevailing southwest winds that 
occur during the summer in Boston Harbor and to 
vessel wakes caused by the commuter ferries that 
run between Boston, Hingham and Quincy.  It is 
likely that the current and wave action at the 
Moon Head site washed clams away from under 
the nets. 
 
Recreational fishermen commonly frequented the 
Moon Head site in Quincy, and most likely 
contributed to clam mortalities at the site.  On 
numerous site visits, team members found an 
abundance of fishing lures and tears in the netting 
covering the plots.  Green crabs easily found their 
way through the tears thus causing significant 

clam mortalities within some plots.  On one 
occasion, over 200 green crabs were found within 
an enhancement plot where the netting had been 
torn by a fishing lure.  
 
Clam survival was highest at the Hingham 
Bathing Beach Site where the substrate is a 
sand/mud mix.  This site is also exposed to limited 
tidal current, wave exposure and vessel wake.  
Despite the fact that the site is adjacent to a public 
bathing beach, there was limited recreational 
activity (beach walking and/or sport fishing). 
 
Clam Growth 
By winter 2006, only 17 of the original 49 
enhancement plots contained seed clams; 13 at the 
Bathing Beach site in Hingham, 3 at the Abigail 
Adams site in Weymouth and the one re-seeded 
net at Moon Head in Quincy.  Growth of clams at 
these remaining sites is illustrated in Figure 
IVD.12. Although the seed size at time of planting 
ranged between 8.6 and 20.5mm and growth 
intervals varied (630 days in Hingham, 448 days 
in Weymouth and 357 days in Quincy), the 
growth rates were similar at all three sites. 
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Figure IVD.12.  Growth of clams stocked in summer 2006 at the Bathing Beach site,  
Hingham (r2 = 0.97); net “L” Quincy (r2 = 0.97); and Abigail Adams Park, Weymouth (r2 = 
 0.97). 

 
Hingham 
During winter 2007, all three remaining plots at 
Abigail Adams Park were dug out by unknown 
individual(s), thus contaminating the study site.  
Following the October 2006 sampling trip to 
Moon Head in Quincy, the team decided to 
discontinue sampling of this site, since there was 
only one partial plot remaining at this remote 
location.  Further analysis of growth is restricted 
to the clams seeded within the 13 plots at the 
Hingham Bathing Beach enhancement site.   
 
Figure IVD.13 illustrates the size distribution of 
all clams sampled within the 13 enhancement 
plots at the Hingham Bathing Beach site 
following a grow-out period of approximately 90 
weeks (1.7 yrs.).   Juvenile clam recruits, ranging 
in size between 15 and 39mm, made up over 10 
percent of the population at the site.  When 
considering only the clams that were planted in 
2006 (clams > 40mm; Figure IVD.14), over 57 
percent were of legal size (50.8mm) or greater.  
 
Clams planted at the Hingham Bathing Beach site 
were subjected to two different experimental 
treatments; (1) planting at different seeding 
densities, and (2) planting in raked and unraked 
sediments.  The arrangement of plots receiving 
different experimental treatments is illustrated in 
Figure IVD.3.  Roughly one half of the plots (7 of 

13) were seeded at a density of 50 clams/ft2.  Plots 
A1 through A3, C1 through C3, and E1 were each 
seeded with 30,000 juvenile clams.  The other 
plots (6 of 13) were seeded at a density of 25 
clams/ft2.  Nets B1 through B3 and nets D1 
through D3 were each seeded with 15,000 juvenile 
clams. 
 
All seed clams were planted in similar mud/sand 
sediment that was either raked free of crabs and 
other predators or left untreated. Nets A1 through 
A3 and nets B1 through B3 were planted in 
unraked sediment.  The substrate within nets C1 
through C3, D1 through D3 and net E1 was 
vigorously raked and all green crabs and other 
potential predators were removed. 
 
Average clam lengths within each of the 13 
enhancement plots at the Bathing Beach site 
ranged from 46.3 - 55.4mm (Figure IVD.15).  
Average clam lengths within plots receiving the 
two experimental treatments are summarized in 
Table IVD.6 and Figure IVD.16.  Overall, clams 
within the low density plots were larger (53.2mm; 
SD 7.7) than those within the high density plots 
(49.2mm; SD 4.8).  There was a slight size  
difference between clams which were planted in 
raked substrates (52.0mm; SD 5.8) and clams 
which were planted in sediment that was not raked 
(50.5mm; SD 5.4). 
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Figure IVD.13.  Length frequency of clams within the 2006 Bathing Beach enhancement site 
in Hingham based on samples collected in October and December 2007. The growth period 
was 90 weeks or 1.7 years. 
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Figure IVD.14.  Length frequency of clams that were seeded within the 2006 Bathing Beach 
enhancement site in Hingham following a grow-out period of 90 weeks or 1.7 years. 
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Figure IVD.15.  Comparison of the average length of clams planted at low and high 
densities at the 2006 Bathing Beach enhancement site in Hingham.  The grow-out period is 
90 weeks or 1.7 years. 

 
 

Table IVD.6.  Summary of average clam lengths within plots receiving different  
experimental treatments at the 2006 Bathing Beach enhancement site in Hingham following  
90 weeks or 1.7 years of growth.  Clams were planted at two different densities (A), within 
raked and unraked sediment (B) and at three different heights on the intertidal flat (C). 

A. Comparison of Seeding at Different Densities 

Treatment 

Average 
Length  
(mm)  S.D.

Number of 
Clams 

25 clams/ft2 53.2 5.7 400 

50 clams/ft2 49.2 4.8 407 

    

B. Comparison of Raked and Unraked Substrates 

Treatment 
Average 

Length (mm) S.D.
Number of 

Clams 
Raked 52 5.8 386 

Unraked 50.5 5.4 421 

    

C. Comparison of Seeding at Different Tidal Heights 

Treatment 
Average 

Length (mm) S.D.
Number of 

Clams 
Series 1 - High 49.6 5.4 255 
Series 2 - Mid 51.3 5.6 308 

Series 3 - Low 52.9 5.5 244 
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A.       Comparison of Average Clam Lengths at 
Different Seeding Densities
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B.    Comparison of Raked v. Unraked 
Seeding Treatment
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C.    Comparison of Average Clam Lengths at Different 
Tidal Heights
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Figure IVD.16.  Summary of average clam lengths within plots receiving different  
experimental treatments at the 2006 Bathing Beach enhancement site in Hingham following 
90 weeks or 1.7 years of growth.  Clams were planted at two different densities (A), within 
raked and unraked sediment (B) and at three different heights on the intertidal flat (C). 

 
The slope of the clam flats at the Hingham 
Bathing Beach site is gradual (Figure IVD.3).  
With the exception of Plot E1, the remaining 12 
experimental plots were laid out in a grid 
consisting of four rows of three plots.  Plots 
within each row were set at approximately the 
same height on the intertidal flat and are described 
as high (1), medium (2) and low (3) intertidal 

height.  Average lengths of clams within high and 
low density plots at similar intertidal height are 
presented in Figure IVD.17.  Clams within the 
low density plots were consistently larger than 
those within the high density plots, regardless of 
tidal height.  Average clam length within both 
density treatments increased with decreasing tidal 
height.
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Figure IVD.17.  Comparison of average clam lengths at different seeding densities and tidal 
heights at the 2006 Bathing Beach site in Hingham following 90 weeks of growth. 

 
 
 
Benthic Sampling 
A summary of benthic fauna identified from 
samples collected from enhancement plots in 
Hingham, Weymouth, and Quincy during the 
summer and fall 2006 is presented in Table 
IVD.7.  Green crabs (Carcinus maenas), mud 
snails (Nassarius obsoletus) and worms 
(Annelida, Sipunculida, Platyhelminthes and 
Nemertea) were commonly observed at all 2006 
enhancement sites.  Many sipunculid worms were 
observed at Hingham Bathing Beach; few were 
observed at other locations.  Small numbers of 
other bivalves and worm species were found at all 
locations. 
 
2007 Enhancement Sites 
A summary of the 2007 field sampling results are 
presented in Appendix IVD.B.  Sample dates, 
total number of samples, total number of clams, 
total number of seed clams and average length 
(SL) of the seed clams are presented for each 
sampled enhancement plot.  In order to 

differentiate between planted clams and resident 
clams (large and small), length thresholds were 
established during each sampling period (Table 
IVD.8).  Planted clams within each sampled plot 
were defined as those with shell lengths within the 
lower and upper length thresholds.  Clams with 
lengths below the lower threshold are considered 
wild recruits.  Clams with lengths above the upper 
threshold are considered to have been present at 
the time of seeding.  Only clams that fell within 
the given length thresholds were used to 
determine survival and growth parameters of the 
stocked clam population at each 2007 site. 



 242

Table IVD.7.  Benthic fauna identified within enhancement plots in Hingham, Weymouth and 
Quincy in summer and fall 2006. 
 
Bivalves 
 
Mya arenaria     Softshell clam 
Mytilus edulis     Blue mussel 
Macoma balthica    Little macoma or duck clam 
Mercenaria mercenaria    Quahog 
Gemma gemma     Gem shell 
 
Gastropoda 
 
Nassarius obsoletus    Mud snail 
Urosalphinx cinera    Oyster drill 
Polinices duplicatus    Moon snail 
 
Worms 
 
Gylcera dibranchia    Clam worm 
Nereis virens     Blood worm 
Phascolosomas gouldii    Mud worm 
Clymenella sp.     Bamboo worm 
Capitella sp.     Capitellid worm 
Sipunculus sp.     Sipunculan worm 
Nemertea     Ribbon worm 
 
Other 
 
Carcinus maenas    Green crab 
Limulus polyphemus    Horseshoe crabs 
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Table IVD.8.  Upper and lower length thresholds of clams seeded in the 2007 enhancement sites. 
Sampled clams with lengths within the thresholds are considered to have been seeded during the 
summer 2007.  Clams with lengths below the lower threshold are assumed to be recruited to the 
population after the site was seeded.  Clams with lengths above the upper threshold are assumed to 
have been present at the time of seeding. 
 

Enhancement 
Site 

Sample 
Month 

Lower 
Threshold 

(mm) 

Upper 
Threshold 

(mm) 
Winthrop       

Court Road October '07 none 40 
  November '07 none 43 
  December '07 none 45 
  April '08 20 55 
Snake Island November '07 25 55 
  June '08 30 60 

Quincy       
Terne Road August '07 13 35 
  January '08 20 45 
  May '08 20 55 

Post Island Road 
September 

'07 none 35 
  January '08 15 40 
  May '08 20 55 

Weymouth       
Laundry Cove October '07 15 40 

  January '08 15 40 

  May/June '08 20 50 

Hingham       
Broad Cove October'07 14 25 
  December'07 15 30 
  April '08 15 35 

Hull       
Casey’s East August '07 15 40 
  October '07 20 50 

  January '08 25 55 

  May '08 25 60 
Casey’s West July '07 15 40 

  August '07 15 40 

  January '08 25 55 

  May '08 25 60 

 
Clam Survival  
Survival of clams planted in 2007 enhancement 
sites was assessed qualitatively (as in 2006) since 
sampling was not random, but directed to portions 
of the plots where siphon holes were abundant.  A 
qualitative ranking based on average clam density 
within each plot was applied to generally describe 

seed clam survival within the enhancement plots.  
Five survival rankings were used: High = >25 
clams; Moderate = 15 to < 25 clams; Low = 1 to 
<15; and None = no clams found. 
 
Table IVD.9 and Figure IVD.18 summarize clam 
survival at the eight 2007 enhancement sites based 
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on field data collected in spring 2008.  High and 
moderate clam densities were observed at all 2007 
enhancement sites.  
 
Low clam densities were observed in only 5 of the 
49 experimental plots seeded in 2007; two at the 
Laundry Cove site in Weymouth, two at the Post 
Island Road site in Quincy and one at the Snake 
Island Site in Winthrop.  Physical characteristics 
(sediment type and beach kinetics) at two of these 
sites were most likely the cause of low clam 
survival.  At Laundry Cove, the two plots (A3 and 
B3) with low clam survival were placed in silty 
mud.  Despite the fact that these plots were seeded 
with larger juvenile clams (12.8mm), the clams 
did not grow well in a silty mud substrate.  Low 
clam survival within the two plots at Post Island 
Road in Quincy (Plots D and E) was most likely 
due to wave exposure.  This site is exposed to 
northeast wind driven waves. At the time of 
seeding, there was a 10 knot northeast breeze 
which caused small waves at the site.  As the tide 
rose over the plots, clams could be seen washing 
around under the nets.  It is likely that some of the 
clams seeded in Plot D and Plot E were washed 
through the netting shortly following the seeding 
process. 
  
The observed low clam survival in Plot 2 at the 
Snake Island Site in Winthrop cannot be 
explained.  This Plot was located in the lower 
intertidal zone.  Although this site is exposed to 
southwest winds that prevail in Boston Harbor 
during the summer, Net 2 is only exposed during 
extremely low tides. 
 
Clam Growth 
Average clam lengths on each sample date were 
calculated for the eight 2007 enhancement sites. 
Clams lengths collected from all plots sampled at 
a given site and date were pooled to calculate an 
average value.  The results are presented in Table 
IVD.10 and Figure IVD.19. 
 
Seeding activities during the 2007 season were 
protracted over a three month period (June 5 to 
September 5).  This was due in part to the 
propagation team’s decision to plant clams that 
were greater than 10mm in shell length.  The 
extended seeding schedule was necessary because 
it takes time to grow large numbers of 10mm seed 

clams in the hatchery and it allowed us to plant 
108,000 clams at each of the eight enhancement 
sites.  However, this protracted seeding schedule 
exposed clams that were seeded late in the 
summer to optimal growing conditions (higher 
water temperatures and plankton availability) for a 
shorter period of time.  Clams that were planted at 
the three sites in August and September did not 
obtain an average shell length greater than 36mm 
(Broad Cove, Hingham; Post Island Road, Quincy 
and Laundry Cove, Weymouth).  Clams planted 
within the five sites that were seeded earlier in the 
summer (June and July) ranged between 37 and 
44 mm in average shell length (East and West 
Casey’s Beach, Hull; Snake Island and Court 
Road, Winthrop and Terne Road, Quincy). 
 
Length frequency histograms of clams sampled 
during three sample periods (spring/fall 2007, 
winter 2007 and spring 2008) are presented for the 
eight 2007 enhancement sites: Court Road and 
Snake Island in Winthrop (Figure IVD.20); Terne 
Road and Post Island Road in Quincy (Figure 
IVD.21); Casey’s Beach east and Casey’s Beach 
west in Hull (Figure IVD.22); Laundry Cove in 
Weymouth (Figure IVD.23) and Broad Cove in 
Hingham (Figure IVD.24).  With the exception of 
the August 2007 sample of Terne Road in Quincy, 
size distributions during each sample period 
approximated a normal bell-shaped curve at all 
sites.  The cause of the irregular size distribution 
at Terne Road is unclear.  Clams planted at all 
eight enhancement sites demonstrated good 
growth.  
 
A comparison of the average lengths of planted 
clams at the time of seeding (summer 2007) and at 
the time of sampling (spring 2008) is illustrated in 
Figure IVD.25.  The grow-out period, or time 
between seeding and sampling, varied between 
sites and ranged between  219 days (Hingham) 
and 352 days (Hull).  During the spring 2008, 
average clam lengths at each site ranged between 
22.8mm (Broad Cove, Hingham) and 44.7mm 
(Casey’s Beach- west, Hull).  The best growth 
was observed at sites where larger clams were 
seeded early in the summer, as was the case at 
Casey’s Beach (east and west) in Hull.  
Conversely, less growth was observed at sites 
where smaller clams were seeded later in the 
season (i.e., Broad Cove, Hingham).
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Table IVD.9.  Summary of clam survival at the 2007 enhancement sites based on samples collected in spring 2008.  Four survival rankings are based on 
number of clams/ft2; High (25+), Moderate (15 to <25), Low (1 to <15) and None (0). 

Enhancement Site Sample Date Plot 
Number of 

Samples 
Number of Seed 

Clams Sample Density 
Average Shell 

Length StDev Survival Estimate 
Broad Cove, Hingham 4/11/2008 F1 1 75 75.0 22.6 3.2 High 
Broad Cove, Hingham 4/11/2008 F2 1 88 88.0 22.0 3.0 High 
Broad Cove, Hingham 4/11/2008 G1 1 61 61.0 22.1 2.7 High 
Broad Cove, Hingham 4/11/2008 G2 1 88 88.0 24.4 3.3 High 
Broad Cove, Hingham 4/11/2008 H1 1 89 89.0 22.4 2.8 High 
Broad Cove, Hingham 4/11/2008 H2 3 60 20.0 22.4 3.5 Moderate 
Broad Cove, Hingham 4/11/2008 H3 1 109 109.0 23.1 2.6 High 
Casey's Beach East, Hull 5/22/2008 A1 1 202 202.0 38.5 4.6 High 
Casey's Beach East, Hull 5/22/2008 A2 1 102 102.0 43.7 6.7 High 
Casey's Beach East, Hull 5/22/2008 A3 1 119 119.0 42.1 7.3 High 
Casey's Beach East, Hull 5/22/2008 B1 1 92 92.0 42.5 5.9 High 
Casey's Beach East, Hull 5/22/2008 B2 1 86 86.0 45.7 4.5 High 
Casey's Beach East, Hull 5/22/2008 B3 1 77 77.0 44.8 4.6 High 
Casey's Beach West, Hull 5/22/2008 C1 1 79 79.0 44.6 6.1 High 
Casey's Beach West, Hull 5/22/2008 C2 1 74 74.0 44.1 4.3 High 
Casey's Beach West, Hull 5/22/2008 C3 2 68 34.0 48.0 4.2 High 
Casey's Beach West, Hull 5/22/2008 D1 1 64 64.0 43.2 5.3 High 
Casey's Beach West, Hull 5/22/2008 D2 2 81 40.5 43.2 5.4 High 
Casey's Beach West, Hull 5/22/2008 D3 1 71 71.0 45.4 5.4 High 
Court Rd., Winthrop 4/23/2008 A1 1 103 103.0 35.2 5.0 High 
Court Rd., Winthrop 4/23/2008 A2 1 75 75.0 39.9 6.9 High 
Court Rd., Winthrop 4/23/2008 B1 2 83 41.5 41.6 5.7 High 
Court Rd., Winthrop 4/23/2008 B2 2 69 34.5 40.4 5.9 High 
Court Rd., Winthrop 4/23/2008 C1 2 103 51.5 42.5 5.1 High 
Court Rd., Winthrop 4/23/2008 C2 2 96 48.0 42.6 6.2 High 
Snake Island, Winthrop 6/3/2008 1 1 163 163.0 44.1 4.5 High 
Snake Island, Winthrop 6/3/2008 2 3 40 13.3 51.8 5.5 Low 
Snake Island, Winthrop 6/3/2008 3 3 74 24.7 44.3 5.6 Moderate 
Snake Island, Winthrop 6/3/2008 4 3 97 32.3 43.5 5.4 High 
Snake Island, Winthrop 6/3/2008 5 2 74 37.0 42.6 4.1 High 
Snake Island, Winthrop 6/3/2008 6 2 77 38.5 44.0 5.7 High 
Laundry Cove, Weymouth 6/11/2008 A1 1 79 79.0 34.6 3.7 High 
Laundry Cove, Weymouth 5/21/2008 A2 2 95 47.5 35.1 5.5 High 
Laundry Cove, Weymouth 5/21/2008 A3 3 7 2.3 23.0 2.0 Low 
Laundry Cove, Weymouth 6/11/2008 B1 1 74 74.0 35.5 5.0 High 
Laundry Cove, Weymouth 6/11/2008 B2 1 84 84.0 38.0 5.5 High 
Laundry Cove, Weymouth 5/21/2008 B3 3 15 5.0 34.0 8.6 Low 
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Table IVD.9 (continued). 
         

Enhancement Site Sample Date Plot 
Number of 

Samples Number of Seed Clams Sample Density 
Average Shell 

Length StDev Survival Estimate 
Post Island Road, Quincy 5/8/2008 D 3 11 3.7 28.3 3.5 Low 
Post Island Road, Quincy 5/8/2008 E 3 1 0.3 32.2   Low 
Post Island Road, Quincy 5/8/2008 F 3 71 23.7 32.6 4.2 Moderate 
Post Island Road, Quincy 5/8/2008 G 1 75 75.0 33.7 4.0 High 
Post Island Road, Quincy 5/8/2008 H 1 68 68.0 34.1 4.3 High 
Post Island Road, Quincy 5/8/2008 I 1 94 94.0 33.1 3.6 High 
Terne Road, Quincy 5/8/2008 A1 1 78 78.0 34.7 4.1 High 
Terne Road, Quincy 5/8/2008 A2 1 110 110.0 34.6 5.4 High 
Terne Road, Quincy 5/8/2008 B1 1 99 99.0 38.3 4.3 High 
Terne Road, Quincy 5/8/2008 B2 2 81 40.5 39.2 4.1 High 
Terne Road, Quincy 5/8/2008 C1 2 90 45.0 38.4 5.5 High 
Terne Road, Quincy 5/8/2008 C2 2 86 43.0 40.4 4.5 High 
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Table IVD.10.  Average Clam Length by Sample Date at Eight 2007 Enhancement Sites. 

