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Executive Summary

In Victoria there is growing interest in the appropriate management of the Australian giant
spider crab Leptomithrax gaimardii which forms spectacular aggregations in Port Phillip Bay
each year. The aggregations are thought to help protect crabs from predators while moulting.
The aggregation is accessible from shore and is of great interest to recreational divers,
recreational fishers, tourists, and natural history photographers and documentary makers.
Careful management of the aggregation is essential due to the potential conflict of interest

between some stakeholders.

To inform the development of appropriate
management of the spider crab aggregations, this
review considers the literature related to other marine
invertebrate aggregations around the world that may
be termed ‘'natural wonders’ The review focuses on
the instruments that have been used to manage the
sustainability of these populations, and the benefits
that have been derived from management. The review
also focusses on the ecological, economic, social or
cultural benefits associated with aggregations where
they have been measured.

Species of marine invertebrates forming aggregations
included in the review were: the giant Australian
cuttlefish; the ornate rock lobster; the Christmas Island
red crab; the northern calamari; the golden jellyfish;
horseshoe crab species; and, other spider crab species.
Other spider crab species do not form aggregations on
the same spectacular scale as the giant spider crab but
were included for comparison.

The review showed that spectacular aggregations can
occur in diverse marine invertebrate groups. While
most of the invertebrate aggregations reviewed are of
high value for tourism and recreational diving, many
are also valued as fishing species. As such, managing
the sustainability of these aggregations must take into
account a range of stakeholder interests and points
of view.
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Invertebrates in aggregations can be vulnerable to
overfishing. A number of management instruments
have been used to ensure the sustainability of
populations. In particular, seasonal or permanent
closures of the aggregation area to fishing methods
to which the species are vulnerable have been used.
Input and output controls to limit catches based on
fishery assessments have also been applied. In one
case, the declaration of a marine protected area acted
as a management tool to reduce fishing pressure.
Application of these management tools has generally
been successful in conserving populations.

The successful management of these species has
generally been underpinned by comprehensive
scientific research and a detailed understanding of
the species’ life history. Management has also been
informed by fishery-independent monitoring, which,
because of high public interest, has often been
supported by a network of citizen scientists.

Management of marine invertebrate aggregations

has typically involved advisory committees based on a
diverse range of stakeholders. Stakeholder input and
consensus can be part of an adaptive management
framework where the management strategy is reviewed
and, if necessary, modified on a periodic basis.
Because of strong interactions between invertebrate
aggregations and other ecosystem components,

an ecosystem-based approach to management is
considered most appropriate.



Invertebrate aggregations can have high economic

value for local communities based on tourism. For
example, red land crabs are the major tourist attraction
on Christmas Island and golden jellyfish lakes are the
major attraction for the Palau archipelago and are
also a major attraction in Raja Ampat, Indonesia.

In general, detailed assessments of the non-fishing
economic value of invertebrate aggregations have not
been undertaken.

Image Credit: Unknown

The social and cultural benefits that can be associated
with marine invertebrate aggregations are also
significant. As well as economic benefits, coastal
tourism and recreation and events that support them
can lead to increased community awareness and
understanding of the invertebrate aggregations and
associated management and conservation. Social

and cultural concerns of traditional users can also

be incorporated into management plans based on
stakeholder involvement.
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In Victoria there is growing interest in the appropriate management of the Australian giant
spider crab Leptomithrax gaimardii which forms spectacular aggregations in Port Phillip Bay
each year (VFA 2018). Spider crabs aggregate in shallow water at various locations in south-
eastern Australia over winter (Taylor and Poore 2017; VFA 2018). Aggregations are thought to be
a mechanism to reduce predation impacts while moulting (Taylor and Poore 2017). Spider crabs
are thought to disperse into deeper water outside the moulting aggregation season but the life
history and metapopulation dynamics are poorly understood (VFA 2018).

A large aggregation of giant spider crabs has been
forming annually over winter in shallow waters of the
Mornington Peninsula area of Port Phillip Bay. The
aggregation is accessible from local piers without
the need for a boat. This aggregation is of great
interest to recreational divers, recreational fishers,
tourists, and natural history photographers and
documentary makers (VFA 2018). The aggregation has
been given international exposure through Sir David
Attenborough’s “Blue Planet II” documentary series.
Careful management of the aggregation is essential
due to the potential conflict of interest between
some stakeholders.

