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Summary. A diverse group of brown seaweeds produce
bouquets of C,; metabolites, some of which act as
pheromones that cue gamete release or attract sperm to
eggs following release. We demonstrate that these C,,
metabolites and their degradation products also fre-
quently and strongly deter feeding by the herbivorous
amphipod Ampithoe longimana, but rarely by the her-
bivorous sea urchin Arbacia punctulata. Across the
range of concentrations tested, seven of twelve C;,
metabolites or mixtures that we tested deterred feeding
by the amphipod, but only two of eleven deterred the
sea urchin. For those compounds where we could rigor-
ously contrast the magnitude of deterrence against the
amphipod with the magnitude of deterrence against the
urchin, the amphipod was deterred significantly more
than the urchin by five of six metabolites. Thus, C,,
compounds were more frequently and more strongly
deterrent to the amphipod than to the sea urchin. These
findings for C,; metabolites conflict with previous in-
vestigations, where other classes of seaweed chemical
defenses have been shown to deter feeding by large
mobile herbivores like urchins and fishes but to be
relatively ineffective against mesograzers, especially the
species of amphipod that we used here. Our results
suggest that C,; metabolites are unusual among the
known seaweed chemical defenses in that they are
especially effective against mesograzers, which often
consume seaweed spores, zygotes, and juveniles. The
high concentrations of C,; metabolites in brown algal
eggs could allow these defenses to be especially impor-
tant in defending gametes, zygotes, or young sporelings
from herbivorous mesograzers.
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Introduction

Seaweeds can experience extremely high rates of grazing
due to generalist herbivores such as fishes, sea urchins,
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and gastropods (Carpenter 1986; Hay 1991; John et al.
1992). In habitats impacted by these consumers, many
seaweeds have structural, morphological, or chemical
traits that significantly deter herbivores (Duffy & Hay
1990; Hay 1996, 1997). Chemical defenses against
marine herbivores have been especially well studied (see
reviews by Hay & Fenical 1988, 1996; Hay & Steinberg
1992; Paul 1992; Hay 1996), with functionalized ter-
penoids, acetogenins, and cyclic peptides containing
uncommon amino acid residues being especially wide-
spread and common (Faulkner 1997; and his earlier
reviews cited therein). However, structurally simple C;,
hydrocarbons and C,, sulfur metabolites from brown
algae in the genus Dictyopteris can also deter grazing by
some herbivores (Hay et al. 1988a; Schnitzler et al.
1998), but the potential defensive properties of these
hydrocarbons have not been widely investigated.

Eleven C,; pheromones and more than 50 stereoiso-
mers have been isolated from diverse groups of brown
algae; these C,; metabolites have also been detected in
diatom cultures, blooms of freshwater microalgae, and
in higher plants (Boland 1995). Although they occur in
this wide range of organisms, they appear to be most
frequent and most abundant in the brown algal genus
Dictyopteris (Moore 1976, 1977). The function and
biosynthesis of these hydrocarbons as mating
pheromones for gametes of brown algae have been
studied extensively (Boland 1995; Maier 1995; Pohnert
& Boland 1996), but little else is known about the origin
or ecological significance of the C,;; metabolites. In a
recent investigation focused on C;; sulfur compounds
produced by species of Dictyopteris, Schnitzler et al.
(1988) found that each of the four metabolites they
studied strongly deterred feeding by the amphipod
Ampithoe longimana but had no effect on feeding by the
sea urchin Arbacia punctulata, even when tested at
concentrations that were 2—8 times greater than those
that deterred amphipods. These results were a dramatic
contrast to several previous investigations where a vari-
ety of seaweed chemical defenses had been shown to
deter feeding by large mobile herbivores like urchins
and fishes, but to be relatively ineffective against
mesograzers, especially the amphipod Ampithoe longi-
mana (see Hay et al. 1987a, 1988a,b; Duffy & Hay 1994;
Hay & Fenical 1996).



