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Managing natural resources for sustainability (i.e.,
balancing current human use with opportunities for

resource use by future generations) is a priority for managers
(Lubchenco et al. 1991, Klare 2001, Palmer et al. 2004). Over
the past 40 years, ambiguous legislation, insufficient research,
jurisdictional disputes between agencies, and conflicting at-
titudes, values, and policy preferences of stakeholders have con-
tributed to the increasing frequency, intensity, and
intractability of environmental conflicts. Because disputes
over natural resources can result in legislative impasse, po-
larization of stakeholder groups, and diversion of staff time
and budgets into time-consuming political, judicial, and ad-
ministrative processes, sustainable management of resources
will require more sophisticated tools to diagnose the causes
of these conflicts.

Intricate interactions exist among the components of ex-
ploited ecosystems. Resource managers and environmental
professionals often fail to examine how humans function
within ecological systems. When people are included in these
analyses, they are often treated as a monolithic entity; the vast
differences in how stakeholder groups perceive and affect
the environment are given little regard. One heuristic tool of
ecology, the food web, has been used to identify testable 
hypotheses about consumptive (lethal) interactions (Paine
1980, Link 2002). When elaborated into a broader biosocial
framework, this approach can guide our understanding of
environmental conflicts and their associated causes, effects,
and potential solutions.

The allocation of exploited species by state and federal
agencies is often highly contentious. The divisive response of
both consumptive and nonconsumptive stakeholders to the
allocation of horseshoe crabs (Limulus polyphemus) can serve
as a model system for the examination of environmental
conflicts, because the biological components (the exploited
resource and its prey, predators, and competitors) and soci-
ological components (human attitudes, values, management
programs, and political actions) of the horseshoe crab system
are typical of many natural resource conflicts. For example,
horseshoe crab allocation decisions on the northeastern and
mid-Atlantic coasts of the United States are characterized
by biological and quantitative challenges (e.g., how to estimate
population sizes in a highly variable ecosystem with incom-
plete data, how to transition from traditional single-species
management to ecosystem-based approaches) that are com-
mon to the management of many exploited resources. In
addition, the sociological complexity of the horseshoe crab
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Ambiguous legislation, insufficient science, jurisdictional disputes, and conflicting values of stakeholders have contributed to the increasing frequency
of natural resource conflicts. The allocation of horseshoe crabs in Delaware Bay and Cape Cod Bay can serve as a model system for understanding
resource conflicts, because relationships among biophysical and human systems in this example typify many environmental controversies. Herein,
we use an interaction web to build a conceptual framework for identifying potential conflicts. Specifically, we identify four subconflicts involving 
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depicting and graphically displaying biosocial relationships, can provide a generalized approach for understanding a broad range of environmental
conflicts.

Keywords: environmental conflict, conflict resolution, food webs, horseshoe crab, Limulus

Downloaded From: https://complete.bioone.org/journals/BioScience on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use



system involves stakeholder groups and other participants
common to many natural resource conflicts (e.g., commer-
cial harvesters, outdoor recreationists, environmentalists, sci-
entists, managers, and policymakers; Berkson and Shuster
1999, Walls et al. 2002). Furthermore, the unique role of the
biomedical industry in horseshoe crab conflicts allows us to
posit some additional hypotheses about socioeconomic mo-
tivations and environmental justice. If we can identify and
graphically display the relationships among these diverse
stakeholders using an interaction web, then this approach may
have broad utility for examining a variety of complex natural
resource conflicts.

In developing an interaction web that models the horse-
shoe crab allocation conflict, we address the following sets of
questions. First, with what nonhuman coastal taxa does the
horseshoe crab interact, and what is the nature of these in-
terrelationships? Second, what are the consumptive and non-
consumptive human uses of horseshoe crabs—that is, who
are the principal stakeholders and what do we know about
them? Here, we define any use that kills horseshoe crabs as con-
sumptive and any activity that focuses on horseshoe crabs
without killing them as nonconsumptive. Third, how do 
interactions among these competing user groups give rise to
social and political conflicts over horseshoe crab allocation?
Fourth, do the dynamics of the conflict change when the
relative importance of stakeholders is quantified using different
demographic metrics? Finally, how useful is the interaction
web as a conceptual framework for identifying the range 
of stakeholders (and their associated attitudes, values, and 
positions), gaps in the scientific information, research ques-
tions, and causes of conflicts in general? 

Biosocial background
Much has been written about the biology of horseshoe crabs
and their role in coastal ecosystems (Bonaventura et al. 1982,
Walls et al. 2002). In this background section, we briefly re-
view relevant aspects of horseshoe crab biology so that the nu-
ances of horseshoe crab allocation conflicts can be understood.
To set up our conceptual framework, we also provide an
overview of trophic interactions that involve horseshoe crabs.
Next, we introduce the human stakeholders. We close this
background section with an overview of two conflicts, in
Delaware Bay (located between New Jersey, Delaware, and
Maryland) and southeastern Massachusetts. In both loca-
tions, intense conflicts over the allocation of horseshoe crabs
have occurred in the past 15 years. Our abbreviated history
introduces the context in which the primary human stake-
holders, policy issues, and contested biological science have
emerged. Although the account is greatly simplified, we in-
tentionally retain a degree of complexity to illustrate that
these conflicts resist simple solutions.

Review of horseshoe crab biology. The Atlantic horseshoe crab,
Limulus polyphemus, is an arthropod, most closely related to
extinct trilobites (Shuster and Anderson 2003). Its closest
living relatives are spiders and scorpions. Having changed 

little in its external appearance over the past 200 million
years (Shuster and Anderson 2003), this “living fossil” is
found primarily in shallow coastal waters of the North Atlantic,
less than 30 meters deep (Botton and Ropes 1987). The largest
population occurs in Delaware Bay, although Limulus is also
found in other locations, including Cape Cod Bay (Shuster
1982). Each spring, during the highest tides of the lunar 
cycle, horseshoe crabs aggregate in large numbers to mate.
Females deposit multiple clutches of up to 4000 eggs, typically
on sandy beaches, with about 80,000 eggs laid per female per
season (Shuster and Botton 1985). If undisturbed, horse-
shoe crab eggs remain buried in the sand until they hatch and
metamorphose into juvenile horseshoe crabs, which emerge
after about 1 month (Shuster 1982). At high spawning den-
sities, some buried eggs and larvae of horseshoe crabs become
exposed by wave action and the digging activities of other
spawning females. The percentage of eggs disturbed by waves
and subsequent spawning cohorts may vary greatly by day, sea-
son, and year. Exposed eggs do not develop, and in Delaware
Bay they become a critical food source for at least 11 species
of shorebirds, including ruddy turnstones (Arenaria interpres),
sanderlings (Calidris alba), semipalmated sandpipers (Calidris
pusilla), and red knots (Calidris canutus) (Castro and Myers
1993). In addition to their role in providing forage for shore-
birds, horseshoe crabs may influence benthic community
structure and primary productivity in coastal ecosystems.
Adult horseshoe crabs rototill the bottom as they move and
forage in coastal bays. This agitation and feeding can disturb
the benthic community (Kraeuter and Fegley 1994), oxy-
genate substrates, and potentially resuspend previously un-
available nutrients.

