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Appendix B6: An assessment of the sea scallop resource in the Northern Gulf of Maine 
management area.   

 
Samuel B. Truesdell (University of Maine, Orono), Kevin H. Kelly (Maine Department of 
Marine Resources, W. Boothbay Harbor, ME), Catherine E. O’Keefe (University of 
Massachusetts, Dartmouth), and Yong Chen (University of Maine, Orono). 
 

The sea scallop fishery in the Northern Gulf of Maine (NGOM) occurs in federal waters 
and is managed by the New England Fishery Management Council.  The NGOM resource and 
associated fishery are locally important but amount to a small portion of the total stock and 
landings.  The fishery is managed by TAC independently of the rest of the EEZ sea scallop 
stock.  In particular, management of the NGOM fishery does not involve biological reference 
points as targets or thresholds.  A cooperative survey was carried out by the Maine Department 
of Marine Resources and the University of Maine in June-July, 2009.  The best estimate based on 
survey results indicates that the biomass of NGOM sea scallops targeted by the fishery (102+ 
mm or 4+ in shell height) was approximately 103 mt of meats during 2009 with a 95% 
confidence interval ranging from about 53 to 186 mt.  Landings during 2009 amounted to 
approximately 7 mt.  The best estimate of exploitation rate (reported landings in weight / 
estimated biomass) in the NGOM during 2009 was 0.065, with a 95% confidence interval 
ranging from 0.035 to 0.12.  These estimates are based on density estimates from the survey 
assuming a range of survey dredge capture efficiency of 40%.  NGOM biomass was relatively 
low during 2009, although small (10-50 mm) “seed” scallops were abundant at two stations on 
Platts Bank.   
 
Background 

Sea scallops (Placopecten magellanicus) have been an important resource in the Gulf of 
Maine coastal region since before European settlement.  Initially supplementing the diets of early 
European settlers and Native Americans (Bourne 1964), a commercial scallop fishery eventually 
developed in the 1880s (Dow 1956, Bourne 1964, Baird 1967).  The Gulf of Maine fishery 
expanded after World War I (Dow 1971), although fishing effort remained mainly inshore until 
1950, when some fishing began in more offshore areas (Dow 1956).  Since then, the scallop 
fishery in the Gulf of Maine has undergone substantial fluctuations with landings ranging from 
hundreds of thousands to millions of pounds within as little as a three year period (Figure 1). 
 The recent Amendment 11 to the New England Fishery Management Council Sea Scallop 
Fishery Management Plan (New England Fishery Management Council 2008) created a separate 
limited entry program for general category fishing in the Northern Gulf of Maine (NGOM) 
management area (Figure 2).  The program includes a yearly NGOM total allowable catch (TAC; 
currently 70,000 lbs.) and a daily possession limit of 200 lbs. (New England Fishery 
Management Council 2008).  The effective date of the new management regime was June 1, 
2008. 
 The 2008 NGOM TAC was set based on 2000-2006 landings from federal waters of the 
Gulf of Maine (New England Fishery Management Council 2008) because information on stock 
abundance in this area was minimal.  In June-July 2009, the Maine Department of Marine 
Resources (DMR) and the University of Maine (UM) collaborated under the FY 2008 Scallop 
Research Set-Aside Program to survey this new management area, with the goal of estimating 
the harvestable scallop biomass and providing information that might be used in updating the 



 
 

50th SAW Assessment Report                                             Sea scallop; Appendixes 556

TAC.  The survey was carried out aboard the F/V Foxy Lady II out of Stonington, ME under 
contract with the DMR. 
 
Methods 
 The NGOM was divided into five areas for the purposes of this survey, referred to here 
(from east to west) as Machias Seal Island (Area 1), Mt. Desert Rock (Area 2), Platts Bank (Area 
3), northern Stellwagen Bank (Area 4), and Cape Ann (Area 5; Figure 2).  Selection of these 
areas was based on previous offshore Gulf of Maine scallop surveys (Spencer 1974, Serchuk and 
Rak 1983, Serchuk 1984, Serchuk and Wigley 1984); recent (2000-2008) vessel trip reports 
(VTR) indicating the location and magnitude of scallop catches by vessels fishing in federal 
portions of the Gulf of Maine; recent Maine/New Hampshire inshore trawl survey data (S. 
Sherman, DMR, pers. comm.); and input from two Maine-based federally-permitted scallop 
fishermen with experience fishing these areas.  VTR data, in particular, indicate that most scallop 
catches by federally-permitted vessels during 2000-2008 were from Areas 4 and 5. 
 The survey followed an adaptive two-stage random stratified design (Francis 1984) in 
areas 4 and 5.  These regions were delineated into high, medium, and low density sub-areas 
based on expected survey catch in order to increase sampling precision.  The stratification was 
based on 2000-2008 VTR data and input from the survey captain and an experienced federally-
permitted scallop fisherman.  Forty tows were allocated to the first stage among the three sub-
areas.  After the first survey stage, the within sub-area variance was calculated.  Using this 
variance in combination with the area size, the number of tows allocated to each sub-area in 
stage 2 was calculated according to the method used by Francis (1984). 
 Area 2 was stratified into high and low densities.  However, because of its large size, the 
survey in this area was only a single stage.  Areas 1 and 3 were not divided into subareas due to 
low expected scallop densities. 
 One hundred and ninety-six stations were occupied in total.  Tows lasted either five or 
seven minutes depending on the bottom type and amount of fixed fishing gear in the area.  The 
survey dredge was a 7 ft New Bedford style drag with 2 in rings, 1.75 in head bale, 3.5 in twine 
top, 10 in pressure plate and rock chains.  The dredge had no liner. 
 At each tow location, all species were identified and counted.  Excluding tows on Platts 
Bank where large numbers of scallop seed were caught, survey catches were low enough that 
approximately 98% of all scallops were measured for shell height (SH) and about 50% of 
measured scallops were also sampled for their meat weight (MW) for use in developing a  SH to 
MW relationship. 
 
Results 
 The most evident features of the NGOM survey  length frequency distribution (Figure 3) 
are the dominance of scallops under 50 mm on Platts Bank and the size class distribution 
differences between the eastern and western NGOM. 
 Large numbers of scallop seed were found on Platts Bank, most of which were caught at 
two stations on the eastern side of the bank (estimated at over 15,000 individuals between the 
two tows).  Some seed scallops were found in other areas but at substantially lower densities. 
 Another important finding regarding the length frequency distribution is the difference in 
breadth of size distribution between the eastern and western NGOM.  The Cape Ann and 
Stellwagen Bank survey areas showed a broader size class distribution (approximately 50 – 150 
mm) than those in the eastern NGOM (Platts Bank, Mt. Desert Rock and Machias Seal Is.; 
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Figure 3).  This indicates that the western NGOM has had, in general, consistent recruitment and 
that scallops are able to settle and survive during most years.  In contrast, the eastern NGOM 
tends toward episodic recruitment when conditions are favorable and the populations at these 
sites are composed primarily of a single size class.  See Figure 4 for by-tow length frequency 
distribution. 
 
Meat weights 
 The estimated meat weights used to determine the NGOM biomass estimates were based 
on area-specific shell height-meat weight (SHMW) relationships for the eastern and western 
NGOM.  Meat weight was modeled as a function of shell height assuming multiplicative error 
structure as: 

ieSHMW ii
���� . 

SHMT relationships varied considerably over the NGOM survey area (Figure 5).  The 
largest meats were found on northern Stellwagen Bank, followed by Cape Ann and Mt. Desert 
Rock.  The lowest meat weights were found on Platts Bank; however, this was based on a sample 
size of only 8 scallops.  Low meat weights from some eastern Maine areas have been noted in 
previous reports (Serchuk and Rak 1983, Schick and Feindel 2005). 
  
Biomass estimates 
 Bootstrapped biomass mean and 95% confidence interval estimates were calculated 
(1,000 replications) using the “NMFSsurvey” package version 1.0-2 written by Stephen Smith 
(Canada DFO) in R version 2.8.1.  This package allows for various combinations of bootstrap 
mean and 95% confidence interval calculations.  The available bootstrap mean methods are: 
naïve, rescaling and bootstrap-with-replacement (BWR) and the available confidence interval 
methods are: percentile (PCT), bias-corrected (BC), and bias-corrected-and-adjusted (BCa). 
 The bootstrap functions were run under each combination of bootstrap mean and 95% 
confidence interval calculations at assumed dredge capture efficiency estimates of 30%, 40%, 
and 50% (Figures 6 and 7).  The middle estimate of 40% efficiency was selected as the best 
estimate because it is close to an estimate by the DMR of 43.6% measured in Cobscook Bay, 
Maine in 2006 (Kelly 2007).  Figures 6-7 show that harvestable biomass was estimated at around 
100 mt with absolute maximum confidence intervals from 39.7 (50% efficiency and BWR/PCT 
bootstrap approach) to 320 mt (30% efficiency and naïve/BCa bootstrap approach).  Harvestable 
biomass was calculated assuming scallops under 4 in SH are too small for commercial boats to 
regularly target, so only scallops larger than 4 in SH were included in the estimates.  The 
bootstrap means were stable for all efficiencies and all bootstrap methods, though there is some 
variation in confidence intervals among bootstrap approaches, especially at the upper bounds. 
 For ease of explanation, and because similar results were found under each combination 
of methods, the BWR/BC combination is used in the subsequent sections.  This combination was 
found by Smith (1997) to be acceptable for estimating haddock numbers and 95% confidence 
intervals in a stratified random survey. 
 
