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Bycatch associated with a horseshoe crab (Limulus polyphemus) trawl survey:
identifying species composition and distribution
LarissaJ. Graham
Abstract

Horseshoe crabs&imulus polyphemysave been harvested along the east coast
of the United States since the 1800s, howeverleeRysManagement Plan (FMP) was
only recently created for this species. To dédterd have not been any studies that have
attempted to identify or quantify bycatch in theseshoe crab trawl fishery. A
horseshoe crab trawl survey was started in 20@bltect data on the relative abundance,
distribution, and population demographics of hansescrabs along the Atlantic coast of
the United States. In the present study, speciegposition data were collected at sites
sampled by the horseshoe crab trawl survey in 20@52006. Seventy-six different taxa
were identified as potential bycatch in the horsestrab trawl fishery. Non-metric
multidimensional scaling (NMS) was used to clusigrs and identify the spatial
distribution of taxa. Sites strongly clusteredidistinct groups, suggesting that species
composition changes spatially and seasonally. i8peomposition shifted between
northern and southern sites. Location and bott@temtemperature explain most of the
variation in species composition. These resultsige a list of species that are
susceptible to this specific trawl gear and desctfiteir distribution during fall months
throughout the study area. Identifying these sggeand describing their distribution is a

first step to understanding the ecosystem-levelctsfof the horseshoe crab trawl fishery.
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Chapter 1.
Identifying bycatch in the horseshoe crab trawidisy:

a step toward ecosystem-level management.

Introduction

Marine fisheries have traditionally been managadagia single-species approach,
but in the past this type of management has o#iged to create sustainable fisheries
(NMFS 1999). Managers are now moving toward edesysased fisheries
management, not only focusing on sustaining figisethut also healthy ecosystems to
support those fisheries (Pikitch et al. 2004). sTholistic approach examines abiotic and
biotic interactions between fisheries and the estesy and incorporates these
interactions into management plans. To encouraggeagers to move toward an
ecosystem-level approach of management, NOAA Fishisuggested Fisheries
Ecosystem Plans (FEPs) be developed for all mamsystems in an effort to create
sustainable fisheries for a greater number of giged@otsford et al. 1997; NMFS 1999).
One objective of FEPSs is to estimate the amounbaftarget individuals that are
incidentally caught by fishing gears within eacthry (NMFS 1999). The removal of
these organisms (through harvest, death afterse@as unobserved mortality due to gear
encounter) can have negative impacts on populatcmmmunities, and the ecosystem
(Crowder and Murawski 1998).

Horseshoe crabsimulus polyphemgsave been harvested in many states along
the Atlantic coast since the mid-1800s (ASMFC 1998pwever, it was not until 1997

that a fishery management plan (FMP) was createthi® species. Over the past 10



years, researchers have been collecting dataow &k more effective management of
horseshoe crab populations. In 2001, a benthid sarvey was developed to collect

data on the abundance, distribution, and demogeagiihorseshoe crabs (Hata and
Berkson 2004). Since the trawl survey uses theggaar as the commercial fishery, |
was able to collect data to identify the non-taggedcies that are susceptible to trawl gear
used in the horseshoe crab commercial trawl fish@uyrrently, the ecosystem-level
impacts of this fishery are unknown. This study ltentified the species that are
commonly caught by horseshoe crab trawl gear, allgwanagers to begin to

understand the ecosystem-level effects of the Bhosecrab trawl fishery.

Ecosystem M anagement

Traditionally, marine fisheries have been mandgea a single-species
approach, with the goal of maximizing the catclasingle target species (Pikitch et al.
2004). However, this type of management is nobgrappropriate because it ignores
the direct and indirect effects that harvestingrgdt species may have at the ecosystem
level (Botsford et al. 1997; Pikitch et al. 200d)d the possible effects of distant
ecosystem components on the target species iS#éntimes the harvest of one species
can affect habitat characteristics, predator aeg pelationships, and other ecosystem
components (Pikitch et al. 2004). Today, manage¥sadapting a more holistic approach
to management. Ecosystem management reversesdtreod management priorities,

starting with the ecosystem instead of the targeties (Pikitch et al. 2004).



Although ecosystem management has been definadmy ways, all definitions
have common themes including: developing systenewelspectives; emphasizing the
complex composition and processes of ecologicaénys managing for ecological
integrity and maintaining diversity; integratingrass spatial and temporal scales and
human ecological, economic and cultural concersgsigugmanagement techniques that
remain flexible and can adapt to uncertainty; arodliding many participants in decision
making (Grumbine 1994; Meffe et al. 2002). “Ecdeys management integrates
scientific knowledge of ecological relationshipghim a complex sociopolitical and
values framework toward the general goal of pratgatative ecosystem integrity over
the long term” (Grumbine 1994).

The overall objective of ecosystem-based fisheriasagement is to not only
sustain fisheries, but also to sustain healthyystems to support fisheries (Pikitch et al.
2004). To do this, researchers, managers, antiguolis must work to understand the
abiotic and biotic interactions between fisheried the ecosystem and incorporate these
interactions into management plans. Some of th& mgportant aspects are managing
ecosystems to avoid the degradation, minimizingigieof irreversible changes to
natural species assemblages and processes ofoyestmn, obtaining and maintaining
long-term socioeconomic benefits, and generatiraykadge of ecosystem processes to
better understand the consequences of anthropogieats (Pikitch et al. 2004).
However, developing a management plan that incatperall interactions among
physical, biological, and human components of tasgstem is nearly impossible and
would require a complete understanding of ecosyskamamics and community structure

(Botsford et al. 1997; NMFS 1999). Ecosystemscaraplex and adaptive systems that



are constantly changing (NMFS 1999). They are spdead and open, which makes
them hard to fully study or understand. Managihtha ecosystem level is an even more
difficult task because living organisms are contdyaadapting and evolving to their
surrounding physical and biological environments@6 1999).

Although challenging, strides are being made toaga marine fisheries at an
ecosystem level. This type of management is falover past strategies that have left
many fishery stocks around the world overfishedepleted (Botsford et al. 1997,
NMFS 1999). The Sustainable Fisheries Act of 1&¥6A) was a first step in
incorporating an ecosystem level of stock managémehe United States. It
encouraged the development of Fisheries ManageiRians (FMP) that would identify
and protect essential fish habitats (EFH), rebiislderies that were defined as
overfished, reduce bycatch, and stop overfishingS 1999; Fluharty 2000).
Rebuilding fisheries, reducing bycatch, and idgmi EFHs stressed the importance of
preserving habitat and sustaining valuable fishupatppns (NOAA 2005).

In recent years, regional fishery management atsuhave been moving toward
an ecosystem level of management by incorporatinijspecies and ecosystem
assessments into single-species management (ASNIBE).2Species such as summer
flounder Paralichthys dentatysscup Stenotomus chrysopsand black sea bass
(Centropristis striath are managed as a multispecies complex by theAdattic
Fisheries Management Council (MAFMC) and the AilaStates Marine Fisheries
Commission (ASMFC) (ASMFC 2003). This complex &sbd on fisheries interactions,
but each species within the complex is still maddggesed on individual species stock

assessments and other management measures (ASMBYL 20though this type of



management begins to incorporate some direct sftddtarvest on non-target species,
there are still many ecosystem-level effects thatat incorporated in multispecies
management plans.

To continue working toward an ecosystem level ohaggement, the National
Marine Fisheries Service (NOAA Fisheries) suggethatia Fisheries Ecosystem Plan
(FEP) be developed by each regional fishery manageoouncil for all major
ecosystems within their region (NMFS 1999). FEMbpsovide background on the
components and functions of the ecosystem, ancedgh&ldevelopment of management
strategies that take into account ecosystem-ldfesits. NOAA Fisheries suggested
eight steps for the development of FEPSs:

1. Delineate the geographic extent, characterizeitledical, physical, and

chemical dynamics, and define zones for alternatses of the ecosystem(s)

within each Council’s authority;

Develop a model of the food web;

Describe the habitat needs for all stages of athals and plants that are part of

the food web and how they are involved in consé&and management;

4. Calculate total removals and relate these remdoatanding biomass,
production, optimal yields, natural mortality, andphic structure;

5. Assess uncertainty and what kind of buffers candsal in conservation and

management actions;

Develop targets for ecosystem health;

Describe available long-term monitoring data ana itowill be used; and

Assess the ecological, human, and institutionahelgs of the ecosystem that

most significantly affect fisheries.

wn

© N

Although difficult to create, FEPs will provide wable information about ecosystems,
which is crucial to fisheries management (NMFS )99&hile FMPs are still the basic
tool used to manage fisheries, sustainability maynre easily achieved in fisheries by
incorporating FEPs into management planning and@eledging ecosystem-level

effects.



One important aspect of ecosystem-based fisheramgement is to calculate
total removals within a fishery, including the tiatamoval of target and non-target
individuals that are landed, caught and releadadimated by predation, or lost through
incidental capture (NMFS 1999). Many individudiattare incidentally caught and
thrown back into the water often die as a resuitadss or trauma. These losses may
affect the total size, age structure, and sexsatidarget and non-target populations, as
well as the overall food web and habitat (Crowded Blurawski 1998; NMFS 1999;
Horsten and Kirkegaard 2002). Therefore, it ifcal to identify and estimate bycatch
within each fishery. To do this adequately, NOA&Heries suggests that FEPs should
list species that are caught as bycatch within &ablry and show how the distribution

of these species changes spatially and tempofdMHS 1999).

Bycatch

Before bycatch can be properly identified in eashdry, the term bycatch must
be specifically defined. The Magnuson-Stevensdfishnd Conservation Act (MSFCA)
describes bycatch as “fish which are harvested in a fishery, but whioh ot sold or
kept for personal use, and includes economic discand regulatory discards...”
(MSFCA 1996). However, some captured non-targspeties are harvested because
they are profitable. Therefore, Crowder and Mukays998) divide bycatch into three
main categories: kept bycatch, discarded bycatuthuaobserved mortalities. Kept
bycatch includes non-target species that are hi@desometimes providing an important
source of income for the fisher (Crowder and Mulaw998). Discarded bycatch

includes individuals that are captured and thesaise#d (dead or alive) because they are



not the species, size, sex, or condition that wageted (Davis 2002). Individuals may
also be discarded if there is a lack of space @nbthe vessel, or quotas have already
been reached. Unobserved mortality, the last oayenf bycatch, includes individuals
that encounter but are not retained by the geaw@er and Murawski 1998).
Biologically, bycatch that is discarded and sufi@artality is equivalent to
harvested catch because, in both cases, individvalsliminated as a living part of the
system. Discarded bycatch can have positive aff@tiother ecosystem components by
providing food for organisms, such as birds andlierscavengers (Ramsay et al. 1997;
Votier et al. 2004). However, the removal of indivals as bycatch can also impact the
ecosystem in negative ways. Effects may be simeseilting in the direct mortality of
juvenile fishes, or more complex, causing changéiseapopulation, community, and
ecosystem levels (Alverson et al. 1994; Kennell93)9 The mortality of smaller-sized
individuals that have not reached reproductiveragg result in lower recruitment to the
spawning stock (Crowder and Murawski 1998). Theaeal of fish below the optimal
or legal size limit may result in a reduction ineoall efficiency within the fishery,
because of a potential decrease in the yield-pauiteof the stock (Crowder and
Murawski 1998). Intense removal, through harvestiscard, can impact communities
and the ecosystem by altering species abundaredator/prey relationships, and
competitive interactions (Alverson et al. 1994; Kelly 1995; Crowder and Murawski
1998). Size distribution and prey abundance m#dyahlarger predators and grazers are
removed from the ecosystem, leading to changdseifood web and trophic

displacement (Ward and Myers 2005). Overall, s@enexpect that if the rate of



bycatch in a fishery is high, target and non-tagpefcies will be affected at some level
(Alverson et al. 1994; Horsten and Kirkegaard 2002)

It is important to understand how fisheries are@fhg non-target species.
Identifying and quantifying bycatch species, allawanagers to understand which non-
target species are affected by each fishery amtttowporate total removals of non-target
species into management plans. This is importannanaged, unmanaged, and
federally-listed species, all which may be susddtio the gears used in fisheries. Many
managed species are harvested by commercial fiahdreecreational fisheries. The
stock status of managed species is monitored himiist not the case for all unmanaged
species. Although not managed, these individualg ptay important roles in the
ecosystem. Without proper monitoring, populatiohanmanaged species may
plummet, undetected. Many federally-listed spearesalso susceptible to the gears used
in some fisheries. These populations are alreatbmapopulation sizes and removing
even a few individuals can have detrimental effect$hese species.

Monitoring programs provide data to identify bydaticcurring within each
fishery, leading to a better understanding of sofitee effects that these fisheries are
having at the ecosystem level. However, in mattdries, reliable methods to monitor
bycatch have not yet been developed. Developirthads to calculate an unbiased and
precise estimate of bycatch that can be used fish#ries is a technical, logistic, and
financial challenge (Crowder and Murawski 1998eaGtype varies among fisheries,
ranging from fish traps to trawl nets to longlineach of which fishes differently.
Besides developing methods that can be used toastbycatch across all gear types,

estimating the mortality of discarded bycatch ietaer challenge (Davis 2002).



Variable environmental conditions, such as capama gear effects, light conditions,
water temperature, air exposure, dissolved oxygeel$, and sea conditions all may
affect the mortality rate of the individual (Daw802). Further, each species has a
different vulnerability to stress. Some speciey tmaable to endure longer time out of

the water or tolerate more handling than otherisgec

Bycatch monitoring programs

Programs have been implemented to monitor bychtghmany are inconsistent
because they differ in methods, effort, and obyestiCrowder and Murawski 1998).
Data are mainly collected using fishery-independerat fishery-dependent surveys
(NOAA 2003). Fishery-independent surveys randosalmple sites using research or
chartered fishing vessels (NOAA 2003). The obyesgtiof fishery-independent surveys
are to provide data for stock assessment (e.gatiar of abundance, spatial and
temporal distribution patterns, age and size comipasand fecundity measures; NOAA
2003). These data are thought to accurately tefhecdistribution and abundance of
species because sites are selected based on araadpling method (Fox and Starr
1996). However, these surveys do not always sathpleame area or with the same
fishing technique (e.g., gear, tow length) as domercial fishers. Fishery-dependent
surveys are more commonly used in bycatch-monggoiograms because these surveys
collect data by directly observing the commerdsthéry. This type of sampling may be
more accurate in quantifying bycatch occurring firshery because it samples the same
areas that are actively fished by commercial vessgébme programs collect fishery-

dependent data by requiring fishers to record leycet logbooks (NOAA 2003).