Overview of ecological interactions and human stakeholders.
Many human groups interact with horseshoe crabs. Because
they consume bivalves (Botton 1984), horseshoe crabs are
sometimes viewed as competitors by humans who harvest
clams and oysters. In the northeast and mid-Atlantic, horse-
shoe crabs also have been harvested commercially for use as
bait in so-called conch traps (for catching whelk, Busycon car-
ica, Busycotypus canaliculatus) and in eel pots (for the com-
mon eel, Anguilla anguilla). Because the millions of migrating
shorebirds that stop in Delaware Bay depend on horseshoe
crab eggs to regain as much as 40% of their body weight
(Castro and Myers 1993), this unique and spectacular natural
phenomenon attracts birdwatchers, ecotourists, and other
environmentally interested observers from all over the world.
Some conservation groups and resource managers are very
concerned over the status of red knot populations and impacts
to their forage base (Rist 1997,Hajna 2003). Finally, in 1968,
scientists at the Woods Hole Marine Biological Laboratory dis-
covered that Limulus amoebocyte lysate (LAL), refined from
the unique copper-based blood of horseshoe crabs, could be
used to detect small amounts of endotoxin contaminants in
medical products slated for human use (Levin and Bang
1968).
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A tale of two horseshoe crab conflicts. Surprisingly, the
horseshoe crab—a seemingly headless, furless living fossil—
has become a poster child for the conservation community
and is at the center of several contentious legal battles. Dur-
ing the 1990s, demand for horseshoe crabs to supply bait for
the rapidly expanding whelk fishery led to larger horseshoe
crab harvests coastwide, especially in Delaware Bay (ASMFC
1998). As a result, in 1997, New Jersey Governor Christie
Whitman, under pressure from environmental groups, issued
an emergency ruling that temporarily prohibited commercial
harvest of horseshoe crabs in the New Jersey portion of
Delaware Bay. These environmental groups were concerned
about the decline of migratory shorebird populations that 
depend on horseshoe crab eggs. In response to an appeal by
the Delaware Bay Watermen’s Association, a three-judge New
Jersey Superior Court panel lifted this ban, thus allowing the
commercial harvest of the horseshoe crab to resume. The same
day, however, the New Jersey Division of Environmental Pro-
tection obtained an injunction against this decision, pending
its appeal to the New Jersey Supreme Court. Soon afterward,
New Jersey, along with Delaware and Maryland, adopted
stricter horseshoe crab harvest regulations that resulted in re-
duced commercial fishing pressure on horseshoe crabs in
these regulated states.

However, harvest increased dramatically in Virginia and in
offshore waters (ASMFC 2000). In response, the Atlantic
States Marine Fisheries Commission recommended a harvest
moratorium in Virginia and the establishment of a 1500-
square-mile (3885-square-kilometer) federal horseshoe crab
sanctuary in Delaware Bay. Despite vigorous opposition from
commercial fishers, both actions, supported by environ-
mental groups, were implemented in 2001 (ASMFC 2001).
Throughout the conflict, scientific uncertainty regarding the
status of horseshoe crab population trends exacerbated de-
bates over what level of harvest was sustainable. And the
conflict continues.

After a short quiet period, the conflict erupted again in 2002
when a coalition of environmental groups announced a new
campaign (DNJ 2003). Then in 2004, after considerable pub-
lic debate, new rules were adopted that reduced harvest and
closed Delaware Bay to horseshoe crab harvests during the
peak bird migration season (ASMFC 2004).

After the changes in Delaware Bay regulations in 1997,
the small, local commercial harvest of horseshoe crabs for
whelk bait in Massachusetts increased, partly to meet de-
mand previously supplied by Delaware Bay fishers (ASMFC
2000). In response to pressure from environmental groups,
the US Fish and Wildlife Service (USFWS) and National
Park Service (NPS) banned horseshoe crab harvest by com-
mercial fishers in the waters of Pleasant Bay adjacent to
Monomoy National Wildlife Refuge and the Cape Cod Na-
tional Seashore. These closures were based on regulatory
provisions that prohibit commercial use of resources within
USFWS and NPS jurisdictions (Braile 2000). To reverse this
closure, a commercial fisherman sued the Department of
the Interior in the Massachusetts District Court (civil action

00-10549-RWZ). The Massachusetts Division of Marine
Fisheries filed an amicus curiae brief, siding with the com-
mercial fisherman. In this brief, the agency argued that (a) no
convincing evidence existed that horseshoe crabs were over-
fished, (b) horseshoe crabs were de facto “shellfish,” and, be-
cause of this, (c) federal agencies had exceeded their
jurisdiction by interceding in the management of state fish-
ery resources. In agreement, the presiding judge in Boston’s
US District Court lifted the commercial fishing ban in May
2000. However, a year later, this decision was reversed, again
prohibiting commercial fishing within Cape Cod National
Seashore. In this last decision, the judge ruled that, taxo-
nomically, horseshoe crabs were neither fish nor shellfish
and thus were not “grandfathered in” for state management
when the National Seashore was established.

The conflicts over allocation of horseshoe crabs in Delaware
Bay and along the Massachusetts coast exhibit striking sim-
ilarities. In both locations, commercial fishers, several envi-
ronmental groups (including birdwatchers), the biomedical
industry, and regulatory and management agencies are the pri-
mary adversaries. In both locations, complex social, eco-
nomic, and political factors are critical. In both locations,
biological science is contested. For example, in Delaware Bay,
before any of the court battles began, scientists were asked to
review data on horseshoe crab population levels. Unfortu-
nately, existing information was inadequate to determine
whether populations were stable, increasing, or declining
(ASMFC 1998). Similarly, although early evidence existed
that horseshoe crabs in at least one Cape Cod location had
declined (Widener and Barlow 1999), another study now
indicates that some Massachusetts horseshoe crab populations
are much larger than previously thought (Carmichael et al.
2003). Although carefully conducted systematic surveys are
now being undertaken to help resolve these points of contested
biological science, important questions about ecological pat-
terns and population trends remain unresolved. Despite
many similarities between the conflicts in Delaware Bay and
in Massachusetts, some of the reasons behind these lawsuits
differ. In Delaware Bay, the immediate conflict was primar-
ily between birdwatchers’ organizations and commercial fish-
ers. In Massachusetts, lawsuits revolved around agency
jurisdiction. In both locations, although punctuated by frag-
ile, short-term settlements, these conflicts continue to erupt,
suggesting that they resist superficial, short-term solutions.

Development of the interaction web
Our goal was to identify and graphically depict factors un-
derlying horseshoe crab allocation conflicts. To do this, we de-
veloped a medium-complexity interaction web that can reveal
potentially important policy questions.Although previous re-
search explores a variety of issues related to horseshoe crabs,
we synthesize and integrate only the recent literature on their
trophic interactions (figure 1). We focus on horseshoe crab
adults and eggs in the inshore habitat. Based on organismal
references for the years 1954–2004, our conceptual framework
illustrates what is known about organisms that eat or use
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horseshoe crab eggs and adults, and about organisms that are
eaten by adult horseshoe crabs. Here we focus on recent
peer-reviewed literature on predator–prey interactions
(1984–2004).

Based on this review, our interaction web organizes, by ap-
proximate trophic level, the interrelationships of humans
and nonhuman species directly linked to horseshoe crabs. As
in other published food webs (e.g., Link 2002),
we aggregated species on the basis of func-
tion, particularly at lower trophic levels (e.g.,
bacteria, small benthic invertebrates, plank-
ton). We retained all groups with direct links
to horseshoe crabs and separated out the pri-
mary human users. We initially examined in-
teractions between trophic levels (vertical
linkages), with the ultimate goal of identifying
critical connections within trophic levels (hor-
izontal linkages), as these potential competitive
interactions could signal conflicts. In the first
interaction webs (figures 2, 3, 4), unshaded
rectangles represent nonhuman species that ei-
ther eat or are eaten by horseshoe crabs or
their prey; shaded rectangles represent con-
sumptive human users (those who kill or po-
tentially kill horseshoe crabs); and shaded ovals
represent nonconsumptive human users (those
who interact with but do not kill horseshoe
crabs). Some horseshoe crabs die in biomed-
ical use; we classify this use of horseshoe crabs
as a hybrid of consumptive and noncon-
sumptive functions. Solid arrows represent di-
rect interactions that connect to horseshoe
crabs through vertical linkages. Dotted lines
show indirect effects or horizontal interactions
between two stakeholder groups as mediated
by the horseshoe crab. Dashed lines indicate 

potentially important interactions among human
stakeholder groups that are not directly related to
horseshoe crabs.

In figure 5, we estimate the relative importance of
stakeholder interactions with horseshoe crabs by quan-
tifying each stakeholder group using four demo-
graphic metrics (Fermata Inc. 2000, Manion et al.
2000, ASMFC 2004). The differential size of each rec-
tangle reflects (a) the number of horseshoe crabs har-
vested coastwide; (b) the number of jobs associated
with the direct use of horseshoe crabs coastwide (i.e.,
the approximate number of fishers who harvest horse-
shoe crabs or who depend on horseshoe crabs for
harvesting eel or whelk, and those employed in the bio-
medical industry); (c) the estimated economic con-
tribution or income generated by the different
horseshoe crab–related job categories for commercial
fishers and biomedical sectors coastwide and for bird-
ers in Delaware Bay; and (d) the number of people po-
tentially affected by the impact of consumptive and

nonconsumptive interactions with horseshoe crabs on shore-
bird migration in Delaware Bay. We use these measures be-
cause data on them, albeit limited, were readily available
from technical reports. Coastwide estimates provided the
most consistent measure for comparing stakeholder sectors
for harvest and jobs, but economic data for birdwatchers
were available only for Delaware Bay. The number of horse-
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Figure 1. Areas addressed by recent horseshoe crab research. Here we
focus only on trophic interactions.