The giant spider crab aggregation is one of a number
of aggregations of marine invertebrates around the
world that are considered to be "natural wonders”.
Information on the instruments used to manage these
species (and the benefits derived), together with
information on the economic (non-fisheries) and social
values of these aggregations to local communities, has
the potential to inform the management of giant spider
crab aggregations in Port Phillip Bay.

This literature review therefore aims to provide
information on the management instruments that have
been put in place to conserve marine invertebrate
aggregations, as well as the benefits derived from
management. The review also focuses on ecological,
economic, social or cultural benefits stemming from
aggregations where they have been measured. The
review focuses on invertebrate species which form
spectacular aggregations and to which the term
‘natural wonder’ can be attached. The scope of the
review includes marine invertebrates that aggregate to
breed or moult in coastal and marine environments.

Objectives

« To review the scientific literature on the
management instruments that have been
put in place to conserve marine invertebrate
aggregations, including the benefits derived
from management.

« To review the scientific literature on the
ecological, economic, social or cultural
benefits of invertebrate aggregations where
they have been measured
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Invertebrate aggregations

The giant Australian cuttlefish, Sepia apama, is the
largest species of cuttlefish in the world. It is distributed
across temperate southern Australia from Moreton Bay
in Queensland to Point Cloates in Western Australia,
and along northern Tasmania. While abundance
generally increases over inshore reefs during winter

for spawning throughout the distribution, in one
location in the northern Spencer Gulf a dense spawning
aggregation forms that is unique amongst cuttlefish
species (Hall et al 2018).

Historically there was a small hand-jig fishery in the
cuttlefish spawning area but this expanded rapidly
from less than 5t per annum before 1993 to over 200 t
in 1996 and 1997 (Hall et al. 2018). In March 1998 a fishery
closure was introduced to protect about half of the
subtidal reef in the aggregation area. In the adjacent
area that remained open, fishing started as soon as
the first cuttlefish arrived in April. After 1 month of
fishing a more extensive closure was introduced that
encompassed the majority of the spawning habitat.
This larger closure remained in place over the following
four spawning seasons (from March to September) until
March 2003 when it was closed to cephalopod fishing
full-time (Hall et al. 2018). The closure to cephalopod
fishing effectively banned the use of jigs but other
forms of recreational fishing were allowed.

The timing and location of the cuttlefish spawning
aggregation is relatively consistent from year to year
making the population vulnerable to overfishing (Hall et
al. 2018). The original closure area based on geographic
features was insufficient to protect the population. An
obvious and rapid within season decline was evident

in the fished area after the first (partial) closure in 1998
(Hall et al. 2018). The larger closure area associated

with a greater understanding of population biology gave
significant protection, with biomass estimates increasing
by 150% in the following years (Hall et al. 2018).

A network of marine parks was declared in South
Australia in 2009 the included the Upper Spencer Gulf
Marine Park (Anon. 2012). A small sanctuary zone where
no fishing is allowed is located within the cephalopod
fishing exclusion zone encompassing the cuttlefish
spawning area.

Monitoring of cuttlefish on the spawning grounds

using underwater visual transect and underwater
video showed a decline in abundance from 2001, and
especially from 2011, that reached a record low in 2013,
indicating a 90% decline over 13 years (Steer et al. 2013;
2016). This decline led the species to be listed by the
International Union for Conservation of Nature as ‘Near
Threatened'. In response to the decline the northern
Spencer Gulf cuttlefish fishery was closed completely
in April 2013 (Prowse et al. 2015). Steps were also taken
to reduce the bycatch of giant cuttlefish in the spencer
gulf prawn fishery (Kennelly and Broadhurst 2014; Noell
et al. 2018). Since 2013 the spawning population has
recovered to the point where the abundance estimate
in 2020 was the highest on record (Anon. 2020a). As

a result of the recent increase, the northern Spencer
Gulf cuttlefish fishery was due to re-open in February
2021, but the spawning area closure in place since 1998
will continue.

Reasons for decline are uncertain (Steer et al.

