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ABSTRACT: The aim of the present work was to reveal the behaviour of the European spiny lobster
Palinurus elephas (Fabricius, 1787) during encounters with predators. The study was conducted in a
tank, exposing lobsters individually or in groups to a single specimen of the European conger eel or
the common octopus. The behaviours of the lobsters, their sounds and the behaviours of the predators
were recorded using a digital audio-video underwater acquisition system and analysed. A behav-
ioural event not found in literature, dubbed 'Alert’ by the authors, was described. The results showed
that the most recurrent events were Alert, Point and Whip, which have the function of controlling the
predator with the antennae, while maintaining the predator—prey distance. Moreover, a strong asso-
ciation between Tail Flip and Lunge (events that were stimulated in response to an imminent danger
to life) with the sounds emitted by lobsters was observed. Significantly more sounds were emitted
during the tests with single lobsters compared to grouped lobsters. As a result of the present study,
the European conger eel may also be considered a potential natural predator of the European spiny
lobster.
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INTRODUCTION

Benthic stages of palinurid lobsters are subjected to
a wide array of predators: groupers (Eggleston et al.
1997, Quetglas et al. 2001), triggerfish (Barshaw et al.
2003, Briones-Fourzan et al. 2006, Weiss et al. 2008,
Lavalli & Herrnkind 2009), sharks (Berry 1971, Eggle-
ston & Lipcius 1992), stingrays and octopus (Berger &
Butler 2001).

To minimize the predation risk, which represents the
primary source of natural population mortality (Butler &
Herrnkind 2000, Butler et al. 2006), lobsters have devel-
oped effective defensive strategies for each life-history
stage. Defence mechanisms are generally mediated by
2 major strategies (Sih 1985, Brodie et al. 1991): (1) 'pre-
dator-avoidance mechanisms' (e.g. crypticity, immo-
bility, nocturnal activity, sheltering) adopted by a lob-
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ster before an attack to reduce the risk of predator en-
counters (Barshaw et al. 2003, Briones-Fourzéan et al.
2006, Gristina et al. 2009) and (2) 'antipredator mecha-
nisms' (e.g. escape, aggregation, cooperative defence,
weaponry, clinging to the substrate) adopted during an
attack to reduce the risk of capture and killing (Vermeij
1982, Sih 1987, Brodie et al. 1991, Spanier et al. 1991,
Barshaw & Spanier 1994, Hazlett et al. 2000, Herrnkind
et al. 2001, Seitz et al. 2001, Barshaw et al. 2003, Bouw-
ma & Herrnkind 2005, Lind & Cresswell 2005, Briones-
Fourzén et al. 2006, Lavalli & Herrnkind 2009). With
regards to the ‘antipredator mechanisms’', several stud-
ies have described a range of defensive actions adopted
by spiny lobsters to counteract diurnal predators in the
open (Herrnkind et al. 2001, Barshaw et al. 2003,
Bouwma 2006, Briones-Fourzan et al. 2006, Parsons &
Eggleston 2006, Lavalli & Herrnkind 2009). These stud-
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ies, carried out both in the field and in mesocosms, have
identified a wide set of behavioural actions adopted by
spiny lobsters during predator encounters. Within
these, the use of antennae probably represents the most
effective antipredator weapon for spiny lobsters. In fact,
the spinous antennae, with their powerful basal muscu-
lature, can be used in a wide array of defensive tactics:
to keep the predator at distance (‘Point’ or ‘Parry’) or to
slap against the predator's body (‘Whip’ or 'Lunge’)
(Lavalli & Herrnkind 2009). The use of antennae in
combination with rapid contractions of the abdomen
musculature (‘Tail Flip’', ‘Rear Back’') (Lavalli & Her-
rnkind 2009), with movement of walking legs (‘Pirou-
ette’, 'Walk') (Lavalli & Herrnkind 2009) and with coop-
erative defence strategies (‘queue’, 'rosette’, ‘phalanx’)
(Herrnkind et al. 2001, Briones-Fourzan et al. 2006),
confers to spiny lobster a useful tool with which to
counteract predator attack during different life-history
stages and in several ecological conditions. Further-
more, in combination with antennae sweeping, stridu-
latory spiny lobsters are able to produce a characteristic
loud sound (Moulton 1957, Smale 1974, Mercer 1975,
Mulligan & Fischer 1977, Patek 2001, 2002, Bouwma &
Herrnkind 2005, 2009).

