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Abstract

Since the 1940s development and use of the commercial-style crab pot in the blue crab fishery, diamondback terrapins have drowned as bycatch.  Numerous studies have documented the demographic impacts of chronic removal of sub-adult and adult terrapins from populations via crab pot mortality.  The distribution and intensity of actively fished pots used by both commercial and recreational crabbers varies seasonally and spatially throughout the entire range of overlap between crabs and terrapins.  Derelict pots are an additional source of mortality to terrapin populations that can lead to locally dramatic effects, but these effects have not been well quantified at larger regional scales.  In the past 10 years, experimental studies on the effectiveness of bycatch reduction devices (BRDs) have corroborated prior work showing up to 100% exclusion of terrapins from commercial-style pots fitted with BRDs.  Because in some studies the crab size and/or number has been reduced in those pots, however, BRD regulations have not been enacted in many states, nor has the rate of compliance been high where BRDs are compulsory.  Because terrapin habitat and the crab fishery are spread over so many different intertidal environments and across so many political jurisdictions, a single, comprehensive regulatory policy to protect terrapins from drowning in crab pots remains elusive.
Introduction

Ten years after Roosenburg (2004) detailed the impact of crab pot fisheries on terrapin populations and what was needed in terms of future science, policy, and management efforts, we summarize of what has happened with respect to the intersection of terrapins and the blue crab fishery.  We focus on the impacts of commercial hardshell crabbing, peeler crabbing, and recreational crabbing, all of which use variants of commercial-style crab pots.  Additional fisheries and fishery methods encounter terrapin bycatch (e.g., bank trapping, hardscraping, eelpotting, shrimp trawling, fyke netting, and others), but we focus on terrapin bycatch in pots used for the blue crab fishery, and the recent advances using bycatch reduction devices and other efforts to decrease terrapin mortality.  Similar to the prior study, we include references to peer-reviewed literature and also non-refereed publications and meeting presentations, as the state of the science, policy and management of bycatch reduction remains in flux.
Terrapins occupy estuarine habitats including tidal marshes and mangroves, barrier island lagoons, and hypersaline embayments.  This is a testament to the terrapin’s unique adaptations among North American turtles to estuarine conditions that vary throughout their latitudinal range.  Throughout most of this range, however, is an active commercial and recreational blue crab fishery.  Loss of terrapins as bycatch to the crab fishery is well-documented and is recognized as one of the major threats to terrapin populations (Butler et al. 2006; Grosse et al. 2011).   The intensity and impact of this bycatch mortality can be viewed at different spatial scales, i.e., at the level of discrete populations within individual tidal creeks, at the level of meta-populations connected by regular gene flow, at the regional level for which populations may or may not be connected by similar regulatory efforts, and at the level of the entire species range from Cape Cod, MA to Corpus Christi, TX.  These different scales are important to consider since, for example, the death of 50 terrapins in a single crab pot might be only a small fraction of the total number of terrapins in an estuary, yet locally those 50 dead terrapins could comprise the majority of adult terrapins in a section of tidal wetland.  For a species like the terrapin that exhibits such strong nest and home site philopatry, such a loss could translate into reduced population growth and increased local extinction.  Thus, we will attempt to present the impact of the blue crab fishery with due consideration of these different spatial scales.
Regional Variation in the Blue Crab Fishery

The blue crab fishery using commercial-style crab pots extends from New York to Texas and is most intense in the middle-Atlantic states from NJ to NC.  In 2011, blue crab landings from 15 coastal states comprised over 90,000 metric tons, with 81% of that total harvested from four states (MD, VA, NC, and LA) (http://www.st.nmfs.noaa.gov/commercial-fisheries/commercial-landings/annual-landings/index).  The majority of blue crab landings by weight are hard shell and peeler crabs collected by commercial-style pots.  Fewer crabs are collected by other methods such as winter scraping.  When blue crab landings are normalized per km of tidal shoreline, a proxy for commercial crabbing intensity is derived.  The states with the highest intensity of crabbing are MD and VA, with over 4,400 and 3,100 kg, respectively, of crabs harvested per km of shoreline in 2011.  Crabbing intensity is high because of the extensive, relatively shallow habitat for crabs throughout the open water of Chesapeake Bay.  Crabbing intensity translates into high densities of commercial crab pots throughout coastal bays and—in some regions—into tributaries and tidal marsh creeks.
