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Abstract

This dissertation investigated larval release and larval behavior of the Caribbean
spiny lobster Panulirus argus and the spotted spiny lobster P. guttatus. These species
were examined under laboratory conditions to determine the phase relationship
between larval release and natural environmental cycles. P. argus displayed a nocturnal
tidal rhythm, while P. guttatus displayed a circadian rhythm in larval release. P. argus
releases larvae near the time of nocturnal high slack water, while P. guttatus released
larvae near the time of sunrise.

The role of “pumping pheromones’ in controlling larval release behaviors was
tested by measuring the pumping response of ovigerous P. argus to (1) hatch water, (2)
homogenized-embryo water, (3) embryo-conditioned water, and (4) water containing
homogenized-egg cases. Lobsters with late-stage embryos displayed increased pleopod
pumping with increased concentration of hatch water. Water individually conditioned
with homogenized late-stage embryos, intact late-stage embryos, and homogenized egg-
cases induced pumping activity in females with late-stage embryos, indicating the
presence of a chemical cue.

I quantified pumping responses upon exposure to synthetic peptides to
determine if they mimicked pheromones that induce larval release behaviors. Pumping

behavior was evoked by oligopeptides with a basic amino acid at the carboxy-terminus,

iv



preceded by several neutral amino acids. Carboxyl-terminal arginine peptides serve as
pheromone mimics.

Iinvestigated whether these peptides originate from the action of trypsin-like
enzymes by conducting a bioassay measuring pumping activity of ovigerous P. argus
subjected to increasing concentrations of trypsin, trypsin inhibitor, and a combination of
the two. Pumping activity increased with increasing concentrations of trypsin and
trypsin inhibitor, while behaviors ceased when ovigerous females were subjected to a
complex of the two. Pheromones are generated by trypsin-like enzymes assisting in the
degradation of the egg membranes at the time of hatching.

Vertical swimming behaviors of stage-I phyllosoma larvae of P. arqus and P.
guttatus were observed under laboratory conditions. P. argus larvae displayed a pattern
of twilight vertical migration, while P. guttatus larvae displayed nocturnal diel vertical
migration (DVM). Rhythms persisted for 5-6 cycles under constant conditions,
indicating that an endogenous rhythm in activity plays a proximate role in DVM for

both species.
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1. Introduction

Synchronized release of larvae is common among decapod crustaceans living in
estuarine and marine habitats, and patterns in hatching are typically associated with
lunar, day/night, and tidal cycles (reviewed by Forward 1987). Among the Crustacea,
studies of the timing of larval release relative to environmental cycles have largely
focused on brachyuran crabs in which the rhythms are typically under endogenous
control (DeCoursey 1983; Forward 1987; Morgan 1995). Few studies have focused on
tropical species of lobsters. Although the timing of larval release has been investigated
in the homarid lobsters (Branford 1978; Moller and Branford 1979) only one report
documents the timing of larval release among palinurid lobsters (MacDiarmid 1985).

This dissertation examines the mechanisms involved in larval release for two
sympatric species of spiny lobsters. It begins with an introduction to the family

Palinurida and provides background information for the future chapters.

1.1 Background

The family Palinurida includes the spiny lobsters which are widespread and
occur in most of the temperate and tropical regions of the world (Kanciruk 1980). The
palinurid life history includes the release of a unique pelagic larva, a phyllosoma, after
embryonic development. These larvae are transported from coastal to oceanic waters,
for a larval period of 5-12 months (Phillips and Sastry 1980; Booth and Phillips 1994;
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Phillips 1994; Yeung and Lee 2002; Goldstein et al. 2006). Spiny lobster larvae appear to
be poor horizontal swimmers but are strong vertical swimmers.

To ensure the greatest chances of larval survival, many species of decapod
crustaceans have developed larval release rhythms with respect to various
environmental cycles, including lunar, tidal, and light:dark (LD) cycles (Forward 1987).
Through the temporal and spatial regulation of larval release behaviors, spiny lobsters
may guarantee that offspring are placed in a suitable environment at a time when they
can best survive. The extent to which larvae remain near their source population may be
related to the magnitude of dispersal and self-recruitment. In other words, the closer
those larvae remain to the source population, the greater the probability of recruiting
back to the same population.

