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ABSTRACT: The importance of chromatic and achromatic cues in aposematism is well estab-
lished, but in situ experiments investigating their comparative roles within a single warning signal
remain rare. In a predation experiment, we examined their relative importance in pink warty sea
cucumbers Cercodemas anceps Selenka, 1867, by asking (1) Do chromatic and achromatic cues
have significant effects on attack rate? (2) Are their effects independent? (3) Does one have more
influence on attack rate than the other? Using a multispectral imaging-based technique, we fabri-
cated 4 types of clay models based on the hues, chroma and luminance levels of the animals and
the background. Models were deployed in sets of 4 at 2 sites (n = 65 sets) for 3 days, and the num-
ber of imprints from predation attempts was recorded. A generalised linear mixed model analysis
showed that both types of cues had significant but independent effects on attack rates and that
chromatic cues had a greater effect compared to achromatic ones. This study, the first manipula-
tive investigation into holothurian aposematism, demonstrates the potential for chromatic and
achromatic cues to play distinct roles in animal signalling, and highlights the importance of accu-
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rate experimental models.
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1. INTRODUCTION

Aposematism, the association between warning
signals and prey unprofitability, is a well known phe-
nomenon with a long history of study, especially in
terrestrial environments (e.g. Brodie 1993, Prudic et
al. 2007). However, less is known about aposematism
in marine species. Only opisthobranchs have been
studied (e.g. Ritson-Williams & Paul 2007), while in
other marine species with both conspicuous coloura-
tion and chemical defences, aposematism is gener-
ally assumed without experimental verification—
since this claim was made by Rudman (1991), only a
handful of studies on nudibranch aposematism have
been published (e.g. Aguado & Marin 2007). A key
element of aposematic signalling is conspicuousness,
which improves avoidance learning (Roper & Wistow
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1986) by naive predators, and reduces recognition
errors (Guilford 1986) and increases distinctiveness
(Merilaita & Ruxton 2007) for experienced predators.
Conspicuousness, however, is itself poorly defined in
the literature (Harvey & Paxton 1981) and is often
loosely used to refer to multiple related yet distinct
properties of an animal's appearance, which com-
prises both chromatic and achromatic cues (Osorio &
Vorobyev 2005).

Chromatic cues consist of hue (or spectral position,
which is perceived as differences in light spectra)
and chroma (or spectral purity; Osorio & Vorobyev
2005). The achromatic cue in colour is luminance,
also often referred to as apparent lightness or bright-
ness, which is a measure of intensity or light
reflectance (Osorio & Vorobyev 2005). Numerous
previous studies have shown that animals with hues
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or chroma levels not common in their environment
display strong chromatic contrast against the back-
ground, contributing to recognition and avoidance
for experienced predators, e.g. domestic chickens
Gallus gallus domesticus preying on larvae of the
seed bug Tropidothorax leucopterus (Gamberale-
Stille 2001). Similarly, luminance contrast plays a
critical role in signal recognition of simple monochro-
matic lepidopteran eyespots by experienced avian
predators (Stevens et al. 2008). Signal learning and
memory can also be influenced by hue itself irrespec-
tive of chromatic contrast (Harvey & Paxton 1981) or
by high luminance contrast against the background,
e.g. in predators such as great tits Parus major (San-
dre et al. 2010) and the colour-blind Chinese mantid
Tenodera aridifolia sinensis (Prudic et al. 2007). Pred-
ators have also been shown to innately avoid certain
hues (Miller & Pawlik 2013) or high luminance in the
form of specular reflectance (glossiness) (Waldron et
al. 2017).

Although it is well known that animals use chro-
matic and achromatic cues for different purposes
(Osorio & Vorobyev 2005), few studies have at-
tempted to tease apart their individual roles in the
efficacy of the same signal (Sandre et al. 2010, Skel-
horn et al. 2016). For example, while Prudic et al.
(2007) suggested that both types of cues could to-
gether increase the efficiency of aposematic coloura-
tion for predators with colour vision, this interaction
has yet to be tested. Psychophysics-based studies
(e.g. Osorio & Vorobyev 2005) have shown the per-
ception of chromatic and achromatic cues to be dis-
tinct in animal visual systems, as comprehensively
reviewed by Stevens (2007), giving rise to questions
such as whether one may be more important than the
other, whether their relative importance may change
in different situations, and whether their effects in-
teract in an additive or synergistic manner. In order
to create a more complete understanding of how ani-
mals communicate information to one another visu-
ally, these questions need to be answered, and it is
hence necessary for studies to examine the effects of
chromatic and achromatic cues separately. However,
doing so has thus far proven difficult to achieve. One
reason for this knowledge gap is the difficulty of reli-
ably manipulating specific aspects of an organism's
appearance whilst keeping the other constant. This
is an issue that we address here.