92 M. E. Hay et al.

Because C,; compounds are known to occur in the
eggs of brown algae (Boland 1995) and because some
brown algae spend seasonal periods in juvenile resting
stages (Richardson 1979) when defense of these small
stages might be especially important, it is possible that
C,, compounds could function as defenses against
mesograzers like amphipods that can affect community
composition by comsuming algal zygotes, spores, or
germlings as well as larval invertebrates (Zimmerman et
al. 1979; Oliver et al. 1982; Brawley & Adey 1981;
Parker & Chapman 1994). In addition to the four C;,;
sulfur compounds studied by Schnitzler et al. (1988),
there are numerous non-sulfur C,; metabolites in
brown algae or their eggs. If these metabolites, or their
break-down products, functioned first to attract sperm
to eggs and then to defend the developing zygotes from
consumption by marine mesograzers, this could repre-
sent a system where particular metabolites were serving
multiple ecological functions, or where metabolites used
for one, time-sensitive function (gamete attraction) were
then converted to metabolites that defend fertilized
zygotes from consumers. Chemical defense of juvenile
or larval stages is known to occur among benthic
marine invertebrates (Lindquist & Hay 1996), but
chemical defense of algal spores, sporelings, or juveniles
has not been investigated (Hay 1996).

We tested the possibility that C,;, metabolites, their
degradation products, or related compounds might be
especially deterrent to mesograzers like the amphipod
Ampithoe longimana that could limit juvenile seaweeds
by foraging within cracks and crevices that serve as
refuges from larger herbivores. We reasoned that chem-
ically defending juveniles from mesograzers might be
possible because mesograzers may be able to feed at
spatial scales that would allow chemical discrimination
among very small individuals. This level of discrimina-
tion (and thus the ability to defend juveniles chemi-
cally) seems unlikely for large grazers like urchins,
because they take bites that may include many separate
juveniles per bite (Hay & Fenical 1992).

Our assays used the same amphipod and sea urchin
that were used by Schnitzler et al. (1988) in their study
of C,, sulfur compounds. Because only one of our
metabolites contained sulfur, this allowed us to deter-
mine whether the general patterns found by Schnitzler
et al. were restricted to sulfur containing C,; metabo-
lites, or also occurred for the non-sulfur C;,
pheromones and related metabolites.

Materials and methods
Species and metabolites

C,, metabolites have been isolated from more than 100 species and 28
genera of brown algae, including several that co-occur with the
herbivores we used for our bioassays (e.g., Dictyopteris, Dictyota,
Zonaria, Sargassum, Sporochnus, Scytosiphon, Colpomenia, Ectocar-
pus, Ascophyllum). The C,, compounds appear to be biogenetically
related to simple, olefinic C,;; hydrocarbons previously identified in
the essential oils of Dictyopteris, and other brown algae (Moore 1976,
1977).
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The metabolites we tested were obtained via purification from
algal extracts (rarely) or via synthesis (commonly). The general
methodological approach for purification or synthesis paralleled that
described in Schnitzler e al. (1988). Several of the C,; metabolites we
assayed are known to be naturally produced by species of Dicty-
opteris (compounds 1, 5, 6, 7, & 9; see Figs. 1-5 for structures),
Dictyota (1, 9), or Sargassum (1), or to be natural degradation
products (2, 3,4, 7,9, 11 & 11') of the initial pheromone (Piel 1994;
Boland 1995). All the known C,, pheromones are biotically or
abiotically degraded by ubiquitous oxidative pathways involving sin-
glet oxygen or hydroxyl radicals, which can be produced via heavy
metals, humic acids, or light (Boland 1995). Natural oxidative degra-
dation of the pheromone dictyotene 1 has been studied in volatiles of
egg extracts from Dictyota dimensis (Phillips et al. 1990) and in
volatiles produced by the thalli of the Mediterranean phaeophyte
Dictyopteris membranaceae. This degradation produces compounds 2,
3,4,7,9, 11 & 11'. Oxidative degradation also has been studied
extensively using purified dictyotene 1 as the substrate and iodosyl-
benzene and manganese tetraphenylporphyrin (TPPMn) as the oxi-
dant (McMurry & Groves 1986). Alternatively, dictyotene was readily
oxidized as a thin film by oxygen (air) leading to the hydroperoxides
11 and 11" (Piel 1994) which, especially in the presence of Fe(III),
decomposed to all of the above compounds. The chemical model
systems appeared to mimic the natural degradation process, but
provided larger amounts of the degradation products that could be
more carefully analyzed and tested. Pure samples of 7, 10, 11 and 11
were obtained by air oxidation of dictyotene (1), and the ketones
were prepared from (1) by Sarret-oxidation followed by separation of
the complex reaction mixture. The alcohol (7) was obtained from the
hydroperoxide (11') by reduction with PPh; or NaBH, according to
standard procedures. For spectroscopic data see Moore (1976, and
references cited therein).

