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ABSTRACT

Thirty-six specimens of soft corals (Coelenterata, Alcyonacea) were tested for tox-

icity by exposing Gambusia affinis (Vertebrata, Pisces) to aqueous extracts of coral

macerate and assessing mortality. Fifty percent of the soft coral extracts were deter-

mined to be ichthyotoxic to the fish, supporting earlier studies. In another experi-

ment, commercial fish food was immersed in the same aqueous soft coral extracts,

dried, and offered to G. affinis at three concentrations with appropriate controls. The
study of feeding deterrence showed that 88% of the 36 extracts produced negative

feeding responses at the highest concentration. At intermediate concentrations, 75%
of the extracts acted as feeding deterrents; 48%showed detectable deterrence at lowest

concentrations. Levels of toxicity and feeding deterrence, however, were not corre-

lated; i.e., feeding deterrence was as commonamong non-toxic corals as among toxic

ones. This finding may help to explain why some soft corals, which apparently lack

toxic defense substances, do not exhibit signs of predation in the field.

INTRODUCTION

One of the most important selective factors influencing the evolution of living

organisms is predation. The specific morphological (e.g., Kettlewell, 1956), chemical

( Whittaker and Feeny, 1971), and behavioral (Harvey and Greenwood, 1 978) adapt-
ations which have evolved in plants and animals and which clearly serve an anti-

predatory function are extremely numerous and diverse in nature. Commonanti-

predatory adaptations include ( 1 ) feeding deterrent properties, involving olfaction

and taste, whereby an organism is avoided by a predator or receives a low food prefer-

ence, and (2) toxicity, whereby an animal may ingest the prey and become ill, experi-

ence physiological stress, or die (e.g., Brower, 1969). These behavioral responses in

the predator can be chemically mediated by secondary compounds either produced
by the prey itself (Eisner, 1970; Gerhart, 1983) or acquired by the prey in turn from
its own food ( Brower etal., 1970; Eisner el al, 1974; Schulte et ai. 1980; Thompson
etai, 1982; Carte and Faulkner, 1983; Jensen, 1984).

Evidence for co-occurrence of feeding deterrent properties and toxicity is variable.

Somestudies have demonstrated a positive correlation between toxicity and the pres-

ence of feeding deterrents (West, 1976; Pieman et al., 1982; Camazine, 1983; Camaz-
ine et al., 1983; Gerhart, 1984, 1986). By contrast, Rowell et al. (1983) found that
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certain were differentially palatable to two species of tropical grasshoppers, and

presence of this palatability was not correlated with the presence of known
t toxins, such as phenolics and tannins. Toxicity of soft corals (Coelenterata:

>nacea) on the Great Barrier Reef has been demonstrated (Bakus, 198 1 ; Coll et

, 1982b; Coll and Sammarco, 1983), but the presence or absence of feeding deter-

rent properties has not been examined.

Soft corals can be quite commonon coral reefs in the Indo-Pacific, and particu-

larly in certain areas of the Great Barrier Reef (Dinesen, 1983). Although common
species of soft coral are potentially rich sources of protein, carbohydrate, and espe-

cially lipids (Coll, 1981) and are easily accessible to predators such as fish because of

their exposure, they suffer relatively low levels of predation (P.W.S., unpub. data;

work in progress). Certain predators are specialized in such a way as to be able to

consume highly toxic soft coral tissues. For example, Ovula ovum Linnaeus, 1758

(Mollusca, Prosobranchia) feeds almost exclusively on soft corals and possesses

mechanisms for disposal or storage of toxins (Coll et al, 1983). Certain chaetodontid

fish have been observed to pick soft coral polyps from expanded colonies (Tursch
and Tursch, 1982; also Sammarco, Coll, and Alino, work in progress). Most fish,

however, appear to ignore the soft coral as prey; this has been attributed to their tissue

toxicity (Bakus, 1981; Coll et al., 1982b). In several recent studies, we have shown
that approximately half of the common exposed soft corals from several regions of

the Great Barrier Reef exhibit significant ichthyotoxic properties (Coll et al., 1982b;

Coll and Sammarco, 1983). It thus seems probable that non-toxic soft corals have
some alternate or additional defensive mechanism against predation. The presence
of feeding deterrents has been suggested by Tursch (1976) who pointed out that some
crude soft coral extracts were highly unpalatable to fish. Stoecker (1980) also found
that many tropical ascidians exhibit similar properties.

Here we report the results of a detailed study of 36 soft corals for ichthyotoxic and

feeding deterrent properties as determined by tests on the mosquito fish Gambusia

affinis (Baird and Girard) (Vertebrata, Pisces). Wealso examine the co-distribution

of these two characters among these soft coral species and demonstrate that they do
not appear to be related.