Long-distance larval dispersal patterns can have a critical effect on population
dynamics and management of spiny lobsters (Botsford et al. 1994), given the long
duration of the larval period. While the capacity for long-distance dispersal exists for
palinurid lobsters, it is not known if larvae found far from suitable adult habitats
typically survive to recruit or whether long-distance dispersal represents the prevalent
pattern among successful recruits (Phillips and McWilliam 1986; Cowen et al. 2000).
Export into coastal and oceanic environments may depend on the presence and strength
of cues to which larvae respond. Phyllosoma larvae may possess the ability to travel

considerable distances in the pelagic realm, and must locate or be transported to a



suitable environment for proper development. The probability of returning to the natal
area (area from which spawned) is likely to be low if information cannot be gained on
the direction of suitable habitat and possibly the distance from it (Kingsford et al. 2002).
Although oceanographic currents can enhance the dispersal of an organism, this is
unlikely to be the full story. Armsworth (2000) concluded that larval behavior is much
more important for dispersal than hydrodynamic considerations of incidental dispersal,
or passive entrainment.

Studies of the larval transport of palinurid species are mainly speculative, since it
is difficult to study the behavioral processes in the field as phyllosoma larvae are in low
abundance, widely dispersed, and transparent. Hence, our knowledge of the dispersal
mechanisms used by phyllosoma larvae for orientation in the pelagic environment is
poor (Phillips and Sastry 1980). The studies of hatching rhythms and early larval
behaviors presented in this dissertation are critical for parameterizing oceanographic
transport models that are capable of predicting the spatial distributions and transport of
larvae (Kingsford et al. 2002; Sponaugle et al. 2002). These results also strengthen the
current conceptual models for dispersal of crustacean larvae (e.g., Epifanio 1995; Garvine

et al. 1997) by including members of the Palinurida.



1.2 Life History of Study Species

1.2.1 Panulirus argus

The Caribbean spiny lobster Panulirus argus (Latreille, 1804) is distributed
throughout the Caribbean, the south Atlantic, and the Gulf coast of the United States,
and is among the region’s leading marine resources. P. argus is a migratory species with
a complex life cycle. In Florida, peak mating activity occurs between February and April
(Lewis 1951). The mating process begins with courtship displays by both male and
female lasting from hours to days (Lipcius et al. 1983). The male deposits an external
spermatophore on the sternal region of the female. The female scratches the
spermatophore and uses the exposed, non-motile sperm to fertilize the eggs (Talbot and
Summers 1978; Martin et al. 1987). Eggs are then brooded until they hatch 15 to 21 days
later, depending on water temperature (Chubb 1994). Females can carry 230,000-700,000
eggs per brood, with increasing numbers of eggs with increasing female size (Lipcius
and Herrnkind 1987). The color of the egg mass changes from bright yellow-orange at
oviposition to dark brown color shortly before larval release. Spawning occurs
throughout most of year in the Caribbean Sea, whereas seasonal spawning occurs
further north in Florida and Bermuda populations (Lyons 1980; Hunt and Lyons 1986).

The phyllosoma larvae of P. argus are planktonic for 6-12 months in offshore
waters during which they develop through approximately 11 stages (Lewis 1951).

Recent laboratory rearing experiments indicate that P. arqus larvae can develop to the

4



final stage phyllosoma in less than 6 months (Goldstein et al. 2006). At the end of the
oceanic phase, the final stage phyllosoma metamorphoses into a puerulus.
Metamorphosis probably takes place offshore, since late-stage phyllosoma are absent
from inshore waters in Florida. Along the coast of south Florida, pueruli undertake an
onshore migration across the continental shelf to settle in coastal reef areas. Pueruli
either arrive at settlement sites during the new moon by horizontal swimming (Calinski
and Lyons 1983) or in Florida Bay they are transported shoreward at night from
November to March (Marx 1986). The pueruli settle in nearshore vegetated habitats of
red macroalgae Laurencia spp. and seagrass where they then metamorphose into the
benthic juvenile stage.

P. argus juveniles appear to undergo ontogenetic shifts in habitat use and
behavior. Young juveniles (1-3 months after settlement) live in vegetated habitats
where they are solitary and cryptic, whereas older juveniles (referred to as the “post-
algal” stage) dwell gregariously under sponges, coral heads, or in crevice shelters
associated with hard-bottom communities (Marx and Herrnkind 1985; Herrnkind and
Butler 1986, 1994; Childress and Herrnkind 1996). After 2-3 years, adult lobsters
migrate to the outer reef for mating and spawning (Davis 1977; Davis and Dodrill 1980,

1989; Kanciruk 1980).