Figure 2. Conceptual framework depicting nonhuman components that inter-
act with horseshoe crabs. Interactions are organized by trophic level, indi-
cated in the left margin (a–f). Both autochthonous (autotrophic) pelagic (web
1) and allochthonous benthic (web 2) pathways are shown. White rectangles de-
pict nonhuman taxa. Economically important molluscan species are quahogs
(Mercenaria), softshell clams (Mya), and other bivalves (Mytilis and Spisula).
Economically unimportant species are dwarf surf clams (Mulinia), gem clams
(Gemma), and other bivalves (Siliqua, Nucula, Ensis, and Tellina; Botton
1984). In all diagrams, all interactors are in the same positions in the web.
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shoe crabs harvested is a 5-year annual average (1999–2004;
ASMFC 2004), with the allocation split between whelk (85%)
and eel harvesters (15%) (Manion et al. 2000). Number of jobs
and job-related income include only jobs that contributed a
significant portion of annual income (Manion et al. 2000). The
minimum estimate of number of people potentially affected
includes jobs, as described above (Manion et al. 2000); the
maximum estimate includes jobs plus the number of par-
ticipating birders and ecotourists in Delaware Bay (Fermata
Inc. 2000, Manion et al. 2000). Although sociodemographic
information related to human shellfishers is important, we do
not include it because existing summaries do not accurately
assess the critical contribution of human inshore shellfishing
and aquaculture to the Massachusetts and Delaware Bay
economies.

The horseshoe crab food web. Horseshoe crabs utilize both
autochthonous and allochthonous production from pelagic
and benthic food webs (figure 2; Carmichael et al. 2004). Phy-
toplankton are at the base of the autotrophic pelagic food web
in both Cape Cod Bay and Delaware Bay (figure 2). These are
consumed by a variety of primary consumers, including zoo-
plankton and bivalves (figure 2). Bivalve shellfish consume
both phytoplankton and zooplankton (figure 2). Shellfish
that inhabit coastal ecosystems and are preyed on by horse-
shoe crabs include economically important species harvested
by humans (e.g., northern quahogs, Mercenaria mercenaria;
softshell clams, Mya arenaria; blue mussels, Mytilus edulis; surf
clams, Spisula spp.) as well as economically unimportant 
bivalves (e.g., dwarf surf clams, Mulinia lateralis; amethyst gem
clams, Gemma gemma; jackknife clams, Ensis spp.; razor
clams, Siliqua spp.; nutclams, Nucula spp.; macoma clams,
Macoma spp.; tellins, Tellina spp.) (figure 2; Shuster 1982,
Botton 1984, Botton and Haskin 1984). As generalist feeders
with specialized appendages that can grind hard food, adult
horseshoe crabs prey on bivalves (figure 2; Botton 1984,
Botton and Haskin 1984, Botton and Ropes 1989), as do
other invertebrate predators, such as whelk (figure 2; Flim-
lin and Beal 1993). A second allochthonous benthic food
web, based primarily on salt marsh and eelgrass production,
also exists in these coastal systems (figure 2). Deposit feeders
such as polychaete worms and other benthic invertebrates,
which feed in this web, are important prey for adult horse-
shoe crabs (figure 2; Shuster 1982).

Many vertebrate predators, including sharks, other fish, and
sea turtles, eat horseshoe crabs (figure 2). Benthic fish feed on
horseshoe crab eggs and larvae, sharks feed on the smaller ju-
veniles, and sea turtles feed on adults (Botton et al. 2003).
Many birds feed on horseshoe crab eggs, with some birds (e.g.,
gulls) consuming egg clusters and stranded adult horseshoe
crabs. Although the role of horseshoe crab eggs in the diet of
migratory shorebirds in systems other than Delaware Bay is
unknown or uncertain (Berkson and Shuster 1999, Germano
2003), shorebirds migrating through Delaware Bay depend
on scavenged horseshoe crab eggs and may require up to
539 metric tons of eggs to fuel the trip to their Arctic sum-

mer range (Castro and Myers 1993). The population level of
horseshoe crabs required to ensure that the eggs are accessi-
ble to shorebirds is in excess of the number required simply
to sustain the horseshoe crab population, because horseshoe
crab eggs are not available to surface-feeding shorebirds un-
less they are exposed by wave action or by the digging actions
of other horseshoe crabs. Horseshoe crabs thus link an array
of prey (bivalves and polychaete worms) and predators (fish,
turtles, and birds), utilizing both autochthonous and al-
lochthonous production from pelagic and benthic food webs.

Human stakeholders
Horseshoe crabs are embedded in a web of interactions that
involve human stakeholder groups, including clam harvesters,
commercial fishers of several kinds (e.g., bait, whelk, eel), the
biomedical industry, birdwatchers, ecotourists and ecoresi-
dents, environmental organizations, scientists, and resource
managers. These groups, some of which are more formally
organized than others, ascribe a variety of often conflicting
attitudes, values, and meanings to horseshoe crabs.

Clam harvesters. Humans prey on coastal species in a num-
ber of ways. Economically important shellfish are impor-
tant to many coastal economies, and shellfish-harvesting
traditions are firmly embedded in local cultures (Hall-Arber
et al. 2001). In both Massachusetts Bay and Delaware Bay,
humans who cultivate or harvest economically important
shellfish, referred to here as clam harvesters (figure 3a), rep-
resent a diverse group of stakeholders. First, many local town
residents harvest wild shellfish for their own household use.
For example, over 10,000 recreational shellfish permits were
sold in Cape Cod townships in 2002 (Damery and Allen
2004). Second, the aquaculture industry, which plants seed
clams in order to harvest adults, is economically important
in the northeastern United States (e.g., income from cul-
tured quahogs and oysters in the Northeast totals $75.1 mil-
lion per year; Spatz et al. 1996). Third, commercial fishers
harvest wild shellfish either as an exclusive activity or in ad-
dition to harvesting finfish. Typical commercial shellfish har-
vesters use long rakes or dredges to harvest quahogs in the fall
and winter, and then dig softshell clams in the spring and sum-
mer. Other commercial shellfishers depend on clam har-
vesting when commercial finfish species are unavailable or less
profitable. As a result, shellfish are viewed by some fishers as
a socioeconomic safety net (Hall-Arber et al. 2001). These
three groups of shellfish harvesters vary in their socioeconomic
characteristics, their demographic background, the cultural
importance they place on shellfishing, the proportional con-
tribution of shellfish to their household food budgets, and the
extent to which income from shellfishing contributes to their
household economies.

Commercial fisheries. Adult horseshoe crabs are harvested by
commercial horseshoe crab fishers (figure 3b). These crabs,
in turn, are used as bait in commercial whelk and eel fisheries,
and as a source of blood to make LAL in the biomedical 
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industry (figure 3b). Although some horseshoe crab fishers
sell exclusively to the bait fishery and others to the biomed-
ical industry, many commercial horseshoe crab fishers sell op-
portunistically to both groups. As harvest restrictions tighten,
the links among commercial horseshoe crab harvesters, whelk
and eel fishers, and the biomedical industry are shifting. For
example, the recently adopted “rent-a-crab”program in Mass-
achusetts allows bait dealers to “rent” horseshoe crabs to the
biomedical industry for temporary use. After extracting the
blood, the biomedical industry returns the horseshoe crabs
to the bait dealers, who can then resell them as bait to whelk
or eel fishers. As a result of such practices, and the coastwide
adoption of bait bags (developed by a nonprofit group in
Delaware), the overall mortality of horseshoe crabs has been
sharply reduced (Frank Germano, Massachusetts Division of
Marine Fisheries, New Bedford, MA, personal communica-
tion, 28 January 2005). However, this innovation in man-
agement blurs differences among stakeholders, and when
horseshoe crabs are killed and used for bait after bleeding, bio-
medical use can no longer be characterized as nonlethal.