Despite the wide scientific interest in this topic, the
sound-production mechanism of stridulatory decapod
crustaceans within the general framework of ‘anti-
predator mechanisms' is not completely understood.
Some authors have assumed that lobsters only produce
sounds in an antipredatory context (Lindberg 1955,
Moulton 1957, Hazlett & Winn 1962, Meyer-Rochow &
Penrose 1974, 1976, Patek 2001, 2002, Patek & Oakley
2003, Bouwma & Herrnkind 2009), while others sug-
gest that sounds may be used in social context as well
(Moulton 1957, Mercer 1973, 1975). In particular,
Bouwma & Herrnkind (2005) and Bouwma (2006) de-
monstrated that Caribbean spiny lobsters Panulirus
argus and P. guttatus in which the sound-production
mechanism had been disabled were attacked and
killed more frequently by Octopus briareus than spiny
lobsters with intact sound-producing structures. Sound
emanates from a specialized stridulating organ com-
posed of 2 parts: a movable plectrum attached to the
last segment of the antennal peduncle and a rigid file
(Patek 2002, Patek & Oakley 2003, Patek & Baio 2007).
This organ is located at the base of the long second
antennae, which is also the lobster's primary defensive
weapon (Patek 2002). To produce sound, the lobster
draws the plectrum up the file by moving the antenna
base posteriorly.

The European spiny lobster Palinurus elephas
(Fabricius, 1787) is common along the Mediterranean
and northeastern Atlantic coasts (Hunter 1999, Ceccal-
di & Latrouite 2000). It is a temperate species living on
rocky and coralligenous substrates where micro-caves

and natural protective holes are numerous from ap-
proximately 10 to 200 m in depth (Ceccaldi & Latrouite
2000). This species, primarily active at night, repre-
sents one of the main targets of Mediterranean arti-
sanal fisheries, and, while catches are now reduced
and sporadic, this fishery has a long history (Goni &
Latrouite 2005, Groeneveld et al. 2006). As a result,
almost all P. elephas populations in the Mediterranean
are clearly overexploited (Goni & Latrouite 2005, Gal-
hardo et al. 2006). Notwithstanding the economic and
ecological importance of P. elephas in most parts of the
Mediterranean coastal area, experimental data on the
antipredator mechanisms of P. elephas are scanty or
absent (Hunter 1999, Goldman & Patek 2002, Barshaw
et al. 2003, Patek & Oakley 2003, Gristina et al. 2009).

The aim of the present study was to experimentally
reveal the antipredator behaviours of European spiny
lobster Palinurus elephas in the presence of potential
predators with different swimming abilities and attack
strategies: the common octopus Octopus vulgaris
which employs an ambush strategy (Hanlon & Hixon
1980) and the European conger eel Conger conger
which mainly attacks prey in the open using the accel-
eration of its undulatory swimming (Sfakiotakis et al.
1999). Both common octopus and European conger eel
co-occur with common lobster in the same coastal,
rocky habitat, sheltering in natural holes during the
day and mainly active at night (Morato et al. 1999).
Many octopuses are natural predators of spiny lobsters
(Joll 1977, Harrington et al. 2006, Bouwma & Her-
rnkind 2009, Butler & Lear 2009) and O. vulgaris preys
on the common spiny lobster P. elephas (Quetglas et al.
2001, Goni & Latrouite 2005). When threatened by
octopus in the open, lobsters attempt to escape by
using tailflips, darting backwards away from the at-
tacker. As a result, octopus predation on lobsters in the
open may be a rare occurrence, while, using their long
and flexible arms, octopuses mainly prey on lobsters
inside their dens (Weiss et al. 2006, Bouwma & Her-
rnkind 2009). The European conger eel is considered
a voracious predator, eating a variety of species—
Clupeidae (especially sardines), cephalopods (cuttle-
fish, squid, octopus) and crustaceans such as shrimps
and small crabs (Cau & Manconi 1984, Morato et al.
1999, O'Sullivan et al. 2004) —and is also known to
enter lobster pots (O'Sullivan et al. 2003). Conger eel
predation on lobster is mostly anecdotal and lacking
experimental evidence; however, we believe that,
inhabiting the same habitat, conger eels probably
compete with lobster for limited available shelter and
simultaneously could represent a menacing predator.
We chose to carry out the experiments without any
dens, in order to prevent the presence of available
shelters from affecting the attack strategies of the 2
selected potential predators.
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The research questions were (1) What are the Palin-
urus elephas’ anti-predator behaviours during encoun-
ters with 2 different predators, and do they differ ac-
cording to the predator? (2) What are the behavioural
events associated with sound production? (3) Are there
differences between single and collective defensive
strategies?

