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ABSTRACT 
This paper estimates total loggerhead (Caretta caretta) turtle interactions, adult 

equivalent interactions, and mortality in the Mid-Atlantic sea scallop (Placopecten magellanicus) 
dredge fishery from 2009-2014 using data collected by the Northeast Fisheries Observer 
Program. During this time period, some vessels were equipped with chain mats and turtle 
deflector dredges designed to exclude turtles from being captured in the dredge bag or cutting 
bar frame, rendering many interactions to be “unobservable.” As a result, observer data from 
2009-2014 were pooled with data from 2001-2008 to estimate observable and unobservable yet 
quantifiable interactions. A Generalized Additive Model was developed describing interaction 
rates as a function of sea surface temperature, chain mats, depth, and year, and was then applied 
to commercial Vessel Trip Report data to estimate total loggerhead interactions. The average 
annual observable turtle interactions in the Mid-Atlantic scallop dredge fishery plus unobserved, 
quantifiable interactions was 22 loggerheads per year (coefficient of variation = 0.73, 95% 
confidence interval: 4-67), 9-19 of which were lethal. The 22 interactions equate to 2 adult 
equivalents per year and 1-2 adult equivalent mortalities. Estimated interactions in the fishery 
have decreased relative to 2001-2008, and the utility of observers as a monitoring tool for turtle 
interactions in the fishery appears to be decreasing. 
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INTRODUCTION 
Loggerhead turtles (Caretta caretta) and Atlantic sea scallops (Placopecten 

magellanicus) overlap seasonally in the US Mid-Atlantic region stretching from Cape Cod to 
southern Virginia when turtles migrate to the area to forage. Roughly 200 interactions between 
loggerheads and scallop dredge fishing gear were estimated to have occurred on average 
annually from 2001 to mid-2006 in the Mid-Atlantic (defined as west of 71°W), mainly from 
June to November (Murray 2011). Fishing effort reductions and gear modifications have been 
implemented in the fishery to reduce the magnitude and impact of these interactions, which 
declined to <100 estimated interactions per year from late 2006 to 2008 (Murray 2011). Fisheries 
observers continue to monitor the scallop dredge fishery for turtle interactions and to measure the 
effectiveness of gear modifications. 

Many vessels operating in the current fishery are required to fish with dredges modified 
to exclude turtle capture or to minimize harm from the interaction. Chain mats have been 
required in the fishery since 25 September 2006 for all dredge vessels operating south of 
41°9.0′N from 1 May – 30 November (US DOC 2006). Turtle deflector dredges (TDDs) have 
been required since 1 May 2013 for scallop vessels, with the exception of limited access general 
category vessels that use a dredge less than 10 ft 6 in wide (126 in), west of 71° W from 1 May – 
31 October (US DOC 2012). The purpose of the chain mat is to prevent captures and injury in 
the dredge bag, while the purpose of the TDD is to deflect sea turtles over the dredge frame and 
bag rather than under the cutting bar, to reduce turtle injuries on the ocean bottom. Together, the 
use of chain mats and TDDs increase the conservation benefit to turtles, because chain mats help 
reduce the impact to turtles from water column interactions, while the TDD helps reduce the 
impact to turtles from benthic interactions. 

While the chain mat is intended to reduce those interactions in which animals are landed 
or observed from the deck, other “unobservable” interactions may still be occurring (i.e., those in 
which animals come in contact with the gear but either are not captured or escape from the gear 
before it is brought to the surface where they can be observed) (Warden and Murray 2011). 
Roughly 85% of the total estimated interactions from 2006-2008, after chain mats were required 
in the fishery, were “unobservable” yet quantifiable based on estimated captured rates in dredges 
without chain mats (Murray 2011). Mortality rates of unobservable interactions quantified from 
fisheries observer data are unknown. 

Roughly a third of the estimated loggerhead interactions in dredge gear from 2001-2008 
were considered “adult equivalent” interactions. Adult equivalent losses are a more informative 
metric to evaluate population impact than total interactions (Haas 2010), because adult 
equivalency translates the loss of individual turtles into adults based on expected chances of 
surviving to adulthood and reproducing. An adult equivalent loggerhead is the reproductive 
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value (RV) of the turtle scaled to adults, where the RV for adults is equal to 1 (Wallace et al. 
2008).  