WINTHROP 
Court Road    Snake Island    

Date Ave. Length Std Dev # of Individuals  Date Ave. Length Std Dev # of Individuals 
6/18/2007 10.5 1.5 seeding 7/1/2007 11.3 1.4 seeding 
7/6/2007 14.7 2.2 134.0  7/20/2007 14.0 1.7 255.0 
9/7/2007 32.7 5.7 14.0  9/28/2007 37.5 4.2 16.0 

10/31/2007 33.1 5.4 58.0  11/21/2007 39.4 6.5 392.0 
11/14/2007 37.1 3.6 39  6/3/2008 44.4 5.5 492.0 
12/28/2007 35.8 4.9 472.0      
4/23/2008 40.3 6.4 466.0      

         
QUINCY 

Terne Road    Post Island Road    
Date Ave. Length Std Dev # of Individuals  Date Ave. Length Std Dev # of Individuals 

7/7/2007 10.7 1.8 seeding  8/5/2007 12.9 1.4 seeding 
8/14/2007 20.6 2.6 452.0  9/14/2007 18.3 1.5 13 
1/7/2008 31.7 4.9 647.0  9/24/2007 22.1 3.6 57.0 
5/8/2008 37.5 5.2 491.0  1/11&1/16/2008 26.7 4.4 349.0 

     5/8/2008 33.2 4.1 309.0 
         

HULL 
Casey's Beach East    Casey's Beach West   

Date Ave. Length Std Dev # of Individuals  Date Ave. Length Std Dev # of Individuals 
6/6/2007 16.8 3.0 seeding  6/5/2007 16.1 2.6 seeding 
8/7/2007 32.6 3.4 60.0  7/3/2007 22.8 2.8 55.0 

10/29/2007 40.4 5.4 213.0  8/2/2007 31.3 3.9 216.0 
1/18&1/27/08 40.4 5.4 567.0  1/18/2008 39.1 5.3 460.0 

5/22/2008 42.2 6.2 625.0  5/22/2008 44.7 5.4 404.0 
         

WEYMOUTH  HINGHAM 
Laundry Cove    Broad Cove    

Date Ave. Length Std Dev # of Individuals  Date Ave. Length Std Dev # of Individuals 
8/12/2007 12.8 1.4 seeding  9/5/2007 13.0 1.6 seeding 
10/9/2007 23.2 3.9 113.0  10/12&10/25/2007 19.3 3.0 106.0 
10/30/2007 26.3 4.3 3  12/18&12/20/2007 20.3 2.7 705.0 
1/20/2008 26.4 4.3 286  4/11/2008 22.8 3.1 563.0 
2/20/2008 30.2 3.7 88      

5/21& 6/11/08 35.6 5.4 326      
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Figure IVD.18.  Clam survival at the eight 2007 enhancement sites based on field data 
collected in spring 2008.  Average clam density within individual enhancement plots was 
used to describe clam survival: High = >25 clams; Moderate = 15 to < 25 clams; Low =  
1 to <15; and None = no clams found.  Number of plots (nets) and estimated survival of 
clams within them are presented for each of the enhancement sites.  
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Figure IVD.19.  Average clam length by sample date at the eight 2007 enhancement 
sites. 
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Figure IVD.20.  Length frequencies of planted clam populations at the 2007 Court Road 
and Snake Island enhancement sites in Winthrop during summer/fall 2007, winter 
2007/2008 and spring 2008 sample periods. 
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Figure IVD.21.  Length frequencies of planted clam populations at the 2007 Terne Road and Post 
Island Road enhancement sites in Quincy during summer/fall 2007, winter 2007/2008 and spring 
2008 sample periods. 
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Figure IVD.22.  Length frequencies of planted clam populations at the 2007 Casey’s Beach East and 
Casey’s Beach West enhancement sites in Hull during summer/fall 2007, winter 2007/2008 and 
spring 2008 sample periods. 
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Figure IVD.23.  Length frequencies of planted clam populations at the 2007 Laundry Cove 
enhancement site in Weymouth during fall 2007, winter 2007/2008 and spring 2008 sample periods. 
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Broad Cove, Hingham
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Figure IVD.24.  Length frequencies of planted clam populations at the 2007 Broad Cove 
enhancement site in Hingham during fall 2007, winter 2007/2008 and spring 2008 sample 
periods. 
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Figure 25. Comparison of average clam lengths at the time of seeding (summer 
2007) and at the time of sampling (spring 2008) within the eight 2007 enhancement 
sites.  The grow-out period at each site is indicated within parentheses. 
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Wild Spat Collectors 
Our efforts to collect wild clam spat in Boston 
Harbor were unsuccessful.  Spat collector 
sampling results are summarized in Appendix 
IVD.C.  Twenty nine juvenile clams (15.1mm, 
average SL) were sampled within one spat 
collector (Net A) in the upper intertidal flat at the 
Snake Island site.  No significant numbers of 
YOY clams were found within any of the 
remaining 43 spat collectors that were sampled.  If 
there had been any enhanced settlement of clams 
within the collectors during summer or early fall, 
YOY clams would have been detected during the 
team’s winter sampling trips.  Spat collectors 
throughout the study area yielded nothing beyond 
what one would normally expect within the 
targeted unproductive clam flats.  There were very 
few YOY individuals and sparse numbers of adult 
resident clams. 
 
 
Summary 
To date, MarineFisheries and its partners have 
made great strides toward restoring and enhancing 
softshell clam populations within the five targeted 
Boston Harbor coastal communities.  Over the 
course of two years, a solid working relationship 
was forged among MarineFisheries, commercial 
shellfishers, Salem State’s NEMAC personnel and 
shellfish constables and harbormasters in 
Winthrop, Quincy, Weymouth, Hingham and 
Hull. 
 
In 2006, the study team seeded over one million 
hatchery-reared juvenile clams within five 
enhancement sites on tidal flats in Quincy, 
Weymouth and Hingham.  During this first year, 
the study team acquired a working knowledge of 
enhancement methods applicable to Boston 
Harbor clam beds.  Commercial shellfishers were 
quick to learn the proven methods of seeding 
juvenile clams and installing, maintaining and 
removing predator exclusion nets.  Shellfishers 
have developed a variety of modifications to field 
operations in order to facilitate larger scaled 
seeding operations. 
 
In 2006, the study team developed a better 
understanding of the importance of seed size.  
Most of the small juvenile clams (5-7mm) that 

were out-planted in 2006 did not survive.  Larger 
clams (9.7 to 15.3mm) that were seeded at the 
Bathing Beach site in Hingham had much better 
survival rates.  After 90 weeks of growth, all 13 
enhancement plots at this site supported clam 
densities between 15 and 25 clams/ft2. 
 
Physical characteristics of the 2006 enhancement 
sites (sediment type and beach kinetics) appeared 
to significantly influence clam survival.  Juvenile 
clams that were planted in silty mud did not 
survive.  Similarly, enhancement sites that were 
exposed to significant tidal current, stream flows, 
wind driven waves or vessel wake suffered high 
levels of clam mortality.  It is likely that most of 
the clams seeded within 12 enhancement plots at 
the Moon Head site in Quincy were washed away 
from under the predator exclusion nets by tidal 
currents and wave action.  It is also likely that the 
clams seeded within the enhancement plot at 
Martin’s Cove in Hingham suffered a similar fate, 
and were washed away by a tidal stream that 
drains a nearby tidal marsh 
 
Human activities at the five 2006 enhancement 
sites were variable, and typically involved 
recreational fishing and beach combing.  
Recreational fishermen commonly frequented the 
Moon Head site in Quincy and most likely 
contributed to clam mortalities at the site.  On 
numerous site visits, team members found an 
abundance of fishing lures and tears in the netting.  
Green crabs easily found their way through the 
tears thus causing significant clam mortalities 
within some plots. 
 
The Bathing Beach site in Hingham was the only 
2006 site with significant clam survival.  Its 
substrate consists of a sand/mud mix.  This site is 
also exposed to limited tidal current, wave 
exposure and vessel wake.  Despite the fact that 
the site is adjacent to a public bathing beach, there 
was limited recreational activity (beach walking 
and/or sport fishing). 
 
After 1.7 years of growth, 52.5 percent of the 
clams that were planted at the Bathing Beach site 
in June 2006 were above the legal size limit of 
50.8mm (2 inches). Wild juvenile clams that set 
within the plots after seeding, ranged in size 
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between 15 and 39mm, and made up over 10 
percent of the total population at the site. 
Overall, clams from within plots that were seeded 
at a low density (25 clams/ft2) were larger 
(53.2mm) than the clams from within plots that 
were seeded at a higher density (49.2mm; 50 
clams/ft2).  There was a slight size difference 
between clams which were planted in raked 
substrates (52.0mm) and clams which were 
planted in sediment that was not raked (50.5mm). 
Clams within the low density plots were 
consistently larger than those within the high 
density plots, regardless of tidal height. Average 
clam length within both high and low density 
plots increased with decreasing tidal height.   
 
Although these observations of size differences by 
treatment were not based on formal parametric 
statistical analyses, sample sizes from which the 
descriptive statistics were generated were large.  
Also, the consistent size trends associated with 
each treatment help to support tentative 
conclusions on the effects of treatments on size.  
 
MarineFisheries and its partners, equipped with a 
better understanding of enhancement techniques 
and site selection criteria specific to Boston 
Harbor tidal flats, carried out a second year of 
softshell clam enhancement in 2007.  Information 
gained during the pilot-scaled 2006 season was 
used to select more suitable restoration sites and 
to modify our clam seeding methodology.  The 
number of municipalities participating in the 2007 
program was expanded to five with the inclusion 
of Hull and Winthrop.  During summer 2007, 
approximately 870,000 juvenile clams that 
averaged between 10.5 to 16.8 mm SL were 
stocked at eight enhancement sites in Hull, 
Winthrop, Quincy, Weymouth and Hingham.  
Enhancement plots at all sites were seeded at a 
density of 30 clams/ft2.  A total of 49 
enhancement plots were seeded. 
 
During spring 2008, high to moderate clam 
densities were observed at all eight of the 2007 
enhancement sites.  Low clam densities were 
observed in only five of the 49 experimental plots. 
At Laundry Cove in Weymouth, two plots with 
low clam survival were placed in a silty mud 
substrate.  Despite the fact that these plots were 
seeded with larger juvenile clams (12.8mm), the 

clams did not grow well in a silty mud substrate.  
Low clam survival within the two plots at Post 
Island Road in Quincy was most likely due to 
wave exposure.  The observed low clam survival 
within the one plot at Snake Island in Winthrop  
cannot be explained. 
 
During spring 2008, average clam lengths at the 
eight enhancement sites ranged between 22.8mm 
(Broad Cove, Hingham) and 44.7mm Casey’s 
Beach West, Hull).  This range in average clam 
length is related to the grow-out period, or the 
time between seeding and sampling.  Because 
seeding activities during the 2007 season were 
protracted over a three month period (June 
through September), there was a distinct 
difference in growth periods at each site.  Growth 
periods ranged between 219 days (Broad Cove, 
Hingham) and 352 days (Casey’s Beach West, 
Hull).  The best clam growth was observed at sites 
where clams were seeded early in the summer. 
 
Our efforts to collect wild clam spat were 
unsuccessful.  No significant numbers of YOY 
clams were found within any of the 44 spat 
collectors that were sampled.  Had there been any 
enhanced settlement of clams within the collectors 
during the summer or early fall, YOY clams 
would have been detected during the team’s 
winter sampling trips.  Similar methods of wild 
spat collection have been used successfully in 
Plumb Island Sound (P. Somerville, pers.com.)* 
and Cape Cod (Leavitt, 1998), which support 
significantly larger stocks of softshell clams.  Our 
lack of success in Boston Harbor may be simply 
due to the presence of too few wild spawning 
clams within the areas where we deployed our 
collectors.  
 

Preliminary 2008 Season Summary 
 
In 2008, MarineFisheries and its were partners 
planned to again expand the Boston Harbor 
enhancement program with the out-planting of 
1.62 million juvenile clams (>10mm) to five sites 
in Winthrop, Quincy, Weymouth, Hingham and 
Hull.  The plan was to seed an additional 90 plots 
 
 * Somerville, Paul. Massachusetts Division of Marine Fisheries, 
North Shore Classification Biologist, Annisquam River Marine 

Fisheries Field Station, Gloucester, MA. 
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at a density of 30 clams/ft2 within five 
enhancement sites. 
 
In late August, routine pathology tests of juvenile 
clams within Salem State’s hatchery revealed the 
presence of an ectoparasite which was 
preliminarily identified as Boonea spp.: a tiny 
gastropod commonly termed the siphon snail.   
Because little is known about the life history and 
distribution of this animal in Massachusetts 
waters, MarineFisheries temporarily restricted 
any further sale of clams from Salem State’s Cat 
Cove hatchery facility for purposes of out-
planting in state waters until a positive 
identification was secured.  This restriction 
remained in place pending further investigations 
by MarineFisheries.  Nevertheless, the study team 
was able to seed 42 plots with 756,000 seed clams 
at four enhancement sites in Winthrop, Hingham 
and Weymouth before the restrictions were put 
into place.  The identification of the ectoparasite 
was subsequently corrected following the season 
and normal field activities were resumed. 
 
The 2008 enhancement plots were regularly 
monitored through the growing season.  Predator 
exclusion netting was removed from the 42 plots 
and corner stakes were installed in November and 
December.  The 2008 plots will be sampled 
during spring 2009 to determine clam growth and 
survival.  The 2007 enhancement sites were 
similarly sampled during spring and fall/winter 
2008. 
 
During fall 2008, the study team carried out a 
controlled harvest of two of the 2006 
enhancement plots seeded at the Bathing Beach 
site in Hingham.  Two commercial shellfishers 
harvested all of the clams within a plot that was 
seeded with a high density of clams and from one 
plot that was seeded with a low density of clams.  
All of the clams were measured in the field.  
Legal sized clams were taken to the depuration 
plant in Newburyport and later sold by the Master 
digger.  Sub-legal clams were replanted within the 
harvested plots.  In an effort to determine the 
accuracy of our current sampling methodology, 
average clam length and density estimates 
resulting from the controlled harvest of the two 
plots were compared to estimates determined by 
our standard sampling methods. 

 
The study team will analyze all field data as it 
becomes available in the future and generate 
updated reports summarizing the enhancement 
activities and findings. 
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CNIDARIA 
 Hydrozoa 
   Edwardsia elegans Verrill, 1869 
   Ceriantheopsis americana (Verrill, 1866) 
NEMERTEA 
   Cerebratulus lacteus (Leidy, 1851) 
   Micrura spp. 
   Tetrastemma spp. 
ANNELIDA 

Polychaeta 
 Ampharetidae 
  Asabellides oculata (Webster, 1979) 

Capitellidae 
 Capitella capitata (Fabricius, 1780) 

Capitella jonesi Hartman, 1959 
 Mediomastus californiensis Hartman, 1944 
Cirratulidae 

Chaetozone hystricosus Doner and Blake, 2006 
Cirriformia grandis Verrill, 1873 
Monticellina baptisteae (Blake, 1991) 
Monticellina dorsobranchialis (Kirkegaard,1959) 
Tharyx acutus Webster & Benedict, 1887 

Dorvilleidae  
 Parougia caeca (Webster & Benedict, 1884) 
Flabelligeridae  
 Pherusa  affinis Oken, 1807 
Lumbrineridae 
 Lumbrineris tenuis (Verrill, 1873) 
 Ninoë nigripes Verrill, 1873 
Maldanidae 
 Clymenella torquata (Leidy, 1855) 
Nephtyidae 

Nephtys bucera Ehlers, 1868 
Nephtys cornuta Berkeley & Berkeley, 1945 
Nephtys spp. (juv) 

  Nereididae 
Nereis grayi Pettibone, 1956 

  Opheliidae 
Ophelina acuminate Oersted, 1843 

Orbiniidae 
Leitoscoloplos robustus Verrill, 1873 

Paraonidae 
Levinsenia gracilis (Tauber, 1879) 

   Aricidea catherinae Laubier, 1967 
   Paranois sp.1 

Pholoidae 
 Pholoe minuta (Fabricius, 1780) 
Phyllodocidae 

Eteone longa (Fabricius, 1780) 
Eulalia viridis (Linnaeus, 1767) 
Phyllodoce mucosa Oersted, 1843 

  Polygordiidae 
   Polygordius jouinae Ramey, Fiege, and Leander 
                                                             2006 

Polynoidae 
 Harmothoe extenuata (Grube, 1840) 
 Harmothoe imbricate (Linnaeus, 1767) 

  Sigalionidae 
 Sthenelais limicola (Ehlers, 1864) 
Spionidae 
 Dipolydora quadrilobata Jacobi, 1883 
 Dipolydora socialis (Schmarda, 1861) 
 Polydora cornuta Bosc, 1802 
 Prionospio steenstrupi Malmgren, 1867 
 Pygospio elegans Calparède, 1863 
 Spio limicola Verrill, 1880 
 Spiophanes bombyx Calparède, 1870 
 

Sternaspidae 
 Sternaspis scutata (Otto, 1821) 
Syllidae spp. 

  Exogone hebes (Webster & Benedict, 1884) 
  
 Terebellidae  
  Polycirrus eximus (Leidy, 1855) 
  Pista cristata (O.F. Müller, 1776) 
 Trichobranchidae 
  Terebellides atlantis Williams, 1984 
Oligochaeta 

   Oligochaeta spp. 
ARTHROPODA 

CRUSTACEA 
Amphipoda 
  Amphipoda spp. 

Ampeliscidae 
 Ampelisca abdita Mills, 1964  
 Ampelisca vadorum Mills, 1963 
Aoridae 
 Leptochirus pinguis Stimpson, 1853 
 Microdeutopus gryllotalpa Costa, 1853 
 Pseudunciola obliquua (Shoemaker, 1949) 
 Unciola irrorata Say, 1818 

  Caprellidae 
   Aeginella spinosa Boeck, 1861 
  Corophiidae 
   Crassicorophium bonelli  H.M. Edwards, 1830 

Isaeidae 
   Photis pollex Walker, 1895 
   Protomedia fasciata Krøyer, 1846 
  Ischyroceridae 

Ischyrocerus anguipes (Krøyer, 1842)  
Lysianassidae 
 Orchomenella minuta (Krøyer, 1842) 
Phoxocephalidae 

Harpinia propinqua Sars, 1895 
Phoxocephalus holbolli (Krøyer, 1842) 

Podoceridae 
 Dulichia facata Boeck, 1870 
 Dyopedos monacanthus (Metzger, 1875) 
Pontogeniidae 

Pontogeneia inermis (Krøyer, 1842) 
  Stenothoidae 

Proboloides holmesi Bousfield, 1973  
 Cumacea 
  Diastylidae 

  Diastylis polita (S.I. Smith, 1879) 
   Diastylis sculpta Sars, 1871 
 Decapoda 
        Anomura 
  Axiidae 
   Axius serratus Stimpson, 1852 
 Caridea 
  Crangonidae 
           Crangon septemspinosa Say, 1818 
  Paguridae 

 Pagurus longicarpus Say, 1817 
 Cirrepedia 
  Balanidae 
           Balanus crenatus Bruguiere, 1789 
 Isopoda 
  Idoteidae 
           Edotia montosa (Stimson, 1853) 
 MOLLUSCA 

Bivalvia 
Arcticidae 

Arctica islandica (Linnaeus 1767) 
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Astartidae 

Astarte undata (Say, 1822) 
Cardiidae 
 Cerastoderma pinnulatum (Conrad, 1831) 
Carditidae 
 Cyclocardia borealis (Conrad, 1831) 
Hiatellidae 

Hiatella arctica (Linnaeus, 1767)  
Lyonsiidae 

Lyonsia arenosa Möller, 1842  
Lyonsia hyaline Conrad, 1831 
Lyonsia spp. 