1.2.2 Panulirus guttatus

The spotted spiny lobster Panulirus guttatus (Latreille, 1804) is a small (15-50 mm
CL), rather sedentary species that lives exclusively on coral reefs throughout Florida, the
Caribbean, and Bermuda (Robertson and Butler 2003). P. guttatus is an important
tishery species in Bermuda, the Caribbean, and Mexico (Evans and Evans 1995), with a
complex life cycle similar to P. arqus. Although co-occurring with the congeneric P.
argus, P. guttatus is not found in the seagrass or sandy areas far from the coral reef.

Mating occurs year round in the Caribbean, and occurs from March to June in
Florida (Robertson and Butler 2003). Courtship and mating behavior for P. guttatus has
not been described. A spermatophore, similar to that described for P. argus, is deposited
on the female after mating. Females spawn 3—4 times per year, depending on their size
(Sharp et al. 1997), and have an egg incubation period of 2-3 weeks (Negrete-Soto et al.
2002). Females carry 27,000-190,000 eggs per brood. After hatching, phyllosoma larvae
molt through 11 stages and develop in offshore areas for presumably 9-12 months.
Late-stage phyllosoma larvae (stages VI-IX) are found in near-shore waters throughout
the winter in Bermuda and Florida (Evans and Evans 1995; Lyons and Hunt 1997).
Metamorphosis into a puerulus may take place in near shore waters, in contrast to P.
argus (Baisre and Alfonso 1994; Evans and Evans 1995), which metamorphoses in

offshore waters.



The life history of the spotted spiny lobster is distinctly different from P. argus in
that all the benthic stages from puerulus settler to adult appear to solely occupy coral
reef habitats (Sharp et al. 1997). The postlarvae of P. guttatus recruit directly to holes on
the underside of coral heads on shallow reefs where they remain for their entire benthic
existence. Juveniles do not undergo ontogenetic shifts in habitat use or behavior, but
rather remain solitary, settling in cryptic den cavities created by reef-boring molluscs
(Sharp et al. 1997). Moreover, individuals of P. guttatus are highly reclusive and only
leave their shelters for short periods during darkness. The residency of this species in a
single, often patchy habitat type lies in stark contrast to P. argus and most other well-
studied spiny lobsters, which are typically nomadic and exhibit ontogenetic shifts in
habitat during their life cycle (Chittleborough 1974; Herrnkind and Butler 1986;
Jernakoff et al. 1994). P. guttatus remains in coastal waters south of the Florida Keys

near small patch reefs and is rarely found in the Florida Bay area (Sharp et al. 1997).

1.3 Larval Release: Behavior, Timing, and Control

The phenomenon of synchronous release of larvae has been documented for
members of the Brachyura in whom larval release coincides with lunar, diel, and/or tidal
cycles (DeCoursey 1983; Forward 1987; Morgan 1995). For species that display a diel
rhythm, larval release typically occurs during darkness. However, several species of
crabs (e.g., Callinectes sapidus, Neopanope sayi, Uca beebei and U. Icatea) release larvae

during the day or night (De Vries and Forward 1991a, b; Morgan and Christy 1995;
7



Yamaguchi 2001; Ziegler 2002). Yet, for species in which larval release is associated with
the tidal cycle, release generally takes place around the time of high tide (reviewed by
DeCoursey 1983; Forward 1987; Morgan 1995). This rule applies equally to crabs from
subtidal, intertidal, and supratidal habitats, whether they are coastal or estuarine
(Forward 1987). Larval release appears to be under endogenous control since animals
placed under constant laboratory conditions continue to release larvae near the time of
expected high tide or darkness (Ennis 1973; Branford 1978; Moller and Branford 1979;
Bergin 1981; Forward et al. 1982; DeVries and Forward 1989).

Larval release has been studied for a few lobster species, but not in great detail.
For the homarid (clawed) lobsters Homarus gammarus, H. americanus, and Nephrops
norvegicus hatching occurs after sunset with the hatching process lasting for about 1 min
when ovigerous females are held under a natural illumination cycle. A female releases
larvae at about the same time on successive nights over a period of about two weeks
(Ennis 1973, 1975; Branford 1978; Moller and Branford 1979). Only one report
documents the timing of larval release among palinurid lobsters. In contrast to the
homarid lobsters, larval release occurs at sunrise for the Australian rock lobster Jasus
edwardsii (MacDiarmid 1985). These results suggest that lobsters may possess a
circadian rhythm in larval release.