MATERIALSANDMETHODS

Thirty-six commonsoft coral specimens (9 genera, 32 species) were collected from
Britomart Reef (1814'S, 14645'E) (herein referred to as the BRI-series) at depths of
1-12 m, Rib Reef (1815'S, 14545'E) (RIB-series) at depths of approximately 5 m,
and from Myrmidon Reef (1816'S, 14724'E) (MYR-series) at depths ranging from
2-10 m. Sampling was performed between August to October, 1982. Specimens used
for toxicity and feeding deterrence studies (>20 g wet weight) were placed in labeled

plastic bags and frozen. Corresponding samples were preserved in 70% ethanol and
used as reference specimens for taxonomic identifications. Identifications were made
using information published in Bayer (1956, 1961), Verseveldt (1980), Tixier-Duri-

ilt (1966, 1972), and references cited by these authors.

y tests

ixicity tests were performed according to the techniques described by
55) and Bakus and Thun (1979), using similar dosage levels. These

ibed in Coll et al. ( 1982b), but a summary will be provided here.

extracts were prepared from each soft coral as follows. Fifteen g of frozen



TOXICITY AND FEEDING DETERRENCEIN SOFT CORALS 567

tissue was blended with fresh water (30 ml), and the macerate were centrifuged at

10,000 RPMfor 10 min. The supernatant was divided into three equal portions,

two of which were used for the ichthyotoxicity study; the third was reserved for the

palatability study.
The test organism used to determine the toxicity was the commonmosquito fish

Gambusia qffinis. The cosmopolitan distribution of the species, its ability to survive

environmental fluctuations, and its abundance make it attractive for laboratory

work, especially for toxicity studies (Cornman 1968; Birkhead 1972; Spiegelstein et

al, 1973; Ne'eman et al, 1974; Fernandez Bernaldo de Quiros, 1978). Gambusia

affinis was chosen as the test organism because it can be trained to feed under experi-

mental conditions in the laboratory, is discriminating in its feeding behavior, and is

sensitive to feeding deterrents. These qualities have made it the preferred test organ-
ism in similar palatability tests conducted by both chemists (Rideout et al., 1979)
and vertebrate physiologists (Strieck, 1924; Glaser, 1966; Atema, 1977; Herbert and

Atema, 1977) in studies examining the molecular basis of chemoreception in teleost

fish. In addition, this extant freshwater species most likely has had no exposure to

soft corals through evolutionary time and does not possess adaptations of resistance

to soft coral toxins or tolerance to associated feeding deterrents.

The mosquito fish were collected from a creek at least 24 hours prior to testing

and acclimatized in a large storage aquarium containing dechlorinated tap water.

Only the apparently healthiest individuals of both sexes were selected for the ex-

periment.
Extracts were added to small duplicate test aquaria, each containing fresh water

(200 ml) and three randomly selected specimens of the test fish. Mortality counts

were taken after 22, 45, 90, 1 80, 360, and 720 min for each of the extracts.

Palatability determinations

A commercial fish food in the form of dried flakes (Tetra Min R
) was used in the

preparation of test foods and controls. Preliminary tests were performed to determine

a concentration range for the experimental food. Concentrations were selected by

determining the levels at which several randomly selected extracts could be mini-

mally detected by the test organism. Once these levels were determined, the flakes

were ground to a fine powder, from which 120 portions of 100 mgeach were weighed
out. Three replicate portions offish food were prepared for each of the 36 soft coral

extracts. One ml of extract was added to the first, 2 ml to the second, and 4 ml to the

third. The suspensions were mixed, freeze-dried, and ground using a mortar and pes-

tle. The food preparations were stored in the absence of moisture to prevent rehydra-
tion. Controls were prepared in a similar manner using the addition of 1 , 2, and 4 ml
of fresh water (instead of extract). This provided 108 test and 12 control preparations.

The method used here was particularly efficient for testing large numbers of crude

extracts. Particles were clearly accepted or rejected by the fish.

Ten to twenty fish were used in the palatability tests and were conditioned to

accept a small amount of untreated ground fish food from the experimenter for be-

tween 7-10 days. The test and control food preparations were presented to the fish

several times per day by holding a few particles with dissecting tweezers, and releasing

them just beneath the surface of the water. A small trail of dissolving chemicals was
visible around each sinking particle. Responses offish to the food were recorded only
for particles detected by the fish between the surface and the mid-depth of the aquar-
ium. Test samples and controls were presented at random, using three different sam-

ples and a control of the same concentration per feeding session.
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The response of any test fish to the experimental food was classified as follows:

( 1 ) Acceptance: The fish detected a food particle, seized it, and ingested it an indica-

tion of lack of feeding deterrence;

2) Rejection: The fish detected a food particle, ingested it, and expelled it immedi-

ately an indication of feeding deterrence via taste; unpalatability;

(3) Avoidance: The fish detected the food and moved towards it, but turned away
upon approaching it, and failed to ingest it an indication of the presence of an olfac-

tory deterrent.