In the commercial horseshoe crab fisheries in Cape Cod Bay
and Delaware Bay, harvesters take horseshoe crabs from
spawning beaches by hand, from skiffs using dip nets and
dredges, and from offshore habitats using trawls (Berkson 
and Shuster 1999). Because horseshoe crab reproduction is
seasonal, the onshore harvesting takes place during a short 
period, and much of this harvesting activity is only a minor
portion of fishers’ income. In addition, many people who par-
ticipate in this beach harvest are not fishers by vocation, but
collect horseshoe crabs as a seasonal odd job to gain extra 
income. For the full-time fishers in both Delaware Bay and
Cape Cod Bay, horseshoe crabs are harvested in addition to
a variety of fish species. As foreign demand for whelk has in-
creased, the US commercial whelk fishery, for which horse-
shoe crabs are effective bait, has also increased in importance.
Furthermore, eels are a highly desired bait for a variety of sport
fish species, and thus link horseshoe crabs, commercial fish-
ers, and recreational anglers.“Conch”(whelk) traps are baited
with either male or female Limulus (Shuster and Botton
1985, ASMFC 1998), whereas eel pots are usually baited only
with egg-laden females. Some of the same people who fish for
horseshoe crabs may also target whelk and eel. As one of the

oldest vocations in the United States, commercial
fishing helped provide the financial means to
launch the American Revolution and, thus, has the
enduring status of a heritage activity (Kurlansky
1997). Inshore commercial fishers on Cape Cod
and in Delaware Bay (where they are also known
locally as “baymen” or “watermen”) are over-
whelmingly male, white, and working class, and of-
ten come from families that have been fishing for
several generations. In addition, many have an
ethnic heritage long associated with commercial
fishing. For example, fishers of Portuguese and Ital-
ian descent are concentrated in the fleets of some
Massachusetts towns (Hall-Arber et al. 2001).
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Figure 3. Interactions among nonhumans and humans involved with
horseshoe crabs, including human shellfisher interactions (a), commercial
fisher interactions (b), and birdwatcher and environmentalist interactions
(c). Interactions are organized by trophic level, indicated in the left margin
(a–f). Both autochthonous (autotrophic) pelagic (web 1) and allochtho-
nous benthic (web 2) pathways are shown. White rectangles depict nonhu-
man taxa. Shaded rectangles depict consumptive human users (i.e.,
stakeholders who kill or potentially kill the horseshoe crab), and shaded
ovals depict nonconsumptive human users (stakeholders who do not kill
horseshoe crabs). The biomedical industry is considered a hybrid of con-
sumptive and nonconsumptive use. Solid lines represent direct interac-
tions. Horizontal dotted lines reflect potential conflicts and signal nascent
conflicts. Dashed lines are interactions among environmental stakeholder
groups that are only distantly related to the horseshoe crab.
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Biomedical industry. Limulus amoebocyte lysate, made
from the blood of horseshoe crabs, is used in testing pro-
cedures required by the US Food and Drug Administration
to ensure the purity of all injectable drugs and implantable
medical devices. The biomedical industry (figure 3b) de-
pends on live horseshoe crabs purchased from commercial
horseshoe crab fishers (figure 3b). With proper precau-
tions, withdrawing blood for LAL does not kill horseshoe
crabs in the laboratory, but no study has definitively assessed
the comprehensive impact of biomedical bleeding on im-
mediate and delayed mortality. Mortality for horseshoe
crabs that are bled and returned to the ocean is estimated
to be 7.5% to 15% higher than for unbled controls (Walls
and Berkson 2003). Results of a behavior study reported by
Kurz and James-Pirri (2002) suggest that horseshoe crabs re-
turned alive to the ocean after biomedical bleeding may be
disoriented and more vulnerable to other sources of mor-
tality. Furthermore, in 2000, more than 90,000 horseshoe
crabs, representing 25% of the total number brought to
port for use by the biomedical industry, were rejected be-
cause they were injured or too small (ASMFC 2004). Thus,
based on these data, overall mortality can be as high as
40% (15% postbleeding + 25% handling = 40%). As noted
above, some horseshoe crabs are now killed and used for bait
after they are bled, presumably reducing the mortality rate
of horseshoe crabs formerly harvested solely for use as bait.
Nonetheless, the biomedical use of horseshoe crabs may not
be as benign as it is often portrayed. Use of the LAL test has
saved many human lives and has obvious benefits to soci-
ety, but the biomedical industry is also a lucrative business
(Manion et al. 2000). The biomedical industry relies on
the human harvest of horseshoe crabs, but is generally
viewed with less hostility than the bait fishery by the op-
ponents of horseshoe crab harvest, for several possible rea-
sons. First, the biomedical industry kills only a proportion
of the total horseshoe crabs harvested. Second, the bio-
medical industry has been harvesting horseshoe crabs for
many years with few scientifically documented adverse 
effects. Third, the biomedical industry makes a product 
indispensable for the health and safety of humans. Fourth,
industry members and commercial fishers, the other con-
sumptive user group, belong to different socioeconomic
classes.

Birdwatchers. The arrival of up to one million migratory
birds in Delaware Bay each year during May and June is con-
sidered by many to be one of the world’s premier bird-
watching events. It is said to “rival the caribou migrations as
one of the natural world’s great spectacles” (Rist 1997).
Between 6000 and 10,000 birders travel to the shores of
Delaware Bay each spring (figure 3c; Fermata Inc. 2000).
Birdwatchers in Delaware Bay are often middle-aged or older
(with an average age of 55), comprise equal numbers of men
and women, are well educated (with an average of 16 years
of formal education), and are relatively wealthy (with a mean
annual household income of $80,000). They are committed

to birdwatching as a central life interest and have participated
in birdwatching for an estimated average of 18 years (with an
annual average of 14 trips totaling 46 days; Fermata Inc.
2000).An avid birdwatcher indicated the centrality and depth
of his commitment to birding when he said, “When I was a
kid, I used to measure the passage of time by Christmases. Now
it’s the World Series of Birding that marks time”(NJAS 2004).
Birdwatchers belong to well-organized, politically sophisticated
special interest groups, such as the National Audubon Soci-
ety, that effectively represent their values and preferences in
the policy process.

Horseshoe crab–related ecotourists and ecoresidents. Be-
sides birdwatchers, other environmentally oriented stake-
holder groups include ecotourists and ecoresidents (figure
3c). Birders, ecotourists, and ecoresidents can be differen-
tiated using two criteria: (1) the component of the coastal
ecosystem (i.e., shorebirds, horseshoe crabs, or the health 
of the entire coastal ecosystem) on which they place the high-
est priority, and (2) where they reside. Whereas many bird-
ers may feel that providing sufficient nutrients for migratory
shorebirds should be the primary consideration in horseshoe
crab allocation decisions, other ecotourists and ecoresi-
dents may be more apt to view the horseshoe crab as a cul-
tural icon or a component of the ecosystem deserving of
protection for its own sake (figure 3c). Location also dif-
ferentiates stakeholders; ecoresidents, by definition, reside
close to the horseshoe crab environment and may be mem-
bers of local activist organizations, whereas ecotourists
travel from other locations and, by spending money, make
additional contributions to the local economy. For example,
in Delaware Bay, horseshoe crab–dependent tourism (in-
cluding birdwatching) may generate up to $10 million a year
and provide between 119 and 178 local jobs (Manion et al.
2000). Tourism in general, and horseshoe crab–related eco-
tourism in particular, has inspired the creation of jewelry,
clothing, sculpture, folk art, and children’s books (Tate
1991, Dunlop 1999, Horowitz 2004). Annual festivals cele-
brating horseshoe crabs are held in communities through-
out Delaware Bay and coastal Massachusetts. As an example
of an ecoresident activity, a popular school curriculum in
Delaware Bay called “Green Eggs and Sand” has educated
hundreds of local middle- and high-school students about
this species. Ecotourists and ecoresidents gather to observe
the seasonal spawning aggregations of the horseshoe crab.
As a member of a Maine conservation group noted,“It’s kind
of an honor to have such an ancient being come here and
choose this bay” (Edgecomb 2002). (The horseshoe crab is
a cultural icon in other countries as well [Chen et al. 2004].
In Kasaoka, Japan, a museum was built in the shape of a
horseshoe crab and dedicated to the nearly extirpated Japan-
ese species, Tachypleus tridentatus, which is also revered as
a living fossil by local residents.) Although horseshoe
crab–related ecotourists and ecoresidents appear to be of in-
creasing importance, little systematic information exists
about their numbers, attitudes, values, sociodemographic
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characteristics, or influence on horseshoe
crab policy and management.