One marine taxon containing conspicuously col-
oured, unpalatable species are the holothurians. For
example, the pink warty sea cucumber Cercodemas
anceps Selenka, 1867 (Fig. la), from the family
Cucumariidae, has a bright pink and yellow coloura-

tion that appears conspicuous in its natural environ-
ment, the tropical intertidal seagrass meadows rang-
ing from southern China to northern Australia. Like
most other holothurians, this species also possesses a
chemical defence in the form of cytotoxic triterpene
saponins (Cuong et al. 2015), which suggests an
aposematic function for its conspicuous colouration.
However, the protective value of its appearance has
not been confirmed experimentally. Aposematic sig-
nals can be effective in marine environments (e.g.
Ritson-Williams & Paul 2007), but signal efficacy may
differ in the aquatic medium compared to more well-
studied terrestrial examples. For example, water
itself causes patchy lighting conditions (and may
thereby affect achromatic cues) and disproportion-
ately attenuates light of longer wavelengths (red and
infrared) with increasing depth (affecting chromatic
cues) (Pegau et al. 1997), and the nature and concen-
tration of suspended solids and organic matter within
the water column also alter the ambient light field
(Gallegos & Moore 2000). Hence, it would be useful
to demonstrate whether the appearance of C. anceps
is indeed aposematic.

Our study aimed to investigate whether the ap-
pearance of C. anceps has an aposematic function,
and if so, to disentangle the relative importance of
chromatic and achromatic cues. We conducted a field-
based predation experiment using modelling clay
replicas of C. anceps, which were fabricated to match
target hues, chroma and luminance levels using a ro-
bust procedure, and asked 3 questions: (1) Do chro-
matic and achromatic cues have significant effects on
attack rate? (2) Are their effects independent? (3)
Does one have more influence on attack rate than the
other? We hypothesised that both types of cues would

Cercodemas Bright Dull Bright Dull

anceps Pink-Yellow Pink-Yellow Green-Brown Green-Brown

Fig. 1. (a) Live pink warty sea cucumber, (b) bright pink-yel-

low model (with similar hues, chroma and luminance to the

actual animal), (c) dull pink-yellow model (with similar hues

and chroma but lower luminance), (d) bright green-brown

model (with different hues and chroma but similar lumi-

nance) and (e) dull green-brown model (with different hues
and chroma and lower luminance)
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have significant, interacting effects but that chromatic
cues would have a greater protective effect.

2. MATERIALS AND METHODS
2.1. Model fabrication

Four types of models were fabricated using non-
toxic modelling clay (Sargent Art Modeling Clay
Plastilina, in ‘Cream’) and Americolor Soft Gel Paste
food colouring to display chromatic cues (i.e. hues
and chroma levels) and achromatic cues (i.e. lumi-
nance levels) that were either conspicuous (i.e. simi-
lar to living Cercodemas anceps) or non-conspicuous
(i.e. similar to the natural background). The colour
combinations used were bright pink-yellow (with
conspicuous luminance and hues and chroma), bright
brown-green (with conspicuous luminance but non-
conspicuous hues and chroma), dull pink-yellow
(with non-conspicuous luminance but conspicuous
hues and chroma) and dull brown-green (with non-
conspicuous luminance and hues and chroma)
(Fig. 1b—e). The brown and green hues used were
chosen because they are common and not typically
associated with aposematic colouration in the natural
habitat of the study species, an approach employed
in predation studies, e.g. on coral snakes Micrurus
sp. (Brodie 1993).