For the purposes of this study, the term "feeding deterrence" will refer to re-

sponses including both avoidance (olfaction) and rejection (taste).

Ten unambiguous responses were recorded for each sample at a given concentra-

tion. Occasionally the fish did not detect the food (usually towards the end of an

experimental feeding session). Detection could be enchanced, however, if samples
and controls were presented in small quantities at different sites, decreasing the poten-
tial local build-up of food particles and their associated chemicals.

Numerical methods

Data were analyzed by non-parametric tests of association. The Kendall's Rank
Correlation Coefficient (Sokal and Rohlf, 1981) yielded an indication of the level of

association between toxicity and palatibility (also see Siegel, 1956).

Toxicity rankings were assigned according to relative mortality levels of test fish,

using primarily the 720-min samples. Within these mortality categories, tied ranks

were further split using data from successively earlier sample times. Ties unresolvable

by this method were assigned according to the conventions of the Kendall's Rank
Correlation Analysis (Sokal and Rohlf, 1981). Unpalatability ranks were assigned in

a similar fashion, primarily using data from the most highly concentrated test prepa-
rations and ranking further on the basis of data from successively less concentrated

preparations.

RESULTS

One half of the 36 soft coral aqueous extracts were found to be non-toxic; i.e.,

they were indistinguishable from controls in their effect on Gambusia affinis and
caused no mortality in test fish at the concentrations used (Table I). Twenty-two
percent of the extracts killed all fish in 12 hours and were categorized as 100% lethal.

The remainder (28%) elicited intermediate levels of mortality and were considered to

be toxic. The majority of soft coral extracts examined in this study (89%, n = 36) had
detectable deterrent effects on feeding in test fish at the highest concentration utilized.

Seventy-five percent of the extracts elicited at least some avoidance or rejection re-

sponses by fish at the intermediate concentration, and about one-half (47%) elicited

such at the lowest concentration.

The four samples (constituting 1 1%) showing the lowest acceptance levels were

'aria sp. a, Lemnalia sp. c, Sinularia capillosa, and S.flexibilis; each showed
jection rates at all concentrations. Two-thirds (24/32) of the samples were

e avoided or rejected by test fish, with 50- 1 00% rejection rates at the highest
on. Among the least palatable of these, Sarcophyton glaucum, Sarcophy-

Lemnalia sp. a and b, and Sinularia sp. a, were rejected at the lowest concen-
tration ut levels of 5*30%). Only eight out of 36 samples showed evidence of avoid-
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ance by the fish, including Lemnalia sp. a and c and Simdaria sp. a, which elicited

avoidance responses even at the median concentration (Table I).

Two-thirds of the samples were found to be unpalatable, with high rejection scores

occurring at highest concentrations. Of the 12 least palatable extracts, 5 were found
to be within the "non-toxic" category, including the least palatable specimen
EJJlatounaria sp. a (RIB- 10). In addition, four of the most palatable soft coral extracts

were found to fall within the lethal or toxic categories namely Simdaria sp. 3 (RIB-
23), S. polydactyla, Simdaria sp. c (RIB-5), and S. peculiaris (RIB-21). The extracts

of four (4) soft corals were accepted at all concentrations; these included Capnella sp.
a (RIB-24, -25; two specimens), Capnella sp. b (RIB- 14), and Simdaria sp.
c (RIB-5).

Somesoft coral genera exhibited different levels of interspecific variability in pal-

atability. For example, species of Simdaria were among the most variable. Various

species of Capnella tended to elicit little feeding deterrence, while all Lemnalia spe-
cies elicited at least some response.

There was no significant correlation between ichthyotoxicity and feeding deter-

rence for the 36 samples studied (P > 0.05, Kendall's Coefficient of Rank Correla-

tion). Thus, no evidence was found to indicate that these two characters generally co-
occur in this group of organisms.

DISCUSSION

With respect to toxicity, the mortality data lent further support to earlier conclu-
sions that crude aqueous extracts of some soft corals are potentially lethal to the test

fish Gambusia affinis (see Coll el ai, 1982b; Coll and Sammarco, 1983). These aque-
ous extracts have been shown to contain suspended lipid-soluble toxins, including
terpenes (Coll et al, 1 982b). Three very toxic samples came from alcyonacean species

already found to be toxic in earlier studies: Lemnalia sp. c. (RIB- 15), Simdaria flexi-
bilis (BRI- 1 ), and Sarcophyton glaiicum (BRI-5) (Coll et al, 1 982b). The genus Sarco-

phyton was consistently found to be lethal, whereas representatives of the genus
Lemnalia ranged from 100% lethal to non-toxic. These results are in accordance with
our earlier findings.