Mactridae 
Spisula solidissima (Dillwyn, 1817) 

Mytilidae 
 Crenella decussata (Montague, 1808) 
 Mytilus edulis Linnaeus, 1758 

  Nuculidae 
   Nucula delphinodonata Mighels & Adams, 1842 
  Petricolidae 
   Petricola pholadiformis (Lamarck, 1818) 
  Solenidae 

Ensis directus Conrad, 1843  
  Tellinidae 

Tellina agilis Stimpson, 1857  
Gastropoda 

    Neotaenioglossa 
 Calyptraeidae 
  Crepidula fornicata (Linnaeus, 1758) 

   Crepidula spp. 
PHORONIDA 
 Phoronis architecta Andrews, 1890 
 
ECHINODERMATA 

 Echinoidea 
Echinarachnius parma (Lamarck, 1816)  
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Top 9 Dominant Species from Station 1 HUB 
Only 9 dominant species identified 

SPECIES  %total 
No. of species 32 - 
No. of individuals 60.5 - 
Lumbrineris tenuis 9.5 0.157024793 
Leptocheirus pinguis 8.5 0.140495868 
Prionospio steenstrupi 7 0.115702479 
Ninoë nigripes 4.5 0.074380165 
Aricidea catherinae 4.5 0.074380165 
Oligochaeta sp. 3 0.049586777 
Polygordius jouinae 2.5 0.041322314 
Monticellina dorsobranchialis 2.5 0.041322314 
Mediomastus californiensis 2.5 0.041322314 
Nephtys cornuta 2 0.033057851 
Ampelisca vadorum 2 0.033057851 
Tharyx acutus 1 0.016528926 
Leitoscoloplos robustus 1 0.016528926 
Capitella capitata 1 0.016528926 
Tetrastemma spp 0.5 0.008264463 
Spiophanes bombyx 0.5 0.008264463 
Polydora cornuta 0.5 0.008264463 
Phyllodoce mucosa 0.5 0.008264463 
Photis pollex 0.5 0.008264463 
Ophelina acuminata 0.5 0.008264463 
Nucula delphinodonta 0.5 0.008264463 
Nephtys bucera 0.5 0.008264463 
Mytilus edulis 0.5 0.008264463 
Microdeutopus gryllotalpa 0.5 0.008264463 
Lyonsia arenosa 0.5 0.008264463 
Hiatella arctica 0.5 0.008264463 
Harpinia propinqua 0.5 0.008264463 
Eulalia viridis 0.5 0.008264463 
Dipolydora quadrilobata 0.5 0.008264463 
Diastylis sculpta 0.5 0.008264463 
Crenella decussata 0.5 0.008264463 
Cerebratulus lacteus 0.5 0.008264463 
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Top 9 Dominant Species from Station 1 OFF 
Only 9 dominant species identified 

SPECIES  % total 
No. of species 18  
No. of individuals 58  
Nephtys cornuta 13.5 0.2328
Aricidea catherinae 10.5 0.181
Lumbrineris tenuis 9 0.1552
Prionospio steenstrupi 8 0.1379
Ninoë nigripes 6 0.1034
Monticellina dorsobranchialis 2 0.0345
Leptocheirus pinguis 1.5 0.0259
Levinsenia gracilis 1 0.0172
Mediomastus californiensis 1 0.0172
Diastylis sculpta 1 0.0172
Oligochaeta sp. 1 0.0172
Polydora cornuta 0.5 0.0086
Pholoe minuta 0.5 0.0086
Eteone longa 0.5 0.0086
Lyonsia arenosa 0.5 0.0086
Edwardsia elegans 0.5 0.0086
Tetrastemma spp 0.5 0.0086
Micrura spp 0.5 0.0086

 

Top 10 Dominant Species at 2 HUB 
SPECIES   
No. of species 41 - 
No. of individuals 160.5 - 
Prionospio steenstrupi 21 0.1308411
Ampelisca vadorum 19 0.1183801
Polydora cornuta 17.5 0.1090343
Aricidea catherinae 14.5 0.0903427
Phyllodoce mucosa 12.5 0.0778816
Lumbrineris tenuis 11.5 0.0716511
Leptocheirus pinguis 7 0.0436137
Ninoë nigripes 5.5 0.0342679
Mediomastus californiensis 5 0.0311526
Monticellina baptisteae 4 0.0249221
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Top 10 Dominant Species at 2 OFF 
SPECIES   
No. of species 45 - 
No. of individuals 180 - 
Leptocheirus pinguis 63 0.35
Monticellina dorsobranchialis 16 0.088889
Ampelisca vadorum 15 0.083333
Aricidea catherinae 12.5 0.069444
Lumbrineris tenuis 11 0.061111
Unciola irrorata 7.5 0.041667
Spiophanes bombyx 7 0.038889
Polydora cornuta 5.5 0.030556
Nucula delphinodonta 5.5 0.030556
Crepidula spp. 4.5 0.025
Phyllodoce mucosa 3.5 0.019444

 

Top 10 Dominant Species at 3 HUB 
SPECIES   
No. of species 27 - 
No. of individuals 128 - 
Leptocheirus pinguis 22.5 0.1758
Aricidea catherinae 20.5 0.1602
Spiophanes bombyx 20.5 0.1602
Dipolydora quadrilobata 17 0.1328
Ampelisca abdita 6.5 0.0508
Pygospio elegans 5 0.0391
Paranois 3.5 0.0273
Exogone hebes 3.5 0.0273
Phoronis architecta 3.5 0.0273
Nephtys bucera 3.5 0.0273
Leitoscoloplos robustus 3 0.0234
Clymenella torquata 2.5 0.0195
Crepidula spp. 2.5 0.0195
Phyllodoce mucosa 2 0.0156
Phoxocephalus holbolli 2 0.0156
Tellina agilis 1.5 0.0117
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Top 9 Dominant Species at 3 OFF 
Only 9 dominant species identified 

SPECIES    
sandy mud 30   
No. of species 29   
No. of individuals 131   
Pygospio elegans 28.5 0.2176
Dipolydora quadrilobata 25 0.1908
Aricidea catherinae 11.5 0.0878
Spiophanes bombyx 10.5 0.0802
Exogone hebes 3.5 0.0267
Clymenella torquata 2.5 0.0191
Phyllodoce mucosa 2.5 0.0191
Eteone longa 2 0.0153
Eulalia viridis 1.5 0.0115
Polygordius jouinae 1.5 0.0115
Nephtys bucera 1 0.0076
Tellina agilis 1 0.0076
Lyonsia spp. 1 0.0076
Crepidula spp. 1 0.0076
Mediomastus californiensis 1 0.0076
Nereis grayi 1 0.0076
Pista cristata 1 0.0076
Nucula delphinodonta 0.5 0.0038
Tharyx acutus 0.5 0.0038
Polydora cornuta 0.5 0.0038
Cirriformia grandis 0.5 0.0038
Parougia caeca 0.5 0.0038
Leitoscoloplos robustus 0.5 0.0038
Monticellina dorsobranchialis 0.5 0.0038
Ninoë nigripes 0.5 0.0038
Terebellides atlantis 0.5 0.0038
Lyonsia arenosa 0.5 0.0038
Oligochaeta 0.5 0.0038
Crepidula fornicata 0.5 0.0038
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Top 7 Dominant Species at 4 HUB 
Only 7 dominant species were identified 

SPECIES   
No. of species 12 - 
No. of individuals 27.5 - 
Aricidea catherinae 7 0.2545
Echinarachnius parma 6 0.2182
Chaetozone hystricosus 3.5 0.1273
Astarte undata 2.5 0.0909
Nephtys bucera 2 0.0727
Exogone hebes 1.5 0.0545
Polygordius jouinae 1.5 0.0545
Leitoscoloplos robustus 1.5 0.0545
Phyllodoce mucosa 0.5 0.0182
Crepidula spp. 0.5 0.0182
Monticellina dorsobranchialis 0.5 0.0182
Spisula solidissima 0.5 0.0182

 
 
 
 

Top 5 Dominant Species at 4 OFF 
Only 5 dominant species were identified 

SPECIES   
No. of species 16 - 
No. of individuals 18.5 - 
Aricidea catherinae 4.5 0.2432
Exogone hebes 4 0.2162
Echinarachnius parma 2 0.1081
Polygordius jouinae 1 0.0541
Leitoscoloplos robustus 1 0.0541
Nephtys bucera 1 0.0541
Capitella jonesi 0.5 0.027
Eteone longa 0.5 0.027
Crassicorophium bonelli 0.5 0.027
Monticellina dorsobranchialis 0.5 0.027
Ninoë nigripes 0.5 0.027
Oligochaeta 0.5 0.027
Astarte undata 0.5 0.027
Spisula solidissima 0.5 0.027
Pseudunciola obliquua 0.5 0.027
Cyclocardia boreallis 0.5 0.027
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Top 8 Dominant Species at 5 HUB 
Only 8 dominant species identified 

SPECIES   
No. of species 21 - 
No. of individuals 62 - 
Aricidea catherinae 19.5 0.3145
Nephtys cornuta 18 0.2903
Leitoscoloplos robustus 3.5 0.0565
Dyopedos monacanthus 3.5 0.0565
Phyllodoce mucosa 3 0.0484
Tharyx acutus 2 0.0323
Ophelina acuminata 2 0.0323
Mediomastus californiensis 1.5 0.0242
Diastylis polita 1.5 0.0242
Prionospio steenstrupi 1 0.0161
Polydora cornuta 1 0.0161
Ninoë nigripes 1 0.0161
Pygospio elegans 0.5 0.0081
Ampelisca abdita 0.5 0.0081
Leptocheirus pinguis 0.5 0.0081
Lumbrineris tenuis 0.5 0.0081
Nephtys bucera 0.5 0.0081
Asabellides ocilata 0.5 0.0081
Photis pollex 0.5 0.0081
Cerebratulus lacteus 0.5 0.0081
Diastylis sculpta 0.5 0.0081
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Top 7 Dominant Species at 5 OFF 
Only 7 dominant species identified 

SPECIES 
5 
OFF  

muddy   
No. of species 20 - 
No. of individuals 174.5 - 
Nephtys cornuta 141 0.808023
Leptocheirus pinguis 7.5 0.04298
Dulichia facata 3.5 0.020057
Leitoscoloplos robustus 3 0.017192
Diastylis sculpta 3 0.017192
Prionospio steenstrupi 2 0.011461
Eulalia viridis 2 0.011461
Photis pollex 1.5 0.008596
Dyopedos monacanthus 1.5 0.008596
Aricidea catherinae 1 0.005731
Tharyx acutus 1 0.005731
Phyllodoce mucosa 1 0.005731
Crangon septemspinosa 1 0.005731
Ninoë nigripes 1 0.005731
Mediomastus californiensis 1 0.005731
Lumbrineris tenuis 1 0.005731
Harmothoe extenuata 1 0.005731
Polydora cornuta 0.5 0.002865
Capitella capitata 0.5 0.002865
Ensis directus 0.5 0.002865
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Appendix IVA.A.  Benthic and demersal fish and invertebrate species found at eelgrass sites in 
Boston Harbor and Nahant.  
 

Fish      Invertebrates                                                                  
______________________________________________________________________________________ 
Cyclopterus lumpus    Amphipod spp. 
Myoxocephalus aenaeus    Cancer borealis 
Pholis gunnellus     Cancer irroratus 
Pseudopleuronectes americanus   Caprella spp. 
Sygnathus fuscus     Carcinus maenus 
Tautogolabrus adspersus    Crangon septemspinosa 
      Crepidula fornicate 
      Echinaracnius parma 
      Homarus americanus 
      Libinia emarginata 
      Littorina spp 
      Laticidae (Moon Shell) spp. 
      Mysis spp. 
      Mytilus edulis 
      Pagurus spp. 
________________________________________________________________________ 
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Appendix IVA.B.  Infaunal species observed in eelgrass sediment core analysis. 
                                        * = 2006 only; ^ = 2007 only;  no mark = both years. 
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Appendix IVA.B (Continued).  Infaunal species observed in eelgrass sediment 
core analysis.   * = 2006 only; ^ = 2007 only;  no mark = both years. 
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Appendix IVB.A.  Artificial Reef Design 
 
 

Reef Design Characteristics 

Six rectangular 400-m2 plots (10 m x 40 m) arranged in three parallel arrays and three rectangular 400-m2 
(10 m x 40 m) control plots without reefs were planned within the reef footprint (Figure A1).  The actual 
reef substrate encompassed a total area of 2400 m2, while 1200 m2 remained undisturbed as designated 
control areas.  Reef and control plots were separated by 10 m on all dimensions to minimize the total 
footprint necessary for reef installation and to facilitate ease of sampling.  The entire footprint (including 
spacing, reef and control areas) was 7000 m2 in size.  The size of the cobble/boulder area (2400 m2) is 
twice that of successful cobble reefs deployed in Boston Harbor (Sculpin Ledge) and in Narragansett Bay, 
Rhode Island.  The reef arrays were situated perpendicular to the prevailing current to promote larval 
transportation and food delivery to other reef dwellers.   

Four rock sizes were used to construct the reef: 6 - 11 cm cobble, 12 - 25 cm cobble, 30 - 45 cm boulders 
and 50 - 75 cm boulders (lengths refer to diameter of individual rocks).  Rock sizes were assigned to 
target different phases of lobster and fish (Cobb 1971; Dixon 1987; Wahle 1992; Wahle and Steneck 
1992; Dorf and Powell 1997; Tupper and Boutilier 1995 and 1997; Bigelow and Schroeder 2002; Pappal 
et. al. 2004).  Rocks were separated by size, and arranged in a graduated fashion within each plot (Figure 
A1).  Each rock size was represented equally within the total placement area.   

Locations of individual reef unit and control area within the total reef footprint were determined by 
random number assignment.  The design of the reef allows for hypothesis testing among reef units and 
between reef and control units.  In addition, the separation of rock sizes within each reef unit permits 
hypothesis testing based on rock size.  This experimental design will provide researchers with the ability 
to compare species densities and diversity among reef units and reference sites and among rock sizes.   

 

Reef Construction 

Upon completion of the site selection process, MarineFisheries solicited bids from independent 
contractors for reef construction.  After meeting with RDA Construction to discuss methods and costs, we 
selected RDA Construction Corp. as our general contractor. 

In the contract, RDA was responsible for obtaining clean reef materials from local quarries.  The quarry 
rocks were blasted cobble and boulder.  All rocks were cleaned of silt and sediment outside of coastal 
resource areas prior to transportation and installation.  MarineFisheries expected at least 95% of the 
cobble and boulder material to be within one of six specified size categories.  MarineFisheries 
independently inspected reef materials to ensure adherence to rock size specifications prior to deployment 
on the site.  In addition to deploying the reef units accurately and according to the contracted dimensions, 
RDA Construction Corp. was also responsible for transporting all materials to the site and coordinating a 
post-construction side-scan sonar survey.  According to the contract, MarineFisheries was responsible for 
obtaining all necessary permits and conducting independent surveys to verify correct reef placement. 
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MarineFisheries required that construction start by March 1, 2006 and be complete by April 15, 2006 in 
order to comply with time-of-year (TOY) construction limits that are normally assigned to marine 
construction projects in Massachusetts Bay.  These TOY limits were not assigned to MarineFisheries in 
the permitting process; however, because we are a state environmental agency, we self-imposed these 
TOY work windows in order to avoid impacting aquatic resources and habitat.  Winter construction also 
minimized user conflicts because lobstermen generally fish less intensively in the winter.  Construction in 
March and April allowed for the reef to develop significant invertebrate and algal growth during the 
spring of 2006, which could encourage larval lobster and finfish settlement on the reef during its first year 
of deployment.  Another advantage of winter construction was that it minimized impacts to spawning 
migrations of finfish and periods of shellfish and lobster spawning activity. 

Construction required the precise placement of rocks by size within each reef footprint.  The rocks were 
separated by size, and arranged in a graduated fashion within each plot so that each rock size contributed 
equally to the total placement area.  RDA construction used a dump scow to build the reef according to 
the desired dimensions (40 m x 10 m for each reef unit).  The dump scow had six pockets and due to 
loading safety requirements, each of the six pockets was filled with stone so that the rock weight would 
be evenly distributed throughout the barge.  The following rock sizes (estimated diameter lengths) were 
assigned to each of the six sections: (1) 50 - 75 cm boulder, (2) 30 - 45 cm boulder, (3) 12 - 25 cm cobble, 
(4) 6 - 11 cm cobble, (5) mix of 6 - 11 cm and 12 - 25 cm cobble, and (6) mix of 30 - 45 cm and 50 - 75 
cm boulder (Figure 17).  Thus, each reef unit was composed of six smaller sections of individual rock 
sizes (Figure 17).  The six 6.6 m x 10 m pockets of rock were dropped at the same time alongside one 
another to create each 40 m x 10 m reef unit.    The total volume of rock used to construct the reef was 
1153 m3 (192 m3 per reef unit). 

Figure A1. Artificial reef design. 
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Construction began in early March 2006.  MarineFisheries employees monitored all construction 
activities to ensure compliance with permit requirements.  We conducted site visits to RDA 
Construction’s staging area to measure the rocks and check the cleanliness of rocks.  RDA met the 
contracted rock dimension requirements for all rock sizes but the largest boulders.  Diameters of the 
largest boulders exceeded the planned maximum size.  To prevent additional delays to a project already 
behind schedule due to various problems that RDA encountered, the larger rocks were approved.  
MarineFisheries concluded that the larger boulders would not compromise the value or function of the 
reef.  The larger rocks will create more relief and potentially attract more fish to the reef area than the 
rock sizes originally planned and were not a navigation hazard.  All rocks met the required cleanliness 
prior to construction. 

The first reef unit was constructed on March 23, 2006, and the five remaining reef units were built in the 
following weeks.  The last reef unit was dropped on April 11, 2006.  Construction was considered to be 
complete at this point.  Throughout the construction period, MarineFisheries divers inspected each reef 
after it was dropped on site.  All dimensions were within 25% of the original specifications and the reef 
units were positioned according to the contracted coordinates for each.   
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Appendix IVB.B. Site Selection and Monitoring Protocols 
 
Introduction 
The purpose of this appendix is to provide a detailed supplement to the methods described in Chapters 1 
and 2.  These protocols are intended to provide the reader with sufficient detail as to directly replicate our 
site selection and field monitoring methods.     
 
SITE SELECTION PROTOCOLS 
 
Identifying Potential Site Locations Using GIS 
 
Initial GIS Analysis 
Prior to beginning field work, a simple model was developed to select potential sites for habitat 
enhancement using ESRI’s ArcGIS 9.0 mapping software.  Three parameters were selected for use in our 
model: substrate, bathymetry, and proximity to the pipeline.  These data layers were coded to represent 
prime, potential, and unsuitable areas for habitat enhancement and multiplied together to create a single 
layer map.  The commands used to reach the final product of the map are included below: 
 
Sequence of Commands Used to Reach the Final Analysis: 

1. Buffered the HubLine by 22.7 m and 304 m to create a “nearby” buffer zone and a “maximum 
width” buffer zone. 

2. Dissolved the HubLine to create one solid polygon for both buffered layers. 
3. Created a new field in the substrate data layer called “ReefSubstrateSelection.” 
4. Used “symbol” in substrate to create new attributes: PoorSediment (combined the Erosion 

Nondeposition 4 with Deposition), PrimeSediment (Erosion Nondeposition 3), OKSediment 
(Sediment Reworking), Islands, Water/Other (Figure B1). 

5. Dissolved on these new attributes. 
6. Clipped bathymetry polygon with both new HubLine polygons. 
7. Clipped sediment polygon with both new HubLine polygons. 
8. Converted new clipped polygons to raster dataset with 10-m2 cells – the bathymetry data was 

converted on “depthrange” and the substrate data was converted on “reef substrateselection.” 
9. Used the “reclassify” command in spatial analyst to reclassify the grid substrate types into the 

following numbers: 
PoorSediment = 0 
Islands = 0 
Water/Other = 0 
OK Sediment = 1 
PrimeSediment = 2 

10. Used “reclassify” command in spatial analyst to reclassify the grid bathymetry types into the 
following numbers: 

5 through -10 m = 2 
10 through -15 m = 1 
all other depths = 0 

11. Used raster calculator to multiply the two grids and their new classifications together to obtain a 
final output of areas for potential habitat enhancement sites. 

Final output: 
0 = unsuitable 
1= potential 
2 = suitable 
4 = prime 
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The results of this model allowed us to identify four prime locations for potential reef sites (29.6 acres 
total prime area) off of Boston, Hull, Marblehead, and Beverly, Massachusetts.  Within these areas we 
selected a total of 24 sites (and five alternate sites) that occurred within 304 m of the HubLine pathway.  
The 24 potential site polygons and five alternate site polygons were drawn in GIS, and waypoints 
corresponding to these polygons were gathered.  Through the use of GIS, we were able to eliminate 80% 
of potential reef area prior to field assessments. 
 
Field Assessments of Potential Site Locations 
 
Depth and Slope Data 
After completing the initial selection process using ArcGIS, MarineFisheries collected bathymetry data in 
the field at each of the 24 potential sites.  These data were used to verify the GIS model and calculate 
slope.  Four buoys, each with 21 m of line and a weight, were used to mark the corners of each 50 x 140-
m reef footprint.  The following steps describe the methods used to collect depth data: 

1. Boat started at one corner of a footprint, marked with a buoy (Figure B2). 
2. While keeping a constant rpm, boat operator headed towards the next corner marked with a buoy. 
3. Using a stopwatch, depth (as read on the sounder) was recorded every 10 seconds until the next 

corner was reached. 
4. This process was repeated for each corner and once down the center length of the footprint.  The 

boat was always driven lengthwise in the same direction when data were being collected. 

Figure B1. Image of the sediment reclassification process in ArcGIS 9.0. 

Figure B2. Example of the boat’s movement over a potential site 
footprint while depth data were collected.
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The depth data were analyzed using the following methods: 
1. Depth was adjusted to account for tidal stage. 
2. Slope (or the angle of inclination) was determined by calculating the difference between depths of 

measured points and the distance between those points (a right triangle), then taking the 
arctangent of the lengths to determine the angle.   

3. Sites that were too deep or shallow (< 5 m or > 15.1 m) (according to our criteria) and sites that 
had slopes over 5º were eliminated from further consideration. 

 
Substrate Data 
Underwater surveys were conducted to determine the stability of the substrate at each site, as well as to 
classify and quantify the substrate at a finer scale.  We qualitatively collected data on species abundance 
and diversity during these dives.  These data allowed us to avoid placing the reef on pre-existing 
productive habitat and ensured that the reef would be placed on substrate that was expected to be strong 
enough to prevent the reef from descending into the sediment.  GIS was used to determine our start and 
end waypoints for deploying 50-m transects for data collection on each site.  We deployed two transects 
(A and B) from the boat at each potential reef site (Figure B3).  Transects were placed across the potential 
reef footprint on a 45º angle to cover as much area as possible in two dives.  Duration of the transect dives 
ranged from 15 - 40 minutes depending on the complexity of the habitat.  A third diver videotaped the 
substrate along the transects.  The following sections outline the steps necessary to collect these data on 
the potential sites. 
 

Deploying the Transect 
1. Required equipment: one 50-m sinking line marked every 5-m with flagging tape labeled with the 

meter mark, two 9-kg weights, and two surface buoys with enough line to reach from the surface 
to the bottom.  The buoys and their surface lines were attached to the 9-kg weights.  The weights 
were then attached to either end of the transect.  Once the gear was attached, the surface lines and 
transect line were one continuous line, with weights at the start and end of the transect. 

2. Using the GPS unit on the boat, we navigated to the starting waypoint for the transect. 
3. Once on the waypoint, we dropped the 9-kg weight (with the surface buoy and transect tape 

attached) to mark the start of the dive/transect. 
4. The transect line was fed out of the boat as we headed on the bearing that was necessary to set the 

transect on a 45º angle over the potential reef site (Figure B3).  This bearing took us directly 
toward the end waypoint of the transect. 