Regional biomass estimates 
 Figures 8 and 9 indicate that Area 1 has the highest mean biomass, though Area 3 has the 
largest upper confidence level bound (greater than 200,000 kg at 30% dredge efficiency) due to 
low sample size and high sample variability.  Density calculations also show that scallops in 
Area 1 appear more abundant per unit area than in any of the other strata (although a substratum 
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in area 4 had the highest overall density).  It is therefore surprising that federal vessel trip reports 
indicate low fishing effort in this region.  Possible explanations include the high density of fixed 
gear in the region and poor meat quality.  This area is an important lobster fishing ground and 
there are large numbers of lobster traps present.  During the NGOM survey, alternate stations 
had to be used and tow durations had to be shortened in this region so that fixed gear was not 
damaged.  Due to poor meat quality (Figure 5), more shucking effort is required to obtain the 
same amount of meat as in the more productive western NGOM. 
 Area 3 has the second highest bootstrapped mean biomass at 40% dredge efficiency 
(Figure 8), but because of limited time for sampling (16 tows) and high degree of variability in 
catch, the 95% confidence interval ranges from close to zero to over 150,000kg.  This variability, 
along with the large year class of seed scallops, makes Platts Bank a high priority for subsequent 
NGOM surveys. 
 The Mt. Desert Rock area (Area 2) had few scallops.  Historically there has been some 
fishing in this region and the Maine fishery has its origins in Mt. Desert Island inshore waters 
(Smith 1891), but little activity has been recorded in Area 2 in recent years. 
 The two western NGOM areas (4 and 5) exhibit relatively low biomass (Figure 8) but 
support most of the fishing activity.  The limited fixed gear and good meat condition (Figure 5) 
are probably the two main contributors to the higher rate of fishing.  The high sampling rate (60 
tows in each of the two regions) increased precision over the other areas. 
 
Exploitation rates 
 The 2009 estimated exploitation rate for the NGOM at 40% dredge efficiency was 0.065, 
with a 95% confidence interval ranging from 0.035 to 0.12 (based on the BWR/BC method; 
Figure 10).  Landings are based on dealer and vessel reports and were retrieved from the NMFS 
Northeast Regional Office website.4 
 The exploitation estimates were somewhat sensitive to the assumed capture efficiency 
level.  The mean exploitation rate for assumed efficiency of 30% is 0.049 and the mean for 
assumed efficiency of 50% is 0.080.  The range in estimated confidence intervals (the lower 
bound of the 95% confidence interval at 30% efficiency and the upper bound of the 95% 
confidence interval at 50% efficiency) was from 0.027 to 0.15 (Figure 10).   
 The exploitation rate may be higher in some regions, particularly in Areas 4 and 5 in the 
western NGOM.  However, these rates were not able to be estimated due to data confidentiality 
(VTR reports were for less than 3 vessels). 
  
Platts Bank 
 The Platts Bank survey area (Area 3; Figure 11) deserves special consideration because 
two sample locations saw numbers of seed scallops in the thousands (see Figure 4 tows SM3C04 
and SM3C10).  These densities were much larger than elsewhere in state or federal waters of the 
Gulf of Maine.  The DMR/UM survey had relatively few (16) tows in Platts Bank because.  
Although productive in the past, Platts Bank has seen little fishing in recent years so high 
densities were not anticipated. 
 The University of Massachusetts School for Marine Science and Technology (SMAST) 
also surveyed Platts Bank in 2009 (Figure 12).  The SMAST survey used a drop pyramid with 
two different cameras which photographed the bottom at each sample location (see Stokesbury 
and Harris 2006 for details).  Scallop densities and other individual and population statistics were 
                                                 
4 http://www.nero.noaa.gov/ro/fso/Reports/ScallopProgram/NGOMReport%2020100223.pdf 
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estimated from the photos.  The DMR/UM survey occurred on July 28th and the SMAST survey 
on August 12 and 13, 2009.  The two surveys complemented each other because the DMR/UM 
survey was able to cover a large area per station and the SMAST survey was able to sample a 
large number of stations distributed across the area. 

As the survey areas were delineated differently between the two projects, biomass 
estimates are difficult to compare.  Therefore, only densities and length frequency data are used 
in comparing results.  Mean scallop densities from the two surveys were almost identical: 
SMAST estimated 1.87/m2 and DMR/UM estimated 1.81/m2 (table 1).  The confidence intervals, 
however, were quite different.  The SMAST confidence interval is symmetric and estimated 
assuming a normal distribution while the DMR/UM mean (assuming 40% dredge efficiency) was 
bootstrapped as described above.  Despite the differences in computation of confidence intervals, 
the main reason the SMAST confidence interval is smaller is that the sampling design allowed 
for many more sampling locations.  The two surveys generally agreed on the spatial distribution 
of scallop density (Figures 11 and 12) with highest densities on the eastern side of Platts Bank. 
 High scallop densities on Platts Bank were the result of a recruitment event.  It is not 
known, however, whether this will result in increased fishing activity in the future.  The scallops 
of harvestable size that were sampled on the DMR/UM survey had very low SHMW 
relationships but only 8 scallops larger than 4 inches were sampled (see Figure 5).  Two reasons 
potentially explain this poor meat quality.  One explanation is that Platts Bank is currently poor 
habitat for scallops.  The other explanation is that the meats sampled were simply from older, 
poorer-condition scallops and that the new recruitment class will potentially have better meats.    

The DMR/UM and SMAST shell height composition data are compared in Figures 13 
and 14.  Compared to the SH measurements from the SMAST large camera, the DMR/UM 
distribution is shifted somewhat to the left.  However, compared to the SMAST digital still 
camera, the DMR/UM distribution is shifted only slightly to the left.  This may be due to the 
timing of the surveys.  The DMR/UM survey took place in late July 2009 and the SMAST 
survey in mid-August 2009, so the difference between the DMR/UM and SMAST digital still 
camera SH frequencies could be attributed to growth over the period between the surveys. 

When the densities, length frequencies, and spatial distributions are considered, the two 
surveys compare well.  It appears that the DMR/UM survey achieved a large enough sample size 
to well-characterize the Platts Bank population.  Ideally, however, more tows will be included in 
the future to increase precision.  In addition, the SMAST survey was able to estimate the length 
frequency distribution observed by the DMR/UM survey with their digital still camera without 
bringing animals to the surface, assuming the slight shift in the SMAST distribution is due to 
growth. 
 Recruitment dynamics are unclear in the NGOM.  An interesting note is that little recent 
recruitment was observed in the southwestern NGOM (Cape Ann and Stellwagen Bank).  It is 
possible that oceanographic conditions contributing to recruitment on Platts Bank also reduced 
larval input to southwestern NGOM. 
 
Conclusions 
 The 2009 DMR/UM survey confirmed what recent landings data suggest: scallop 
biomass is currently low in the NGOM management area.  NGOM scallops are not heavily 
fished as the exploitation rate (catch/biomass) is estimated at approximately 0.07.  The survey 
found significant biomass in the Machias Seal Is. area (close to 50,000 kg), an area that is hardly 
fished probably due to the high concentration of fixed gear and poor meat quality.  This area 
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contributes greatly to the low exploitation rate because of its size and lack of fishing.  The 
western Gulf of Maine (Cape Ann and Stellwagen Bank areas) probably have higher exploitation 
rates.  However, rates for these areas could not be estimated due to confidentiality constraints 
(VTR reports were for fewer than 3 vessels). 
 The high densities of scallop seed noted on Platts Bank by both the DMR/UM and 
SMAST surveys could prove important once those scallops recruit to the fishery.  The poor 
meats encountered on Platts Bank by the DMR/UM survey also leave open the possibility that 
while densities on Platts Bank may be very high, meat quality may be low.  Few samples were 
taken on Platts Bank, however, so the poor meats are not necessarily representative. 
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Appendix 6-Table 1. Estimated scallop density (all size classes) on Platts bank for the DMR/UM 
and SMAST surveys in 2009. 
 