Estimates of crab harvests by recreational crabbers are difficult to obtain.  The harvest must be much smaller than commercial landings, but is variable by region.  The NC Division of Marine Fisheries considered recreational landings about 1% of commercial landings in the state, with no breakdown of how many recreational captures were by commercial-style pots.  A study along the NJ portion of Delaware Bay suggested that commercial-style potting comprised only 8% of the recreational crab harvest, but that recreational landings could be as much as 20% of commercial landings.  The blue crab stock assessment in VA estimated recreational crabbing at 8% of commercial landings (R. Lipcius, VIMS, pers. comm.).  As a first-order approximation, recreational landings of crabs in commercial-style pots appear to make up a small percentage of the total crab harvest, probably somewhere between 1-10%.  
Of course, recreational crabbers using commercial-style pots typically need access to water, either via a dock or a boat launch.  To estimate the recreational crabbing potential by state, we normalized the total population of people living in coastal counties by the length of shoreline in those counties (where docks and boat launches are found).  We recognize that recreational crabbers make up a small percentage of all people living in coastal counties; further, the use of commercial-style pots varies geographically, so it is difficult to make state-by-state comparisons.  For example, very few crabs in highly populated NY and northern NJ are harvested by recreational crabbers via commercial-style pots, and using pots to harvest crabs is illegal in CT.  Recreational crabbing potential does not necessarily translate into realized recreational crabbing.  Further, the impact of high human populations in coastal counties probably leads to other negative impacts on terrapins besides recreational crabbing.  These impacts might include a higher density of coastal roads where nesting female terrapins are killed, greater housing development atop prior terrapin nesting areas, the attraction of subsidized predators to terrapin nests, and the hardening of open shorelines to preclude female terrapin access to nesting beaches.
With these caveats, we plotted commercial crabbing pressure with recreational crabbing potential by state (Figure 1; NY and CT harvests are less than 0.25% of the total U.S. commercial harvest and thus were not included).  Some states have relatively low commercial crabbing pressure and recreational crabbing potential (GA, SC, MS, AL).  LA and NC have higher commercial crabbing pressure but relatively low recreational crabbing potential.  TX and FL both have low commercial crabbing pressure but relatively higher recreational crabbing potential.  Finally, the four middle-Atlantic states (NJ, DE, VA and MD) exhibit relatively high commercial crabbing pressure and high recreational crabbing pressure.  In fact, the middle-Atlantic states tend to group separately from the southeastern and Gulf Coast states.  A high density of both crabs and people along the coast in the middle-Atlantic states is the reason for this separation.  Once again, the consideration of spatial scale is important since, for example, recreational crabbing potential may be small in any state, yet at local scales recreational crabbing can be intense.  The movement of terrapins along the margins of tidal creeks populated on either side by scores of docks and piers, each with recreational crab pots in the water, seems akin to running a gauntlet of prospective mortality.   
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Terrapins spend most of their lives in nearshore habitats and are more frequently observed as bycatch in those environments (Hart and Crowder 2011).  Recreational crabbing is conducted largely in shallow water, typically from docks or fishing piers and in small tidal creeks.  The number of recreational crabbers is unknown, but is distributed broadly along developed coastlines.  In contrast, commercial crabbing is distributed broadly across open water, although in some southeastern states, commercial crabbing is extensive into tidal creeks that dissect the coastal habitat associated with large river systems (J.C. Maerz, pers. comm.; M.E. Dorcas, pers. comm.).  The penetration of the commercial pots from the blue crab fishery into smaller tidal creek systems is less intense in some mid-Atlantic states; for example, MD prohibits commercial crabbing in tributaries to Chesapeake Bay, and NJ requires the use of bycatch reduction devices on any pots (commercial or recreational) placed within 150 ft of tidal shoreline.  No other states impose BRD regulations on commercial crabbing in small tidal creeks, and in fact, the commercial harvest of peeler crabs is completed seasonally when crabs are molting in shallow creek systems.  Overall for commercial crabbing, a small percentage of a very large total number of pots intersects with terrapin habitat.  For recreational crabbing, a large percentage of a smaller total number of pots intersects with terrapin habitat.  Both commercial and recreational pots may end up as derelict or ghost pots that intersect with terrapin habitat.
