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ABSTRACT: The spiny lobster Panulirus argus is a model organism in laboratory studies of olfaction,
but little is known about how these animals use odor cues in the field. Juvenile spiny lobsters aggre-
gate in dens, a behavior that may be mediated via chemical attraction to conspecific odor cues. To test
this hypothesis, we developed a submersible system capable of perfusing odors of live spiny lobsters
into experimental den sites within a natural reef setting. Using this system, we tested the effect of
conspecific odor on aggregative behavior by measuring the frequency of attraction of lobsters to den
sites perfused with either conspecific odor or natural seawater. We found that juvenile spiny lobsters
were attracted preferentially to dens perfused with conspecific odor: scented dens captured an aver-
age of 2.0 lobsters den™! wk™! and control dens captured an average of 0.60 lobsters den™* wk*. How-
ever, the distribution of the numbers of lobsters attracted to dens each day did not depart significantly
from that predicted by a Poisson distribution, indicating that each capture was independent of all oth-
ers. Our data thus suggest that the odor of conspecifics can act as an aggregation cue by spiny lob-

sters under field conditions, even in the absence of other sensory cues.
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INTRODUCTION

Palinurid lobsters often occupy crevices, holes or
other refuges and share these den residences with con-
specifics (Panulirus argus: Eggleston & Lipcius 1992,
Eggleston et al. 1992, Mintz et al. 1994; P. cygnus:
Cobb 1981; P. interruptus: Zimmer-Faust & Spanier
1987). Results from a variety of survey studies have
indicated that even when den sites are plentiful, there
tend to be more dens containing multiple lobsters than
would be predicted by a random distribution of indi-
viduals (Lindberg 1955, Herrnkind et al. 1975, Kan-
ciruk 1980, Zimmer-Faust & Spanier 1987, Hunt et al.
1991, Spanier & Almong-Shtayer 1992, MacDiarmid
1994). Moreover, California and Caribbean spiny lob-
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sters (P. interruptus and P. argus, respectively) show
aggregative behavior in laboratory tests using artificial
dens (Zimmer-Faust & Spanier 1987, Ratchford & Egg-
leston 1998). The collective evidence suggests that the
presence or absence of a conspecific can be a signifi-
cant factor in defining a preferred den site.

Den choice is probably influenced by several factors,
including the physical features of the habitat, popula-
tion density and behavioral interactions between indi-
viduals. In areas where lobsters are abundant, gregar-
ious clustering within dens may facilitate detection of
predators and their exclusion from dens (Cobb 1981,
Zimmer-Faust et al. 1985, Eggelston et al. 1990, Eggle-
ston & Lipcius 1992). Occupancy of a den by several
lobsters has also been shown to enhance survivorship
(Eggleston & Lipcius 1992), suggesting a clear benefit
from aggregative behavior.
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The sensory cues that mediate aggregation have not
been clearly established. Spiny lobsters Panulirus
argus are highly chemosensitive (Reeder & Ache 1980,
Derby 2000), suggesting that chemical cues likely play
a role in this behavior. In support of this hypothesis,
Zimmer-Faust et al. (1985) suggested that, pheromonal
or other conspecific, odor cues might enhance the pref-
erence of lobsters to choose particular den sites over
others. For example, they have shown that under labo-
ratory conditions the California spiny lobster P. inter-
ruptus is attracted to dens scented with conspecific
odors but will avoid dens containing odors of recently
killed lobsters. More recent laboratory studies of P.
argus suggest that conspecific chemical attractants
contribute to an ontogenetic shift in sociality among
these animals (Ratchford & Eggleston 1998). It has not
been demonstrated, however, whether spiny lobsters
will selectively occupy dens scented with conspecific
odors under field conditions.