In Chapter 2 of this dissertation, I investigate the hatching rhythms for both P.

argus and P. guttatus to determine the phase relationship between larval release and the



LD and tidal cycles. This chapter is the preceding work for the next three chapters, in
which I develop a conceptual model for egg hatching in the spiny lobster, Panulirus

argus.

1.4 Control of Egg Hatching

Studies describing larval release behaviors have led to the development of a
general model for larval release in decapod crustaceans (Forward and Lohmann 1983;
Rittschof et al. 1985, 1989). The actual timing of hatching may be controlled by either the
female or the embryos themselves, depending on the species and habitat (Forward
1987). To date, control of hatching time in decapods has been well-studied only in the
subtidal xanthid crab Rhithropanopeus harrisii. Forward and Lohmann (1983)
demonstrated that in R. harrisii, embryos control the time of hatching and suggested that
the role of the female is to synchronize embryonic development. Embryos removed
from the egg mass hatched at the same time as those present in the intact sponge. Yet,
hatching synchrony deteriorated as the interval between removal and hatching
increased. Similarly, in the semi-terrestrial crab Sesarma haematocheir, the success of
hatching of detached eggs depends upon the time that embryos are removed from the
female (Saigusa 1992). Embryos removed from the females for periods > 48 h do not
hatch at all, suggesting that the female initiates the hatching process, as well as enhances

the synchrony of hatching between embryos (Saigusa 1992). Saigusa (1992, 1993)



concluded that hatching and embryonic development are separate processes that are
controlled independently.

In some crab species, substances associated with the embryos are released near
the time of hatching and induce ovigerous females to perform stereotyped larval release
behaviors, which ensure that all larvae in the egg mass are released near the same time
(Rittschof et al. 1985, 1989; De Vries and Forward 1991a; Saigusa 1992, 1993; Tankersley
et al. 2002). At the exact time of hatching, pheromones are either secreted by the
embryos or generated by proteolytic digestion of egg membranes by enzymes released
from the embryos. The female responds to the pheromones by actively pumping her
abdomen. Pumping mechanically disrupts the eggs, helps to synchronize hatching, and
propels larvae into the water column (Rittschof et al. 1990).

De Vries et al. (1991) suggested that embryos of subtidal crabs release enzymes
that degrade the inner membrane of the egg case to produce a heterogeneous group of
small peptides (<500 Da) that are used for communication between the female crab and
the larvae at the time of hatching (Forward et al. 1987). Once a few embryos hatch, these
peptides are released from the egg, which cause the female to undergo her larval release
behavior involving vigorous pumping of the abdomen. This action helps to break the
outer membranes of the other eggs releasing more of the cue, and results in the
synchronized release of larvae (Forward and Lohmann 1983). Thus, the embryos initiate

hatching and females help to synchronize it.
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Peptides are ideal signal molecules having many advantages as specific
behavioral cues in the marine environment (Rittschof 1980a, b; Rittschof et al. 1984;
Rittschof 1993; Decho et al. 1998; Rittschof and Cohen 2004). The charged nature of the
amino terminus and carboxylic acid groups at neutral pH make these substances water
soluble. Marine organisms possess the amino acid structural units, enzymatic
‘machinery’, and DNA templates to create peptides. Also, exoproteases located either
intra- or extracellularly are capable of rapidly degrading peptides into amino acids to
terminate a signal (Decho et al. 1998).

In Chapters 3, 4, and 5, I examine the mechanisms of egg hatching by
investigating the methods of chemical communication between the eggs and the female.
From this work, a conceptual model for egg hatching and larval release was developed

tor Panulirus argus.

1.5 Phyllosoma Swimming Rhythms

In the marine environment, water currents move in different directions at
different depths. Thus, the vertical position of phyllosoma larvae can be of particular
significance to their dispersal. To maintain their vertical position in the water column,
larvae may possess behavioral responses to exogenous factors as well as ontogenetic
changes in behavior, anatomy, and physiology (Forward 1974, 1976a, b, 1988; Sulkin
1984; Forward and Buswell 1989). Many larvae migrate vertically in the water column

on a diel schedule due to an endogenous rhythm and/or specific behavioral responses to
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environmental cues (Forward and Tankersley 2001). For example, the first larval stages
of many brachyuran crabs share common behavioral traits that promote movement to
the surface and maintenance of a position high in the water column (Sulkin 1973, 1975;
Forward and Costlow 1974; Latz and Forward 1977; Sulkin et al. 1980) enhancing their
initial dispersal from a hatching site. Although hydrodynamic conditions have some
influence on larval vertical distribution, the primary depth regulatory mechanisms are
probably under behavioral control, involving alternate periods of swimming and
sinking in response to various environmental stimuli (e.g., light, pressure, and gravity;
Sulkin 1984; Forward 1988).