Toxicity offers an important adaptation for organisms otherwise defenseless

against predation (see Ehrlich and Raven, 1964; Eisner and Meinwald, 1966; Whitta-
ker and Feeny, 1971; Faulkner and Giselin, 1 983). Such organisms include holothuri-
ans (Bakus, 1981), sponges (Randall and Hartman, 1968; Green, 1977). crinoids

(Rideout et al., 1979), ascidians (Stoecker, 1980; Bakus, 1981), and the larvae of
Acanthaster planci (crown-of-thorns starfish) (Lucas et ai, 1979). Saccoglossan nudi-
branchs are also known to exude a defensive secretion upon disturbance (Edmunds,
1966). This toxicity, although common, does not occur in the high frequency pre-

viously assumed for organisms lacking mechanisms of escape or physical defense

(Bakus, 198 1 ), such as in many of the Alcyonacea.
With respect to feeding deterrence, the soft corals examined exhibited a wide

range and generally clear ranking as determined by the criteria used in this experi-
ment. Almost 90%of all soft corals examined elicited some level of feeding deterrence
in test fish. Many alcyonaceans (about 50%) on the Great Barrier Reef also exhibited

ichthyotoxic characteristics. Our tests of association, however, were unable to reveal

any significant relationship between these two characters. That is, the two attributes

(as measured here) appear to co-occur within soft corals at random. The compounds
which are responsible for the ichthyotoxic characters may well be different from those

responsible for feeding deterrence. The majority of pure compounds derived from
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these soft corals which have been demonstrated to have ichthyotoxic properties have

! terpenoids, belonging predominantly to the di- and sesquiterpene classes (Ne'e-

al, 1974; Tursch et al, 1978; Coll et ai, 1983).

Somepure sesquiterpenes have been shown to possess properties of feeding deter-

rence in reef fish (Tursch et al, 1978), and this class of compounds is commonly
found in alcyonaceans. Polyhydroxysterols also commonly occur within this group

(Schmitz, 1 978). These are known to be highly biologically active in certain terrestrial

systems (Nakanishi, 1974), but their levels of activity, with respect to both ichthyo-

toxicity and feeding deterrence, specifically within the Alcyonacea, are as yet undeter-

mined. Wehave shown that these classes of compounds (sterols and terpenes) are

present in the aqueous extracts of soft corals (Coll et al., 1982b), although they would

generally be regarded as non-water-soluble compounds. The only set of toxins not

assessed in our studies would be membrane-bound molecules (i.e., peptide toxins)

not present in the supernatant after centrifugation. Therefore, we are unable to com-
ment on the efficacy of this latter group of compounds in the chemical defense of soft

corals.

Extracts of several species of Sinularia, including Simdaria sp. a (RIB-1 ), S.flexi-

bilis (BRI-1), S. capillosa, and S. mollis (BRI-6), were frequently rejected by the fish

at low concentrations, indicating the presence of efficient feeding deterrents in the

soft coral tissues. In addition, in almost all trials, Efflatounaria (RIB- 10) was found
to be clearly unpalatable. Specimens of this genus, including this one, are generally
known to have little or no ichthyotoxic properties, as determined by this and previous
studies. However, they are rich in terpenoid compounds (Bowden et al., 1983). These

compounds may be responsible for the low palatability of the tissue extracts, for such

compounds are known to be unpalatable in terrestrial systems (Schwartz et al. , 1 980).

Chemical warning signals are used by a variety of marine organisms as a defense

against predation (e.g., Glynn, 1 980). The substances responsible for these signals are

often secondary metabolites which may be toxic and can sometimes be released by
the prey into its immediate surroundings. The physical basis of feeding deterrence,

particularly olfaction, is generally attributed to the action of volatile substances (Kit-

tredge et al, 1974; Little, 1983). Terpenoids, although often cytotoxic, may or may
not possess odorous properties. For example, the diterpene sinularin has been shown
to be cytotoxic (Weinheimer et al, 1977) but is certainly not volatile (pers. obs.,

J.C.C.). By contrast, sesquiterpenes derived from Lemnalia (e.g., Lemnalia sp. c,

RIB- 15) are known to be ichthyotoxic (La Barre, 1984) and yet are highly volatile

and pungent in odor (J.C.C. and co-workers, pers. obs.). Thus, a given compound
may be an effective toxin but a poor chemical signal, as is the case in the monarch

butterfly Danaus plexippus and its toxicity to the blue-jay Cyanocitta cristata

(Brower, 1 969). Volatility or solubility of individual terpenes within a given soft coral

may be an important factor in determining the presence and intensity of their feeding
deterrent capabilities.

