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INTRODUCTION

Aquatic animals use chemical cues to relate to
their environment in a number of ways, including
predator recognition and antipredator behaviour
(Chivers & Smith 1998, Jacobsen & Stabell 2004, Hay
2009). These cues are easily used because they
quickly dissolve and spread in the water, becoming
ex tremely relevant when visibility is low (Wisenden
2000, Zimmer &  Butman 2000, Weissburg et al.
2002). Chemical cues are especially important to ani-
mals with rudimentary photo reception, such as sea
urchins (Mann et al. 1984, Campbell et al. 2001,
Hagen et al. 2002).

In the context of predator-prey dynamics, chemical
cues directly or indirectly indicate the presence of a
predator, either by the physical presence of a predator
odour (Wisenden 2000) or by chemical cues from

threatened (Jordão & Volpato 2000, Barcellos et al.
2011) or injured (Chivers & Smith 1998) prey. Percep-
tion of chemical cues has important implications for
prey survival because it allows prey animals to an -
ticipate a potential predator attack and to employ
antipredator responses accordingly (Chivers & Smith
1998, Kats & Dill 1998).

The direct detection of a predator depends upon
recognition of predator odours (Magurran 1989, Lima
& Dill 1990, Kiesecker et al. 1996). In both vertebrates
and invertebrates, chemical cue dilution and predator
diet influence detection of predator odours which elicit
antipredator reponses by potential prey (Chivers et al.
1996, Hagen et al. 2002, Jacobsen & Stabell 2004,
Fraker 2008). However, some animals display anti -
predator response in an ‘all-or-nothing’ manner if the
predator odour is above a threshold level (Brown et
al. 2001, Mirza & Chivers 2003). 
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Indirect detection occurs in response to chemical
cues released from prey. The most common chemical
cues come from injury of a prey animal as a result of
predator attack. For instance, putative chemical alarm
cues are thought to be produced and stored in the epi-
dermal ‘club’ cells of some fish and are released when
the epidermis is damaged (Chivers & Smith 1998, Bar-
reto et al. 2010, Barbosa Júnior et al. 2010). Although
this kind of chemical communication occurs in inverte-
brates, there is no clear evidence regarding any type of
alarm substance-producing cells in these animals
(Hagen et al. 2002, Kicklighter et al. 2005, Griffiths
& Richardson 2006, Smee & Weissburg 2006a, Moir
& Weissburg 2009). In invertebrates, the chemicals
released by injured prey appear more likely to be prey
metabolites (e.g. Howe & Sheikh 1975, Pelletier 2004,
Kicklighter et al. 2007; reviewed by Zimmer & Zimmer
2008). Moreover, some animals respond dramatically
to injured prey metabolites, while responding with less
intensity to predator metabolites, indicating hierarchi-
cal responses of risk perception (Keppel & Scrosati
2004, Smee & Weissburg 2006a, Large & Smee 2010).

The idea of chemical alarm perception and recogni-
tion as the initial step of defensive behaviour has been
studied in vertebrates and invertebrates. Amongst the
invertebrates, however, little research has been done
on this topic in echinoids (Mann et al. 1984, Campbell
et al. 2001, Hagen et al. 2002), despite the obvious rel-
evance of chemoreception in these animals.

The scarce data on echinoids indicates that they are
able to chemically recognise predators (direct detec-
tion), especially when the predator has eaten conspe-
cific prey (predator labelling), as shown for the green
sea urchin Strongylocentrotus droebachiensis (Mann
et al. 1984, Hagen et al. 2002), and that they respond to
alarm cues from conspecifics (indirect detection), as
reported for the sea urchins Echinus esculentus and
Psammechinus miliaris (Campbell et al. 2001) and,
analysing locomotion only, for Echinometra viridis,
Echinometra lucunter, Lytechinus variegatus, L. wil -
liamsi, Tripneustes ventricosus, Diadema antillarum,
but not Eucidaris tribuloides (Parker & Shulman 1986).