Models of larval dispersal rarely incorporate the behavior of larvae.
Accordingly, previous models of phyllosoma larvae dispersal are based on the
assumption that these larvae are simply passive floating objects transported by currents
(e.g., Austin 1972; Richards and Potthoff 1980; Jackson and Strathmann 1981; Kingsford
et al. 2002). Most studies ignore the effect of diel vertical migration, navigation, or
orientation on the transport of larvae (Wolanski et al. 1997).

The initial behaviors of the phyllosoma larvae will determine the direction and
the rate of their dispersal in the coastal and oceanic environment. Phyllosoma larvae
have a body shape compatible with drifting, and while they are generally regarded as
having little or no directed horizontal swimming ability, they are capable of vertical

movements. Previous studies suggest they undergo nocturnal vertical migration in the
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upper 50 m of the water column (Yeung and McGowan 1991; Booth and Phillips 1994).
Field studies suggest both phyllosoma and pueruli respond behaviorally to
environmental cues. The vertical distribution of early-stage phyllosoma larvae of the
western rock (spiny) lobster Panulirus cygnus places larvae at the surface at night and at
depth during the day (Rimmer and Phillips 1979). Pueruli settle on collectors at night
during the new moon and first quarter phases (Lyons 1980; Marx 1986). There are no
studies that document the behavior of phyllosoma larvae underlying vertical migration.
While developing through a series of larval stages, the pelagic phyllosoma larvae
has the potential to affect future recruitment and gene flow between distant lobster
populations. Yet, the survival of the pelagic larval stages in oceanic environments is
extraordinarily unpredictable. It is difficult to study the behavioral processes affecting
planktonic survival and transport in the field, since larvae are in low abundance, widely
dispersed, and highly cryptic (Phillips 1981). Thus, Chapter 6 of this dissertation
includes a study of the vertical swimming behaviors of phyllosoma larvae under

laboratory conditions.

1.6 Organization and Content of the Dissertation

The dissertation chapters are written as independent manuscripts, with some
introductory material repeated in each. Chapter topics are as follows:
Chapter 2. Larval release rhythms of Panulirus arqus and Panulirus guttatus

Chapter 3. Control of larval release in Panulirus arqus

13



Chapter 4. Role of peptides in larval release in Panulirus argus
Chapter 5. Role of trypsin in larval release in Panulirus arqus
Chapter 6. Endogenous swimming rhythms of phyllosoma larvae of
Panulirus arqus and Panulirus guttatus
A Summary and Conclusions section appears at the end to integrate the

information and ideas presented in the preceding chapters.

1.7 Implications of this Work

This information will aid in the evaluation of the importance of selective
pressures involved in the evolution of larval release rhythms. Understanding the factors
that control the timing of larval release can also help us understand how larvae survive
their critical early life stages. Rhythmicity may have evolved to favor larval transport as
well as to avoid predation.

Information on the control of larval release and early larval behavior is useful for
fisheries management purposes. Davis and Dodrill (1980, 1989) studied the P. argus
tishery in the Florida Keys, and came to the conclusion that “fishing apparently removes
nearly every available adult lobster from Florida reefs every year.” Managers believe
that the population inside the small-sized Dry Tortugas marine protected area (MPA)
has a higher reproductive output than the larger population outside of the MPA within
the Florida Keys. The Dry Tortugas area has a high proportion of large, reproductive

females compared with only a few small ones in the lower Florida Keys.
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Understanding the processes involved in larval release can help fisheries
managers by identifying the environmental conditions that are required for successful
egg hatching. The results of this dissertation are most likely generalized, and will apply
to other decapods (other species of spiny lobsters, clawed lobsters, shrimp, etc.) of
economic importance throughout the world. This information is crucial at a time in

which most decapod species are in decline (Botsford et al. 1997).
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2. Larval Release Rhythms in Palinurid Lobsters