Other groups with broader interests. Envi-
ronmental groups that advocate for a broader
array of issues may also have a stake in horse-
shoe crab allocation in both Delaware Bay
and Massachusetts (figure 3c). Their interest
may be in the preservation of shorebirds, the
conservation of horseshoe crabs, the main-
tenance of the coastal ecosystem, or the use of
a conservation crisis to raise general envi-
ronmental awareness. This broader environ-
mental stakeholder group is composed of
environmental organizations of national or
international stature, which can affect bird-
ers, ecotourists, and ecoresidents through
their influence on environmental issues, and
specifically on horseshoe crab–related issues.
Finally, scientists and managers can also be
considered stakeholders (figure 3a, 3b, 3c). Sci-
entists provide research information that
guides policy decisions and management ac-
tions, while state and federal managers are
charged with conserving coastal resources at
all trophic levels. Scientists and managers generally sup-
port the sustainable harvest of horseshoe crab, although
differences in opinion may arise between different agency
missions and professional values. Finally, scientists and
managers may have personal views that influence their pro-
fessional behavior. Although quantification of the roles that
researchers and managers play in environmental conflicts is
beyond the scope of our framework, these interactions need
to be examined.

Four interactions that 
can lead to conflicts
Horseshoe crabs are at the center of four interactions that can
lead to conflicts (figure 3a, 3b, 3c, figure 4). The first interaction
involves human shellfishers who cultivate and harvest eco-
nomically important bivalves such as northern quahogs and
softshell clams (figure 4). Quahog growers consider predation
by horseshoe crabs, whelk, and other carnivorous invertebrates
to be one of the three top threats to their clams (figure 3a; Spatz
et al. 1996, Walton and Walton 2001). Although most mari-
culturists now protect young bivalves in mesh bags or nets,
predaceous invertebrates such as horseshoe crabs still po-
tentially eat economically important wild shellfish. In the
past, some Massachusetts townships have paid a bounty on
horseshoe crabs in efforts to reduce impacts on clam re-
sources (Shuster 1950). Bounties are no longer paid, but as re-
cently as 2000, eight Cape Cod townships still had regulations
requiring fishers to destroy horseshoe crabs and other preda-
tors encountered during harvest activities (Germano 2003).
Although some wild shellfish stocks are clearly declining, the
impact of horseshoe crab predation, relative to habitat loss,

pollution, disease, and overharvest, is poorly understood.
However, if horseshoe crabs compete, or are perceived to
compete, with human shellfishers, a subconflict exists be-
tween horseshoe crabs and human clam harvesters (figure 3a,
figure 4).

In the second interaction that may lead to conflict, the
whelk fishery, the eel fishery, and the biomedical industry all
potentially compete for the limited number of horseshoe
crabs allowed to be caught by commercial horseshoe crab fish-
ers. This sows the seeds for an allocation conflict among con-
sumptive users (figure 4). Even though commercial fishers and
the biomedical industry agree that sustainable harvest of
horseshoe crabs for human use is appropriate, in a common
fishery resource, incentives to overfish often exist (Hardin
1969). Thus, as horseshoe crabs become increasingly lim-
ited, consumptive stakeholders are likely to find themselves
increasingly at odds with each other (figure 3b).

Third, interactions exist among nonconsumptive users as
the environmental community continues to grow and di-
versify (figure 4). These environmental stakeholders have
much in common, and the same people may play several
different roles as environmental stakeholders (figure 3c).
Nevertheless, seemingly subtle differences may have impor-
tant consequences. For example, birdwatchers are concerned
with preserving a spectacular phenomenon that may depend
on an extremely high abundance of horseshoe crabs to ben-
efit shorebirds, whereas ecotourists and ecoresidents may
seek a sustainable population of horseshoe crabs to preserve
the species and protect its ecological role in the coastal ecosys-
tem (figure 3c). Methods to achieve these two environmen-
tal goals can differ.
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Figure 4. Four interactions that could lead to conflicts involving horseshoe
crabs and human stakeholders.
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A final potential conflict can occur between these stake-
holders who value horseshoe crabs for nonlethal, noncon-
sumptive uses (e.g., birdwatching, ecotourism) and
stakeholders who use them for consumptive or potentially
lethal purposes (whelk or eel bait, or blood for LAL; figure 4).
Many environmentally oriented (nonconsumptive) stake-
holders view the harvesting of horseshoe crabs as one more
example of failed fishery management in which poorly con-
trolled harvesting will result in the collapse of yet another vul-
nerable species. Although the conflict surrounding horseshoe
crab harvest is relatively new, conservationists cite the long his-

tory of unsustainable harvest in other marine ecosystems as
evidence of the need to develop protective, precautionary
regulatory regimes and harvest quotas.

How dynamics change with the metrics 
used to identify human roles
The importance of each human stakeholder group will vary
depending on how its role in the policy process is quantified
(figure 5). In terms of harvest (figure 5a), the commercial
horseshoe crab fishery kills the most horseshoe crabs (a 5-year
annual average of 1.9 million; ASMFC 2004). The majority
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Figure 5. Relative importance of different categories of human stakeholders using the horseshoe crab resource, based on (a)
the number of horseshoe crabs harvested or used (× 10,000), (b) the number of jobs directly related to the use of horseshoe
crabs, including birdwatching and tourism, (c) the estimated economic contribution from horseshoe crab–related jobs (in
millions of dollars), and (d) the number of people potentially affected by horseshoe crab–related activities. All estimates are
coastwide except for birdwatchers in (c) and all stakeholders in (d), which are estimated for Delaware Bay only. In (a), not all
horseshoe crabs that are harvested by the biomedical industry die. Crabs used by whelk and eel harvesters are obtained from
commercial horseshoe crab fishers. Low estimates are indicated by a dashed line; high estimates are indicated by a shaded
box. A small empty rectangle indicates that no comparable estimates were available. In all diagrams, nonhuman (white) and
human (gray) interactors are in the same positions in each panel and in all webs. Here both consumptive and nonconsump-
tive human stakeholders are represented by rectangles. Trophic levels are indicated by lowercase italic letters (a–f) at the left
of each panel. The size (area) of the gray rectangle reflects the relative importance of each stakeholder group. Estimates are
taken from Manion and colleagues (2000), Fermata Inc. (2000), and ASMFC (2004).
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of these horseshoe crabs are used in the whelk fishery (1.6 mil-
lion; figure 5a). Substantially fewer horseshoe crabs are har-
vested for the biomedical industry (280,000), and less than half
of these are killed outright by harvest stress, blood with-
drawal, or postbleeding mortality (conservatively estimated
at 32.5%, or 91,000 annually [7.5% + 25% = 32.5%]; figure
5a). However, the “rent-a-crab” program is blurring the dis-
tinction between these two sources of mortality.

In terms of employment (figure 5b), the biomedical in-
dustry provides the most full-time jobs (440 to 540 per year),
followed by whelk harvesters (270 to 370 per year) and the
commercial horseshoe crab fishing sector (150 to 331 per year)
(figure 5b; Manion et al. 2000). Although little systematic in-
formation exists regarding the contributions of birdwatching
and ecotourism activities to local and regional employment,
between 119 and 178 local jobs are added by the seasonal
tourism associated with the shorebird migration in Delaware
Bay (Manion et al. 2000). In terms of direct job-related income
(figure 5c), the highest amount is provided by the biomedical
industry ($60 million to $150 million annually), with whelk
fishing and birdwatching contributing $11 million to $15
million and $7 million to $16 million, respectively (figure 5c;
Manion et. al. 2000).

In terms of the number of people who potentially benefit
from interactions with horseshoe crabs (figure 5d), bird-
watchers (6000 to 10,000; figure 5d; Fermata Inc. 2000, Man-
ion et al. 2000) greatly outnumber all other stakeholders.
However, the number of people in the different stakeholder
groups is poorly understood, and their impacts have not
been well quantified. More informed policy decisions will re-
sult if better data are available on the attitudes, values, so-
cioeconomic backgrounds, and management preferences of
all stakeholders, and if, in addition to biological criteria,
sociocultural and economic criteria used in decisionmaking
are more explicitly clarified and prioritized.