Survey Mean Density 95% confidence interval 
SMAST 1.87 (0.674 , 3.066) 
DMR/UM 1.805 (0.014 , 5.071) 
 
 
 
 
 
 
 

 
 
Appendix B6-Figure 1.  Maine scallop landings (inshore and offshore) and ex-vessel revenues 
1950 through 2007. 
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Appendix B6-Figure 2.  The NGOM management area was divided into 5 regions for the 
DMR/UM 2009 survey.  In numerical order the areas are: Machias Seal Island, Mt. Desert Rock, 
Platts Bank, Stellwagen Bank and Cape Ann. 
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Appendix B6-Figure 3.  The NGOM length frequency distribution estimated by the DMR/UM 
survey.  The western Gulf of Maine (Stellwagen Bank and Cape Ann) has a much broader size 
class distribution.  Large numbers of seed scallops were found on Platts Bank. 
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Appendix B6-Figure 4: Individual tow length frequency distributions.  Example: SM5A14: 5 
represents area 5; A represents subarea A (A is high density, B is medium density, C is low 
density, D is a tow in state waters); 14 indicates station number. 
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Appendix B6-Figure 5.  SH-MW relationship observed for the NGOM survey.  The largest meats 
relative to shell height were found on Stellwagen Bank.  The model was ieSHMW ii

���� .  Platts 
Bank is based on sample size of 8 scallops. 
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Appendix B6-Figure 6.  Mean bootstrapped estimates of NGOM biomass and 95% confidence 
interval bounds assuming 40% dredge efficiency. 
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Appendix B6-Figure 7.  Mean bootstrapped estimates of NGOM biomass and 95% confidence 
interval bounds assuming 30% and 50% dredge efficiency. 
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Appendix B6-Figure 8.  Mean bootstrapped estimates of NGOM biomass by area and 95% 
confidence interval bounds using BWR/BC method and assuming 40% dredge efficiency. 
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Appendix B6-Figure 9.  Mean bootstrapped estimates of NGOM biomass by area and 95% 
confidence interval bounds using BWR/BC method and assuming 30% and 50% dredge 
efficiency. 
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Appendix B6-Figure 10.  Estimated NGOM exploitation rates at 30%, 40% and 50% dredge 
efficiencies with 95% confidence intervals based on BWR/BC method. 
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Appendix B6-Figure 11.  DMR/UM Platts Bank survey locations indicating density per square 
meter. 
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Appendix B6-Figure 12.  SMAST Platts Bank survey locations indicating density per square 
meter. 
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Appendix B6-Figure 13.  Comparison of shell height distribution on Platts Bank between the 
DMR/UM survey and the SMAST survey (large camera).  The DMR survey occurred on July 
28th 2009 and the SMAST survey occurred August 12th and 13th 2009. 
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Appendix B6-Figure 14.  Comparison of shell height distribution on Platts Bank between the 
DMR/UM survey and the SMAST survey (digital still camera).  The DMR survey occurred on 
July 28th 2009 and the SMAST survey occurred August 12th and 13th 2009. 



 

 

 

 

 

 

 

 

 

 

Appendix II: 

Murray, Kimberly T. Interactions between sea turtles and dredge gear in the 
U.S. sea scallop (Placopecten magellanicus) fishery, 2001-2008 
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a b s t r a c t

Since 2006, the National Marine Fisheries Service (NMFS) has mandated gear modifications (“chain mats”)
and fishing effort reductions in the U.S. Mid-Atlantic sea scallop dredge fishery to alleviate or minimize
interactions with sea turtles. Turtle interactions with gear can be defined as those that are “observable”
based on standard fishery observer protocols, plus unobserved interactions, which include both quan-
tifiable and unquantifiable interactions. Once a gear modification is in place, a turtle interaction that was
once observable may become unobservable, because the gear modification successfully prevented the
turtle from being captured. This paper describes turtle interactions in scallop dredge gear from 2001 to
2008, identifies gear and environmental correlates with observable interaction rates, and reports the aver-
age annual number of interactions and adult-equivalent interactions before and after chain mats were
mandated in the fishery. Fisheries observer data were used to develop a Generalized Additive Model
(GAM) to estimate rates of observable interactions of hard-shelled turtles. These rates were applied to
commercial dredge fishing effort to estimate the total number of observable interactions, and to infer the
number of unobservable, yet quantifiable interactions after chain mats were implemented. Interaction
rates of hard-shelled turtles were correlated with sea surface temperature, depth, and use of a chain
mat. The average number of annual observable interactions of hard-shelled turtles in the Mid-Atlantic
scallop dredge fishery prior to the implementation of chain mats (1 January 2001 through 25 September

2006) was estimated to be 288 turtles (CV = 0.14, 95% CI: 209–363), which is equivalent to 49 adults. After
implementation of chain mats, the average annual number of observable interactions was estimated to
be 20 turtles (CV = 0.48, 95% CI: 3–42), equivalent to 4 adults. If the rate of observable interactions from
dredges without chain mats had been applied to trips with chain mats, the estimated number of observ-
able and inferred interactions of hard-shelled species after chain mats were implemented would have

(CV =
ons c
been 125 turtles per year
and fishing effort reducti

. Introduction

Over the past decade, scientists, the fishing industry, environ-
ental groups and protected species managers have aimed to

educe or alleviate interactions between sea turtles and dredge gear
arvesting sea scallops (Placopecten magellanicus) in the U.S. scal-

op fishery. Studies estimated several hundred loggerhead turtle
Caretta caretta) interactions with dredge gear during 2001–2005
n the Mid-Atlantic (Murray, 2004a,b, 2005, 2007), and fisheries
bservers have documented additional turtle interactions in dredge

ear in recent years. Since 2001, observers have mainly reported
oggerhead interactions with dredge gear, though they reported

Kemp’s ridleys (Lepidochelys kempii) in dredge gear outside the
id-Atlantic region (this study). Loggerheads and Kemp’s ridley

∗ Tel.: +1 508 495 2197; fax: +1 508 495 2066.
E-mail address: Kimberly.Murray@noaa.gov

165-7836/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.fishres.2010.10.017
0.15, 95% CI: 88–163). Results from this analysis suggest that chain mats
ontributed to the decline in estimated turtle interactions after 2006.

Published by Elsevier B.V.

are protected under the U.S. Endangered Species Act (ESA). Interac-
tions between listed species and fishing gear are considered “takes”
under the ESA and are prohibited, unless a special exemption has
been granted under Section 7 or Section 10 of the ESA.

Protected species managers and the industry have modified
scallop dredge gear to reduce the gear’s impact on turtles. Turtle
“chain mats” have been required in the dredge fishery since 25
September 2006 (Fig. 1), in waters south of 41◦9.0′N during May
1–Nov 30 each year (U.S. Department of Commerce, 2009). Chain
mats consist of vertical and horizontal chains hung between the
sweep and cutting bar and are intended to reduce the severity of
some turtle interactions by preventing turtles from entering the
dredge bag. Interaction rates between turtles and dredges with

and without chain mats are not expected to differ (NMFS, 2008).
Monitoring the effectiveness of chain mats is difficult because inter-
actions could still be occurring, but the chain mat prevents the
turtle from being captured and observed. Quantifying the maxi-
mum potential number of turtle captures prevented by chain mats

dx.doi.org/10.1016/j.fishres.2010.10.017
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
mailto:Kimberly.Murray@noaa.gov
dx.doi.org/10.1016/j.fishres.2010.10.017
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ig. 1. Sea scallop dredge with turtle chain mat, strung between the sweep and
utting bar on the underside of the dredge bag.

ould allow managers and the industry to better evaluate the gear
odification.
The distribution of scallop fishing effort in the Mid-Atlantic

esponds to rotational area management, in which areas are
losed to fishing periodically to protect juvenile scallops and then
eopened for harvest once scallops reach a certain biomass. The
oal of this system is to direct fishing effort to areas of high scal-
op biomass, thereby increasing scallop catch-per-unit-effort, while
rotecting juvenile scallops. Fishing activity inside the manage-
ent areas is controlled via trip and possession limits, and outside

f the management areas via days at sea limitations. The distribu-
ion and intensity of scallop fishing is very dynamic from year to

ear, as fishers respond to effort controls and the market.

While the Mid-Atlantic sea scallop fishery operates year-round,
oggerhead turtles are typically present on the fishing grounds from
ate spring/early summer to the fall (Shoop and Kenney, 1992;

orreale and Standora, 2005; Hawkes et al., 2007; Mansfield et al.,

ig. 2. Distribution of observed sea turtles in scallop dredge gear during on-watch hauls 2
shery management areas. Unidentified turtle species are in gray, and the turtle outside of
runk, DM = Delmarva.
ch 107 (2011) 137–146

2009). Fishery managers have implemented time/area closures or
effort reductions in the Mid-Atlantic to minimize the industry’s
interactions with loggerheads. In order to balance turtle protection
with the goals of rotational area management, fishing effort for the
year remains allocated based on the scallop resource but limited in
times and areas when turtles are present in the Mid-Atlantic (Fig. 2).
For example, beginning in 2006 the National Marine Fisheries Ser-
vice (NMFS) closed the “Elephant Trunk” sea scallop access area in
the Mid-Atlantic from September 1 to October 31 to reduce sea tur-
tle interactions, based on historic patterns of observed interactions
in that area (U.S. Department of Commerce, 2006). Fishers can still
take their allocated number of trips in this area, with the exception
of September and October. In managing the fishery, NMFS must
consider other times and areas for effort reductions each year to
reduce impacts on sea turtles (NMFS, 2008).

