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ABSTRACT: We tested the susceptibility to herbivory of 7 species of tropical brown algae from Bundegi
Reef in Exmouth Gulf in Western Australia, and also analyzed these algae for the presence of
polyphenolics and other non-polar secondary metabolites. All algae contained very low levels of
polyphenolics, consistent with findings from other tropical regions, and the susceptibility of the algae to
herbivory was not correlated with the variation in phenolic levels that did exist. Levels of polyphenolics
in all these algae were probably too low to have any effect on the herbivores, and polyphenolics may in
general play little role in defending tropical algae against herbivores. Five algal species, including the
2 species least favored in our grazing assays, contained other, more lipophilic metabolites. Organic
extracts from these 2 species deterred feeding by herbivorous fishes; extracts from other species did not.
Our data and previous work suggest that unpalatable tropical brown algae will generally contain low
levels of polyphenolics but will contain deterrent, non-polar secondary compounds. The consistently
low levels of polyphenolics in tropical brown algae (relative to temperate species) remains a paradox,
but may in part be caused by a paucity of trace metals which act as cofactors for biosynthetic systems.

INTRODUCTION

Herbivory on coral reefs is often very intense
(Hatcher & Larkum 1981, Hay 1984, Carpenter 1986,
Lewis 1986; review by Gaines & Lubchenco 1982}, and
has probably been so for much of the recent evolution-
ary history of these tropical systems (Steneck 1983,
Vermeij 1987). Tropical benthic algae possess a
number of mechanisms which minimize the impact of
herbivores (Norris & Fenical 1982, Littler et al. 1983,
Hay 1984, Paul & Hay 1986), many of which likely
evolved in response to the intense selective pressure
exerted by herbivores, particularly herbivorous fishes
(Gaines & Lubchenco 1982, Hay 1984, Lewis 1986,
Littler et al. 1986, Lewis et al. 1987). One of the most
important of these mechanisms is the production of
secondary metabolites, which can function as chemical
defenses against herbivores (reviewed by Hay & Feni-
cal 1988). A rich array of secondary metabolites has
been identified from tropical algae, and many of these
compounds deter herbivores from feeding on those
algae in the field (Bakus et al. 1986, Hay & Fenical
1988).

In contrast, although herbivory on benthic macroal-
gae in temperate systems can also be intense, particu-
larly on rocky reefs (Lawrence 1975, Lubchenco &
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Gaines 1981, Underwood & Jernakoff 1981, Hawkins &
Hartnoll 1983), the levels and diversity of secondary
metabolites found in temperate seaweeds are generally
much less than in tropical systems (Fenical 1980, Hay &
Fenical 1988). This latitudinal gradient in the chemical
defenses of marine algae parallels other patterns of
biogeographical variation in chemical or morphological
defenses of marine organisms (Bakus 1964, 1969,
Bakus & Green 1974, Green 1977, Vermeij 1978,
Steneck 1986).

The major exception to this tropical/temperate pat-
tern occurs in brown algae (Division Phaeophyta) in the
Orders Fucales, Laminariales, and Dictyotales. The first
2 orders often dominate algal communities along tem-
perate rocky shores (Stephenson & Stephenson 1972,
Dayton 1985, Schiel & Foster 1986) and the Dictyotales
are also common in {mostly warm) temperate areas.
Most species of temperate Fucales, and some Lamina-
riales and Dictyotales, contain high levels of poly-
phloroglucinol phenolic compounds (Ragan & Jensen
1977, Geiselman 1980, Steinberg 1985, 1989, Ragan &
Glombitza 1986), which are perhaps the most impor-
tant class of algal chemical defense against herbivores
in temperate systems (Geiselman & McConnell 1981,
Steinberg 1984, 1985, 1988, Johnson & Mann 1986,
Van Alstyne 1988).
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Paradoxically (given the high intensity of herbivory
in the tropics), the common genera of tropical fucoids
(such as Sargassum, Turbinaria, and Cystoseira) ana-
lyzed so far contain very low levels of polyphenolics
(Steinberg 1986, Bird & Steinberg unpubl., van Alstyne
& Paul unpubl.), much lower than temperate congeners
or confamilials (Steinberg 1985, 1986, 1989). Phenolic
levels in tropical species of Dictyotales are less well
known, but also seem low (van Alstyne & Paul
unpubl.). Kelps (Laminariales} do not occur in warm
tropical waters.