MATERIALS AND METHODS

Collection and maintenance of animals. The present
study was carried out at the Capo Granitola/CNR lab-
oratory (SW Sicily), from May to June 2009. Fifty adult
European spiny lobsters Palinurus elephas (31 males
and 19 females) weighing 193 + 54 g and measuring
183 + 25 mm in total length (mean + SD), 5 adult Euro-
pean conger eels Conger conger weighing 2044 + 278
g (mean + SD) and 5 adult common octopuses Octopus
vulgaris weighing 1656 + 168 g (mean = SD) were
used. All animals were captured between January and
February 2008. The European spiny lobsters were cap-
tured at from 20 to 25 m depth near Isola delle Fem-
mine (NW Sicily) by fishermen using a commercial
trammel net (54 mm inner panel mesh size; 1200 m
length). Individuals were transferred to 2 shaded out-
door PVC circular tanks (3.0 m diameter) supplied with
a thin layer of sand (about 1 cm depth). The common
octopuses and the European conger eels were caught
using trammel nets and long lines, respectively, by a
commercial fishery at the same location and depths of
the lobsters. In the laboratory, octopuses and conger
eels were kept in 2 separate outdoor PVC circular
tanks (3.0 m diameter) supplied with a thin layer of
sand (about 1 cm depth). Temperature and salinity lev-
els were monitored using a multiparametric probe
(EC300, VWR International LCC) and were kept con-
stant, at 19.3 + 0.78°C (mean + SD) and 35.4 + 0.81 ppt
(mean + SD), respectively, with a constant flow of sea-
water provided at a rate of 25 + 3.7 I min~! (mean * SD).
The tanks were covered with a dark cloth to reduce the
intensity of light radiation. The lobsters were fed crabs
and frozen shrimps ad libitum. The octopus and conger
eel were fed shrimps and frozen fish (Boops boops) ad
libitum, but were deprived of food for 5 d before the
start of the experimental trials. All animals were kept
under natural photoperiods.

The protocols of animal husbandry and experimen-
tation were reviewed and approved in accordance
with recommended standards (NRC 1996) and EEC
Directive 86/609.

Rationale and experimental procedures. All experi-
ments were carried out in a circular outdoor PVC tank
(3.0 m diameter) supplied with a thin layer of sand
(@about 1 cm depth). Although several authors de-

scribed palinurids as being mainly active at night
(MacDiarmid et al. 1991, Hunter 1999), Giacalone et al.
(2006) demonstrated intense activity also during the
day for Palinurus elephas. For this reason, we carried
out all the experiments in the afternoon (at approxi-
mately 17:00 h), and we stopped them before sunset
(20:00 h). To assess the defence behaviour of P. elephas
during predator attacks, we exposed lobsters, individ-
ually and in groups of 4 individuals, to a solitary pre-
dator. Ten trials were performed with a single lobster,
5 with an octopus and 5 with a conger eel. Likewise
10 trials (5 by each predator) were performed using
groups of 4 lobsters.

The lobsters (individually or in groups) were ran-
domly collected from the holding tanks, assigned to
the trials and used in 1 experiment only to meet the
assumption of experimental independence. Each pre-
dator individual was used twice

Lobsters (individually or in groups) were released in
the centre of the experimental tank, without any shel-
ter, and after 1 h of habituation, the trial was started.
After the 1 h of habituation and in the absence of any
predator, each lobster's behaviour was monitored for
another 1 h (control phase). A predator (octopus or
conger eel) was then released into a cylindrical tank
(80 cm diameter, 40 cm high) in the centre of the arena;
after 10 s, the tank was removed and lobster (individu-
ally or in groups) and predator behaviour was moni-
tored for a further 1 h (test phase) (Fig. 1).

The behavioural repertoires of the spiny lobster Pal-
inurus elephas and its predators Octopus vulgaris,
Conger conger during predator—prey encounters were
derived from analysis of the videotapes. These behav-
ioural patterns, recorded during each trial, were
assigned to behavioural categories following the gen-
eral scheme proposed by Lavalli & Herrnkind (2009),
modified by the authors for the present study (Fig. 2).