The goal of this study was to test the hypothesis that
conspecific odors in the absence of other stimuli, such
as sound (Moulton 1957, Mulligan & Fischer 1977),
could act as aggregation cues to freely behaving
spiny lobsters Panulirus argus under field conditions.
To test this hypothesis, we developed a submersible
system capable of perfusing experimental den sites
with odors of live P. argus within a natural reef set-
ting. Using this system, we were able to test the effect
of conspecific odor on aggregative behavior by mea-
suring the frequency at which lobsters were attracted
to den sites perfused with either conspecific odor or
natural seawater.

MATERIALS AND METHODS

Study site. This study was conducted during May
1993 at Three Sisters Patch Reef located approx. 10 km
southeast of Key Largo, Florida. This reef is 130 m long
and 15 to 30 m wide. It is fairly isolated, and is sur-
rounded by open sand and seagrass Thalassia testu-
dinium beds that extend for hundreds of meters in all
directions. The study was performed at this location as
part of a larger investigation examining orientation
mechanisms in Caribbean spiny lobsters Panulirus
argus (Lohmann et al. 1995, Nevitt et al. 1995). Major
features of the underwater topography and the study
area are shown in Fig. 1.

Artificial dens and perfusion apparatus. Eight artifi-
cial dens were constructed from polyvinylchloride
(PVC) pipes that were cut in half, lengthwise. Each den
consisted of either 2 or 4 parallel pipe halves to fit
existing crevices in the reef. Each pipe-half (Fig. 2) was
20 cm in diameter and 0.5 m in length. The pipe-halves
were seasoned in salt water for approx. 1 wk to remove
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Three Sisters Reef

Fig. 1. Three Sisters Reef and vicinity (25°01'46" N,

80°23' 53" W). Reef outlines (small dots) were mapped using a

differential GPS receiver (see Nevitt et al. 1995). Maximum

depth at this location is 6 m. Artificial dens were deployed in
filled area for this study

potentially toxic residues. They were then placed with
their open sides facing downward and covered with
coral rubble. Four pairs (experimental and control) of
artificial dens were positioned on the reef in crevices
chosen to mimic as closely as possible the shelter char-
acteristics of natural lobster dens. All dens were placed
at least 6 m apart.

Both male and female juvenile lobsters (carapace
length, CL < 60 mm) were captured from the reef
using hand-held nets and tickle sticks (Lohmann et
al. 1995, Nevitt et al. 1995). Following capture, lob-
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Fig. 2. Diagrammatic layout of perfusion system and artificial
dens (not to scale). Submersible pumps mounted in PVC tube
end-caps draw ambient seawater into open tube ends,
through perforated bait containers, then out through mani-
folds to PVC pipe-halves acting as artificial dens. Each bait
container held a spiny lobster Panulirus argus for lobster-
scented treatments; bait containers were empty for unscented
control treatments
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sters were individually confined to cylindrical, perfo-
rated, plastic bait-containers, 9 cm in diameter and
30 cm long. All manipulations were performed by
SCUBA divers, thus lobsters were not brought to the
surface for this transfer. Plastic bait-containers were
inserted into ‘odor-source tubes’ made of PVC pipe
approx. 1.5 m long and 10 cm in diameter. Odor-
source tubes were constructed to accommodate 2 bait
containers each. Four odor-source tubes were placed
at a central location near the reef where dens were
located; 2 odor-source tubes contained lobsters, while
the other 2 tubes contained empty bait containers
and supplied ‘unscented’ control seawater to dens as
described below. Bait lobsters were replaced with
newly captured lobsters every 1 to 3 d during the
experiment. There was no mortality among the odor-
source lobsters.

A submersible pumping system was installed in each
odor-source tube to draw water past the bait lobsters
(or past the empty bait containers for the control treat-
ment) and out to the artificial dens. Small submersible
bilge pumps (Rule, Model 24) were mounted in PVC
caps on each odor-source tube. The in-current tube of
each pump was threaded through a hole drilled in
each cap. Hence, seawater entered through the open
end of the tube, passed through the perforated bait
containers and out through the pump. Each pump's
ex-current tube was connected to a manifold made
from 2 cm diam. PVC pipe, which supplied perfusion
water through lengths of plastic tubing (0.673 cm i.d.)
at a rate of ~1.51min~! to each den. The perfusion tub-
ing from the pumping site was subdivided at each den
using a T-connection so that every pipe-half in the den
received an equal supply.