In addition to polyphloroglucinols, both temperate
and tropical fucoids and dictyotalean algae contain
other, mostly non-polar, non-polyphenolic secondary
metabolites such as terpenes or prenylated phenolics
(Kato et al. 1975, McEnroe et al. 1977, Gerwick &
Fenical 1982, Shizuri et al. 1982, Faulkner 1984, 1986).
These compounds are common in tropical species in
the Dictyotales, but are either very variable between
species (e.g. Sargassum; Faulkner 1984, 1986}, or
unknown (Turbinariaj, in tropical fucoids. It is unclear
whether there are overall differences in the production
of these compounds between tropical and temperate
species in the Fucales or Dictyotales. Some of these
metabolites deter feeding by tropical or temperate her-
bivores (Hay et al. 1987a, b), as do related non-polar
compounds from a variety of taxa of algae (Hay &
Fenical 1988). However, many non-polar compounds
from algae have no effect on the behavior of her-
bivores, and even molecules which are structurally
very similar can have dramatically different effects on
herbivores (Hay & Fenical 1988).

These data suggest that polyphenolics are probably
too low in tropical brown algae to have an important
effect against herbivores, and thus effective chemical
defenses should be limited to lipophilic compounds. In
this paper we examine the effects that variation in
these 2 general classes of secondary metabolites
(polyphenolics and lipophilic compounds) have on the
interaction between brown algae and tropical fish com-
munities in northwest Australia. We describe the
results of feeding experiments, and of assays for both
polyphenolics and non-polar secondary metabolites. In
addition, because of limited time in Australia, further
experiments were done in Guam, in environments with
herbivorous fish communities similar to those in north-
west Australia.

MATERIALS AND METHODS

Study sites and organisms. Most collections of algae,
and the fish feeding experiments in Australia, were
done at Bundegi Reef, a series of patch reefs in the
northern end of Exmouth Gulf in northwest Australia

(22° 21°S, 114° 10" E). This reef is described in more
detail in May et al. (1983). Algae were collected from
an extensive area of sand and coral rubble situated
between the main reef and shore. Feeding experiments
were done on the reef proper where herbivorous fishes
such as scarids, siganids, and acanthurids were abun-
dant. Additional fish feeding experiments with algal
extracts (below), were done in Cocos Lagoon at Guam
(13° 15" N, 144° 45" E; see Paul 1987). Many of the
species of herbivorous fishes found at Bundegi Reef
also occur at Cocos Lagoon, although the diversity at
Cocos Reef is lower (V. J. Paul pers. obs.).

Eight species of brown algae were used in the feed-
ing experiments and/or chemical analyses. These
included 4 species in the Dictyotales: Dictyota spiralis,
Dictyopteris australis, Lobophora variegata, and an
unidentified species of Padina, and 4 species in the
Fucales: Cystoseira trinodis and 3 species of Sargassum
(these have been designated as sp. 1 to 3, since there is
no reliable guide to the numerous species of Sargassum
found in tropical or temperate Australia). Voucher
specimens have been placed in the John Ray Her-
barium, Department of Botany, University of Sydney.

Chemical analyses. Polyphenolic analyses on frozen
specimens of each species of algae were done as in
Steinberg (1986, 1989). Samples were homogenized
and extracted in aqueous methanol, and total phenolic
content measured by the Folin-Denis technique (Swain
& Hillis 1959, Ragan & Jensen 1977).