Air oxidation of dictyotene: Dictyotene (0.50 g, 3.3 mmol) was
distributed as a film on the inner surface of a 1L flask by slow
rotation (rotovap) at 60°C in the dark while a stream of air (500 ml
min—!) passed through the system. After 2 h the crude mixture was
separated by flash chromatography on silica gel using pentane/ether
(95:5, v:v) for elution. The regioisomeric hydroperoxides 11 and 11
(mixture of syn,anti isomers each) were obtained in 11% (38.0 mg)
and 24% yield (84.0 mg), respectively. For spectroscopic data see Piel
(1994).

Sarret-oxidation — of  dictyotene: A suspension of the
CrO;epyridine complex (15.0 g) in dry CH,Cl, (50 ml) was treated
with stirring under argon with a solution of dictyotene (1.0 g, 6.0
mmol) in the same solvent (10 ml). An efficient stirrer was necessary
to cope with the rapidly ensuing tar-like complex. After 20 h the
solids were removed by filtration and carefully extracted with several
portions of CH,Cl,. The organic extracts were diluted with the same
volume of ether and washed with a solution of sat. ag. NaHCO,
(6 x 50 ml). The aqueous layer was re-extracted with ether and, then,
the combined organic extracts were successively washied with dil. HCl
(5%, 3 x 10 ml), sat. aq. NaHCO; (10 ml) and brine (10 ml). After
drying (MgSO,) and removal of solvent in vacuo, the residue was
separated by chromatography on silica gel using pentane/ether
(90:10, v:v) for elution. Yield of isomeric ketones was: (2) 119 mg
(12%), (3) 358 mg (36%), and (4) 126 mg (13%). For spectroscopic
data see Moore (1976, and references cited therein) and Piel (1994).

In addition to testing the degradation products as pure metabo-
lites, we also tested the complete mixture resulting from air oxidation
of dictyotene (1). The mixture contained many compounds including
alcohols, ketones, and hydroperoxides, many of which are still un-
known. Testing this mixture allowed us to assess the possibility that
some very minor, and thus overlooked, degradation products might
be active at very low concentrations, or that the mixed products of
degradation might have unexpected synergistic effects. We also tested
a heptadeca-1,8,11,14-tetraene 8 that may be considered a lower
homologue to the widely distributed, highly unsaturated C,, and C,,
hydrocarbons from thalli of many marine brown, as well as several
red and green, algae (Halsall & Hills 1971; Youngblood et al. 1971).
A C,, sulfur compound 6 found in Dictyopteris (I. Schnitzler & W.
Boland, unpublished) and a stable analogue of a thermolabile cis-dis-
ubstituted pheromone precursor 12 were also assayed. This last
compound is not a natural metabolite; it is an analogue that is stable
at room temperature, thus allowing testing.
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The herbivores we used in our assays were collected in coastal
North Carolina, USA, where they co-occur with a diverse assemblage
of abundant brown algae (Schneider & Searles 1991). Many local
seaweeds are genera that produce C,, metabolites (compare genera
listed in Boland [1995] with those described in Schneider & Searles
[1991]), but local populations of the Dictyotalean seaweed Dicty-
opteris membranacea are the only ones in which C,;, metabolites have
been explicitly studied (Schnitzler et al. 1998). This species produces
dictyotene 1, as well as several other C,; metabolites. The concentra-
tions of these compounds have rarely been carefully quantified, but
some have been isolated from this alga at yields of about 0.1% of
algal dry mass (Schnitzler ez al. 1998). To evaluate the potential of
C,, compounds to function as defenses against herbivores, we tested
their effects on feeding by the generalist sea urchin Arbacia punctulata
and the generalist amphipod Ampithoe longimana. Arbacia is common
and wide-spread on both sides of the Atlantic and is the most
abundant sea urchin in coastal North Carolina where these assays
were conducted. Feeding by Arbacia punctulata has rarely been
studied, but it is known to readily consume several species of red and
green seaweeds and to eat only limited quantities of the brown
seaweeds (Sargassum, Dictyota, and Padina) that have been tested
(Hay et al. 1986). Dictyotalean brown algae in the genus Dictyota are
avoided by this urchin, and various diterpene alcohols produced by
Dictyota significantly deter feeding by Arbacia (Hay et al. 1987a;
Cronin & Hay 1996a,b). Feeding by omnivorous and herbivorous
fishes is also deterred by these metabolites (Hay 1991), suggesting that
Arbacia may serve as a model for how algal secondary metabolites
affect feeding by several larger generalist herbivores.

