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ABSTRACT: Seaweed preferences of the tropical herbivorous surgeonfish Zebrasorna flavescens were 
examined in aquarium assays on Guam, in order to examine the role of secondary metabolites in 
determining its preferences. Of 55 species of macrophytes examined (49 algae, 5 cyanobactena, 
l seagrass), only 7 species were highly preferred. Seaweed extracts were examined by thin-layer 
chromatography (TLC) and proton nuclear magnetic resonance (NMR) spectroscopy to determine the 
presence or absence of secondary metabolites. Extracts from the non-preferred seaweeds and several 
pure major metabolites from these seaweeds were tested as feeding deterrents by applying them to the 
surface of Enterornorpha clathrata, a preferred alga. Extracts that contained secondary metabolites and 
were the most deterrent were from Bryopsis pennata, Chlorodesmis fastigiata, Desmia hornernanni, 
Microcoleus lyngbyaceus, Liagora farinosa, and Dictyota bartayresii. The deterrent pure metabolites 
were malygamide A (from M. lyngbyaceus), chlorodesmin (from C. fastigiata), pachydictyol A (from D. 
bartayresii), ochtodene (from D. hornernanni), and a fatty acid metabolite isolated from L. farinosa. 
Several extracts which did not contain metabolites based on our chemical analyses were also signifi- 
cantly deterrent including those from Codiurn geppii, Padina tenuis, Galaxaura oblongata, and Haly- 
rnenia durvlllaei. Extracts from Caulerpa racernosa, Avrainvillea obscura, and Asparagopsis taxiformis 
contained secondary metabolites yet were non-deterrent. The pure metabolites caulerpin, cauler- 
penyne, and avrainvilleol from C, racernosa and A. obscura were also non-deterrent. Secondary 
metabolites appear to account for the low palatabhty of many of the seaweeds examined. However, not 
all secondary metabolites were effective deterrents toward this herbivore. 

INTRODUCTION 

Coral reefs support an abundance of fishes which 
derive their energy from benthic plants (Ogden & Lobel 
1978). These herbivorous fishes can exert profound 
influences on coral reef algal communities (RandalJ 
1961, Vine 1974, Ogden & Lobel 1978, Hay 1981a, 
1984, 1985, Lewis 1985, 1986, Carpenter 1986). Some 
algae survive the intense herbivory of fishes, and it is 
known that certain algae are consumed while others 
are avoided by fishes (Hiatt & Strasburg 1960, Randall 
1967, Earle 1972, Tsuda & Bryan 1973, Hobson 1974, 
Bryan 1975, Ogden 1976, Ogden & Lobel 1978, Lobel & 
Ogden 1981, Hay 1981a, b, 1984, Littler et al. 1983, 
Lewis 1985, 1986, Wolf 1985, Paul & Hay 1986). Jones 
(1968) noted that of 160 algal genera available to fishes 
of the family Acanthuridae in Hawaii, only 40 were 
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found in the fishes' stomachs. Omitting the algae that 
were rare in stomach contents, acanthunds ate only 
20 % of the algal genera available. This suggests that 
some algae may be unpalatable or deterrent. 

Herbivore food preferences are of theoretical and 
practical interest to ecologists. Food preferences often 
determine the role of different herbivores in community 
organization since herbivores can strongly affect plant 
diversity, distribution, and biomass (Lubchenco & 
Gaines 1981). Plant characteristics that may affect pre- 
ference include morphology (toughness, calcification), 
nutritional characteristics (caloric, protein, vitamins, 
nutrients), and chemical composition (feeding stimu- 
lants, feeding deterrents). Few studies of marine herbi- 
vore food preference have been conducted, thus the 
relative importance of these factors is not known. 

Hundreds of biologically active natural products 
have been isolated from marine algae (Scheuer 
1978-1983, Faulkner 1984, 1986). Recent studies pro- 
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vide evidence that algal secondary metabolites func- 
tion as defenses against herbivorous fishes (Paul & 
Fenical 1986, Paul & Hay 1986, Targett et al. 1986, Paul 
1987, Hay et al. 1987a, b, Paul & Van Alstyne 1987, 
Paul et al. 1987a, 1988). These results are not surprising 
considering the well-documented importance of chem- 
ical defenses in terrestrial communities. Secondary 
metabolites produced by terrestrial plants are consi- 
dered one of the most important defenses against 
generalist herbivores (Fraenkel 1959, Whittaker & 
Feeny 197'1, Freeland & Janzen 1974, Levin 1976, 
Rhoades & Cates 1976, Harborne 1977, 1978, Rosenthal 
& Janzen 1979, Coley et  al. 1985). 