Data monitoring and acquisition system. To avoid
disturbing the animals inside the experimental tank, a

| ]

< 3m b

Fig. 1. Schematic representation of experimental tank
equipped with a hydrophone and video cameras
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Lobster behavioural event

Point

The lobster points towards the One or both antennae of the The tip or side of an antenna of the
direction of predator with both the lobster move towards, or are lobster makes contact with some part
antennae, raising telson and held in, the direction of the of the predator; can include swiping
stretching the legs. predator. No contact is made. the predator or holding one or both
Lobster's body (including the Lobster doesn’t raise the telson antennae against the predator to

antennae) doesn’'t move except and the legs. keep it at a distance.

for the flicking of the antennules.

Lunge Sound Emission

40
20

» 0.050.10 0.15
The lobster makes a rapid flexion The lobster’s antennae are The lobster emits a single or multiple
of the extended abdomen, one or | swept together rapidly in front of | audible acoustic signal(s) (the
more times, which results in the lobster and the body rapidly | spectrogram of an audible rasp; X is
propelling the lobster to a new moves forward towards the the time in seconds, Y is the

location away from the predator. | predator, by the use of the legs | frequency in kHz).

and/or the rapidly undulating

telson; the antennae may or
may not make contact.

Pirouette Whip

'The lobster turns on the spot (= 180°) while keeping | The lobster strikes the predator with either one or
the antennae and anterior of the body directed at the | both antennae without an associated forward

attacking predator. movement of the body or simply pushes the
predator away using the antennae.
Lobster status
Walking The lobster uses its legs to move itself to another location.
Resting The lobster maintains its position. Antennae could move.

Predator action
The predator moves directly towards the lobster to within one antenna’s length,

Attack approaching, handling or with damaging action.

Fig. 2. Palinurus elephas. Description of the behavioural events and states of the European spiny lobster and predator action



Buscaino et al.: Defensive strategies of European spiny lobster 147

laboratory was located 5 m away from the tank, in
which the equipment required for audio-video moni-
toring and recording was placed.

The video monitoring was carried out using 2 cam-
eras. One low light camera (Model CCD colour camera
1090/205, Urmet Domus SPA) was placed 3 m above
the centre of the tank, for an overall view of the experi-
mental space. A low light underwater camera (Model
RE-BCC6L, DSE), which could be rotated 160°, was po-
sitioned on the bottom of the tank, on the side nearest
the audio-video monitoring laboratory, in order to ob-
tain a side view of the predators and lobsters.

Sound emissions by the lobsters were recorded using
a hydrophone (Model 8104, Bruel & Kjer; receiving sen-
sitivity of —205 dBre 1 V uPa™! + 4.0 dB in the frequency
band 0.1 Hz to 80 kHz) connected to a preamplifier
(VP1000, Reson; 1 MHz bandwidth single-ended volt-
age). The signals from the cameras and the hydrophone
were synchronized, digitized, and stored using a DAQ
card (Model DV-RT4 Real Time, D-Vision) managed by
custom-written software (Model DSE, D-Vision).

Audio-video recording analysis. The synchronized
audio-video data were analysed in continuous mode.
The behaviour of the lobsters and predators was re-
corded for 2 h: 1 h for the control and 1 h for the test
phase. Moreover, for lobsters, we distinguished the be-
havioural states and events, including movements/
postures and audible sound emissions (see Fig. 2).

With regards to the behavioural states, we analysed
mobility and clustering. As an indicator of mobility, in
trials with individual lobsters, the percentage of time
spent walking or resting was assessed. In trials with
groups of lobsters, the percentage time spent in differ-
ent clustering conditions was recorded as follows:
Cluster 4 (each lobster was in contact with another by
any portion of the body), Cluster 3 (3 lobsters were in
contact by any portion of their body and 1 individual
was isolated), and no cluster (a cluster was made up of
2 lobsters at most).

Statistical analysis. Data were tested for goodness of
fit to the normal distribution using the chi-squared test.
Since the data were not normally distributed, non-
parametric tests were used to compare different vari-
ables within (control vs. test) and between trials. The
Kruskal-Wallis, Mann-Whitney U and Wilcoxon non-
parametric tests were used to evaluate differences in
the following variables:

e the number of attacks by the octopuses and the con-
ger eels against the lobsters individually or in groups;

e the mobility of single lobsters during the control and
test phases;

e the clustering condition of lobsters in groups during
the control and test phases;

e the number of behavioural events of lobsters per
capita in all trial types.