A B 

HubLine

Figure B3. General transect direction and placement on a potential reef site. 
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5. Once the transect line was taught, the other attached 9-kg weight (and surface buoy) was thrown 
in, marking the end of the transect.  The waypoint where the weight was dropped was recorded in 
case there was discrepancy between the planned and actual ending waypoints. 

 
50-m Transect Surveys 

1. Divers descended on the origin buoy of the transect line to begin collecting data at the 0-m mark.  
If the current direction required it, divers would go down the buoy marking the end of the transect 
and work backwards.  Before starting the data collection, divers usually set up current-assessment 
devices (see section below for this methodology).  Once these instruments were arranged, divers 
began the transect dive.  Equipment needed for the dive: 

a. Underwater slates  
b. “Substrate Swath Datasheet” (Appendix C) 
c. 2-m long PVC bar called the “swath bar” 

2. Following the datasheet, divers would collect the starting depth and conduct the “hand burial 
test” at the 0-m mark 

a. Depth:  Divers recorded depth from their dive computer.  This depth was corrected for 
the tide MLW (date and time of dive was recorded on datasheet. 

b. Hand Burial Test:  The diver made a fist and attempted to press their hand deep into the 
substrate.  This method allowed us to obtaining a general idea of the strength of the 
substrate and whether or not the reef would sink into the sediment.  Hand burial depth 
was coded as such: 

1 = Hand remains on surface 
2 = Half or whole hand buried 
3 = Hand and full wrist buried 

3. From the 0-m mark, divers swam along the transect, with one diver on each side of the transect.  
Data were collected in 5-m swaths (essentially a 2 x 5-m quadrat).  The first “swath” began at the 
0-m mark and ended at the 5-m mark.  Divers swam slowly along the transect holding the swath 
bar out in front of them to provide a 2-m width reference point and at the end of each 5-m section, 
record the substrate observed.  Substrate data was coded by the following categories: 

a. Primary substrate = > 50% coverage.  The primary substrate was the most common 
surficial substrate type, NOT the underlying substrate.  Divers recorded the primary 
substrate as the rock type that covered more than 50% of the area.  Underlying sand was 
recorded in the underlying substrate category (below). 

b. Secondary substrate = 10 - 50% coverage.  This could be the same as the primary if the 
majority of the substrate was all the same type.  For example, if a 2 x 5-m swath 
consisted of 95% sand and 5% shell litter - both the primary and secondary substrates 
were recorded as sand, while the shell litter was recorded as tertiary. 

c. Tertiary substrate = < 10% coverage.  This category represented everything EXCEPT the 
primary and the secondary.  For example, if one cobble was in a swath – it was recorded 
as a “tertiary” because it made up < 1% of the area. 

d. Underlying substrate = This was the type of substrate found underneath the surficial 
substrates.  Rocks were lifted up or we shallowly dug underneath the sand or shell litter 
to identify the substrate below. 

 
Substrate types were defined by the Wentworth Scale (Wentworth, 1922) as the following: 

 
Sediment Key 
BE = Bedrock 
BO = Boulder (> 25.1 cm) head size or greater 
CO = Cobble (6.1 – 25 cm) billiard ball to head size 
PE = Pebble (0.5 – 6 cm) pea size to billiard ball 
GR = Granule (0.2 – 0.4 cm) bee-bee size to pea size 
SA = Coarse sand and find sand (bee-bee size to salt/sugar grain) 
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SD = Shell debris (broken-up shell fragments) 
SH = Shack (whole or half shells) 
CL = Clay 
SI = Silt 
Underlying = sediment underneath other substrate 

 
4. In addition to collecting substrate, depth, and hand burial data, divers collected information on 

species sighted along the transect.  Lobsters and other macrofauna were counted to qualitatively 
assess marine life on these transects.  Divers also mentally noted all species (plant and animal) 
seen on the transect and recorded their presence/absence after completing the dive.   

5. If wave ripples in the sand were present, they were noted on the datasheet as an indicator of wave 
action.  Divers attempted to assess the height of the sand ripples. 

6. Video data was collected whenever possible by a third diver over the entire length of the transect. 
7. Upon completion of the dive, divers would complete a “Site Selection Presence/Absence 

Datasheet” (Appendix C).  For algae, percent coverage across the entire transect was estimated.  
If algae were drift, divers recorded the percent coverage but made a note that the algae was 
drifting.  For animals, divers estimated the count of all individuals of a particular species 
observed.  Any species that were not listed on the datasheet but seen were written in on the 
datasheet.   

 
Site Scoring and Weighting 
In order to rank the remaining potential sites, MarineFisheries developed a weighting system to 
incorporate multiple aspects of the site selection criteria.  Data used in this portion of the analysis 
included: primary and secondary surficial substrate, underlying substrate, sand ripple presence (an 
indicator of wave action), site proximity to the HubLine, and site proximity to cobble fill points along the 
HubLine.  Although tertiary substrate data was collected, it was not used in these analyses due to their 
low percent coverage on the potential sites. 
 

A six step approach was followed for this analysis: 
1. For each potential site, a numerical score was assigned to every data category based upon how 

well the site met the selection criteria.  The numerical scores ranged from 1 (poor site potential) 
to 3 (prime site potential).  Categories possessing more than one type of classification (i.e. 
surficial substrates) were weighted by the areal proportion of that classification using the assigned 
numerical score. 

2. An objective weighting system was developed where a percentage value was assigned to each 
data category based upon the relative importance of each criterion to the project objectives. 

3. The numerical scores were “weighted” by multiplying the final score for each data category by 
the category’s assigned percentage. 

4. Final weighted scores from were summed for each site. 
5. Sites were ranked, where sites with the highest scores had the majority of the required physical 

attributes for site selection. 
6. Species presence/absence data were taken into account following the ranking analysis.  These 

data could not be included in the ranking analysis because they were qualitative. 
  
Site Scoring 
For each site, a numerical score was assigned to every data category based upon how well the site met the 
selection criteria.  Numerical values were used to represent prime (3), potential (2), or poor (1) suitability 
for reef placement.  The following methods were used to assign these scores to the data: 
 
Sediment data 
Each site was classified by the primary, secondary, and underlying sediment types recorded in the area.  
Sediment types included boulder, cobble, pebble, granule, sand, shack (whole shells), shell debris, and 
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silt.  Sites with pebble, granule, sand, shack, or shell debris were preferred because these substrate types 
are more capable of supporting the weight of a reef and naturally tend to have lower species diversity than 
cobble or boulder.   

 
Primary sediment data - Primary sediment types were assigned the following numerical categories based 
on their ability to support the weight of a reef and expected species abundance and diversity: 

Category rating levels: 
1 = Poor: boulder, cobble and silt 
2 = Potential: mixed flat cobble  
3 = Prime: pebble, granule, sand, shack, and shell debris 

Secondary sediment data - Secondary sediment types were assigned the following numerical categories 
based on their suitability for reef placement: 

Category rating levels: 
1 =  Poor: boulder and silt  
2 =  Potential: cobble 
3 =  Prime: pebble, granule, sand, shack, shell debris, and hard clay 

Underlying sediment data - Underlying sediments included hard clay, soft clay, granule, sand, and silt.  
Underlying sediment types were assigned the following numerical categories based on their suitability for 
reef placement: 

Category rating levels: 
1 = Poor: soft clay and silt 
3 = Prime: hard clay, granule, and sand 

 
Each sediment proportion was multiplied by the assigned category rating of 1, 2, or 3.  These values were 
then summed to provide a final underlying sediment rating for that site. 
  
Sand ripple / wave action 
The presence of sand ripples on a site was presumed to indicate areas of high wave energy which may be 
detrimental to reef placement.  Therefore, sites were classified as either (3) low energy = no sand ripples, 
(2) moderate energy = small sand ripples (2.5 – 13 cm height) or (1) high energy = large sand ripples (> 
13.1 cm height). 
 
Proximity to HubLine 
Sites that were closer to the HubLine were preferred.  Therefore, sites were classified as either (3) 
adjacent to the HubLine pathway (< 30 m), (2) near the HubLine (30 – 152 m), or (1) far from the 
HubLine (152.1 – 304 m). 

 
Proximity to fill points 
Sites that were closer to fill points were preferred.  These cobble fill points along the HubLine provided 
an area to compare the settlement and succession of species on cobble deployed two to three years prior to 
the artificial reef.  Sites were classified as either (3) adjacent to a fill point (< 30 m), (2) near a fill point 
(30 – 152 m), or (1) far from a fill point (> 152 m). 

 
Assigning the Scale 
Each variable described above was weighted on a percentage scale according to its relative importance to 
the project objectives (Table B1).  The primary substrate variable was assigned the largest weight at 50% 
because this substrate would need to support the majority of the reef’s weight and would have the most 
impact on existing species.  If the potential site had a high percentage of poor reef substrate this weighting 
category would automatically rank the site much lower than a site with mostly prime reef substrate.  The 
other two substrate categories were assigned weights of 15% to represent their importance in supporting 
the weight of the reef, as well as avoiding productive habitat.  A weight of 10% was assigned to the 
presence of sand ripples as an indicator of wave action in the area.  Although this variable was not as 
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crucial as substrate type, it was important to take wave action into account in terms of its ability to 
dislodge or bury the reef.  It should be noted that wave action was previously taken into account by 
ensuring that the potential reef sites were located at depths > 5 m.  Finally, proximity to the HubLine and 
fill points received 5% weighting to account for our goal to place the reef near these areas if all other site 
selection criteria were met. 

 
Weighting and Summing the Scores 
Numerical scores from each potential site’s data categories were 
“weighted” by multiplying the score by the category’s assigned 
percentage. Final weighted scores were then summed for each site.   
 
Ranking the Sites 
Scores of all 14 sites were ranked (Table 1.4 in Chap. 1).  Sites with 
the highest scores best exhibited the physical attributes targeted for 
reef development Prior to making another round of site eliminations 
based on the ranking analysis, species presence and absence were 
taken into account. 
 

 
Species Presence/Absence 
Upon completion of the weighted ranking analysis, biological factors at the potential reef areas were 
considered.  Species presence/absence data collected on each transect dive were reviewed.  The number 
of species present on each site were standardized by the number of transects completed per site.  This 
information was used to determine which sites to eliminate based on concerns of impacts to sites with 
relatively high species abundance or diversity.   
 
Water Flow and Current Direction  
Two underwater methods were used to evaluate current with respect to strength and direction.  We 
constructed a current-direction meter to identify the predominant current direction at each of the potential 
sites.  The predominant current direction was then compared to the site’s orientation.  If a site’s 
rectangular footprint was not already perpendicular to the predominant current, it was shifted to be 
perpendicular.  A flowmeter (General Oceanics) was also used to collect data on the water flow at the site. 
 
Assessing Current Direction 
We designed a simplistic low-cost instrument to evaluate current direction.  The instrument assessed 
current direction in the north/south, east/west, northeast/southwest, and northwest/southeast directions.   

1. Specifications of the Predominant Current Direction Indicator (PCDI) 
a. A thick cement base (43 x 43 x 12 cm) was set with a central vertical rebar stake attached 

to an internal rebar frame and a vertical eye bolt in each corner (Figure 1.4 in Chap. 1). 
b. Four 7.6-cm wide PVC pipes were cut to 30 cm long.  Two small holes were drilled 

halfway down the length of the pipe on the top and bottom of each pipe (these were 
eventually used to suspend the plaster blocks inside the tube).  The pipes were fastened, 
with the holes easily accessible, to the rebar stake with plastic-coated wire mesh, similar 
to what is used to make lobster traps.  Each pipe faced a different direction: north/south, 
east/west, northeast/southwest, and northwest/southeast. 

c. In order to deploy and retrieve the PCDI, a rope bridle was attached to the eye bolts, 
which was long enough to avoid the PVC pipes. 

d. Plaster of Paris was poured into ice-cube trays with a wire penetrating the centers through 
the tray (a small hole was made in the bottom of each “cube mold”) (Figure B4).  The 
plaster was allowed to dry for four days.  These blocks are commonly used by biologists 

Table B1: Weighting categories 

Variables Weight 

Primary substrate 50% 

Secondary substrate 15% 

Underlying substrate 15% 

Wave action 10% 

HubLine proximity 5% 

Fill point proximity 5% 
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to obtain a relative estimate of water motion by measuring the starting and ending weight 
of the blocks once they have been exposed to water (Doty, 1971). 

e. Dry blocks were weighed and filed to a weight between 30-33 grams. Final weights were 
recorded to the nearest tenth of a gram.   

 

2. Deploying the Predominant Current Direction Indicator 
a. Prior to deployment, blocks were suspended in each pipe on the PCDI (through the holes 

that were drilled in the PVC) using the wire in each cube, secured so that the blocks did 
not touch the sides of the tubes.  Starting weights of each block and compass directions of 
each tube were recorded on the “Current Datasheet” (Appendix C). 

b. The PCDI was deployed along with two cinder blocks.  One cinder block was used to 
suspend the flowmeter (explained below) and the other block weighted a surface buoy.  
The surface buoy marked the location of the equipment for easy retrieval. 

c. To deploy the PCDI, two 4.5-m lines (to be used as search lines) were attached to the eye 
bolts on opposite corners.  Separate from the PCDI, the two cinder blocks were tied 
together for deployment with a short line and a surface line was attached to one cinder 
block.  One of these cinder blocks had a small subsurface buoy on a 1-m long line 
attached to it.  The PCDI was lowered on a separate surface line.  A waypoint was 
recorded when the equipment reached the bottom.  

d. Divers positioned the PCDI on the bottom so that the uppermost PVC tube faced 
north/south and the compass-direction of each tube was recorded (on the “Current 
Datasheet”).  The flowmeter was suspended between the cinder block and a subsurface 
buoy (floating about 1 m off the bottom).  The bottom “search lines” were used to help 
locate the equipment during retrieval dives.  Equipment needed to be placed far enough 
away from one another to avoid entanglement of lines during strong currents or storms. 

e. Two to three days later, divers collected the equipment.  Waiting longer to retrieve the 
PCDI could have resulted in the complete dissolving of the block and loss of data.   

3. Analysis of Current Direction 
a. Blocks were weighed pre- and post-deployment to determine relative dissolving rates.  

Blocks were weighed only after they had been given sufficient time to dry out in the same 
place where there were originally weighed (for similar humidity, etc).  It usually took 
about four days to completely dry the blocks before weighing them.  The block with the 
greatest dissolving rate indicated which tube was facing the predominant water current. 

 
Upon completion of this analysis only one of our potential site footprints (Site 6 in Marblehead) had to be 
rotated in order for the reef to be oriented perpendicular to the predominant current.  This orientation was 
preferred to optimize larval settlement.  This site footprint was altered and further analyses on Site 6 were 
conducted using the new orientation.  
Measuring Flow   

Figure B4. Making the plaster blocks for the predominant current direction meter. 
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Due to a defective flowmeter, data collected were not used but the methods are described below: 
a. The flowmeter was attached to a cinder block with brass swivel-clips such that it could 

rotate in both the clockwise and counter-clockwise directions to face the current.   
b. A subsurface buoy was attached to the dorsal surface of the meter and was used to 

suspend the flowmeter in the water column. 
c. Start number was recorded after set-up; end number was recorded upon retrieval. 

 
Larval Settlement Collectors 
 
Larval Settlement Collector Specifications  

1. A lobster trap building company was contracted to build 30 ½-m2 collectors.  Collectors were 
made from 3.8-cm coated wire and had open tops. They had the following dimensions: 0.7 m 
length x 0.7 m width x 0.3 m height (Figure B5). 

2. Sides of the collectors were reinforced with a wooden frames secured with rubber strips (screwed 
into the wood with stainless steel screws) (Figure B5). 

3. The bottom of the collectors were lined with Astroturf as an impermeable “substrate” that also 
provided some relief. 

4. Collectors and Astroturf were left outside in a parking lot exposed to weather for one month in 
June, prior to deployment to reduce chemical residues and scents that lobsterman believe can 
decrease lobster catches. 

5. Just prior to deployment, approximately 68 kg of cobble (5 – 25-cm diameter pieces) was placed 
into each collector.  Rocks had been previously sorted (haphazardly) into 68-kg piles in fish totes, 
such that one fish tote carried the amount of rocks needed for one collector.  This allowed us to 
easily move the rocks onto the vessel for collector deployment and placed most of the weight 
strain on fish totes, rather than the collectors. 

 

Collector deployment – A lobsterman was contracted to assist us in deployment and retrieval of the 
collectors because the weight of each collector (about 68 kg) required a heavy, stable platform and davit.  
The lobster boat provided deck space needed to conduct diving operations in addition to collector 
deployment and retrieval.  Collectors were deployed in July to capture lobster settlement which was likely 
to occur in August.  We expected that the extra few weeks soak time would allow the rocks to become 

Wood frame 

Astroturf 

Surface line/buoy 

Bridle 

Figure B5. Settlement collector ready to be filled with cobble and deployed 
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slightly fouled and the collector habitat to be more desirable to larvae.  In the future, we suggest placing a 
unique ID on each collector prior to deployment and recorded that ID along with the collector’s 
deployment waypoint.  The IDs would have made it easier upon retrieval, to determine which collectors 
had been recovered and which required search dives.  
 
When the collectors were deployed, search lines were laid out between each collector such that during the 
retrieval work divers could follow search lines from one collector to another.  Laying line on the seafloor 
in this area was problematic because of the concentrated lobster fishery in Massachusetts Bay.  We did 
not want our lines to be directly attached to the collectors, in case a fisherman grappled in the area for a 
lost trawl.  If he/she caught the search lines attached to the collectors, there was potential for the 
collectors to be flipped or moved.  Therefore, the system we developed allowed us to set unattached 
search lines on the bottom.  If a search line was lost under this system, the collector presumably would 
not be moved and divers could conduct a search dive on the collector’s waypoint.  Surface buoys were not 
used because of the likelihood that they would be moved or lost. 

1. Equipment needed for settlement collector deployment at each site: 
a. 10 settlement collectors 
b. 10 surface lines about 18 m in length with an attached white buoy – each buoy had a 

unique number written clearly on it (1-10) 
c. 10 subsurface buoys 
d. 10 screw anchors or sand augers 
e. 3 coils of 160 m sinking line 
f. 14 plastic garden stakes 
g. 3 mesh gear bags 
h. 1 “Pendant Hobo” temp/light logger (Onset Corp.) 

2. Surface preparation: 
a. Collectors were set in three long rows along the length of the 50 x 140 m reef footprint.  

The two outside rows had three collectors, while the inside row had four collectors 
(Figure B6).  One row was set at a time on the waypoints that were selected (using GIS).  

b. Rocks were loaded into the collectors from the fish totes and the 10 loaded collectors 
were laid out on the deck of the vessel. 

c. Surface lines with their numbered buoys were tied onto the collector’s bridles in a 
manner that set the collectors in order of their deployment (collectors #1, 2, 3 for the first 
line; 4, 5, 6, 7 for the middle line and; 8, 9, 10 for the last line). 

d. The “Pendant Hobo” temp/light logger was attached to one collector per site and the 
unique number of the collector carrying the logger was noted. 

e. One subsurface buoy was tied to the side of each collector with a bowline knot. 
f. A gear bag was attached to collector #1 containing three sand anchors, four garden 

stakes, and a rubber mallet for pounding stakes into the substrate. One gear bag was 
placed on each collector that started off the three-collector lines. For example, using 
Figure B6, collectors #1, 4, and 8 had gear bags attached to them before being deployed.  
For the line consisting of four collectors (starting with collector #4) the gear bag was 
packed with four sand anchors and six garden stakes. 

g. Collectors were carefully lowered one at a time on the designated waypoint. 
h. A waypoint was recorded for each collector when it reached the bottom in case the boat 

had drifted off the original waypoint.  Exact coordinates were essential for reducing dive 
time if a search dive was needed to find a collector. 

3. Setting-up collectors and search lines underwater (Figure B6)   
a. Divers found the gear bag containing the screw anchors, rubber mallet, and the garden 

stakes and screwed in a sand anchor next to the collector.  The subsurface buoy was 
detached from the collector and retied to the sand anchor.  The subsurface buoys were a 
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search tool because they were easier to spot on dives than the low-lying collectors that 
blended in with the substrate. 

b. The surface line was detached from the bridles and bridles were placed underneath the 
collector to keep the line from interfering with the open surface of the collector. 

c. A series of search lines were deployed to aid in the east of settlement collector retrieval.  
Sinking search lines were attached to the seafloor between each collector (Figure B6).  A 
garden stake was placed close to the first collector and the search line was attached.  At 
the next collector another stake was placed and the line leading from the first collector 
was attached.  The diver then went to the other side of the collector and drove another 
stake in, and repeated the process (Figure B6).     

 
Settlement collector retrieval – Retrieval took place in mid-to late-September, after the majority of lobster 
settlement had occurred in Massachusetts Bay.  

1.  Equipment needed for retrieval: 
b. 10 lines with attached surface buoys. 
c. Mesh coverings large enough to wrap around the collectors completely without 

interfering with the bridle lines (Figure B7).  Mesh coverings were used to prevent 
escapement of plants and animals in the collector during recovery.  

d. Eight bungee cords (two per collector).  Each cord long to wrap around half the collector. 
e. Gear bags to retrieve line and sand anchors off the bottom. 

 
Retrieving the collectors worked the best with two dive teams.  One dive team started on one side of the 
reef footprint (aiming to find collectors #1, 2, and 3) and the other team started on the other side of the 
footprint (aiming to find collectors #8, 9, and 10).  If all the search lines were intact underwater, it was 
possible to find all the collectors in one dive with two dive teams. 