Evidence suggests that herbivory constitutes one of 
the primary selective forces acting on reef seaweeds 
(Hay 1981a, 1984, 1985, Carpenter 1986, Lewis 1986). 
The diversity of herbivores on Pacific reefs is great, and 
it is in these habitats that we find some of the greatest 
diversity and variation in the production of secondary 
metabolites by marine algae (Faulkner 1984, 1986, Paul 
& Fenical 1987). Individuals and populations of algae 
vary in their production of secondary metabolites (Paul 
& Fenical 1986, Paul & Van Alstyne 1987), and many 
tropical algae combine chemical and morphological 
defenses to effectively deter grazers (Hay 1984, Paul & 
Fenical 1986, Paul & Hay 1986, Paul & Van Alstyne 
1987, Hay et al. 1988). 

The acanthurid Zebrasorna flavescens was used in 
this study to examine the relationships between feeding 
preferences and secondary metabolite composition of 
tropical algae. Z, flavescens feeds mostly on uncalcified 
and filamentous types of algae (Jones 1968) and may be 
deterred by the morphology of many algal species. We 
asked the following questions: (1) What species of algae 
are preferred by Z. flavescens? (2) Do these preferences 
vary among individual Z. flavescens? (3) Are Z. flaves- 
cens feeding preferences related to secondary metabo- 
Lite composition in the algae? (4) Do the low-preference 
algae contain deterrent compounds? 

MATERIALS AND METHODS 

Collection. Seaweeds used in this study were col- 
lected in a variety of reef, reef flat, and lagoon habitats 
on Guam. Forty-nine different algal species, 5 
cyanobacteria (filamentous blue-greens), and 1 sea- 
grass were used in feeding preference tests. We col- 
lected species that were abundant enough to use in the 
preference trials and simultaneously extract for chemi- 
cal analyses and feeding deterrent assays. Seaweeds 
were maintained in large, flowing seawater aquaria 
and were used in preference trials wi thn 24 h of collec- 
tion. The plants were never used in the assays if they 
appeared damaged or discolored. 

Acanthurids Zebrasoma flavescens for the study 
were captured on Guam reefs and were ca 6 to 8 cm in 
total length. Between 8 and 13 Z. flavescens were kept 
in 500 1 flowing seawater aquaria. Two aquaria were 
divided into 4 cells each, and one was divided into 
6 cells. This was done so that each fish could be held 
and tested individually. Ca 20 individual fish were 
used during these studies and individuals were reused 
for several experiments. 

Feeding preference. Susceptibility of seaweeds to 
grazing was examined by inserting small pieces (1 to 
2 cm long) of 7 or 8 different seaweeds, always includ- 
ing Enterornorpha clathrata, into a 0.5 m length of 3- 
strand polypropylene line. E. clathrata was readily 
eaten and was placed on the lines to ensure that the 
fish were feeding normally. Either 6 or 8 Zebrasoma 
flavescens were used in the preference assays, and 
replicate lines were placed one at a time with each 
individual fish. Each fish was offered the same group of 
algae for 10 or more separate 30 min trials. The order of 
algae on the ropes was arranged haphazardly and 
changed for each trial. After each of the 30 min assays, 
algae were scored as either completely consumed 
(eaten) or partially remaining (uneaten). To be scored 
as eaten, algae were totally consumed except for the 
portion caught between the 3-strand rope. We did not 
score an intermediate category (half-eaten) because 
results did not usually fall into this category. Fish 
tended to eat the species they Liked and take few or no 
bites of the species they did not like. Only 1 species, 
Caulerpa racemosa, was frequently half-eaten. The 
percentage of pieces completely consumed for each 
seaweed was calculated from the number of pieces 
completely consumed/total pieces offered X 100 for 
each fish. The mean percentage of pieces completely 
consumed was the average for all fish. 

The preference for any species of seaweed may be 
relative to the other species offered on the lines. We 
ranked the species as high, medium, or low preference 
based on the mean percentage of each species that was 
eaten (completely consumed): high preference (80 to 
100 O/O eaten); medium preference (20 to 79 % eaten); 
and low preference (0 to 19 % eaten). In order to assess 
if individual Zebrasorna flavescens differed signifi- 
cantly in their feeding preferences for a species of 
seaweed the number of pieces that were eaten and 
uneaten were scored for each fish and compared with a 
R X C (8 X 2) test for independence using the G-test 
(Sokal & Rohlf 1981). The null hypothesis tested was 
that there was no significant difference among indi- 
vidual fish in the proportion of seaweed pieces con- 
sumed. 

Chemical analysis. The different species of algae 
were cleaned of epiphytes and homogenized in a blen- 
der in a 1 : 1 mixture of dichloromethane and methanol. 
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The extracts were filtered, and solvents were evapo- 
rated under vacuum leaving the organic algal extract 
(usually a viscous oil). 