Mean no. of predator attacks per test

Moreover, for each test type (single lobster vs. octo-
pus; single lobster vs. conger eel; lobsters in group vs.
octopus; lobsters in group vs. conger eel), a linear
regression model (y = a + bx) was applied to the total
number of predator attacks per trial (regressor) and to
the total number of behavioural events shown by lob-
sters per trial (regressand). In the cases of significant
positive relation (p < 0.05), analysis of covariance
(ANCOVA) was used to compare the mean number of
events between the different test types, using the num-
ber of predator attacks as the covariate.

A p-value of <0.05 was considered to indicate statis-
tical significance. All statistical analyses were per-
formed using the STATISTICA 7.0 software package.

RESULTS
Predator attacks

Conger eels Conger conger launched a significantly
higher number of attacks on lobsters Palinurus elephas
(both individuals and groups) than the octopus Octopus
vulgaris (Mann-Whitney U-test; p < 0.01) (Fig. 3). The
octopus showed a preference for attacking grouped
lobsters (Mann-Whitney U-test; p < 0.05) compared to
single lobsters, while the conger eel did not show any
significant preference (Mann-Whitney U-test; p > 0.05),
even though the number of attack towards grouped
lobsters was higher (Fig. 3). Nevertheless, with regards
to the median number of predator attacks per lobster,
the grouped lobsters were attacked significantly
less often than single lobsters (Mann-Whitney U-test,
p <0.05).

70

60

50

40

30 ——

20
10 -
0
-10
Congervs. Congervs. Octopusvs. Octopus vs.
Single Group Single Group

Fig. 3. Palinurus elephas. Mean number of attacks (n h™! + SD)

by conger eels Conger conger (n = 5) and common octopuses

Octopus vulgaris (n = 5) per test with single (n = 10) or
grouped lobsters (n = 40)
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No lobsters were killed during any of the experi-
ments, whilst the amputation of antennae or legs was
recorded 3 times only in the trials performed with sin-
gle lobsters (in 1 case with the octopus and in the other
2 cases with the conger eel).

Behavioural state of lobsters
Mobility of single lobsters

In the control period, lobsters remained in the resting
state for 47 + 13% (mean + SE) of the time and in the
walking state for 53 + 13 % (mean + SE) of the time, with
a mean number of state changes of 7 + 10 (mean + SE).

After predator introduction there was an increase in
the resting state (64 + 7%; mean = SE) compared to
walking (36 + 7%; mean + SE). In particular, in tests
with octopuses, there was a statistically significant
prevalence of the resting state compared to walking
(Wilcoxon, p < 0.05). Moreover, an increase in status
changes (13 + 5%; mean + SE) was observed during
these tests.

Clustering

During the control period, there was a prevalence of
lobsters in Cluster 4 (48 + 12 %, mean + SE), compared
to Cluster 3 (36 + 10 %; mean + SE) and no cluster (16 +
7 %; mean + SE) states. In the comparison between the
tests with conger eel and octopus, the clustering of lob-
sters did not show any significant differences (Wil-
coxon test, p > 0.05). In the presence of predators, there
was a reduction in the Cluster 4 (28 + 12 %; mean =+ SE)
and Cluster 3 (27 + 6%; mean * SE) state and an
increase in the no-cluster state (45 = 10 %; mean =+ SE).
In particular, in the tests with octopuses, there were
significant differences between the Cluster 4 and no-
cluster states (Wilcoxon test, p < 0.05) and between the
Cluster 4 and Cluster 3 states (Wilcoxon test, p < 0.05).

Behavioural events of lobsters

Point behaviour because the lobster raises the telson
and stretches its legs without movement of the body
(except for the antennules) (see Fig. 2).

The most recurrent event was the Alert (with a value
for all tests of 13.2 + 3.6; mean number per capita per
hour + SD) (Fig. 4). Secondary behaviours were the
Point (12.9 + 3.2) and the Whip (11.6 + 3.9) (Fig. 4). The
Whip was not observed during the tests with single
lobsters with octopus (and was rarely observed in tests
of groups against an octopus: 1.4 + 0.8 h; mean + SD)
(Fig. 4). Similarly, the Lunge has never been recorded
in tests with octopuses (Fig. 4). The Parry was also
rarely observed in tests with octopuses (Fig. 4).

Among the events arising in response to imminent
life-threatening danger (Bouwma & Herrnkind 2009,
Lavalli & Herrnkind 2009), and/or characterized by
high mobility, were the Sound Emission (6.02 + 2.20),
the Tail Flip (4.88 = 1.53) and the Lunge (0.85 = 0.42)
(Fig. 4).