The herbivorous amphipod Ampithoe longimana is common in
marine and estuarine habitats along the east coast of North America
(Bousfield 1973) and occurs on a wide variety of algae and seagrasses
(Nelson 1979; Duffy 1990; Duffy & Hay 1991, 1994). Like several
marine mesograzers that live on the seaweeds that they consume (see
reviews by Hay 1992, 1996), A. longimana selectively consumes and
lives on chemically defended brown algae that are avoided by fishes;
by living on seaweeds that are chemically repugnant to omnivorous
fishes, 4. longimana reduces its susceptibility to fish predation (Hay et
al. 1987a; Duffy & Hay 1991, 1994). Thus, the feeding behavior of
Ampithoe longimana contrasts with the feeding behavior of generalist
urchins and fishes in the Western Atlantic in that Ampithoe tends to
selectively consume seaweeds that are avoided by the generalist
urchins and fishes. Additionally, the brown algal chemical defenses
that have been tested have had minimal effects on feeding by Amp-
ithoe longimana but often strongly suppressed feeding by Arbacia,
herbivorous fishes, or even other species of amphipods (Hay et al.
1987a,b, 1988b; Dufty & Hay 1991a, 1994; Cronin & Hay 1996a,b).
Thus, Ampithoe longimana appears to be representative of small
mesograzers that have evolved a high tolerance to seaweed chemical
defenses, selectively consume and associate with chemically-defended
algae, and by doing so, minimize their exposure to consumers (Hay
1992, 1996).

Bioassays

Because hunger stress can alter herbivore feeding responses (Cronin
& Hay 1996a), both amphipods and sea urchins were fed with a
mixed algal-diet immediately before being used in feeding bioassays.
The amphipods were kept in 20-L flow-through containers at the
University of North Carolina’s Institute of Marine Sciences and fed a
mixture of freshly collected, local algae (Sargassum filipendula, Padina
gymnospora, Dictyota ciliolata, Dictyota menstrualis, Ulva sp. Entero-
morpha sp. and Hypnea musciformis). Sea urchins were held in
flow-through seawater tanks and fed with fresh algae that they find
palatable (Gracilaria tikvahiae, Agardhiella ramosissima, or Codium
fragile).

The effects of the assay compounds on feeding by the urchin and
amphipod were assessed by comparing feeding on an artificial food
that contained (i.e., treatment food) or did not contain (i.e., control
food) the secondary metabolite, or mixture of metabolites, being
assayed. Artificial foods were made by mixing freeze-dried and finely
powdered algae into an agar base and forming this onto fiberglass
window screening material. This provided support and an internal
uniform grid that allowed us to quantify the amount eaten by
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counting the squares of the screen that had been cleared of algae (see
Hay et al. 1994 or 1998 for detailed methods). Before mixing the
freeze dried algal powder into the agar, the algal powder to be used
for the treatment food was covered with diethyl ether containing the
desired amount of the test metabolite, and the algal powder to be
used for the control food was covered with diethyl ether alone. The
solvent was then removed from each of these powders using rotary
evaporation, and the dried powder was incorporated into the experi-
mental foods. Each separately housed urchin (N =20-40) or sepa-
rately housed group of 4-6 aphipods (N =22-50) was then offered
equal amounts of both a control and treated food. Feeding was
monitored periodically, and food was removed from individual repli-
cates whenever half or more of either food had been consumed, or at
the end of the experimental period. Duration of assays varied as a
function of feeding rate, but assays with sea urchins generally ran for
1-24h and those with amphipods for 12—-29h. Feeding was quantified
by counting the number of window-screen squares that had been
cleared of food. If there was no feeding in a replicate or if both foods
were consumed completely between our monitoring intervals, then
these replicates provided no information on relative palatability and
were thus excluded from the analyses. Such exclusions resulted in
actual sample sizes of 22—46 for the amphipod assays and 16—35 for
the urchin assays.