To test whether secondary metabolites existed in the 
algal extracts, all extracts were analyzed by thin-layer 
chromatography (TLC). TLC has previously been used 
to detect secondary compounds in tropical algae 
(Norns & Fenical 1986, Paul & Hay 1986). TLC plates 
were developed in 2 solvent systems, 100 % di- 
chloromethane and 100 % diethyl ether, to screen for 
non-polar and more polar metabolites. TLC plates were 
then viewed under an ultraviolet (UV) lamp to observe 
any UV activity, and stained with 50 % sulfunc acid 
to observe color reactions indicative of secondary 
metabolites. 

Limitations in the use of TLC in detecting water- 
soluble or highly polar metabolites have been discus- 
sed (Paul & Hay 1986). TLC also tells little about the 
chemical structures of compounds in the extracts 
unless the compounds can be related to known stan- 
dards. For these reasons, we also examined the extracts 
by proton nuclear magnetic resonance spectroscopy 
(NMR). Known compounds can be readily detected and 
identified by NMR spectroscopy. Unusual signals in the 
NMR spectra could indicate the presence of unknown 
secondary metabolites. 

Purification of individual metabolites was accom- 
plished by high-performance liquid chromatography 
(HPLC) with ethyl acetate/hexane solvent mixtures. 

Chemical feeding-deterrence assays. Seaweeds that 
were not preferred and did not have a tough or cal- 
cified morphology were tested for feeding-deterrent 
effects toward Zebrasoma flavescens. The extracts or 
isolated metabolites were dissolved in diethyl ether 
and coated on 25 to 30 mg (wet weight) pieces of 
Enteromorpha clathrata. The E. clathrata was coated 
with algal extracts at 1 O/O wet mass (5 % dry mass) 
which approximates natural concentrations of organic 
extracts for most uncalcified algae (Paul 1987). Several 
pure metabolites isolated from the algae were also 
tested. The final concentration of pure metabolites was 
1 % of the dry mass of the E. clathrata. Control pieces of 
E. clathrata were coated only with diethyl ether. 

The extracts and pure metabolites are lipophilic and 
adhere to the algae after the ether evaporates. Similar 
methods have previously been used (McConnell et al. 
1982, Targett et al. 1986, Hay et al. 1987a, b, Paul 1987, 
Paul & Van Alstyne 1987) and the researchers found 
that organic compounds were not readily lost to sea- 
water. 

Four treated and 4 control pieces of Enteromorpha 
clathrata were attached to opposite ends of one mid- 
weighted polypropylene Line so that each piece of 
treated and control algae was equally accessible to Ze- 
brasoma flavescens. Between 8 and 13 individual fish 

were allowed to graze on the E. clathrata for 1 to 2 h, or 
until at least half of the total available pieces on each 
Line were eaten. The number of treated and control 
pieces that were completely consumed were scored for 
each line. The assays were analyzed by the non-para- 
metric Wilcoxon's Signed-Ranks Test for paired com- 
parisons (Sokal & Rohlf 1981). 

RESULTS 

The results of the assays examining feeding pre- 
ferences of Zebrasoma flavescens are shown in 
Table 1. The presence (+) or absence (-) of secondary 
metabolites and the presence of calcification (C) are 
also indicated. Of 55 species of macrophytes tested, 42 
species were of low preference. Of these low-prefer- 
ence seaweeds, 32 were never completely eaten. Seven 
species of algae were highly preferred by Z. flavescens. 
These highly preferred algae did not produce second- 
ary metabolites. The presence of secondary metabo- 
lites in the seaweeds is related to low susceptibility to 
Z. flavescens. No high-preference seaweeds and only 2 
medium-preference seaweeds produced secondary 
metabolites while 7 species of high- and 5 species of 
medium-preference seaweeds did not produce second- 
ary metabolites. Thirteen species of uncalcified low 
preference seaweeds produced secondary metabolites 
while 12 species did not (Table 1). These differences 
between algal-preference groups are significant using 
a 3 X 2 Contingency Table Analysis and the G-test ( X 2  = 

8.98, p < 0.025). For these calculations, we omitted the 
highly calcified species that might be morphologically 
defended from grazing. 

All of the highly preferred algae were uncalcified, as 
were most of the medium-preference algae. Zebrasoma 
flavescens did not consume any highly calcified algae 
such as Halimeda spp., Tydemania expeditionis, or 
Mastophora rosea (Table 1) .  Galaxaura oblongata, G. 
marginata, Liagora spp., and Padina tenuis were more 
lightly calcified and less than 10 % of the individual 
pieces were eaten. Species with a tough morphology, 
such as Sargassum spp. and Turbinaria ornata, were 
also not consumed. Therefore, morpholoqcal defenses 
appear to be effective deterrents toward this herbivore. 