Processes Determining Terrapin Bycatch
Commercial-style crab pots attract and capture terrapins whether the pots are baited (Davis 1942) or unbaited (Bishop 1983).  Terrapin bycatch occurs in commercial and recreational and ghost pots (Roosenburg 1991; Roosenburg et al. 1997; Wood and Herlands 1995; Hoyle and Gibbons 2000; Gibbons et al. 2001; Baldwin et al. 2005; Schaffer et al. 2008; Grosse et al. 2009).  Morris et al. (2011) found that crab catch was highest the first two days after fresh baiting, but that the daily rate of terrapin bycatch did not change for up to seven days after baiting, i.e., pots continued to trap terrapins even when the bait was gone.  When commercial soak times extend beyond 24 hours (as is legal in many states), bycatch mortality increases dramatically (Hart 2005; Grosse et al. 2011).  Also, recreational crabbers may not check their pots on a daily basis, and derelict pots are not checked at all.  Derelict pots are of particular concern since so many are generated from the commercial crab fishery each year (Bilkovic et al. 2012).  In a VA portion of Chesapeake Bay, for instance, some ten thousand derelict pots were removed in each of two consecutive years, with no decrease in pot harvest in the second year of the study (Havens et al. 2011).  Derelict pots are abundant, and every year more commercial pots are added to the marine debris on the bottom of shallow estuaries, sometimes directly in terrapin habitat.

The upper size range of individual terrapins captured in pots is restricted by the gape in the pots.  Male terrapins never grow to a size larger than the gape in a crab pot and thus are susceptible to drowning their entire juvenile and adult lives.  For most many terrapin subspecies, adult female terrapins because of shell width and height may not fit into pots and thus “escape” being captured.  However, for smaller subspecies, females may remain vulnerable to bycatch as adults, and all female terrapins are vulnerable to bycatch while immature.  As a result, size-selective bycatch results in differential demographic effects on male and female terrapins, with male biased bycatch mortality throughout much of the species range.  For example, Grosse et al. (2009) reported that 83% of terrapins killed in derelict commercial pots were male compared to a background sex ratio of 66% male among tidal creeks in the region.  Size and sex-selective mortality tend to be more dramatic at northern latitudes where female terrapins grow larger than females from more southern populations (Roosenburg 2004); Coleman et al. (2013) estimated that up to 90% of female terrapins sampled in MS and AL were susceptible to crab pot mortality. Interestingly, size-selective mortality imposed by crab pots may be a driver of an evolutionary increase in terrapin growth rate and body size, as has been suggested for populations in Chesapeake Bay (Wolak et al. 2010) and in Georgia (Grosse and Maerz 2013).
The estimated impacts of terrapin bycatch contrast starkly at state versus local scales.  At the state scale, Bishop (1983) estimated that only 10% of the daily bycatch of some 2800 terrapins would drown in commercial pots during April and May in South Carolina, and Hart and Lee (2006) suggested that ~300 terrapins drown daily in commercial pots during warm weather in NC.  These estimates suggest relatively minor bycatch; however, numerous direct observations of bycatch serve to demonstrate that impacts can be locally dramatic.  Roosenburg et al. (1997), for example, estimated that 15-78% of a Patuxent River, MD population could be lost as bycatch in recreational crab pots during a single season.  During five visits over two months, Grosse et al. (2009) documented 133 terrapins drowned in just two derelict commercial pots in a Georgia tidal creek, which they estimated was 65% of the total terrapin population within that creek.  Using 10 unbaited crab pots, Upperman et al. (in press) captured some 42% of the terrapins occupying a tidal marsh in Virginia in just 24 days.  A mark-recapture study by Tucker et al. (2001) showed that terrapins in a creek where bycatch mortality was high rarely survived to reproduce.  