How this interaction web can address 
environmental conflicts
Currently, natural resource conflicts seriously impede the
sustainable management of many exploited resources. For ex-
ample, as of January 2002, over 110 lawsuits were pending
against the National Marine Fisheries Service (NRC 1999,
NAPA 2002). Because laws and regulations often require bi-
ological standards (e.g., maximum sustainable yield) or eco-
nomic benchmarks (e.g., providing jobs and harvest-related
income) as decision criteria, policymakers and natural resource
managers generally view environmental conflicts primarily in
terms of these biological and economic metrics. Unfortunately,
this focus prevents the examination of more diverse interac-
tions that drive environmental conflicts. For example, ex-
amining the horseshoe crab conflict as if it were simply an issue
of allocation among harvesters overlooks the relevance of
this issue to environmental interest groups. In fact, conflicts
over exploited resources are a mosaic of shifting subconflicts
that vary in relative importance through time and space.

These subconflicts may have their roots in three general 
areas.

First, environmental conflicts may be based on lack of sci-
ence or ignorance of basic facts. Using an interaction web ap-
proach, we have identified a number of gaps in biological and
sociological information related to the horseshoe crab con-
flict. Critical biological questions that have not been an-
swered include the following: (a) What are the age-specific
survival, growth, and fecundity measurements needed to
model the population, including the impact of biomedical
bleeding? (b) How many horseshoe crabs can be harvested sus-
tainably? (c) What other abiotic and biotic factors (e.g., pre-
dation, habitat destruction, climate change) affect the health
of the horseshoe crab, shorebird, and wild shellfish popula-
tions? (d) How do these patterns and processes change across
geographic regions and through time? (e) What is the rele-
vant spatial scale for assessment? Other questions concern the
socioeconomic and cultural characteristics of stakeholders: (a)
How do we identify and quantify stakeholder importance? (b)
How can other aspects of social capital, such as education, en-
vironmental advocacy networks, and political influence, be
quantified? (c) What are the attitudes and values of different
stakeholder groups toward the horseshoe crab resource, to-
ward science, and toward each other? (e) What are the most
effective ways to communicate biological, sociological, and eco-
nomic information to decisionmakers and stakeholders? Re-
search results, communicated effectively through appropriate
techniques, may eliminate or partially resolve conflicts that are
based on lack of information.

Second, complex environmental conflicts may be less about
horseshoe crabs than about different worldviews, especially
divergent views concerning the relationship between hu-
mans and nature. How a horseshoe crab dies (e.g., being
eaten by a shark, harvested by a bait fisherman, or killed by
the stress induced by a biomedical technician who withdraws
20% of its blood) doesn’t matter to the horseshoe crab, the
horseshoe crab population, or the coastal ecosystem. But
who or what kills horseshoe crabs may matter to human
stakeholders with opposing views on whether environmen-
tal policy should focus on providing human benefits or con-
serving an entire ecosystem. Whether nature should be
proactively managed or left alone to “manage itself” is another
increasingly contentious issue among many stakeholders.
Certain segments of an urbanized, wealthier, better-educated
sector of American society increasingly view the killing of fish
and wildlife by humans as unnecessary and undesirable
(Muth and Jamison 2000). Preferences concerning the con-
servation and preservation of nature can take on moral and
ethical dimensions. A growing body of literature suggests
that environmental conflicts reflect social, cultural, emo-
tional, and moral concerns. Components of the natural en-
vironment (e.g., fish, whales, old-growth forests) can be
symbolic representations of broader sociocultural tensions,
aspirations, and fears (Dietrich 1992, Taylor 1999, Muth and
Jamison 2000). Thus, although existing laws and regulations
often result in natural resource policy debates that focus on
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quantitative assessments of biological and economic criteria,
in reality environmental disputes are also about complex so-
cial phenomena that include conflicting cultural constructions
of nature (Dizard 1994, Scarce 2000).

Limulus polyphemus, therefore, can take on different mean-
ings for each stakeholder group. For commercial horseshoe
crab fishers, fishing for horseshoe crabs may represent not just
income but also an occupational identity, a sense of self-
sufficiency, and a means of maintaining social and commu-
nity relationships. For the biomedical industry, horseshoe
crabs may, in addition to generating income, represent a 
critical service to society. For shellfishers, horseshoe crabs may
represent threats to self-sufficiency, an impediment to a recre-
ational or central life interest, and a threat to the heritage as-
sociated with traditional coastal activities. Birdwatchers may
view themselves as caretakers of the environment, and pro-
tecting horseshoe crabs may reflect this stewardship value. For
others, this living fossil may be viewed as a cultural icon rep-
resenting a coherence and stability that is absent in the rapidly
changing modern world. The subconflict between noncon-
sumptive users (e.g., birdwatchers, ecotourists, and other en-
vironmentalists) and consumptive users (e.g., commercial
fishers) may be an example of a conflict in which, because of
different values and worldviews, the horseshoe crab does not
represent the same resource to all stakeholder groups. Find-
ing a middle ground in this type of conflict may be extremely
difficult, but acknowledging that these conflicts involve more
than just questions of biology and economics may help pol-
icymakers navigate these highly contested waters.

Third, natural resource conflicts may reflect socioeconomic
class differences. Conflicts between birdwatchers and com-
mercial horseshoe crab fishers may be grounded to some
degree in this sphere. Birdwatchers are overwhelmingly 
middle class and upper middle class, and often have more 
formal education than commercial fishers. Although higher
income and professional degrees do not signify a better un-
derstanding of natural resources, these sociodemographic
characteristics may give environmentalists more influence
within the policy arena. As another example, socioeconomic
differences may affect the way the public evaluates the 
merits of biomedical versus bait-fishing claims for horse-
shoe crab harvest. Thus, the horseshoe crab conflict pro-
vides an opportunity to test hypotheses related to the role of
science, social values, and social class. Although developing
and implementing solutions to environmental conflicts can
be very challenging, the first step must be to correctly diag-
nose the underlying causes of the conflicts. Simply develop-
ing more and better scientific information will be ineffective
in resolving the conflict if the problem is really about a clash
of social values.

Larger implications. Our conceptual framework has shown
that the horseshoe crab is linked to larger human con-
stituencies such as proponents of endangered species preser-
vation, other commercial and recreational fisheries, and
consumers and marketers of seafood (figure 6a). For exam-

ple, people who have used medical products made safer by
LAL tests far outnumber other stakeholders, even though
most of them have never seen a horseshoe crab. By casting a
wide net in describing horseshoe crab interactions, we have
identified several larger issues that may affect this conflict (fig-
ure 6b). First, changes in tropical and arctic ecosystems may
affect migratory bird populations as much as or more than
horseshoe crab harvests. Second, global climate change can
affect the entire coastal ecosystem. Third, a decline in other
ocean fisheries can affect the profitability of commercial fish-
eries linked to horseshoe crabs. For example, the closure of
Delaware Bay to commercial horseshoe crab fishers in the early
1990s caused the harvest pressure on horseshoe crabs to rip-
ple up the coast. Fourth, changes in the economics or tech-
nology of LAL production could change the role of biomedical
harvest in horseshoe crab allocation decisions. Fifth, coastal
urbanization and alteration of beach habitat for horseshoe
crab spawning could undo all of the conservation benefits of
reduced harvest. Sixth, overharvest, disease, or eutrophication
may have a greater effect on shellfish production than pre-
dation by carnivorous invertebrates. Finally, without greater
efforts at conservation, human population growth may ex-
acerbate all of these adverse impacts. Using our conceptual
interaction model to identify these interconnections and
their potential roles in allocation conflicts can help guide
the search for policy alternatives and identify ways to track the
consequences of different management scenarios.