However, these data can be skewed due to varyimmgpetic conditions, changes in
statutes, policies, and fishing methods, and thiengmness of fishers to provide accurate
data (NEAMAP 2003). Itis preferred that sciemtibbservers sort, identify, count,
measure, and/or weigh bycatch aboard commerciakleduring fishing activities.
These observers are usually trained by managergentees and provide a less-biased
way to collect data aboard vessels. Still, theag e a lack of consistency because
bycatch is quantified in different ways among vas@rograms (Horsten and Kirkegaard
2002).

There are many fishery-independent and fishery-udpat surveys that monitor
marine species along the Atlantic coast. The N@shFisheries Science Center
(NEFSC), a part of NOAA Fisheries, conducts falll apring bottom trawl surveys to
monitor the abundance and seasonal distributi@dolt and juvenile fish (Reid et al.
1999). The data from this survey show patterndisifibution along the northern and
middle Atlantic coast of the United States, indejsent of state lines or other boundaries.
Currently, NEFSC is the only organization that basducted a repeated, consistent
survey over both a long time-scale and broad gebgeal area. Surveys have been
conducted since the early 1960s, extending throuighe Middle Atlantic Bight,
southern New England Nantucket Shoals, Georges,Baulk of Maine, and Scotian
Shelf (Reid et al. 1999).

The Marine Resources Monitoring, Assessment andi®tien (MARMAP)
program has been collecting fishery-independera datgroundfish, reef fishes,
ichthyoplankton, and coastal pelagic fishes aldvegSoutheast Atlantic Bight (SAB),

from Cape Lookout, North Carolina to Cape Canayétalida, for the past thirty years

10



(SEDAR 2003). MARMAP has conducted trawl and iglogilankton surveys, sampling
and mapping of reefs, and life history, populatiamg tagging studies to provide data on
the distribution, relative abundance, and critleabitat of fishes that are economically
and ecologically important (SEDAR 2003).

Other fishery-independent surveys include the SsaghArea Monitoring and
Assessment Program (SEAMAP) and the Northeast Mi@atoring and Assessment
Program (NEAMAP). Since 1986, NOAA Fisheries hiz® dponsored SEAMAP,
which surveys the Southern Atlantic Bight betweap€&€ Canaveral, Florida and Cape
Hatteras, North Carolina (Reid et al. 1999, SEAMARO0). In October 1997, a
resolution was passed to develop NEAMAP in an etfocollect data north of Cape
Hatteras, North Carolina (NEAMAP 2003). Pilot seglhave been completed and this
project is planned to be implemented in 2007 (NEAM2003).

The Atlantic Coastal Cooperative Statistics Prog(ACCSP) was started in
1995 to collect fishery-dependent data from comménecreational, and for-hire fishers
along the Atlantic coast (ACCSP 2005). Althougmsnprograms are still in
development, data will be collected for finfishustaceans, shellfish, live rock, coral,
marine mammals, and federally-listed, discardeotgeted, aquaculture, and
internationally managed species (ACCSP 2005).

The collection of fishery-dependent and fisheryeipendent data is important for
monitoring bycatch within a fishery. Hall (199@@) suggests that these data can be
used to identify the spatial and temporal pattefrspecies and provide a ratio of bycatch
to catch based on area and season. When thefé&tycatch to catch is high in a specific

area or during a specific season, restrictionsbeaimplemented to reduce the amount of
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non-targeted species that are caught. Fishercatsmodify fishing location and gear
type to target areas based on the spatial and tampeatterns of a target species. This
technique can allow fishers to optimize catch, miae effort, and reduce bycatch.

Data collected during fishery-dependent and fistiedgpendent surveys also can
provide a better understanding of the ecology adr@a. Changes in the species
composition and distribution allow managers to galvetter understanding of
community structure, relationships among specied the effects of bycatch on an
ecosystem (Greenstreet et al. 1999; Gomes et@l; Beentjies et al. 2002). Abundance
and distribution data can be used to identify gseassemblages, or a group of species
that commonly co-occur, and gain a better undedstgrof the direct and indirect effects
that a fishery could have on non-target specieantining co-occurrences allow
researchers to gain a better understanding of fmegeey interactions, competition, and
community structure (Greenstreet 1999; Gomes 20@iBntifying species assemblages
also allows managers to predict which species neagalght as bycatch in a fishery. For
example, past studies suggest that summer flowaldeg the Atlantic coast commonly
associate with scup, black sea bass, northernlsagRrionotus carolinuy and spiny
dogfish Squalus acanthiggColvocoresses and Musick 1984; Mahon 1998; @4bri
1992). These species may all be caught as byoatble summer flounder trawl fishery
because studies suggest they inhabit the same @gamderstanding the species that
interact and associate with one another, gear meatldn, restrictions, and regulations
can be placed on the fishery to reduce bycatclooftarget species.

The data provided by fishery-dependent and fisimeatgpendent surveys are

crucial to understanding ecosystem dynamics andraamty structure. Researchers can
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use these data to identify bycatch, species assgedhland species distribution. The
results from these studies allow managers to gaetter understanding of the complex
interactions among all living organisms and begimiinage at an ecosystem level as
they incorporate these biological interactions mi@nagement plans. Bycatch
monitoring programs have begun to identify and géahycatch in many of the
fisheries around the world; however, monitoringgreons have not been established for

all fisheries.

The hor seshoe crab trawl survey

In 2001, the Horseshoe Crab Research Center (HOB@hic trawl survey was
initiated to monitor horseshoe crab populations@lthe Atlantic coast (Hata and
Berkson 2003). This trawl survey uses the sameagem the commercial fishery and
can provide information as to which species co@adught as bycatch in the horseshoe
crab trawl fishery. Species composition data ctéld during the HCRC trawl survey can
be used to identify species that are susceptiieet@ommercial trawl gear used in this
fishery. These data also can identify species asitipn and distribution along the
Atlantic coast. Identifying bycatch species angirtldistribution provides managers with
information to begin to understand the possiblesgstem-level effects of the horseshoe

crab trawl fishery.

The horseshoe crab fishery

Horseshoe crabs have supported a fishery alongttaetic coast since the mid-

1800s; however it was only recently that an FMP deasgeloped for this fishery (Walls et
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al. 2002). To date, there have not been any futa have attempted to identify or
guantify bycatch in the horseshoe crab trawl fighddentifying the species caught as
bycatch allows a better understanding of which tavget species may be affected by the
horseshoe crab trawl fishery.

Horseshoe crabs are considered a multiple-usen@soilihey are valued by
many stakeholders, including commercial fishersjrenmental interest groups, and
biomedical companies (Berkson and Shuster 199@ysds$hoe crabs are commercially
harvested by hand and by fishing gears such a$ wesdge, and gillnet (HCTC 1998).
Harvested horseshoe crabs are sold as bait foriéameeel Anguilla rostratg and
whelk Busycotypuspp.) fisheries (ASMFC 1998). Based on estimfea 1999, the
eel and whelk fisheries that rely on horseshoescaatbait contribute about $15 million
to local economies and create over 400 jobs (Maetal. 2000). Besides supporting a
commercial fishery, horseshoe crabs are importabhtamedical companies. The
copper-based blood of horseshoe crabs containgaeuadlotting agent, called Limulus
Amoebocyte Lysate (LAL). This compound is usedétect pathogenic endotoxins in
injectable drugs or on medical devices (Novitsk@4;:9Mikkelsen 1988). Currently, the
biomedical industry is dominated by three U.S. &rtinat provide a combined total of
$73 to $96 million dollars to their local economig4anion et al. 2000). Horseshoe
crabs are ecologically important because their eggge as a food source to migrating
shorebirds. During spawning season, each femateeslooe crab lays about 4,000 eggs
on intertidal sandy beaches during each nestipgresulting in about 88,000 eggs per
female per year (Shuster and Botton 1985; Mikkelk#88). Species of birds [e.g., Red

Knots Calidris canutu}, Ruddy TurnstonesAfenaria interpre¥, SanderlingsGalidris
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alba), and Semipalmated SandpipeCalidris pusillg] rely on these eggs to provide
vital energy during the 3,000 — 4,000 mile migratroute to breeding grounds (Clark et
al. 1993). Many people gather to witness the nzasthorseshoe crabs and shorebirds
on many beaches, creating an ecotourism indusatyptiovides $3 to $4 million a year to
local communities (Manion et al. 2000).

Despite their importance to many users, prior 971%he horseshoe crab was not
a managed species. In the fall of 1997, the Atte®tates Marine Fisheries Commission
(ASMFC) developed an FMP to manage horseshoe wvighis1 state (0-3 nautical miles)
and federal waters (3 or more nautical miles) (ASMIR98). Prior to this management
plan, little was known about the status of horsestrab populations. This species was
thought to be sensitive to overfishing becausg $slow to sexually mature and is easily
harvested with minimum financial investment (ASME@98). However, due to
insufficient information, it was unclear whethereofishing was occurring. New efforts
have been made to provide information for effecthenagement, but many data are still
lacking. The gear used in this fishery is unsaélecttatching target and non-target
individuals. Therefore, it is important to idegtlfycatch species to better understand the
effects that the horseshoe crab trawl fishery Imasam-target species.

The HCRC at Virginia Tech designed an annual berithiwl survey to provide
data of horseshoe crab abundance and distribugrdinture stock assessments (Walls et
al. 2002; Hata and Berkson 2003; Hata and Berk80d4)2 This survey could also
identify species that are susceptible to horseshai®trawl gear along the Atlantic coast.
Although many fishery-independent trawl surveysehsampled this area, there have not

been any studies that have identified speciescthramonly associate with horseshoe
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crabs. Most previous surveys that sample the Atd@oast use benthic trawl nets that
are equipped with rollers to prevent damage tes##efloor. These data could not be
used to assess horseshoe crab populations bebaugear has potential to roll over, and
undersample, buried crabs. Commercial fishers Haveloped a method for targeting
buried horseshoe crabs; they do not use rollesteaad their nets are modified with heavy
chains along the footrope to dig into the sedinfelata and Berkson 2003). The
horseshoe crab trawl survey uses the same geaitlas commercial trawl fishery,
thereby providing an efficient and representativethad of capture (Hata and Berkson

2003; Hata and Berkson 2004).

The Middle Atlantic Bight

The Middle Atlantic Bight (MAB) includes all shedind coastal waters in the
North Atlantic Ocean from Nantucket Shoals, USAsted Cape Cod, Massachusetts) to
Cape Hatteras, North Carolina, USA (Muir et al. 998igure 1.1). The Gulf Stream is
the major current in offshore MAB waters, flowinga northward-offshore direction.
Storm winds and weather events can move shelf satar the entire MAB, sometimes
causing currents to shift from an along-shore dinaco a toward-shore direction (Chant
et al. 2004). This shift has also been documetateduse upwelling events in some
areas (Song et al. 2001; Chant et al. 2004; Gleah 2004). The U.S. Geological
Survey (USGS) put together a data set of surfsgdiment type for the entire Atlantic
Coast (USSEABED, version 1.0; Reid et al. 20053sd#l on these data, bottom sediment

composition within the study area is composed madtsand.
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Within the MAB, the waters between Cape May, Nevgdg and Montauk, New
York compose the New York Bight (Muir et al. 1989gure 1.1). Water movements in
the New York Bight are dominated by local winds aweér discharge (Bowman and
Waunderlich 1976). Density structure is dominatgdalinity effects in the fall and
winter and by local heating in the spring and sumBewman and Wunderlich 1976).

The horseshoe crab trawl survey samples sitesriitiei MAB, specifically
between New York and Virginia. Although horseshoebs are found in areas outside of
the MAB (i.e., along the shores of Maine to thef@filMexico: Shuster 1982), the MAB
is the target of the HCRC trawl survey becausdatgest populations, and therefore the

majority of horseshoe crab harvests, occur indahes: (Shuster 1982; ASMFC 1998).

Potential bycatch species

Bycatch is monitored in other trawl fisheries ajadhe MAB [e.g., summer
flounder, black sea bass, scup, squidlifjo peale), and butterfishFeprilus
triacanthug; NOAA 2003], but to date a bycatch monitoring gmam does not exist for
the horseshoe crab trawl fishery. We would expezbycatch in the horseshoe crab
trawl fishery to be similar to that caught in othewl fisheries because the nets fish in
similar ways. However, since the trawl gear usethe commercial horseshoe crab trawl
fishery is designed to efficiently capture horsesbiabs that are on or within bottom
sediment, it is possible that this gear would @lse@ffective at capturing other benthic
species. Bycatch monitoring programs have beealdpgd for other benthic trawl
fisheries, but many of these fisheries use geatsatte equipped with rollers and may not

catch all benthic species.
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Benthic trawl gear has the potential to capturghoe species such as summer
flounder, winter flounderRseudopleuronectes americahuslue crab Callinectes
sapidug, and American lobsteHpmarus americanysand demersal species such as
Atlantic croaker ficropogonias undulatysblack sea bass, scup, sgatipstomus
xanthurug, and striped bas#/prone saxatiliy. All of these species support commercial
and recreational fisheries along the Atlantic codste total removals as bycatch of these
species should be quantified and included in séssdessments for proper management of
these fisheries.

Clearnose skatdr@ja eglanteriaand little skatel(eucoraja erinacepare two
species that are incidentally caught in many corsrakand recreational fisheries
(Packer et al. 2003a, 2003b) and have potentia¢ tcaptured by horseshoe crab trawl
gear. Inthe past, some skate species have dilstieclined because populations were
not monitored or managed [e.g., barndoor skaggd laevi}. Casey and Myers 1981].
Starting in the 1960s, barndoor skate populati@tsmb to decline due to heavy harvest
as bycatch in the groundfish fishery off the caddtiew England (Casey and Myers
1981). Populations continued to plummet througherly 1980s, then increased
slightly in the 1990s, but were still only 5% o€&theak abundance that occurred in 1963
(Sosebee 2000). This example shows the imporw@afioag-term monitoring for all
species over a large spatial scale (Casey and Mg&%). It was not until 2003 that the
New England Fishery Management Council developedaagement plan for skate
(Sosebee 2006). Prior to this plan, most landiagsrted were not species-specific,
categorizing about 99% as “unclassified skatestkPaet al. 2003a, 2003b). Currently,

clearnose and little skate are not considered myed (Sosebee 2006). The abundance
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of these species should be carefully watched tarerthat excessive harvest as bycatch is
not affecting population sizes.