2013; Prowse et al. 2015), but the life cycle of giant
cuttlefish makes them susceptible to strong variation
in recruitment success due to environmental and
anthropogenic factors. Giant cuttlefish spawn once
after either one or two years, depending on growth
rate, and then die (semelparity) (Hall et al. 2007). Thus,
the population trajectory has a high dependency on
the survival of young (eggs and larvae) in a given year
(Steer et al. 2013; Prowse et al. 2015).
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Giant cuttlefish on the spawning grounds exhibit
complex courtship behaviours and associated colour
changes (Hall and Hanlon 2002; Schnell et al. 2016)
that make them highly valued by tourism operators,
recreational divers, and nature photographers and
documentary makers. The male:female sex ratio has
an average of approximately 41 resulting in intense
competition amongst males for females (Hall and
Hanlon 2002). Lone males challenge paired males for
the takeover of females through dramatic agonistic
displays (Hall and Hanlon 2002). Subordinate males
show a never before observed behaviour in nature
where they mimic the shape and colour of a female so
that they can access females while dominant males are
distracted when “fighting” other males (Norman et al.
1999; Hanlon et al. 2005).

There has been significant economic, social and
cultural activity associated with the giant cuttlefish
aggregation, particularly in Whyalla. The township
runs the annual “Cuttlefest” from June to August which
has a range of activities associated with the cuttlefish
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spawning season aimed at developing the tourism
potential of the event (Anon. 2020c¢). This is a joint
venture between the local government and tourism
industry together with State government tourism and
environment departments. Significant government

and industry funding has been provided to improve
the infrastructure and access to the spawning area for
ecotourism. There is also a citizen scientist group that
assists government scientists with the annual cuttlefish
population census in the spawning area. A cuttlefish
working group was established in 2012 to provide advice
to government in relation to the ongoing protection
and sustainability of the species (Anon. 2020b). To

date there has not been a detailed assessment of the
economic or social value of the cuttlefish in relation to
tourism, recreational diving and associated sectors (M.
Steer, personal communication).



The ornate rock lobster, Panulirus ornatus, has

a remarkable life history where, from August to
September each year, adult lobsters in Torres Strait
undertake a pre-spawning migration of up to 500 km to
near Yule Island on the east coast of Papua New Guinea
(Moore and MacFarlane 1984; Skewes et al. 1994).
Juvenile lobsters in Torres Strait undertake their final
maturation moult at between 2 and 3 years of age prior
to the migration (Skewes et al. 1994). Lobsters can occur
in very large aggregations along the migration pathway
(Moore and MacFarlane 1984). Gonad development

and mating occurs during the migration and spawning
(release of larvae) occurs in the Yule Island area
(MacFarlane and Moore 1986). The area of larval release
appedars to be optimal for the transport of larvae by the
coral sea gyre back to the Torres Strait and the north-
east Queensland coast (Dennis et al. 2002). Following
spawning there is mass mortality of the adult lobsters
on the spawning ground (Dennis et a/. 1992)

Because migrating lobsters form large aggregations,
they are vulnerable to large catches by trawlers (Ye

and Dennis 2009). The spawning migration was first
fished by Papua New Guinea prawn trawlers in the Gulf
of Papua in the early 1970s while Australian trawlers
also found the migrating lobsters further south in the
Australian area of jurisdiction and began to target
these lobsters in the early 1980s (Ye and Dennis 2009). In
1984, a ban on target fishing for rock lobsters by prawn
trawlers was instituted in both Australia and Papua New
Guinea because it was considered high vulnerability

to trawling would lead to recruitment overfishing (Ye
and Dennis 2009). Fishing is now restricted to methods
where lobsters are taken by hand, usually by divers (Ye
and Dennis 2009).

The trans-boundary sharing of the lobster stock
between the two countries is governed by the Torres

Strait Treaty ratified in 1985 (Pitcher et al. 1997). The
treaty created the Torres Strait Protected Zone (TSPZ)
to protect the traditional way of life and livelihood of
the traditional inhabitants and specified the shares
of the commercial fisheries for each party and their
responsibilities for the sustainable development of
fisheries within the protected zone (Ye and Dennis
2009). Australia is entitled to take 75% of the sustainable
catch from its own waters plus 25% from Papua New
Guinea waters, whilst the reverse is true for Papua
New Guinea.

The ornate rock lobster fishery has been managed

by input controls, that differ between the indigenous
and non-indigenous sectors, and include: limited

entry, minimum size limit, and an annual two-month
ban (October and November) on the use of hookah
compressors (Pitcher et al. 1997, van Putten et al.