In our study, only 22% of the soft coral extracts elicited avoidance responses, and
even these were mostly at the 10% level. This indicates that olfaction was probably
lot a major factors in feeding deterrence. In addition, those cases where avoidance

elicited were not necessarily associated with extracts exhibiting high rejection

Thus, feeding deterrence via olfaction is not necessarily linked with the degree

lability of the tissue in question. The major exception to this was the case of

derived from Lemnalia sp. c (RIB- 15), where it is possible that olfaction may
:. as important in feeding deterrence as taste. This set of particularly odorous

^tracts deterred hungry fish from even touching the food particle on sev-

eral occasions.
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Commonreef alcyonaceans are typically sessile, non-cryptic, and possess drab

coloration. There would be a distinct adaptive advantage for such organisms to re-

lease olfactory warning substances or feeding deterrents into the water column. Since

this would appear to be independent of their degree of toxicity, a type of diffuse Bate-

sian mimicry may be occurring. Remarkably high concentrations of secondary me-

tabolites are indeed found in some soft coral tissues, but certainly not all (Coll et al,

1981; Coll and Sammarco, 1983). This is not to say that coevolution of specialized

predators has not occurred. It is known that Ovula ovum is adapted to prey specifi-

cally on Sarcorphyton glaucum and detoxify the most toxic metabolite (Coll, 1983).

Fish such as Chaetodon ocellicaudus readily feed upon such alcyonaceans as Litophy-
ton viridis, Sarcophyton glaucum, Clavularia inflata, Nephthea sp., etc. (Tursch and

Tursch, 1982). Other Chaetodon spp. are also known to feed on soft corals.

Direct extrapolation of results from laboratory data on standard test fish to field

situations involving coral reef fish should be made with caution. Field observations

suggest, however, that feeding deterrents are indeed effective against predation. We
have observed very low levels of natural predation on these organisms in the field

consistently over the past 5-6 years (pers. obs.; PWS, unpub. data).

The secondary metabolites of soft corals from the Great Barrier Reef may possess

three distinct ecological functions: (1) ichthyotoxicity (Coll et al, 1982b; Coll and

Sammarco, 1983; this study) which may well be indicative of an anti-predatory role

(Gerhart, 1984); (2) a feeding deterrent role (this study); and (3) an anti-competitor

role, causing mortality in scleractinian and alcyonacean corals, demonstrated experi-

mentally both in the laboratory and the field (Sammarco et al., 1982, 1983, 1985;

Coll and Sammarco, 1983; Coll et al., 1982a; La Barre et al., 1986). Each of these

characteristics varies from species to species, both at the intergeneric and interspecific

levels. The characters do not appear to be linked. Thus, feeding deterrence does not

necessarily indicate toxicity, toxicity does not imply allelopathy, allelopathy does not

imply feeding deterrence, and so forth. Indeed, different classes of compounds (e.g.,

terpenes vs. sterols) may be responsible for these different characters in some species.

It seems highly likely that those biologically active compounds occurring within

the Alcyonacea of the Great Barrier Reef, irrespective of their chemical class, serve

different ecological functions, depending upon the evolutionary history of the species

in question (also see Stoecker, 1980). These might include anti-predatory, anti-com-

petitor, anti-fouling, etc. adaptations, which can occur individually or in any random
combination within a species. In addition, each character can function at different

levels of effectiveness in different species. Survival of individual soft corals may well

be influenced by chemically mediated processes which vary in type, intensity, and

co-occurrence between species. These characters have most likely played an impor-
tant role in contributing to the evolutionary success of soft corals in the Indo-Pacific

region.
The major findings of this study may be summarized as follows: ( 1 ) approximately

50% of the soft corals surveyed in this study from the central region of the Great

Barrier Reef were found to be ichthyotoxic. These results are consistent with earlier

results from other parts of the Great Barrier Reef, including the northern, central and

southern regions. (2) Extracts derived from almost 90% of these same soft corals had

detectable deterrent effects on the feeding activities of test fish at the highest concen-

trations utilized here. (3) Despite the existence of these traits, no significant associa-

tion could be found between ichthyotoxicity and feeding deterrence in the soft coral

species tested. That is, their co-occurrence appeared to be random. (4) It is hypothe-
sized (a) that different chemical compounds may be responsible for the different re-

sponses in test organisms, and/or (b) that the biologically active compounds in the
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varic ^ies of Alcyonacea may be adapted for different functions (anti-predation,
on for space, anti-fouling, etc.) which may have evolved independently.

ACKNOWLEDGMENTS

Wewish to thank the Australian Institute of Marine Science for logistic support.
The manuscript has benefited from comments by P. K. Dayton, J. T. Baker, and A.
Dartnall. This study was supported by a grant from the Australian Marine Sciences
and Technology Grants Scheme, including a post-graduate fellowship to S.L.B. This

paper represents contribution number 335 from the Australian Institute of Marine
Science.

LITERATURE CITED

ATEMA, J. 1977. Functional separation of smell and taste in fish and crustacean. Pp. 165-174 in Olfaction
and Taste, vol. 6, J. Le Magnen and P. MacLeod, eds. Information Retrieval Ltd., London.

BAKUS, G. J. 1981. Chemical defense mechanisms on the Great Barrier Reef. Science 211: 497-499.
BAKUS, G. J., ANDM. A. THUN. 1979. Bioassays on the toxicity of Caribbean sponges. Co/log. Int. du

C.N.R.S. 291, Biologic des Spongiaires: 417-422.