When comparing the behavioural events between all
test typologies (multiple comparisons, Kruskal-Wallis
test), no significant differences in behavioural re-
sponses per capita were observed, except for the Whip,
which was significantly more frequent in single lob-
sters with conger eels than in those with octopuses (p <
0.01), and the Parry, which was more frequent in lob-
sters in groups with conger eels than in single lobsters
with octopuses (p < 0.05).

In total, 2433 behavioural events were recorded, of
which 239 (10%) were Sound Emissions. All Sound
Emissions occurred in association with the Lunge, Tail
Flip, Parry, Whip and Point behaviours. Table 1 shows
the total number of behavioural events, with the per-
centage associated with Sound Emissions. The Tail
Flip showed the highest percentage (76 %) of associa-
tions with Sound Emissions.

Only in tests with single lobsters (both with conger
eels and octopuses) were the relations between attacks
and movement/posture events positively significant
(Fig. 5). In all tests, the relations between the attacks
and the Sound Emissions were positively significant,
except for single lobsters versus octopuses (Fig. 5).

Table 1. Palinurus elephas. Number of behavioural events of lobsters, and
percentage of associations with audible sounds. Data in parentheses are the

Only after introduction of the pre- percentage of events associated with Sound Emission

dator into the experimental tank did
lobsters exhibit the full range of behav- Tail Flip ~ Lunge Parry Whip Point
loural actions described by Lavalli & Total b 185 (75.7 15(53.3) 386 (13.5 352 (10.5) 595 (0.3
Herrnkind (2009). We recorded an un- gfzvzllllﬁ er 757) (533) (13-5) (10.5) ©3)

i havi 1 h
desmbe,d be lavioura event that we Events with 104 (76.9) 15(53.0) 377 (13.8) 328 (11.3) 491 (0.2)
named ‘Alert": the lobster faces to-

. conger eel

wards the predator and flicks the an- Events with 81 (75.3) 0 9 (0.0) 24 (0.0) 104 (1.0)
tennules as though detecting the pre- octopus
dator odours. The Alert differs from the
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Behaviour of single lobsters vs. conger eel
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In tests with single lobsters versus conger eels, the
number of Sound Emissions in relation to the number
of predator attacks was significantly higher than in
tests with lobsters in groups (ANCOVA: F; 7, = 9.4776,
p < 0.05).

Moreover, in tests with lobsters in groups, the num-
ber of sounds emitted in response to attack by the octo-
pus was greater than that emitted with the conger eel
(ANCOVA: F(; 6= 8.6516, p < 0.05).

DISCUSSION

Many palinurids adopt antipredator strategies
encompassing both ‘predator-avoidance’ and ‘antipre-
dator mechanisms'. Most spiny lobster taxa exhibit
gregarious behaviour—sharing shelters (Childress &
Herrnkind 1997, 2001), aggregating in complex, coor-
dinated formations (Herrnkind et al. 2001) and sensing
olfactory alarm signals (Briones-Fourzan et al. 2008,
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Shabani et al. 2008). In addition, spiny lobsters can use
a wide range of antipredator mechanisms, such as
escaping to safe distances from predators (Briones-
Fourzan et al. 2006), pointing or parrying the antennae
against the predator to keep it at a distance, scraping
the predators by sweeping the spinous antennae to-
gether (Lavalli & Herrnkind 2009), clinging to the sub-
strate and avoiding shelters infused with predator
scent (Berger & Butler 2001, Briones-Fourzén et al.
2008). However, despite the considerable scientific
information on this subject for several crustacean de-
capod species worldwide, our knowledge of how palin-
urids in general, and Palinurus elephas in particular,
adapt their defensive strategies to predators with dif-
ferent hunting strategies still remains sketchy.

In the present study, we attempted to describe the
European spiny lobster’s skill in modifying its defen-
sive mechanisms when exposed in the open to pre-
dators with different attack strategies. The experimen-
tal trials were performed in captive conditions in a
relatively small tank (3 m in diameter). To ensure that
the presence of shelters could not benefit 1 of the 2
tested predators, no refuges were provided in the
experimental tanks.