2.1 Introduction

Decapod crustaceans display highly rhythmic patterns in the timing of larval
release that are synchronized to natural periodic cycles including moon phase, tide, and
time of day (see DeCoursey 1983; Forward 1987; Morgan 1995 for review), and can be
triggered by physical and biological cues, including tidal fluctuations, LD regimes,
temperature increases (Shirley and Shirley 1989), phytoplankton blooms (Starr et al.
1990) or by a combination of any of the above. Most hatching rhythms appear to be
under endogenous control, since crustaceans continue to release their larvae near a
specific time in an environmental cycle when placed under constant conditions (e.g.,
Bergin 1981; Forward et al. 1982; Saigusa 1982, 1986; De Vries and Forward 1989; Ziegler
and Forward 2005, 2006).

Rhythmicity of larval release may be a phenomenon that strongly affects the
transport and dispersal of larvae for coastal and estuarine decapods (Dittel and Epifanio
1990; Pereira et al. 2000; Paula et al. 2004). Many crustaceans time their spawning to
coincide with tidal cycles allowing them to take advantage of water currents to increase
the chances of larvae being advected seaward (Forward 1987; Morgan 1995). The

physical conditions at the time of larval release establish the initial conditions for
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dispersal. Thus, when offspring enter the water column at appropriate times, dispersal
may be greatly enhanced.

Synchronous release of larvae may also be a mechanism that promotes patch
formation and larval aggregation in decapod crustaceans (Ritz 1972a, b; Rimmer 1980;
Phillips 1981; Cobb et al. 1983; MacDiarmid 1985; Kerr and Duffus 2006). These
aggregations would increase the survival of larvae due to the saturation of predators,
and concentration of larval release in specific periods would assist in the separation of
larval patches of different ages in order to avoid cannibalistic behavior that is common
in decapod larvae (Paula 1989; Paula et al. 2004). Rhythmicity in larval release not only
influences larval mortality, but may ultimately affect the recruitment of larvae to
parental populations (Queiroga et al. 1994).

Patterns of larval release have been studied extensively in temperate intertidal
and estuarine crustaceans (e.g., DeCoursey 1979; Bergin 1981; Forward et al. 1982;
Saigusa 1982, 1986, 1992; Morgan 1987a, b; Forward 1987; De Vries and Forward 1989;
Morgan 1995; Yamaguchi 2001; Ziegler and Forward 2005, 2006), but are not as well
known for tropical subtidal crustaceans (Paula et al. 2004), including spiny lobsters. The
spatial distribution of larval stages of spiny lobster species indicates that first stage
phyllosoma larvae are exported away from adult habitats (Yeung and McGowan 1991;
Yeung and Lee 2002). The selective advantages for exporting larvae to offshore areas

include stability of salinity and temperature, increased species dispersal and genetic
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exchange between isolated habitats (Strathmann 1982; Bilton et al. 2002; Paula et al.
2004). In addition, females of the rock lobster Jasus edwardsii with late-stage eggs tend to
aggregate in areas with strong currents (McKoy and Leachman 1982), suggesting that
ovigerous spiny lobsters migrate to areas that will maximize the transport of larvae.

The Caribbean spiny lobster Panulirus argus is distributed along the east coast of
the United States from North Carolina, to the Gulf of Mexico, throughout the Caribbean
to Brazil (Williams 1984) and is a highly nomadic species that exhibits ontogenetic shifts
in habitat over their lifetime (Herrnkind and Butler 1986; Jernakoff et al. 1994). In south
Florida, adult lobsters migrate from Florida Bay to the outer reefs for mating, spawning,
and larval release (Davis 1977; Davis and Dodrill 1980, 1989; Kanciruk 1980). The
spawning population in Florida is concentrated in coastal reefs close to the dispersive
influence of the Florida current, which dominates flow in the Straits of Florida offshore
of the Florida Keys and connects the Gulf of Mexico Loop Current to the Gulf Stream
(Yeung and Lee 2002). Phyllosoma larvae are oceanic plankton for 5-12 months before
metamorphosing into post-larval pueruli, which undertake an onshore migration to
settle in nearshore macroalgal habitats within Florida Bay (Herrnkind and Butler 1986,
1994). Pueruli metamorphose into benthic juveniles that live in vegetated habitats where
they are solitary and cryptic, whereas older juveniles (“post-algal” stage) dwell

gregariously under sponge and coral crevice shelters associated with hard-bottom
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communities (Marx and Herrnkind 1985; Herrnkind and Butler 1986; Childress and
Herrnkind 1996).