 

Settlement collector

Subsurface buoy on sand anchor 

Search lines (sinking line) Garden stakes 

1 2 3

4 

98 

765 

10

Figure B6. Arrangement of settlement collectors and search lines on a reef site footprint once divers 
completed equipment set-up. 
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Lines with surface marker buoys were deployed at two collector waypoints.  
2. Divers teams deployed, carrying multiple lines with surface marker buoys. 
3. A line (with buoy) was attached to each collector. 
4. Mesh coverings were secured around the collectors using bungee cords. 
5. Search lines, garden stakes, sand anchors, subsurface buoys, and any collector-marking items 

were removed and brought to the surface.  
6. Meshed collectors were then hauled. 

 
Sample Processing - Astroturf and rocks in the collector were carefully inspected, and all flora and fauna 
found were counted and recorded on a suction sampling datasheet (Appendix C).  Encrusting species and 
algae were recorded in the presence/absence section, while individuals of a species were enumerated.  To 
remain consistent with the suction sampling data collection, we did not collect data on species of 
polychaetes except for scale worms.  Species that were not readily identifiable in the field, usually small 
whelks or bivalves, were preserved in alcohol in small glass vials labeled with unique ID’s on the lid.  
These ID’s were recorded on the datasheets to track which site and collector the sample was found.  
These species were keyed out in the office following their collection.   
 
Pre-Construction Site Survey 
Prior to the start of construction, MarineFisheries collaborated with the United States Geological Survey 
(USGS) to collect georeferenced multibeam data on Site 29 and the surrounding area.  The results of the 
survey confirmed our substrate dive survey results and showed that Site 29 was a non-descript flat area 
with little to no hard bottom habitat.  The survey also confirmed the location of the HubLine and the 
cobble fill point near Site 29.  Additionally, the survey verified that the reef would be near naturally 
occurring hard bottom areas (Figures 2.2 in Chap. 2).  We assumed that naturally occurring hard bottom 
areas could provide the artificial reef with new juvenile settlers and potentially attract adults.  
MarineFisheries also planned to use these surrounding natural reefs for comparisons with our artificial 
reef during future monitoring. 

 
 

Mesh covering on 
settlement collector

Figure B7. Settlement collector retrieval. 
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REEF MONITORING PROTOCOLS 
 
MarineFisheries initiated a monitoring program as soon as the artificial reef construction was complete.  
To evaluate the success of the reef project, we designed a structured monitoring program to characterize 
and track larval settlement, as well as the development of invertebrate and finfish populations on the reef.  
This program included seasonal visual dive surveys along permanent transects, semi-annual small fish 
trapping, annual larval suction sampling, and some monitoring of reef structure with multibeam 
technology.  Each reef and sandy control unit will be referred to using its unique identification number 
assigned post-construction (Figure 2.1 in Chap. 2).  
 
Temperature Monitors  
 
Two permanent bottom temperature monitors were installed in the spring of 2006: one at the origin of 
Natural Reef transect #1 and one just east of the transect origin on artificial reef #8.  A concrete base was 
constructed with an internal mesh wire frame and a central eye bolt for lowering the block to the seafloor.  
Two large bolt heads (with the threads exposed) were also installed into the concrete to allow for the 
permanent attachment of a large PVC tube (about 7.6 cm diameter, 45 cm long) to the base (Figure B8).  
The PVC tube had two holes, spaced about 15 cm apart and centered, drilled completely through both 
sides of the tube for running long bolts (with nuts attached to hold them in place) through.  The 
temperature monitor (Pendant Hobo, Onset Corp.) was placed in a waterproof plastic housing and put 
inside the tube between the two bolts.  The bolts secured the temperature logger in place.  Divers switched 
the loggers out annually. 
 
 

Permanent Transect Sampling 
 
Installing Permanent Transects 

1. Equipment needed to install one 40-m transect: 
a. GPS unit 
b. 40-m transect tape (Keson double-sided, Forestry Suppliers) with a 5-m leader line 

(sinking line) and brass clips on the leader line and the transect reel, or a 40-m transect 
tape without a leader line.  The leader line gave the divers some distance before starting 
the transect, where they could disturb the bottom without disturbing the transect when 
setting up survey equipment.  This was important on the natural reef sites where sponges 
and other fragile species could be inadvertently damaged.  The leader line was not 

Figure B8.  Permanent temperature monitoring station ready for deployment.  
Note: buoys and dive weight were only used for deployment. 
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necessary for the artificial reefs however, because divers could easily avoid disturbing the 
reef by staying off the reef on the surrounding sandy edge. 

c. Five sand augers or cinder blocks for the natural reefs and sandy controls, and two sand 
augers for the HubLine fill points and artificial reefs.  Note: sand augers are difficult to 
find – we purchased them from: 

http://www.shadeusa.com/beach_umbrella_holders.htm#EARTH%20ANCHORS. 
d. A short rebar stake (used for installing the sand augers into the substrate). 
e. Two subsurface buoys (we used half of a lobster buoy for each subsurface buoy) with 1.5 

m of line tied to each buoy, the line ended in a loop large enough to fit the subsurface 
buoy through 

f. Flagging tape with the site name/number written on it - tied to the subsurface buoys 
g. 15 m of sinking line (for a search line) marked in the center (7.5-m mark) of the line with 

a cable tie used to mark the natural reefs and sandy controls 
h. Two to three mesh gear bags 
i. Pelican buoy (small yellow buoy and line that can be easily carried by divers and 

deployed to the surface to mark the end point of the 40-m transect) 
j. Waypoint for start of transect 
k. Pre-determined bearing 

2. Field preparation on the surface to set-up a permanent transect: 
a. A 15-kg weight (drop weight) and a surface line with a buoy on it was set up to mark the 

start of the transect (marker buoy). 
b. Gear bags containing the following items were attached to the drop weight: 

i. Equipment for ORIGIN of the transect: four sand augers, short rebar stake, 15-m 
search line, subsurface buoy, and 40-m transect tape with or without leader line 
depending on the site 

ii. Equipment for FAR END of transect: sand auger, subsurface buoy, pelican buoy 
iii. If divers were collecting data on these dives, we attached the swath bars and the 

quadrats to the weight using loops in the line and brass clips. 
c. The weight and surface line with attached gear bags and were dropped on the waypoint. 

3. Establishing the permanent transects underwater (Figure B9): 
a. A team of divers followed the marker buoy down to the origin.  
b. Divers used the “origin” gear bag containing all the equipment necessary to set-up the 

origin of the transect.  If we were installing sites on the natural or sandy areas, the auger 
was installed directly next to where the drop weight fell.  For the HubLine fill point, all 
sand augers were installed on the west side of the pipeline in a sandy area at the bottom 
of the cobble fill.  Divers swam to the top of the mound parallel to the auger to begin 
transects.  For the artificial reefs, the augers were centered at the northern edge of the 
reef.  The sand augers are expected to remain in position for at least the next few years of 
monitoring.  If the substrate type did not allow (i.e. too rocky) for installation of augers, 
cinder blocks were used to mark the start and end of the transects.   

c. The subsurface buoy was attached to the auger or the cinder block by running the buoy 
through the loop at the end of the buoy’s line. 

d. A search line was then installed at the start of each natural reef and sandy control transect 
(no search line was necessary for the artificial reefs or the HubLine because they were 
not difficult to locate underwater): 

i. An auger was installed into the substrate near the subsurface buoy. 
ii. The 15-m search line was run through this auger until we found the cable tie 

marking the middle of the line.  A knot was tied in the line with the cable tie. 
iii. Each diver took an auger and one end of the search line and swam out on a 

bearing perpendicular to the bearing of the transect.  Divers placed the augers in 
the substrate and tied a knot to attach the line to the auger (Figure B9). 

http://www.shadeusa.com/beach_umbrella_holders.htm#EARTH%20ANCHORS�
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e. Divers opened the far end gear bag and set out the transect tape along the designated 
bearing.  (For the HubLine, sandy controls, and the artificial reefs a southwest bearing 
around 240º was usually used).  The short rebar stake and the gear bag were carried. 

f. Divers verified that depth did not vary drastically on a site (usually remained at the 
designated depth +/- 2 m). 

g. Once at the 40-m mark, divers swam one more meter out to install the last sand auger. 
h. The far end subsurface buoy was attached to the auger. 
i. Divers clipped the transect line onto the auger and pulled slack out of the line. 
j. The pelican buoy line was tied to the transect tape reel (not the auger) and the buoy was 

released to the surface.  This allowed us to obtain a waypoint for the end of the transect 
from the boat (recorded on the Surface Datasheet, Appendix C). 

k. Depending on air supply, divers began surveying the site using swath bars. 
 

4. Resampling of the permanent transects (not installing gear): 
a. Divers threw a drop weight and marker buoy on the waypoint marking the origin of the 

transect.  Attached to the weight were the following: one gear bag holding the transect 
tape and a pelican buoy, quadrats, and swaths. 

b. Divers swam down the line and looked for the search lines if they were on a natural reef 
or a sandy control.  The search lines lead divers to the origin subsurface buoy.  If divers 
were resampling the HubLine or the artificial reefs, divers searched for the rock 
structures and swam to the subsurface buoy location.  The drop weight was moved to the 
origin sand auger so we had an easy line to follow to the surface at the end of the dive. 

c. Fouling organisms were cleaned off of search lines and subsurface buoys. 
d. The transect tape was clipped onto the marker buoy line, which was positioned at the start 

of the transect.  Divers swam out the 40-m transect tape on the recorded bearing. 

Sand auger 

Subsurface buoy 

40-m transect tape

5-m leader line

15-m search line 
Swath bar 

Figure B9. Permanent transect set-up and divers surveying the transect using swath bars. 
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e. After reaching the 40-m mark, divers conducted a sweeping search to find the far end 
subsurface buoy and the far end of the transect tape was secured. 

f. If we needed to surface from the far end of the transect, we tied the pelican buoy onto the 
transect tape reel and deployed to the surface.  This provided divers with a line to follow 
back to the surface from the 40-m mark. 

 
Swath Data Collection (Swath Monitoring Datasheet, Appendix C) 

 
Macroinvertebrates and fishes were quantified in 2 x 5 m sections along the transect using 2-m long 
PVC “swath” bars once transect lines were laid out:   
1. One diver ran out the transect tape while the other diver swam alongside holding two swath bars.  

Once the transect tape was in place, divers collected data from the 40-m mark to the 0-m mark. 
2. One diver collected data on the right side, the other collected data on the left side of the transect 

Figure 2.6 in Chap. 2). 
3. Holding a swath bar, each diver swam slowly along the transect, counting macroinvertebrates and 

vertebrates listed on the datasheet in 5-m increments (see swath datasheet Appendix C). 
4. When sighted, pelagic fish were recorded.  If the fish were schooling, their count was estimated.  

The majority of fishes sighted were benthic such as sculpin (Myoxocephalus sp.) or cunner 
(Tautogolabrus adspersus).  Cunner were so numerous over the artificial reefs and the HubLine 
(in 2006) that we estimated the count within each 5-m swath. 

5. On occasion some macroinvertebrates, such as solitary tunicates, were so numerous on the 
artificial reefs that it was not feasible to count them (i.e. Ascidiella aspersa, Ciona sp.). When 
necessary the number of individuals within the swath section were estimated. 

6. Divers did not lift or turn over rocks but did look into interstitial spaces when possible. 
7. Divers gently moved algae to check for benthic invertebrates or fishes underneath the algae. 
8. At the end of the swath survey divers filled in any blanks on the datasheet with “0” to 

demonstrate that we looked for that species and found none. 
9. Collecting these data took about 20 minutes on the sandy controls, and 35 – 50 minutes on the 

artificial reefs, natural reefs, and HubLine fill point. 
10. On the surface, divers tallied their “tick marks” and circled the final count for a particular species 

in the swath section.  Circling the final count allowed for easier data entry. 
 
Quadrat Data Collection (Quadrat Monitoring Datasheet, Appendix C) 

 
Divers used 1-m2 quadrats with a ¼-m2 inset quadrat to sample small invertebrates typically found in high 
densities (e.g. Mytilus edilus), substrate type, algal coverage, and encrusting or sessile invertebrate 
coverage (e.g. colonial tunicates or sponges).  To obtain unbiased data yet avoid sampling the entire 
transect, we used systematic random sampling along the 40-m transect length.  Each diver collected data 
in two quadrats every 10 meters, for a total of eight quadrats per diver and 16 quadrats per transect. 

1. Prior to the dive, the meter mark of the quadrats that were to be sampled were filled in on the 
datasheet.  Quadrat numbers were assigned using a random number table with numbers from zero 
to nine, and filled in the “sampling start mark” on the datasheet, labeled by columns Q1-Q5 (i.e. 
“Quadrat 1”) (Figure B10).  The space outside the parentheses was filled in with the quadrat 
number the diver was to collect data from, while the number inside the parentheses was their 

Figure B10. Completed random number section on the quadrat datasheet. 

 3       0  8     6  13   16 15   19 20    24 
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buddy’s location [e.g. ___(___)].  The first two random numbers from the table, for example 8 
and 3, were re-ordered so that divers could swim in a constant direction [e.g. _3_(___) and 
_8_(___)].  The next two random numbers, for example 6 and 0, were filled in the blanks inside 
the parentheses [e.g. _3_(_0_) and _8_(_6_)].  On the dive buddy’s datasheet, the numbers were 
reversed: _0_(_3_) and _6_(_8_).  As we continued to assign quadrats, 10, 20, or 30 was added to 
the random number to move along the transect in 10-m increments (e.g. for 3 and 5 – the quadrats 
would be 13 and 15, and the next numbers 0 and 6 would be 20 and 26) (Figure B10).  

 
2. Datasheets were photocopied as double-sided and flipped underwater collect data on all quadrats.  
3. The datasheets also provided space for two extra quadrats, which was useful if one diver was 

faster at collecting data than the other.  In this case, the faster diver would complete their buddy’s 
last quadrat for them without having to obtain the slower diver’s datasheet. 

4. Divers usually started at the 0-m mark and worked to the 40-m mark, after having completed the 
swath data collection.  Depending on time, this was done on the same or on a second dive. 

5. One diver collected data on the right side, while the other diver collected data on the left side, as 
with the swaths.  The side the diver was on was recorded as if the diver was swimming from the 
0-m mark to the 40-m mark. 

6. Correct quadrat use: 
a. 1-m2 PVC quadrats were built with a ¼ m2 corner inside the larger quadrat (Figure B11). 
b. When collecting data, divers placed the ¼ m2 corner of the quadrat at the assigned 

quadrat number on their side of the transect (Figure B11). 
c. If a large boulder prevented the quadrat from lying flat on the substrate, divers did not 

move the quadrat.  Data collection took place on an angle but in a method consistent with 
all other quadrats.   

 
 
 
Small Fish Trap-Sampling and Tagging Study 
 

Quadrat number and 
correct placement of 
quadrats 0 m

40 m

Figure B11. Transect line showing the correct placement of the quadrats next to the assigned quadrat numbers 
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Trap Design and Preparation 
1. Commercially-purchased 30.5 cm length x 30.5 cm width x 58.4 cm height eel pots with 1.3 x 1.3 

cm vinyl-clad wire mesh were used (Figure 2.8 in Chap.2).  The door folded around the trap body 
on three edges so that small fish could not escape and was secured with a bungee-cord.  The entry 
passage was a long funnel design.   

2. Each trap was weighted with a brick secured inside the trap and rigged with 20 m of line and a 
surface buoy.  Surface buoys were standard lobster-pot buoys that were halved and marked with a 
unique ID (1 through 30).  

3. Traps were fitted with lobster trap identification plates listing ownership.  These tags were also 
marked with a unique ID for each trap that matched its buoy ID.  We also added flagging tape 
with the trap ID to each pot.  The numbers were used to track trap deployment and hauls.   

4. Herring was used to bait the traps.  Whole frozen fish were quartered and separated into portions 
each weighting around 100-150 grams.  Portions were placed into containers and re-frozen.   

5. Prior to deploying each trap, one portion of fish was placed in a plastic mesh bait bag and 
suspended inside the trap by closing the door against the open end of the bag.  

 
Trap Placement 

1. GIS was used to select seven waypoints on each of the four areas: artificial reef, sandy control, 
natural reef, and HubLine (Figure 2.9 in Chap. 2). 

a. One trap was placed in the center of each artificial reef (areas #1, 3, 4, 7, 8, and 9) with 
the exception of reef #7, which had two traps set 19 m apart along the reef’s center-line. 

b. Two traps were placed in each of the sandy control sites (areas #2, 5, and 6), with the 
exception of area #5, which had three traps.  Each trap was at least 12 m apart, but most 
were 30 m apart. 

c. Seven traps were set in the natural reef area found during the site selection process at a 
depth similar to that of the artificial reefs.  Traps were deployed immediately after 
structure/relief was detected on a bottom sounder to ensure the presence of hard substrate.   

i. In the fall, the location of the natural reef traps was changed because the site we 
used in the spring had limited hard substrate at depths similar to the artificial 
reefs.  The spring site was also not the site that we eventually used for our 
permanent transect sampling.  Additionally, the natural reef we used for our 
monitoring surveys had large amounts of cobble and boulder, whereas, we had 
not surveyed the area we set the traps in the spring.  Therefore, in the fall we 
sampled the area we monitored.  The natural reef used in the fall had a larger area 
at a similar depth to the reefs. Traps were spaced between 18 m and 84 m apart.  

d. Seven traps were deployed on the HubLine pathway on top of the cobble fill about 30 m 
apart from one another.  We deployed each trap only if we saw the mound appear on the 
bottom sounder, which ensured proper placement.      

2. Traps were deployed when the GPS indicated that we were within 3 m of the waypoint.   
3. As the baited trap was released, its deployment location was marked on the GPS if it varied from 

the original waypoint.  The label of the GPS point, ID of the trap, and time deployed were 
recorded (on the “Fish Pot Setting Datasheet,” Appendix C). 

4. Traps were soaked for two to six days.   
 

Processing the Catch and Tagging Cunner 
1. Traps were hauled by hand or with the assistance of a davit.   
2. Captured fishes and crustaceans from one trap were emptied immediately into a cooler with 

habitat water and processed.  The following data were recorded on waterproof paper (on the “Fish 
Pot Length Frequency Datasheet,” Appendix C): 

a. Lobsters (Homarus americanus) – Carapace length was measured to the nearest 0.1 mm 
using vernier calipers.  The lobster was then sexed and released.  When tags were 
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available, lobster were tagged with cinch tags (containing unique ID numbers) placed 
around the knuckle (Figure 2.10 in Chap. 2).  If the lobster were tagged, they were 
released over the waypoint where they were originally caught  

b. Cancer crabs (C. irroratus and C. borealis) – Carapace width measured, then released.  
c. Species other than cunner – Grubby sculpin (Myoxocephalus aenaeus), pollock 

(Pollachius virens), rock gunnel (Pholis gunnellus), and radiated shanny (Ulvaria 
subbifurcata) were occasionally captured.  For these species, total length was measured 
to the nearest 0.1 mm using a measuring board and the fish was released.   

d. Cunner (Tautogolabrus adspersus) – Total length (TL) was measured to the nearest 0.1 
mm using a measuring board, then Floy® Fingerling tags were applied to each cunner 
with a TL of 7.5 mm or greater (we increased the minimum TL from 7.5 in the spring to 
8.0 in the fall because cunner less than 8.0 mm had reduced survivorship compared with 
the larger individuals immediately following the tagging event).  

i. Floy Fingerling tags were pre-printed with unique three-character codes and 
came attached to elastic line which was threaded on a needle.  We used the 
needle to pierce the fish’s flesh a few mm below the anterior end of the dorsal 
fin.  The elastic line was then threaded through the fish’s flesh and the needle 
was removed.  We secured the tag close to the fish’s body with a surgeon’s knot.  
Dangling thread was trimmed to reduce drag.  

ii. We released the live tagged fish over the waypoint where they were originally 
captured.  A freshly-baited trap was also released on the site.  Released cunner 
were observed and any that did not swim down were recovered and recorded. 

 
Air-lift Sampling 
Sampling and sample analysis was performed according to the procedures described previously under the 
“Benthic Air-lift Sampling.”  One major difference between air-lift sampling the artificial reefs and the 
annual coastal stations was the amount of time required to complete the procedure because (1) the greater 
depth caused divers and the suction pipe to expend air at a faster rate than at the shallow sites, which 
required more tank changes, and (2) divers had to swim farther along the bottom to arrive at sampling 
destinations.  Techniques unique to each sample site were: 
 
Artificial Reefs 

1. Twenty-four samples were taken on the artificial reef.  On each reef unit, a ½ m2 quadrat was 
used to sample the four rock sizes (small cobble, large cobble, small boulder, and small 
boulder/small cobble mix).  The two larger rock sizes (large boulder and large cobble/large 
boulder mix) were not sampled due to the impracticality of turning those rocks over.  

a. The quadrat was placed on either the western or eastern edge of the different size rock 
sections.  Sampling side (east or west) was randomly assigned to later analyze variations 
in settlement due to prevailing east/west currents.  We followed the “Underwater Reef 
Suction Protocol Datasheet” (Appendix C) while diving, which designated what locations 
to sample and also listed bearings to navigate from one reef to another.   Samples in 2007 
were taken from the opposite side of each rock size sampled in 2006.  The break between 
years allowed for recovery of flora and fauna that were disturbed by air-lift sampling.   

b. Water-proof identification tags were placed in each sample bag underwater, immediately 
following the collection to identify which reef, rock size, and side of the reef (east/west) 
the sample was taken (e.g. Label = Site 1, 1W; interpretation = Site 1, small boulders on 
the west).  One diver carried these tags on a looped cable tie.  Tags had holes punched in 
the top corner so the diver could easily rip the tag off the cable tie and place it into the 
collection bag before closing the bag. 

c. Overturned rocks were replaced immediately after suctioning ceased at each quadrat. 
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2. In a single dive, we sampled between one and two reefs (four to eight samples), depending on 
tides and currents.  Reefs were easy to locate underwater in the east-west direction but more 
difficult to find in the north-south direction, where the reefs have a shorter profile. 