There are four sea turtles that are commonly faaride northern and middle
Atlantic off the coast of the United States [itBe green sea turtl€belonia mydas
loggerhead sea turtl€aretta caretty, leatherback sea turtl®érmochelys coriacea
and Kemp’s ridley sea turtlé¢pidochelys kemp]i all of which are federally listed
(Alverson et al. 1994). Past studies have showanhfibheries, especially southern shrimp
trawl fisheries, have been a source of mortalitytfese species of sea turtles (Crowder
and Murawski 1998). The nets used in shrimp tfeskleries are now equipped with
turtle excluder devices (TEDs), which have beemshtm reduce bycatch mortality by
allowing turtles to escape with minimum damage (@ter and Murawski 1998). In
2001, NOAA Fisheries required all shrimp trawlerghe United States that fished
Atlantic and Gulf of Mexico waters to use TEDs édluce the bycatch of sea turtles
(NMFES 2001). This ruling does not, however, regqaiEDs on the trawl nets of vessels
that use a larger mesh size in these waters. Blovsecrab trawl vessels are currently
allowed to fish waters that are inhabited by se#etsiwithout using TEDs. If bycatch of
turtle species is occurring in the horseshoe awabl ffishery, it may be necessary to
require TEDs on these vessels as well.

Sturgeon populations along the Atlantic coast eflhmited States are also
susceptible to many fishing gears. Atlantic storg@cipenser oxyrhynchygare very
sensitive to overfishing because they mature afgend spawn only once every few
years (Bain 1997). This species was harvestetlisfflesh and caviar until 1998 when a

coastwide moratorium was initiated due to low pagioh sizes (ASMFC 2005a).
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Despite the moratorium, Atlantic sturgeon are stallight as bycatch in many fisheries
along the Atlantic coast (Stein et al. 2004). I@f toastal states, Virginia, Maryland, and
North Carolina have the highest bycatch rates @ssacwith landings from otter trawl
and gill net fisheries (Stein et al. 2004). Shosi sturgeonAcipenser brevirostrujns
another species that could be caught as bycatchwnh fisheries along the Atlantic coast.
This species ifederally listed as endangered and is greatly tdteby excessive harvest
due to late maturation and infrequent spawningr{B&97). Although the harvest of
Atlantic and shortnose sturgeon are prohibited,onaahas bycatch in trawl fisheries,
combined with the life history characteristics &Mt population sizes of sturgeon
species, can contribute to the decline of theseispe

There are many species found along the MAB thaldcle susceptible to
horseshoe crab trawl gear. Collecting species osiipn data at sites sampled during
the horseshoe crab trawl survey will identify spedhat are susceptible to this specific
type of benthic trawl gear. This will assist ma@agto understanding some of the

ecosystem-level effects of the horseshoe crab fiakéry.

Project objectives

The purpose of this study was to collect datawhkhiassist managers in working
toward an ecosystem-level approach to managingdhseshoe crab fishery. The main
objective was to identify the non-target specied thay be negatively affected by the

horseshoe crab trawl fishery. To do this, dateeveatlected and analyzed to:

1. identify species that are susceptible to horseshatetrawl gear within the
study area,

2. compare species composition and distribution ansttieg within the study
area, and
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3. identify the abiotic (geographical and environmé@rfictors that contribute to
differences in species composition and distribution

A secondary purpose of this study was to test tethaas currently used by state
agencies to convert landing data from numbersaiisto pounds of crabs. | also
developed a model to predict the weight of a hdrsesrab based on a measured
prosomal width in order to determine if this methvealild provide a more accurate

estimation of weight than the current conversiarides do.

Conclusion

Horseshoe crabs are important to many stakeholdéns. species supports
commercial fisheries along the Atlantic coast,9sdiby biomedical companies to
improve human health, and provides vital nutrieatsiigrating shorebirds. Over the
past ten years, strides have been made to impheveanagement of horseshoe crabs.
An FMP was developed for this species and numemresesarch projects have been
initiated to provide crucial information about tisigecies. However, to date, the species
that are commonly caught as bycatch in the horgestab trawl fishery have not been
identified. A benthic trawl survey was developedotllect data on horseshoe crab
populations along the Atlantic coast. | collecspecies composition data aboard the
horseshoe crab trawl survey and used these datarttify non-target species that are
susceptible to the gear used in the commerciatffishl also used these data to identify
the distribution of these species. These resudts iny study identify non-target species
that may be affected by the horseshoe crab trawéfy and assist managers in
understanding some of the potential effects thatftbhery may have at an ecosystem-

level.
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Figure 1.1. A horseshoe crab trawl survey sites along thedMidtlantic Bight (MAB).

The MAB extends from Georges Bank (offshore of C@pd, Massachusetts) to Cape
Hatteras, North Carolina. The New York Bight islided within the MAB, extending

from Montauk, New York to Cape May, New Jersey.
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Chapter 2.
Identifying species composition and distributiorbgtatch associated with a

horseshoe cralhimulus polyphemygrawl survey along the Middle Atlantic Bight USA.

Abstract

Horseshoe crabs&imulus polyphemysave been harvested along the east coast
of the United States since the 1800s, howeverleeRysManagement Plan (FMP) was
only recently created for this species. To dédterd have not been any studies that have
attempted to identify or quantify bycatch in theseshoe crab trawl fishery. A
horseshoe crab trawl survey was started in 20@bltect data on the relative abundance,
distribution, and population demographics of hansescrabs along the Atlantic coast of
the United States. Species composition data walected at sites sampled by the
horseshoe crab trawl survey in 2005 and 2006. régwex different taxa were caught
and identified. These species are susceptibleettrawl gear and may have potential to
be caught as bycatch in the horseshoe crab trala@rfy. Non-metric multidimensional
scaling (NMS) was used to cluster sites and idgtiié spatial distribution of taxa. Sites
strongly clustered into distinct groups, suggestirag species composition shifts between
northern and southern sites. Location and bott@temtemperature explain most of the
variation of species composition among sites. &hesults identify species that are
susceptible to the gear used in the horseshodrenabfishery and describe the
distribution of these species during fall month®tighout the study area. They also
provide researchers with a better understandingha¢h non-target populations may be

affected by the horseshoe crab trawl fishery. tiflgng non-target species is a first step
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in beginning to understand the effects that thedshoe crab trawl fishery may have at

the ecosystem level.

Introduction

Traditionally, marine fisheries have been managgdg a single-species
approach. This type of management is not alwapsogpiate because it ignores the
direct and indirect effects that harvesting a taspecies may have at the ecosystem level
(Botsford et al. 1997; Pikitch et al. 2004), and possible effects of distant ecosystem
components on the target species itself. Oftergtithe harvest of one species can affect
habitat characteristics, predator and prey relahgs, and other ecosystem components
(Pikitch et al. 2004). Today, managers are adgimore holistic approach to
management. The overall objective of ecosystemnecbfisheries management is to not
only sustain fisheries, but also to sustain heattgsystems to support fisheries (Pikitch
et al. 2004). To do this, researchers, managedspaliticians must work to understand
the abiotic and biotic interactions between fisbeand the ecosystem, and incorporate
these interactions into management plans. Sortleeohost important aspects of
ecosystem management are managing ecosystemsidalaaegradation, minimizing
the risk of irreversible changes to natural speagsemblages and processes of the
ecosystem, obtaining and maintaining long-termammnomic benefits, and generating
knowledge of ecosystem processes to better unddrta consequences of
anthropogenic effects (Pikitch et al. 2004).

In the late 1990s, The National Marine FisheriewviSe (NOAA Fisheries)

encouraged each Fishery Management Council to deeeFisheries Ecosystem Plan
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(FEP) for all major ecosystems within their regiomascribing interactions among
physical, biological, and human components of tasgstem (NMFS 1999). One step in
developing an FEP is to calculate the total remewathin each fishery. This
measurement includes all target and non-targeiespaghether the individuals are
landed or caught and released (NMFS 1999). Inteerseval of target and non-target
individuals can impact communities and the ecosydig altering population abundance,
changing predator and prey relationships, and ctitiyaeinteractions (Alverson et al.
1994; Kennelly 1995; Crowder and Murawski 1998MmRE suggests that FEPs should
list all species that are susceptible to incidemaitality within each fishery and describe
the spatial and temporal distribution of these gse(NMFS 1999).

Horseshoe crab&imulus polyphemysave supported a commercial fishery
along the Atlantic coast since the mid-1800s (S#rumtd Botton 1985). Fishers harvest
horseshoe crabs for use as bait for Americanfae\illa rostratg and whelk
(Busycotypuspp.) fisheries (ASMFC 1998). Additionally, hoskee crabs are harvested
for biomedical companies, which use a clotting adeund in horseshoe crab blood
(LAL, Limulus Amoebocyte Lystate) to test for patfemic endotoxins on medical
devices (ASMFC 1998). In the 1990s, fishing effodreased, some local populations of
horseshoe crabs began to decline, and many staleehdlecame concerned that the
fishery was being overexploited (ASMFC 1998). 89&, an FMP was developed to
provide consistent management and regulation ehtrseshoe crab fishery (ASMFC
1998). Managers believed a coordinated managestrait¢ gy along the Atlantic coast
could preserve the viability of this resource (ASME998). However, the data needed

for proper management of the stock were lackingk&mn and Shuster 1999).
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In 2001, a benthic trawl survey was initiated bg Horseshoe Crab Research
Center (HCRC) at Virginia Tech to collect data ba abundance, distribution, and
population demographics of horseshoe crabs alanétiiantic coast of the United States.
Although many fishery-independent trawl surveys sachpled this area, most were
inefficient in sampling gear or design (ASMFC 1998pr example, the National Marine
Fisheries Service (NMFS) has been conducting arfalland spring surveys along the
middle and northern Atlantic coast of the Unitedt&¢ since the 1960s, using benthic
trawl nets that are equipped with rollers (Reidlefl999). Data from these surveys are
not appropriate for determining the status of helse crab populations because the gear
has the potential to roll over, and thus undersanipiried crabs. Commercial fishers
have developed a method for targeting buried hbosesrabs. Instead of using rollers,
commercial fishing nets are modified with heavyinkalong the footrope of the trawl to
dig into the sediment (Hata and Berkson 2003). Adrseshoe crab trawl survey,
developed by the HCRC, uses the same gear depioyied commercial trawl fishery.

| collected species composition data and environialelata during the HCRC
trawl survey in the fall season of 2005 and 20R@AA Fisheries suggests that
managers identify species that are caught as byaatach fishery and show how
bycatch changes spatially and temporally (NMFS 199%e data collected during these
surveys will assist FEP development for this regibhave created a list of species that
are susceptible to commercial horseshoe crab ttaal and have the potential to be
caught as bycatch in the fishery. My results aentify the spatial and seasonal changes
of species composition throughout the study arektlae environmental variables

influence these changes.
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Methods
Data collection

| conducted my sampling throughout the Middle AtiaBight, from the eastern
tip of Long Island, New York, USA (approximately 3Q’'W and 4104°N) to the
southern tip of the Delmarva Peninsula, Virgini&AJ(approximately 755'W, and 37
05'N) (Figure 2.1). | sampled sites that were @nty selected using a stratified
sampling approach based on the methods of Hat8ark$on (2004). Sites between
Atlantic City, New Jersey (approximately 74 5’'W a8@ 20'N) and the southern tip of
the Delmarva Peninsula, Virginia were randomly cele based on the site’s distance
from shore (inshore and offshore) and bottom togplgy (trough and non-trough). Sites
within state waters (0 — 3 nautical miles) werdrtf as inshore sites, and those within
federal waters (3 — 12 nautical miles) were defiag@ffshore sites. Troughs were
defined as areas where bottom depressions weeasit2.4 m deep, no more than 1.8 km
wide, and more than 1.8 km long. All other sitesevdefined as non-trough. Sites north
of Atlantic City, New Jersey were randomly seledbeged on their distance from shore.
Sites were also designated as northern or soudiites) All sites sampled north of
Atlantic City, New Jersey were classified as namhgtes and all sites sampled south of
Atlantic City, New Jersey were classified as soutrsites.

Commercial stern trawlers sampled each site usitguader trawl net with
modified ground gear: a Texas sweep that consadtacthain line instead of a footrope

(Hata and Berkson 2003; 2004). This type of nebimmonly used in the commercial
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horseshoe crab trawl fishery (Hata and Berkson ROBAch site was towed for 15 min at
a speed of 4.6 to 5.6 km/h.

| sampled 156 sites during two fall seasons (Selpéerm November): 73 sites in
2005 and 83 sites in 2006 (Figure 2.1). | recoithedime, depth, and geographic
coordinates (latitude/longitude) at the start and ef each tow. Bottom water
temperature and bottom salinity were measuredeabéiginning of each tow. After the
net had been towed for 15 min, | identified andesbthe catch. Jellyfish and sea
anemones (Phylum Cnidaria) were classified to alaett identifiable group. | identified
all other taxa to the species level, except latie winter skated eucorajaspp.),
bullnose and southern eagle raly/ljobatisspp.), seastarg\éteriasspp and
Astropecterspp), moon snailsl{unatiaspp.), hermit crabg2@gurusspp.), and spider
crabs Libinia spp), which were grouped by genus. The total coudtl@omass (to the
nearest 0.01 kg) were recorded for all taxa. &agd catches, | used a haphazard method
to collect a subsample of all taxa that were immtagundance. | weighed the subsample
and counted the remaining individuals not inclugethe subsample. | estimated the
total weight of the counted individuals based anweight of the subsample, and
summed these values to calculate the total weaghthe subsampled taxa. Because
some fishes were too large to be weighed, | estichtite mass. | used the body length to
estimate their weight using published length-wergldtionships (Franks et al 1998;
NMFS 2003). | used prosomal-width-to-crab-weigHationships to estimate the total
biomass of horseshoe crabs from each tow baseelxoansl maturity stage (Chapter 3,

this thesis). For each trawl, | measured the tetadth (to the nearest 1 mm) for all or a
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subsample of at least 15 individuals of most taxalso recorded the weight of each

individual when time was available.