To establish the target hue, chroma and luminance
levels, 35 sea cucumbers and their backgrounds
were digitally photographed at Changi Beach, Sin-
gapore, and analysed. All images were captured as
RAW files using a full-spectrum Nikon D7100 body
with a Jenoptik CoastalOpt 105 mm UV-Vis crystal
lens and Baader UV/IR Cut filter, and included 3%
and 97 % grey reflectance standards (made by Jolyon
Troscianko). The Multispectral Image Calibration
and Analysis (MICA) Toolbox (Troscianko & Stevens
2015) in ImageJ was used to correct for different
lighting conditions and irregular camera spectral
response, and to convert the RAW images into lin-
earised, objective (i.e. camera independent) red-
green-blue (RGB) pixel values. Finally, pixel values
were sampled using the random sampler tool in PAT-
GEOM (Chan et al. 2019), which calculates the aver-
age RGB values of 30 randomly selected 10 x 10
square pixel portions of the regions of interest, i.e.
green and brown areas of the seagrass background,
and pink and yellow areas of the sea cucumbers.

Luminance was matched using the normalised sum
of the RGB values (Troscianko & Stevens 2015), hue
was measured using R:G, R:B and G:B ratios, and

chroma (also known as saturation) was calculated
following Agoston (20095):

0, if L=1

Chroma =1 145 R,G,B) - min(R,G,B) , (1)
,otherwise
1-12L—1

where: max(R,G,B) is the largest of the R, G or B val-
ues; min(R,G,B) is the smallest of the R, G or B values;
and L = [max(R,G,B) + min(R,G,B)] / 2.

Objective RGB values provide an accurate represen-
tation of appearance as they measure the actual inten-
sity of the light coming from an object (Troscianko &
Stevens 2015). They were not converted to predator
visual spaces because (1) sea cucumbers are preyed
upon by more than one type of predator, and (2) if
the RGB values of the models are designed to match
target RGB values measured from either the sea cu-
cumbers (for conspicuous cues) or the substrate (for
non-conspicuous cues), they should display the desired
conspicuous or non-conspicuous chromatic and achro-
matic cues to predators. Clay swatches were then cre-
ated, analysed in the same manner, compared to their
target colours in actual C. anceps and the seagrass
background, and iteratively adjusted by varying the
amount of colouring used until they fell within the ob-
served ranges of their target hue and chroma and lu-
minance levels (Fig. S1 in Supplement 1 at www.int-res.
com/articles/suppl/m631p157_supp/; the final amounts
and types of food colouring used for each colour are pro-
vided in Table S1 in Supplement 1). Finally, each model
was fabricated using 40 g of appropriately-coloured
clay moulded to a length of 7 cm (based on the lengths
of 30 individuals measured prior to the experiment).

2.2. Predation experiment

The predation experiment was performed at 2 inter-
tidal seagrass meadows in Singapore where C. anceps
has been observed: Changi Beach (on 16 November
2016) and Tanah Merah (on 10 January 2017). Mod-
els were mounted on L-shaped aluminium stakes
that were driven into the muddy substrate so that no
part of the stakes was exposed. The models were de-
ployed in sets of 4 arranged in a square of side length
50 cm, with 1 model of each type positioned ran-
domly at each corner of the square. Sets were spaced
at least 5 m apart. A total of 65 sets (32 at Changi and
33 at Tanah Merah) were left in the field for 3 days,
after which they were collected and the number of
imprints from predation attempts on each model was
recorded. The models were emersed for approxi-
mately 6 h total per day (over 2 low tides) and for the
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remaining time submerged to a maximum of 3 m,
sufficiently shallow that ambient light during the day
would still contain most of the original (i.e. above-
water) intensity in all of the visible wavelengths. The
density of the deployed models was generally lower
than natural sea cucumber densities at the sites and
was chosen to minimise the possibility of the same
predator encountering multiple sets.

For imprints on the models to be considered a pre-
dation attempt, they had to be at least 1 mm deep,
and form regularly spaced ridges or indentations (for
bite imprints) or the modelling clay had to have been
gouged, pinched or pushed aside by force (for claw
imprints) (Fig. 2). Imprints were counted as a single
predation attempt when found in clear pairs, i.e.
when both imprints had similar depth, length and
curvature, but mirrored, such as might be made by
crab chelae. The number of bites on each model was
analysed using a generalised linear mixed model
(GLMM) with site and set as random effects (which
also accounts for potentially different environmental
conditions and predator communities at the 2 sites on
the 2 deployment dates), and using a negative bino-
mial error distribution to account for over-dispersion.
Another GLMM was also performed on whether each
clay model was attacked (with a binomial error distri-
bution and the same fixed and random effects). As
the results of the 2 analyses were very similar (Tables
S2 & S3 in Supplement 1) and the former is able to
take into account information on both whether and
how many times each model was attacked (which is
useful if multiple predators visited a set), only the re-
sults of the analysis on number of bites are presented.
Models were also checked to ensure there were no is-
sues with heteroscedasticity or normality of errors.