3. This task required three divers.  For most of the annual air-lift sampling, the third diver replaced 
bags on the suction pipe.  On the artificial reef dives, the third diver acted as the lead diver, 
instructing others on which quadrat to complete next and keeping track of the ID tags for each 
collection bag.  The third diver used the underwater datasheet to mark which quadrats were 
complete and which needed to be sampled. 

4. Bringing down two suction tanks fitted with first stages eliminated the need for divers to surface 
to switch out tanks but the added gear made swimming from one reef to another difficult.     

 
Sand Controls 
Twelve samples were taken on a sandy control site. We randomly chose to sample site #5 but any of the 
three sandy controls (areas numbered 2, 5, and 6 in Figure 2.1 Chap 2) could be used.   
 
HubLine Fill Point 
Twelve samples were taken on the HubLine (centered between the origin and far end of Transect 1).  For 
each, the quadrat was placed on the edge of the rock mound and cobbles were turned out toward the sand.  
Six quadrats were sampled on the eastern edge of the HubLine and six on the western edge.  
 
Natural Reef 
Twelve samples were taken on the natural reef at a location past the far end of Natural Reef Transect 3 
(Figure 2.5 Chap. 2).  Quadrats were chosen using the routine suction sampling protocol.  
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Site Name TimeStart______________ LatNW
Date (yyyymmdd) RPM__________________ LonNW
Recorder LatNE

LonNE
Time (seconds) Depth LatSW

LonSW
LatSE
LonSE
LatMN
LonMN
LatMS
LonMS

Time (cont) Depth (cont.)

Direction of vessel 
movement

Direction of vessel 
movement

 
 
Figure C1. Depth survey datasheet used during site-selection.

Appendix IVB.C.  Artificial Reef Site Selection and Monitoring Datasheets 
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Date(yyyymmdd)_____________________ Site ID _______________________Vis._____ Diver______________

Time (Hour)__________ Bearing____________ Left / Right  (circle one) Buddy_____________

Start 0-5m 5-10m 10-15m 15-20m 20-25m 25-30m 30-35m 35-40m 40-45m 45-50m

Depth

Hand burial test

Substrate

Primary (>50%)

Secondary (10-50%)

Tertiary (<10%)

Tertiary (<10%)

Tertiary (<10%)

Tertiary (<10%)

Underlying

Homarus americanus  (count if seen)

Additional notes:

Sediment Key
BE = Bedrock  SA = Coarse Sand and Fine Sand Hand burial codes:

BO = Boulder (>25.1cm) head size or greater           (beebee size to salt/sugar grain)

CO = Cobble (6.1-25cm) billiard ball to head size SD =  Shell Debris (broken-up shell fragments )

PE = Pebble (0.5-6cm) pea size to billiard ball SH = Shack (whole or half shells)

GR = Granule (0.2-0.4cm) beebee size to pea size CL = Clay

SI = Silt

Underlying  =sediment underneath other substrate
3 = Hand and full 

wrist buried

2 = Half or whole 
hand buried

1 = Remains on 
surface

Transect Letter  A / B   (circle one)

 
 
Figure C2. Datasheet for substrate surveys of prospective sites, using swath bars.  
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Figure C3. Datasheet for presence/absence of species sighted during site-selection dive surveys.  

Date (yyyymmdd) _________________Swath Divers __________________________________________

Site ID__________________________Video Diver ____________________________________________

Transect  A / B  (circle one)
Percent Cover

Algae 0 <1 1-5 6-10 11-25 26-50 51-100

Kelp (Laminaria sp., Agarum sp., Alaria sp .)

Filamentous browns and reds (Desmarestia )

Red blades (Palmaria  sp.,  etc.)

Encrusting coralline algae

Drift algae - green

Drift algae - browns

Drift algae - reds

Estimated Count
INVERTEBRATES 0 1 2-5 6-10 11-50 51-100 101-500 501-1000 1001+

Homarus americanus

Libinia emarginata  (Spider crabs)

Cancer sp. (Rock and Jonah crabs)

Neopanope sp.  (Mud crabs)

Large whelks (Busycon, Buccinum )

S. droebachiensis

Asterid sea stars (Asterias, Leptasterias )

Hermit crabs - Pagarus  sp., etc.

Anemones (Metridium sp. )

Bivalves (specify)

Other bivalves (specify)

Tunicates (specify)

FISH

Tautogolabrus sp.  (Cunner)

Myoxocephalus sp . (Sculpin)

Tautoga onitis  (tautog)

Gadus Mohua (Atlantic cod)

Policius veins (Pollack)

Winter flounder

Skates
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Site ID:

Placed near what (Reef? Sandy control?)____________________

Placed near origin (0m mark) or far end (50m mark)  (circle one)

Lat: Lon:

Divers:

Dimond Design

Start Date End Date Start Time End Time

Start Weight End Weight Direction

Block 1

Block 2

Block 3

Block 4

Flowmeter

Start Date End Date Start Time End Time

Start Read:

End Read:

Additional Notes:

1

2

3

4

Direction

 
 
 
 
 
 
 
 
 
 
 
 
 
 
FigureC4. Current-direction meter datasheet. 
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Date (yyyymmdd) Surface Observer1

SiteID Surface Observer2

Bearing (dive direction) Bearing (dive direction)
Average Depth (from boat 
data)

Average Depth (from boat 
data)

0m depth 0m depth

50m depth 50m depth

Time Divers In Time Divers In

Time Divers Out Time Divers Out

Surface Current Direction Surface Current Direction

Estimated speed (if possible) Estimated speed (if possible)

Wind Speed Wind Speed

Wind direction Wind direction

Cloud cover Cloud cover

Lat West end  0 / 140m? Lat West end  0 / 140m?
Lon W end Lon W end

Lat East end  0 / 140m? Lat East end  0 / 140m?
Lon E end Lon E end

Additional Notes: Additional Notes:

Transect (circle one)    1   2    3 Transect (circle one)   1    2    3

Surface Conditions: Surface Conditions:

 
 
Figure C5. Site-selection surface datasheet for 140-m transect diver surveys. 
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Site # Diver Transect # Bearing

Date Buddy Visibility Time

140m

70m

0m

 
 
Figure C6. Datasheet for 140-m transect observations during site-selection. 
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Site ID Divers

Date Reef or Sample ID

Species ID - closest ID as possible / notes & descriptions Count

Presence / Absence (for sp. in #s logistically too high to count or questionable in sampling) Circle if present or write in!

Algae Sponges Annelids
Codium fragile Halichondria panicea Spirorbis borelis
Ulva lactuca Isodictya sp. Family Capitellidae
Chaetomorpha linum Haliclona oculata Pectinaria gouldi  (ice cream cone worm)
Fucus sp. UnidSponge
Chondrus crispus Tunicates
Membranoptera alata Bryozoans Botryllus schlosseri
Palmaria palmata Membranipora sp. Botrylloides
RedFilamentous Bugula turrita
Red Blades Cryptosula pallasiana (red encrusting) Other Inverts
Red coralline algae Hydroids Barnacles
Lamanaria sp. Tubularia Crepidula plana
BrownFilamentous Obelia Crepidula fornicata
Brown Blades Crepidula sp.

Attempt to ID and count all anemones, worms, molluscs, crustaceans, echinoderms, tunicates, and vertebrates found in samples.  If 
their names are listed in presence/absence - do NOT attempt to count these species.  If you encounter a species that is too 
numerous to count or is not sampled well by suction sampling, add the species ID to the presence/absence list.  

Figure C7. Air-lift sampling datasheet for artificial reefs, natural reef, and HubLine. 

Date (yyyymmdd) Surface Observer1

SiteID Surface Observer2

Visit #

Transect ID:

Bearing (from 0m mark to 40m mark)

Corrected Depth of Site

Tide Description Dive #1 Ebb / Flood   High Slack / Low Slack   What type of data was collected on this dive?

Tide Description Dive #2 Ebb / Flood   High Slack / Low Slack   What type of data was collected on this dive?

Tide Description Dive #3 Ebb / Flood   High Slack / Low Slack   What type of data was collected on this dive?

Average visibility on dives

Longitude Start (0m) --

Latitude Start (0m)

Longitude End (40m) --

Latitude End (40m)

Additional Notes (site gear and biological notes)
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Date(yyyymmdd)_____________________ Site ID______________________ Diver______________ Bearing________

Hour_____________ Depth_________________ Left / Right Vis.________ Buddy_____________
Visit #____________  Transect# ___________ 0-5m 5-10m 10-15m 15-20m 20-25m 25-30m 30-35m 35-40m

Homarus americanus (American lobster)

Cancer irroratus (Rock crab - sharp point carapace)

Cancer borealis (Jonah crab)

Family Majidae (Libina/Hyas - spider crabs)

Large hermit crabs (width of large chelae >1.5 cm)

Metridium senile (frilled anemone)

Northern cerianthid (Cerianthus borealis)

Molgula sp. (sea grape)

Ciona intestinalis (sea squirt with yellow rim)

Styela sp. (warty, knobby sea squirt)

Stronglyocentrotus droebachiensis (green urchin)

Henricia  sp. (Blood star)

Asterias forbesi (orange madreporite)

Asterias vulgaris (white madreporite, row spines down arms)

Lunatia heros (Moon snail)

Buccinum undatum (waved whelk)

Sea scallop (Placopecten magellanicus)

Cunner (estimate)

Myoxocephalus sp.(shorthorn, grubby & longhorn)

Winter flounder (P. americanus )

Radiated shanny
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Other species to count: Crangon sp. (sand shrimp - dorsally flattened), Pandalus sp. (shrimp), nudibranchs, sea cucumbers, Solaster endeca (Sunstar), Crossaster 
papposus (Spiny sunstar), Neptunea lyrata (ten-ridged whelk), Colus stimpsoni (slender whelk), Razor clams, Quahogs, Surf clams, sand dollars, Goulds pandora 
clam, all solitary tunicates, summer flounder, spiny dogfish, other flatfish, Lumpfish, Cod, Tautog, Sea raven, Raja (skate)
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Figure C9. Swath survey datasheet for mobile macroinvertebrates and solitary tunicates used during monitoring dives. 
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Date(yyyymmdd)___________________Site ID Transect ID Diver___________________ Depth

Bearing ______Hour______ Left / Right Visit #_________Vis_____ Buddy__________________

Only count 1m quads if the abundance is very low Quadrat (1 meter2) Q1 Q2 Q3 Q4 Q5

Quadrat (1/4 / 1meter2) Q1 Q2 Q3 Q4 Q5 Sampling Start Mark ___(    ) ___(    ) ___(    ) ___(    ) ___(    )

Sampling Start Mark ___(    ) ___(    ) ___(    ) ___(    ) ___(    )

Modiolus modiolus       /       /       /       /       / Brown Algae (#stipes/percent cover w/in 1 meter2)

Mytilus edilus  Blue mussel       /       /       /       /       / Agarum cribrosum (kelp with holes)      /      /      /      /      /

# of clam siphons       /       /       /       /       / Laminaria sp. (thick blade)      /      /      /      /      /

      /       /       /       /       / Alaria sp. (mid-rib)      /      /      /      /      /

      /       /       /       /       / Unid filamentous browns

      /       /       /       /       /

Substrate Reds (if you can ID Chondrus  separately, please estimate % cover separately)

Quadrat (1 meter2) Q1 Q2 Q3 Q4 Q5 RedFilamentous/Foliose

Sampling Start Mark ___(    ) ___(    ) ___(    ) ___(    ) ___(    ) Red Blade (Palmaria)

Primary (>50%) Red Coralline Crust

Secondary (10-50%) Chondrus crispus

Tertiary (<10%) Membranoptera alata  (leafy red blade)

Tertiary (<10%) Greens

Tertiary (<10%) Ulva lactuca  (green blade -prob. drift)

Tertiary (<10%) Fucus sp. (branching green, prob. drift)

Underlying (what you can see) Sessile Inverts (count / percent cover) No slash = only percent cover

BE drock  SA = Coarse and Fine Sand (beebee size to salt/sugar) Bugula  (Tufted bryozoan)

BO ulder (>25cm) head size or greater SH = Shack (whole or half shells) Palmate sponge (Isodictya sp.)      /      /      /      /      /

CO bble (6-25cm) billiard ball to head size CL = Clay Crumb Bread Sponge (Halichondria sp. )

PE bble (0.4-6cm) pea size to billiard ball SI = Silt Botrylloides violaceus (orange, white tunicate)

GR anule (0.2-0.4cm) bb size to pea size SD = Shell Debris (broken-up shell fragment) Botryllus schlosseri  (star tunicate)

Notes: Barnacles

Haliclona oculata  (deadmans fingers)      /      /      /      /      /

Tubularia (hydroid with pink)

Didemnum sp. (snotty gray tunicate)

Remember - if it is drift algae, no stipe count is recorded - only % cover with a 
"D" next to it.  Count dead kelp stipes separately.

Other stuff to count: Encrusting Tunicates, Sea pork (white blob tunicate), Cryptosula sp. (red encrusting bryozoan) Membranipora (encrusting bryoz) or Electra pilosa (lacy bryoz), 
Broken kelp stipe, Green filamentous algae, Codium sp ., Didemnum albidum (white, non-invasive), Clathrina sp. (white stringy sponge) other encrusting species, Haliclona  
 
Figure C10. Quadrat survey datasheet for bivalves, substrate, and species assessed by percent cover used during monitoring dives. 
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Presence/Absence Date (yyyymmdd) Visit # ______
Site
Transect ID _________________________

ALGAE    P=Percent Cover 51- 100- 501-

Brown 0 <1 1-5 6-10 11-25 26-50 100 500 1000 1000+ Drift?

Laminaria  sp. (thick blade)
Alaria  sp. (mid-rib)
Agarum cribrosum (seive kelp, w/ holes)
Brown filamentous (wiry)
Other

Red
Chondrus crispus (foliose)
Palmaria palmata (red blade)
Red coralline crust
Membranoptera alata  (flattened leafy red blade)
Corallina officinalis (branching corraline red alga)
Red filamentous

Green
Ulva lactuca (blade)
Codium fragile (branching)
Fucus sp. (drift, rockweed)
Chaetomorpha linum (filamentous green, wiry)
Ascophyllum nodosum (drift, knotted wrack)

INVERTEBRATES -  P = Percent Cover  and  C=Count
Porifera = P

Isodictya  sp. (palmate, conspicuous oscula)
Halichondria panicea  (crumb of bread)
Haliclona oculata  (deadman's fingers, narrow stalk, our "purple sponge")
Suberites ficus (fig sponge, smooth, yellowish, ball-like)
Microciona prolifera  (red beard, tiny oscula)

Other (describe)

Cnidarians = P or C
P =Tubularia crocea (pink tubularian hydroid)
P =Obelia geniculata (threadlike runner, stalked)
C =Metridium senile  (frilled anemone)
C =Cerianthus borealis  (northern cerianthid)
Other

Clathrina sp. (stringy white sponge)

Zostera sp. (eelgrass)
Green filamentous algae

 
Figure C11. Datasheet for presence/absence of species sighted on the artificial reefs, natural reef, and HubLine sighted during monitoring dives, 
filled out post-dive.   
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Site ID ______________________ Transect ID _____ Visit # ______ 51- 100- 501-

Bryozoans = P 0 <1 1-5 6-10 11-25 26-50 100 500 1000 1000+

Membranipora membranacea  (sea lace)
Bugula turrita (sprial tufted bryozoan)
Cryptosula pallasiana  (red crust)

Molluscs - Gastropods
P = Crepidula plana (flat, whitish slipper shell)
P = Crepidula fornicata (slipper shell, more mottled and raised)
C = Lunatia heros  (moon snail)
C = Euspira triseriata (spotted moon snail)
C = Anomia sp. (jingle shell)
C = Cerostoderma pinnulatum (northern dwarf cockle)
C = Acmaea testudinalis (limpet)
C = Buccinum undatum  (waved whelk, aperture shining white, short canal)
C = Neptunea lyrata decemcostata (ten-ridged whelk)
C = Colus stimpsoni (slender whelk, long siphonal canal)
C = Nassarius trivattata (New England dog whelk)
C = Lacuna vincta (northern lacuna snail)
C = Mitrella lunata (lunar dove snail)
C = Flabellina pellucida (red-gilled nudibranch)
C = Dorid nudibranch 

C = Tonicella sp. (chiton)

Molluscs - Bivalvia  = C
Modiolus modiolous (northern horse mussel)
Mytilus edulis  (blue mussel)
Placopecten magellanicus  (sea scallop)
Mercenaria mercenaria (northern quahog)
Pitar morrhuanus (false quahog)
Spisula solidissima  (surf clam)
Ensis directus (common razor clam)
Astarte undata (wavy astarte clam)
Petricola pholadiformis (false angel wing)
Pandora gouldiana (Gould pandora, saddle-shaped flat shell)

Annelids = C
Spirorbis borealis (sinistral spiral tube worm, on seaweed)
Myxicola infundibulum (slime fan worm)
Scale worm

Arthropods - Crustaceans
P = Barnacles - Order Thoracica

Other

C = Dendronotus sp.  (Dendronid nudibranch)

 
 
Figure C11. continued. 
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Site ID ______________________ Transect ID _____ Visit # ______
51- 100- 501-

Arthropods - Crustaceans 0 <1 1-5 6-10 11-25 26-50 100 500 1000 1000+

C = Homarus americanus (American lobster)
C = Cancer irroratus (rock)
C = Cancer borealis (Jonah)
C = Mysid sp. (mysid shrimp, dorsoventrally flattened)
C = Crangon septemspinosa (sand shrimp, short rostrum, clear w/ blk spots)
C = Pandalus montagui (Montague's shrimp, pink to red or red stripes)
C = Lebbeus polaris (reddish-brown to red, transparent)
C = Caprellid shrimp (skeleton shrimp)
C = Upogebia affinis  (ghost shrimp)
C = Pagurus sp. (hermit crabs)
C = Libinia emarginata (common spider crab)
C = Hyas sp. (toad crab, decorator)
C = Neopanope sp. (mud crab)

Enchinoderms = C
Henricia sanguinolenta (blood sea star)
Asterias vulgaris (northern sea star, yellow/white madreporite, row spines)
Asterias forbesi (Forbes sea star, orange madreporite)
Asterias sp.
Subclass Ophiuroidea (brittle star)
Cucumaria frondosa (orange-footed cucumber)
Chiridota laevis (silky sea cucumber, pink/whitish)
Stronglyocentrotus droenbachiensis  (green urchin)
Echinarachnius parma  (common sand dollar)
Solaster endeca (smooth sunstar)
Crossaster papposus (spiny sunstar, bristles)

CHORDATES
Tunicates

P = Botryllus schlosseri (golden star tunicate)
C = Molgula  sp. (sea grape)
P = Botrylloides violaceus (orange/maroon/white sheath tunicate, colonial)
P = Didemnum albidum (northern white crust)
C = Boltenia ovifera (stalked tunicate, orange/yellow)
C = Halocynthia sp. (sea peach tunicate)
C = Ciona intestinalis (sea vase tunicate)
C = Styela clava (club tunicate)
P = Didemnum sp. (invasive tunicate)
P = Unidtunicate, "white blob" possibly sea pork?
Other tunicate species

 
Figure C11. continued. 
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Site ID ______________________ Transect ID _____ Visit # ______

Fishes - continuous dorsal (cont) = C 0 <1 1-5 6-10 11-25 26-50 100 500 1000 1000+

Pholis gunnellus (rock gunnel)
Ulvaria subbifurcata (radiated shanny)
Macrozoarces americanus (ocean pout)
Pseudopleuronectes americanus (winter flounder)
Paralichthys denatus (summer flounder)
Tautogolabrus adspersus (cunner)
Tautoga onitis (tautog)
Cyclopterus lumpus (lumpfish)
Liparis  sp. (snailfishes)
Raja  sp. (skates)

Fishes - two dorsals = C
Myoxocephalus aenaeus (grubby sculpin)
Myoxocephalus octodecemspinosus (longhorn sculpin)
Myoxocephalus scorpius (shorthorn scuplin)
Myoxocephalus sp.
Hemitripterus americanus (sea raven)
Morone saxatilis (striped bass)
Urophycis chuss (red hake, red-brown, feeler w/yellow, long dorsal thread)
Urophycis tenuis (white hake, grey/purplish, short dorsal thread)
Squalus acanthias (spiny dogfish)

Fishes - three dorsals = C
Melanogrammus aeglefinus (haddock)
Pollachius virens (pollock)
Gadus morhua (atlantic cod)
Unid fish (describe)  

 
Figure C11. continued.
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Date:
Observers:
Bait:

(only take a new waypoint if the trap is set far off it's intended waypoint)
FishPotID Lon Lat Waypoint Set # Trap Buoy ID # Time Deployed

FFred1 -70.90680 42.34390

FMrS2A -70.90649 42.34391

FMrS2B -70.90668 42.34371

FBarney3 -70.90639 42.34371

FWilma4 -70.90714 42.34353

FDino5A -70.90686 42.34352

FDino5B -70.90704 42.34332

FDino5C -70.90693 42.34343

FGazoo6A -70.90662 42.34344

FGazoo6B -70.90681 42.34322

FPeble7A -70.90759 42.34302

FPebble7B -70.90747 42.34316

FBetty8 -70.90727 42.34305

FBamm9 -70.90706 42.34295

FHub1 -70.90555 42.34433

FHub2 -70.90580 42.34398

FHub3 -70.90608 42.34363

FHub4 -70.90636 42.34327

FHub5 -70.90672 42.34279

FHub6 -70.90711 42.34233

FHub7 -70.90656 42.34303

FNat1 -70.91173 42.33779

FNat2 -70.91173 42.33804

FNat3 -70.91134 42.33777

FNat4 -70.91268 42.33832

FNat5 -70.91310 42.33854

FNat6 -70.91189 42.33790

FNat7 -70.91330 42.33867

Notes:  
 