BAYER, F. M. 1956. Octocorallia. Pp. F166-F190 in Treatise on Invertebrate Paleontology, Part F, Coelent-

erata, R. C. Moore, ed. Geol. Soc. Am., Univ. of Kansas Press, Lawrence, Kansas.

BAYER, F. M. 1961. The Shallow Water Octocorallia of the West Indian Region. Martinus Nijhoff, The
Hague, Netherlands. 373 pp.

BIRKHEAD, W. S. 1972. Toxicity of stings and ariid and ictalurid catfishes. Copeia 1972(4): 790-807.

BOWDEN,B. F., J. C. COLL, V. A. PATRICK, D. M. TAPIOLAS, ANDA. H. WHITE. 1983. Studies of Austra-

lian soft corals. XXXII. The structure determination of degraded Xenicin-type diterpenes from
several Efflatounaria species. Aust. J. Chem. 36: 2279-2288.

BROWER,L. P. 1969. Ecological chemistry. Sci. Am. 220(2): 22-29.

BROWER,L. P., F. H. PLOUGH, ANDH. R. MECK. 1970. Theoretical investigations of automimicry. I.

Single trial learning. Proc. Nat. Acad. Sci. (USA) 66: 1059-1066.

CAMAZINE, S. 1983. Mushroom chemical defense: Food aversion learning induced by hallucinogenic
toxin, muscimol. / Chem. Ecol. 9(1 1): 1473-1482.

CAMAZINE, S. M., J. F. RESCH, T. EISNER, ANDJ. MEINWALD. 1983. Mushroom chemical defense: Pun-

gent sesquiterpenoid dialdehyde antifeedant to opossum. J. Chem. Ecol. 9(10): 1439-1448.

CARTE, B. ANDD. J. FAULKNER. 1983. Defensive metabolites from three nembrothid nudibranchs. /
Org. Chem. 48( 14): 23 14-23 1 8.

COLL, J. C. 1981. Soft coral research at the James Cook University of North Queensland. Proc. Fourth
Asian Symp. Medicinal Plants and Spices, Bangkok. UNESCOSpec. Publ. 1981, pp. 197-204.

COLL, J. C., B. F. BOWDEN,ANDS. J. MITCHELL. 1 980. Marine natural products chemistry at James Cook
University of North Queensland. Chem. Aust. 47: 259-263.

COLL, J. C., B. F. BOWDEN,D. M. TAPIOLAS, ANDW. C. DUNLAP. 1982a. In situ isolation of allelochemi-

cals released from soft corals (Coelenterata: Octocorallia): a totally submersible sampling appara-
tus. J. Exp. Mar. Biol. Ecol. 60: 293-299.

COLL, J. C., S. LA BARRE, P. W. SAMMARCO,W. T. WILLIAMS, ANDG. J. BAKUS. 1982b. Chemical
defenses in soft corals (Coelenterata: Octocorallia): A study of comparative toxicities. Mar. Ecol.

Prog. Ser. 8: 211-218.

COLL, J. C., ANDP. W. SAMMARCO.1983. Terpenoid toxins of soft corals (Cnidaria, Octocorallia): their

nature, toxicity, and ecological significance. 7th World Congress Anim. Plant Microb. Toxins,

Brisbane, Queensland, Australia, 11-16 July, 1982. Toxicon 1983, Suppl. 3: 69-72.

'OLL, J. C, D. M. TAPIOLAS, B. F. BOWDEN,L. WEBB, ANDH. MARSH. 1983. Transformation of soft

coral (Coelenterata: Octocorallia) terpenes by Ovula ovum (Mollusca: Prosobranchia). Mar. Biol.

74: 35-40.

AN, I. 1968. Dregs from the sea: heterotargeting. Pp. 1 17-183 in Drugs from the Sea, H. D. Freud-
ithal (ed.). Trans. Symp. Univ. Rhode Island, August 1967. J. Ocean Technol. Mar. Technol.

'968: 117-183.
83. Patterns in the distribution of soft corals across the central Great Barrier Reef. Coral

: 1(4): 229-236.
fensive adaptations ofStiliger vanel/us Marcus, with a discussion on the evolution

"'nudibranch' molluscs. Proc. Malacol. Soc. Land. 37: 73-81.



TOXICITY ANDFEEDING DETERRENCEIN SOFT CORALS 575

EHRLICH, P. R., ANDP. H. RAVEN. 1964. Butterflies and plants: a study in coevolution. Evolution 18:

586-608.

EISNER, T. 1970. Chemical defense against predation in arthropods. Pp. 157-217 in Chemical Ecology, E.

Sondheimer and J. B. Simeone, eds. Academic Press, NewYork.

EISNER, T., J. S. JOHNESSEE, J. CARREL, L. B. HENDRY,ANDJ. MEINWALD. 1974. Defensive use by an
insect of a plant resin. Science 184: 996-999.