In order to determine if individual Zebrasoma flaves- 
cens were differing in their choices of whole algae, a 
R X C test of independence using the G-test was per- 
formed. Individual Z. flavescens significantly differed 
in their preferences for only 8 species of algae, viz. 
Cladophoropsis membranacea, Chaetomorpha anten- 
nina, Ca ulerpa racemosa, Liagora Earinosa, Hypnea 
pannosa, Acanthophora spicifera, Dictyota cervicornis, 
and Centroceras clavula tum (Table 2). 

Twenty-three species of medium and low-preference 
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Table 1. Zebrasoma flavescens. Feeding preferences. N: number of trials; t :  secondary metabolites present; -: secondary 
metabolites absent; C: calcified; I :  presence or absence of secondary metabolites not determined by our assays 

Algae N Mean % completely Defenses 
eaten ( 2  SE)  

High preference (> 80 % eaten) 
Boodlea composita 10 97 f 3.3 - 
GeLidiopsis intricata 10 97 f 2.1 
Hypnea esperi 10 97 f 3.3 
Cladophora fascicularis 13 94 * 3.2 
Acan thophora spicifera 10 93 f 6.7 
Enteromorpha clathrata 123 90 f 1.9 
Centroceras cla vulatum 10 87 f 7.2 

Medium preference (20-79 % eaten) 
Chaetomorpha antennina 13 69 t 11.1 
GelidieUa myrioclada 8 67 5 7.5 
Cladophoropsis membranacea 25 55 2 6.1 
Gelidiella sp. 10 38 f 7.0 
Bryopsis pennata 10 32 f 7.9 
Lagora farinosa 10 31 f 7.9 
Hypnea pannosa 10 30 f 9.0 

Low preference (< 19 % eaten) 
Ca ulerpa racemosa 26 13 f 3.2 
Liagora sp. 10 12 f 3.1 
Dictyota cem'cornis 10 8 f 4.0 
Hydroclathrus clathratus 10 7 f 3.3 
Polys~phonia sp. 10 7 f 4.2 
Ca ulerpa sertularioides 10 5 f 5.0 
Halymenia dum'uaei 10 5 f 2.2 
Avrain villea obscura 10 3 k 1 . 6  
Galaxa ura oblongata 10 3 f 2.1 
Galaxa ura margina ta 10 2 ? 1.7 
Calothriv crustacea 10 0 
Hormothamnion enteromorphoides 10 0 
Microcoleus lyngbyaceus 10 0 
Schizo thriv calcicola 10 0 
S c h i z o t h ~  mexicana 24 0 
Ca ulerpa serrulata 10 0 
Chlorodesmis fastigiata 13 0 
Codium geppii 10 0 
Halin~eda discoidea 10 0 
Halimeda gigas 10 0 
Halimeda incrassa ta 10 0 
HAmeda opuntia 9 0 
Tydemania expeditionis 10 0 
Boergesenia forbesii 10 0 
Valonia fastigiata 13 0 
Neonleris annulata 10 0 
Ectocarpus breviarticulatus 13 0 
Feldmanma indica 10 '3 
Dictyota barta yresii 10 3 + 
Lobophora variegata 10 0 +, C 
Padina tenuis 20 0 -, c 
Padrna tenuis (Vaughaniella) 10 3 ? 
Sargassum cristaefolium 23 0 - 
Sargassum polycystum 13 0 - 
Turbinaria orna ta 11 0 - 
Asparagopsis taxiformis 10 '3 + 
Galaxaura fascicula ta 10 3 -, c 
~Mastophora rosea 13 0 -, c 
Halymenia sp. 10 0 t 
Desmia hornemanni 13 0 + 
Gracilaria sabcortua 25 0 - 
Halodule uninem-s 10 0 

- 1 
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Table 2. Zebrasoma flavescens. Differences among 8 individuals in preferences for species of seaweeds. N: number of  trials per 
individual fish; p-values determined by R X C contingency table analysis 

Algae N Amount eaten (O/O) - p-value 
Range X 

Significant differences among fish 
Acanthophora spicifera 10 60-100 93 <0.001 
Chaetomorpha antennina 13 23-100 69 <0.001 
Cen trocerus clavulatum 10 60-100 87 < 0.025 
Cladophoropsis membranacea 25 28-80 55 < 0.005 
hagora farinosa 10 10-60 3 1 <0.05 
Hypnea pannosa 10 0-60 30 <0.001 
Ca ulerpa racemosa 26 0-27 13 <0.025 
Dictyota cem'cornis 10 0-20 8 <0.005 