<INSERT FIG 2 AROUND HERE>

The dramatic local effects of high rates of terrapin bycatch must scale to state or regional impacts that are inconsistent with the low statewide estimates.  Models by Hart (1999) for a Massachusetts terrapin population and Ayers (2010) developed for a Virginia population indicate that annual removal of just 12% of adult and juvenile terrapins would lead to eventual local population extinction.  Consistent with the predictions of those models, Dorcas et al. (2007) documented as much as an 80% decline in terrapin abundance over twenty years among four proximate tidal creeks in South Carolina, with concurrent increases in female age and size distributions that were consistent with size/sex-selected bycatch mortality.  Grosse et al. (2011) conducted a statewide assessment of crabbing effects on terrapins in Georgia, and found an 87% decline in the mean abundance of terrapins between tidal creeks with three or more commercial crab pots present compared to creeks with no recorded or current crabbing activity.  Similarly, Isdell et al. (2013) modeled the spatial occurrence of terrapins across the lower Chesapeake Bay and found that terrapin occupancy was negatively associated with the density of commercial crab pots.  Collectively, models using estimated per capita mortality are confirmed by more rigorous regional studies to show conclusively the ongoing, negative impacts of commercial crabbing on terrapin populations in different parts of the species range.  
At the finest scales, there are specific risk factors that have been linked to the threats a crab pot poses to terrapins (summarized also in Grosse et al. 2011).  First, crab pots placed in shallow water during the nesting season present the greatest threat to terrapins.  Davis et al. (1942) demonstrated that pots placed in shallow waters between April and June caught significant numbers of terrapins, Bishop (1983) found that 93% of terrapin bycatch occurred in shallow creeks during the same period, and Hart and Crowder (2011) found that pots placed in shallow waters close to shore in April and May captured more terrapins.  April through June coincides with the nesting season when terrapin activity increases in shallow waters proximate to nesting habitats.  Harden and Williard (2012), using data from radio-tracked terrapins to model the spatial and temporal overlap of crabbing and terrapins, found that the activities of terrapins and commercial crabbers were separate during cooler months and overlapped extensively during warmer months.  Bishop (1983) also found that peeler pots that use live male blue crabs as bait to capture molting female crabs captured more terrapins than pots baited with fish.  Hart and Crowder (2011) suggested that peeler pots, which tend be fished in shallow waters in the spring, may present a particular risk to terrapins.

Bycatch Reduction and Management
Loss of terrapins to bycatch in commercial-style crab pots has been noted in all 13 of the coastal states in which terrapins occur and crab potting is allowed (Seigel and Gibbons 1995) (crab pots are not allowed in CT, RI, and MA).  Since the original work on bycatch reduction by Wood (1997), studies on the relative effectiveness of bycatch reduction devices (BRDs; also known as turtle excluder devices—TEDs) have been completed in 12 of those 13 states; NY is the only state in which the crab fishery and terrapin habitat overlap, but BRD studies have not been completed.  Interestingly, NY also is one of only four states with BRD regulations (NJ, DE, and MD are the other three).  The remaining states in which BRD studies have been completed but that do not have BRD regulations are VA, NC, SC, FL, AL, MS, LS, and TX.
BRDs are rectangular restrictors placed in the inner gape of crab pots that limit the entry of terrapins based largely on shell height.  Many adult and some juvenile terrapin shells are >4.5 cm high, whereas the overwhelming majority of crab shells are < 4.5 cm high (Roosenburg and Green 2000).  Although many different BRD widths have been used in various studies, in most cases the height of the BRD limits the entry of terrapins into crab pots; thus, BRDs typically are 4.5 to 5 cm high.  The original BRDs were hand-made of wire of relatively heavy gauge to minimize possible bending and expansion by terrapins trying to enter pots.  More recently, commercially manufactured, plastic BRDs have become available that are more rigid.
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We present the bycatch results of BRD studies completed in the 10 years since the prior summary by Roosenburg (2004) (Table 1).  Most of these studies compared the bycatch in pots fitted with BRDs versus pots without BRDs.  To reduce by-catch mortality, wire mesh “chimneys” extending above the water surface typically were attached to the top corners of the pots, thereby allowing trapped terrapins access to breathe.  Use of these modified pots is restricted to locations where the tidal range is less than the 2-m height of the pot-plus-chimney.  This limitation explains in part the general absence of BRD studies in GA and SC where the tidal range can far exceed 2 meters.  