In contrast, the spotted spiny lobster Panulirus guttatus is a relatively small-sized,
sedentary species found throughout south Florida, the Caribbean, Bermuda and Brazil
(Robertson and Butler 2003). Although co-occurring with P. arqus, P. quttatus is a habitat
specialist (Sharp et al. 1997). All benthic stages of P. guttatus, from postlarvae to adult,
are restricted to shallow coral reef habitats or rocky rubble in depths of 3 m or less
(Sharp et al. 1997; Acosta and Robertson 2003).

This study was undertaken to compare the time of egg hatching and pattern of
larval release by two sympatric species of spiny lobsters that live in tropical coral reef
habitats. I tested the hypothesis that the timing of larval release is triggered by physical
and biological cues that will ensure larvae will be placed in a suitable environment at a
time when they can best survive. The larval release rhythms indicate that P. argus
releases larvae near the time of nocturnal high tide whereas P. guttatus releases larvae

near the time of sunrise independent of the time of the tides.

2.2 Materials and Methods

2.2.1 Collection and Maintenance of Animals

During the summers of 2005 and 2006, ovigerous Panulirus argus and P. guttatus

were collected from coral reefs (depth 3-10 m) located near Long Key, Florida (24° 49.5
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N, 80° 48.8 W) using SCUBA. Animals were immediately transported to the Keys
Marine Laboratory (KML), where all laboratory experiments were conducted.

Spiny lobsters with early-stage embryos (> 10 d before hatching) were placed into
individual caged enclosures in the water near KML. Individual enclosures (120 cm x 100
cm) were at least 2 m apart, and were made from PVC and plastic mesh (1 cm) which
allowed the free flow of water. Placement of lobsters in enclosures allowed easy access
to them while continuing to expose them to natural tidal and LD cues. The enclosures
were checked daily, and egg masses were visually inspected to determine the stage of
embryonic development. While in the enclosures, lobsters were fed frozen shrimp and
squid daily at random times. Preliminary experiments found that the time of larval
release by spiny lobsters collected directly from the field and those from these

enclosures had the same relationship to environmental cycles (data not shown).

2.2.2 Embryo Development

For the purposes of this dissertation, I will define the following terms, used
throughout. A fertilized egg is defined here as an ‘embryo’. Embryos are attached to
the maternal ovigerous hairs and are encapsulated in protective membranes which are
referred to as the ‘embryo case’. “Egg mass’ is defined as the entire brood of embryos
attached to the ovigerous hairs on the pleopods on the abdomen of the female. ‘Egg

case’ refers to the embryo envelope that is remaining after a larva has hatched.
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A scheme for staging embryo development was constructed by observing the
complete developmental sequence of the embryos from oviposition to hatching.
Ovigerous females with early-stage embryos were held in the laboratory at constant
temperature (27 °C) and photoperiod (14 h light: 10 h dark cycle). The developmental
stages of the embryos for P. argus were determined by microscopic analysis to catalog
the ontogeny of the different stages (Helluy and Beltz 1991). A small set of embryos (=
20) was removed from the surface of the egg mass of females (1 = 24) at daily intervals.
Cleavage, yolk content, eyespot development, and chromatophore formation were
recorded. The number of days from the appearance of each developmental stage to
hatching was determined (Table 1). Since environmental factors can control the speed of
embryo development, this provided only a general estimate of the time to hatching for

each developmental stage.

2.2.3 Determination of the Time of Larval Release

The developmental stages of the embryos for Panulirus argus were determined by
microscopic analysis using a staging index described in the previous section (Table 1).
When the egg mass appeared dark in color, a small set of embryos (= 20 eggs) was
removed from the surface of the egg mass of females within the enclosures to estimate

the time until hatching. Ovigerous lobsters with late-stage embryos (~3 days from
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Table 1: Embryonic development of Panulirus argus in the laboratory at 27 °C

Stage

Egg Mass
Color

Description Duration of
Stage (days)

I

I

III

v

VI

vl

VIII

Bright Orange

Orange

Orange

Orange

Dark Orange

Dark Orange

Orange-Brown

Dark Brown

Cell division not evident; yolk =2-3
granules throughout.

Cleavage visible; blastomeres 2
present.

Yolk-free, transparent streak at 2
animal pole, near funiculus;

clustering of cells into segments;

yolk central.