The purpose of this analysis is to estimate total loggerhead interactions (observable and 
unobservable/quantifiable), adult equivalent interactions, and mortality in Mid-Atlantic (as 
defined in Murray 2011) dredge gear from 2009-2014. Additional information may be gleaned 
from the analysis regarding the practicality of using observers to monitor turtle interactions in a 
gear where most interactions are unobservable.  

 

METHODS 
Observable interaction rates in the dredge fishery from 2001-2008 were previously 

modeled as a function of SST, depth, and use of a chain mat (Murray 2011). In this analysis, 
fisheries observer data from 2001-2008 were pooled with data collected from 2009-2014 to 
derive sea turtle interaction rates, because only 4 loggerhead interactions were observed from 
2009-2014. A new model developed from the updated time series (2001-2014) was then applied 
to commercial fishing effort to estimate the total number of observable interactions as well as 
unobservable/quantifiable interactions.  

 
Data Sources 

Observer Data 

From 2009-2014, Northeast Fisheries Science Center (NEFSC) observers aboard 
commercial scallop dredge vessels observed over 130,000 fishing hours in the Mid-Atlantic, 
which was roughly 6% of total dredge fishing effort (Table 1). “Fishing hour” was the total 
amount of hours a dredge was in the water. Dredge fishing hours per haul were calculated from 
observer data as: 

 
Dredge fishing hours per haul = number of dredges * average haul duration  

 
The proportion of observed dredge hours on vessels using standard dredges, chain mats, 

and combined chain mats/TDDs varied across years, with TDD requirements becoming 
mandatory in May 2013 (Figure 1). These data were pooled with observed effort from 2001-
2008 (Murray 2011) to derive sea turtle interaction rates, expressed as the number of observed 
turtles per fishing hour. Data from 2009-2014 were pooled with data from 2001-2008 because 
there were too few observed interactions from 2009-2014 to develop a robust model of 
loggerhead interaction rates in the recent fishery. 

Observable interaction rates were estimated based on turtles reported via standard 
Northeast Fisheries Observer Program (NEFOP) sampling protocols when an observer was “on-
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watch,” i.e., systematically collecting data on the haul characteristics, the catch, and details of 
any protected species interaction. Observable interaction rates were based on turtles either 
captured in or on the dredge gear, or observed interacting with the gear. Observers may collect 
data opportunistically when they are “off-watch,” but these data are not used in the calculation of 
interaction rates because it is not known what fraction of off-watch interactions are reported.  

 
Commercial Data 

Mandatory Vessel Trip Reports (VTRs) completed by commercial scallop fishermen 
during 2009-2014 provided a measure of total fishing effort. Because VTR reporting is 
mandatory in the fishery and also enforced via Vessel Monitoring Systems, effort from VTRs 
was considered to be a census of scallop dredge fishing activity. Dredge fishing hours per trip 
were calculated from VTRs as: 

 
Dredge fishing hours on a trip = number of dredges on a trip * average haul duration on a trip * 

number of hauls on trip 
 

Trips used either 1 dredge (47%) or 2 dredges (53%). This analysis assumed 100% 
compliance with the chain mat and TDD regulations. So, after 25 September 2006, dredge trips 
were coded as using a chain mat if they fished south of 41º 9.0’N during 1 May to 30 November 
(55% of all trips). After 1 May 2013, when TDDs became mandatory in the fishery, dredge trips 
were coded as using a TDD if they fished west of 71 ºW from 1 May to 31 October and fished 
dredges with frames larger than 126 in (7% of all trips). Trips were coded for chain mat or TDD 
usage based on regulatory time period rather than the required VTR gear code (‘DSC’ for chain 
mats and ‘DTC’ or ‘DTS’ for TDDs) because too few VTRs actually reported these codes (1% 
and 0%, respectively).  