Analysis of the algae for more lipophilic secondary
compounds utilized thin layer chromatography (TLC)
and proton NMR spectroscopy. Algae were extracted in
1:1 methylene chloride:methanol, the extracts spotted
on silica gel TLC plates, and developed in 2 different
solvent systems: 100 % dichloromethane and 1:1 ethyl
acetate:hexane. They were then visualized under UV
light and by subsequent charring with sulfuric acid
(Norris & Fenical 1985, Paul & Hay 1986). Proton nu-
clear magnetic resonance (NMR} spectra were also
obtained for all extracts to further confirm the presence
or absence of secondary metabolites (Paul & Hay 1986).

Feeding experiments. Determination of the palata-
bility of diffcrent algae fo fishes followed the tech-
niques of Hay (1984) and Paul et al. (1987). Pieces of
algae were entwined between the strands of 0.5m
lengths of nylon rope, which were then attached to
branches of living coral. The ropes were spread over
the reef so that each rope was at least 5 m away from
the next rope. Each rope contained 5 pieces of one
specles of algae, and there were 5 replicate ropes for
each species, distributed haphazardly around the reef.
At the end of 3 h the ropes were collected and the
number of pieces completely eaten were scored. Differ-
ences in palatability were determined by a single-
factor ANOVA followed by Student-Newman-Keuls
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(SNK) tests. This analysis was modified slightly
because all pieces on all 5 replicate ropes of 3 species of
algae (Sargassum spp. 1 and 3, Cystoseira trinodis)
were completely consumed. Thus there was 0 variance
among replicates for these species, making treatment
variances within the analysis immediately hetero-
scedastic. This difficulty was overcome by assuming
one piece of algae on one replicate rope for each of
these 3 species was not eaten, thereby generating an
artificially high variance for the amount eaten of these
species. Since this procedure results in an underesti-
mate of the amount consumed of the most palatable
algae in our study, it is conservative with respect to the
primary hypothesis tested by this experiment, i.e. Are
there differences in the amount consumed of the differ-
ent species of algae?

Feeding experiments using organic extracts of the
algae asin Paul (1987) were done at Cocos Lagoon Reef
in Guam (lack of time and suitable laboratory facilities
prevented our doing these assays in Western
Australia). Algae were extracted in 1:1 chloroform:
methanol and the resultant organic extracts coated
onto blades of Enteromorpha clathratus at a concen-
tration of ca 1 % wet mass (4 % dry mass) using diethyl
ether as a solvent. These concentrations approximate
the natural concentration of the organic extracts in the
algae. Control blades were coated with ether only. Four
pieces each of treated and control pieces of algae were
entwined in nylon ropes which were placed out on the
reef in pairs (N = 12 to 21 pairs) for periods up to 30
min. The number of pieces eaten of treated and control
algae were scored and compared with a Wilcoxon
Paired Sample Analysis (Paul 1987).

ND
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Species of Algae

Fig. 1. Consumption of brown algae at Bundegi Reef, Western
Australia. Data are number of pieces of algae eaten after 3h
(X +SE). N = 5 for each species. Species sharing an underline
are not significantly different at p = 0.05 as determined by
SNK tests. Key to species of algae used: Sg. 1 to 3, Sargassum
spp.; C.t., Cystoseira trinodis; D.a., Dictyopteris australis;
Lob., Lobophora variegata; Pad., Padina sp.; D.s., Dictyota
spiralis. ND: not done

RESULTS

As determined by a single-factor ANOVA followed
by SNK analysis with « = 0.05, herbivorous fishes at
Bundegi Reef in Exmouth Gulf significantly avoided
only 2 species of algae, Padina sp. and Dictyota spiralis
(Fig. 1). D. spiralis was also consumed significantly less
than Padina (Fig. 1). All pieces on all replicates of 3 of 5
species (Sargassum sp. 1 and 3, and Cystoseira
trinodis) were consumed, and only one or a few pieces
of algae remained on ropes containing Lobophora var-
iegata and Dictyopteris australis. Sargassum sp. 2 was
not used in these experiments, in order to keep the
number of ropes down to a manageable level.