Biosocial model. Conceptual frameworks of the type presented
here can link policy decisions, stakeholder attitudes and val-
ues, institutional and regulatory considerations, and bio-
physical research so that more sophisticated models can be
developed (Carpenter and Gunderson 2001). Many of the in-
sights presented here were revealed only through the inte-
gration of biological and social scientific perspectives. The
interactions between the biological and sociological features
of this conflict strongly suggest that social scientists need to
understand and appreciate the critical role biological science
plays.At the same time, biologists and resource managers need
to appreciate more fully that nonscientist stakeholders do not
see biological reality as scientists do. Furthermore, intractable
management problems can emerge when the legal basis for
allocation decisions involves biological and economic crite-
ria but the underlying causes of environmental conflicts are
related to conflicting attitudes and values. If the sociological
and biological features of a conflict are not concurrently ad-
dressed, the contested issues will be perpetually recast, often
in the courts. For example, in the horseshoe crab allocation
conflict in Massachusetts, the first publicly stated reason for
the Massachusetts closures was based on the biological need
to reduce horseshoe crab mortality (Kirchofer 2000, Lum
2001).When scientists showed that existing scientific data did
not support this position, arguments in favor of closure
shifted to the need to avoid lawsuits (Benjamin 2001, Fraser
2003). As this issue was addressed, questions about horseshoe
crab taxonomy, interpretation of a colonial ordinance estab-
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lishing agency jurisdiction over horseshoe crabs, and the en-
abling legislation that created Cape Cod National Seashore
(Benjamin 2001) became pivotal. To prevent contested issues
from forever eluding resolution, integrated interdisciplinary
teams need to work continually to understand and reframe
both biological and sociological issues as new information 
becomes available.

What have we learned? The bioso-
cial interaction web approach has
identified the major participants of
allocation conflicts (i.e., bird-
watchers, commercial fishers, the
biomedical industry, different
agencies), graphically portrayed
their interactions, and helped
identify the potential for future
conflict (e.g., between shellfishers
and among environmentalists).
Use of this biosocial framework
has provided several specific in-
sights. First, the attitudes, values,
and policy preferences of human
stakeholders are neither mono-
lithic nor static, even within those
traditional constituencies often
viewed as relatively homogeneous
by managers and policymakers.
Second, environmental conflicts
can be about issues other than the
specific resource in question, such
as symbolic meanings of nature,
socioeconomic class differences,
or competing agency jurisdictions.
Because tools for dispute resolu-
tion have higher probabilities for
success when a basic agreement
exists among the conflicting par-
ties as to the object or substance of
a conflict, a crucial step in under-
standing and addressing a conflict
must be to identify what the re-
source represents to different
stakeholder groups.

Third, additional sociodemo-
graphic information is needed.
Just as scientists monitor key bio-
logical data, social attitudes and
values need to be monitored to
identify changes in how people
perceive the resource, the extent to
which they are aware of and un-
derstand relevant scientific data,
and the values and positions of
other stakeholders involved in the
conflict. In addition, we need to
better quantify the sociological

characteristics (attitudes, values, and demographics) of stake-
holder groups, and better clarify the sociocultural and eco-
nomic criteria on which allocation decisions are based. For
example, if policymakers emphasize the importance of her-
itage subcultures and economic activities, their decisions will
favor commercial fishing. If they instead emphasize the num-
ber of people who participate in horseshoe crab–related 
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Figure 6. Larger (a) constituencies and (b) interactions related to stakeholders associated
with the horseshoe crab allocation conflict. Abbreviation: LAL, Limulus amoebocyte
lysate.
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activities, the preferences of environmental and recreational
groups will be considered most important. Fourth, since 
neither biology nor sociology alone can completely and 
accurately frame the complex environmental issues facing 
scientists, managers, and policymakers, an interdisciplinary
team needs to evaluate and reframe each new development.

This biosocial analysis of the interactions between 
humans and the horseshoe crab system provides a general-
izable approach for elucidating the underlying causes of a
broad variety of environmental conflicts, because many of
the biological, quantitative, stakeholder, and socioeconomic
issues discussed here are common to other conflicts over 
exploited species. Although policymakers are fully aware of
the complex nature of environmental conflicts and the in-
stitutional impediments to resolution, use of an integrated
biosocial conceptual framework such as we have presented
here, early in an environmental conflict and throughout the
course of the conflict, can help identify issues, positions,
interests, research questions, and information gaps. The 
resulting insights can help diagnose the causes of environ-
mental conflicts and assist in designing a road map for their
successful resolution.

Acknowledgments
This paper is dedicated to Carl N. Shuster Jr., whose research
over more than 50 years continues to inform and inspire
new horseshoe crab investigations. We thank Jan Dizard,
Frank Germano, Libby Hopkins, Stew Michels, Brook
Thomas, and Rod Zwick for valuable discussions on bioso-
cial approaches and horseshoe crab fishery management.
Our participation in “Green Eggs and Sand,”a joint initiative
of teachers, scientists, fisheries managers, natural resource
agencies, environmental education specialists, and nonprofit
organizations for Delaware, Maryland, and New Jersey (main
contact: Gary Kreamer, e-mail: garykreamer@state.de.us),
also provided insight and substantial food for thought.
The Massachusetts Cooperative Fish and Wildlife Research
Unit is a cooperative venture of the United States Geological
Survey; the Department of Natural Resources Conservation
at the University of Massachusetts, Amherst; the Massachu-
setts Division of Marine Fisheries; the Massachusetts Division
of Fisheries and Wildlife; and the Wildlife Management 
Institute. The extensive and thoughtful comments of
three anonymous reviewers substantially improved the 
manuscript.

References cited
[ASMFC] Atlantic States Marine Fisheries Commission. 1998. Interstate

Fishery Management Plan for Horseshoe Crab. Fishery Management 
Report no. 32. (21 July 2005; www.asmfc.org/speciesDocuments/horseshoe
Crab/fmps/hscFMP.pdf)

———. 2000. Addendum I to the Interstate Fishery Management Plan for
Horseshoe Crab. Fishery Management Report no. 32a. (21 July 2005;
www.asmfc.org/speciesDocuments/horseshoeCrab/fmps/hscAddendumI.pdf)

———. 2001. Addendum II to the Interstate Fishery Management Plan for
Horseshoe Crab. Fishery Management Report no. 32b. (21 July 2005; www.
asmfc.org/speciesDocuments/horseshoeCrab/fmps/hscAddendumII.pdf)

———. 2004. Addendum III to the Interstate Fishery Management Plan for
Horseshoe Crab. Fishery Management Report no. 32c. (21 July 2005;
www.asmfc.org/speciesDocuments/horseshoeCrab/fmps/AddendumIII.pdf)

Benjamin M. 2001. Horseshoe debate splits crabbers and local ‘wildlife’
refuge agencies. Cape Cod Times, 29 April.

Berkson J, Shuster CN Jr. 1999. The horseshoe crab: The battle for a true 
multiple use resource. Fisheries 24: 6–10.

Bonaventura J, Bonaventura C, Tesh S. 1982. Physiology and Biology of
Horseshoe Crabs: Studies on Normal and Environmentally Stressed
Animals. New York: Alan R. Liss.

Botton ML. 1984. Diet and food preferences of the adult horseshoe crab 
Limulus polyphemus in Delaware Bay, New Jersey, USA. Marine Biology
81: 199–207.

Botton ML, Haskin HH. 1984. Distribution and feeding of the horseshoe crab,
Limulus polyphemus, on the continental shelf off New Jersey. Fishery 
Bulletin 82: 383–389.

Botton ML, Ropes JW. 1987. Populations of horseshoe crabs, Limulus
polyphemus, on the northwestern Atlantic continental shelf. Fishery 
Bulletin 85: 805–812.

———. 1989. Feeding ecology of horseshoe crabs on the continental shelf,
New Jersey to North Carolina. Bulletin of Marine Science 45: 637–647.

Botton ML, Shuster CN Jr, Keinath J. 2003. Horseshoe crabs in a food web:
Who eats whom. Pages 33–153 in Shuster CN Jr, Barlow RB, Brockmann
HJ, eds. The American Horseshoe Crab. Cambridge (MA): Harvard
University Press.

Braile R. 2000. State faulted on estimates of horseshoe crabs. Boston Globe,
22 March.

Carmichael RH, Rutecki D, Valiela I. 2003. Abundance and population
structure of the Atlantic horseshoe crab, Limulus polyphemus, in Pleas-
ant Bay, Cape Cod. Marine Ecology Progress Series 246: 225–239.

Carmichael RH, Rutecki D, Annett B, Gaines E, Valiela I. 2004. Position of
horseshoe crabs in estuarine food webs: N and C stable isotopic study
of foraging ranges and diet composition. Journal of Experimental 
Marine Biology and Ecology 299: 231–253.