2013). In 2005, a Commonwealth Government decision
was made to move to output controls in the fishery,
including the introduction of a total allowable catch
(TAC) applying at the whole fishery level, incorporating
the indigenous, commercial nonindigenous and PNG
catch, however this has proven difficult to implement
given the complexity of the fishery (van Putten et al.
2013; Hutton et al. 2016). The management of the fishery
has been underpinned by an annual diver-based survey
of the abundance of lobsters (Pitcher et al. 1992; 1997).

The indigenous sector has both commercial and
traditional subsistence components and has been
heavily involved in setting the agenda for both
management and research in the ornate rock lobster
fishery. The fishery provides an example of how to
account for socio-cultural factors in addition to
biological and economic factors (triple bottom line
approach) (Plagdnyi et al. 2013). This is a particularly
important consideration for fisheries that are utilised
by indigenous fishers or small coastal communities
with high reliance on local fishery resources (Plagdnyi
et al. 2018).
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On Christmas Island each year there is a spectacular
migration of the terrestrial red crab, Gecarcoidea
natalis, from their primary habitat in the rainforest

to the coast for spawning (Hicks 1985; Adamczewska
and Morris 2001). The breeding season lasts up to
three months and the main migration begins at

the onset of the wet season, usually in November

or December (Hicks 1985; Adamczewska and Morris
2001). The downward migration from the plateau to
the coast normally lasts 9 to 18 days (Hicks 1985). The
males excavate burrows on the lowest shore terraces
and mating occurs in or near the burrows (Hicks

1985; Adamczewska and Morris 2001). The males then
return to the rainforest while the females remain in the
burrows for two weeks until the eggs are nearly ripe
(Hicks 1985). At the end of the incubation period the
females make their way to shoreline rocks or sometimes
the cliff faces, and release their eggs at night on the
turn of the high tide between the last quarter of the
moon and the new moon (Hicks 1985). The females
then return in large numbers to the rainforest plateau
(Hicks 1985).

Once eggs are released into the water, larvae (zoeae)
hatch immediately and after passing through a number
of larval stages at sea to reach the megalopae stage,
they then emerge as baby crabs after approximately

1 month (Hicks 1985). Baby crabs then migrate inland,
taking 9 days to reach the plateau (Hicks 1985). An
aggregation of whale sharks, Rhincodon typus, occurs
annually at Christmas Island around the time of red
crab spawning and larval development, and it is

thought that this aggregation is to take advantage of
enhanced feeding conditions offered by the crab larvae
(Meekan et al. 2009). This suggestion is supported by
DNA analysis of faecal matter from whale sharks in the
area (Meekan et al. 2009).

In the Mid-1990’s there was an estimated 43.7 million
adult crabs on Christmas Island (Adamczewska and
Morris 2001). This high density of crabs means that they
have a significant effect on rainforest ecology and plant
community structure, affecting leaf litter, seeds, fruits
and seedlings (O’'Dowd and Lake 1989, 1990, 1991; Green
et a/.1997; 2008). Supercolonies of the invasive yellow
crazy ant, Anoplolepis gracilipes, became wide-spread
in the mid 1990’s and were estimated to have killed 10-15
million red crabs in subsequent years (O’'Dowd et al.
20083; Baumgartner and Ryan 2020).

The red crab breeding migration is a major

attraction for naturalists, tourists, photographers and
documentary film makers. The red crab migration is
Christmas Island’s biggest tourist attraction. A number
of management actions are in place to protect the red
crab population. Control of crazy ant supercolonies

is mainly through heli-baiting, where helicopters are
used to disperse a granular bait of the toxicant, fipronil
(Baumgartner and Ryan 2020). Road closures and
traffic detours are enacted across the island in the
breeding season to protect the migrating crabs (Anon.
2021). Tunnels have been excavated under roads at
points where a high volume of crab crossings has been
identified (Anon. 2021). ‘Crab bridges’ have also been
established to funnel crabs over busy roads (Anon. 2021).




The loliginid squid, Sepioteuthis lessoniana occurs
throughout tropical and subtropical waters of the
Indo-West Pacific, ranging from Japan to Australia
(Ching et al. 2019; Chiang et al. 2020). It has a variety of
common names throughout its range, and in Australia
is called the northern calamari. The northern calamari
is a shallow water coastal species that requires benthic
structure for the attachment of eggs when spawning
(Chen et al. 2016).