Both predators attacked lobsters in groups more
often than single lobsters. However, the mean number
of attacks suffered per capita by lobsters in groups was
significantly lower than the number suffered by single
specimens. Similar results were obtained by Lavalli &
Spanier (2001) with respect to Mediterranean slipper
lobsters. This may be attributable to the effectiveness
of the group antipredator strategies reported by sev-
eral authors (Barshaw et al. 2003, Briones-Fourzan et
al. 2006, Lavalli & Herrnkind 2009). The number of at-
tacks by conger eels was significantly higher than that
by octopuses. This phenomenon could be explained by
the different attack strategies of the 2 predators: con-
ger eels, characterized by undulatory swimming, are
more mobile than octopus, and, in confined spaces, this
may increase the chances of stumbling upon lobsters,
with a direct impact on the number of attacks. In con-
trast, the hunting strategies of Octopus vulgaris, which
mainly prey on lobsters inside their dens, seem to be
less efficient in the open (Weiss et al. 2006, Bouwma &
Herrnkind 2009). Although the literature contains no
clear information about the predator function of conger
eels against spiny lobsters, these results show that this
species could represent a potential predator of the
European spiny lobster.

During the control period, single lobsters spent
the majority of their time Walking, with a few varia-
tions. This behaviour, probably relating to monitoring/
exploration of the surrounding space and perhaps also
to the lack of available shelters, showed substantial
changes when a predator was introduced into the tank.

In fact, when single lobsters were exposed to an octo-
pus, they spent most of the time freezing their bodies
and antennae (pointed towards the predator), raising
telsons, stretching legs and flicking antennules to
detect predator odors (the ‘Alert’ posture, described for
the first time herein). When octopus attack the poten-
tial prey and extend their tentacles in an attempt to
grasp and catch, lobsters generally react by pointing
their antennae (Point), pirouetting and, above all, tail-
flipping. The rapid flexion of the extended abdomen,
one or more times, propels the lobster into a new loca-
tion, ensuring that the octopus cannot grip the cara-
pace and abdomen with its arms. Lobsters try to estab-
lish and maintain a safe distance from the octopus,
avoiding direct contact with the predator. Through this
mechanism, lobsters can circumvent octopus attacks in
the open, thus confirming the observation that ‘preda-
tion on lobsters in the open under natural conditions by
octopus may be a rare occurrence’ (Bouwma & Herrn-
kind 2009, p. 8). Conversely, an octopus, introducing
its long arms into dens, can easily capture and kill lob-
sters when they are sheltered in a confined space, pre-
venting escape. Due to the behavioural actions per-
formed by single lobsters when exposed to octopus,
the low number of sounds emitted was expected. In
fact, the defensive strategy described for lobsters —
mainly based on keeping the predator at a safe dis-
tance —reduces the behavioural actions coincident
with stridulation (Lunge, Parry). Furthermore, the lack
of direct contact (and of a probable capture) between
lobsters and octopuses reduces the Sound Emissions,
no matter what their functional significance (apose-
matic, calling for help from conspecifics, alerting con-
specifics to danger, attracting another predator to
interfere with the attacker) (Smith 1986, Driver &
Humphries 1988, Bouwma 2006, Bouwma & Herrnkind
2009, Klump & Shalter 2010).

To counteract the hunting strategies of conger eel,
single Palinurus elephas change their defensive strate-
gies. The time spent in the Alert posture previously
described for the octopus-single lobster interaction
appears strongly reduced, and, on the contrary, lob-
sters assume a more active, defensive behaviour.
Whip, Point, Tail Flip and Parry are more frequent be-
havioural actions adopted by lobsters to circumvent
the threat posed by conger eels. In general, lobsters
shift their body to face the predator, trying to keep
their antennae in a position to threaten the fish.

When attacked by a conger eel, single lobsters tend
to use their antennae to keep the predator at a dis-
tance, to strike the predator (Whip), or to sweep their
antennae rapidly in front of the predator to scrape or
scratch it (Lunge). This defensive behaviour is similar
to that described by Lavalli & Herrnkind (2009) for trig-
gerfish Balistes carolinensis versus Panulirus argus.
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Moreover, the defensive strategy adopted by single
lobsters when exposed to conger eels is characterised
by a high level of Sound Emission. The numerous
instances of Sound Emission can be explained by the
frequent use of Tail Flip and Lunge behaviours, actions
coincident with stridulation. Moreover, the long snake-
like body of the conger eel and its undulatory swim-
ming (Sfakiotakis et al. 1999), probably, compel lob-
sters, during an attack, to more often repeat defensive
behavioural actions (Lunge and Whip) linked to Sound
Emissions.