This analysis estimates turtle “interactions” rather than
“bycatch”. Bycatch typically refers to discarded plus retained
incidental catch (Alverson et al., 1994), and may also include unob-
served mortality (NMFS, 1998). In the case of ESA protected species,
bycatch estimates typically include animals captured in the bag or
observed interacting with the gear (Murray, 2004a,b, 2005, 2007,
2009), both of which are considered “takes” under the ESA. Once a
gear modification is in place, interactions may still occur but will
not be observed if the modification successfully prevents capture
of the animal. Therefore, traditional methods to estimate bycatch
will under-represent the level of takes in the fishery.

The total number of interactions can be defined as those that
are “observable” based on standard fishery observer protocols,

plus unobserved interactions, which include both quantifiable and
unquantifiable interactions. Unobserved, quantifiable interactions
can be estimated after a gear modification is in place, based on what
is known about gear and environmental factors affecting observ-
able interaction rates. Unobserved, unquantified interactions will

001–2008, showing boundaries of Mid-Atlantic study area and Mid-Atlantic scallop
the study area is a Kemp’s ridley. HCAA = Hudson Canyon Access Area, ET = Elephant
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ccur whether there is a gear modification or not, but cannot be
stimated due to a lack of evidence.

The purposes of this paper are to: (a) characterize turtle interac-
ions in scallop dredge gear during 2001–2008; (b) identify factors
orrelated with estimated rates of observable interactions of hard-
helled turtle species over this time period in the Mid-Atlantic;
c) estimate the average annual number of observable interactions
rior to the implementation of chain mats; and (d) estimate the
verage annual number of observable interactions plus unob-
erved, quantifiable loggerhead interactions after implementation
f chain mats. This analysis also reports adult equivalent inter-
ctions, an important metric for understanding population level
mpacts of fisheries interactions (Haas, 2010). Results from this
nalysis will increase information available to fisheries managers,
ndustry, and researchers aiming to understand and reduce the
mpacts of scallop dredge gear on turtles in the western North
tlantic.

. Methods

.1. Study region

The U.S. commercial scallop dredge fishery occurs mainly in the
id-Atlantic and on Georges Bank. From 2001 to 2008, 25% of com-
ercial scallop dredge effort (i.e. fishing hours) was outside of the
id-Atlantic, where 2 Kemp’s ridley turtle were observed. To date,

bserved turtle catches on Georges Bank are too rare to produce
cientifically-defensible estimates of sea turtle interactions with
callop dredge gear. Therefore, an estimate for hard-shelled tur-
le species was calculated only for the Mid-Atlantic, defined in this
tudy as west of 71◦W and south of 42◦N, to the southern limit of the
istribution of the sea scallop dredge fishery (∼36◦N), extending
estward to the coastline.

.2. Data sources

.2.1. Observer data
Data collected by NMFS Northeast Fisheries Science Center

bservers aboard commercial scallop dredges during 2001–2008
ere analyzed to derive sea turtle interaction rates, expressed as

he number of observed turtles per fishing hour. Observable inter-
ction rates were estimated based on turtles reported via standard
ortheast Fisheries Observer Program (NEFOP) sampling protocols
hen an observer was “on-watch”, i.e. systematically collecting
ata on the haul characteristics, the catch, and details of any pro-
ected species interaction. Observable interaction rates were based
n turtles either captured in or on the dredge gear, or observed

nteracting with the gear. Observers may collect data opportunis-
ically when they are “off-watch”, but these data are not used in
he calculation of interaction rates because it is not known what
raction of off-watch interactions are reported. The quality of infor-

ation collected by observers on turtles caught during on and

able 1
bserver and commercial fishing effort, coverage levels, and observed on-watch turtles
C = Percent observer coverage, expressed as: (observed fishing hours/VTR fishing hours

Year Observed dredge hours VTR dredge hours

2001 9440 512,980
2002 13,651 614,502
2003 16,632 651,436
2004 26,884 656,958
2005 16,886 567,034
2006 5175 324,973
2007 12,711 386,143
2008 24,280 430,438
Total 125,658 4,144,464
ch 107 (2011) 137–146 139

off-watch hauls does not differ, so off-watch observations of tur-
tles are included only in the description of fisheries interactions.
Observers sampled roughly 3% of commercial fishing effort in the
Mid-Atlantic during 2001–2008 (Table 1), proportional in space and
time to commercial effort throughout the year.

2.2.2. Commercial data
Mandatory Vessel Trip Reports (VTRs) completed by commercial

scallop fishermen during 2001–2008 provided a measure of total
fishing effort. “Fishing hour” was the total amount of hours spent
fishing per dredge. Trips used either 1 dredge (55%) or 2 dredges
(45%). Dredge trips were coded as using a chain mat if they fished
south of 41◦9.0′N during 1 May to 30 November after September
25, 2006 (34% of all trips), when chain mats became mandatory in
the fishery.

2.2.3. Sea surface temperature (SST) and chlorophyll (CHL) data
Sea surface temperature (SST) data were obtained for all VTR

scallop dredge trips from 5-day SST composites derived from
AVHRR Pathfinder Version 5, Modis Aqua, Modis Terra, and GOES
satellites, or 5-day climatology images downloaded from NASA’s
Jet Propulsion Laboratory (Warden and Orphanides, 2008). Simi-
lar data were obtained for observed hauls for which SST data were
missing (35%, because observers did not collect SST prior to 2004).
Satellite-derived SST differed from observer recorded data on aver-
age by 0.2 ◦C (R2 = 0.90). Surface chlorophyll a concentrations were
obtained for all VTR and observed trips from five day compos-
ites of SeaWiFS high resolution satellite images from 2001 to 2008
(Warden and Orphanides, 2008).

2.3. Analytic approach

2.3.1. Estimation of observable interaction rates
2.3.1.1. Interaction rate model. Unidentified hard-shelled species
were pooled with loggerhead turtles to estimate rates of observable
interactions. It is likely that all or most of the unidentified turtles
are loggerheads because all positively-identified observed turtles
in the Mid-Atlantic were loggerheads and observer comments
regarding unidentified turtles were consistent with loggerhead
characteristics. Interaction rates were expressed as:

R = number of observed turtles
observed fishing hour

(1)

A Generalized Additive Model (GAM) with a Poisson distribution
(GAM function, SPLUS 7.0) was used to model the expected turtle
interaction rate. The form of the Generalized Additive Model (GAM)
can be written as:

n

Log(E[yj]) = log(fishing hoursj) + ˛ +
∑

i=1

fi(xij) + � (2)

where yj is the number of hard-shelled turtles observed on the
jth haul, ˛ is a constant intercept term, fj are a series of smooth-

by year in Mid-Atlantic dredge gear. VTR = Vessel Trip Report commercial data;
× 100). Cc = Caretta caretta, Lk = Lepidochelys kempii, Ui = Unidentified.

OC Cc Lk Ui

2% 2 0 9
2% 15 0 2
3% 17 0 5
4% 8 0 0
3% 0 0 0
2% 1 0 0
3% 2 1 0
6% 2 0 0
3% 47 1 16
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interactions occurred in waters 36–68 m deep, and in surface water
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ng functions for each predictor variable, xi describe environmental
r fishing characteristics at each haul, and � is unexplained error
Hastie and Tibshirani, 1990).

.3.1.2. Model selection process. Nine variables were tested in the
odel selection process. These variables were chosen based on a

riori knowledge of factors affecting estimated interaction rates in
callop fisheries (Murray, 2004a,b, 2005, 2007) or anecdotal infor-
ation. These included: sea surface temperature, depth, latitude,

hlorophyll, use of a chain mat, time of day when the turtle was
aptured (binned into six 4 h periods), number of hauls made on
trip, the amount of scallop tons landed, and frame width of a

redge. After the preferred model was selected, year, spatial area,
nd month were tested to see if they explained significantly more
ariation in interaction rates than what was already explained by
he preferred model. Spatial area referred to three scallop man-
gement areas and the open area outside the management areas.
he model selection process was repeated separately with only
oggerheads as the response to evaluate whether factors affecting
stimated interaction rates changed.

The nine primary variables were tested in a forward stepwise
odel selection process (step.gam function, SPLUS 7.0). The null
odel consisting of the overall mean was the initial model in the

tepwise procedure. At each step, the forward stepwise algorithm
elected that variable which generated the greatest change in the
kaike Information Criterion (AIC) relative to all other model vari-
bles. Continuous variables were considered as smooth terms in the
odel using the default degrees of freedom in the fitting procedure.

o ensure the step.gam procedure did not over fit, variables were
lso manually added to the null model, in the order in which the
utomated procedure selected the variables, and then evaluated
ith respect to the amount of deviance reduced. Variables that had
small change in AIC (i.e. <7), or that reduced the deviance by <2%,
ere not included in the model (Burnham and Anderson, 2002).