Northern calamari grow rapidly and have a life span
of around 6 to 7 months (Pecl 2001; Chen et al. 2015;
Ching et al. 2019). Calamari begin to school about 30
to 60 days after hatching (Sugimoto and lkeda 2012)
and schools can comprise more than 100 individuals
(Sugimoto et al. 2013). Calamari aggregating in
spawning areas exhibit complex courtship behaviours
(Lin and Chiao 2017), including signalling between
individuals through colour changes (Lin et al. 2017).

Northern calamari support high value commercial
fisheries throughout their range and are also highly
targeted by artisanal and recreational fishers (Ching et
al. 2019). In Taiwan, the species is also highly valued by
recreational divers (Chen et al. 2016). Tourist divers can
enjoy observing a school of slowly moving squid in the
spawning area demonstrating a variety of interesting
behaviours, such as male to male aggression, waving
their large fins and tentacles, and spectacular

colour changes, as well as observing their pale or
semitransparent strings of eggs (Chen et al. 2016). Chen
et al. (2016) stated that tourist diving trips can make a
substantial contribution to the economy of northern
Taiwan but did not reference any data to support this.

Commercial landings of loliginid squids off North
Taiwan peaked in the mid 1990’s but by the late
2000's had declined to only 25% of the level in the mid
1990's (Chen et al. 2016). Local recreational divers also
noted that the populations of northern calamari were
declining in their diving locations (Chen et al. 2016).

Divers started placing bamboo structures at the sites
that would serve as a spawning substrate and these
were successful in attracting spawning calamari.
Some conflict arose, however, because firstly, divers
did not have government permission to deploy the
structures, and, secondly, recreational fishers started
targeting the structures to catch calamari (Chen et al.
2016). Eventually the local government implemented

a permit system for individual divers to place the
bamboo structure in a specified area for a six month
period each year (Chen et al. 2016). No action has been
put in place, however, to resolve the conflict between
divers and recreational fishers (Chen et al. 2016). Chen
et al. (2016) recommended that general (rather than)
individual permission be given for the placement of
structures in specified places during the spawning
season. It was also recommended that these locations
be closed to recreational fishing and that scientific
monitoring should be undertaken. Collaborative
management was recommended that would include
the diving tourism industry, government, university
scientists and the enforcement agency (Chen et al. 2016).

In Japan there is a citizen science and tourism venture
where tourists help deploy habitat (tree branches)

for northern calamari spawning, and then are able to
observe the hatching of some eggs that were laid on
the habitat in the local aquarium (Anon. 2019a).
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Golden jellyfish, Mastigias spp., occur in dense
populations in some marine lakes (bodies of seawater
surrounded entirely by land), and in many places have
become major tourist attractions (Maas et al. 2020). Of
the approximately 200 marine lakes known worldwide,
22 are "jellyfish lakes” and are located in Indonesiag,
Palau and Vietnam (Maas et al. 2020). Although the
jellyfish do have a sting, it is seldom noticeable, and
freediving with the jellyfish is extremely popular. It is
estimated that in 2015 the Ongeim’l Tketau Jellyfish
Lake attracted at least two-thirds of the 160,000 annual
visitors to the Palau archipelago (Anon. 2019b).

The jellyfish population in Ongeim’l Tketau Lake
crashed in 1998 and 2016 before recovering in the
following years (Dawson et al. 2001; Anon. 2016, 2019b).
These crashes are thought to have been caused by
strong El Nifo events that led to increased water
temperatures in the lakes (Dawson et al. 20071; Anon.
2016, 2019b). Sunscreen pollution has also been
implicated in the recent decline but not proven (Anon.
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2019b; Maas et al. 2020). A major tourism drop occurred
after the crash in 2016 as tourism operators voluntarily
stopped taking tourists to the lake (Anon. 2019b). Four
other marine lakes that contain golden jellyfish in Palau
are not open to the public (Anon. 2019b).

The golden jelly fish lakes in Raja Ampat Indonesia are
not included in marine protected area planning as only
areas below the high tide mark are included (Maas et
al. 2020). The seven individual jellyfish lakes in Raja
Ampat have endemic genotypes and phenotypes of
jellyfish, including potentially undescribed subspecies
(Maas et al. 2020). At the same time, tourism has
increased 30-fold since 2007, and the jellyfish lakes
are one of the main attractions. Mass et al. (2020)
recommend including the marine lakes in the Raja
Ampat Marine Protected Area (MPA) zoning system,
and, the establishment of a collaboration between
indigenous communities, local tenure holders, the
Raja Ampat MPA Management Authority and Raja
Ampat Tourism Department, conservation NGOs, and
researchers to develop a specific Raja Ampat Jellyfish
Lake Management Plan.