Fig. 2. Examples of predation imprints found on the models:

(a) paired imprints likely made by crab chelae, (b) V-shaped

imprints characteristic of marks left by avian beaks and
(c) bite mark likely made by a fish

Statistical analyses were conducted using the ‘lme4’
package (Bates et al. 2015) in R (version 3.4.3) (R Core
Team 2017).

3. RESULTS

All 260 models were recovered and 215 exhibited
imprints from predation attempts. Examples include
deep paired imprints (which were the most common),
large bite marks, rows of small teeth-shaped impres-
sions and V-shaped imprints (Fig. 2). We do not have
video evidence of the predators and therefore cannot
confirm which animals are responsible for each type
of imprint. However, the V-shaped imprints (Fig. 2b)
are similar to avian beak marks photographed in
other studies (e.g. Howe et al. 2009), and birds are
known to consume sea cucumbers (Francour 1997). It
is also possible that the paired imprints (Fig. 2a) and
bite marks (Fig. 2c) were made by crab chelae and
fish bites, a suggestion which is consistent with both
existing knowledge and our field observations: crabs
and fish are known predators of sea cucumbers
(Francour 1997) and have been seen to prey on them
at our sites (authors' pers. obs.). However, we were
unable to find photographic records of crab chelae
marks and fish bites on clay models due to the rela-
tively few aquatic predation studies using this tech-
nique. This is therefore speculative, and further
research would be needed to conclusively identify
the predators attacking the clay models.

Bright pink-yellow models were the least attacked,
with the smallest mean number of imprints per model
(mean + SE: 1.44 + 0.18 imprints) and proportion of
models attacked (39 of 65, or 60 %). Dull brown-green
models, conversely, were the most attacked (4.71 =
0.58; 100% of models attacked). This suggests that
the pink-yellow colouration did have a protective ef-
fect. The other 2 model types experienced interme-
diate levels of attack, with dull pink-yellow models
attacked less (2.28 + 0.28; 76.9%) than the bright
brown-green models (3.82 + 0.47; 93.8 %), suggesting
that the chromatic cue has a greater protective effect
(Fig. 3a). The GLMM confirms these results: both
achromatic (p < 0.001) and chromatic cues (p < 1.0 x
1071%) have significant effects on the number of pred-
ator imprints per model, which are independent (the
interaction between the two is not significant, p =
0.26) (Table 1, Fig. 3b). In a second model, without
the non-significant interaction term (Table 2; Fig. 3c),
it is clear that the chromatic cue (effect size: B = 0.842
+ 0.097 SE) has a significantly greater effect on attack
rates than the achromatic one (§ = 0.307 + 0.094).
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Fig. 3. (a) Mean (+SE) number of predation imprints observed on models (left
axis) and proportion of models attacked (right axis) for each of the 4 model
types. (b) Effect sizes of the chromatic cues, achromatic cues and their interac-
tion, from a GLMM analysing their effects on the mean number of imprints on
models. (c) Same as in (b) but without the interaction term (as it was non-
significant). The bright pink-yellow models were designated as the reference
(the Intercept) to which the other 3 types of models were compared. Ranges in
(b) and (c) represent 95 % confidence intervals.

Table 1. Generalised linear mixed model (GLMM) results
of the full model show significant and independent effects

4. DISCUSSION

The importance of conspicuousness
in aposematism is widely accepted,
but in situ experimental evidence
remains rare, and the relative roles of
chromatic and achromatic cues within
a single signal are seldom examined.
Using a quantitatively robust process
to fabricate precise models of pink
warty sea cucumbers Cercodemas
anceps, we conducted predation ex-
periments to investigate whether the
sea cucumbers' colour patterns serve
an aposematic function and tested the
effects of chromatic and achromatic
cues. Fewer predation attempts were
observed on realistic (bright pink-
yellow) models compared to those
with a less conspicuous (dull green-
brown) appearance, indicating that the
appearance of C. anceps had a protec-
tive function. In addition, we demon-
strated that the effects of both types of
cues were significant and independ-
ent of each other, and that chromatic
cues had a greater effect on attack
rate. To our knowledge, this study
represents the first attempt to disen-
tangle the relative importance of chro-
matic and achromatic cues in apo-
sematic colouration within a single
manipulative experiment.