EISNER, T., ANDJ. MEINWALD. 1966. Defensive secretions of arthropods. Science 153: 1341-1350.
FAULKNER, D. J., ANDM. T. GHISELIN. 1983. Chemical defense and evolutionary ecology of dorid nudi-

branchs and some other opisthobranch gastropods. Mar. Ecol. Prog. Ser. 13: 295-30 1 .

FERNANDEZBERNALDODEQUIROS, C. 1978. Toxicity of technical Coumachlor and of Tomorin on Gam-
busia affinis. Boln. R. Soc. Esp. Hist. Nat. (Secc. Biol.) 76('/2): 109-122.

GERHART,D. J. 1983. The chemical systematics of colonial marine animals: An estimated phytogeny of
the order Gorgonacea based on terpenoid characters. Biol. Bull. 164: 7 1 -8 1 .

GERHART,D. J. 1984. Prostaglandin A2: An agent of chemical defense in the Caribbean gorgonian Plex-
aura homomalla. Mar. Ecol. Prog. Ser. 19: 181-187.

GERHART,D. J. (1986). Gregariousness in the gorgonian-eating gastropod Cyphoma gibbosum: Tests of
several possible causes. Mar. Ecol. Prog. Ser. 31: 255-263.

GLASER, D. 1966. Untersuchgen Uber die absoluten Gesmaksschwellen von Fishen. Z. Vergl. Physiol. 49:

492-500.

GLYNN, P. W. 1 980. Defense by symbiotic Crustacea of host corals elicited by chemical cues from predator.

Oecologia 47: 287-290.

GREEN,G. 1977. Ecology of toxicity in marine sponges. Mar. Biol. 40: 207-215.

HARVEY, P. H., ANDP. J. GREENWOOD.1978. Anti-predator defense strategies: some evolutionary prob-
lems. Pp. 129-151 in Behavioural Ecology, An Evolutionary Approach, J. R. Krebs and N. B.

Davies, eds. Sinauer Assoc., Sunderland, Massachusetts.

HERBERT, P., ANDJ. ATEMA. 1977. Olfactory discrimination of male and female conspecifics in the bull-

head catfish Ictalurus nebulosus. Biol. Bull. 153: 429-430.

JENSEN, K. R. 1 984. Defensive behaviour and toxicity of ascoglossan opisthobranch Mourgona germainae.
J. Chem. Ecol. 10(3): 475-486.

KETTLEWELL, H. B. D. 1956. Further selection experiments on industrial melanism in the Lepidoptera.

Heredity 10: 287-301.

KITTREDGE, J. S., F. T. TAKAHASHI, J. LlNDSEY, ANDR. L.ASKER. 1974. Chemical signals in the sea:

marine allelochemics and evolution. Fish Bull. 72: 1-11.

LA BARRE, S. 1984. Studies in the chemical ecology of Alcyonarians (Coelenterata: Octocorallia). Ph.D.

dissertation, James Cook University, N.Q., Townville, Queensland, Australia. 348 pp.

LA BARRE, S. C., J. C. COLL, ANDP. W. SAMMARCO.1986. Competitive strategies of soft corals (Coelenter-

ata: Octocorallia): III. Spacing and aggressive interactions between alcyonaceans. Mar. Ecol.

Prog. Ser. 128: 147-156.

LITTLE, E. E. 1983. Behavioural function of olfaction and taste in fish. Pp. 35 1-376 in Fish Neurobiology,
Vol. 1., G. Northcutt and R. E. Davis, eds. University of Michigan Press, Ann Arbor.

LUCAS, J. S., R. J. HART, M. E. HOWDEN,ANDR. SALATHE. 1979. Saponins in eggs and larvae ofAcanthas-

ter planci (L.) (Asteroidea) as chemical defences against planktivorous fish. /. Exp. Mar. Biol.

Ecol. 40: 155-165.

NAKANISHI, K. 1974. Steroids. Pp. 525-528 in Natural Products Chemistry, Vol. 1, K. Nakanishi, T. Goto,
S. Ito, S. Natori, and S. Nozoe, eds. Academic Press, NewYork.

NE'EMAN, I., L. FISHELSON, ANDY. KASHMAN.1974. Sarcophine a new toxin from the soft coral Sarco-

phyton glaucum (Alcyonaria). Toxicon 12: 593-598.

PICMAN, J., A. K. PICMAN, ANDG. H. N. TOWERS.1982. Effects of the sesquiterpene lactone, helenin, on

feeding rates and survival of the tundra redback vole Clethrionomys rut His. Biochem. Syst. Ecol.

10(3): 269-274.

RANDALL, J. E., ANDW. D. HARTMAN.1968. Sponge-feeding fishes of the West Indies. Mar. Biol. 1:216-
225.