 
Sea Surface Temperature (SST)  

Previous estimates of loggerhead interactions in the scallop dredge fishery depended on 
SST, depth, and use of a chain mat (Murray 2011). VTRs do not require collection of SST data, 
so these data were obtained for all VTR scallop dredge trips from GOES satellites at a 0.05° 
resolution over an 8-day period1. Images were retrieved for each eighth day starting on 4 January 
of each year, and were “spatially synced” to 10x10km grid cells in an oblique Mercator 
projection (R, spatial tools package, version 3.1.2), then stacked into annual raster bricks. Sea 
surface temperature values were then extracted from the multi-layer raster brick (R, raster 
package, version 3.1.2) at the geographic positions of the trip reported on VTRs. This source and 
scale of satellite SST data made the dataset a good proxy for in-situ SST (Palka et al. in prep). 
                                                            
1 Data downloaded from http://coastwatch.pfeg.noaa.gov/erddap/griddap/erdGAssta8day.graph 
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Loggerhead Interaction Rate Model 

Observable interaction rates were expressed as: 
   

R = Number of Observed Turtles 
  Observed Fishing Hour 

 
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 GAM can be 
written as: 

ξα +++= ∑
=

)()log(])[(
1

n

i
jiijj xfhoursfishingyELog     

where: 

E[yj] = the expected number of loggerhead turtles observed on the jth haul 

α = a constant intercept term 

fj = a series of smoothing functions for each predictor variable 

xi = environmental or fishing characteristics at each haul 

ξ  = unexplained error  

In the updated time series (2001-2014), there were only 4 additional loggerhead 
interactions, so the historical model was used as a baseline candidate model to estimate 
loggerhead interaction rates from 2009-2014. Two additional variables were tested to account for 
changes in the fishery over time: ‘year’ and ‘regulatory time period,’ where the latter referred to 
the different periods when standard dredges were used (2001 to 25 September 2006), when chain 
mats were used (26 September 2006 to 30 April 2013), and when both TDDs and chain mats 
were used (1 May 2013 to 31 December 2014). The models were evaluated with respect to 
Akaike’s Information Criterion (AIC) and the percent of additional deviance explained compared 
to the baseline model.  

 
Total Interactions  

The preferred loggerhead interaction rate model was applied to VTR trip effort to 
estimate an “observable” loggerhead interaction per trip; the total number of “observable” 
interactions was the sum over all trips.  
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Unobserved, quantifiable interactions were estimated by applying the interaction rate of 
dredges with no chain mats to dredges with chain mats and TDDs (Murray 2011). This assumes 
that interactions between turtles and dredges in times and areas where they overlap continue to 
occur below the surface at the same rate as when chain mats were not required, but chain mats or 
TDDs prevented the turtles from being captured and subsequently seen by an observer. The 
loggerhead model for VTR trips coded as having no chain mat or TDD (i.e., fishing with a 
standard dredge) was applied to all trips to estimate the total number of interactions, both 
observed and unobserved but quantifiable. The difference between the total estimate and the 
observable estimates represents the estimated number of turtle captures avoided due to the chain 
mat and TDD (i.e., the unobserved but quantifiable interactions). 

Bootstrap resampling was used to derive coefficients of variation (CVs) around both the 
annual and average annual interaction estimates. Bootstrap replicates were generated by 
sampling hauls with replacement 1000 times from the original observer dataset, and then the 
preferred model parameterized with each replicate. Estimated interactions each year were 
calculated by applying each replicate dataset to annual VTR dredge effort and then averaged 
over all years. CVs and 95% confidence intervals (CIs) around the annual and average annual 
estimates were computed from the bootstrap replicates. 

 
Mortality Rates 

Different mortality rates were applied to the estimated observable and unobservable but 
quantifiable interactions based on whether the dredge was equipped with a standard dredge, a 
chain mat, or both a TDD and chain mat (Table 2). An 80% mortality rate was applied to 
estimated observable interactions on dredges with standard dredges or with chain mats (no 
TDDs), per evaluations by the Serious Injury Working Group (Upite 2011) for data from 2008-
20122. Because mortality rates of unobservable/quantifiable interactions in dredges with chain 
mats are unknown (Murray 2011), 2 mortality rates representing extreme scenarios (0% 
mortality and 100% mortality) were applied to unobservable/quantifiable interactions in dredges 
with chain mats. A 28% mortality rate was applied to estimated observable and 
unobservable/quantifiable interactions of turtles in dredge gear equipped with both a chain mat 
and TDD, based on experimental trials (Smolowitz et al. 2010) and the latest Sea Scallop 
Biological Opinion (NMFS 2012).  