When grouped lobsters were threatened by octopus,
they left the group (Cluster 4) joined during the control
phase and individually sought a new location away
from the predator. In this situation, grouped lobsters
suffered a higher mean number of attacks compared to
single lobsters, but a lower number of attacks per
capita. Grouped lobsters seem to abandon the poten-
tial anti-predatory benefits of group formation, prefer-
ring to adopt individualistic strategies. The no-cluster
strategy in grouped lobsters may be adopted to avoid
focusing the attention of predators on a specific place,
leading to uncertainty in the choice of target prey, as in
many gregarious fish and crustacean species (Brock &
Riffenburgh 1960, O'Brien 1988, Magurran 1990). The
adopted defensive strategy allows each member of a
group to expend less effort (fewer defensive actions)
compared with solitary individuals (Lavalli & Herrn-
kind 2009) and seems to be efficient, since the mean
number of attacks per capita suffered by grouped lob-
ster specimens was lower than that suffered by single
specimens.

The grouped lobsters exposed to the conger eel also
suffered a higher mean number of attacks. Again, the
grouped specimens abandoned the cooperative de-
fence advantages provided by compact formations and
used their antennae individually to keep the predator
at a safe distance (Point and Parry). This observation
suggests that aggregation and cooperation do not rep-
resent a fundamental defence mechanism against con-
ger eel hunting strategies and do not confirm the find-
ings of other studies on predator—prey interactions
between spiny lobster and fish (Herrnkind et al. 2001,
Barshaw et al. 2003, Briones-Fourzan et al. 2006,
Lavalli & Herrnkind 2009).

The different defence strategies adopted by
grouped lobsters against octopus versus conger eel
seem to also affect the use of sound production. In
grouped spiny lobsters both predators stimulated a
number of Sound Emissions linearly related with the
number of predator attacks. However, analysis of
Sound Emissions in relation to the number of predator
attacks clearly shows that grouped lobsters emit sig-
nificantly more sounds in the presence of octopuses
than of conger eels.

The significantly higher number of sounds emitted
by single lobsters in comparison with grouped lobsters
when attacked by conger eels seems to confirm the
effectiveness of the defence strategies adopted by lob-
sters against the fish (Barshaw et al. 2003, Briones-
Fourzén et al. 2006, Lavalli & Herrnkind 2009). Proba-
bly, when grouped lobsters face the conger eel, they
adopt a strategy of diffuse attention, allowing them to
minimize the behavioural events associated with
stridulation (Tail Flip, Lunge, Parry, Whip).

The results of the present study allow us to describe
the mechanisms lobsters use to counteract predators
with different hunting techniques. However, we know
that laboratory conditions do not completely reflect
field conditions (Miller & Addison 1995, Zhou & Shirley
1997). In particular, due to the homogeneous size of the
lobsters and of the predators employed in our trials, we
could not assess how the relative size of competitors af-
fects the defensive behaviour of Palinurus elephas and,
conversely, the hunting strategies of the predators. In
this regard, Lavalli & Herrnkind (2009) underscored
that individual size conferred an advantage to solitary
P. argus, so that larger animals suffered fewer damag-
ing bites when attacked by triggerfish Balistes capris-
cus. In addition, we worked on inexperienced pre-
dators, with a probable low level of aggressiveness
(although 3 amputation events of antennae/legs were
recorded). Lavalli & Herrnkind (2009) suggested that,
by feeding the predator with lobster during the train-
ing period, the predatory skill level of B. capriscus was
strongly increased. Although previous caveats have to
be considered in the interpretation of results, we be-
lieve that the tested lobsters, both solitary and
grouped, showed a wide range of defensive strategies.

These results permit us to evaluate the defensive be-
haviour and skills of Palinurus elephas in adapting its
antipredator mechanisms to the different hunting
strategies of predators. (1) In the present study we have
described for the first time the behavioural event desig-
nated Alert. (2) We have also shown that, above all in
the presence of octopus, the effectiveness of the ‘con-
trolling’ behavioural event (more frequent use of Alert,
Point and Whip) reduces the frequency of 'last resort’
behavioural events (i.e. Tail Flip, Lunge), which are as-
sociated with greater Sound Emissions. (3) Further-
more, the antipredator strategies adopted by solitary
lobsters versus groups of lobsters appear to change in
order to counteract predators with different hunting
techniques. (4) Finally, we have demonstrated that con-
ger eels perform more attacks than octopuses and are a
potential natural predator of European spiny lobster.
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