In aquatic ecosystems, chemical cues indicating risk
of predation may come from predators labelled by
 consuming either conspecific or heterospecific prey,
or from injured conspecific or heterospecific prey
(Chivers & Smith 1998, Kats & Dill 1998, Weissburg et
al. 2002, Smee & Weissburg 2006a, Zimmer & Zimmer
2008, Hay 2009, Selden et al. 2009, Large & Smee
2010). Sea urchin predators are usually generalists,
eating several prey species. Some sea urchins have
evolved to cohabit with other potential prey that were
under predation pressure from the same predators.
Hence, it is plausible to hypothesise that heterospecific
cues from sympatric prey of a sea urchin species might

also be relevant for sea urchin anti predator responses.
The cushion sea star Oreaster reti culatus is a generalist
predator that preys upon sea urchins, including Echi-
nometra spp. (Scheibling 1982, Gandolfi 2003) and
Lytechinus variegatus (Martín et al. 2001), among
 others, which cohabit in the same rocky coast environ-
ments (Jerez et al. 2001). In the present study, we eval-
uated in 2 separate experiments the direct and the
indirect detection of predators by black sea urchin. We
measured the behavioural reaction (1) to odour of the
echinivorous predator O. reticulatus and, as a control,
to the non-echinivorous starfish Echinaster brasili ensis
fed a diet of different sympatric prey species (the
urchins Echinometra lucunter and L. variegatus, and
the mussel Perna perna as control stimulus) and (2) to
alarm cues from these injured prey.

MATERIALS AND METHODS

Animals and holding conditions. Specimens of black
sea urchins Echinometra lucunter (Linnaeus, 1758),
green sea urchins Lytechinus variegatus (Lamarck,
1816), brown mussel Perna perna (Linnaeus, 1758),
cushion sea star Oreaster reticulatus (Linnaeus, 1758),
and red starfish Echinaster brasiliensis Müller and
Troschel, 1842, were collected by SCUBA diving in
São Sebastião city, São Paulo state, Brazil. The animals
were brought to the animal stock facility at the Center
of Marine Biology of São Paulo University (CEBIMar/
USP). They were cleaned for 1 h in a constant flow of
filtered seawater. Starfish, green sea urchins and mus-
sels were then placed into separated stock tanks with a
constant flow of seawater until required for experimen-
tation. The animals were kept under 12 h of light and
12 h of dark with artificial illumination.

Experiment 1: effects of predator odour on black sea
urchin behaviour. This experiment evaluated sea
urchin behaviour when exposed to odours of echinivo-
rous and non-echinivorous starfish fed on different prey
species. We used 10 experimental glass tanks (50 × 20 ×
50 cm; water volume = 25 l; water column = 10 cm, the
approximate height of the sea urchins) that were
always washed with glass detergent and rinsed with
abundant fresh water before reuse. Black sea urchins
were placed into experimental tanks in batches of 5 ani-
mals per tank for an acclimation period of 24 h with a
constant flow of seawater. The inflow of seawater was
then interrupted, and the tanks were maintained with
continuous aeration for 1 h, after which the behaviour of
the black sea urchins was quantified for 5 min (baseline
measurement). They were then exposed to a chemical
stimulus in the form of 500 ml odour that was carefully
poured onto the water surface and their behaviour was
recorded for 15 min. The odours were prepared as de-

174



Morishita & Barreto: Chemically induced defence in sea urchins 175

scribed below from echinivorous starfish that were ei-
ther unfed (hungry) or fed on black or green sea urchins
(the sympatric prey species). To control for the possible
effect of any unspecific odour, 2 control groups of black
sea urchins were exposed to the odour of either an
echinivorous or non-echinivorous starfish fed on brown
mussels Perna perna; this is an exotic species that has
been present in Brazil for centuries and is a food item
for several predators (López et al. 2010). A further
group was placed in the odour diluent, artificial seawa-
ter, to  control experimental procedures. Thus, 6 inde-
pendent experimental treatments were conducted (n =
10 batches of 5 urchins each; no sea urchin was reused
in any treatment). The temporal sequence of the differ-
ent treatments was  randomly determined by drawing
lots and the treatments were also randomly allocated to
each experimental tank. The mean (± SD) diameter of
black sea urchin tests was 5.28 ± 0.28 cm, a small range
in variation to avoid size-specific effects (Selden et al.
2009).