Power for the pumps was provided by two 6 V gel-
cell batteries wired in parallel, contained in a custom-
fabricated aluminum housing. To
change the batteries each day without
disrupting the odor-source tubes, it
was necessary to use electrical connec-
tions between the pumps and the bat-
tery housing that could be attached
and detached in situ. A 2-contact EO
plug (Crouse-Hinds Joy Molded Prod-
ucts) connected each of 4 pumps to a
4-socket EO receptacle mounted on
the battery housing. All permanent
electrical splices were waterproofed
by potting in urethane (Devcon Flex-

Treatment and analysis. Each morning divers cen-
sused the artificial dens for new arrivals. These lob-
sters were captured and removed from the patch reef.
After each day's census, the odor treatments (lobster
scent or unscented control seawater) for the dens were
switched by swapping tubes at the manifolds. These
experiments were run continuously for 15 d.

To determine whether the odor treatment attracted
lobsters, a G-test (Zar 1974) was used to compare the
number of recruitment events per den for each sample
day between odor and control treatments. Because
odor treatments were switched between sample days
and any new lobsters were removed from dens on each
of the 15 d of the experiment, each occupancy event
was considered to be independent.

To test for independence, we used a G-test to com-
pare the distribution of the number of lobsters found in
each den per day with the distribution predicted by a
Poisson process (Zar 1974). Because the treatments
(lobster or seawater control) could affect attraction
rates, distributions for each treatment were considered
separately.

RESULTS

Dens perfused with the odor of sub-adult con-
specifics were significantly more effective at attracting
Panulirus argus than dens that were perfused with
unscented control seawater (Table 1). Individuals that
were attracted to dens were predominantly medium to
large juveniles (52 to 89 mm CL), and were never
gravid. However, gravid lobsters were rarely observed
on the reef at the time of this experiment.

Expressed as an average using a standardized
recruitment measure used in lobster-trapping studies

Table 1. Incidence of Panulirus argus attraction to 8 artificial den sites at the
Three Sisters Reef for 15 d. Odor treatments (seawater passed over adult lob-
sters or control seawater) were switched daily, and perfused into dens continu-
ally. Dens were censused and cleared each morning. Total den-days: number of
1 d tests across all den sites; total lobsters attracted: sum of individual lobsters
attracted throughout entire experiment; den-days with lobsters: number of den
sites that attracted =1 lobsters overnight; den-days without lobsters: number of
den sites that failed to attract lobsters overnight. G-test of den-days with and
without lobsters shows a significant difference between treatments (G = 4.51,
df = 1, p < 0.035). Similarly, G-test of total number of lobsters attracted yields a
significant difference between treatments (G = 6.52, df = 1, p < 0.01; corrected

for total number of den-days)

ane). After detaching the plugs at Experimental Total Incidence of attraction
depth, the battery housing could be treatment den-days  Total lobsters  Den-days Den-days
brought to the surface by a diver attracted  with lobsters without lobsters
and then returned to the site with

. s Scented 60 17 12 48
freshly charged batteries within a few Control 58 5 4 54
minutes.
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(Heatwole et al. 1988), odor-perfused dens captured an
average of 2.0 lobsters den™! wk™! and control dens
captured an average of 0.60 lobsters den™! wk™'
Because each den's odor treatment was switched every
day, these results also indicate that the odor acts as a
short-term, water-borne cue, and does not depend on a
long-term accumulation of an odor cue on the rock
floors or plastic walls of the dens.