N o  differences among fish 
Boodlea composita 10 80-100 97 
Gelidiella myrioclada 8 25-100 67 O.l>p>O.05 
Bryopsis penna ta 10 10-60 32 > 0.10 
Hydroclathus clathratus 10 0-20 7 
Halymenia durviUaei 10 0-10 5 
A vrain villea obscura 10 &l0 3 
Gelidiopsis in trica ta 10 90-100 97 
Hypnea esperi 10 80-100 97 
Cladophora fascjcularis 13 77-100 94 
Enteromorpha clathra ta 123 83-94 90 
Gelidiella sp. 10 20-60 38 
hagora sp. 10 0-20 12 
Polysphonia sp. 10 0-2 0 7 
Caulerpa sertularioidea 10 0-30 5 
Galaxaura oblongata 10 0-1 0 3 
Galaxaura marginata 10 0-10 2 

algae that lacked apparent morphological defenses 
were extracted and tested as feeding deterrents toward 
Zebrasoma flavescens. Results of the feeding-deter- 
rence assays are presented in Table 3. Of the 4 
medium-preference algal extracts, Chaetomorpha 
antennina and Hypnea pannosa were significant 
attractants (Table 3).  These 2 extracts contained no 
secondary metabolites based upon our chemical anal- 
yses. The extract from Liagora farinosa contained sec- 
ondary metabolites and was a significant deterrent as 
was the major metabolite isolated from L. farinosa (Fig. 
1 ) .  Bryopsis pennata also contained active secondary 
metabolites (Paul & Fenical unpubl.) and was signifi- 
cantly deterrent toward Z. flavescens (Table 3). 

Of the low-preference algae, 3 of the non-deterrent 
algal extracts - those from Caulerpa racemosa, Avrain- 
villea obscura, and Asparagopsis taxiformis - con- 
tained secondary metabolites. The non-deterrent Ecto- 
carpus breviarticulatus, Hydroclathrus clathratus, and 
Sargassum polycystum did not produce secondary 
metabolites based upon our chemical analyses. The 
pure compounds avrainvilleol (isolated from Avrainvil- 
lea obscura), caulerpin, and caulerpenyne (isolated 
from Caulerpa racemosa) (Fig. 1) were also found to be 
non-deterrent toward Zebrasoma flavescens (Table 3 ) .  

The deterrent extracts that did not appear to contain 
secondary metabolites by our analyses were Codium 
geppii, both morphological forms of Padina tenuis (the 
foliose form and the prostrate Vaughaniella form), 
Galaxa ura oblonga ta, and Halymenia durvillaei. All 
other algal extracts tested were found to be deterrent 
and contained secondary metabolites (Tables 1 and 3). 
The pure metabolite chlorodesmin (from Chlorodesmis 
fastigiata) (Fig. 1 )  was a significant deterrent. The alga 
Dictyota bartayresii produces the metabolite pachydic- 
tyol A as a minor metabolite (Fig. 1). Both the extract 
and pachy&ctyol A were significant feeding deterrents 
(Table 3). The metabolite malyngamide A from the 
filamentous cyanobacterium Microcoleus lyngbyaceus 
and a halogenated monoterpenoid isolated from 
Desmia hornemanni (ochtodene) were also significant 
deterrents (Fig. 1; Table 3). 

DISCUSSION 

The results of this study show that some low prefer- 
ence algae are chemically defended against the herbi- 
vore Zebrasoma flavescens. Thus, chemical defenses 
appear to play an important role in determining the 
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Table 3. Zebrasoma flavescens. Results of assays with algal extracts coated on the preferred alga Enterornorpha clathrata. 
N: number of trials, each with individual fish; value determined by Wilcoxon's Signed-Ranks Test (l-tailed). A 2-tailed test was 

used to determine the significant attractants 

Extract N Mean % eaten + SE Grazing p-value 
Control Treated reduced (%) 

Attractants 
Chaetornorpha antennina 13 40 ? 10.4 75 -+ 8.0 0.0085 
Hypnea pannosa 12 40 + 6.7 69 -+ 6.4 0.0261 

Deterrents 
Bryopsis penna ta 10 79 + 10.5 1 0 f 4 5  87 <0.0049 
kagora farinosa 8 75 t 9.5 28 t 5.7 63 0.0117 

L. farinosa metabolite 10 68 t 8.4 25 t 11.2 63 0.0137 
Codium geppi 13 67 t 10.4 15 t 6.7 78 <0.0052 
Padina ten uis 13 81 f 10.7 37 -+ 7.3 54 0.0052 
Padina tenuis (Vaughaniella) 13 75 f 9.4 25 -+ 8.5 67 <0.0085 
Galaxaura oblonga ta 13 81 + 7.0 17 -+ 7.2 79 <0.0040 
Halymenia durvillaei 13 79 + 8.4 33 -+ 8.7 5 8 0.0085 
Microcoleus lyngbyaceus 11 90 -t 5.3 54 t 10.2 4 0 0.0093 

Malyngarnide A 8 75 f 8.2 28 t 5.7 63 <0.0117 
Hormothamnion enteromorphoides 10 67 + 9.1 21 2 6.8 69 <0.0049 
Chlorodesmis fastigiata 12 83 f 9.6 31 -C 8.6 63 <0.0046 