 

                                                            
2This is the most recent time series evaluated by the Serious Injury Group which had observed turtle interactions in 
dredge gear. 
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Adult Equivalency 

Adult equivalent loggerhead interactions from 2009-2014 were estimated based on the 
methods in Murray (2011). Observed loggerheads were grouped into size classes based on 6 
loggerhead life stages (TEWG 2009), and RVs were assigned to each respective stage class 
based on Wallace et al. (2008). These stage classes (sizes, RV values) were as follows: Stage 1 
(<=16.2 cm curved carapace length [CCL], 0.002); Stage II (>16.21 – 60.45 cm CCL, 0.008); 
Stage III (>60.45 cm – 75.72 cm CCL, 0.040); Stage IVa (>75.72 – 88.61 cm CCL , 0.124); 
Stage IVb (>88.61 – 101.5 cm CCL, 0.547); and Stage V (>101.5 cm CCL, 1.0). An alternative 
method to estimate adult equivalents is to multiply estimated interactions in a region by that 
region’s average RV value (Warden 2011), which is useful to report spatial differences in adult 
equivalent interactions. The approach taken here was preferred because it was not necessary to 
compare adult equivalent interactions across broad geographic regions, the method uses RV 
values specific to individual turtles, rather than mean RV values, and it offers the ability to 
compare estimated adult equivalent interactions to a previous time series in the fishery (Murray 
2011).  

The number of estimated adult equivalent (AEI) loggerhead interactions over all 6 life 
stages and all 6 years (2009-2014) was calculated as:  

          AEI = i
i

ij
j

RVPT **
6

1

6

1
∑∑
==

    

where:  

 T = total estimated loggerhead interactions in dredge gear in year j 

 P = the proportion of loggerheads observed in life stage i 

 RVi = the reproductive value for life stage i. 

Adult equivalent mortality (AEM) was computed using the same mortality rates as those 
for estimated interactions. 

 
RESULTS 

Observed Loggerhead Interactions 
From 2009-2014, observers recorded 5 loggerhead interactions in scallop dredge gear 

(Table 3, Figure 2). One of these turtles was severely decomposed and wrapped in gillnet gear so 
was excluded from the analysis because it is unlikely the event occurred on the scallop dredge 
haul. Of the 4 remaining, 3 occurred in 2009 and 1 in 2011. One turtle interaction was observed 
in December, a month in which loggerhead interactions in dredge gear typically are not 
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observed. All 4 observed loggerhead interactions occurred on dredges equipped with chain mats 
and none were observed on dredges using TDDs. No turtles were observed when an observer 
was “off-watch.” 

 

Loggerhead Interaction Rate Model 
Loggerhead interaction rates in dredge gear from 2001-2014 were modeled as a function 

of SST, depth, use of a chain mat, and year (Table 4; Figure 3). Because there were no observed 
turtles on dredges with TDDs, the estimated observable interaction rate of dredges with TDDs 
was considered to be the same as estimated observable interaction rates in dredges with chain 
mats. The model explained 24% of the variation in bycatch rates over 2001-2014. Accounting for 
year in the model was slightly better than regulatory time period, which did not explain 
additional variation in rates beyond the baseline candidate model. Although year did not account 
for a large additional amount of variation in the model, it was necessary to include year to 
account for changes in dredge types used in the Mid-Atlantic during 2001-2014.  

 
Total Interactions, Adult Equivalency, and Mortality 

The average annual estimate of observable turtle interactions in the Mid-Atlantic scallop 
dredge fishery from 2009-2014 was 11 loggerheads per year (CV=0.46, 95% CI: 3-22) (Table 5). 
When the observable interaction rate from dredges without chain mats was applied to trips that 
used chain mats and turtle deflector dredges, the estimated number of observed interactions, plus 
unobserved, quantifiable interactions, was 22 loggerheads per year (CV=0.73, 95% CI: 4-67). 
Nine to 19 of these interactions would have been lethal depending on whether loggerheads which 
interacted with chain mats without being captured (the unobservable but quantifiable 
interactions) survived. The 22 interactions equates to 2 adult equivalents per year and 1-2 adult 
equivalent mortalities.  
 