While the predation rates observed
in our study are high (96 % of bright
brown-green models and all dull
brown-green models exhibited preda-
tion imprints), animals within seagrass
beds (where we deployed our models)
are known to experience moderately
high predation pressure (Orth et al.
1984) and this may be augmented by

for the chromatic and achromatic cues on attack rates; Table 2. GLMM results of the second model (without the in-
*p<0.05 **p<0.001 teraction term) show that the chromatic cue was more influ-
ential than the achromatic cue; *p < 0.01; **p < 0.001
Variable B SE z p
Variable B SE Z P
Intercept 0.312 0.135 2.306 0.021*
Achromatic cue  0.447  0.557 2.869 <0.001** Intercept 0.391 0.114 3.425 <0.001**
(dull) Achromatic cue 0.307 0.094 3.260 <0.01*
Chromatic cue 0.965 0.147 6.579  <0.0001** (dull)
(brown-green) Chromatic cue 0.842  0.097 8.669 <0.0001**
Interaction -0.221 0.196 -1.128 0.259 (brown-green)
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the movement of organisms, including predators,
amongst the various types of marine habitats that can
be found in Singapore, a tropical island state with
seagrass beds, rocky and sandy shores, coral reefs
and mangrove forests (Grober-Dunsmore et al. 2009).
Animal taxa that consume holothurians include fish,
crabs and, to a lesser extent, birds (Francour 1997) —
all of which are potentially responsible for predation
attempts in the current experiment (although we
were unable to confirm this with video evidence) and
are known to possess colour vision (Bennett & Théry
2007, Detto 2007, Bowmaker 2008). Birds are the
most common predators in experimental studies of
aposematism, reef fishes have been used to test
aposematism in opisthobranchs (e.g. Aguado &
Marin 2007), and crabs have also been observed
responding to warning signals (Grober 1988).

If these taxa—which are highly mobile, e.g. fish
>20 cm in length (which are present at our study
sites) can have home ranges of 0.1-10 km? (Kramer &
Chapman 1999), and birds that frequent both sites
(such as common mynahs Acridotheres tristis, weigh-
ing 110-140 g) typically possess home ranges of
between 4000 and 40000 m? (Schoener 1968) —are
indeed responsible for the attacks on our models, it is
possible that the same predator may have encoun-
tered more than one set of models. Nevertheless, the
wide variety of different types of imprints of different
sizes we observed suggests that repeat visits, if pres-
ent, represent at most a small portion of our data.
Furthermore, the large difference in the proportion
of bright pink-yellow models (60 %) compared to dull
brown-green models attacked (100%) remains a
clear indication that the appearance of the former
does confer some protection from predators, i.e. it
is aposematic. In demonstrating aposematism in a
holothurian, our study extends previous research into
warning colouration in marine environments beyond
the opisthobranchs and provides further evidence
that marine predators do possess the ability to recog-
nise aposematic signals.

It should be noted that an unavoidable conse-
quence of our experimental design is that the 4 mod-
els within any given set are not independent of one
another, i.e. each attack decision is a choice among
them. However, we were able to account for this by
including a set identifier number as a random effect
in the data analysis. Furthermore, this design en-
sured that predators encountered each model type
equally and within similar environmental conditions
(e.g. ambient light and turbidity), and still gives an
accurate indication of which model or models are
avoided more than others. It also at least partially

addresses a common problem in studies on aposema-
tism (e.g. Brodie 1993): the controls in such experi-
ments are typically of a similar colour to the back-
ground substrate and may benefit from background
matching. This makes it difficult to measure how
much protection is conferred by the warning coloura-
tion being studied. Within our sets, however, the
models with high chromatic and/or achromatic con-
trast would likely draw a predator's attention to both
themselves and to the more cryptic models nearby.