Within each of the 2 treatments (scented and un-
scented control seawater), we examined the distribu-
tions of the number of lobsters that were attracted to
the dens. If lobsters arrived in groups or if the presence
of an initial individual enhanced the probability of
more arrivals during a 1 d test period, then there would
be more dens with 22 lobsters than would be expected
by chance (Poisson) distribution. Fig. 3 shows that the
distribution of lobsters within dens did not depart sig-
nificantly from that predicted by a Poisson distribution
for either scented (Fig. 3A) or unscented (Fig. 3B) treat-
ments. This result indicates that each arrival was inde-
pendent of all others; hence, there was no tendency of
lobsters to recruit in groups for either treatment.

DISCUSSION

The results presented here demonstrate that juvenile
spiny lobsters Panulirus argus will recruit to artificial
dens scented with conspecific odors. Because the
experimental treatments were switched daily, our find-
ings suggest that the conspecific odor cue is likely to
be ephemeral and water-borne, rather than a persis-
tent cue that is absorbed by the den surfaces. Although
the specificity of this cue was not directly examined in
this field study, this result is also consistent with labo-
ratory studies suggesting that a water-borne conspe-
cific odor cue mediates aggregation (Zimmer-Faust &
Spanier 1987). The chemical attraction takes effect
rapidly (within 1 d). Similarly, when the odor source is
removed, the effect of the odor disappears within 1 d.
This result thus supports the hypothesis that a conspe-
cific odor acts as a signal of current den occupancy
rather than as a persistent marker indicating prior
occupancy of a specific den site. Moreover, within our
1 d test periods, the attraction of each lobster to a given
den was an independent event. Our data therefore
indicate that the odor of conspecifics promotes gregar-
ious den occupancy by lobsters under field conditions,
even in the absence of other sensory information.

A useful comparison can be made between catch
rates in our experiment (where odor is the only con-
specific cue) and catch rates of trapping studies that
use live lobster ‘shorts’ (sub-legal sized lobsters,
<76 mm CL) as bait. Bait experiments present wild lob-
sters with a full suite of olfactory, visual, tactile, and
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Fig. 3. Panulirus argus. Comparison of observed and expected
Poisson distributions of numbers of arrivals to test for signifi-
cant interaction between the attraction of lobsters during the
1 d trials. G-test shows no significant departure from the dis-
tribution expected by random chance for both (A) lobster-
scented and (B) unscented control dens (lobster-scented dens
G =2.512,df =3, p = 0.473; unscented control dens G = 0.829,
df = 2, p = 0.661). Hence, attraction of each lobster was in-
dependent from all others

auditory signals that might be attractive to them. How-
ever, the catch rates in our study are similar to or even
higher than catch rates that have been reported from
such studies. For example, in our experiments, odor-
perfused dens captured an average of 2.0 lobsters
den! wk™! and control dens captured an average of
0.6 lobsters den™! wk™!. Results from trapping studies
conducted in the Florida Keys during early summer
1983 reported a capture rate of 0.77 lobsters trap™*
wk! for traps baited with 2 'shorts’ versus 0.35 lobsters
trap~! wk™! for empty traps (Heatwole et al. 1988). Fur-
ther experiments performed in the Florida Keys dur-
ing May through August 1985 showed capture rates of
2.4 lobsters trap™! wk™! for traps baited with 3 ‘shorts’
versus 0.84 lobsters trap™' wk™! for unbaited traps
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(Heatwole et al. 1988). The ability of the odor cue alone
to generate recruitment rates comparable to those gen-
erated by the array of sensory cues provided by live
lobsters suggests that olfaction may play a key role in
initiating aggregation under natural conditions, at
least for subadult P. argus.