For odour preparation, each individual starfish was
reared in isolation in a tank (41.0 × 56.0 × 78.0 cm or
17.5 × 44.5 × 68.5 cm for Oreaster reticulatus or Echi-
naster brasiliensis, respectively) with constant flow of
seawater for 7 d. Each starfish was fed an amount of
food equivalent to 5% of the animal’s body weight. The
food was consumed in a period of 24 h. As pilot obser-
vations showed that starfish ate only the gonads of sea
urchins and left the gut contents intact, the diet con-
sisted of black or green sea urchin gonads (echinivo-
rous starfish), mussels removed from their shells (echi -
nivorous and non-echinivorous starfish), or no food
(echinivorous starfish). Next, each starfish was re -
moved from its tank, rinsed in abundant running sea-
water and placed into a new tank (still in isolation) con-
taining artificial seawater for 24 h. Artificial sea water
was used to avoid any environmental scent that might
be present in natural seawater. During this time, tanks
were provided with constant aeration, without any
 filtration procedure. The conditioned water was then
filtered through glass wool to remove any remaining

particles (Chivers & Smith 1994). Because starfish vary
in weight, we adjusted the odour volume by adding
artificial seawater to reach a standardised body
mass:volume ratio of 300 g of predator body mass per
2 l of odour (see Table 1 for details). The odours were
divided into aliquots of 500 ml, bottled in plastic
 containers, and frozen at –20°C) until required for
experimentation (Hagen et al. 2002).

Experiment 2: effects of conspecific and hetero -
specific extracts (alarm cues) on black sea urchin be -
haviour. To assess whether black sea urchins respond
to chemical cues from conspecific and heterospecific
sympatric prey physically injured by a predator, a sim-
ilar experiment schedule to that described above was
conducted, using different chemical stimuli. In this
case, the chemical stimuli were extracts of black or
green sea urchins, mussels and, as a control, uncondi-
tioned artificial seawater. Thus, 4 independent experi-
mental treatments were conducted (n = 10 batches of
5 urchins each; no sea urchin was reused in any treat-
ment). The mean diameter of black sea urchin tests
was 5.39 ± 0.41 cm.

Each extract was prepared using crushed sea urchins
extracted in seawater (100 g of each prey animal in
500 ml of artificial seawater). Each solution was filtered
through glass wool to remove any remaining particles
(Chivers & Smith 1994), and 80 ml were diluted in 5 l of
artificial seawater, then separated in aliquots of 500 ml
and frozen for later use (Hagen et al. 2002).

Behavioural quantification. We used a binary classi-
fication to quantify the extension of the tube feet and
movement of spines. We assigned the value 1 when the
behaviour occurred and 0 in its absence. The be -
haviours recorded were (i) extension of tube feet,
where the tube feet could be retracted (0) or extended
(1), and (ii) spine movement, where the animal franti-
cally moved the spines (1) or no clear movement was
detected (0). These procedures were based on Mori -
shita et al. (2009).

To measure the aggregation of sea urchins, we
counted the number of animals that were connected by

Stimulus Diet type Predator body mass (g) Food quantity (g) Total odour volume (l)

Echinivorous predator Black sea urchin 1245 62.25 8.30
Green sea urchin 1285 64.25 8.57
Brown mussel 1750 87.5 11.67
No food 2150 0.0 14.33