Chlorodesmin 8 75 f 6.7 16 2 6.6 79 <0.0039 
Dictyota barta yresii 12 90 f 7.8 29 -1- 6.8 68 <0.0046 

Pachydictyol A 10 77 f 8.7 5 +- 3.3 94 <0.0049 
Dictyota cem'cornis 11 63 -C 9.5 25 +- 9.5 60 <0.0195 
Liagora sp. 12 73 3- 10.0 31 + 9.0 58 <0.0212 
Desmia hornemanni 12 90 + 7.8 8 + 4.4 9 1 < 0.0046 

Ochtodene 8 88 f 9.5 31 t 7.8 65 <0.0117 
Halimeda discoidea 8 84 + 8.1 31 k 10.3 63 0.0017 

Non-deterrents 
Caulerpa racemosa 13 75 f 9.0 46 -+ 9.7 39 > 0.05 

Caulerpin 8 72 2 5.7 59 -+ 14.1 18 >0.10 
Caulerpenyne 8 56 f 14.8 41 -+ 9.4 27 > 0.25 

A vrain villea obscura 12 61 f 8.0 44 -+ 9.9 28 >0.10 
Avrainvilleol 8 60 f 10.7 40 -+ 10.7 33 >0.10 

Asparagopsis taxiformis 12 48 f 10.4 3 5 k f . 2  27 >0.10 
Ectocarpus breviarticulatus 11 69 f 9.5 54 t 12.3 22 >0.10 
Sargassum polycystum 12 58 f 7.7 60 2 7.2 > 0.25 
Hydroclathrus clathra tus l l 35 f 9.2 56 5 11.0 > 0.10 

food preferences of this herbivore. It appears that fish 
perceive these deterrents via taste and learn to visually 
recognize and avoid chemically defended species. 
Chapman & Blaney (1979) discuss perception of sec- 
ondary metabolites by terrestrial animals and suggest 
that the response of the sense cells to secondary 
metabolites is innate. A behavioral response, resulting 
in avoidance or acceptance of the compound, is also 
often innate, although animals can learn to avoid 
ingesting secondary plant metabolites after an 
'unpleasant' experience. 

Five low-preference algae that produced deterrent 
secondary metabolites were Microcoleus lyngbyaceus, 
Chlorodesrnis fastigiata, Dictyota bartayresii, D. cer- 
vicornis, and Desrnia hornernanni. None of these 
species were calcified or had other obvious morpho- 
logical defenses. The cyanobacteriurn Microcoleus 
lyngbyaceus produces the metabolites malyngarnide A 

(Fig. 1) and B (Cardellina et  al. 1978, 1979). The extract 
of the cyanobacterium Hormothamnion enteromor- 
phoides was also a n  effective feeding deterrent. 
Although we do not know the chemistry of this sea- 
weed, we did detect the presence of a more polar 
metabolite by TLC and observed signals in the proton 
NMR inlca t ive  of the presence of secondary 
metabolites. 

The fleshy green alga Chlorodesrnis fastigiata is 
resistant to grazing in areas of intense herbivory (Paul 
& Potter unpubl.). Paul (1987) found this algal extract to 
be an  effective deterrent toward natural populations of 
herbivores. The deterrent effects appear to be due to 
the major metabolite produced by Chlorodesrnis fas- 
tiglata, chlorodesmin (Fig. l ;  Wells & Barrow 1979, Paul 
& Fen~cal  1985), which was deterrent in field assays 
(Paul 1987) and toward Zebrasoma flavescens in the 
laboratory (Table 3). 
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Fig. 1. Isolated metabolites used in chemical feeding-deterrence assays 

The genus Dictyota has been extensively studied by 
chemists (Gerwick 1981, Faulkner 1984). There are at 
least 6 different secondary metabolites in D. cervicornis 
as indicated by TLC. The extract from this species 
deterred Zebrasoma flavescens, yet in areas of high 
herbivory, this alga is susceptible to many herbivorous 
fishes (Paul 1987). D. bartayresii and one of its 
metabolites, pachydictyol A,  were deterrents toward Z. 
flavescens (Table 3). D. bartayresii produces at least 
10 different diterpenoids of the 'dictyol' ring system 
(Paul & Fenical unpubl.) which are all related to pachy- 
dictyol A. The actual chemical composition of different 
populations of D. bartayresii vanes on Guam. Fenical 
(1978) and Faulkner (1984) reviewed the chemistry of 
the dictyols. Pachydictyol A was a significant feeding 
deterrent toward herbivorous fishes and the sea urchin 
Diadema on Caribbean reefs (Hay et al. 1987a), but is 
ineffective at  deterring natural populations of herbivor- 
ous fishes on some Guam reefs (Paul unpubl.). 