The final model was examined for overdispersion, measured by
alculating the dispersion parameter (�), defined as:

= ˙(yi − �̂i)
2/�̂i

residual df
(3)

.3.2. Estimated turtle interactions
The final model was applied to VTR trips to derive an estimated

ard-shelled turtle interaction rate for each VTR trip, and to esti-
ate the number of observable interactions on each VTR trip. Total

stimated observable interactions were the sum of the predicted
umber of turtle interactions over all trips in a year. Estimated log-
erhead interactions were also derived by re-parameterizing the
nal model with loggerheads as the response and then applying
he model in the same manner to VTR trips.

Unobserved, quantifiable interactions were estimated by apply-
ng the observed interaction rate of dredges with no chain mats to
redges with chain mats. To do this, both the hard-shelled turtle
nd loggerhead model were applied to VTR trips coded for having
o chain mat. These additional unobserved interactions were esti-
ated to have occurred, but were not observable because the chain
at prevented turtles from entering the dredge bag. The difference

etween the observable estimates and the unobserved but quan-
ifiable estimates represents the number of turtle captures avoided
ue to the chain mat.

Bootstrap resampling was used to derive CVs around the average
nnual interaction estimates. Bootstrap replicates were generated

y sampling hauls with replacement 1000 times from the origi-
al observer dataset, and then the preferred model parameterized
ith each replicate. Estimated interactions in each year were calcu-

ated by applying each replicate dataset to VTR dredge effort; 2006
as split into two periods, before and after chain mats. For each
ch 107 (2011) 137–146

replicate, estimates of annual interactions were averaged in each
time period (i.e. pre and post chain mat). CVs and 95% CIs around
the average annual estimates were computed from the bootstrap
replicates.

2.3.3. Estimated adult equivalent interactions
Observed sea turtles were grouped into size classes based on

the six loggerhead life stages (TEWG 2009): Stage I (≤16.2 cm
CCL), Stage II juvenile (>16.21–60.45 cm CCL), Stage III juvenile
(>60.45 cm–75.72 cm CCL), Stage IVa juvenile (>75.72–88.61 cm
CCL), Stage IVb juvenile (>88.61–101.5 cm CCL), and Stage V adult
(>101.5 cm CCL). Because the life stages overlap (TEWG, 2009), size
classes were truncated at the intersection of each life stage to cre-
ate discrete size classes (Fig. 3a). Reproductive values (RV), defined
as the contribution that the individual makes to current and future
reproduction (Fisher, 1930), were assigned to the mid-point of each
size class based on Wallace et al. (2008). Stage IV turtles were subdi-
vided because RVs vary widely in this life stage. RVs assigned to each
respective stage class were: 0.002, 0.008, 0.040, 0.124, 0.547, and
1.0. Similar RVs have been used for loggerheads (Bolten et al., 2010).
RVs reported in Bolten et al. (2010) were not used because the RVs
were based on ages rather than size, and included information on
breeding/non-breeding adult stages which fisheries observers do
not collect.

The number of estimated adult equivalent (AE) interactions over
all six life stages and all eight years was calculated as:

AE =
8∑

j=1

6∑

i=1

Bj ∗ Pi ∗ RVi (4)

where B = total estimated turtle interactions in dredge gear in year
j, P = the proportion of loggerheads observed in life stage i, and
RVi = the reproductive value for life stage i. Loggerhead RVs and
size classes were applied to the estimated hard-shelled interac-
tions and the loggerhead interactions because unidentified turtles
were not measured and many were likely loggerheads. It is assumed
the unidentified turtles followed the same size distribution as
the observed loggerheads. If the unidentified turtles were dispro-
portionately smaller, the estimated adult equivalent interactions
would be biased high, or if some were Kemp’s ridleys the estimate
would be biased low.

3. Results

During 2001–2008, observers reported 47 loggerheads, 1
Kemp’s ridley, and 16 unidentified turtle interactions in scallop
dredge gear (Table 1, Fig. 2). In addition, 15 turtle interactions (9
loggerheads, 1 Kemp’s ridley, 5 unidentified) occurred on hauls
when an observer was “off-watch” and were excluded from the
rate analysis. Lastly, 8 severely decomposed turtles were caught in
scallop dredge gear from 2001 to 2008, though these turtle were
also excluded from the analysis because the state of decomposition
suggested they died prior to interacting with the gear.

3.1. Characteristics of observed interactions

3.1.1. Temporal and spatial distribution
During 2001–2008, observers recorded loggerhead interactions

between June 17 and Oct 14, from 36◦53′N to 40◦3′N. Loggerhead
temperatures ranging from 18 ◦C to 25 ◦C. The unidentified species
of turtles were observed within the same time and area as logger-
heads. The 2 Kemp’s ridley turtles were observed north of 40◦55′N
and east of 70◦W. One Kemp’s ridley was observed in September
in waters 77 m and 16 ◦C; the other occurred in August but the
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ig. 3. (a) Loggerhead life stage (TEWG, 2009) and Reproductive Values (Wallace e
t the mid-point of each size class represented by black triangles; (b) Distribution o

bserver was “off-watch” and did not record depth or temperature
nformation on the haul.

.1.2. Turtle sizes and life stage
Curved carapace length (CCL, curvilinear length of the carapace

rom the nuchal notch to the posterior marginal tip measured to
he nearest 0.10 cm) and curved carapace width (CCW, curvilinear
idth of the carapace across the widest part of the shell) of the

bserved loggerheads ranged between 62 and 107 cm CCL and 45
nd 99 cm CCW (n = 40 turtles) (Fig. 3b). Sizes of observed logger-
eads corresponded to Stage III (53%), Stage IV (40%), and Stage
(7%) life stage classes. One Kemp’s ridley was 24.3 cm CCL and

6 cm CCW; the other Kemp’s ridley and unidentified turtles were
ot measured.

.1.3. Animal condition

During 2001–2008, 88% (n = 49) of observed loggerheads inter-

cting with dredge gear during on and off-watch hauls were alive
with or without injuries), and 12% (n = 7) were dead. One Kemp’s
idley was alive and the other was dead. All of the unidentified
pecies were alive. Seventy-eight percent (n = 18) of the Stage III
008) (gray dashed line). Size class breaks are represented by dashed lines, and RVs
rved loggerhead turtle sizes overlaid on life stage classes (dashed lines).

loggerheads were alive, and 100% were alive in Stage classes IV
and V.

3.1.4. Entanglement situations
Entanglement situations are reported here for turtles observed

in dredge gear from 2006 to 2008 only, because detailed descrip-
tions of interactions between observed turtles and scallop dredge
gear prior to this time have been described in Haas et al. (2008).
Five loggerheads were caught in dredge gear equipped with chain
mats, including two which occurred on off-watch hauls (Table 2).
With the exception of one chain mat, all of the chain mats were
properly configured. On properly configured chain mats the hor-
izontal chains must intersect the vertical chains such that the
length of each side of the openings formed by the intersecting
chains is less than or equal to 14′′ (35.5 cm), with the exception
of the side of any individual opening created by the sweep (50

CFR 223.206(d)(11)). Two loggerheads and a Kemp’s ridley were
captured in hauls without chain mats (two were before or out-
side of the regulatory period/area, and the other had improper
connections in the chains so was considered to have no chain
mat).
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Table 2
Entanglement situations of sea turtles observed in scallop dredge gear, 2006–2008. Cc = Caretta caretta, Lk = Lepidochelys kempii.

Chain mat properly
configured

Species Animal condition Position of entanglement, per observer/captain
comments

Dredge with chain mat Y Cc Alive, injured Turtle stuck on the outside of the turtle chain mat
Y Cc Alive, injured Turtle on top of dredge frame
N Cc Alive, injured Chains measured 16“at top and 20” at bottom.

Loggerhead caught inside the dredge bag.
Y Cc Dead Turtle wedged between bale bars
Y Cc Dead Turtle wedged between bale bars
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Dredge without chain mat N/A Cc
N/A Lk
N/A Cc

.2. Commercial effort characteristics

Commercial fishing effort in the Mid-Atlantic declined in
cope and magnitude after the implementation of chain mats
Figs. 4 and 5). Fishing effort in the Mid-Atlantic is influenced
y scallop rotational management that results in higher scallop
atches per unit effort, days at sea allocations in the fishery, and
anagement actions to shift effort from areas and times of poten-

ial turtle interactions. From 2001 to September 2006 (prior to chain

ats), the average dredge hours fished per year from November to
ay was ∼260,000 h, and from June to October was ∼248,000 h.

rom September 2006 to 2008, the average dredge hours fished
er year from November to May was ∼148,000 h, and from June to
ctober was ∼119,000 h. During the months sea turtles are gener-

ig. 4. Distribution over 30’ squares of commercial fishing effort on VTR dredge trips, 20
f dredge hours fished per day in each stratum (where stratum is month block within 200
he 50 m, 70 m, and 200 m bathymetry lines are shown. From north to south, the Hudson
epresented by the black rectangles.
live, injured Turtle caught inside dredge bag
ead Turtle caught inside dredge bag
live, injured Turtle hanging on outside of dredge bag by its flipper

ally present in the Mid-Atlantic (June–October), effort declined by
roughly 52%.