Data analysis
Descriptive analysis

For each survey, | calculated total count and lissnpercent occurrence, and
percent total catch for each taxa. The distamsedakm) was calculated using the
beginning and ending coordinates for each sitesed the distance towed at each site to
calculate the catch per unit effort (CPUE) for do@int (number of individuals/km) and
biomass (kg/km) of each taxa for 2005 and 2006.
Community analysis

| analyzed CPUE of count and biomass data fos siénpled in 2005, 2006, and
both years combined. | normalized these data wsiog transformation and removed
rare species (i.e., those present in less thanfiétus) from the data set (Gomes et al.
1992; Mahon et al. 1998; McCune and Grace 2002s&etial. 2005). | used non-metric
multidimensional scaling (NMS; PC-ORD version 5gtoup sites based on similarity of
species composition and local abundance. NMSrdination method that ranks
samples based their on similarities and is constifte most generally effective of all
ordination methods (McCune and Grace 2002). Mamngiss have used similar methods
to identify fish assemblages in marine and esteasystems (Greenstreet et al. 1999;
Able et al. 2001; Beentjes et al. 2002; Layman 200&ssuti and Moranta 2003; Fock et
al. 2004; Stergiou et al. 2006). The main advaegag NMS are that this method does

not assume a linear relationship among variableskswvell with data sets that contain
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many zeroes because distance measures are rasfiotraed, and allows the use of any
distance measure (McCune and Grace 2002). | uBedyaCurtis distance measure to
calculate the dissimilarity between sites. TheyBtaurtis distance measure is often used
in community analyses because it not affected byemeand weights more abundant
species more heavily than less abundant speciay @rd Curtis 1957; McCune and
Mefford 2006). NMS provided a stress value forreaination plot which measures
the departure from monotonicity in the plot of dhsigarity among points in original
space compared to the distance among points inatrdn space (McCune and Grace
2002). The closer the plot in ordination spacetfie original data, the better the fit and
the lower the stress (McCune and Grace 2002). Waeg to Clarke (1993) an
ordination plot with a stress value less than @2¥ides an accurate representation of
the data.
Community analysis: influence of abiotic factors

To determine whether bottom sediment type conteidbto the change in species
composition throughout the study area, | used a skt from the United States
Geological Service (USGS, usSEABED, version 1.0dReéal. 2005) to estimate the
bottom composition (percent clay, mud, sand, aadejj at each site trawled (Reid et al.
2005). 1 used Geographic Information System (@i&Map, version 9.1) to interpolate
point data in the usSEABED database and estimaterb@omposition at each of the
sites towed. | used a cross-validation methoceterthine which interpolation method
was best for this data set. | randomly selecté@d @0points from the original data set
and removed them from interpolatian=£ 4271). | used the remaining 90% to

interpolate bottom type throughout the study aseagi1000 meter plot®E 41557).
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Each interpolation method was cross-validated yparing the estimated values of
bottom composition to the observed values. | deitezd that inverse distance weighting
(IDW) provided the closest estimates of bottom tigrehe USGS data set within the
study area and then used all data points to dateratross-site estimates of bottom type.

| used PC-ORD (version 5) to incorporate abiotatdes, including bottom
temperature, bottom salinity, depth, and bottom pasition, in each of the final NMS
solutions. The direction and length of each rasgiivector indicated how strongly a
variable was correlated with a group of sites. R&wvalue was calculated for each abiotic
factor, indicating the amount of variation explalredong each NMS axis.

| also used PC-ORD (version 5) to perform Multi-B&sse Permutation
Procedures (MRPP) to determine if changes in spetmposition were due to location
(north or south of Atlantic City, New Jersey ),tdisce from shore (inshore or offshore),
or time of tow (day or night). MRPP output prowide p-value to indicate statistical
significance, however with a large sample sizdjstieal significance can occur even if
the groups being tested do not have a large affespecies composition (McCune and
Grace 2002). To determine whether groupings haeffast on species composition, a
chance-corrected within-group agreement indexyas given to describe the
homogeneity of species composition within groupssared to what is expected at
random (McCune and Grace 2002). WHhen 1, all items are identical within the groups
and whenrA = 0, all items within the groups are the samexageeted by chance. A fairly
high A-value A > 0.30) is usually associated with an ecologicsiliynificant difference

between the groups (McCune and Grace 2002).
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Community analysis: species composition

Differences in species composition among sites waenetified using PC-ORD
(version 5). | overlaid the main matrix which desgs the relative abundance of species
at each site on the plot in ordination space. alie allowed me to identify the species

that were abundant at each group of sites.

Results
Descriptive analysis

In 2005 and 2006, distances of 88.66 km and 10d®%ere trawled,
respectively. Over both years, 46,415 individdedsn seventy-six different taxa were
caught (= 60 in 2005n = 69 in 2006), including 47 finfish species fro@ families
(Table 2.1). Skates comprised more than half eftdial biomass and horseshoe crabs
comprised one-third of the total biomass caughindueach year surveyed (Figure 2.2).
CPUE (kg/km) was highest for little.¢ucoraja erinacepand winter Leucoraja
ocellatg skate, horseshoe crab, and clearnose sRaja eglanteria (Table 2.1).
Clearnose skate, horseshoe crab, summer flouRdeal{chthys dentatysspider crab,
and windowpane floundeS¢ophthalmus aquosusere caught throughout the entire
survey area and were present in over half of twable 2.2; Figure 2.3). Horseshoe
crabs were found at sites throughout the study, awgavere more abundant at southern
sites (Figure 2.4).
Community analysis

NMS for count (number of individuals/km) and bioragdkg/km) data for 2005,

2006, and both years combined resulted in two sghlported groups of sites based on
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species presence and abundance. These two greupsensistent throughout analyses:
one group was comprised of all southern sitesqsibeith of Atlantic City, New Jersey)
and the other group of mostly northern (sites noftAtlantic City, New Jersey) sites.
NMS of biomass data collected in 2005 and 2006 beghlted in 2-dimensional
solutions with stress values of 0.14 in 2005 ai® @ 2006 (Figure 2.5; Figure 2.6).
NMS of biomass data from both years combined reduit a 3-dimensional solution
with a stress value of 0.11 (Figure 2.7). Whensikes sampled in 2005 and 2006 were
combined for analyses, three subgroups were fommidh the larger group consisting
of mostly northern sites. These subgroups corbktan intermediate subgroup,
comprised of northern and southern groups; a sulpgronsisting of all northern sites;
and a subgroups consisting of all deep water, eanthites (Figure 2.7).
Community analysis: influence of abiotic factors

Species composition varied with location, specijcahether a site was located
south or north of Atlantic City, New Jersey. Th#eatence in species composition due to
location is evident from the NMS ordination platswhich most southern and northern
sites grouped separately. MRPP results indicéigidtihe grouping of north versus south
was statistically and ecologically significant fdl data sets, witl-values ranging from
0.28 to 0.37 (Table 2.3).

Bottom temperature and salinity explained moshefdbserved variation in the
differences in species composition of sites sampl&f05 and both years combined
(Table 2.4, Figure 2.5, Figure 2.7). These abititors were inversely correlated,;

higher bottom temperatures were more common ahsousites and higher bottom
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salinities at northern sites. Bottom temperatune salinity did not explain much of the
variation in species composition among sites sathipl@006 (Table 2.4; Figure 2.6).

Depth explained the most variation in species cattjom among sites sampled
in 2006 (R = 0.51; Table 2.4). Other factors, including dieplistance from shore, time
that a site was sampled, and bottom type, did reztly contribute to the predicted
clustering of sites sampled in 2005, 2006, or walédata were combined (Table 2.4).
Community analysis: species composition

Species presence and abundance differed betwegnatine comprised of
southern sites and the group comprised of mostithem sites (Table 2.1, Table 2.2).
The differences in species composition betweerheantand southern sites seemed to be
driven by the distribution of southern species; ynsouthern species were not found at
any northern sites. Many northern species weredai various sites throughout the
study area, but were more abundant at northers. site

Species composition differed among the three sulpgravithin the larger group
comprised of mostly northern sites. The first solg was comprised of northern and
southern sites (“Intermediate” subgroup, Figurg.2All of the southern sites within this
subgroup were sampled in November and had coldesrbdemperatures. The species
composition at these sites was very different @itasouthern sites that were sampled
earlier in the fall. Most species that were comrtimaouthern sites were not found at
southern sites that were sampled in November. @Had Busycotypus canaliculatys
and knobbedRusycon caricawhelks were found at all southern sites indepahdé

bottom temperature. Migrating species were alsadoat the southern sites sampled in
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November, including little skate, winter skate,dflsh Pomatomus saltatr)x striped
bass KMorone saxatili}, and spiny dogfishSqualus acanthigs

The species composition of northern sites sampletkeper, offshore waters
differed slightly from most northern sites (“Deegibgroup, Figure 2.7). Deep-sea
scallop Placopecten magellanicuand jonah crabQancer borealiswere more
abundant at deep water sites than at other sites.

Lastly, some species were common throughout they sttea, independent of
location (Table 2.1, Table 2.2). These specigsitted clearnose skate, hermit crab, and
windowpane flounder, sea st@steriasspp.), spider crab, and summer flounder.
Clearnose skate and horseshoe crabs were moreattaidouthern sites and

windowpane flounder and hermit crab at northeressit

Discussion
Descriptive analysis

The gear used during this survey was effectivargeting horseshoe crabs and
also at catching many non-target organisms. Themthaof the species caught during
the surveys were benthic fishes or invertebrataslive or feed on the bottom (Table
2.1). However, catch was not limited to benthigasisms. Since the benthic trawl net
also fishes the a few meters of the water columamymemersal fishes were caught
during the survey (Table 2.1).
Community analysis

NMS for all data sets resulted in two distinctugwe of sites based on differences

in species composition. | can be confident thenarttbn plots of each of these analyses
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are accurate based on their corresponding stréss. v@ihe stress values for each final
solution of NMS were relatively low, ranging fronil@ to 0.15. All of these stress
values are less than 0.20, and therefore the drdimplots provide a useful interpretation
of the data (Clarke 1993). The values | have reoare also within the range of stress
values from previous published studies (Greensaeat 1999; Layman 2000; Massuti
and Moranta 2003; Stergiou et al. 2006).
Community analysis: influence of abiotic factors

Based on my results, the clustering of sites dushinges in species presence and
abundance was mainly correlated with two fact@studinal location and bottom
temperature. The shift in species compositiontduecation can be explained by the
latitudinal distribution of species along the Midd\tlantic Bight. Most species found at
southern sites were not found at any northern diteimg fall months [e.g., knobbed
whelk, channeled whelk, southern stingrByagyatis americangsbullnose ray
(Myliobatis freminville), and southern eagle raylyliobatis goodei Figure 2.8].
Species more common to southern sites, such astisttaoaker ficropogonias
undulatus ASMFC 2005b) and spoléiostomus xanthuryaSMFC 1987) have a
distribution that is centered at the southern parof the study area. Other species were
more common to northern sites including little sk@@acker et al. 2003a), spiny dogfish
(McMillan and Morse 1999), and winter flound&sgeudopleuronectes americanus
Pereira et al. 1999) and have distributions thatcantered in northern portion of the
study area during fall months (Figure 2.9).

Another explanation for the shift in species conijpas between northern and

southern sites may be the wind-driven upwellingés¢hat occur along the inner shelf
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off New Jersey (Munchow and Chant 2000; Chant.2@04). During summer months,
water on the shelf becomes strongly stratifiedhsitrface temperatures becoming much
warmer than bottom temperatures (Chant et al. 2084uthwesterly winds, driven by
the Bermuda High, begin to move up the coast, @anting the northeasterly water
currents (Chant et al. 2004). Waters begin to ftdishore and cold, bottom water is
pulled to the surface by advection (Munchow andrl€200). This flow reversal has
been documented many times in the past, but onmipglsummer months. However, this
upwelling process could affect the shift in specesposition between northern and
southern sites by affecting the transport of larff@rcross and Shaw 1984; Cowen et al.
1993).

Differences in species composition also were cateel with bottom water
temperature. Most species common to southern svesagr only tolerate warmer
temperatures [e.g., Atlantic croaker: Miglaresalefil982; striped burrfish
(Chilomycterus schoepfiiHolmquist 1997] and are less likely to be foumchorthern
waters during fall months. Species common to morthvaters (e.g., little skate: Packer
et al. 2003a; winter flounder: Perceira 1999) dnle #o tolerate cooler temperatures and
persist in these areas when water temperatures @dper species can tolerate a wide
range of temperatures (e.g., horseshoe crab: 3816, 1982; summer flounder:
Packer et al. 1999; and windowpane flounder: Clarad. 1999) and are common
throughout the entire survey area independent tibitvotemperature.

Other abiotic factors did not strongly explain ttagiation in species composition
among sites. Changes in species composition watisteally significant, but not

ecologically significantA < 0.30; Table 2.3), due to distance from shorsh@ne or
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offshore). This is not surprising since inshord affshore sites had very similar
characteristics. At most, offshore sites were d2tical miles from the shore and did not
change much in depth or temperature from inshées.siChanges in species composition
also were not ecologically significant based ontiime that a site was sampled (day or
night). Research has shown that some speciesasudtie skate, are more active at
night and remained buried in depressions duringléhye(Packer et al. 2003a). However,
during the survey, little skate were caught atéangmbers independent of time of day.
It is possible that the heavy chains on the tragwjear allowed us to catch individuals
that were buried in sediment, reducing variatiotmeen day and night sampling.
Bottom type did not contribute largely to the grigpof sites, although research has
shown that species are associated with certaioridgpes and grain sizes (Methratta
and Link 2006). This is probably because the categ lacked fine-scale characteristics
of bottom type, resulting in very similar estimatéottom type throughout the study
area (Figure 2.10). If more variables were inctuolemy analyses, such as grain size
and benthic structure, | would predict that bottlype would have explained more
variance in the grouping of sites.
Community analysis: species composition

Species presence and abundance were explaineé katithdinal distribution and
preferred temperature of species found throughwustudy area. Many species were
only found at southern sites when bottom tempeeatwere between 1and 24.8C
(Table 2.1, Table 2.2). These species were notd@i sites of cooler temperatures (i.e.,
northern sites or southern sites that were samplbldbvember), suggesting that these

species prefer warmer water temperatures. Atla@ntiaker, spot, and southern kingfish
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(Menticirrhus americanyswvere common to southern sites. Spot and soutiegfish

are commonly found within southern waters (Wenmer 8edbury 1989). Research has
shown that Atlantic croaker are common to watemtematures betweer!® and 31C,

but most abundant at temperatures aboV€ ZMliglarese et al. 1982).