 
 
 
Figure C12. Small fish tagging study datasheet for recording location and time of fish pot sets. 
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Fish Potting Length Frequency / Tagging Datasheet

Site or Plot: Pot #::

Date Pot Placed: Time Pot Placed:

Date Pot 
Removed: Time Pot Removed:

Other

Tag # / Color Measurement Tag # / Color Measurement SPECIES

/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /

Do not tag fish smaller than 8.0 cm

Tag color code: P = Pink, B = Blue, Gr = Green, W = White, Y = Yellow, R = Red, I = Ivory, Go = Gold

CUNNER RECAPTURED CUNNER

 
 
 
Figure C13. Small fish tagging study datasheet for tagged and recaptured fishes and lobster. 
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Methods for Suction Sampling Boston Harbor Artificial Reefs
 

Sample all 6 artificial reefs, 3 sandy controls, 1 hubline, and 1 natural reef   
 
 Artificial Reefs: 

o Sample one quadrat in each of four rock sizes:  
 Small cobble, large cobble, small boulder, small boulder/cobble mix 

o Place quadrat on right or left edge of rock type section according to plan (see 
figure below), L/R assigned randomly and recorded 
 Next year, sample opposite side (L/R) of each section 

 Sandy Controls: 
o Sample with 12 quadrats  

 
 Hubline: 

o Sample with 12 quadrats - place six on western edge/ six on eastern edge  
 

 Natural Reef: 
o Sample with 12 quadrats – place all past far end point of “Natural Reef 3” 

transect   (N 42.33814  W 070.9119) 
 
 

Lg Boulder  

Sm Boulder  

Lg Cobble  

Sm Cobble  

Sm Mix  

Lg Mix   

 

 
Lg Boulder  

Sm Boulder  

Lg Cobble  

Sm Cobble  

Sm Mix  

Lg Mix   

 

 
Lg Boulder  

Sm Boulder  

Lg Cobble  

Sm Cobble  

Sm Mix  

Lg Mix   

Site 1 X Site 3 X 

1 W  1 W  

2 W  2 W  

 3 E  3 E 

4 W   4 E 

X X 

Site 2 – 
Sand 

X X 

   

Site 4 X 

 1 E 

 2 E 

 3 E 

4 W  

X X 

Site 5 – 
Sand 

Site 6 –  
Sand 

   

Site 7 X Site 8 X Site 9 X 

 1 E  1 E  1 E 

2 W   2 E 2 W  

3 W   3 E 3 W  

 4 E 4 W  4 W  

X X 

 

X X 

 

X X 
 

 
Figure C14. Schematic of artificial reef air-lift sampling locations on each reef used to direct divers while 
underwater. 
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Site ID: Site ID:

Transect ID: Transect ID:

Logger ID: Logger ID:

Date Logger Placed: Date Logger Placed:

Time Logger Placed: Time Logger Placed:

Time Logger Retrieved: Time Logger Retrieved:

Date Logger Retrieved: Date Logger Retrieved:

Site ID: Site ID:

Transect ID: Transect ID:

Logger ID: Logger ID:

Date Logger Placed: Date Logger Placed:

Time Logger Placed: Time Logger Placed:

Time Logger Retrieved: Time Logger Retrieved:

Date Logger Retrieved: Date Logger Retrieved:

Site ID: Site ID:

Transect ID: Transect ID:

Logger ID: Logger ID:

Date Logger Placed: Date Logger Placed:

Time Logger Placed: Time Logger Placed:

Time Logger Retrieved: Time Logger Retrieved:

Date Logger Retrieved: Date Logger Retrieved:

Site ID: Site ID:

Transect ID: Transect ID:

Logger ID: Logger ID:

Date Logger Placed: Date Logger Placed:

Time Logger Placed: Time Logger Placed:

Time Logger Retrieved: Time Logger Retrieved:

Date Logger Retrieved: Date Logger Retrieved:  
 
Figure C15. Temperature monitor datasheet. 
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Appendix IVC2.1.    Smelt Fyke Net Field Sampling and Data Collection Protocol 

 
Sampling Period.  March 4th - May 16th. 
 
Fyke Net.   The net had six hoops (2.5 ft. diameter) attached to a box frame (4x4 ft.).  Throats were 
attached to second hoop inside mouth and fourth hoop.  Box frame wings (4x4 ft.) were attached to both 
sides of the box frame mouth.  All meshes were 1/4 inch. Wing poles were set 8.2 ft. (2.5 m) apart.  
 
Deployment.  The fyke nets were set overnight in the mid-channel location of each river and hauled near 
low tide the next day. Sample dates were randomly selected because of the complexity of coordinating 
traffic, tide, and other tasks. The setting and hauling of nets occurred near lower tides, therefore tide stage 
was important for scheduling deployments. Three overnight sets were made each week (11 weeks, 33 
sets) at each station.  
 
Sampling Stations.   The sampling stations were located at the lower end of spawning habitat where tidal 
influence was present. The Jones River (Kingston), Fore River (Braintree), Saugus River (Saugus), and 
Parker River (Newbury) served as population index stations. The Crane River (Danvers) and North River 
(Salem) were sampled with the same methodology as restoration river stations.  In addition, two Buzzards 
Bay stations (Weweantic River, Wareham; and the East Branch of the Westport River, Westport) were 
added in 2008 for consideration as long-term population index stations.  
 
Catch Processing.  The net cod-end was emptied into buckets, contents separated by species, and all fish 
counted, measured (TL, mm), and released.  All decapods were counted and released.  Eels were 
measured to nearest cm. A random sample of up to 20 fish were measured for large catches of 
mummichogs or sticklebacks.   
 
Field Data Recording.   Net soak time (nearest 0.25 hour), tide stage, moon stage, river discharge and 
water chemistry with YSI sonde (temp., pH, conductivity, D.O., and turbidity) 
 
Age/Sex Sub-sample.   A weekly age sample of live smelt was collected only in the Fore and Saugus 
rivers when catch ≥20. Smelt were tallied by sex and 1-cm intervals, selecting up to 5 smelt per sex per 
cm for the age sample.  Large catches of >100 smelt were subsampled with buckets to ensure random 
samples. Once an age subsample was saved, up to 80 randomly selected smelt were measured, sexed, and 
released.  Any remaining smelt were counted and released.  Smelt that died in the net were saved for age 
samples if additional samples were needed.   
  
Laboratory Processing.   Following net collections, the smelt saved for age subsamples were processed 
that day or the next in laboratory.  The following data were collected:  sex, maturity, total length, weight, 
and scales.  Fin clips were saved in 95% EtOH for genetic analysis;  attempted to collect 50 females and 
50 males from each river, and save clips in individual micro-centrifuge vials. 
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Appendix Figure IVC2.2.   Smelt fyke net in the Fore River, Braintree. 

 
 
 
Appendix Figure IVC2.3.  Smelt egg incubation jars at Annisquam River  
Marine Fisheries Station. 

 



 311 

 

 
 
 
 
 

 

Appendix Table IVC2.4. Fyke net catch in the Parker River, Newbury, 2005-2007  
(78 total hauls).  

2005 2006 2007 Total Total 

Species Name Scientific Name Type (No.) (No.) (No.) FOC CPUE

(26 hauls) (29 hauls) (23 hauls) (%) 
rainbow smelt Osmerus mordax Diadromous 924 123 563 60.3 20.6

American eel Anguilla rostrata Diadromous 9 12 3 24.4 0.3

sea lamprey Petromyzon marinus Diadromous 15 17 38 37.2 0.9

alewife Alosa pseudoharengus Diadromous 1 6 5.1 0.1

white perch Morone americanus Diadromous 7 12 6.4 0.2

blueback herring Alosa aestivalis Diadromous 1 1.3 0.0

mummichog Fundulus heteroclitus Estuarine 10 7 1 15.4 0.2

fourspine stickleback Apeltes quadracus Estuarine 222 122 33 75.6 4.8

threespine stickleback Gasterosteus aculeatus Estuarine 11 59 94 39.7 2.1

killifish Fundulus majalis Estuarine 2 2.6 0.0

Atlantic silverside Mendia menidia Estuarine 2 1.3 0.0

yellow perch Perca flavens Freshwater 2 11 14.1 0.2

white sucker Catostomus commersoni Freshwater 30 5 1 23.1 0.5

yellow bullhead Ameiurus natalis Freshwater 4 2 4 11.5 0.1

redfin pickerel Esox americanus americanus Freshwater 2 10 2 14.1 0.2

banded sunfish Enneacanthus obesus Freshwater 7 6 14.1 0.2

pumpkinseed Lepomis gibbosus Freshwater 2 3 5.1 0.1

golden shiner Notemigonus crysoleucas Freshwater 13 6 77 33.3 1.2

green crab Carcinus maenas Arthropod 2 2.6 0.0

crayfish Cambarus sp. Arthropod 3 3 4 11.5 0.1

sand shrimp Crangon septemspinosa Arthropod 1 1.3 0.0

Total Fish Catch 1245 379 857 

Species Name Scientific Name Type 2005 2006 2007 Total Total

(No.) (No.) (No.) FOC CPUE

(27 hauls) (28 hauls) (29 hauls) (%) 
rainbow smelt Osmerus mordax Diadromous 6 74 6 27.4 1.0

American eel Anguilla rostrata Diadromous 6 3 2 13.1 0.1

mummichog Fundulus heteroclitus Estuarine 58 333 157 73.8 6.5

threespine stickleback Gasterosteus aculeatus Estuarine 14 220 51 66.7 3.4

fourspine stickleback Apeltes quadracus Estuarine 5 22 11 35.7 0.5

banded sunfish Enneacanthus obesus Freshwater 5 6 0.1

golden shiner Notemigonus crysoleucas Freshwater 16 7.1 0.2

yellow perch Perca flavens Freshwater 6 17 10.7 0.3

pumpkinseed Lepomis gibbosus Freshwater 2 2.4 0.0

sand shrimp Crangon septemspinosa Arthropod 18 7.1 0.2

crayfish Cambarus sp. Arthropod 1 1.2 0.0

Total Fish Catch 89 658 267 

Fyke net catch in the Crane River, Danvers, 2005-2007 (84 total hauls). Appendix Table IVC2.A5. 
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Species Name Scientific Name Type 2005 2006 2007 Total Total

(No.) (No.) (No.) FOC CPUE

(27 hauls) (28 hauls) (30 hauls) (%) 
rainbow smelt Osmerus mordax Diadromous 5 43 12 29.4 0.7

American eel Anguilla rostrata Diadromous 16 15 22 29.4 0.6

white perch Morone americanus Diadromous  1 1.2 0.0

mummichog Fundulus heteroclitus Estuarine 76 7553 884 87.1 100.2

threespine stickleback Gasterosteus aculeatus Estuarine 20 294 332 74.1 7.6

fourspine stickleback Apeltes quadracus Estuarine 1 20 9 25.9 0.4

ninespine stickleback Pungitius pungitius Estuarine 1 1.2 0.0

golden shiner Notemigonus crysoleucas Freshwater 4 1 5 8.2 0.1

banded sunfish Enneacanthus obesus Freshwater 1  7 7.1 0.1

redfin pickerel Esox americanus americanus Freshwater    
yellow perch Perca flavens Freshwater 3 3.5 0.0

yellow bullhead Ameiurus natalis Freshwater 1  1.2 0.0

green crab Carcinus maenas Arthropod  1 1 2.4 0.0

sand shrimp Crangon septemspinosa Arthropod  2 1 3.5 0.0

grass shrimp Palaemonetes pugio Arthropod   1 1.2 0.0

Total Fish Catch 124 7927 1275 

Fyke net catch in the North River, Salem, 2005-2007 ( 85 total hauls).  Appendix Table IVC2.A6.   
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Appendix Table IVC2.A7. Fyke net catch summary for the Saugus River, Saugus, 2005-2007 (94 
total hauls). 

2005 2006 2007 Total Total

Species Name Scientific Name Type (No.) (No.) (No.) FOC CPUE

(32 hauls) (30 hauls) (32 hauls) (%) 
rainbow smelt Osmerus mordax Diadromous 141 1458 2433 67.0 42.9

white perch Morone americanus Diadromous 12 66 6 21.3 0.9

alewife Alosa pseudoharengus Diadromous 11 3 7 11.7 0.2

American eel Anguilla rostrata Diadromous 8 12 9 23.4 0.3

blueback herring Alosa aestivalis Diadromous 1 1 2.1 0.0

brown trout (salter) Salmo trutta Diadromous 1 1.1 0.0

mummichog Fundulus heteroclitus Estuarine 21 268 21 41.5 3.3

fourspine stickleback Apeltes quadracus Estuarine 185 257 63 83.0 5.4

threespine stickleback Gasterosteus aculeatus Estuarine 63 83 14 63.8 1.7

yellow perch Perca flavens Freshwater 50 26 6 30.9 0.9

white sucker Catostomus commersoni Freshwater 37 42 3 31.9 0.9

redfin pickerel Esox americanus americanus Freshwater 4 1 1 6.4 0.1

chain pickerel Esox niger Freshwater 3 2.1 0.0

banded sunfish Enneacanthus obesus Freshwater 2 2.1 0.0

yellow bullhead Ameiurus natalis Freshwater 3 3.2 0.0

golden shiner Notemigonus crysoleucas Freshwater 1 2 3.2 0.0

white crappie Freshwater 2 1.1 0.0

crayfish Cambarus sp. Arthropod 1 3 4.3 0.0

sand shrimp Crangon septemspinosa Arthropod 1 1.1 0.0

Total Fish Catch 532 2222 2573 
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Appendix Table IVC2.A8. Fyke net catch summary for the Fore River, Braintree, 2005-2007 (91 
total hauls). 

2005 2006 2007 Total Total

Species Name Scientific Name Type (No.) (No.) (No.) FOC CPUE

(30 Hauls)(29 Hauls) (32 hauls) (%)

rainbow smelt Osmerus mordax Diadromous 2131 1014 3435 86.8 72.3

American eel Anguilla rostrata Diadromous 44 60 83 39.6 2.1

alewife Alosa pseudoharengus Diadromous 1 1.1 0.0

Atlantic tomcod Microgadus tomcod Diadromous 19 16 10 29.7 0.5

striped bass Morone saxilitus Diadromous 1 1.1 0.0

blueback herring Alosa aestivalis Diadromous 1 1.1 0.0

mummichog Fundulus heteroclitus Estuarine 45 38 3 34.1 0.9

fourspine stickleback Apeltes quadracus Estuarine 77 36 1 42.9 1.3

threespine stickleback Gasterosteus aculeatus Estuarine 6 26 48 31.9 0.9
killifish Fundulus majalis Estuarine 1 1 1 3.3 0.0

red hake Urophycis chuss Estuarine 1 1.1 0.0

Atlantic silverside Mendia menidia Estuarine 1 1 2.2 0.0

bluegill Lepomis macrochirus Freshwater 3 3.3 0.0

yellow perch Perca flavens Freshwater 8 6.6 0.1

banded sunfish Enneacanthus obesus Freshwater 1 1.1 0.0

sand shrimp Crangon septemspinosa Arthropod 27 223 33 45.1 3.1

grass shrimp Palaemonetes pugio Arthropod 46 16 22.0 0.7

green crab Carcinus maenas Arthropod 33 10 16.5 0.5

horseshoe crab Limulus polyphemus Arthropod 1 1 2.2 0.0

crayfish Cambarus sp. Arthropod 1 2 3.3 0.0

Total Fish Catch 2334 1194 3585 
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Appendix Table IVC2.A9.   Fyke net catch summary for the Jones River, Kingston, 2005-2007 (93 
total hauls). 

2005 2006 2007 Total Total

Species Name Scientific Name Type (No.) (No.) (No.) FOC CPUE

(32 hauls) (29 hauls) (32 hauls) (%) 
rainbow smelt Osmerus mordax Diadromous 489 614 103 71.0 13.0

American eel Anguilla rostrata Diadromous 12 16 2 19.4 0.3

white perch Morone americanus Diadromous 5 6 2 11.8 0.1

alewife Alosa pseudoharengus Diadromous 2 3 4.3 0.1

Atlantic tomcod Microgadus tomcod Diadromous 2 15 4 15.1 0.2

blueback herring Alosa aestivalis Diadromous 1 1 1 3.2 0.0

sea lamprey Petromyzon marinus Diadromous 1 1 2.2 0.0

mummichog Fundulus heteroclitus Estuarine 27 44 2 26.9 0.8

fourspine stickleback Apeltes quadracus Estuarine 31 13 2 29.0 0.5

threespine stickleback Gasterosteus aculeatus Estuarine 5 11 2 15.1 0.2

Atlantic herring Clupea harengus Estuarine 3 4 4 5.4 0.1

ninespine stickleback Pungitius pungitius Estuarine 1 1.1 0.0

smooth flounder Liopsetta putnami Estuarine 1 1.1 0.0

winter flounder Pseudopleuronectes americanus Estuarine 1 1.1 0.0

Atlantic silverside Mendia menidia Estuarine 2 89 14.0 1.0

bluegill Lepomis macrochirus Freshwater 39 2 9.7 0.4

yellow perch Perca flavens Freshwater 31 20 2 15.1 0.6

brown trout Salmo trutta Freshwater 1 1.1 0.0

chain pickerel Esox niger Freshwater 1 1.1 0.0

pumpkinseed Lepomis gibbosus Freshwater 23 4.3 0.2

green crab Carcinus maenas Arthropod 10 9 8 17.2 0.3

sand shrimp Crangon septemspinosa Arthropod 2 123 1 16.1 1.4

Total Fish Catch 672 844 125 
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Appendix IVD.A.   2006 Shellfish Enhancement Site Sampling 
Summary    
       
Site Net Seed Date Sample Date Ave. Clam Length Standard Deviation Total # of Clams 
Bathing Beach, Hingham A1 6/22/2006 1/11/2007 30.8 4.4 102
Bathing Beach, Hingham A2 6/22/2006 1/11/2007 29.2 4.6 45
Bathing Beach, Hingham A3 6/22/2006 1/11/2007 30.4 5.1 64
Bathing Beach, Hingham B1 6/22/2006 1/11/2007 30.1 3.9 81
Bathing Beach, Hingham B2 6/22/2006 1/11/2007 33.2 3.0 50
Bathing Beach, Hingham B3 6/22/2006 1/11/2007 32.5 4.6 65
Bathing Beach, Hingham C1 6/22/2006 12/29/2006 32.3 3.4 86
Bathing Beach, Hingham C2 6/22/2006 1/11/2007 32.0 4.2 116
Bathing Beach, Hingham C3 6/22/2006 12/29/2006 33.8 3.1 37
Bathing Beach, Hingham D1 6/22/2006 1/11/2007 31.7 3.8 47
Bathing Beach, Hingham D2 6/22/2006 1/11/2007 33.0 4.7 49
Bathing Beach, Hingham D3 6/22/2006 1/11/2007 31.7 3.5 57
Bathing Beach, Hingham E 6/22/2006 1/11/2007 33.6 5.0 160
Quincy L 10/13/2006 12/29/2006 24.0 3.1 71
Abigail Adams Park, Weymouth A 7/25/2006 12/29/2006
Abigail Adams Park, Weymouth B 7/25/2006 12/29/2006
Abigail Adams Park, Weymouth C 7/25/2006 12/29/2006

22.4 3.3 11 

Bathing Beach, Hingham A1 6/22/2006 5/14/2007 34.9 4.7 67
Bathing Beach, Hingham A2 6/22/2006 5/14/2007 36.3 5.3 78
Bathing Beach, Hingham A3 6/22/2006 5/14/2007 38.0 5.8 63
Bathing Beach, Hingham B1 6/22/2006 5/14/07;5/20/07 34.1 5.1 79
Bathing Beach, Hingham B2 6/22/2006 5/14/07;5/20/07 38.6 5.8 68
Bathing Beach, Hingham B3 6/22/2006 5/20/2007 36.7 5.6 112
Bathing Beach, Hingham C1 6/22/2006 5/20/2007 36.4 4.2 74
Bathing Beach, Hingham C2 6/22/2006 5/20/2007 37.6 4.6 65
Bathing Beach, Hingham C3 6/22/2006 5/20/2007 35.5 4.7 131
Bathing Beach, Hingham D1 6/22/2006 5/22/07;5/31/07 38.8 3.9 60
Bathing Beach, Hingham D2 6/22/2006 5/22/2007 37.8 4.7 78
Bathing Beach, Hingham D3 6/22/2006 5/22/2007 41.9 4.0 59
Bathing Beach, Hingham E 6/22/2006 5/14/2007 41.0 4.7 83
Quincy L 10/13/2006 5/9/2007 33.2 4.4 60
Abigail Adams Park, Weymouth A 7/25/2006 5/29/2007 28.4 6.2 4
Abigail Adams Park, Weymouth B 7/25/2006 5/29/2007 28.4 5.3 30
Abigail Adams Park, Weymouth C 7/25/2006 5/29/2007 26.9 3.4 64
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Appendix IVD.A.  (continued) 
       