Conspecific odor cues as an indicator of den quality

The fact that spiny lobsters Panulirus argus are
attracted to dens scented with conspecific odors sug-
gests that lobsters use odor cues to find appropriate
shelter. We hypothesize that, in addition to specific
physical features of the den site, conspecific odors pro-
vide lobsters with a means of assessing the quality of
the potential shelter. From a physical standpoint, high-
quality dens provide a refuge from predation (Her-
rnkind & Butler 1986, Mintz et al. 1994), storm surge,
or protection during molting (Lipcius & Herrnkind
1982). Studies with P. interruptus and P. argus have
established that lobsters prefer dens that have shaded
cover and multiple entrances and ways of escape
(Spanier & Zimmer-Faust 1988, Eggleston et al. 1990).
Further studies by Butler & Herrnkind (1997) have
shown that augmenting natural shelter with appropri-
ately designed artificial structures can increase local
recruitment of P. argus. Aggregating within dens may
further increase den quality by enhancing predator
exclusion from dens and thus the protective capacity of
the shelter. Within a den, lobsters position themselves
so that their antennae protrude from multiple open-
ings. This behavior is considered to be a form of anti-
predator vigilance (Kanciruk 1980, Cobb 1981, Zim-
mer-Faust & Spanier 1987, Eggleston et al. 1990). A
similar form of anti-predator behavior is observed dur-
ing offshore migrations in which lobsters travel in
defensive queues. If a predator approaches, lobsters
can quickly rearrange themselves into a defensive
circle with antennae facing outwards ready to inflict
injury (Herrnkind & McLean 1971). P. argus has
recently been shown to localize mechanosensory stim-
uli and direct their antennal movements towards a per-
ceived predator (Wilkens et al. 1996). Taken together,
these observations suggest that the presence or ab-
sence of conspecifics is likely to be as important as
physical features in assessing the quality of a potential
den site.

Results from field studies with artificial shelters
(‘casitas’) on mortality rates of Panulirus argus further
this argument by showing direct relationships between
shelter size, gregarious behavior and lobster survivor-
ship (Eggleston et al. 1990, 1992, Eggleston & Lipcius
1992, Mintz et al. 1994). In these investigations, small
and medium casitas had highest survival levels for

small (35 to 45 mm CL) and medium (46 to 56 mm CL)
lobsters (Eggleston et al. 1990). Eggleston et al. found
that juvenile lobsters chose dens largely by the pres-
ence or absence of conspecifics and that gregarious
behavior extended the minimum size range of lobsters
that could survive in large shelters (Eggleston & Lip-
cius 1992). P. argus tended to select large shelters in
areas where conspecific abundance was high. Large
shelters provided for larger aggregations, but if lobster
abundance was low, then predators would move into
large shelters as well (Eggleston & Lipcius 1992, Mintz
et al. 1994). Low lobster abundance reduced the poten-
tial for gregarious behavior, thereby limiting the pro-
tective capacity of a shelter (Eggleston & Lipcius 1992).
Based on these results, Eggleston & Lipcius suggested
that conspecifics (as well as shelters) could be viewed
as a limiting resource (see also Butler & Herrnkind
1997, Childress & Herrnkind 1997). It stands to reason
that spiny lobsters would be highly tuned to conspe-
cific odor cues that might alert them to this resource.
Likewise, odor cues could assist lobsters in avoiding
dens where predators might be hiding (Zimmer-Faust
et al. 1985).

Our data suggest that conspecific odors are likely to
aid spiny lobsters Panulirus argus in locating occupied
dens. Field studies investigating this behavior are
lacking, but observations by other researchers are con-
sistent with the hypothesis that palinurid lobsters use
conspecific odor cues to locate dens opportunistically.
For example, Trendall & Bell (1989) monitored move-
ment patterns of individual rock lobsters P. ornatus
near Australia. They found that occupancy patterns
were unpredictable and opportunistic. On average,
60 % of all possible den sites were vacant and even the
best dens (defined as dens which were at times occu-
pied by =3 lobsters) remained unoccupied 20 % of the
time. In this population, home den sites were not spa-
tially discrete, since occupancy changed from day to
day. The picture that emerges is that conspecific odor
cues could potentially advertise the occupancy status
of a particular den site and thus serve as an indicator of
its immediate quality as a place to shelter for the day.
Further experiments testing the specificity of this at-
traction are needed to confirm this hypothesis.