Non-echinivorous predator Brown mussel 755 37.75 5.03
Control diluent – – – 5.00

Table 1. Odour preparation for testing the effects of predator odour on black sea urchin behaviour. Echinivorous predator: cush-
ion sea star Oreaster reticulates; non-echinivorous predator: red starfish Echinaster brasiliensis; prey species: black sea urchin
Echinometra lucunter, green sea urchin Lytechinus variegatus, mussel Perna perna. Diluent: artificial seawater. Odour concentra -
tion was standardised by adding artificial seawater to reach a body mass:volume ratio of 300 g of predator body mass per 2 l of odour
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interlaced spines. We did not consider how many spines
were in contact, but aggregation always involved ≥10
spines of each sea urchin. Scores were calculated as
shown in Table 2. In addition, the bottom of the aquar-
ium was divided into quadrants of 10 cm, and the posi-
tion of each animal in space was estimated at 1 min
intervals by identifying the quadrant occupied by the
largest portion of the sea urchin. These data were
arranged in x-y axes. The average positions of each
urchin in the x-axis and y-axis were the barycentre
coordinates (the point at the centre of a system), and
were calculated during the 5 min baseline measure-
ments and in 3 blocks of 5 min during the 15 min
period of observation after stimuli presentation. The
aquaria had no structure that limited urchins’ move-
ment. The water depth was slightly greater than the
height of the urchins, allowing us to consider their dis-
placement through the aquaria in a 2-dimensional
way, because if an urchin was stuck on the tank wall it
was occupying practically the same place as it was on
the adjacent bottom quadrant. In this way, we were
able to measure the dispersion, which represents the
mean distance between each position of a sea urchin
on the grid and its respective barycentre. As dispersion
values increased, the displacement of an animal
throughout the aquarium became broader. This proce-
dure was adapted from earlier work of Thines & Van-
denbussche (1966) and Jordão & Volpato (2000) for fish
which has been successfully applied and validated for
sea urchins (Morishita et al. 2009).

Statistical analyses. The statistical unit of analyses
was the batch of 5 sea urchins. We first obtained the
average values of each batch at each sampling time
interval (Baseline: –05:00 to 00:00 min; post-stimuli:
00:00 to 05:00, 05:01 to 10:00, and 10:01 to 15:00 min).
Second, the difference between the means of these
post-stimuli values and the mean baseline values was
determined for each batch, allowing each batch to act
as its own control. Finally, these 3 obtained differences
were then averaged for statistical analyses. The nor-
mality and homoscedasticity of the data were evalu-
ated by the Kolmogorov-Smirnov (KS) test and Bart -
lett’s test, respectively. In cases where the KS test
showed that the data were sampled from populations

that did not follow normal distributions and Bartlett’s
test indicated that the differences among the SDs
were statistically significant, we used a Kruskal-Wallis
ANOVA test complemented by a Dunn test when
 necessary. In cases where the data met the assump-
tions of normality and homoscedasticity, we applied 
1-way ANOVA complemented by a Student-Newman-
Keuls test. Statistical differences were considered
 significant at α = 0.05.

RESULTS

Experiment 1: effects of predator odour on black 
sea urchin behaviour

The 1-way ANOVA revealed significant differences
for tube feet extension response (F(5,54) = 5.358; p <
0.001; Fig. 1A). The black sea urchins showed a signif-
icant increase in tube feet extension in response to an
odour of echinivorous starfish fed on conspecific or
 heterospecific echinoid prey in comparison to odours
from starved echinivorous starfish, non-echinivorous
starfish fed on mussels and pure artificial seawater
(control diluent). Moreover, the response of black sea
urchins to odours from echinivorous starfish fed on
mussels was higher than to the control diluent but
 similar to the remaining odours.

The spine movement responses of black sea urchins
were significantly higher (1-way ANOVA, F(5,54) =
4.727; p = 0.0012; Fig. 1B) when exposed to odours of
echinivorous starfish fed on conspecific prey than for
any other odour, and the responses to other odours
were statistically similar to each other.

There were no differences between the aggregation
(Kruskal-Wallis ANOVA test, H = 3.589; p = 0.61;
Fig. 1C) or dispersion (Kruskal-Wallis ANOVA test,
H = 1.556; p = 0.91; Fig. 1D) of black sea urchin among
all odour treatments.

Experiment 2: effects of conspecific and
 heterospecific extracts on black sea urchin behaviour

The 1-way ANOVA showed statistical differences in
tube feet responses (F(3,36) = 4.737, p = 0.0069; Fig. 2A).
We found that black sea urchins extended their tube
feet in response to conspecific extract at a similar level
to heterospecific sea urchin extract but at a higher
level than to mussel extract and pure artificial seawa-
ter. The responses of sea urchins to these last 3 extracts
were similar.