Phenolic levels, as measured by the Folin-Denis
assay, varied significantly among the algae (Fig. 2;
single-factor ANOVA on In(x) transformed data, F7 3, =
4.065, p < 0.005). However, mean levels of phenolics in
all algae were quite low (all <2 % by dry wt.), compar-
able to levels contained in palatable brown algae in
other studies (Steinberg 1985). Exceptions to this gen-
eral pattern were one individual each of Dictyopteris
australis and Lobophora variegata, each of which con-
tained >3 % total phenolics.

A comparison of Figs. 1 and 2 shows no correlation
between algal phenolic levels and consumption of the
algae. For example, the least preferred species, Dic-
tyota spiralis, also contained the lowest level of
polyphenolics.

Five of the algae, Sargassum sp. 3, Lobophora var-
iegata, Dictyopteris australis, Padina sp., and Dictyota
spiralis also contained additional non-polyphenolic,
non-polar secondary metabolites, as indicated by TLC
and proton NMR analyses (Fig. 2). L. variegata and

[

& bc

k4 2.0

£

e

©

2 abe

: AT

% abc

o 1.09

Q T abe *

2 a T

g a *

2 * 2

a ’__';‘ ’—‘l'—‘
*

0.0

Sg.1 Sg.2 Sg.3 C.t D.a Lob. Pad. D.s.

Species of Algae

Fig. 2. Secondary chemistry of brown algae from Bundegi

Reef. Data are X + SE Folin-Denis phenolics (% dry mass). N =

5 for each species. Species sharing a letter (a, b or ¢) do not

differ significantly in phenolic content at p = 0.05, as deter-

mined by SNK tests. Species marked with a star contain

additional non-polar secondary metabolites, as indicated by
TLC and proton NMR (see text)
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Fig. 3. Effects of non-polar extracts of Bundegi Reef algae on

feeding by herbivorous fishes at Cocos Lagoon Reef, Guam.

Methods as in Paul (1987). Data are X+ SE. N (number of

pairs of ropes) varied between 12 and 21, depending on the

species. Significance determined by a Wilcoxon Paired Sam-
ple Analysis. NS: not significant

D. australis both contained non-polar hydrocarbons,
and the extract from D. australis had a highly fragrant
odor suggesting the presence of C-11 hydrocarbons
well known from this genus (Moore 1978, Hay et al.
1988b). TLC of D. spiralis revealed several purple-
staining spots similar to those produced by dictyol-
diterpenoids. Extracts of Sargassum sp. 3 contained
non-UV active metabolites in the polarity range of
sterols. Padina sp. contained compounds appearing as
somewhat polar spots on TLC.

The effects of the organic extracts containing these
non-polar compounds on feeding by fishes were tested
by examining the deterrent effects of chloroform:
methanol extracts against herbivorous fishes in Guam.
Extracts from only 2 algae, Dictyota spiralis and Padina
sp., significantly deterred feeding by fishes in Guam
(Fig. 3}). These 2 algae were also the least preferred in
the experiments at Bundegi (Fig. 1). These results are
consistent with the hypothesis that the unpalatability of
these algae is due to the presence (confirmed by TLC)
of non-polar, non-polyphenolic secondary metabolites.

DISCUSSION

The levels of polyphenolics produced by all 8 species
of brown algae examined in this study were generally
quite low, comparable to those found in palatable,
phenolic poor species of temperate brown algae
(Anderson & Velimirov 1982, Steinberg 1985).
Although the effectiveness of algal polyphenolics as
deterrents against these tropical herbivores was not
directly tested (e.g. Geiselman & McConnell 1981,
Steinberg 1988), and individual plants (one each of
Dictyopteris australis and Lobophora variegata) occa-
sionally contained slightly higher levels of phenolics,
the amounts of polyphenolics generally present in

these algae are probably not high enough to deter
herbivores. Moreover, there is no correlation between
palatability and the (significant) variation in phenolic
levels that does exist (Fig. 2), unlike the patterns com-
monly observed in temperate studies (Steinberg 1984,
1985, Johnson & Mann 1986). Thus polyphenolics,
probably the most abundant and important chemical
defense against herbivores in temperate algae, seem to
be irrelevant to these tropical plant/herbivore interac-
tions.