Site Net Seed Date Sample Date Ave. Clam Length Standard Deviation Total # of Clams 
Bathing Beach, Hingham A1 6/22/2006 11/8/2007 46.3 3.7 63
Bathing Beach, Hingham A2 6/22/2006 11/28/2007 49.7 5.2 96
Bathing Beach, Hingham A3 6/22/2006 11/28/2007 51.0 4.6 55
Bathing Beach, Hingham B1 6/22/2006 11/28/2007 50.8 5.3 88
Bathing Beach, Hingham B2 6/22/2006 11/28/2007 52.9 5.6 64
Bathing Beach, Hingham B3 6/22/2006 11/28/2007 52.6 5.3 55
Bathing Beach, Hingham C1 6/22/2006 11/28/2007 47.3 3.4 55
Bathing Beach, Hingham C2 6/22/2006 12/7/2007 49.0 4.1 76
Bathing Beach, Hingham C3 6/22/2006 12/7/2007 51.8 5.0 62
Bathing Beach, Hingham D1 6/22/2006 12/7/2007 54.1 5.4 49
Bathing Beach, Hingham D2 6/22/2006 12/7/2007 54.2 5.7 72
Bathing Beach, Hingham D3 6/22/2006 12/7/2007 55.4 5.9 72
Bathing Beach, Hingham E 6/22/2006 11/8/2007 53.9 6.3 61
Quincy L 10/13/2006 10/29/2007 50.2 5.4 24
Abigail Adams Park, Weymouth A 7/25/2006 10/31/2007 33.6 6.0 6
Abigail Adams Park, Weymouth B 7/25/2006 10/31/2007 40.5 5.0 15
Abigail Adams Park, Weymouth C 7/25/2006 10/31/2007 39.1 5.8 38
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Appendix IVD.B.  2007 Shellfish Enhancement Site Sampling 
Summary       

Site Sample Date Net Ave. Length Std Dev # Samples 
# of 

Seed 
Damaged 

Seed 
Total # of 

Seed Clams 
Total # of 

Clams 
Court Rd., Winthrop 7/6/2007 A1 15.3 1.2 1 25 0 25 31 
Court Rd., Winthrop 12/28/2007 A1 33.8 4.2 1 118 5 123 123 
Court Rd., Winthrop 4/23/2008 A1 35.2 5.0 1 91 12 103 104 
Court Rd., Winthrop 10/31/2007 A2 32.2 5.6 2 40 14 54 67 
Court Rd., Winthrop 12/28/2007 A2 34.3 5.3 2 106 11 117 120 
Court Rd., Winthrop 4/23/2008 A2 39.9 6.9 1 65 10 75 77 
Court Rd., Winthrop 11/14/2007 B1 37.1 3.6 2 39 11 50 61 
Court Rd., Winthrop 12/28/2007 B1 36.0 5.1 1 58 2 60 62 
Court Rd., Winthrop 4/23/2008 B1 41.6 5.7 2 76 7 83 85 
Court Rd., Winthrop 7/6/2007 B2 14.4 2.3 1 101 1 102 102 
Court Rd., Winthrop 9/7/2007 B2 32.7 5.7 1 14 0 14 14 
Court Rd., Winthrop 12/28/2007 B2 37.6 4.3 2 75 12 87 92 
Court Rd., Winthrop 4/23/2008 B2 40.4 5.9 2 63 6 69 74 
Court Rd., Winthrop 10/31/2007 C1 34.9 4.5 2 18 7 25 40 
Court Rd., Winthrop 12/28/2007 C1 37.6 3.6 2 56 14 70 80 
Court Rd., Winthrop 4/23/2008 C1 42.5 5.1 2 85 18 103 104 
Court Rd., Winthrop 7/6/2007 C2 16.2 3.2 1 9 0 9 9 
Court Rd., Winthrop 12/28/2007 C2 38.2 4.2 1 59 8 67 75 
Court Rd., Winthrop 4/23/2008 C2 42.6 6.2 2 86 10 96 98 

Snake Island, Winthrop 9/28/2007 1 34.5 4.2 1 7 0 7 11 
Snake Island, Winthrop 11/21/2007 1 46.9 4.4 2 53 0 53 59 
Snake Island, Winthrop 6/3/2008 1 44.1 4.5 1 158 5 163 167 
Snake Island, Winthrop 9/28/2007 2 39.7 2.4 1 9 1 10 12 
Snake Island, Winthrop 11/21/2007 2 45.2 6.0 2 56 0 56 58 
Snake Island, Winthrop 6/3/2008 2 51.8 5.5 3 39 1 40 44 
Snake Island, Winthrop 7/20/2007 3 13.9 1.7 1 59 0 59 59 
Snake Island, Winthrop 11/21/2007 3 39.9 4.5 3 75 0 75 76 
Snake Island, Winthrop 6/3/2008 3 44.3 5.6 1 68 6 74 94 
Snake Island, Winthrop 7/20/2007 4 15.0 1.7 2 66 0 66 66 
Snake Island, Winthrop 11/21/2007 4 33.8 4.7 3 70 0 70 70 
Snake Island, Winthrop 6/3/2008 4 43.5 5.4 1 93 4 97 119 
Snake Island, Winthrop 7/20/2007 5 13.4 1.4 2 109 0 109 109 
Snake Island, Winthrop 11/21/2007 5 37.0 4.7 3 65 0 65 65 
Snake Island, Winthrop 6/3/2008 5 42.6 4.1 1 64 10 74 81 
Snake Island, Winthrop 7/20/2007 6 14.7 1.6 2 21 0 21 21 
Snake Island, Winthrop 11/21/2007 6 36.5 3.5 2 73 0 73 75 
Snake Island, Winthrop 6/3/2008 6 44.0 5.7 1 70 7 77 89 
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Appendix IVD.B. 
(continued)          

Site Sample Date Net Ave. Length 
Std 
Dev 

# 
Samples # of Seed 

Damaged 
Seed 

Total # of Seed 
Clams 

Total # of 
Clams 

Terne Road, Quincy 8/14/2007 A1 18.8 0.3 1 3 0 3 3 
Terne Road, Quincy 1/7/2008 A1 31.4 5.6 5 169 14 183 186 
Terne Road, Quincy 5/8/2008 A1 34.7 4.1 1 77 1 78 78 
Terne Road, Quincy 8/14/2007 A2 16.9 1.9 1 5 0 5 5 
Terne Road, Quincy 1/7/2008 A2 31.5 4.0 2 160 17 177 180 
Terne Road, Quincy 5/8/2008 A2 34.6 5.4 1 100 10 110 110 
Terne Road, Quincy 8/14/2007 B1 0.0 0.0 1 0 0 0 0 
Terne Road, Quincy 1/7/2008 B1 35.1 3.4 1 62 4 66 68 
Terne Road, Quincy 5/8/2008 B1 38.3 4.3 1 84 15 99 99 
Terne Road, Quincy 8/14/2007 B2 21.7 2.3 1 49 0 49 51 
Terne Road, Quincy 1/7/2008 B2 29.8 4.7 1 77 4 81 81 
Terne Road, Quincy 5/8/2008 B2 39.2 4.1 2 70 11 81 82 
Terne Road, Quincy 8/14/2007 C1 0.0 0.0 1 0 0 0 0 
Terne Road, Quincy 1/7/2008 C1 29.8 3.8 1 113 4 117 119 
Terne Road, Quincy 5/8/2008 C1 38.4 5.5 2 82 8 90 90 
Terne Road, Quincy 8/14/2007 C2 20.5 2.6 2 395 0 395 395 
Terne Road, Quincy 1/7/2008 C2 35.5 4.6 2 66 10 76 77 
Terne Road, Quincy 5/8/2008 C2 40.4 4.5 2 78 8 86 89 

Post Island Road, Quincy 9/14/2007 D 18.3 1.5 1 12 1 13 13 
Post Island Road, Quincy 9/24/2007 D 19.2 2.6 1 15 0 15 15 
Post Island Road, Quincy 1/16/2008 D 20.2 2.3 1 61 0 61 61 
Post Island Road, Quincy 5/8/2008 D 28.3 3.5 3 10 1 11 12 
Post Island Road, Quincy 9/24/2007 E 22.8 1.0 1 4 0 4 4 
Post Island Road, Quincy 1/16/2008 E 25.5 1.0 3 4 0 4 5 
Post Island Road, Quincy 5/8/2008 E 0.0 0.0 3 1 0 1 2 
Post Island Road, Quincy 9/24/2007 F 0.0 0.0 1 0 0 0 0 
Post Island Road, Quincy 1/16/2008 F 24.7 2.5 1 16 1 17 17 
Post Island Road, Quincy 5/8/2008 F 32.6 4.2 3 70 1 71 77 
Post Island Road, Quincy 9/24/2007 G 23.1 3.8 1 19 4 23 23 
Post Island Road, Quincy 1/16/2008 G 28.2 3.2 1 169 4 173 173 
Post Island Road, Quincy 5/8/2008 G 33.7 4.0 1 73 2 75 79 
Post Island Road, Quincy 9/24/2007 H 23.2 2.7 1 11 2 13 13 
Post Island Road, Quincy 1/11/2008 H 28.8 3.2 3 87 5 92 92 
Post Island Road, Quincy 5/8/2008 H 34.1 4.3 1 64 4 68 68 
Post Island Road, Quincy 9/24/2007 I 23.7 4.1 1 8 0 8 8 
Post Island Road, Quincy 1/11/2008 I 24.8 3.1 3 12 1 13 13 
Post Island Road, Quincy 5/8/2008 I 33.1 3.6 1 91 3 94 95 
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Appendix IVD.B. 

(continued)    
 

      

Site Sample Date Net Ave. Length Std Dev # Samples 
# of 

Seed 
Damaged 

Seed 
Total # of 

Seed Clams 
Total # of 

Clams 
Laundry Cove, Weymouth 10/9/2007 A1 21.8 1.9 2 36 3 39 44 
Laundry Cove, Weymouth 1/16/2008 A1 25.2 2.9 2 103 1 104 110 
Laundry Cove, Weymouth 6/11/2008 A1 34.6 3.7 1 73 6 79 96 
Laundry Cove, Weymouth 10/9/2007 A2 27.3 5.7 2 11 1 12 13 
Laundry Cove, Weymouth 1/16/2008 A2 27.5 3.6 2 86 0 86 87 
Laundry Cove, Weymouth 5/21/2008 A2 35.1 5.5 1 95 0 95 100 
Laundry Cove, Weymouth 10/9/2007 A3 0.0 0.0 2 0 0 0 2 
Laundry Cove, Weymouth 1/16/2008 A3 0.0 0.0 3 1 0 1 1 
Laundry Cove, Weymouth 5/21/2008 A3 23.0 2.0 1 3 4 7 25 
Laundry Cove, Weymouth 10/9/2007 B1 22.0 3.4 2 22 0 22 23 
Laundry Cove, Weymouth 1/16/2008 B1 25.4 3.6 1 96 2 98 100 
Laundry Cove, Weymouth 6/11/2008 B1 35.5 5.0 1 66 8 74 82 
Laundry Cove, Weymouth 10/9/2007 B2 23.8 4.0 2 44 1 45 45 
Laundry Cove, Weymouth 2/20/2008 B2 29.4 3.2 2 80 3 83 91 
Laundry Cove, Weymouth 6/11/2008 B2 38.0 5.5 1 78 6 84 109 
Laundry Cove, Weymouth 10/30/2007 B3 26.3 4.3 2 3 0 3 4 
Laundry Cove, Weymouth 2/20/2008 B3 30.0 3.0 3 8 0 8 10 
Laundry Cove, Weymouth 5/21/2008 B3 34.0 8.6 1 11 4 15 28 

Broad Cove, Hingham 10/12/2007 F1 0.0 0.0 1 0 1 1 2 
Broad Cove, Hingham 12/18/2007 F1 19.6 2.6 1 99 1 100 102 
Broad Cove, Hingham 4/11/2008 F1 22.6 3.2 1 75 0 75 75 
Broad Cove, Hingham 10/25/2007 F2 18.8 3.3 2 19 0 16 20 
Broad Cove, Hingham 12/18/2007 F2 20.7 2.6 3 92 0 92 94 
Broad Cove, Hingham 4/11/2008 F2 22.0 3.0 1 87 1 88 88 
Broad Cove, Hingham 10/12/2007 G1 17.6 0.0 1 1 0 1 1 
Broad Cove, Hingham 12/18/2007 G1 21.0 2.5 1 86 0 86 87 
Broad Cove, Hingham 4/11/2008 G1 22.1 2.7 1 60 1 61 61 
Broad Cove, Hingham 10/25/2007 G2 18.7 2.7 2 8 0 7 8 
Broad Cove, Hingham 12/20/2007 G2 21.0 2.7 1 108 0 108 109 
Broad Cove, Hingham 4/11/2008 G2 24.4 3.3 1 87 1 88 89 
Broad Cove, Hingham 10/12/2007 H1 18.3 2.2 1 11 0 11 13 
Broad Cove, Hingham 12/20/2007 H1 28.9 2.4 1 63 0 63 63 
Broad Cove, Hingham 4/11/2008 H1 22.4 2.8 1 88 1 89 92 
Broad Cove, Hingham 10/25/2007 H2 18.8 2.2 2 27 0 28 30 
Broad Cove, Hingham 12/20/2007 H2 19.5 2.3 3 83 2 85 98 
Broad Cove, Hingham 4/11/2008 H2 22.4 3.5 3 58 2 60 62 
Broad Cove, Hingham 10/25/2007 H3 19.2 2.1 2 43 1 44 46 
Broad Cove, Hingham 12/20/2007 H3 20.2 2.9 1 174 0 174 176 
Broad Cove, Hingham 4/11/2008 H3 23.1 2.6 1 108 1 109 109 
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Appendix IVD.B. 
(continued)          

Site Sample Date Net Ave. Length 
Std 
Dev # Samples 

# of 
Seed 

Damaged 
Seed 

Total # of Seed 
Clams 

Total # of 
Clams 

Casey's Beach East, Hull 10/29/2007 A1 41.6 6.7 2 43 7 50 56 
Casey's Beach East, Hull 1/27/2008 A1 40.3 5.5 1 98 8 106 108 
Casey's Beach East, Hull 5/22/2008 A1 38.5 4.6 1 177 25 202 211 
Casey's Beach East, Hull 8/7/2007 A2 32.2 3.4 1 33 0 33 33 
Casey's Beach East, Hull 1/27/2008 A2 40.1 5.1 1 106 10 116 118 
Casey's Beach East, Hull 5/22/2008 A2 43.7 6.7 1 94 8 102 107 
Casey's Beach East, Hull 10/29/2007 A3 40.4 4.4 2 44 4 48 50 
Casey's Beach East, Hull 1/27/2008 A3 37.8 5.7 1 91 6 97 99 
Casey's Beach East, Hull 5/22/2008 A3 42.1 7.3 1 113 6 119 126 
Casey's Beach East, Hull 10/29/2007 B1 38.6 5.5 2 41 0 41 44 
Casey's Beach East, Hull 1/18/2008 B1 42.6 4.6 2 95 12 107 107 
Casey's Beach East, Hull 5/22/2008 B1 42.5 5.9 1 86 6 92 94 
Casey's Beach East, Hull 10/29/2007 B2 40.7 5.1 2 85 0 85 90 
Casey's Beach East, Hull 1/18/2008 B2 41.2 5.5 2 94 9 103 109 
Casey's Beach East, Hull 5/22/2008 B2 45.7 4.5 1 86 0 86 90 
Casey's Beach East, Hull 8/7/2007 B3 33.1 3.4 1 27 0 27 28 
Casey's Beach East, Hull 1/18/2008 B3 40.6 5.0 1 83 10 93 96 
Casey's Beach East, Hull 5/22/2008 B3 44.8 4.6 1 69 8 77 80 
Casey's Beach West, Hull 8/2/2007 C1 31.8 4.8 1 36 0 36 36 
Casey's Beach West, Hull 1/18/2008 C1 39.1 5.3 1 94 5 99 101 
Casey's Beach West, Hull 5/22/2008 C1 44.6 6.1 1 72 7 79 84 
Casey's Beach West, Hull 8/2/2007 C2 31.0 3.3 1 35 0 35 35 
Casey's Beach West, Hull 1/18/2008 C2 37.4 5.3 2 64 1 65 65 
Casey's Beach West, Hull 5/22/2008 C2 44.1 4.3 1 67 7 74 74 
Casey's Beach West, Hull 7/3/2007 C3 23.6 3.1 1 17 0 17 17 
Casey's Beach West, Hull 8/2/2007 C3 30.1 3.9 1 22 0 22 23 
Casey's Beach West, Hull 1/18/2008 C3 39.2 4.2 1 63 5 68 68 
Casey's Beach West, Hull 5/22/2008 C3 48.1 4.2 2 65 3 68 69 
Casey's Beach West, Hull 7/3/2007 D1 22.5 2.8 1 22 0 22 22 
Casey's Beach West, Hull 8/2/2007 D1 31.5 3.1 1 32 3 35 35 
Casey's Beach West, Hull 1/18/2008 D1 39.3 5.3 1 75 0 75 75 
Casey's Beach West, Hull 5/22/2008 D1 43.2 5.3 1 63 1 64 65 
Casey's Beach West, Hull 7/3/2007 D2 22.6 2.4 1 16 0 16 16 
Casey's Beach West, Hull 8/2/2007 D2 31.2 4.0 1 64 7 71 73 
Casey's Beach West, Hull 1/18/2008 D2 40.4 5.4 1 76 4 80 81 
Casey's Beach West, Hull 5/22/2008 D2 43.2 5.4 1 74 7 81 84 
Casey's Beach West, Hull 8/2/2007 D3 31.6 3.6 1 27 2 29 29 
Casey's Beach West, Hull 1/18/2008 D3 39.2 5.6 1 88 6 94 94 
Casey's Beach West, Hull 5/22/2008 D3 45.4 5.4 1 64 7 71 71 
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Appendix IVD.C.  2007 Wild Spat Collector Sampling Summary.   
       

Enhancement Site Sample Date 
Collector 

ID 

Number 
of 

Samples 
Average Clam 
Length (mm) 

Std 
Dev 

Total 
Number of 

Clams 
Snake Island, Winthrop 11/21/2007 A 1 15.1 3.1 29 
Snake Island, Winthrop 11/21/2007 B 3 22.1 8.4 3 
Terne Road, Quincy 11/20/2007 1 4 0.0 0.0 0 
Terne Road, Quincy 11/20/2007 2 4 0.0 0.0 0 
Terne Road, Quincy 11/20/2007 3 5 0.0 0.0 0 
Terne Road, Quincy 11/20/2007 4 5 20.3 11.4 4 
Terne Road, Quincy 11/27/2007 5 2 32.6 0.0 1 
Terne Road, Quincy 11/27/2007 6 2 0.0 0.0 0 
Terne Road, Quincy 11/27/2007 7 2 0.0 0.0 0 
Post Island Road, Quincy 11/27/2007 8 2 0.0 0.0 0 
Post Island Road, Quincy 11/27/2007 9 2 0.0 0.0 0 
Post Island Road, Quincy 1/11/2008 10 2 29.0 0.0 1 
Post Island Road, Quincy 11/28/2007 11 2 0.0 0.0 0 
Post Island Road, Quincy 11/27/2007 12 2 0.0 0.0 0 
Post Island Road, Quincy 1/11/2008 13 2 29.0 0.0 1 
Post Island Road, Quincy 1/16/2008 14 4 0.0 0.0 0 
Post Island Road, Quincy 11/28/2007 15 2 0.0 0.0 0 
Laundry Cove, Weymouth 12/19/2007 1 2 0.0 0.0 0 
Laundry Cove, Weymouth 12/19/2007 2 2 39.9 14.8 6 
Laundry Cove, Weymouth 12/19/2007 3 2 0.0 0.0 0 
Laundry Cove, Weymouth 12/19/2007 4 2 32.8 12.9 8 
Laundry Cove, Weymouth 12/19/2007 5 4 68.6 26.0 4 
Laundry Cove, Weymouth 12/19/2007 6 2 41.9 5.0 2 
Laundry Cove, Weymouth 12/19/2007 7 2 22.1 0.0 1 
Great Esker Park, Weymouth 12/31/2007 1 5 42.1 23.1 5 
Great Esker Park, Weymouth 12/31/2007 2 2 60.1 0.0 1 
Great Esker Park, Weymouth 12/31/2007 3 2 0.0 0.0 0 
Great Esker Park, Weymouth 12/31/2007 4 4 53.8 11.4 10 
Great Esker Park, Weymouth 12/31/2007 5 4 54.3 16.7 17 
Great Esker Park, Weymouth 12/31/2007 6         
Great Esker Park, Weymouth 12/31/2007 7         
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Appendix IVD.C. 
(continued)       
       

Enhancement Site Sample Date 
Collector 

ID 

Number 
of 

Samples 
Average Clam 
Length (mm) 

Std 
Dev 

Total 
Number of 

Clams 
Broad Cove, Hingham 12/18/2007 1 4 23.0 10.2 3 
Broad Cove, Hingham 12/18/2007 2 2 25.2 4.7 15 
Broad Cove, Hingham 12/18/2007 3 2 66.9 0.8 3 
Broad Cove, Hingham 12/18/2007 4 2 19.1 3.4 5 
Broad Cove, Hingham 12/18/2007 5 2 32.0 12.2 2 
Broad Cove, Hingham 11/28/2007 6 2 0.0 0.0 0 
Broad Cove, Hingham 11/28/2007 7 2 0.0 0.0 0 
Broad Cove, Hingham 11/28/2007 8 4 37.5 12.5 10 
Barnes Wharf, Hingham 12/28/2007 1 3 61.5 2.7 2 
Barnes Wharf, Hingham 12/28/2007 2 2 32.4 0.0 1 
Barnes Wharf, Hingham 12/28/2007 3 2 25.3 15.3 2 
Barnes Wharf, Hingham 12/28/2007 4 4 52.2 27.5 2 
Barnes Wharf, Hingham 12/28/2007 5 6 33.3 4.4 7 
Barnes Wharf, Hingham 12/28/2007 6 2 0.0 0.0 0 
Barnes Wharf, Hingham 12/28/2007 7 4 79.4 0.0 1 
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