Within the larger group that was comprised of mostirthern sites, species
composition varied among subgroups of sites. @bgroup was comprised of northern
and southern sites (“Intermediate” subgroup; Figu. All of the southern sites that
joined this subgroup were sampled in November. Bdteom temperatures at these
southern sites (1:315°C) were very similar to most northern sites (:418°C). Due to
the colder water temperatures, fewer southern epaeere found at these sites. Atlantic
croaker numbers were lower at southern sites sahnpldovember than southern sites
sampled early in the fall, probably because thec&s had migrated to warmer, southern
waters (Miglarese et al. 1982; ASMFC 2005b). O#wmrthern species [e.g., bullnose
ray, smooth butterfly ray, southern stingray, seutheagle ray, southern kingfish
(Menticirrhus americanys and spiny butterfly rayGymnura altavelg were not found
at any southern sites sampled in November, masllylikecause these species prefer
warmer water temperatures.

Less mobile species, such as channeled and knaotttedd, were found at the
southern sites independent of bottom temperatfeelks are found throughout the
study area, but are most abundant in the soutlegiarn of the survey area, south of New
Jersey (Gosner 1978). It seems that these spsrie®lerate cool, winter temperatures
at southern sites because they did not migrateagerwemperatures dropped. Some

research has shown that whelks move along intédihsubtidal flats, but do not
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migrate long distances (Walker 1988). When wateperatures drop, whelks bury
themselves instead of migrating (Walker 1988). sThay explain why channeled and
knobbed whelks were found at southern sites evé&\oirember when temperatures had
dropped.

Species composition at southern sites sampled weidber was very similar to
the species composition at most northern sitess Juggests that many of these species
had migrated, moving from northern sites to soutls#tes as water temperatures drop.
Studies have shown that bluefish (Shepherd andeP2€K6), striped bass (ASMFC
1981), and spiny dogfish (Bigelow and Schroede8)9digrate in a southern direction
in the winter as water temperature changes.

Many species that were found at northern sitedaanate, but are not restricted
to, cooler northern waters during fall months. @dkthern sites were sampled when
bottom temperature ranged from 1°%4t& 19C. Past surveys and studies have shown that
winter flounder (Perceira et al. 1999), spiny dsiyf{Bigelow and Schroeder 1948), little
skate (Packer et al. 2003a), smooth dogfidhstelus canisCompagno 1984), and black
sea basggentopristis striataDrohan et al. 2007) are all common to temperature
between 6 and 26. Rock crabsGancerspp.) have a wide distribution throughout the
Mid-Atlantic bight and are commonly found at temateres of &C to 18C during fall
months (Stehlik et al. 1991). Hermit crabs are alsmmon throughout the Atlantic
coast (Gosner 1978) within an optimal temperattomf15C to 17C (Young 1991).

Changes in species composition were also foundréhern sites sampled in deep
waters, when temperatures ranged fro'Cl® 18C. Northern species at these sites

included spiny (Bigelow and Schroeder 1948) andatmdogfish (Bigelow and
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Schroeder 1948), rock crab (Stehlik et al. 199ttde Iskate (Packer et al. 2003a), and
winter flounder (Perceira 2004), all which can tate cooler water temperatures. Some
of these species are also common to deeper w&dgiay dogfish also have been
documented to move offshore during winter monthgé®w and Schroeder 1953;
Colvocoresses and Musick 1980). Deep sea-scadiegosommonly found in deep waters
(10 to 20 meters) along the middle Atlantic co&egart and Arnold 1994). Jonah
crabs are typically found at temperatures & & 23C, migrating to offshore zones of
the Mid-Atlantic Bight during winter months (Stehiket al. 1991).

Finally, there were many species that were founoutihout the entire study area
(e.g., clearnose skate, horseshoe crab, summediéouand windowpane flounder).
These species are common throughout the Middlen&¢l®8ight and can tolerate a wide
range of bottom temperatures. Studies have shioatrclearnose skate are most
commonly caught at bottom temperatures betweé@ a48d 22C, but have been found
at temperatures as low as’@Q(Packer et al. 2003b). Surveys have consisteatight
most adult summer flounder at temperatures betw¥@mnd 26C (Packer et al. 1999)
and adult windowpane flounder at temperatures beivi€?C and 18C (Chang et al.
1999). Horseshoe crabs are considered ecologeraestis that can live in a wide range
of environmental conditions (ASMFC 1998). Thisa@ps is found along the Atlantic
coast and is capable of surviving temperatures fseltow 0C to 4PC (Shuster 1979,
1982). These species can tolerate a wide ranggrgderatures, allowing them to live

throughout the study area during all months.
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Species assemblages

Many studies have analyzed NMFS fall trawl survatado identify species
assemblages along the Middle Atlantic Bight (Cobwesses and Musick 1984; Phoel
1985; Gabriel 1992; Mahon et al. 1998). Specissmablages that included horseshoe
crabs were not identified during these studies ise@ata were collected using benthic
trawl nets equipped with rollers, a type of geat tiias potential to under-sample
horseshoe crabs. The results from these studeg\er, could be used to compare the
co-occurrences of benthic and demersal speciesindptihe horseshoe crab trawl survey,
winter flounder, little skate, and spiny dogfishreeeommon at northern sites. These co-
occurrences are similar to results reported by @mvesses and Musick (1984), Phoel
(1985), and Mahon (1998). Smooth dogfish, sumieeinter, and windowpane
flounder also commonly co-occurred throughout thelyg area, a result that is similar to
past studies (Colvocoresses and Musick 1984; PIe&8; Gabriel 1992; Mahon 1998).

Data collected from the HCRC trawl survey could betused to identify species
assemblages due to the short time span of the.stbiyies that persist over long
periods of time are more appropriate for deterngripecies assemblages because the
chance of incidental co-occurrence is reduced (Teti@l. 1982; Gomes et al. 2001).
With only two years of data, | could not deternwmeether species co-occurred by
chance alone. |did, however, identify species Were commonly caught with
horseshoe crab throughout the survey area. Hayeeshb were commonly caught with
knobbed and channeled whelks, clearnose skatdhesouttingray, spider crab, and
summer flounder at southern sites; and clearncaste skermit crabs, little and winter

skates, spider crab, windowpane flounder, strigadabin Prionotus evolans and
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summer flounder at northern sites. This does aoéssarily mean that these species
compose an assemblage; all of these species mayjust\been very abundant
throughout the study area. Over both years, hbogesrabs were caught at only 32 out
of 156 sites. To understand whether these spdoiesmmonly occur with horseshoe
crabs, more sites where horseshoe crabs are rsgipmaust be sampled and data should
be collected over numerous years. This will giseabetter understanding of whether

these species are commonly associated with horseshbs.

Management Implications

In recent years, managers have been working toametosystem-level of
management; developing FEPs to incorporate interecamong physical, biological,
and human components of the ecosystem into fishereagement plans (Botsford et al.
1997). One objective in developing FEPs is touale the total removal of target and
non-target species in each fishery. NOAA Fishesigggests that to achieve this
objective, managers must identify a list of spetihed are caught as bycatch in each
fishery and show how bycatch changes spatiallytamgborally (NMFS 1999).

My study identified 76 taxa that are susceptibléne trawl gear that is used in the
commercial horseshoe crab trawl fishery. Baselif@mhistory characteristics,
conservation status, and current management sgatégeems that some species may be
more heavily affected by removal as bycatch inhbieseshoe crab trawl fishery than
others (Table 2.5). By examining these categowescan prioritize the species
susceptible to the trawl gear used in the horsestaiefishery and give managers a

better understanding of which species may be id nééhe most protection.
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Based on this study, it seems that skates hav@ghest potential to be caught as
bycatch in the horseshoe crab trawl fishery. Skeatenprised over half of the biomass
during both sampling years, and clearnose, ligihel winter skates had high CPUE
values. Clearnose, little, and winter skates hbsee low population doubling times (4.5
— 14 years, Table 2.5; Fishbase 2007) suggestatdih populations of these species
may be affected by high removal as bycatch. Thmengercial harvest of skate species is
currently monitored and managed by the New Englskdery Management Council
(NEFSC 2007). Clearnose and little skate populatiere not considered to be
overfished (NEFSC 2007); however overfishing isusdag on winter skate populations
(NEFSC 2007). Therefore, it is essential thatityeatch of skates within this fishery be
qguantified and included in management plans.

Many other managed species, such as summer floandespiny dogfish, were
also commonly caught throughout the study arealéTali; Table 2.2). Summer
flounder currently support a large fishery along &tlantic coast (Packer et al. 1999).
Although this fishery is not currently overfishenjerfishing is occurring (ASMFC
2006a). By quantifying bycatch in the horseshad ¢rawl fishery, managers can
include total removals in stock assessments fomsemflounder.

Spiny dogfish were also identified as susceptibledrseshoe crab trawl gear,
although they were not caught in high abundanaautitrout the study area (Table 2.5).
This species is of concern because it is currdistigd on the IUCN (The World
Conservation Union) Red List as vulnerable, whidefined as facing a high risk of
extinction in the wild (IUCN 2006). Spiny dodfisttso have a very low population

doubling time (>14 years, Table 2.5; Fishbase 208009gesting that populations may not
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be quick to recover when individuals are removAtthough spiny dogfish are currently
listed on the IUCN Red List, this species is $tdhed along the eastern coast of the
United States (NEFSC 2007) and the stock is nagidened to be overfished (NEFSC
2007).

Many protected species, including Atlantic angerki{Squatina dumerj|
Atlantic sturgeonAcipenser oxyrinchysand dusky sharkJarcharhinus obscurgsalso
were identified as susceptible to horseshoe cediefy trawl gear. Harvest of these
species is currently restricted within United Stataters (Fishbase 2007; NEFSC 2007).
Atlantic sturgeon and dusky shark are listed as tiwaatened on the IUCN Red List
(IUCN 2006). Atlantic angel shark is not curreritsted on the IUCN Red List because
not enough data are available to properly accessttius of this species IUCN 2006).
All of these species have low population sizesldadistory characteristics that do not
allow quick recovery of populations when individsiare removed (Fishbase 2007;
NEFSC 2007; Table 2.5). Therefore, it is importanquantify the number of individuals
being removed as bycatch in the horseshoe crab fishery.

Lastly, there were many species that were caugimgithe horseshoe crab trawl
survey that are not protected or managed within W&iers, including smooth dogfish,
cownose rayRhinoptera bonasi(sand southern stingray. Smooth dogfish, for eplam
is commercially and recreationally fished in U.&ters (Fishbase 2007), but is not
currently managed. The same is true for cownogeatthough no directed fishery exists
in the U.S. (Fishbase 2007). Both of these spdwegs low population doubling sizes
and are listed as near threatened on the IUCN kdRishbase 2007; IUCN 2006;

Table 2.5). Lastly, southern stingray is commédirctzarvested and has a very low
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population doubling size (Table 2.5; Fishbase 200His species is not currently listed
on the IUCN Red List because the data is lackingreperly assess its population status
(IUCN 2006).

Overall, it seems some of the species identifiesuaseptible to horseshoe crab
trawl gear may be more vulnerable than othersmaAllsnumber of species caught during
this survey have life history characteristics av jpopulation sizes that suggest
populations will not be quick to rebound. Othee@ps are already listed as near
threatened or protected by management regulatidlasmagers may want to focus
conservation actions on these species insteadef populations that seem to be
relatively stable, currently managed, and consitlex to be overfished.

This study also provides data on the spatial amgbegal distribution of the
species that are susceptible to horseshoe crabgearvduring fall months. My results
suggest that species composition shifts due tdiocand bottom temperature.

Although bottom temperature seems to be the drifonce in determining species
distribution (e.g., southern waters have warmeptatures and northern waters have
cooler temperatures), setting regulations basddaation is much easier for
management purposes. My study suggests that dilménigll season species
composition will shift north and south of Atlantity, New Jersey. My study also
identified which species have potential to be caugkach of these areas. By
documenting and understanding species distribatmmhmigration patterns, fishing areas
can be closed to protect species if needed.

Although, it may not be feasible for managers taegulations based on water

temperature, this result is still important for mgament purposes. Preferred
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temperature ranges have been published for mamyespalong the Atlantic coast. My
data suggests that, during the fall season, spamesommonly found in areas where
water temperatures are within the preferred tentperaanges identified by past studies.
By collecting bottom temperature data along thewtic coast, managers can use
previously published data on preferred temperatamges to predict species that are

likely to be caught as bycatch in the horseshole teavl fishery during other seasons.

Conclusion

| have identified species that are susceptibletseshoe crab trawl gear in
waters off the coasts of New York to Virginia, waehe majority of the commercial
trawl fishery occurs (ASMFC 1998). This may notebeomplete list because data were
only collected during fall months over a two-yeard span; however it is a first step in
identifying bycatch within the commercial horsesloogb trawl fishery. My study
suggests that species composition shifts by locasipecifically north and south of
Atlantic City, New Jersey, and bottom temperaturbese results allow managers to
better understand the distribution of species atbegAtlantic coast. To fully identify
and quantify bycatch occurring in the commercisthéry along the Atlantic coast, data
need be collected directly from the commercialdigh This will allow managers to
calculate total removals of all species which giaical component to the development of

ecosystem-level management in the horseshoe @abfishery.
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Table2.1. Catch per unit effort (CPUE) for all species datugduring the 2005 and 2006 horseshoe crab trawegu Sites between
Montauk, New York and Atlantic City, New Jersey welefined as northern sites and sites between tAtl@ity, New Jersey and the
southern tip of the Delmarva Peninsula were defasedouthern sites.