3.3. Estimation of observable interaction rates

3.3.1. Interaction rate model
Factors correlated with observable interaction rates of hard-

shelled turtles in the Mid-Atlantic sea scallop dredge fishery
included: SST (smoothed), depth (smoothed), and use of a chain

mat (Table 3 and Fig. 6). Cumulatively these variables explained
21% of the variation in observable interaction rates. Year, spa-
tial area, and month explained <1% additional variance over these
variables so were not included in the final model. Factors corre-
lated with observable rates of pooled species (unidentified and

01–September 25 2006 (pre chain mats). Each square represents the total amount
1–September 25 2006). Squares with fewer than 10 VTR trips have been excluded.
Canyon Access Area, Elephant Trunk, and Delmarva scallop management areas are
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ig. 5. Distribution over 30’ squares of commercial fishing effort on VTR dredge trip
f dredge hours fished per day in each stratum (where stratum is month block with
he 50 m, 70 m, and 200 m bathymetry lines are shown. From north to south, the Hu
epresented by the black rectangles.

oggerheads) were the same as those when modeling only logger-
eads as the response. The estimated dispersion parameter of the
elected model was 0.90, indicating no overdispersion (Burnham
nd Anderson, 2002).
The model suggests that the observable interaction rate of a
hain mat equipped dredge is ∼1/7 the rate of a dredge with-
ut a chain mat, when holding all other variables constant in the
odel. When the interaction rate of dredges without chain mats
as applied to VTR trips in the Mid-Atlantic, the average estimated

able 3
ariables examined in an analysis of factors correlated with rates of observable interaction
fter the best-fitting candidate model was selected. The selected model is highlighted in

Model structure Residual d.f.

Primary variables
Null model 66,580.0
Null + s(SST) 66,576.2
Null + s(SST) + s(depth) 66,572.2
Null + s(SST) + s(depth) + chain mat 66,571.2
Null + s(SST) + s(depth) + chain mat + s(scallop tons) 66,567.3
Null + s(SST) + s(depth) + chain mat + s(scallop tons) +
s(latitude)

66,567.3

Null + s(SST) + s(depth) + chain mat + s(chlorophyll a) 66,567.3
Null + s(SST) + s(depth) + chain mat + time bin 66,570.2
Null + s(SST) + s(depth) + chain mat + number of hauls 66,570.2
Null + s(SST) + s(depth) + chain mat + dredge frame
width

66,570.2

Secondary variables
Null + s(SST) + s(depth) + chain mat + year 66,570.2
Null + s(SST) + s(depth) + chain mat + spatial area 66,566.2
Null + s(SST) + s(depth) + chain mat + month 66,560.3
tember 26 2006–2008 (post chain mats). Each square represents the total amount
tember 26 2006–2008). Squares with fewer than 10 VTR trips have been excluded.
Canyon Access Area, Elephant Trunk, and Delmarva scallop management areas are

rates were highest from July to October (Fig. 7). The higher rates in
October were primarily south of 39◦N.

3.4. Estimated interactions
The average annual amount of observable turtle interactions in
the Mid-Atlantic scallop dredge fishery from 2001 to 25 September
2006 (prior to the implementation of chain mats) was 288 esti-
mated hard-shelled species per year (CV = 0.14, 95% CI: 209–363),

s of loggerhead turtles in dredge gear. “Secondary” variables were tested separately,
gray.

Residual
deviance

Cumulative % of
deviance explained

AIC statistic Pr (Chi)

873.6 875.6
752.0 0.139 761.6 0.00
708.5 0.189 726.2 0.00
688.4 0.212 708.0 0.00
676.9 0.225 704.4 0.02
679.4 0.222 706.8 0.06

685.4 0.215 712.8 0.54
687.0 0.214 708.6 0.24
688.2 0.212 709.9 0.72
688.0 0.212 709.7 0.55

680.5 0.221 702.2 0.01
677.5 0.224 707.2 0.05
687.0 0.214 728.4 0.10
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ig. 6. Generalized additive model smoothers depicting effect of sea surface tempe
hows the number of observations; dashed lines are 95% confidence intervals.

hich equates to 49 adult equivalents, and 218 loggerheads
CV = 0.16, 95% CI: 149–282), which equates to 37 adult equivalents

Table 4).

From 26 September 2006 to 2008 (after the implementation
f chain mats) the average annual amount of observable interac-
ions was 20 estimated hard-shelled turtles per year (CV = 0.48,

ig. 7. Distribution over 30’ squares of average predicted interaction rates without cha
ave been excluded. The 50 m, 70 m, and 200 m bathymetry lines are shown. From north
anagement areas are represented by the black rectangles. Median standard deviation a
, depth, and chain mats on hard-shelled turtle interaction rates. Rugplot on x-axis

95% CI: 3–42), which equates to 4 adult equivalents, and 19
loggerheads (CV = 0.52, 95% CI: 2–41), which equates to 3 adult

equivalents.

If the observable interaction rate from dredges without chain
mats had been applied to trips that used chain mats from 26
September 2006 to 2008, the estimated number of observed inter-

in mats on VTR dredge trips, 2001–2008. Squares with fewer than 10 VTR trips
to south, the Hudson Canyon Access Area, Elephant Trunk, and Delmarva scallop

round rates over all months = 0.00077.
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Table 4
Average annual estimated interactions of hard-shelled (unidentified and loggerhead species pooled) and loggerhead turtles in the Mid-Atlantic scallop dredge fishery before
and after chain mats were required on dredges (CV and 95% Confidence Interval). AE = adult equivalent estimated interactions. A = estimated interactions from dredges
without chain mats; B = estimated observed interactions from dredges with or without chain mats; C = estimated observed and unobserved, quantifiable interactions from
dredges without chain mats, to estimate the mat’s maximum conservation value.

Time period Interactions Interactions

Hard-shelled AE Loggerhead AE
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A 2001–25 Sept 2006 288 (0.14, 209–363
B 26 Sept 2006–2008 20 (0.48, 3–42)
C 26 Sept 2006–2008 125 (0.15, 88–163)

ctions, plus unobserved, quantifiable interactions, would have
een 125 hard-shelled species per year, and 95 loggerheads.

. Discussion

These results suggest that the estimated rate of observable inter-
ctions increases as surface temperatures warm, and are higher
round 40–60 m depth. These rates reflect the co-occurrence of sea
urtles in the area (Braun-McNeill et al., 2008), the distribution of
he scallop resource (Hart and Chute, 2004), and the behavior of tur-
les and scallop fishers. These broad times and areas suggest that
igh rates of observable interactions are not localized in space or
ime within a small area of the Mid-Atlantic. The risk of turtle inter-
ctions can be lowered if effort moves out of the Mid-Atlantic from
uly through October, versus shifting within the Mid-Atlantic dur-
ng this time period. The Elephant Trunk closure during September
nd October is well placed as a conservation measure for turtles,
o long as the effort does not increase in July or August in the
id-Atlantic from effort redistributions.
The model unexpectedly predicted high interaction rates during

uly through September in the northeast region of the Mid-Atlantic,
here no turtle interactions were observed. Few commercial
redge trips were observed (<1% observer coverage) in the Mid-
tlantic north of ∼40◦30′N and west of ∼71◦W, so the model may
erform poorly in this region. If the model predicted zero turtle

nteractions for trips in this time and area the estimated inter-
ctions over all years would change by only ∼1%, so the degree
o which this affected the results was considered to be low. Tur-
le interactions could occur in this time and area, though more
bserver coverage is needed to determine whether rates are equiv-
lent to rates farther south.

The percentage of dead turtles captured in dredge gear between
001 and 2008 (12%) represents a minimum mortality estimate.
everal turtles had injuries that may have led to mortalities, though
uidelines to determine post-release lethal injuries are still being
eveloped. The National Marine Fisheries Service has been con-
ulting with experts to establish guidelines for assessing injuries to
urtles captured in scallop dredge gear. Once these guidelines are
stablished, turtle injuries from interactions with dredge gear can
e reassessed to refine mortality rates in the fishery.