Any extract containing an animal chemical cue in -
duced a significant increase in movements of spine in
comparison to control diluent (1-way ANOVA, F(3,36) =

176
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Table 2. Echinometra lucunter. Aggregation behaviour mea-
surement criteria for black sea urchin
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10.44, p < 0.0001; Fig. 2B), but the mag-
nitude of the responses was statistically
similar.

We found no statistical difference
in locomotion response (dispersion) of
black sea urchins to any chemical
cues from prey extracts (Kruskal-Wallis
ANOVA test, H = 1.071, p = 0.78;
Fig. 2C). However, black sea urchins
showed higher rates of interlaced
spines (aggregation) in response to the
extract of conspecific prey compared to
the mussel extract and control diluent
(Kruskal-Wallis ANOVA test, H = 10.34;
p = 0.0016; Fig. 2D). The aggregation
in response to extract of heterospecific
sea urchins was similar to responses
obtained for the remaining treatments.

DISCUSSION

Defensive behaviour induced by odours
from predators fed on different diets

In this study, black sea urchin tube
feet were extended in response to odour
of the echinivorous starfish pre dator
Oreaster reticulatus; this behaviour was,
however, dependent upon predator diet.
The most evident tube feet response of
black sea urchin was to the predator fed
on  conspecific prey. The consumption of
any prey induces tube feet response,
but echinoid prey seems to induce a
stronger response in black sea urchins
than mussels. The tube feet response
became gradually less prominent as the
phylogenetic distance among the prey
species used for labelling the predator
odour increased. Unfed echini vorous
predator, and non-echini vorous pre da -
tor (Echinaster brasi li ensis) odours eli -
cited no response. The response of ex-
tended tube feet in black sea urchins to
different odours of echini vorous star fish
predators de pends on the prey con-
sumed. The black sea ur chins in our
study were able to distinguish echinivo-
rous from non-echini vorous starfish; sim-
ilarly, Scheib ling Hamm (1991) found
that sea ur chins Strongylocentrotus
droe bachi ensis responded to the odour
of the echinivorous crab Cancer irrora-
tus but not to the odour of the non-

Fig. 1. Echinometra lucunter. Effect of predator diet on behavioural responses to
predator odour in black sea urchins: (A) tube feet extension; (B) spine movement;
(C) dispersion; and (D) aggregation. Means that do not share the same letter are
significantly different (p < 0.05) using 1-way ANOVA (A,B) or Kruskal-Wallis 

ANOVA (C,D)
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echinivorous crab, Carcinus maenas. Finally, the sea
ur chins that received unconditioned odour diluent
seemed to reduce tube feet activity. Sea urchin activity
decreases abruptly in still water, as reported for Stron -
gy locentrotus nudus (Kawamata 1998). In the present
study, the seawater inflow was interrupted during be-
havioural quantification, which is a potential explana-
tion for the reduction in the tube feet responses.

In contrast to the findings of Hagen et al. (2002) that
ca. 50% of sea urchins Strongylocentrotus droe bachi -
ensis exposed to the odour of Atlantic wolffish Ana rhi -
chas lupus which had been fed on conspecific sea
urchin ceased movement, black sea urchins in our
study did not respond by altering their locomotor activ-
ity or aggregation. Instead, they increased spine move-
ment when exposed to the odour of echinivorous
starfish fed on conspecific prey, the only odour in the
predator diet experiments to elicit such a response.
During acts of predation, fish and crabs remove sea
urchins from the substrate and consume them through
the oral region, whereas starfish evert their stomachs
into the interior of the urchins, usually through the anal
orifice and, therefore, do not have to remove them from
the substrate (Brusca & Brusca, 2003). Different pat-
terns of response are necessary to account for the
predators foraging at a given location. Black sea urchin
spine movement is assumed to be an efficient method
of decreasing starfish predation but not predation from
other potential predators with different predation
strategies, such as fish and crabs. This might explain
the difference in results between this ex periment and
those reported by Hagen et al. (2002).