Horseshoe crabs are marine arthropods that are more
closely related to arachnids (e.g. spiders and scorpions)
than they are to decapod crustaceans (e.g. crabs)
(Smith et al. 2017; John et al. 2018). Horseshoe crabs are
"living fossils” that have remained largely unchanged
for 200 million years, and have an evolutionary

lineage going back over 500 million years (Smith et

al. 2017; John et al. 2018). World-wide there are four
species of horseshoe crabs, three species, Tachypleus
tridentatus, Tapinauchenius gigas and Carcinoscorpius
rotundicauda, are found in south east Asian waters
from India to Japan, while Limulus polyphemus is found
along the Atlantic coast of the USA and Mexico (John
et al. 2018).

Horseshoe crabs aggregate at the edge of intertidal
zones on sandy beaches for spawning (Ehlinger et al.
2003). Limulus Polyphemus deposit their eggs between
the tidal flat and the high-water line, generally around
the time of high tide and in some cases coinciding

with new and full moons (Landi et al. 2015; Smith and
Robinson 2015; Smith et al. 2017). Females excavate

a shallow nest in the sand and deposit clusters of up
to approximately 6,000 eggs that are subsequently
fertilised by an attached male and one or more satellite
males (Ehlinger et al. 2003; Smith et al. 2017). The eggs
and newly-hatched larvae of horseshoe crabs provide
an important food source for a variety of animals
including endangered migratory shorebirds (McGowan
et al. 20M; 2015; Smith et al. 2017)

The spawning aggregations of horseshoe crabs on
beaches are a spectacular sight, but this also makes
them vulnerable to exploitation. Historically, horseshoe
crabs (Limulus Polyphemus) in the Delaware Bay area
were collected to be used for agricultural fertiliser

but this practice declined to a negligible level by the
1960’s (Smith et al. 2017; Krisfalusi-Gannon et al. 2018).
Thereafter, the use of horseshoe crabs as bait in the
American eel and whelk pot fisheries led to a rapid
increase in horseshoe crab take in the 1990s (Smith
et al. 2017; Krisfalusi-Gannon et al. 2018). Evidence
suggests that overharvest can result in depleted
populations and localised removal (Smith et al.

2017). Since 1998, management instruments such as
set harvest quotas and season closures, as well as

establishment of a national marine reserve offshore
from the bay, have acted to substantially reduce the
level of catch (Smith et al. 2017).

Overharvest of horseshoe crabs in Delaware Bay was
a major concern in relation to feeding by shorebirds,
particularly the endangered red knot (Tan and Jardine
2019). These birds stop over and feed on horseshoe
crab eggs on their way from South America to the
Arctic breeding grounds (Tan and Jardine 2019).

The migratory shorebirds are highly valued by bird
watchers, and the congregation of birds and hermit
crabs is a valuable tourist attraction, estimated to be
worth between $200 — 300,000 USD in 2008 dollars per
six week season annually (Myers et al. 2010; Edwards et
al. 20M). The interaction with migratory shorebirds is a
major consideration in the management of horseshoe
crab harvest (McGowan et al. 2015; Tan and Jardine
2019). An adaptive management approach has been
taken in relation to the horseshoe crab harvest that
considers the shorebirds as well as the crabs, and
involves a diverse group of stakeholders in an attempt
to reach consensus when choosing between different
horseshoe crab harvest strategies based on modelling
studies (McGowan et al. 2011; 2015). The management of
the horseshoe crab harvest in Delaware Bay has been
underpinned by an ongoing monitoring program based
on an extensive citizen science network (Smith and
Robinson 2015).