Halogenated monoterpenes have been isolated from 
Desmia hornemanni (Ichikawa et al. 1974, Burreson et 
al. 1975b, c). Hawaiian collections of D. hornemanni 
were reported to produce the cyclic halogenated mono- 
terpenoids chondrocoles A and B as major metabolites 
(Burreson et al. 1975b, c). However, chemical studies of 
the populations of D. hornemanni on Guam indicate 
that chondrocoles are not present, but a related mono- 
terpenoid ochtodene is the major secondary metabo- 

lite. Ochtodene has been previously isolated from Och- 
todes secundramea in the Caribbean (McConnell & 

Fenical 1978) and was found to be an  effective feeding 
deterrent toward herbivorous fishes in field assays in 
the Caribbean and on Guam (Paul et  al. 1987a). Ze- 
brason~a flavescens was significantly deterred by this 
algal extract and by ochtodene (Table 3). The whole 
alga D. hornemanni was also avoided by mixed species 
of juvenile rabbitfish Siganus spinus and S. argenteus 
in studies by Tsuda & Bryan (1973) on Guam. 

The 5 low-preference algae with extracts that were 
deterrent yet had no secondary metabolites (by TLC 
and NMR) were Codium geppii, Padina tenuis (both 
forms), Galaxaura oblongata, and Halymenia dur- 
villaei. The 2 forms of P. tenuis are particularly interest- 
ing. Lewis et  al. (1987) showed that in areas of intense 
herbivory the prostrate (Vaughaniella) form of Padina 
jamaicensis persisted. When the herbivores were 
excluded, the Vaughaniella form made a rapid shift to 
the foliose form of P. jamaicensis. T h s  posed an  inter- 
esting question. Does the Vaughaniella form of P. 
tenuis produce deterrent secondary metabolites? Ze- 
brasoma flavescens was deterred by the extracts from 
both morphological forms. The preliminary TLC results 
did not indicate the presence of secondary metabolites 
and showed no differences in metabolites between the 
2 forms. Most herbivorous fishes readily consume 
Padina spp. (Hay 1981a, 1984, Lewis 1986), thus the 
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deterrent effects were surprising. We extracted both 
forms of P. tenuis again, retested them, and obtained 
consistent results. Since we could not contribute our 
results to specific secondary metabolites in the extracts, 
bioassay-guided isolations of the active components of 
all 5 extracts are needed. 

The 2 medium-preference algae that had deterrent 
extracts were Bryopsis pennata and kagora farinosa. 
Paul & Fenical (unpubl.) have isolated polar galac- 
tolipids from B, pennata which appear to be the active 
feeding deterrents. Zebrasoma flavescens consumed 
some of the whole B. pennata but was significantly 
deterred by the extract. The L, farinosa extract was 
significantly deterrent toward Z. flavescens. The major 
metabolite has been previously isolated from L. farino- 
sa from the Gulf of California and the Caribbean (Paul 
& Fenical 1980) and was reported to be ichthyotoxic. 
This metabolite, an acetogenin bearing an acetylene 
functionality (Fig. l), was a significant deterrent toward 
Z. flavescens (Table 3). 

Ca ulerpa racemosa, Avrain villea obscura, and 
Asparagopsis taxiformis all produce secondary 
metabolites yet were non-deterrent toward Zebrasoma 
flavescens (Table 3). The metabolites caulerpin and 
caulerpenyne from Caulerpa racemosa were non- 
deterrent. These 2 metabolites are found in many 
species of Caulerpa and have been implicated in chem- 
ical defense against herbivores (Paul & Fenical 1986, 
Paul & Hay 1986, Paul et al. 1987b). Caulerpenyne was 
a feeding deterrent toward the Caribbean parrotfish 
Sparisoma radians (Targett et al. 1986). However, 
extracts of several Caulerpa species were not deterrent 
in field assays toward herbivorous fishes on Guam 
(Paul 1987). Many Caulerpa species are relatively sus- 
ceptible to reef fishes in transplant experiments (Hay 
1984, Lewis 1985, Paul & Hay 1986, Paul et al. 1987b). 
Thus, it appears that herbivore species respond differ- 
ently to the presence of caulerpenyne. 

Avrainvillea obscura produces avrainvilleol (Sun et 
al. 1983). Both the extract and isolated metabolite were 
non-deterrent (Table 3). Asparagopsis taxiformis pro- 
duces halogenated ketones and acetones and halo- 
methanes (Burreson et al. 1975a, McConnell & Fenical 
1977, Woolard et al. 1979). The extract did not deter 
Zebrasoma flavescens. However, A, taxiformis pro- 
duces many volatile halomethanes which can be lost by 
air-drying. McConnell & Fenical (1977) point out that 
no extraction method is entirely safe in preserving the 
volatile constituents of A. taxiformis. Thus, our methods 
tested only the less-volatile components of the A. taxi- 
formis extracts. This alga was completely avoided in 
the feeding preference studies; thus, it is possible that 
the volatile halomethanes are effective feeding deter- 
rents. 