Potential role for chemical communication

Besides serving as a general aggregation cue, con-
specific odors are likely to communicate chemical
information between individuals. In a recent study,
Ratchford & Eggleston (1998) used laboratory Y-maze
experiments to examine whether Panulirus argus
showed an ontogenetic shift in attraction to conspecific
odors. Their results suggest that an attraction for con-
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specific odors begins only after P. argus has reached
15 mm CL in body size. While reproductive individuals
were not tested in this study, a number of field investi-
gations have shown that cohabitation varies seasonally
with molting and reproduction (Davis 1977, Lipcius &
Herrnkind 1982, Hunt et al. 1991). In an intensive 3 yr
study of spiny lobsters Jasus edwardsii in patch reefs in
NE New Zealand, MacDiarmid (1991, 1994) found that
cohabitation varied with size, age and sex: subjuve-
niles typically were found aggregated in a few large
groups, mainly in shallow water with no consistent
seasonal patterns of cohabitation. Large, reproductive
males, however, were often solitary and showed
seasonal trends in cohabitation: during the breeding
season, lobsters tended to be distributed haphazardly
in the habitat, whereas in the non-breeding season,
reproductive males were gregarious (highly clumped).
MacDiarmid also found that during the breeding sea-
son 73 % of the post-molt pre-ovigerous (soon to mate)
females cohabited with a reproductive male.

Interestingly, MacDiarmid's (1994) study also pro-
vides evidence for den selection by females, because
some males had as many as 16 cohabiting females
while most males (59%) did not have any. More
females were found in dens with the biggest males.
(Males of 140 to 149 mm CL had an average of 2 + 0.52
SE females, while males 2180 mm CL had 4.8 + 1.27 SE
cohabiting females; MacDiarmid 1994). Mature males
are aggressive towards one another in this species
(MacDiarmid 1989) and females move between males
(MacDiarmid 1991), suggesting that males defend
shelters, not harems (MacDiarmid 1994). It is thus pos-
sible that the presence of female odor may contribute
to the quality of that shelter from the point of view of
females assessing potential mates.

Although comparable data are not available for Pan-
ulirus argus, MacDiarmid's combined work suggests
that understanding the mechanisms underlying den
selection and gregarious behavior in palinurid lobsters
and other decapod crustaceans is a rich area for future
experimental study in the field in terms of chemical
communication. Recent laboratory Y-maze studies of
mature American lobsters Homarus americanus have
shown clear sex biases in shelter preference. Females
preferred male-occupied shelters to empty shelters,
and released 4 times as much urine as they appro-
ached shelters as they did during an equal time in iso-
lation (Bushmann & Atema 1997). In our experiments,
we baited dens exclusively with the scents of juvenile
lobsters. Baiting dens with the scent of reproductive
males, for example, might influence the amount or
type of female attraction that is observed. Alterna-
tively, baiting dens with the odor of reproductive
females might tend to attract smaller reproductive
males, which are thought to move between shelters in

search of unguarded reproductive females in other
palinurids (MacDiarmid 1991).

Panulirus argus in particular offers many advantages
for future behavioral work. This species has been used
extensively in laboratory studies of behavioral discrim-
ination of odorants, and neural coding of odor quality
and intensity (see Derby 2000 for review). For exam-
ple, behavioral studies show that P. argus can distin-
guish between odor mixtures and components and is
able to learn to discriminate odors in the laboratory
(Fine-Levy & Derby 1992, Lynn et al. 1994, Cromarty &
Derby 1997). While the specific odorants or pheromone
compounds involved in den discrimination have not
been identified, the technique we describe is ideally
suited for testing chemical cues which could poten-
tially be mediating den choice in palinurids in field sit-
uations. Field investigations incorporating studies on
seasonal shifts and sex-specific differences in olfac-
tory-mediated behavior should be addressed. Combin-
ing such studies with molecular and physiological
investigation is approachable in this system, and will
yield fascinating avenues of future research.
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