<INSERT TABLE 1 AROUND HERE>

The overwhelming result of BRD studies both prior to and since 2004 is that terrapin bycatch was reduced in pots fitted with either wire or plastic BRDs, in some studies up to 100%.   Different sizes of BRDs were used in these comparison studies, but across studies, smaller-sized BRDs ≤ 4.5 cm in height did not seem to reduce terrapin bycatch more than BRDs 5 cm in height, in contrast to results within prior studies (e.g., Roosenburg and Green 2000; Cole and Helser 2001).  The small sample size of available studies and the variation in experimental design and habitats sampled across the full species range must contribute to this outcome.  The mechanism for terrapin exclusion by the BRD is still unclear since many terrapins small enough to fit through the BRD gape do not enter BRD pots (Upperman et al. in press), either due to physical limitations or behavioral modification, as suggested by Roosenburg (2004).  For example, a recent study by Dominy et al. (2013) demonstrated the tetrachromatic color vision of terrapins that could affect how they “see” crab pots and BRDs.  In addition to physical exclusion by size, the manufactured, plastic BRDs that are orange in color might influence how terrapins respond behaviorally to encountering the BRD.
From a practical perspective, the clear effectiveness of BRDs to reduce terrapin bycatch is not sufficient to result in widespread implementation if BRDs have a negative effect on the capture of blue crabs. The effect of BRDs on crab capture is more complicated than the effect on bycatch reduction, as the capture of blue crabs must be assessed for both marketable size and number.  Further, each study must be evaluated to determine the extent to which the experimental methods mimic what is typical of commercial and/or recreational crabbing techniques in terms of location, baiting, and checking of pots (Roosenburg 2004).  Evaluating BRD effects on blue crab capture also requires considering BRD type and dimensions, and regional and seasonal differences among studies could lead to different results among studies.  A review of available studies documents positive, negative and no effects of BRDs on blue crab harvest.  Guillory and Prejean (1998) observed a significant increase in crab catch with BRDs in LA, and a BRD study completed in VA caught significantly more crabs in BRD pots located in seagrass beds (R. Lipcius, pers. comm.).  Some studies observed a significant negative effect of BRDs on crab catch (Lukacovic et al. 2005; Powers et al. 2009; Morris et al. 2011; Coleman et al. 2011; Hart and Crowder 2011; Guillen et al. 2013; Upperman et al. in press).  The majority of studies documented small or no effects of BRDs on crab catch (Wood 1997; Cuevas et al. 2000; Roosenburg and Green 2000; Cole and Helser 2001; Butler and Heinrich 2007; Belcher et al. 2007; Rook et al. 2010; Graham et al. 2011; Chavez and Williard 2013).  
Bycatch Management 
Despite the clear evidence that bycatch reduction devices are highly effective at excluding terrapins, the variable effect on crab catch has contributed to the creation of different BRD policies among states.  Regulations on BRD use in tidal waters of NY are made on ad-hoc basis; in MD and DE the use of BRDs by recreational crabbers is compulsory. In NJ, BRD regulations do not focus on who is crabbing with commercial-style pots but rather on where the crabbing is completed: pots set in water within 150 ft of tidal shoreline must be equipped with BRDs, with the assumption that pots close to shore and/or in small tidal creeks are in terrapin habitat, relative to more open water.  Unfortunately, with the lack of general public knowledge regarding the regulations and absence of significant enforcement, compliance typically lags among targeted groups.  For example, Radzio et al. (2013) found that less than 35% of recreational crab pots had  BRDs despite a law requiring BRDs on all recreational crab pots.  Regulatory agencies in states currently without BRD regulations may be delaying action because of concerns regarding the lack of enforcement or suspected absence of economic incentive for crabbers should a BRD regulation be imposed.  Especially for fisheries regulations, clearing the legislative hurdles can be a complex task (Roosenburg et al. 2008).
In many states, the negative impact of crabbing on terrapin populations has spurred various groups to enact voluntary programs to encourage BRD use.  In SC, GA, FL, MS, NJ, VA and possibly other states, programs educate citizens about terrapins and provide BRDs for recreational or commercial pots.  These programs are run by volunteer citizens groups, state departments of natural resources and fish and wildlife services, and encourage both crab pot manufacturers and buyers to install BRDs.  That different stakeholder groups are converging on similar efforts to reduce terrapin bycatch is encouraging and suggests broadening support for terrapin conservation.