Other more non-polar secondary metabolites appear
to play a defensive role, as has been found for other
tropical brown algae (Hay et al. 1987a, Paul 1987).
However, as might be expected by the results of
McConnell et al. (1982) and Hay et al. (1987b), not all of
the algal extracts deterred feeding by fishes at Cocos
Lagoon, supporting the idea that we should expect
considerable variation in the effects of different
lipophilic algal metabolites on marine herbivores (Hay
& Fenical 1988). Extracts from the 2 most unpalatable
algae in this study were both deterrent, and both con-
tained non-polar secondary metabolites as indicated by
TLC (possibly dictyol diterpenoids in the case of Dicty-
ota spiralisj. Other, more palatable species from Bun-
degi Reef (Lobopora variegata, Dictyopteris australis,
and Sargassum sp. 3) also contained lipophilic second-
ary metabolites. However, organic extracts containing
these compounds had no effect on feeding by fishes in
Guam.

Although our assays with algal extracts were not
done at the same place as our other experiments, we
feel that these assays are still an important measure of
the deterrent effects of the extracts. Many of the same
species of fish occur at both Bundegi Reef and Cocos
Lagoon (V. J. Paul pers. obs.), and many of the algae
co-occur as well (Wylie & Paul 1988) Moreover,
although variation in the effects on fishes of slightly
different secondary metabolites is well known (Hay &
Fenical 1988), we know of no instance where different
individuals of the same species of fish (or closely
related fish) respond differently to the same secondary
metabolite. Thus our results showing deterrence of
herbivorous reef fishes in Cocos Lagoon by algal
extracts seem relevant to the system at Bundegi Reef.

We would generally predict a strong correlation be-
tween unpalatability of brown algae in the tropics and
the presence of non-polar secondary compounds such
as terpenoids or prenylated phenolics. Increasingly, it
seems that polyphenolic levels in tropical algae are too
low to function as deterrents. The morphology of these
relatively tough, fleshy algae probably inhibits feeding
by many fishes with relatively delicate jaw mor-
phologies such as Pomacentrids, but does not appear
particularly effective against more robust herbivores
such as Acanthurids, Scarids, Siganids, or Kyphosids
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(Lewis 1985, 1986). Moreover, among tropical brown
algae, only some Padina spp. are calcified, unlike many
common red and green seaweeds. Nutritional aspects
of algae may influence food choice of herbivorous
fishes among major groups of algae (Montgomery &
Gerking 1980), but are not obviously linked to choices
among different species within the Dictyotales or Fuca-
les. Thus the responses of tropical brown algae to
herbivores would seem limited either to escapes in
space or time, rapid growth — none of which would
necessarily confer unpalatability — or to the production
of non-polar secondary compounds.

We emphasize that this reasoning is based on the
interaction between algae and herbivorous fishes; the
responses of other types of herbivores such as
amphipods or other small ‘mesograzers’ may well differ
from the pattern observed here (Hay et al. 1987Db,
1988a, b, Paul et al. 1987).

The low levels of polyphenolics produced by tropical
fucoids and Dictyotales remain something of a paradox.
One possibile explanation is that tropical herbivorous
fishes are not generally deterred by polyphenolics. This
is supported by the work of Steinberg et al. (unpubl.),
who showed that fishes on the Great Barrier Reef,
Australia, did not preferentially consume phenolic-
poor tropical species of Sargassum over phenolic-rich
temperate Sargassum spp. However, van Alstyne &
Paul (unpubl.) have shown, in experiments similar to
those used in this study, that aqueous methanol
extracts from species of temperate, phenolic-rich
brown algae deterred feeding by fishes in Guam,
whereas extracts of phenolic-poor species did not, indi-
cating deterrence of these fishes by polyphenolics.
Some temperate herbivorous fishes appear to be de-
terred from feeding on phenolic-tich species, at least as
judged by the diets of fishes such as opaleye Girella
nigricans and halfmoon Medialuna californiensis in
California, USA, which appear to eat only phenolic-
poor species (Quast 1968). However, other temperate
herbivorous fishes, such as Odax pullus in New Zea-
land, feed largely on phenolic-rich brown algae (Cle-
ments 1985). Thus a number of tropical and temperate
herbivorous fishes appear to be able to cope with a diet
rich in polyphenolics.