DISCUSSION 
Estimated observable interactions between loggerheads and dredge gear in the Mid-

Atlantic have declined from 218 loggerheads per year in the early 2000s (Murray 2011) to just 1 
animal in 2014. Commercial effort in the Mid-Atlantic fluctuated with rotational area 
management throughout 2001-2014, yet observable interactions continued to decrease. This 
decrease in observed interactions is likely due to the modifications on dredges to exclude turtles 
from being captured, and not necessarily to the absence of turtles from the area because many of 
them are sighted (NEFSC and SEFSC 2014) or observed in other gear types in the area (Murray 
2015). While unobservable but quantifiable interactions also occurred, they are poorly estimated 
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in this analysis because of a lack of data (there were no observed turtles in TDDs to estimate an 
observable interaction rate in this gear type, which is necessary for estimating unobservable but 
quantifiable interactions based on methods in Murray 2011). Still, the impact of dredge 
interactions on the turtle population has likely been reduced because the estimated mortality rate 
associated with TDDs (28%) is lower than the mortality rate in standard dredges or dredges with 
chain mats. 

The lack of observed turtle interactions in dredges with chain mats and TDDs suggests 
that the utility of observers as a monitoring tool is decreasing for this fishery. Still, observers 
continue to monitor the fishery for turtle interactions, documenting the use of chain mats and 
TDDs, and recording turtle interactions outside of the gear-regulated time and areas. In this 
analysis, the estimated observable interaction rate (from the pooled model) after TDDs were 
implemented was 0.000007 loggerhead turtles per dredge hour, suggesting that one would need 
to observe on average over 140,000 dredge hours to observe 1 turtle interaction if similar 
conditions existed in 2015 and beyond. This level of coverage is likely not feasible given 
available resources and competing monitoring needs for other bycatch species. Managers 
currently monitor dredge fishing hours in the Mid-Atlantic scallop fishery as an indicator of 
whether elevated turtle interactions may be occurring compared to baseline conditions (NMFS 
2012). Effort monitoring could be combined with presence/absence information from turtle 
tagging data or experimental work on TDD interaction rates, if such information were available, 
to develop a stronger indication that turtle interactions may or may not be occurring.  

Improved data collection on VTR logs is needed with regard to the gear type used in the 
fishery. Gear codes exist to indicate whether dredges are equipped with chain mats (‘DSC’), 
TDDs (‘DTS’), or both (‘DTC’), yet these codes are not commonly recorded; instead, gear codes 
to indicate a standard dredge are recorded (‘DRS’). These codes are extremely important in 
acquiring accurate information on selective fishing practices, especially those designed to reduce 
bycatch of the subject being studied. This analysis assigned gear codes to VTR effort based on 
regulatory requirements and assumptions of 100% compliance, yet many fishermen used chain 
mats and TDDs voluntarily either before they were required or outside of the time/area 
regulatory boundaries. Estimated bycatch on these trips would therefore have been 
overestimated. On the other hand, bycatch is underestimated if fishermen were not in compliance 
with chain mat and TDD requirements.  
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Table 1. Observed and commercial scallop (Vessel Trip Report [VTR]) dredge hours in the Mid-
Atlantic scallop dredge fishery, 2009-2014 

Year Observed Dredge Hours VTR Dredge Hours % Coverage 
2009 
 

27,512 505,354 5.4 

2010 23,765 594,416 4.0 

2011 
 

22,446 393,243 5.7 

2012 
 

22,693 323,177 7.0 

2013 14,717 241,382 6.1 
 

2014 23,101 313,561 7.4 
Total 134,233 2,371,132 5.7 
 

Table 2. Mortality rates applied to estimated interactions of loggerheads in Mid-Atlantic scallop 
dredge gear, 2009-2014 

Dredge type Observable mortality rate  Unobservable/quantifiable mortality 
rate 

Standard 80% N/A 
Chain mat 80% Unknown (applied 0% and 100% as a 

range) 
Chain mat & TDD 28% 28% 
 

Table 3. Observed loggerhead interactions in Mid-Atlantic scallop dredge gear, 2009-2014 