Comparing C. anceps models of similar luminance,
those with pink and yellow hues experienced signifi-
cantly fewer attacks compared to those with brown
and green hues. This was the case both for bright
models (with luminance similar to those of wild C.
anceps) and for dull models (those similar to the
background luminance), suggesting that predators
separated chromatic and achromatic cues in natural
conditions, and agrees with existing laboratory stud-
ies on the role of hue in predator memory and recog-
nition of signals (e.g. Guilford 1986, Osorio et al.
1999; but luminance is not always considered in
these studies). It is possible that the brown and green
striping on two of the models provided a degree of
camouflage or elicited novel stimuli predator re-
actions (i.e. neophobia or dietary conservatism;
Marples & Kelly 1999). Any of these processes, if in
effect, would reduce attack rates. Hence, the apose-
matic effects of the pink and yellow (which occur nat-
urally in the environment and would not cause neo-
phobia) may actually be stronger than reported here.
Although less influential than the chromatic cue in
the GLMM, the achromatic cue, luminance, was still
important: within both colour types, bright models
were attacked less than dull ones. This lends support
to the work of Prudic et al. (2007) and Sandre et al.
(2010) showing that luminance has an effect on pred-
ator responses to prey models. It must be noted that
predators in those experiments were naive, whereas
we assumed that the ones in the current study were
not, and therefore different processes were likely
involved (signal learning vs. prey recognition). In
addition, our results do not separate the effects of
chromatic or achromatic cues from aposematism but
try instead to determine which is more important to
experienced predators in recognising the aposematic
signal displayed by C. anceps. The greater influence
of the chromatic cue in this experiment suggests that
while both types of cues were important, its preda-
tors relied more on chromatic cues under natural
conditions.

Prudic et al. (2007) proposed that chromatic con-
trast and luminance contrast in combination would
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increase the effectiveness of aposematic colouration.
This is what we found, as the model with the highest
luminance and pink-and-yellow hues (i.e. the one
most resembling C. anceps) was the least attacked by
predators. Since we did not find an interaction, this
increase was additive. Such a presence of additive,
but not synergistic, effects also agrees with the pre-
dictions of Rowe (1999) regarding signals whose
components are transmitted through the same sen-
sory modality (in this case, vision). There are indica-
tions that chromatic and achromatic cues play differ-
ent roles in signal recognition, e.g. small objects and
textures are primarily discriminated by luminance
(Newport et al. 2017), whereas hue is more important
for the identification and discrimination of large
objects (Osorio et al. 1999). Alternatively, these 2 sig-
nal components may simply have the same function
in order to better communicate with a variety of
predators with differing sensitivities to either type of
cue, thus broadening the range of receivers for the
warning signal (Ratcliffe & Nydam 2008). Although
chromatic and achromatic contrast had qualitatively
similar effects in this instance, this may not necessar-
ily be the case in other systems. This uncertainty
highlights the importance of developing accurate
model fabrication techniques to broaden these re-
sults, e.g. by attempting to separate the roles of hue
and chroma in signalling in a variety of animals with
different visual systems, life histories and environ-
mental contexts. The ability demonstrated here to
accurately control the individual visual properties of
the artificial models used in predation experiments is
crucial for researchers attempting to tease apart the
effects of chromatic and achromatic cues and better
understand predator learning and cognition (Skel-
horn et al. 2016).

Our results, however, also raise an interesting
question: if conspicuous hues, chroma and lumi-
nance levels do indeed protect unpalatable organ-
isms from predation, why is it that not all apparently
distasteful holothurians appear aposematic? For opis-
thobranchs, Tullrot (1994) suggested that cryptic
colouration and unpalatability are able to coexist as
unrelated defence mechanisms because their chemi-
cal defences are diet-derived and thus low-cost.
However, this is unlikely to be the case in holothuri-
ans, as their chemical defences are synthesised de
novo (Kerr & Chen 1995) and thus incur a compara-
tively higher cost. It may be that non-aposematic
holothurians are protected by other characteristics
such as crypsis or burrowing behaviour (Bakus 1973),
reducing the benefits of conspicuous colouration.
Variation among predator species in dietary conser-

vatism, prey handling and susceptibility to chemical
defences could also impact the effectiveness of
aposematism in different prey species (Endler &
Mappes 2004). Since many holothurians have similar
chemical defences but very variable appearances,
they are a promising taxon for investigating the evo-
lution of aposematism.
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