Sea urchins’ tube feet and spines both have chemical
and mechanical receptors (Sloan & Campbell, 1982).
The tube feet are structures used frequently for chemo -
reception (Raible et al. 2006), whereas the spines offer
greater protection. Combining the black sea urchin
tube feet and spine responses, we conclude that black
sea urchin showed more pronounced responses to the
odour of echinivorous starfish fed on black sea urchin
conspecifics compared to the other odours. Although
they evaluated the surrounding chemical cues display-
ing a variety of tube feet re sponses when experiencing
different odours, a defensive response (spine move-
ment) was induced only by the odour of echinivorous
starfish labelled by a conspecific diet. Black sea urchins
chemically recognise Oreaster reticulatus as a predator
and display antipredator behaviour when this predator
consumes a conspecific prey. Other chemical labels,
although they elicited sensory response (tube feet
extension), were not able to induce a defensive behav-
iour (spine response), which indicates no clear preda-
tor recognition without the conspecific label. Hagen et
al. (2002) also report that, when the predator feeds on
conspecific prey, the response is more intense than is
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Fig. 2. Echinometra lucunter. Effect of chemical cues from in-
jured conspecific and heterospecific prey on behavioural re-
sponses of black sea urchins: (A) tube feet extension; (B) spine
movement; (C) dispersion; and (D) aggregation. Means that do
not share the same letter are significantly different (p < 0.05)
 using 1-way ANOVA (A,B) or Kruskal-Wallis ANOVA (C,D)
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displayed for the stimulus of a predator fed on het-
erospecific  animals.

The black sea urchin was clearly able to detect and
react to an odour of the starfish predator fed a conspe-
cific diet. However, the ability to recognise starved
predators may be even more important for survival,
given the obvious in creased motivation of the predator
to eat. The failure of black sea urchins to react to
starved cushion sea stars likely increases their vulner-
ability to these consumers.

Defensive behaviour elicited by chemical alarm cues

Urchins’ responses to injured prey may constitute a
strategy that allows animals to detect an imminent
threat when signals emanating from the predator are
not clearly detectable, such as in the case of a starved
predator. This might well be a widespread strategy of
animals to deal with predators, as similar responses
have been reported for the molluscs, hard clam Merce-
naria mercenaria (Smee & Weissburg 2006a) and dog
whelk Nucella lapillus (Large & Smee, 2010), and for
the frog Rana temporaria (Capellán & Nicieza 2010).

As previously reported, black sea urchins react by
moving away from the source of chemical alarm cues
from conspecifics and a congener (Echinometra viridis)
(Parker & Shulman 1986). In the present study, black
sea urchins had a clear tube feet response to an injured
conspecific. They also had a weak tube feet response
to injured heterospecific green sea urchins Lytechinus
variegatus, but not to injured mussels. The aggrega-
tion behaviour followed the same response pattern.
The tube feet and aggregation reactions suggest at
least 2 possible explanations. First, the cue might be
species-specific but might have some chemical similar-
ities in the echinoid group. Second, the same chemi-
cal(s) may also occur in different concentrations in
each species, modulating the magnitude of the
response. Moreover, the absence of tube feet extension
or aggregation when exposed to injured mussel cue
would also suggest that the mussels do not produce a
cue which black sea urchins recognise and respond to.
This may be due to the fact that the mussel Perna
perna is an exotic species, although it has been found
in the Brazilian environment for centuries. However,
the response of the spines indicates that black sea
urchins recognise chemical cues from the mussel to
some extent. The chemical cues from all injured prey
animals, including mussels, elicited increased spine
movement of a similar magnitude. However, the global
response strength decreased as the phylogenetic dis-
tance among the injured prey in creased. The ability of
black sea urchins to detect cues from injured con-
specifics and, to a lesser extent, from other heterospe-

cific prey species might be a strategy to respond to a
foraging predator when it is starved and, therefore, not
easily recognisable because of the absence of a specific
odour. In other words, the presence of injured prey
species indicates the nearby presence of a predator
that is highly motivated to eat.