Eyespots crescent-shaped 2
slivers; structure of appendages

visible; yolk occupies 66%

embryo area.

Eyespots triangular; 1
segmentation visible around

eyespots; yolk at vegetal pole

occupies > 33% embryo area.

Eyespots oval shaped; 2
appendages appearing; two

clusters of yellow yolk located

near center.

Eyespots round; appendages 2
well-formed and twitching, with

red chromatophores at tips;

heartbeat apparent.

Eyespots “lima bean” shaped; 1
fully formed larva; no yolk

globules; heartbeat arrhythmic;

hatching imminent.

22



hatching) were brought into the laboratory and maintained in individual glass aquaria
(100.5 cm L x 25.4 cm W) containing 751 of 0.5 pm filtered seawater (salinity of 35 - 36).
For all experiments, the water was continuously aerated and changed at random times
each day to remove metabolites. All experimental animals were maintained in an
environmentally controlled room at 27° C and were not fed.

Lobsters were then placed under either of two different lighting conditions. To
determine the solar day rhythm (see next section), one group of lobsters were exposed to
the ambient LD cycle while the room lights (cool white florescent lamps; intensity = 0.76
x 10" photons-cm?sec!) were on during the day. These lights were extinguished at
night in which lobsters were exposed to continuous low-level red light (= 2 x 10
photons-cm?-sec?). Since crustaceans are generally insensitive to red light (e.g., Forward
and Cronin 1979; Cronin and Forward 1988), the lobsters were considered to be in
darkness. A second group was placed under constant conditions (to determine the free
running rhythm), in which the lobsters remained under continuous low level red light.

Lobsters were observed with a time lapse video system (Panasonic model 13050
VHS time lapse video recorder, and RCA model TC 1005 camera). The time of larval
release was determined by reviewing the video tape and observing the larval release
behaviors of the female, which consisted of rapid flexing and extension of the abdomen
while actively beating the pleopods. The mean time of larval release was determined by

observing the time that the female first began releasing larvae and the time that she
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stopped her larval release behaviors, then determining the average between the two

times.

2.2.4 Solar Day and Free Running Rhythm in Larval Release

To observe the pattern of larval release relative to the ambient LD cycle (solar
day rhythm), ovigerous lobsters with late-stage embryos were placed into the
environmentally controlled room in the presence of an ambient LD cycle. Preliminary
results indicated that egg hatching occurred on two or three consecutive evenings for P.
argus, whereas hatching for P. guttatus was limited to one night. To determine if
individual P. arqus retained unhatched embryos, the pleopods were visually inspected
the morning after the first hatching event occurred. If embryos were still present, then
the lobster was placed in a new aquarium with filtered seawater, and larval release was
monitored each successive night until all embryos hatched. The time of larval release
was then recorded (as described above) and the solar day rhythm was determined.
Although hatching for P. argus occurred over two or three nights, only the mean time of
the first hatching event was used in the statistical analysis (see section 2.2.6).

To determine the free running rhythm in larval release, lobsters of both species
with early-stage embryos were placed under constant conditions (constant dim red
light) for more than 10 days. The time of larval release was then recorded (as described

below) and the free-running rhythm was determined.
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2.2.5 Circadian Rhythm in Larval Release

To test the hypothesis that the larval release rhythm is controlled by a circadian
clock entrained to the LD cycle, spiny lobsters with early-stage embryos (collected
directly from the field) were randomly assigned to one of two light treatments. One
treatment group was subjected to a 14:10 LD cycle similar to the ambient photoperiod.
The second treatment group was subjected to a 14:10 LD cycle that was advanced by 12
h relative to the ambient photoperiod. Spiny lobsters were exposed to these
photoperiod treatments for at least 10-12 days before being placed in constant conditions
(constant temperature, salinity, low level red light). The onset of light began at 06:00 h
in the ambient photoperiod treatment, and at 18:00 h in the advanced photoperiod
treatment. Light during the day phase came from overhead cool white fluorescent
lamps (0.76 x 10%> photons-cm?-sec™).

Embryos from each lobster were inspected daily to determine the stage of
development. When the egg mass appeared dark brown in color, a small sample of eggs
(= 20) was removed and examined under a dissecting microscope. Lobsters that were
expected to release within 48-72 h (embryo stages VI-VIII) were transferred to constant
conditions at the onset of the night phase of the LD cycle and monitored under low-level
red light. Only lobsters that were maintained under constan