Year Month Day Depth 
(m) 

SST 
(⁰C) 

Entanglement situation Curved notch to 
tip length (cm) 

2009 8 28 40 25.6 Turtle entangled in turtle chain, 
inside of dredge bag 
 

74.0 

2009 8 9 53 25.4 Turtle caught on top of dredge or 
dredge frame 

78.0 

2009 9 21 60 24.2 Turtle inside dredge chain bag at 
bottom of bag. Head caught where 
two rock chains weren’t attached 
fully to rest of the gear 
 

78.1 

2011 12 8 51 12.7 Turtle caught in chains on outside 
of gear, hanging on top portion of 
dredge 

61.5 
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Table 4. Model describing loggerhead interaction rates in Mid-Atlantic scallop dredge fishery from 2009-2014. Model #2 was used to 
model interactions from 2001-2008 (Murray 2011). Model #3 was selected to model interaction rates from 2001-2014. “Regulation period” 
refers to the time period before (2009 to 30 April 2013) and after (1 May 2013 to 2014) turtle deflector dredges were required in the 
fishery. 

Model 
No. 

Model structure Degrees of 
freedom 

Residual 
deviance 

Cumulative % 
of deviance 
explained  

AIC 
statistic 

AIC - 
AICmin 

1 Null model 1 799.9 0 801.9 172.5 

2 Null + s(SST) + s(depth) + chain mat  8 626.4 22 642.2 12.8 

3 Null + s(SST) + s(depth) + chain mat + s(year) 12 605.9 24 629.4 0 

4 Null + s(SST) + s(depth) + chain mat + (regulation period)  10 621.1 22 640.9 11.5 

 

 



12 

Table 5. Annual estimated interactions between loggerhead turtles and scallop dredge gear in the 
Mid-Atlantic region, 2009-2014. AEI = Adult equivalent interactions from combined observable and 
unobservable/quantifiable interactions; AEM= Adult equivalent mortality. Estimates of mortality 
are expressed as a range to reflect different assumptions about mortality rates for 
unobservable/quantifiable interactions in dredges with chain mats. 

Year Observable 
Interactions 

CV 
(95% CI) 

Observable and 
Unobservable/ 
Quantifiable 
Interactions 

CV 
(95% CI) 

Estimated 
Mortality 

AEI AEM 

2009 27 0.46 
(7-53) 

51 0.84 
(9-191) 

22-46 4 2-4 

2010 30 0.48 
(6-58) 

57 0.72 
(10-175) 

24-51 5 2-4 

2011 5 0.66 
(1-13) 

10 0.74 
(1-29) 

4-9 1 0-1 

2012 3 0.78 
(0-8) 

5 0.84 
(0-17) 

2-4 0 0 

2013 2 0.82 
(0-6) 

4 0.94 
(0-13) 

1-1 0 0 

2014 1 0.89 
(0-3) 

2 1.06 
(0-8) 

1-1 0 0 

Average 
Annual 

11 0.46 
(3-22) 

22 0.73 
(4-67) 

9-19 2 1-2 
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Figure 1. Observed dredge hours by dredge type in the Mid-Atlantic, 2009-2014. Dredge 
types include the standard dredge (without any turtle excluder devices), a dredge with 
only a chain mat, a dredge with only a turtle deflector dredge (TDD), and a dredge with 
both a TDD and a chain mat.  
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Figure 2. Observed and commercial scallop dredge trips (VTR) from 2009-2014, including 
observed loggerhead interactions. Scallop rotational management areas are shown in solid black 
lines, as well as boundaries of the turtle chain mat and turtle deflector dredge requirements. “Mid-
Atlantic” as defined in this analysis includes waters west of 71°W and south of 42°N to the 
southern limit of the distribution of the sea scallop dredge fishery (~36°N). 
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Figure 3. Generalized additive model smoothers depicting effect of sea surface temperature, 
depth, chain mats, and year on loggerhead interaction rates. Rugplot on x-axis shows the number 
of observations; dashed lines are 95% confidence intervals. 
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