Alternative suggested explanations (Van Alstyne &
Paul unpubl.) for the failure of tropical brown algae to
produce high levels of phenolics center around phy-
siological constraints or costs. However, since
polyphenolics may not be any more expensive for the
plant to produce than other secondary metabolites (Fox
1981), and are also quite stable compounds, it is dif-
ficult to understand why non-polar metabolites, but not
polyphenolics, are produced so commonly by tropical
algae. In fact, most current theories which relate the
‘cost’ of secondary compound production to environ-

mental factors such as nutrient or light levels (Bryant et
al. 1983, Coley et al. 1985) predict that production of
carbon-based secondary metabolites should be highest
in areas of high light intensity, low nutrients, and high
grazing — exactly the conditions on most tropical reefs.

One hypothesis (Steinberg et al. unpubl.), not gener-
ally considered, is the possibility that polyphenolic pro-
duction in tropical algae is limited by the availability of
divalent metal ions which are required for the biosyn-
thesis of polyphenolics (Mayer & Harel 1979). These
metals act as cofactors for enzymes such as polyphenol
oxidase, and if tropical waters and tropical algae were
deficient in these trace metals, then production of
polyphenolics would be constrained.

Whatever the underlying mechanisms, patterns are
emerging in the interactions between the secondary
metabolites of brown algae and large mobile, her-
bivores such as fishes, sea urchins, and gastropods
(Steinberg 1985, 1986, 1989, Hay 1987a, b, Estes &
Steinberg 1988, Van Alstyne & Paul unpubl.).
Polyphenolics are abundant in temperate brown algae,
and are effective against herbivores in some temperate
regions (Geiselman & McConnell 1981, Anderson &
Velimirov 1982, Steinberg 1984, 1985, 1988, Johnson &
Mann 1986, Van Alstyne 1988), but are much less
effective in other temperate systems (Steinberg 1989,
Steinberg & Van Altena unpubl.}. Polyphenolics are
probably unimportant as defenses in tropical brown
algae. Non-polar metabolites such as terpenes and
prenylated aromatics are found both in temperate, and,
perhaps more commonly (Pathirana & Anderson 1984),
in tropical algae, and some, but not all of these com-
pounds are deterrent against herbivores (Hay et al.
19874, b, this paper).

Thus the importance of different chemical defenses in
brown algae depends on where they are studied, what
herbivores are studied (Hay et al. 1988a, b), and often
the specific structure of each molecule. Although the 2
major groups of defensive compounds in brown algae
arein some ways analogous to the dichotomy erected for
terrestrial plants of ‘toxins’ vs tannins or polyphenols
(Feeny 1976, Rhoades & Cates 1976), consistent
generalizations about the ecological effects of these
compounds based simply on their gross structural
characteristics are not possible (Hay & Fenical 1988).
Both brown algal polyphenolics and lipophilic com-
pounds such as terpenes can act as behavioral deter-
rents, and we know so little about any other toxic or
physiological effects against marine herbivores that no
further distinctions can be made. The only obvious
similarity between these terrestrial models and patterns
in marine algae are that polyphenolics are typically
produced in much higher quantities {up to 15 % by dry
mass; Ragan & Glombitza 1986) than are terpenes or
other non-polar compounds (rarely >5 %, usually about
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1 % or less by dry mass). This suggests that the concen-
tration of polyphenolics needed to be effective against
herbivores is greater than that for lipophilic compounds
in both marine and terrestrial systems.
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