Potential ecological significance

Black and green sea urchins are abundant species
which co-exist in some patches in their environment
(Jérez et al. 2001). Both are preyed on by cushion sea
stars (Martín et al. 2001, Guzmán & Guevara 2002).
This scenario suggests that they evolved under the
same predation pressure and were exposed to the
same sensory cues during the course of their evolution.
In this study, we found that defensive responses in
black sea urchins were triggered by cues from conspe-
cific and, to some extent, from heterospecific green sea
urchins, both in the form of labelled predator odour
and as diluted extracts of injured prey. However, the
odour of a starved predator was not clearly recognised,
and no response was observed. The defensive strategy
of black sea urchins consists of evaluating the predator
odour and, when they cannot detect an imminent
threat or when the signal emanating from the predator
is not detectable, the cue from an injured conspecific or
even heterospecific animal is used for defence. The
ability of black sea urchins to react to injured con-
specifics may compensate for their inability to detect
starved cushion sea stars. They may benefit from living
in close proximity to conspecific and heterospecific
related echinoids, as neighbours can provide shared
vigilance against predators or early warnings of poten-
tial threat (Hamilton 1971, Fitzgibbon 1990, Smee &
Weissburg 2006a, Large & Smee 2010, Capellán &
Nicieza 2010, Hughes & Banks 2010). This benefit pro-
vided by neighbours is particularly relevant in  species
that recognise chemical cues from injured conspecific
and/or heterospecific animals, as consumption of a
neighbour indicates a predation risk.

In addition to the ability to recognise and respond
to chemical cues of injured conspecific and hetero -
specific prey animals, the dilution effect of living in
dense assemblages becomes extremely relevant for
reducing the possibility of predation by cushion sea
stars. Black sea urchins live in dense groups and
show pronounced aggregation near food patches
(Metaxas & Young 1998a, 1998b). This has a poten-
tial dilution effect when prey are exposed to a forag-
ing predator because for any one predator attack,
the larger the group of prey animals, the smaller the
chance that any particular individual will be the vic-
tim (Foster & Treherne 1981).
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Final considerations

Although we were able to determine certain behav-
ioural responses to heterospecific cues, the results are
currently ambiguous with respect to the importance of
cues from heterospecific prey animals because the find-
ings are that prey react weakly (sensory response only)
to the odour of predator-fed heterospecific prey,
whereas they respond more strongly (sensory and de-
fensive reactions) to heterospecific prey metabolites.
This may indicate some hierarchy of salience, as
metabolites from injured animals may indicate a more
immediate threat; so it makes sense to pay attention to
heterospecific cues. The variation regarding the impor-
tance of heterospecific chemical cues may also stem
from limitations of the experimental study in that the
collection of these odour sources occurred over arbitrary
time periods, and the amount introduced was also arbi-
trary, as neither the chemical nature nor the temporal
dynamic of production of the cues in sea urchins is
known. Thus, there is no way to ensure that the
 concentrations of injured prey metabolites or the  diet-
conditioned predator metabolites experienced by prey
in the experiments match those present in their natural
environment. This might account for the ambiguous re-
sults, and future studies must clarify this issue in sea
urchins, assuring appropriate scaling, where cues from
predators fed prey, or injured conspecifics, are delivered
by a flow comparable to those which would occur in the
field. Furthermore, many animals use flow as an acces-
sory stimulus, as the water flow can enhance or impair
the chemoreception ability of risk detection by prey ani-
mals (Smee & Weissburg 2006b, Zimmer & Zimmer
2008, Large et al. 2011). In the present study, flow was
not considered as an independent variable. Flow would
modulate the dispersion of the cue, even if it dispersed
quickly throughout the test tank. Thus, this aspect also
should be tested in future studies in sea urchins.

The aggregating behaviour of black sea urchins
to injured prey cues was clear and matched the re -
sponse of tube feet. This behaviour, however, was not
evident in black sea urchins exposed to predator
odours. Further studies using alternative methods of
measuring aggregation, such as those previously ap-
plied to Strongylocentrotus droebachiensis (Hagen &
Mann 1994), must be tested in this sea urchin  species.
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