2005 CPUE (kg/km) 2006 CPUE (kg/km)
Taxa- common name Scientific name Sou.thern Nor.thern All sites Sou.thern Nor.thern All sites
Sites Sites Sites Sites

American lobster Homarus americanus 0.01 0.08 0.04 <0.01 0.04 0.02
Asteriid sea star Asteriasspp. 0.30 1.18 0.65 0.15 0.56 0.39
Atlantic angel shark Squatina dumeril 2.25 0.00 1.35 0.50 0.00 0.21
Atlantic croaker Micropogonias undulatus 5.22 0.04 3.15 1.12 0.01 0.47
Atlantic sharpnose shark Rhizoprionodon terraenovae 0.00 0.00 0.00 0.09 0.00 0.04
Atlantic sturgeon Acipenser oxyrinchus 0.00 1.73 0.69 1.11 0.87 0.97
Atlantic thread herring Opisthonema oglinum <0.01 0.00 <0.01 0.00 0.00 0.00
Black drum Pogonias cromis <0.01 0.00 <0.01 0.03 0.00 0.01
Black sea bass Centopristis striata 0.01 0.03 0.02 0.00 0.07 0.04
Blue crab Callinectes sapidus 0.45 0.12 0.32 0.09 0.02 0.05
Blue mussel Mytilus edulis 0.00 0.00 0.00 0.00 0.03 0.02
Bluefish Pomatomus saltatrix 0.32 0.64 0.45 0.10 0.36 0.25
Bullnose/Southern eagle ray Myliobatis freminvillei/goodei 3.29 0.00 1.97 0.28 0.00 0.11
Butterfish Peprilus triacanthus 0.01 <0.01 0.01 0.04 <0.01 0.02
Channeled whelk Busycotypus canaliculatus 1.12 0.00 0.67 1.12 0.00 0.46
Clearnose skate Raja eglanteria 49.15 2.20 30.37 16.19 2.83 8.35
Cobia Rachycentron canadum 0.00 0.00 0.00 1.13 0.00 0.46
Conger eel Conger oceanicus 0.00 0.00 0.00 0.01 0.00 0.00
Cownose ray Rhinoptera bonasus 0.77 0.11 0.50 0.58 0.00 0.24
Deep-sea scallop Placopecten magellanicus 0.00 3.09 1.24 0.00 1.12 0.66
Dusky shark Carcharhinus obscurus 0.40 0.00 0.24 0.28 0.00 0.12
Fourspot flounder Paralichthys oblongus 0.00 <0.01 <0.01 0.00 0.00 0.00
Gray triggerfish Balistes capriscus 0.00 0.03 0.01 0.00 0.00 0.00
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Table 2.1 continued.

2005 CPUE (kg/km)

2006 CPUE (kg/km)

Taxa- common name Scientific name Sou_thern Nor.thern All sites Sou_thern Nor.thern All sites
Sites Sites Sites Sites

Hermit crab Pagurusspp. 0.03 0.32 0.15 0.29 0.46 0.39
Hogchoker Trinectes maculatus 0.00 0.00 0.00 <0.01 0.00 <0.01
Horseshoe crab Limulus polyphemus 80.61 18.66 55.82 131.95 8.10 59.24
Jellyfish (unk) n/a 0.00 0.00 0.00 0.04 0.01 0.02
Jonah crab Cancer borealis <0.01 1.29 0.51 <0.01 0.08 0.05
Knobbed whelk Busycon carica 7.31 0.00 4.39 1.96 0.00 0.81
Lady crab Ovalipes ocellatus <0.01 <0.01 <0.01 0.01 <0.01 0.01
Lesser blue crab Callinectes similis 0.00 0.00 0.00 <0.01 0.00 <0.01
Lightning whelk Busycon contrarium 0.03 0.00 0.02 0.01 0.00 0.00
Little/Winter Skate Leucoraja erinacea/ocellata 3.58 95.86 40.50 19.72 134.87 87.32
Long-finned squid Loligo pealei 0.01 0.02 0.01 0.07 0.01 0.03
Margined sea star Astropecterspp. 0.00 0.05 0.02 0.00 0.01 0.00
Northern stargazer Astroscopus guttatus 0.06 0.08 0.07 0.52 0.00 0.21
Monkfish Lophiodes americanus 0.00 0.24 0.09 0.00 0.00 0.00
Moon snall Polinices heros 0.00 0.24 0.10 <0.01 0.11 0.07
Mud crab Panopeuspp. <0.01 0.00 <0.01 0.00 0.00 0.00
Northern puffer Sphoeroides maculatus 0.01 0.03 0.02 0.02 <0.01 0.01
Northern searobin Prionotus carolinus 0.10 0.03 0.07 0.01 0.11 0.07
Octopus (unknown) n/a 0.00 0.00 0.00 <0.01 <0.01 .0k0
Pigfish Orthopristis chrysoptera 0.00 0.00 0.00 <0.01 0.00 <0.01
Purple sea urchin Arbacia punctulata 0.02 <0.01 0.01 0.02 0.02 0.02
Quahog Mercenaria mercenaria 0.00 0.00 0.00 0.00 <0.01 <0.01
Red drum Sciaenops ocellatus 0.20 0.00 0.12 0.00 0.00 0.00
Red hake Urophycis chuss 0.00 0.01 <0.01 0.00 0.01 0.00
Rock crab Cancer spp. 0.02 0.24 0.10 0.02 0.13 0.08
Sand dollar Echinarachnius parma <0.01 <0.01 <0.01 0.00 <0.01 <0.01
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Table 2.1 continued.

2005 CPUE (kg/km) 2006 CPUE (kg/km)

Taxa- common name Scientific name Sou.thern Nor.thern All sites Sou.thern Nor.thern All sites

Sites Sites Sites Sites
Scup Stenotomus chrysops 0.02 0.48 0.21 0.04 0.03 0.03
Sea anemone (unk) n/a 0.00 0.00 0.00 <0.01 0.00 01<0.
Sea cucumber Sclerodactylaspp. 0.09 0.00 0.06 0.16 0.00 0.06
Sea mouse Aphrodita aculeata 0.00 0.00 0.00 0.00 0.02 0.01
Seahorse Hippocampus spp. 0.00 0.00 0.00 0.00 <0.01 <0.01
Sheepshead Archosargus probatocephalus 0.00 0.00 0.00 0.22 0.00 0.09
Shrimp (unk) n/a <0.01 0.00 <0.01 0.00 <0.01 <0.01
Silver hake Merluccius bilinearis 0.00 <0.01 <0.01 0.00 0.01 <0.01
Smallmouth flounder Etropus microstomus 0.00 0.00 0.00 0.00 <0.01 <0.01
Smooth butterfly ray Gymnura micrura 3.04 0.00 1.82 0.19 0.00 0.08
Smooth dogfish Mustelus canis 2.01 1.35 1.75 0.11 0.24 0.18
Southern kingfish Menticirrhus americanus 0.07 0.00 0.04 0.11 0.00 0.05
Southern stingray Dasyatis americanus 18.85 0.00 11.31 1.35 0.00 0.56
Spider crab Libinia spp. 0.59 1.30 0.87 0.31 0.32 0.31
Spiny butterfly ray Gymnura altavela 5.49 0.00 3.30 1.77 0.00 0.73
Spiny dogfish Squalus acanthias 0.00 3.95 1.58 0.67 1.40 1.10
Spot Leiostomus xanthurus 0.13 0.00 0.08 0.02 0.00 0.01
Spotted hake Urophycis regia 0.00 0.00 0.00 0.00 <0.01 <0.01
Striped bass Morone saxatilis 0.33 1.40 0.76 0.33 0.24 0.28
Striped burrfish Chilomycterus schoepfii 0.05 0.00 0.03 0.04 0.00 0.02
Striped searobin Prionotus evolans 0.05 1.22 0.52 0.13 1.98 1.22
Summer flounder Paralichthys dentatus 2.98 0.86 2.13 1.55 4.99 3.57
Surf clam Spisula solidissima 0.01 1.45 0.59 0.03 0.36 0.22
Weakfish Cynoscion regalis 0.05 0.04 0.05 0.07 0.05 0.06
Windowpane flounder Scophthalmus aquosus 0.31 1.35 0.73 1.43 1.54 1.49
Winter flounder Pseudopleuronectes americanus ~ 0.00 0.27 0.11 0.00 0.19 0.11
Witch flounder Glyptocephalus cynoglossus 0.00 0.04 0.01 0.00 0.00 0.00
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Table 2.2. Percent occurrence of most commonly caught taxaglthe 2005 and 2006
horseshoe crab trawl surveys. Only taxa that wessent in at least 10% of tows for at
least one survey are listed.

2005 Per cent occurrence 2006 Percent occurrence

Northern  Southern All Northern  Southern All
Common name Sites Sites sites Sites Sites sites
Sea starAsteriasspp.) 54% 27% 33% 76% 29% 51%
Atlantic croaker 4% 51% 29% 3% 33% 19%
Blue crab 18% 38% 27% 16% 31% 24%
Bluefish 25% 4% 11% 11% 2% 6%
Bullnose/Southern eagle ray 0% 47% 25% 0% 11% 6%
Butterfish 4% 9% 6% 16% 7% 11%
Channeled whelk 0% 73% 40% 0% 84% 46%
Clearnose skate 75% 100% 80% 82% 91% 87%
Hermit crab 71% 13% 31% 68% 51% 59%
Horseshoe crab 68% 93% 73% 55% 93% 76%
Jellyfish 0% 0% 0% 18% 7% 12%
Jonah crab 29% 2% 11% 8% 4% 6%
Knobbed whelk 0% 82% 45% 0% 73% 40%
Lady crab 4% 2% 2% 8% 13% 11%
Little/Winter Skate 100% 16% 42% 100% 47% 71%
Long-finned squid 18% 11% 12% 21% 18% 19%
Moon snail 43% 0% 14% 32% 4% 17%
Northern Puffer 18% 7% 10% 5% 2% 4%
Northern searobin 18% 27% 20% 32% 4% 17%
Rock crab 50% 29% 33% 63% 22% 41%
Scup 29% 20% 20% 45% 11% 27%
Smooth butterfly ray 0% 31% 17% 0% 9% 5%
Smooth dogfish 39% 11% 19% 16% 2% 8%
Southern kingfish 0% 24% 13% 0% 16% 8%
Southern stingray 0% 67% 36% 0% 13% 7%
Spider crab 61% 73% 60% 58% 58% 58%
Spiny butterfly ray 0% 22% 12% 0% 7% 4%
Spiny dogfish 39% 0% 13% 8% 16% 12%
Spot 0% 51% 28% 0% 9% 5%
Striped searobin 68% 13% 30% 79% 20% 47%
Summer flounder 57% 78% 61% 71% 47% 58%
Surf clam 46% 4% 18% 47% 4% 24%
Weakfish 7% 20% 13% 5% 13% 10%
Windowpane flounder 86% 51% 57% 97% 44% 69%
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Table2.3. Multiple response permutation procedure (MRPB{stamong changes in species composition at sieegodocation,

time of tow, and distance from shore. Tests weefopmed using rank transformed Bray-Curtis distameasures. A chance-
corrected within-group agreement valég greater that 0.30 indicates ecological signifegan

Fall 2005 Fall 2006 2005 and 2006
combined
Abiotic factor p-value A p-value A p-value A
Location (north/south) <0.001 0.37 <0.001 0.29 0.601 0.34
Time of tow (day/night) <0.001 0.10 0.007 0.03 <0.001 0.05
Distance from shore (inshore/offshore) 0.001 40.0 0.009 0.03 <0.001 0.04
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Table2.4. Non-metric multidimensional scaling (NMS) envimental loadings on axes 1 and 2. NMS analyses egréucted for
horseshoe crab trawl survey data collected in 2R086, and both years combined.

Fall 2005 Fall 2006 2005 and 2006

combined

NMS NMS NMS NMS NMS NMS
Abiotic factor axis1(RY) axis2(R?) axis1(R) axis2(R?) axis1l(R%) axis2(R?
Bottom temperature -0.840 0.625 -0.369 0.333 -0.686 -0.294
Bottom salinity 0.741 -0.541 0.219 -0.204 0.554 70.1
Depth 0.457 0.070 0.510 -0.108 0.395 -0.391
Percent gravel 0.256 -0.069 0.277 -0.201 0.270 066.
Percent sand -0.296 0.108 -0.145 0.123 -0.189 0.092
Percent clay 0.233 0.034 -0.045 -0.147 0.057 -0.197
Percent mud 0.135 -0.093 -0.088 0.091 -0.002 -0.019
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Table2.5. List of species caught as bycatch during the hbsesrab trawl survey. A measure of resiliencethedstatus of the
fishery, management, and conservation are listeddoh species.

b c
Common name?® Occur.rer_lce Abundance Resilence’ Fishery status worldwide® Management status IUCN f
(within present study) listing
American lobster Rare Very Low Unknown (Blue Fished (C/R) (NEFSC 2007) Managed None
Ocean Institute 2005) (NEFSC 2007)
Asteriid sea star Common Very Low No info available  No info available No info available None
Atlantic angel shark Rare Very Low Low Fishery closed in U.S. Managed Data
(Fishbase 2007) deficient
Atlantic croaker Common Low Medium Fished (C/R) Managed; Not None
overfished/ no
overfishing (ASMFC
2007; MD DNR 2007)
Atlantic sturgeon Rare Very Low Very Low Fished (C/R); Fishery Managed; Current Near thr.
closed in U.S. moratorium
(NEFSC 2007)
Black drum Rare Very Low Medium Fished (C/R) Managed None
(MD DNR 2007)
Black sea bass Uncommon Very Low Medium Fished (C/R) Managed; Not None
overfished,
overfishing status
unknown (ASMFC 2007;
MDDNR 2007)
Blue crab Common Very Low High (Blue Ocean Fished (C/R) Managed None
Institute 2005) (MD DNR 2007)
Blue mussel Rare Very Low No info available  Fished (C) (ME DMR 2007) Managed None