To make food for urchins, we used freeze dried Ulva fasciata,
which urchins consumed readily. In preliminary assays, amphipods
consumed this food only reluctantly until we mixed it with equivalent
portions of Enteromorpha linza and Hypnea musciformis. Because the
effects of chemical defenses on feeding can vary as a function of the
palatability of the assay food (Duffy & Paul 1992), we used these
differing diets in an effort to equilibrate palatability rather than using
identical diets, but ones that these two herbivores perceived and
valued differently. Additionally, our procedure of stopping individual
replicates within an experiment whenever we found that 50% or more
of either food had been consumed in that replicate often produced a
group of replicates that ran for a short period (e.g., 1-2h; for those
individuals that fed rapidly) and another group of replicates in that
same treatment that ran for a longer period (e.g., 18-29h). We
contrasted these short- versus long-duration replicates as one way of
assessing whether compounds might be degrading significantly in
longer duration assays (even though being bound in the agar should
have reduced exposure to oxidation) and producing altered feeding
patterns early versus late in the assay. None of our data suggested
altered feeding patterns as a function of assays duration.

The natural concentrations of most of the metabolites we used
are unknown. However, the yield of specific C,; metabolites from
Dictyopteris membranacea (a species that co-occurs with the am-
phipod and sea urchin we used in feeding assays) is known to be
about 0.1% of plant dry mass (Schnitzler et al. 1998). Given the losses
and inefficiencies involved in extraction, isolation, and purification of
small quantities of metabolites, and that the few studies that have
addressed intraspecific or intra-plant variation in seaweed secondary
metabolites have often found considerable variation (reviewed in Hay
1996), we reasoned that natural concentrations could equal 2—4x this
yield. This might be especially true of concentrations in eggs, zygotes,
or juvenile stages because C,, metabolites are concentrated in eggs, as
would be expected given their role as pheromones. We therefore
initially tested compounds at a concentration of 0.2% of food dry
mass. If quantities of compounds were sufficient for additional tests,
we retested at lower concentrations for deterrent compounds and at
higher concentrations for compounds that were inactive at a concen-
tration of 0.2%. By taking this approach, we tested some compounds
over concentrations ranging form 0.025 to 0.4% of plant dry mass
and hoped to bracket the variations in concentration that might occur
naturally between different populations, plant parts, or ontogenetic
stages of a plant. This was the basic procedure used by Schnitzler et
al. (1998) in previous assays with four C,; sulfur metabolites, so this
also facilitated direct comparisons of our findings with that previous
investigation.

A comparative assay of each metabolite against both the sea
urchin and the amphipod was not always possible. Some metabolites
were available in only limited quantities and some degraded with time
— both factors limiting the number of assays that could be conducted.
These same limitations constrained the range of concentrations over
which we could assay each metabolite. We were able to assay 9
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compounds against both urchins and amphipods, 3 against only
amphipods, and 2 against only urchins.

Initial statistical analyses of differences in feeding were evaluated
using 2-tailed, paired sample t-tests (or Wilcoxon’s paired tests if
differences were not normally distributed). In 7 contrasts where both
the amphipod and the urchin were assayed at the same metabolite
concentration and where one herbivore appeared to be deterred more
than the other, we performed additional analyses to determine if these
apparent herbivore-specific differences in effects of the compounds
could be statistically verified. Because all of our assays were paired,
each replicate in each assay produced a control minus treatment
difference in the percentage of food eaten. Thus, differences in
preference from an urchin assay could be contrasted with differences
from an amphipod assay at the same metabolite concentration and
evaluated with an unpaired, 1-tailed t-test. We used 1-tailed tests for
these analyses because both previous work on C,; sulfur compounds
(Schnitzler e al. 1998) and the initial assays in this experiment led us
to hypothesize that the C,, metabolites would deter amphipod feed-
ing more than sea urchin feeding.