Another form of exploitation is the use of horseshoe
crab blood in the pharmaceutical and biomedical
industries (Krisfalusi-Gannon et al. 2018). The light blue
blood of the horseshoe crab contains amebocytes that
produce an instantaneous, visible reaction to bacterial
endotoxin (Smith et al. 2017; Krisfalusi-Gannon et al.
2018). The Limulus amebocyte lysate (LAL) test has
become the method of choice to test for pathogens in
injectable drugs, vaccines, and implantable medical
devices (Smith et al. 2017; Krisfalusi-Gannon et al. 2018).
Blood from horseshoe crabs for LAL production is
obtained by collecting adult crabs, extracting a portion
of their blood (<40% of blood volume), and releasing
them alive (Smith et al. 2017). Short-term mortality from
bleeding is estimated to be 15% (4 to 30%) while a long-
term study showed no significant effect on mortality
(Smith et al. 2017; 2020). A different situation occurs in
south east Asia where horseshoe crabs are killed in the
process of extracting blood (John et al. 2018).
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Other spider crab species (Family Majidae) are known
to show aggregating behaviour, but apparently not
to the spectacular extent shown by the giant spider
crab in southern Australia. The spider crab Libinia
emarginata occurs along the Atlantic coast of North
America, and has been observed forming large
pods when moulting in the northern fall, as well as
aggregating for spawning in the northern spring,
and overwintering in deep water in aggregations
(Degoursey and Auster 1992). On the Atlantic coast
of Spain, the spider crab Maja squinado forms
aggregations in shallow coastal waters (Sampedro
and Gonzdlez-Gurriardn 2004; Corgos et al. 2010).

"Pods” of spider crabs formed in September to
November, and were mostly comprised of juveniles
although in some cases adults were also present
(Sampedro and Gonzdlez-Gurriardn 2004). The timing
of the aggregations coincided with the annual peak

in moulting and Sampedro and Gonzdlez-Gurriardn
(2004) suggested that the aggregation behaviour most
likely functioned to protect the moulting crabs from
predators. Pods in shallow water are not thought to

be linked to reproduction because mating is thought
to occur in the intermoult stage in deep water and the
spawning period is over the summer months (Freire et
al. 2002; Sampedro and Gonzdlez-Gurriardn 2004).




Discussion

As shown is this review, spectacular aggregations
can occur in diverse marine invertebrate groups. Of
the marine invertebrate aggregations covered in this
review, a significant proportion occur in Australian
waters. While most of the invertebrate aggregations
reviewed here are of high value for tourism and
recreational diving, many are also valued as fishing
species. As such, managing the sustainability of these
aggregations must take into account a range of
stakeholder interests and points of view.

If localised and predictable in time and place,
aggregations of marine animals can be vulnerable

to overfishing, because less search effort is required

of fishers to achieve large catches (Sadovy de
Mitcheson and Erisman 2012). Managing the fishing of
aggregations can be complicated by “hyperstability”,
where catch rates from the aggregation can remain
stable even as the population declines (Erisman et

al. 20M). In this review, rapidly increasing catches and
associated population declines occurred in relation

to aggregations of giant Australian cuttlefish, ornate
rock lobster, and horseshoe crabs. Management tools
that were applied included spatial closures (seasonal
or total) to fishing methods to which the species were
most vulnerable (e.g. jigs for giant cuttlefish, trawling for
ornate rock lobster). Input and output controls to limit
catches based on fishery assessments have also been
applied (giant cuttlefish, ornate rock lobster, horseshoe
crabs). In one case, the declaration of a marine
protected area acted as a management tool to reduce
fishing pressure (horseshoe crabs). In an extreme case
the decline in the population of giant cuttlefish in the
2000's led to the closure of the entire commercial
fishery. Application of these management tools has
generally been successful, with sustainable populations
currently observed in these species. Management is
complicated by the fact that populations of marine
invertebrates, especially those that are fast growing
and have short generation times (e.g. cuttlefish,
calamari and jellyfish), can show major population
fluctuations in relation to environmental changes.

Management for sustainability of invertebrate
aggregations has generally been underpinned by

comprehensive scientific research and a detailed
understanding of the species’ life history (giant
cuttlefish, ornate rock lobster, Christmas Island red
crab, North Atlantic horseshoe crabs). Management
has also included fishery-independent monitoring

to track the population trajectory of aggregating
invertebrate species. Monitoring programs need to

be carefully designed to take the highly aggregated
distribution of individuals into account when estimating
population size. Because there is great public interest
in these spectacular aggregations, researchers

have been able to enlist the help of citizen science
networks to conduct the monitoring. Citizen science
monitoring has been increasing internationally
(Conrad and Hilchey 2011; Tulloch et al. 2013) and has
the benefit of cost-effectiveness and contributing to
public education and support (Conrad and Hilchey
20M). Citizen scientists can make increased spatial