(ME DMR 2007)

54



Table 2.5 continued.

a Occurrence”  Abundance® . d _ e IUCN
Common name Resilience Fishery status worldwide® Management status listing'
(within present study) Isting
Bluefish Uncommon Very Low Medium Fished (C/R) Managed; Not None
overfished/ no
overfishing (ASMFC
2007; MD DNR 2007)
Bullnose ray Uncommon Low Very Low Fished (C) No info available None
Butterfish Uncommon Very Low High Fished (C/R) Managed; Not None
overfished,
overfishing status
unknown (NEFSC 2007)
Clearnose skate Abundant High Low Fished (C) Managed; Not None
overfished/ no
overfishing
(NEFSC 2007)
Cownose ray Uncommon Very Low Low Fished (C); No direct No info available Near thr.
fishery in U.S. waters
Deep-sea scallop Uncommon Low Medium Fished (C) Managed; Not None
(Blue Ocean Institute overfished, no
2005) overfishing
(NEFSC 2007)
Dusky shark Rare Very Low Very Low Fished (C); Fishery closed Managed; Listed as Near thr.
in U.S. waters (NMFS 2007a) "species of concern”
(NMFS 2007b)
Hermit crab Common Very Low No info available  No info available No info available None
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Table 2.5 continued.

b c
Common name? Occur.rer.we Abundance Resilience® Fishery status worldwide® Management status I.UC.N f
(within present study) listing
Jellyfish (unk) Uncommon Very Low No info available  No info available No info available None
Jonah crab Uncommon Very Low Unknown Not currently managed Not currently None
(Monterey Bay (Monterey Bay Aquarium: Seafood managed (Monterey Bay
Aquarium: Seafood Watch 2007) Aquarium: Seafood Watch
Watch 2007) 2007)
Knobbed whelk Common Medium No info available  Fished (C/R) (Monterey Bay Managed (VA MRC None
Aquarium: Seafood Watch 2007) 2007)
Lady crab Uncommon Very Low No info available  No info available No info available None
Little skate Abundant High Low Fished (C) Managed; Not None
overfished/ no
overfishing
(NEFSC 2007)
Long-finned squid Uncommon Very Low High Fished (C) (NEFSC 2007) Managed; No None
(Blue Ocean Institute overfishing
2005) (NEFSC 2007)
Northern Puffer Uncommon Very Low High No info available Not currently None
managed
Northern searobin Uncommon Very Low Medium Fished (C) No info available None
Northern stargazer = Uncommon Very Low Medium Fished (R) No info available None
Red hake Rare Very Low Medium Fished (C/R) Managed; Not None

overfished/ no

overfishing
(NEFSC 2007)
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Table 2.5 continued.

b C
Common name? Occur_rer_lce Abundance Resilience® Fishery status worldwide® Management status I.UC.N f
(within present study) listing
Rock crab Common Very Low No info available  No info available No info available None
Sand dollar Uncommon Very Low No info available  No info available No info available None
Scup Common Very Low Medium Fished (C/R) Managed; Not None
overfished,
overfishing status
unknown (ASMFC 2007)
Silver hake Rare Very Low Medium Fished (C) Managed; Not None
overfished/ no
overfishing
(NEFSC 2007)
Smooth butterfly Uncommon Low Very Low Fished (C); No direct No info available Data
ray fishery in U.S. waters deficient
Smooth dogfish Uncommon Low Low Fished (C/R) Not currently Near thr.
managed
Southern eagle ray  Uncommon Low Very Low Fished (C) No info available None
Southern kingfish Uncommon Very Low Medium Fished (C/R) Managed (GA DNR None
2007)
Southern stingray Common Medium Very Low Fished (C/R) No info available Data
deficient
Spider crab Abundant Very Low No info available  No info available No info available None
Spiny butterfly ray Uncommon Low Very Low Fished (C/R) No info available None
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Table 2.5 continued.

Common name?

Occurrence®

Abundance®

(within present study)

Resilience®

Fishery status worldwide®

Management status

IUCN
listing'

Spiny dogfish

Spot

Striped bass

Striped burrfish
Striped searobin

Summer flounder

Surf clam

Uncommon

Uncommon

Uncommon

Uncommon

Common

Abundant

Common

Low

Very Low

Very Low

Very Low

Low

Medium

Very Low

Very Low

High

Low

Fished (comm.)

Fished (C)

Fished (C/R)

No info available  Fished (R)

Medium

Medium

Fished (C/R)

Fished (C/R)

No info available  Fished (C) (NEFSC 2007)

Managed; Not
overfished/ no

overfishing
(NEFSC 2007)

Managed;
Overfished/

overfishing unknown
(ASMFC 2007)

Managed; Not
overfished,
overfishing status

unknown (MD DNR
2007; NEFSC 2007)

No info available

No info available

Managed; Not
overfished,
overfishing is
occurring (MD DNR
2007; NEFSC 2007)

Managed; Not
overfished/ no

overfishing (NEFSC
2007)

Vul.

None

None

None

None

None

None
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Table 2.5 continued.

Common name?

Occurrence® Abundance®

(within present study)

Resilience®

Fishery status
worldwide®

Management status

IUCN
listing'

Weakfish

Windowpane
flounder

Winter flounder

Winter skate

Uncommon Very Low

Abundant Low
Uncommon

Very Low

Abundant High

High

Medium

Medium

Low

Fished (C)

Fished (C)

Fished (C/R)

Fished (C)

Managed; Not
overfished/ no

overfishing (NEFSC

2007)

Managed; Not
overfished/ no

overfishing (NEFSC

2007)

Managed; Not
overfished/ no

overfishing (NEFSC

2007)

Managed; Not
overfished,
overfishing is

occurring (NEFSC 2007)

None

None

None

None

a. Species caught during HCRC trawl survey
b. Percent of tows in which species was present; Abundant: > 50%, common: 21-50%, uncommon: 6-20%, rare: <5% of tows (Data from present study).

c. Percent of total biomass that species comprised; High: >10%, Medium: 2-10%, Low: 1%, Very Low <1% of biomass (Data from present study).

d. Population doubling time; High: <15 months, Medium: 1.4-4.4 years, Low: 4.5-14 years, Very low: >14 years (FishBase 2007 unless noted otherwise).

e. Fishery status worldwide; C: commercial fishery, R: recreational fishery (FishBase 2007 unless noted otherwise).
f. IUCN Listing; Vul: vulnerable, facing high risk of extinction in the wild, Near thr.: near threatened, close to qualifying for threatened category in the future, Data deficient:
appropriate data are lacking (IUCN 2006).
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Figure2.2. Percentage of total biomass and count data fgorrtexa caught during the 2005 and 2006 horsestadetrawl surveys.
Skates and horseshoe crabs comprised the majbstah.
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Figure 2.5. Cluster ordination using non-metric multidimensibscaling (NMS) with a
Bray-Curtis distance measure for species compaositada collected during the 2005
horseshoe crab trawl survey. Sites formed twondisgroups: one group of all southern
sites and one group of mostly northern sites. Tezatpre and salinity explained most of
the variation in species composition among sites.
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Figure 2.6. Cluster ordination using non-metric multidimensibscaling (NMS) with a
Bray-Curtis distance measure for species compaositada collected during the 2006
horseshoe crab trawl survey. Sites formed twondisgroups: one group of all southern
sites and one group comprised of northern and soutites. Temperature and depth
explained most of the variation in species compwsi&mong sites.
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Figure2.7. Cluster ordination using non-metric multidimensibscaling (NMS) with a
Bray-Curtis distance measure for species compositatlected at sites during the 2005
and 2006 horseshoe crab trawl survey. Sites fotmedlistinct groups: one group of all
southern sites and one group comprised of mostiyhem sites. The group comprised
on mostly northern sites contained three sub-gromms subgroup comprised of northern
and southern sites (“Intermediate”), one sub-grofugll northern sites (“Northern”), and
the last sub-group comprised of northern, deepvgaties (“Deep”). Temperature
explained most of the variation in species compwsi&mong sites.
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Chapter 3.
Examining current and alternative approaches imasihg biomass of horseshoe crab

(Limulus polyphemygdandings along the Middle Atlantic Bight.

Abstract

Conversion factors are currently used by statasgaiioe Atlantic coast to convert
landing data from numbers of horseshoe crabs todss (pounds) of crabs. However
the accuracy of these conversion factors has rest teoroughly investigated. These
conversion factors vary by state, for example Vii@iuses one conversion factor to
estimate the biomass of harvested horseshoe evAbsgas New Jersey and Delaware
each use two conversion factors, one for malesoardor females, to estimate biomass.
| designed a study to test the accuracy of the &mmn factors used by the states of
Maryland, New Jersey, Delaware, and Virginia andeweelop and test an alternative
approach, using prosomal-width-to-crab-weight eignat to estimate the biomass of
landing data. | derived two width-weight equatidrsn individual prosomal width and
weight measurements collected in trawlable wat#rthe coasts of New York, New
Jersey, Delaware, Maryland, and Virginia. | tedtezse two approaches (i.e., using
conversion factors versus using width-weight equmef) with four independent data sets.
The calculated width-weight equation provided atrekly accurate prediction of weight,
but not more accurate than the conversion factkaisare currently used by New Jersey,
Delaware, and Maryland. The width-weight equatiand the conversion factors used by
New Jersey, Delaware, and Maryland predicted bismasch more accurately than

conversion factor that is currently used by théestd Virginia. On average, the Virginia
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conversion factor underestimated biomass 45% nhae the conversion factors used by
New Jersey, Delaware, and Maryland. This studgssis that of the approaches |
tested, using two conversion factors, based oniséite best method to estimating

biomass from landing data reported in numbers afd=hoe crabs.

I ntroduction

Horseshoe crabsimulus polyphemygsare considered a multiple-use resource.
They are valued by many stakeholders, includingroergial fishers, biomedical
companies, and environmental interest groups (Bearksid Shuster 1999). Horseshoe
crabs are commercially harvested and sold as afrherican eelAnguilla rostratg
and whelk Busycotypuspp.) fisheries (ASMFC 1998). This species is alsrvested
for biomedical companies because its copper-based ltontains a unique clotting
agent (LAL, Limulus Amoebocyte Lysate) that is usedletect pathogenic endotoxins
on medical devices and in injectable drugs (Novits884; Mikkelsen 1988). Horseshoe
crabs are ecologically important because their egg#e as a food source for migrating
shorebirds (Shuster and Botton 1985; Mikkelsen 1988

Despite their importance to many stakeholdersag wot until 1998 that a
Fishery Management Plan (FMP) was developed fergpecies. Current regulations
require commercial fishers to report the harvestateshoe crabs for bait or biomedical
companies to the National Marine Fisheries Ser(hiddFS) (ASMFC 1998). These
landings must include the sex, harvest method, eunand pounds of all horseshoe
crabs harvested (ASMFC 1998). However, in manggdsshers do not report landings

in pounds, but only in numbers of crabs landednv@csion factors are then used by state
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agencies to convert number of crabs to pounds (ASM$98). Due to the uncertainty in
these conversion factors and resulting biomassasts, managers only use numbers of
crabs (not biomass) when assessing the status stdbk (S. Michels, Delaware

Division of Fish and Wildlife, personal communiaat).

The conversion factors used to convert landings fnambers to pounds of
horseshoe crabs vary by state and are based aysBvcollected fishery-independent
and fishery-dependent data (J. Brust, New Jers@aiDaent of Fish and Game, personal
communication; S. Michels, Delaware Division oftFend Wildlife, personal
communication; S. Doctor, Maryland Department ofudal Resources, personal
communication). Some states, such as Virginiapaggone conversion factor (2
Ibs/crab; L. Gillingham, Virginia Marine Resourcer@mission, personal
communication) to calculate the weight of each d¢ralvested. Other states, such as
New Jersey, Delaware, and Maryland, use two cororefactors, taking the sex of the
horseshoe crab into account (New Jersey/Delawdat2:1bs/female crab, 2.32 Ibs/male
crab; S. Michels, Delaware Division of Fish and #life, personal communication;
Maryland: 4.97 Ibs/female crab, 2.12 Ibs/male c&loctor, Maryland Department of
Natural Resources, personal communication).