These results suggest that an estimated average of 105 turtles
er year (125 turtles reduced to 20) were not captured because
hain mats were implemented in 2006. Hence, the estimated max-
mum conservation benefit of the chain mats was 105 turtles per
ear. If all of these 105 turtles survived the interaction with the
hain mat, and would not have survived had they been captured
n the bag, then this 84% reduction would be viewed as the con-
ervation benefit of chain mats. There is not enough information in
his analysis to evaluate how the chain mat affected the injury and
ortality rate of turtles in the gear, though by design the chain mat
s intended to reduce injuries resulting from capture in the dredge
ag. The realized conservation benefit could be better quantified

f mortality and injury rates in traditional gear were refined, and
ortality and injury rates in chain mat gear were known. There is
49 218 (0.16, 149–282) 37
3 19 (0.52, 2–41) 3

22 95 (0.18, 63–130) 16

no evidence to suggest that the injury rate of a chain mat equipped
dredge is higher than that of a traditional dredge.

Reductions in fishing effort during months with high turtle
interaction rates (July through October) contributed to the decline
in estimated interactions after 2006. An estimated average of 163
turtle interactions per year (288 interactions reduced to 125, or
a 57% reduction) were avoided from reductions in fishing effort
from the pre-chain mat to post-chain mat period. Since 2006 the
Elephant Trunk area was closed to fishing during September and
October to protect sea turtles, the Delmarva area was closed to
fishing year-round in 2007 and 2008 as part of rotational area
management, and the Hudson Canyon Area was closed to fishing
in 2008. These closures and other effort reductions tied to rota-
tional area scallop management coincided with times and areas
that historically had high turtle interaction rates.

The model developed in this analysis provides a tool to monitor
turtle interactions with chain mats. NMFS is required to monitor
levels of sea turtle interactions in the scallop fishery. With the use
of chain mats preventing the observation of some turtle captures,
and in turn preventing the ability to estimate the total number of
interactions as had been done prior to chain mat use, the most
recent ESA Biological Opinion on the fishery established a surrogate
measure for monitoring the Incidental Take Statement (ITS) (NMFS,
2008). The ITS provides an exemption for the anticipated level of
take by the fishery, while identifying measures necessary to min-
imize impacts from the exemption. The Opinion states that NMFS
will use dredge hours as the surrogate measure of actual takes; if
dredge hours do not exceed the benchmark level, it is presumed the
ITS has not been exceeded. This study provides an alternate way to
estimate loggerhead interactions in the fishery after 2005.

There are some statistical aspects of the model that should be
considered prior to evaluating interactions in future years. First, the
chain mat requirement is currently required every year from May to
November. With each new year of data, hauls without chain mats
will only be from the winter time, and therefore will not repre-
sent a random sample. Over the whole time series, hauls without
chain mats will be clumped in the early years, and will also become
disproportionately smaller in the dataset. In addition, observing
and estimating interactions may become more complicated in the
future if new modified dredges designed to direct turtles up and
over the dredge are used in the fishery (Smolowitz et al., 2010).

In summary, this study offers new information to fisheries man-
agers, the industry, and researchers aiming to reduce or alleviate
turtle interactions in the Mid-Atlantic dredge fishery. The dis-
tribution of observable interaction rates in the fishery will help
managers identify times and areas for further effort reductions
if needed. Furthermore, reporting adult equivalent interactions
may help managers prioritize conservation actions with lim-
ited resources (Wallace et al., 2008). The model developed here

represents an alternative approach to monitoring turtle interac-
tions with scallop dredge gear equipped with chain mats. Finally,
this study suggests that chain mats and fishing effort reductions
contributed to the decline in estimated turtle interactions after
2006.
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1.0 ESTIMATION OF PRICES, COSTS, PROFITS AND NATIONAL 
BENEFITS  

The economic model includes an ex-vessel price equation, a cost function and a set of equations 
describing the consumer and producer surpluses. The ex-vessel price equation is used in the 
simulation of the ex-vessel prices, revenues, and consumer surplus along with the landings and 
average meat count from biological projections. The cost function is used for projecting harvest 
costs and thereby for estimating the producer benefits as measured by the producer surplus. The 
set of equations also includes the definition of the consumer surplus, producer surplus, profits to 
vessels, and total economic benefits.  

1.1 ESTIMATION OF ANNUAL EX-VESSEL PRICES 

Fish prices constitute one of the important channels through which fishery management actions 
affect fishing revenues, vessel profits, consumer surplus, and net economic benefits for the 
nation. The degree of change in ex-vessel price in response to a change in variables affected by 
management, i.e., scallop landings and meat count, is estimated by a price model, which also 
takes into account other important determinants of price, such as disposable income of 
consumers and price of imports.  
 
Given that there could be many variables that could affect the price of scallops, it is important to 
identify the objectives in price model selection for the purposes of cost-benefit analyses. These 
objectives (in addition to developing a price model with sound statistical properties) are as 
follows: 

 To develop a price model that uses inputs of the biological model and available data. 
Since the biological model projects annual (rather than monthly) landings, the 
corresponding price model should be estimated in terms of annual values.  

 To select a price model that will predict prices within a reasonable range without 
depending on too many assumptions about the exogenous variables. For example, the 
import price of scallops from Japan could impact domestic prices differently than the 
price of Chinese imports, but making this separation in a price model would require 
prediction about the future import prices from these countries. This in turn would 
complicate the model and increase the uncertainty regarding the future estimates of 
domestic scallop prices. 

 
  
In addition to the changes in size composition and landings of scallops, other determinants of ex-
vessel price include level of imports, import price of scallops, disposable income of seafood 
consumers, and the demand for U.S. scallops by other countries. The main substitutes of sea 
scallops are the imports from Canada, which are almost identical to the domestic product, and 
imports from other countries, which are generally smaller in size and less expensive than the 
domestic scallops. An exception is the Japanese imports, which have a price close to the 
Canadian imports and could be a close substitute for the domestic scallops as well.  
 
The ex-vessel price model estimated below includes the price, rather than the quantity of imports 
as an explanatory variable, based on the assumption that the prices of imports are, in general, 
determined exogenously to the changes in domestic supply. This is equivalent to assuming that 
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the U.S. market conditions have little impact on the import prices. An alternative model would 
estimate the price of imports according to world supply and demand for scallops, separating the 
impacts of Canadian and Japanese imports from other imports since U.S. and Canadian markets 
for scallops, being in proximity, are highly connected and Japanese scallops tend to be larger and 
closer in quality to the domestic scallops. The usefulness of such a simultaneous equation model 
is limited for our present purposes, however, since it would be almost impossible to predict how 
the landings, market demand, and other factors such as fishing costs or regulations in Canada or 
Japan and in other exporting countries to the U.S. would change in future years.  
 
Since the average import price is equivalent to a weighted average of import prices from all 
countries weighted by their respective quantities, the import price variable takes into account the 
change in composition of imports from Canadian scallops to less expensive smaller scallops 
imported from other countries. This specification also prevents the problem of multi-co-linearity 
among the explanatory variables, i.e., prices of imports from individual countries and domestic 
landings. In terms of prediction of future ex-vessel prices, this model only requires assignment of 
a value for the average price of imports, without assuming anything about the composition of 
imports, or the prices and the level of imports from individual countries. The economic impact 
analyses of the fishery management actions usually evaluate the impact on ex-vessel prices by 
holding the average price of imports constant. The sensitivity of the results affected by declining 
or increasing import prices could also be examined, however, using the price model presented in 
this section.  

 
The price model presented below estimates annual average scallop ex-vessel price by market 
category (PEXMRKT) as a function of 

 Meat count (MCOUNT) 

 Average price of all scallop imports (PIMPORT) 

 Per capita personal disposable income (PCDPI) 

 Total annual landings of scallop minus exports (SCLAND-SCEXP) 

 Percent share of landings by market category in total landings (PCTLAND) 

 A dummy variable as a proxy for price premium for Under 10 count scallops (DU10).  
 

Because the data on scallop landings and revenue by meat count categories were mainly 
collected since 1998 through the dealers’ database, this analysis included the 1999-2008 period. 
All the price variables were corrected for inflation and expressed in 2008 prices by deflating 
current levels by the consumer price index (CPI) for food. The ex-vessel prices are estimated in 
semi-log form to restrict the estimated price to positive values only as follows: 

 
Log (PEXMRKT) = f(MCOUNT, PIMPORT, PCDPI, SCLAND-SCEXP, PCTLAND, DU10)  
 

The coefficients of this model are shown in Table 1. Adjusted R2 indicates that changes in meat 
count, composition of landings by size of scallops, domestic landings net of exports, average 
price of all imports, disposable income, and price premium on under 10 count scallops and 2005 
dummy variable explain 82 percent of the variation in ex-vessel prices by market category. In 
contrast to the price model estimates for the earlier years, the coefficient for the landings net of 
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exports was not statistically significant for the period 1999-2008 for the range of landings 
observed in this period probably because annual variation in landings in recent years were 
relatively small and the change in the composition of landings toward larger scallops had a larger 
impact on prices.   
 