RIDEOUT, J. A., N. B. SMITH, ANDM. D. SUTHERLAND.1979. Chemical defense of crinoids by polyketide

sulphates. Experientia 35(10): 1273-1274.

ROWELL,C. H. F., M. ROWELL-RAHIER, H. E. BRAKER, G. COOPER-DRIVER,ANDL. D. GOMEZP. 1983.

The palatability of ferns and ecology of two tropical forest grasshoppers. Biotropica 15(3): 207-
216.

SAMMARCO,P. W., J. C. COLL, ANDS. LA BARRE. 1982. Competition between soft corals (Octocorallia)

and scleractinian corals: species-specific allelopathy. Austral. Mar. Sci. Bull. 79: 21.

SAMMARCO,P. W., J. C. COLL, S. LA BARRE, ANDB. WILLIS. 1983. Competitive strategies of soft corals

(Coelenterata: Octocorallia): Allelopathic effects on selected scleractinian corals. Coral Reefs 1:

173-178.



576 s - c - LA BARREET AL.

SAK j C. COLL, ANDS. LA BARRE. 1985. Competitive strategies of soft corals (Coelenterata:

ralha) II. Variable defensive responses and susceptibility to scleractinian corals. /. E.xp.

r.B>o!.Ecol.91: 199-215.

P. J. SCHEUER,ANDO. J. McCoNNELL. 1980. Two furanosesquiterpene marine metabolites

with anti-feedant properties. Helv. Chim. Acta. 63(8): 2159-2167.

,:, F. J. 1978. Uncommonmarine steroids. Pp. 241-297 in Marine Natural Products. Chemical

ana
1

Biological Perspectives, Vol. 1, P. J. Scheuer, ed. Academic Press, NewYork.

SCHWARTZ,C. C., W. L. REGELIN, ANDJ. G. NAGY. 1980. Deer (Odocoileus hemionus) preference for

juniper forage and volatile oil treated foods. J. H 'ildlife Manag. 44( 1 ): 114-120.

SIEGEL, S. 1956. Non-parametric Statistics for the Behavioral Sciences. McGraw-Hill, NewYork. 312 pp.

SOKAL, R. R., ANDF. J. ROHLF. 1981. Biometry. W. H. Freeman, San Francisco. 859 pp.

SPIEGELSTEIN, M. Y., Z. PASTER, ANDB. C. ABBOTT. 1973. Purification and biological activity ofGymnod-
ium breve toxins. Toxicon 11: 85-93.

STOECKER,D. 1980. Relationship between chemical defense and ecology in benthic ascidians. Mar. Ecol.

Prog. Ser. 3: 257-265.

STRIECK, F. 1924. Untersuchungen uber den Geruchs und Geschmackssinn der Elritzen. Z. Vergl. Phy-
siol.2: 122-154.

THOMPSON,J. E., R. P. WALKER,S. J. WRATTEN,ANDD. J. FAULKNER. 1982. A chemical defense mecha-

nism for the nudibranch Cadlina luteomarginata. Tetrahedron 38( 1 3): 1 865- 1 874.

TIXIER-DURIVAULT, A. 1 966. Octocoralliaires de Madagascar et des lies avoisinantes. Faune de Madagas-
car 21: 1-456.

TIXIER-DURIVAULT, A. 1972. Nouvel apport d'octocoralliares. Tethys 3(suppl.): 66-68.

TURSCH, B. 1976. Some recent developments on the chemistry of alcyonaceans. Pure Applied Chem. 48:

1-6.

TURSCH, B., J. C. BRAECKMAN,D. DALOZE, ANDM. KAISIN. 1978. Terpenoids from coelenterates. Pp.

247-291 in Marine Natural Products. Vol 2, P. Scheuer, ed. Academic Press, NewYork.

TURSCH,B., ANDA. TURSCH. 1 982. The soft coral community on a sheltered reef quadrat at Laing Island,

Papua NewGuinea. Mar. Biol. 68: 33 1-332.

VERSEVELDT,J. 1980. A revision of the genus Sinn/aria May (Octocorallia: Alcyonacea). Zoo/. Verh. 179:

1-166.

WEINHEIMER, A. J., J. A. MATSON,M. B. HOSSAIN, ANDD. VANDER HELM. 1977. Marine anticancer

agents sinularin and dihydro-sinularin, new cembranolide diterpenes from the soft coral Sinula-

riaflexibilis. Tetrahedron Lett. 1977: 2923-2926.

WEST, D. A. 1976. Aposematic coloration and mutualism in sponge-dwelling tropical zoanthids. Pp. 443-

452 in Coelenterate Ecology and Behaviour, G. O. Mackie, ed. Plenum Press, NewYork.

WHITTAKER, R. H., ANDP. P. FEENY. 1971. Allelochemics: chemical interactions between species. Science

171:757-770.

YAMANOUCHI,T. 1955. On the poisonous substance contained in holothurians. Publs. Seto Mar. Biol.

Lab. 4: 183-203.