With respect to terrapin population conservation, ongoing bycatch mortality in commercial-style crab pots is thought to hinder population recovery (Tucker et al. 2001).  Unfortunately, no data are available yet that demonstrate a link between BRD use and the subsequent recovery of decimated terrapin populations or establishment of new populations.   One reason for the absence of a link is the time needed for populations to recover once bycatch mortality is reduced.  As Hart and Crowder (2011) suggest, use of BRDs on crab pots combined with spatial and temporal restrictions on crabbing could be an effective and economically feasible management strategy for the crab fishery to conserve existing terrapin populations.  Management strategies in geographic “hot-spots” for conservation where terrapins currently are found, however, would be different from areas for population restoration where terrapins are absent.  Finally, superimposed upon BRD implementation strategies are management needs to address other threats to terrapin populations associated with human coastal development (see Maerz et al. this volume).  As a species living literally on the edge between upland and open water, the ability of terrapin populations to respond to BRD policies may be constrained by life-history characteristics affected by other aspects of landscape-seascape dynamics.
Reducing and managing terrapin bycatch should not be limited to the design, implementation and enforcement of BRDs, but rather integrate other mechanisms to reduce interactions between terrapins and commercial or recreational crabbing gear.  Building off the numerous studies observing that crab pots soaked in shallow waters were most likely to kill terrapins, Grosse et al. (2011) recommended restrictions on where crab pots may be placed, at least between April and June, could substantially reduce terrapin mortality.  For example, commercial crabbing is excluded from MD tributaries of the Chesapeake Bay specifically to reduce terrapin bycatch.  Grosse et al. (2009) noted that crab pots located in shallow tidal creeks that were only accessible by boat at high tide and were more likely to be neglected, as evidenced by the growth of epibenthos and partial burial. Crab pots that are over-soaked, neglected, abandoned, or lost pose the greatest risk to terrapin populations (Grosse et al. 2011).  Some states have defined soak time limits of 24 hours, some have soak time limits as long as 72 hours, and some states (e.g., Georgia) have no defined soak time limit.  Depending on season, a defined and enforced 24-hour soak time for crab pots could reduce bycatch mortality of terrapins by up to 90% independent of the effects of BRD implementation. 
Blue crab fisheries management must be integrated with the conservation of both terrapins and nearshore coastal ecosystems.  Many tasks will be required to accomplish this objective:  development and testing of improved BRDs that exclude terrapins but have little to no impact on crab catch; limits on where or how long crab pots can be soaked; cleanup of derelict pots; better understanding of the intersection between crabbing and terrapin habitat; and higher rates of regulatory compliance and enforcement with respect to BRDs and soak times.  Ultimately the success of terrapin bycatch reduction and management will not be achieved by pitting crabbing against terrapin conservation.  Rather, collaboration among crabbers, scientists, and resource managers must make commercial and recreational crabbing compatible with terrapin conservation; collaborative work must be combined with communication, education, and outreach for successful implementation of bycatch reduction strategies (Cox et al. 2007).  Because terrapin habitat and the crab fishery are spread over so many different intertidal environments and across so many political jurisdictions, knowledge for diversified management strategies will facilitate local solutions to terrapin bycatch reduction that can lead to the common goals of sustainable blue crab fisheries and terrapin conservation.    
Summary

As was originally concluded 20 years ago (Seigel and Gibbons 1995), loss as bycatch in commercial-style crab pots remains a large threat to terrapin populations throughout their range.  The last 10 years of research has documented the negative impacts of both active and derelict pots from commercial and recreational crabbing on the demography of terrapin populations in almost every state in which they occur.  Ongoing experimentation with bycatch reduction devices has further demonstrated the clear benefits of BRDs in reducing terrapin mortality.  Even in the few states with BRD regulations, however, compliance and enforcement issues hinder their effectiveness as a conservation strategy.  Until clear economic incentives for using BRDs or other technologies are identified, regulation of commercial crabbing will remain elusive and diamondback terrapin populations will continue to be at risk.
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