Carpenter SR, Gunderson LH. 2001. Coping with collapse: Ecological and
social dynamics in ecosystem management. BioScience 51: 451–457.

Castro G, Myers JP. 1993. Shorebird predation on eggs of horseshoe crabs
during spring stopover on Delaware Bay. The Auk 110: 927–930.

Chen CP,Yeh HY, Lin PF. 2004. Conservation of horseshoe crabs at Kinmem,
Taiwan. Biodiversity and Conservation 13: 1889–1904.

Damery DT, Allen PG. 2004. An economic valuation of recreational shell-
fishing on Cape Cod. University of Massachusetts Amherst Depart-
ment of Resource Economics Working Paper 2004-10. (25 July 2005;
www.umass.edu/resec/workingpapers/resecworkingpaper2004-10.pdf)

Dietrich W. 1992. The Final Forest: The Battle for the Last Great Trees of the
Pacific Northwest. New York: Penguin Books.

Dizard JE. 1994. Going Wild: Hunting, Animal Rights, and the Contested
Meaning of Nature. Amherst: University of Massachusetts Press.

[DNJ] Delaware News Journal. 2003. Groups call for halt on Delaware crab
harvesting. DNJ, 28 January.

Dunlop J. 1999. Extraordinary Horseshoe Crabs. Minneapolis (MN):
Carolrhoda.

Edgecomb M. 2002. Horseshoe crabs remain a mystery to biologists.
Bangor Daily News, 21 June.

Fermata Inc. 2000.The economic impact of tourism based on the horseshoe
crab–shorebird migration in New Jersey. (14 June 2005; www.
fermatainc.com/eco_crab.html)

Flimlin G, Beal BF. 1993. Major Predators of Cultured Shellfish. North 
Dartmouth (MA): University of Massachusetts. Northeast Regional
Aquaculture Center Bulletin no. 180.

Fraser D. 2003. The war behind the words. Cape Cod Times, 28 January.
Germano F. 2003. Horseshoe crabs: Balanced management plan yields 

fishery and biomedical benefits. Massachusetts Department of Marine
Fisheries News 23: 6–8. (31 July 2005; www.mass.gov/dfwele/dmf/
publications/dmfnq203.pdf)

Downloaded From: https://complete.bioone.org/journals/BioScience on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Hajna L. 2003. Efforts stepped up to ban horseshoe crab harvesting, save birds.
CourierPost Online, 8 February. (8 August 2005; www.courierpostonline.
com/environment/m020803g.htm)

Hall-Arber M, Dyer C, Poggie J, McNally J, Gagne J. 2001. New England’s Fish-
ing Communities. Cambridge (MA): MIT Sea Grant College Program.
(25 June 2005; http://web.mit.edu/seagrant/aqua/cmss/marfin/index.html)

Hardin G. 1969. The tragedy of the commons. Science 162: 1243–1248.
Horowitz R. 2004. Crab Moon. New York: Candlewick Press.
Kirchofer T. 2000. Company sues over crab limits. South Coast Today 

(Associated Press), 14 June.
Klare MT. 2001. Resource Wars: The New Landscape of Global Conflict. New

York: Metropolitan Books.
Kraeuter JN, Fegley SR. 1994.Vertical disturbance of sediments by horseshoe

crabs (Limulus polyphemus) during their spawning season. Estuaries
17: 288–294.

Kurlansky M. 1997. Cod: A Biography of the Fish that Changed the World.
New York: Penguin Press.

Kurz W, James-Pirri MJ. 2002. The impact of biomedical bleeding on 
horseshoe crab, Limulus polyphemus, movement patterns on Cape Cod,
Massachusetts. Marine and Freshwater Behaviour and Physiology 35:
261–268.

Levin J, Bang FB. 1968. Clottable protein in Limulus: Its localization and 
kinetics of its coagulation by endotoxin. Thrombosis et Diathesis 
Haemorrhagica 19: 186.

Link JS. 2002. Does food web theory work for marine ecosystems? Marine
Ecology Progress Series 230: 1–9.

Lubchenco J, et al. 1991. The sustainable biosphere initiative: An ecological
research agenda. Ecology 72: 371–412.

Lum RL. 2001. Horseshoe crab harvest ban upheld. Provincetown Banner,
14 June.

Manion MM, West RA, Unsworth RE. 2000. Economic assessment of the 
Atlantic coast horseshoe crab fishery. Cambridge (MA): Industrial 
Economics.

Muth RM, Jamison WV. 2000. On the destiny of deer camps and duck
blinds: The rise of the animal rights movement and the future of wildlife
conservation. Wildlife Society Bulletin 28: 841–851.

[NAPA] National Academy of Public Administration. 2002. Courts, Congress,
and Constituencies: Managing Fisheries by Default. Washington (DC):
NAPA.

[NJAS] New Jersey Audubon Society. 2004. World Series of Birding. (27 
October 2004; www.njaudubon.org/wsb/)

[NRC] National Research Council. 1999. Sustaining Marine Fisheries.
Washington (DC): National Academy Press.

Paine RT. 1980. Food webs: Linkage, interaction strength and community 
infrastructure. Journal of Animal Ecology 49: 667–685.

Palmer MA, et al. 2004. Ecological Science and Sustainability for a Crowded

Planet: 21st Century Vision and Action Plan for the Ecological Society

of America. (14 June 2005; www.esa.org/ecovisions)

Rist C. 1997. Treading water. Reprinted from New Jersey Monthly. (14 June

2005; www.wildnj.com/njm1.htm)

Scarce R. 2000. Fishy Business: Salmon, Biology, and the Social Construction

of Nature. Philadelphia: Temple University Press.

Shuster CN Jr. 1950. Observations on the natural history of the American

horseshoe crab, Limulus polyphemus. Pages 18–23 in Third Report on 

Investigations of Methods of Improving the Shellfish Resources of

Massachusetts. Woods Hole (MA): Woods Hole Oceanographic Insti-

tution. Control no. 564.

———. 1982. A pictorial review of the natural history and ecology of the

horseshoe crab, Limulus polyphemus, with reference to other Limulidae.

Pages 1–52 in Bonaventura J, Bonaventura C, Tesh S, eds. Physiology and

Biology of Horseshoe Crabs: Studies on Normal and Environmentally

Stressed Animals. New York: Alan R. Liss.

Shuster CN Jr, Anderson LI. 2003. A history of skeletal structure: Clues to

relationships among species. Pages 154–188 in Shuster CN Jr, RB 

Barlow, Brockmann HJ. The American Horseshoe Crab. Cambridge

(MA): Harvard University Press.

Shuster CN Jr, Botton ML. 1985. A contribution to the population biology

of horseshoe crabs, Limulus polyphemus (L.), in Delaware Bay. Estuar-

ies 8: 363–372.

Spatz MJ, Anderson JL, Jancart SJ. 1996. Northeast Region Aquaculture 

Industry Situation and Outlook Report. Kingston (RI): Northeastern 

Regional Aquaculture Center. Rhode Island Agricultural Experiment

Station Publication no. 3352.

Tate S. 1991. Harry the Horseshoe Crab. Nags Head (NC): Nags Head Art.

Taylor JE III. 1999. Making Salmon: An Environmental History of the

Northwest Fisheries Crisis. Seattle: University of Washington Press.

Walls EA, Berkson J. 2003. Effects of blood extraction on horseshoe crabs

(Limulus polyphemus). Fishery Bulletin 101: 457–459.

Walls EA, Berkson J, Smith SA. 2002. The horseshoe crab, Limulus polyphemus:

200 million years of existence, 100 years of study. Reviews in Fisheries

Science 10: 39–73.

Walton CW, Walton CW. 2001. Problems, predators, and perception:

Management of quahog (hard clam), Mercenaria mercenaria, stock 

enhancement programs in southern New England. Journal of Shellfish

Research 20: 127–134.

Widener JW, Barlow RB. 1999. Decline of a horseshoe crab population on

Cape Cod. Biological Bulletin 197: 300–302.

748 BioScience  •  September 2005 / Vol. 55 No. 9

Articles

Downloaded From: https://complete.bioone.org/journals/BioScience on 28 Mar 2024
Terms of Use: https://complete.bioone.org/terms-of-use