The green alga Chaetomorpha antennina and the 

red alga Hypnea pannosa were the only medium-pre- 
ference algae that had extracts that significantly 
increased feeding by Zebrasoma flavescens (p  < 0.05, 
Wilcoxon's signed-ranks test. 2-tailed; Table 3). Both of 
the algae were void of secondary metabolites by our 
analyses, and it is unclear what factors may have hind- 
ered feeding during the algal preference tests. 

Three low-preference algae which had extracts that 
did not contain secondary metabolites and were not 
deterrent were Ectocarpus breviarticulatus, Sargassum 
polycystum, and Hydroclathrus clafhratus. Interest- 
ingly, Jones (1968) found Ectocarpus spp. to be a 
dominant food of Zebrasoma flavescens in Hawaii. Our 
results showed that Z. flavescens from Guam did not 
eat the whole alga E. breviarticulatus but the extract 
was non-deterrent. 

Zebrasoma flavescens did not consume seaweeds 
that were calcified or tough. The congener Z. scopas 
has also been reported to consume primarily filament- 
ous and small fleshy red algae (Robertson & Gaines 
1986). We tested the extracts of only a few species of 
calcified algae in our assays including Liagora spp., 
Padina tenuis, Galaxaura oblongata, and HaLimeda 
discoidea. All of these extracts were effective feeding 
deterrents toward Z. flavescens. Z. flavescens appears 
to be able to detect deterrent secondary metabolites 
such as halimedatetraacetate (Paul & Van Alstyne 
1987), even though fish would not normally consume 
Halimeda spp. The frequent combination of chemical 
and morphological defenses in tropical algae growing 
in areas of intense herbivory has been previously noted 
(Hay 1984, Paul & Fenical 1986, Paul & Hay 1986, Paul 
& Van Alstyne 1987, Hay et al. 1988). 

We observed little variation among individual fish in 
their preferences for seaweeds (Table 2). Most sea- 
weeds were either consumed or avoided, and all fish 
usually responded similarly. Individuals showed sig- 
nificant differences in their consumption of only 8 of 
55 macrophytes. These included mostly high and 
medium preference algae. Three of these, Liagora 
farinosa, Caulerpa racemosa, and Dictyota cem'cornis, 
contained secondary metabolites and it is possible that 
individuals responded differently to the presence of 
these compounds. In the assays testing the algal 
extracts and isolated metabolites, we saw no evidence 
that any fish consistently responded differently to the 
presence of secondary metabolites. It is possible that 
Zebrasoma flavescens from other areas of the Pacific 
could show different feeding preferences. 

Many of the major metabolites we isolated (malyn- 
gamide A, chlorodesmin, ochtodene, and the Liagora 
farinosa acetogenin) could account for the deterrence 
we observed in the crude extracts. However, we did not 
examine the deterrent effects of other minor 
metabolites in these extracts, or examine possible 
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synergistic effects produced by a combination of differ- 
e n t  metabolites. Paul e t  al. (1987a) showed that och- 

todene w a s  a n  effective feeding deterrent  toward her-  
bivorous fishes in  the  Caribbean a n d  on G u a m ,  but  it 

w a s  ineffective toward herbivorous amphipods. It is 

possible that  many  seaweeds  produce a variety of sec- 

ondary metabolites because different compounds affect 

different herbivore species. 

This study provides one of the few direct tests of the 

hypothesis that secondary metabolites a re  major deter- 

minants of the  food preferences of a herbivorous reef 

fish. Most of the macrophyte secondary metabolites 

that  w e  tested were  effective chemical defenses 

against grazing by Zebrasoma flavescens. Some algal 

extracts were  deterrent toward these herbivores but 

did not a p p e a r  to contain secondary metabolites based 

u p o n  our  chemical analyses. Thus,  many  seaweeds  that  

were  not morphologically defended were  chemically 

defended against  grazing by  this herbivore. A few 

chemically-rich species were  not avoided a n d  their 

extracts were  not deterrent.  T h e  ability of herbivores to 

detect  a n d  avoid s o m e  compounds a n d  not others has  
important implications for seaweed  chemical defenses. 

Not all secondary metabolites a re  feeding deterrents 

toward herbivorous fishes a n d  herbivores respond 

differently to algal chemical defenses. T h e  diversity of 

herbivores together with the intensity of browsing and  
grazing on  coral reefs may account for the  diversity of 

secondary metabolites a n d  the  chemical variation that 

exists in  tropical seaweeds.  
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