In addition, values of the all the explanatory variables are held at the recent levels. For example, 
disposable income per capita and import prices are assumed to stay constant at the 2008 level. 
This is because it is not possible to predict accurately the changes in the future values of the 
explanatory variables and also because our goal is determine the response in prices to the change 
in landings and the composition in terms of market category given other things held constant. 
Therefore, future prices could be higher (lower) than predicted depending on the values of the 
explanatory variables.   
 
Table 1. Regression results for price model 

Regression Statistics     

R Square 0.85    

Adjusted R Square 0.82    

Observations 40    

       

 
Table 2. Coefficients of the Price Model 

Variables  Coefficients Standard Error t Stat 

INTERCEPT -1.18096 0.49743 -2.37 

MCOUNT -0.00414 0.00185 -2.23 

PIMPORT 0.21944 0.05449 4.03 

PCDPI 0.06606 0.01124 5.87 

SCLAND-SCEXP -0.00131 0.00458 -0.29 

DU10 0.05008 0.05106 0.98 

PCTLAND -0.23569 0.08327 -2.83 

 
These numerical results should be interpreted with caution, however, since the analysis covers 
only 10 years of annual data from a period during which the scallop fishery underwent major 
changes in management policy including area closures, controlled access, and rotational area 
management.  
 

1.1.1 Estimation of trip costs 

1.1.2 Trip Costs 

Data for variable costs, i.e., trip expenses include food, fuel, oil, ice, water and supplies.  
The trip costs per day-at-sea (ffiwospda) is postulated to be a function of vessel crew size 
(CREW), vessel size in gross tons (GRT), fuel prices (FUELP), and dummy variables for trawl 
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(TRW) and small dredge (DFT) vessels. This cost equation was assumed to take a double-
logarithm form and estimated with data obtained from observer database. The empirical equation 
presented in Table 3 estimated more than 70% of the variation in trip costs and has proper 
statistical properties.    
 
Table 3. Estimation of total trip costs per DAS used  
 
                             The MODEL Procedure 
 
                   Nonlinear GMM Summary of Residual Errors 
 
                    DF     DF                                    Adj   Durbin 
   Equation      Model  Error       SSE       MSE  R-Square     R-Sq   Watson 
 
   lnffiwospda       6    206   24.9349    0.1210    0.7159   0.7090   1.8100 
 
 
                       Nonlinear GMM Parameter Estimates 
 
                                        Approx                  Approx 
          Parameter       Estimate     Std Err    t Value     Pr > |t| 
 
          intc            3.991271      0.3129      12.76       <.0001 
          grtco           0.286919      0.0499       5.75       <.0001 
          crewco          0.632637      0.1411       4.48       <.0001 
          dftco           -0.27828      0.0794      -3.51       0.0006 
          trwco           -0.39799      0.1559      -2.55       0.0114 
          fuelpco          0.84357      0.0846       9.97       <.0001 
 

 

1.1.3 Estimation of fixed costs 

The fixed costs include those expenses that are not usually related to the level of fishing activity 
or output. These are insurance, maintenance, license, repairs, office expenses, vessel 
improvement, professional fees, dues, and utility, interest, communication costs, association fees 
and dock expenses. The data on these items are obtained from the 2006-07 Cost Survey data.  
The data included 196 observations and the fixed costs are estimated by using the 97 
observations for vessels with dredge and trawl gear.   Because the data on communications costs 
and association fees were missing for most observations, these costs were not included in the 
estimation but their average values for the scallop vessels were added on to fixed costs.   
 
The following model is based on stepwise regression and estimates fixed costs as a function of 
length, year built, horse power and a dummy variable for boats that have multispecies permit.   
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Table 4. Basic fixed costs (do not include improvement costs, includes other costs including fuel and 
maintenance –double entries) 
                                 GMM with HCCME=1                                   
 
                                   The MODEL Procedure 
 
                        Nonlinear GMM Summary of Residual Errors 
 
                    DF     DF                                              Adj   Durbin 
   Equation      Model  Error       SSE       MSE  Root MSE  R-Square     R-Sq   Watson 
 
   lnfcbasic         5     92   25.6041    0.2783    0.5275    0.6246   0.6083   2.2879 
 
                            Nonlinear GMM Parameter Estimates 
 
                                             Approx                  Approx 
               Parameter       Estimate     Std Err    t Value     Pr > |t| 
 
               intc            -300.972     88.0508      -3.42       0.0009 
               lenco            1.69467      0.2572       6.59       <.0001 
               bltco           40.13193     11.6098       3.46       0.0008 
               d10co           -0.44158      0.1346      -3.28       0.0015 
               hpco            0.145956      0.1503       0.97       0.3341 
 
                    Number of Observations     Statistics for System 
 
                    Used                97    Objective       2.09E-18 
                    Missing              0    Objective*N    2.028E-16 
 
 
  

1.1.4 Profits and crew incomes 

As it is well known, the net income and profits could be calculated in various ways depending on 
the accounting conventions applied to gross receipts and costs. The gross profit estimates used in 
the economic analyses in the FSEIS simply show the difference of gross revenue over variable 
(including the crew shares) and fixed expenses rather than corresponding to a specific accounting 
procedure. It is in some ways similar to the net income estimated from cash-flow statements 
since depreciation charges are not subtracted from income because they are not out-of-pocket 
expenses.  
 
Gross profits per vessel are estimated as the boat share (after paying crew shares) minus the fixed 
expenses such as maintenance, repairs and insurance (hull and liability). Based on the input from 
the scallop industry members and Dan Georgianna on the lay system, the profits and crew 
incomes are estimated as follows:  

 The association fees, communication costs and a captain bonus of 5% are deducted from 
the gross stock to obtain the net stock. 

 Boat share is assumed to be 48% and the crew share is assumed to be 52% of the net 
stocks. 

 Profits are estimated by deducting fixed costs from the boat share. 
 Net crew income is estimated by deducting the trip costs from the crew shares. 
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1.1.5 Consumer surplus  

Consumer surplus measures the area below the demand curve and above the equilibrium price. 
For simplicity, consumer surplus is estimated here by approximating the demand curve between 
the intercept and the estimated price with a linear line as follows: 
 
CS= (PINT*SCLAN-EXPR*SCLAN)/2 

))1/((
2008

2000

tt

t t rCSPVCS   



 
Where:  r=Discount rate. 
              
CSt= Consumer surplus at year “t” in 1996 dollars.  
              
PVCS= Present value of the consumer surplus in 1996 dollars. 
 
 EXPR= Ex-vessel price corresponding to landings for each policy option. 
PINT=Price intercept i.e., estimated price when domestic landings are zero. 
            SCLAN= Sea scallop landings for each policy option.  
 
Although this method may overestimate consumer surplus slightly, it does not affect the ranking 
of alternatives in terms of highest consumer benefits or net economic benefits. 

1.1.6 Producer surplus  

The producer surplus (PS) is defined as the area above the supply curve and the below the price 
line of the corresponding firm and industry (Just, Hueth & Schmitz (JHS)-1982). The supply 
curve in the short-run coincides with the short-run MC above the minimum average variable cost 
(for a competitive industry). This area between price and the supply curve can then be 
approximated by various methods depending on the shapes of the MC and AVC cost curves. The 
economic analysis presented in this section used the most straightforward approximation and 
estimated PS as the excess of total revenue (TR) over the total variable costs (TVC). It was 
assumed that the number of vessels and the fixed inputs would stay constant over the time period 
of analysis. In other words, the fixed costs were not deducted from the producer surplus since the 
producer surplus is equal to profits plus the rent to the fixed inputs. Here fixed costs include 
various costs associated with a vessel such as depreciation, interest, insurance, half of the repairs 
(other half was included in the variable costs), office expenses and so on. It is assumed that these 
costs will not change from one scenario to another.  
 
PS=EXPR*SCLAN-OPC  
OPC = Sum of operating costs for the fleet.   

))1/((
2008

2000

tt

t t rPSPVPS   



 
Where:  r=Discount rate. 
            PSt= Producer surplus at year “t” in 1996 dollars.  
            PVPS= Present value of the producer surplus in 1996 dollars. 
            SCALN= Sea scallop landings for each policy option. 
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            EXPR= Price of scallops at the ex-vessel level corresponding to landings for each  
            policy option in 1996 dollars. 
 
Producer Surplus also equals to sum of rent to vessels and rent to labor. Therefore, rent to vessels 
can be estimated as: 
 
RENTVES=PS – CREWSH 
 
Rentves= Quasi rent to vessels 
Crewsh= Crew Shares 

1.1.7 Total economic benefits  

Total economic benefits (TOTBEN) is estimated as a sum of producer and consumer surpluses 
and its value net of status quo is employed to measure the impact of the management alternatives 
on the national economy. 
 
TOTBEN=PS+CS  
 
Present value of the total benefits= PVTOTBEN= PVPS+PVCS 
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