The accuracy of these conversion factors has ret feroughly investigated. |
designed a study to test the accuracy of the cemrefactors currently used by the states
of New Jersey, Delaware, Maryland, and Virginia &mtest an alternative approach to

estimating the biomass of landing data (using pr@ewidth-to-crab-weight equations).
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Methods
Calculating the width-weight equations

To develop prosomal-width-to-crab-weight equatiomsith and weight
measurements were collected from horseshoe crabg #ie Atlantic coast from the
eastern tip of Long Island, New York (approximatéiy50'W and 4204’N) to the
southern tip of the Delmarva Peninsula, Virginipg@ximately 7855'W and 3705'N)
during September, October, and November of 20052808, and June of 2006 (Figure
3.1). Trawling gear, specifically a flounder negs used to collect all crabs. The ground
gear was modified with a Texas sweep, which hdsaadine instead of a footrope (Hata
and Berkson 2003; Hata and Berkson 2004). | rezbptosomal width (to the nearest 1
mm), weight (to the nearest 0.01 kg), sex, and nigtior all or a subsample of
horseshoe crabs at each site. Maturity was dedsiito three groups: immature, newly
mature (primiparous), and mature (multiparous).tuvity stages in females were not
always morphologically distinct, so some individsibhd to be probed with an awl to
look for eggs and determine the stage of matufigmales with eggs but no rub marks,
which are indicative of amplexus, were categoriaetewly mature and those with eggs
and rub marks were categorized as mature (D. Na@inia Tech, personal
communication). During the fall seasons of 2008 2006, | collected measurements
during the horseshoe crab trawl survey conductethdydorseshoe Crab Research
Center (HCRC) at Virginia Tech (for methods seeaHatd Berkson 2004). All
horseshoe crabs were collected within 12 nautick@isnoff the states of New York, New

Jersey, Delaware, Maryland, and Virginia. In tbemer of 2006, | sampled horseshoe
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crabs aboard a commercial trawl vessel harvestagsdor a biomedical company off
the coast of Ocean City, Maryland.

| normalized the width and weight measurementsguaitog transformation.
Width-weight regression equations were calculateestimate the parameters of

conversion between width and weight, using the form
log, (WT) =log,(PW) b +log,(a),

whereWT = weight of a horseshoe crab (k¢dWV = prosomal width (mm)b = slope,
anda = y-intercept (EXCEL, 2003). | tested the slopéthe linear regressions using a
two sample t-test.
Choosing the conversion factors

The conversion factors currently used by eacle staéstimate the biomass of
landing data were reported in the horseshoe cstlerfy management plan (ASMFC
1998) and verified by researchers from state agsnditested the conversion factors
used by New Jersey, Delaware, Maryland, and Viggitlie conversion factor used by
Virginia is independent of sex, whereas New JerBeyaware, and Maryland use
separate conversion factors for males and femalesly wanted to test the conversion
factor(s) used by the Atlantic states between Nerk¥and Virginia to stay within the
same geographic range of the data collected toledécthe width-weight equations. The
state of New York does not use conversion faciastead, all management actions are
based on number of horseshoe crabs (R. BurgessYWdnDepartment of

Environmental Conservation, personal communication)

75



Obtaining the independent data sets

| used independent data sets containing individudth and weight
measurements of horseshoe crabs to test and cothpgreedictive accuracy of the state
conversion factors and the calculated width-weaghtations. | obtained these data sets
from researchers from universities and state agser(dl. Botton, Fordam University,
personal communication; S. Michels, Delaware Donsof Fish and Wildlife, personal
communication; L. Gillingham, Virginia Marine Resea Commission, personal
communication). Four sets of data were used: thoee spawning surveys, each along a
different beach (i.e., the Delaware side of theald@lre Bay, the New Jersey side of the
Delaware Bay, and the Raritan Bay in New Jersapy one from commercial harvests
from Chincoteague, Virginia (i.e., conch dredge hadd harvest).
Estimating total biomass

| estimated the total biomass of each data segubkmconversion factors from
New Jersey, Delaware, Maryland, and Virginia. sbalised the appropriate width-weight
equation (i.e., based on the specific state, seknaaturity stage) to estimate the total
biomass of each data set by summing the estimateghtvof each horseshoe crab within
the data set. Lastly, to determine which methayigied the most accurate estimate of
biomass, | compared the two methods used to egtimaight to the total observed

biomass for each data set (i.e., conversion faetodscalculated width-weight equations).
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Results
Calculated width-weight equations: estimates of biomass

In total, 925 horseshoe crabs were sampled theutghe study area (Figures 3.1
and 3.2, Table 3.1). The slopes of the relatignbletween prosomal width and
horseshoe crab weight were significantly differdeetween males and femalés(
177.43;P < 0.05). I|therefore developed two prosomal-widthwieight equations for
testing: one for female horseshoe crabs and onade horseshoe crabs (Table 3.2).
Maturity stage was not incorporated into these ggug because it is not feasible for
fishers to report the maturity stage of every helse crab harvested.

These calculated with-weight equations slightlyregémated or underestimated
the weights of horseshoe crabs from the spawningeguata sets by 3 - 12% (Figure
3.3; Table 3.3). The calculated width-weight etpreg overestimated the weights of
crabs collected from the Virginia conch dredgedighby 23 - 29% (Figure 3.1).
Conversion factors: estimates of biomass

The conversion factors currently used by New Jeelaware, and Maryland
provided a more accurate estimate of biomass tiendnversion factor used by
Virginia. The New Jersey, Delaware, and Marylaodwersion factors overestimated or
underestimated the total observed biomass forghesing survey data sets by 1 - 15%
(Table 3.3). These conversion factors overestichtite biomass of the Virginia
commercial harvest data set by 2.7 - 18% (Tablg 3[Be conversion factor used by the
state of Virginia consistently underestimated tlertass of horseshoe crabs from all data
sets, in some cases by more than 50% (Table 3I8).conversion factor used by

Virginia provided a more accurate estimate of timenass of male horseshoe crabs, only
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underestimating biomass by 3 - 19% (Table 3.3)weier, the biomass of female
horseshoe crabs was not accurately estimated, baohgyrestimated by 53 - 66% (Table

3.3).

Discussion
Calculated width-weight equations: estimates of biomass

In most cases, the width-weight equations sligatiglerestimated biomass of
horseshoe crabs collected during Delaware and Nesey spawning surveys (Table 3.3;
Figure 3.3). This may be due to the time of ybat horseshoe crabs were sampled. The
measurements used to create the width-weight emsatvere only taken during summer
(June) and fall (September, October, and Noventhenths and therefore might not
accurately predict the weight of horseshoe craésate sampled during the rest of the
year. Measurements from the spawning surveys ealected during spring months,
when female horseshoe crabs may have been heaedo édditional weight from eggs.
Some of the measurements collected during the Spgwarvey may have been recorded
after a female had laid her eggs. However, thesselshoe crabs would still have many
eggs in their prosoma because female horseshog r@atest several times during
spawning events (Brockmann and Penn 1992), laylimsiars of a few thousand eggs
each time (Shuster and Botton 1985). Males wslb aikvisit beaches several times
during spawning season (Brockmann and Penn 19@Pnary be heavier due to the
weight of sperm during this time.

The width-weight equations did not predict the virtigf crabs from commercial

harvest in Virginia as accurately as they predietecyhts from the New Jersey and
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Delaware spawning surveys. | expected the cakedlaidth-weight equations to
accurately estimate the weight of the horseshdesgampled from Virginia commercial
harvests because all of these measurements wégetedlin trawlable waters. Instead,
the horseshoe crabs in the commercial data setajgneeighed less than crabs used to
calculate the width-weight equations. Horseshabesfrom Virginia may be
morphologically distinct from other populations kit our study area; however this is
probably not the case. Past research has showpdpalations along the Middle
Atlantic Bight are very similar in morphology (Shes1979; Riska 1981). One possible
explanation of the width and weight differencesassn horseshoe crabs from Virginia
compared to other areas is that the measuremdidsted from Virginia commercial
fishery were taken after spawning season, wheuortdes had left the beaches and
returned to deeper waters. Body weight may haceedsed due to the loss of eggs and
sperm. The majority of horseshoe crabs that werasored to create the width-weight
equations were sampled in the fall season, a fentims@after spawning season. These
horseshoe crabs may have weighed more due to nehelsaof eggs and sperm being
produced for the next spawning season. Measurnog ef the observed weights of the
horseshoe crabs from the commercial data may Hagéaen a factor.
Conversion factors: estimates of biomass

The conversion factors currently used by New JeiBelaware, and Maryland
were more accurate at estimating the biomass eklsbpe crabs than the conversion
factor used by Virginia. Using two conversion fast one for females and one for
males, provided a more accurate estimate of biothassusing one conversion factor

that was independent of sex. Using two converfaotors that are based on sex is more
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appropriate because, on average, mature femaledtmrs crabs have wider prosomal
width and associated weight than male horseshdis ¢héanasaki 1988; Figure 3.2). A
mature female horseshoe crab also has additionghtvaue to the many eggs (88,000
eggs/mature female; Mikkelsen 1988) within her proa. These factors increase the
weight of a female horseshoe crab, generally makimgich heavier than a male
horseshoe crab.

According to the data collected to calculate thdtlhwweight equations,
significant differences exist in the width-weigbktationship of mature female horseshoe
crabs compared to mature male and all immatureeBboe crabs. The larger prosomal
width and greater weight of mature female horseshales were most likely the major
factors contributing to the difference in the widtkight relationship. The results from
this study suggest that the average weight perma&male horseshoe crab is much
greater than for mature male horseshoe crabs.efdrer it is appropriate that different
conversion factors should be used when estimatagveight of female and male

horseshoe crabs.

Management implications

Before this study, there had not been an assesohtrd accuracy of the
conversion factors that are currently used by marsaip calculate the total biomass of
horseshoe crabs landed. Although landings repadgazbunds currently are not used to
manage stocks, it may be important to provide ateusiomass estimates of harvest data
for future management purposes. Therefore, anraiecaonversion method should be

developed.

80



At best, width-weight equations provide biomasaeastes that are not notably
more accurate than properly used conversion factbine width-weight equations
calculated in this study may be helpful for reskars who want to estimate the weight of
an individual horseshoe crab based on a measuosdmal width, but are probably not
feasible for management purposes. To calculatevéight of a crab using the width-
weight equations, the prosomal width must be measu€urrently, fishers are not
required to report the prosomal width of each hste@ horseshoe crab. This would be
extremely time-consuming for fishers, especiallyséhthat are harvesting hundreds of
horseshoe crabs in a matter of hours. An obs@nagiram could be implemented to
measure prosomal widths for a subsample of comaleratch and the measurements
could be converted to biomass using the width-wteggjuations. This might provide
managers with an estimate of harvested biomassgVvewdeveloping accurate
conversion factors may be a more efficient apprdaastimating total biomass of
landing data based on numbers of horseshoe crabsshed.

It is clear that some conversion factors used atgesigencies are better than
others in their accuracy of calculating biomaske Tonversion factor used by Virginia
assumes that the average weight of a sample oé$luwe crabs is two pounds. However,
the conversion factor used by Virginia consistentigerestimated the total biomass of a
sample, especially of female horseshoe crabsornresases biomass was underestimated
by more than 50%, suggesting that an estimate @ptwunds for each female horseshoe
crab is far too low (Table 3.3).

Currently there are no size restrictions on theroencial fishery, thus allowing

fishers to harvest horseshoe crabs of all sizesveder, biomedical companies require
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harvests of adult horseshoe crabs (> 8” proson@thywbecause they contain more blood
than smaller horseshoe crabs (Hurton 2003; ASMRIGRD These catches, comprised
of larger, heavier horseshoe crabs, that are hadésr biomedical companies would
most likely be underestimated using the Virginiawersion factor.

The conversion factors currently used by New JerSelaware, and Maryland
seem to provide accurate estimates of horseshbebmmass. Currently, all horseshoe
crab landings along the Atlantic coast are requiodoe reported by sex (ASMFC 1998).
Since these data are already being collectedermsenly reasonable that two conversion
factors, based on sex, be used to convert landitegfcdom number of horseshoe crabs to
biomass of horseshoe crabs. Using two conversictoffs is also more feasible for
management purposes because, currently, many istizodst states are regulating the
harvest of horseshoe crabs based on sex. Newy drddelaware currently only allow
male horseshoe crabs to be harvested (ASMFC 2008a)yland allows both male and
female horseshoe crabs to be harvested, but esfarsex ratio of 2:1 (males:females)
(ASMFC 2006b). Using two conversion factors, basedex, should provide an

accurate estimate of biomass despite the diffesegratios among states.

Conclusion

Based on this study, an accurate estimate of bigweas be obtained using a
conversion method that incorporates sex and proseidth of each individual
horseshoe crab. However, this method may notdmlfle for management. This
method would be very difficult to implement and diot provide an estimate of biomass

that was more accurate than the conversion fatiatsare currently used by New Jersey,
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Delaware, and Maryland. It seems that the mogitticed approach to estimating biomass
from data reported by number of horseshoe craluethis to use two conversion factors:
one for females and one for males to account ®wtriation of weight between the
sexes. However, | also suggest that researcherstfrese states should continuously
collect data on the average weight of female anié imarseshoe crabs in order to fine
tune these conversion factors. In this way, tlreeigcy of these conversion factors could

be improved, thereby providing better data for fetomanagement assessments.
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Table3.1. Prosomal width and horseshoe crab weight charsiits for female, male,
and combined sexes of horseshoe crabs.

Width characteristics (mm) Weight characters(kg)
n Mean SE Min  Max Mean SE Min  Max
Female 482 227 +2.36 82 321 1.80 +0.05 0.10 3.94
Male 443 194 +1.43 80 292 0.87 +0.01 0.10 3.14
Both 925 211 +1.51 80 321 1.36 +0.03 0.10 3.94
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Table3.2. Parameters of the relationshipg,(WT) =log,(PW) [b +log,(a ) between
prosomal width and weight for female, male, and loimed sexes of horseshoe crabs.

n a b SE(a) SE(b) R
Female 482 3.0246 -15.974 +0.024  +0.130 0.971
Male 443 2.6378 -14.090 +0.041  +0.215 0.904
Both 925 3.0134 -15.985 +0.024  +0.126 0.947
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Table 3.3. Two methods of estimating biomass were testedtfiiveight equations calculated from measuremekentduring a
horseshoe crab trawl survey and conversion factorently used by various state agencies) usinggaddent data sets that
contained width and weight measurements from iddi&i horseshoe crabs. The percentage that eatloan@ter- or under-
estimated biomass of female (F), male (M), an@lglhorseshoe crabs is listed in the table below.

Total observed weight Percent total weight (kg) was overestimated (+Qraderestimated (-) using:

. : . NJ/DE conversion
k -
(kg) Width-weight equations factoré

Data set F M T F M T F M T F M T F M T
Spawning survey
Delaware Bay,
New Jersey
(n =379)
Spawning survey
Raritan Bay,
New Jersey
(n =303)
Spawning survey
Delaware Bay,
Delaware
(n =348)

Conch fishery
Atlantic Ocean,
Virginia

(n =252)
Conversion factor(s) used by each state: a. M&e2 Ibs/crab, Female = 5.12 Ibs/crab (NMFS 19882.0 Ibs/crab (L. Gillingham, Virginia Marine
Resource Commission, personal communication);Mate = 2.12 Ibs/crab, Female = 4.97 Ibs/crab (&tbr, Maryland Department of Natural
Resources, personal communication)

MD conversion factofs VA conversion factdr

446 237 683 1% -12% 9% -13% 6% -10% -15% -15% 5%1 -66% -19% -50%

231 192 423 -3% -6% -4% +2% +7%  +4% -1% -2% -1% %60 -8%  -36%

631 90 721 5% -5% +4% -4% +1% -3% -1% -7% -1% -63%l3% -56%

378 55 433 29% +24% +29% +18% +13% +18% +15% +3% 3% 1 -54% -3% -47%
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Figure 3.1. Sampling location and number of horseshoe cradesnred throughout the
study area. Prosomal width and horseshoe cralhtweigre collected for 925 horseshoe
crabs along the Atlantic coast of the United States
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