and temporal coverage of sampling possible (Bonney
et al. 2009; Tulloch et al. 2013), for example, 100’s of
volunteers undertake simultaneous coverage of dozens
of beaches throughout Delaware Bay for horseshoe
crab monitoring (Smith and Michels 2006). Well-
designed surveys conducted by citizen scientists can
be an effective investment for measuring management
impacts (Tulloch et al. 2013). Such programs, however,
need to ensure that volunteers are properly trained
and that there is adequate quality control of the data
collected (Conrad and Hilchey 2011).Management

of marine invertebrate aggregations has typically
involved advisory committees based on a diverse
range of stakeholders including government agencies,
researchers, industry (fishing, recreational diving,
tourism) and conservation organisations. In the case

of the Delaware Bay Horseshoe crab aggregation,
stakeholder input and consensus is part of an adaptive
management framework (Pratt Miles 2013) where
management actions are implemented based on a
chosen harvest strategy and then reviewed and, if
necessary, modified on a periodic basis (McGowan et
al. 201; McGowan et al. 2015). Invertebrate aggregations
are conspicuous features of the ecosystem and

can have a significant impact on other ecosystem
components, for example the interaction between
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horseshoe crabs and migratory shorebirds, and
between Christmas Island red crabs and the annual
whale shark aggregation. Aggregations can also be
impacted by other ecosystem components, for example
the impact of yellow crazy ants on Christmas Island red
crabs. In this case the implementation of ecosystem
based management is preferable to management
based on a single species (Tan and Jardine 2019).

Invertebrate aggregations can have major economic
non-fishing benefits. For example, the red land crabs
are the major tourist attraction on Christmas Island and
golden jellyfish are the major tourist attraction on the
Palau archipelago and are also a major attraction in
Raja Ampat, Indonesia. This tourism forms part of the
strong growth in coastal tourism (Hall 2001) that can
contribute significantly to local economies (Tapsuwan
and Asafu-Adjaye 2008; Stoeckl et al. 2010). Detailed
assessments of the non-fishing economic benefits

of marine invertebrate aggregations are generally
lacking, although an assessment has been done on
the tourism value of the horseshoe crab / migratory
shorebird aggregation in Delaware Bay (Edwards et
al. 201), and this type of analysis could be undertaken
for other aggregations. Good examples of this type

of analysis have been undertaken for shark diving
tourism. In the Maldives, the annual income from shark
diving for the tourism industry was estimated to be US
$154.83 million, and analysis indicated that increased
shark conservation could raise this figure significantly
(Zimmerhackel et al. 2018). In an example of a marine
aggregation in Australia, the whale shark diving
tourism in the Ningaloo Region of Western Australia
was estimated to annually generate AUD $11.59 million
in expenditure directly benefiting diving operators and
a further AUD $12.55 million annual expenditure in the
region related to the shark diving tourism (Huveneers
et al. 2017).
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The social benefits that can be associated with marine
invertebrate aggregations are also significant. As well
as economic benefits, coastal tourism and recreation
can lead to increased “social capital” (Pretty and Smith
2004) where community awareness and understanding
of the invertebrate aggregations and associated
management and conservation is increased.

For example, local initiatives such as the annual
“Cuttlefest” in Whyalla can help to increase tourism
and associated economic benefits, and at the same
time can build social capital. Invertebrate aggregations
can also stimulate significant education and learning
experiences, with a number of learning centres and
museums focussed on aggregations reviewed here.
Finally, invertebrate aggregations can have significant
social and cultural value for artisanal fishers. For
example, the traditional fishery for ornate rock lobsters
has significant social and cultural value for the Torres
Strait Islander community, and consideration of these
values has been incorporated into management

plans through strong stakeholder involvement in

plan development.

In summary, significant information is available on the
management of marine invertebrate aggregations
that will inform the appropriate management of the
Australian giant spider crab. Management tools that
have been used in species subject to fishing include
seasonal or permanent closure of the aggregation area
to specific fishing methods, restrictions on catch, and
inclusion in marine protected areas. Management has
been underpinned by a detailed understanding of the
species’ life history as well as population monitoring,
often facilitated by citizen scientists. Stakeholder input
has been an important factor in the development

of management strategies for aggregating species.
Economic (non-fishing) value of aggregations to

local communities can be high but has seldom been
measured in detail. Aggregations can also have high
social and cultural value, with the building of “social
capital” contributing to community understanding
and support of conservation and management of
aggregating populations.
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