Results

Of the nine metabolites or mixtures tested at equal
concentrations against both the amphipod and sea
urchin, five significantly decreased amphipod, but not
urchin, feeding, one decreased urchin, but not am-
phipod feeding, and three had similar, nonsignificant
effects on feedings (Figs. 1-4). Of the compounds or
groups of compounds that were tested against either
amphipods or sea urchins at 0.2% of food dry mass,
four of twelve compounds significantly deterred am-
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Fig. 1 Effects of various concentrations of C,; metabolites on feeding
by the amphipod Ampithoe longimana (top histograms) and the sea
urchin Arbacia punctulata. Bars show means +SE. Numbers in the
base of each histogram pair give the sample size for that assay.
P-values above histograms evaluate the metabolite effect on feeding
by that herbivore at that concentration. P-values with arrows point-
ing to two sets of histograms evaluate the relative deterrency of that
compound for the amphipod versus the sea urchin (see text for a
discussion of statistical procedures). Compound 1 is the pheromone
dictyotene, which is found in the genera Dictyopteris, Dictyota,
Dilophus, Culteria, and Sargassum. Compound 2 is a natural degrada-
tion product of 1.
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Fig. 2 Symbols and analyses are as in Fig. 1. Compound 3 and 4 are
natural degradation products of 1.

phipod feeding, while only one of eleven deterred
urchin feeding (Figs. 1-5). At a concentration of 0.4%
or below, seven of twelve compounds deterred am-
phipods, while two of eleven deterred the sea urchin.
For those compounds where we could rigorously con-
trast the magnitude of deterrence against the amphipod
versus the urchin (marked by contrasting arrows in
Figs. 1-4), the amphipod was deterred significantly
more than the urchin for five of six metabolites. Thus,
as a group, the metabolites tested here had a greater
frequency and magnitude of deterrence against the am-
phipod Ampithoe longimana than against the sea urchin
Arbacia punctulata.

Although no compounds could rigorously be
demonstrated to deter the urchin more than the am-
phipod, compound 3 appeared to be more deterrent to
the urchin. At 0.2% of food dry mass, compound 3
significantly deterred the urchin, but not the amphipod;
but, the magnitude of deterrence between these assays
did not differ significantly (Fig. 2; P=0.119, t-test,
df =49). However, at a concentration of only 0.05% of
food dry mass, this compound was still strongly de-
pressing urchin feeding (P = 0.008). The compound was
not tested against the amphipod at these lower concen-
trations because it did not have a significant effect on
amphipod feeding at 0.2% of food dry mass (Fig. 2).
Given its non-significant effect on amphipod feeding at
4x the concentration that strongly deterred the urchin,
it is unlikely that it would have deterred feeding at
lower concentrations.

The natural pheromone 1 strongly suppressed am-
phipod feeding, with no obvious decline in potency
when assay concentrations were decreased from 0.2%
(66% decrease in feeding) to 0.1% (64% decrease in
feeding) of food dry mass (Fig. 1). This compound
appeared to deter urchin feeding at a test concentration
of 0.2% (feeding declined by 42%; but this was not
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Fig. 3 Symbols and analyses are as in Fig. 1. Compound 6 was
recently found in extract from D. membranacea (Schnitzler & Boland,
unpublished). Compound 5 is a minor constituent of the TPPMn
catalysed oxidation of dictyotene 1.

quite significant, P = 0.052), but it had no effect at 0.1%
(P=0.872). When compound 1 degrades, degradation
products 4 and 11 + 11’ still deterred amphipod feeding
as strongly as the parent compound (Figs. 2, 5). Degra-
dation products 2, 5, and 7 were less potent feeding
deterrents than the parent compound, but still deterred
feeding at a concentration 0.4% of food dry mass (Figs.
1, 3, 4). Degradation products 3, 9, 10, and their air
oxidation mixture of degradation products lost all ef-
fects against the amphipod (Figs. 2, 5). Oxidation to
compound 3 strongly increased activity against the
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Fig. 4 Symbols and analyses are as in Fig. 1. Compound 7 is found
in species of Dictyopteris and is a natural degradation product of 1.
The middle figures test the effects of the complete mixture of com-
pounds resulting from air oxidation of 1. This mixture contained
many undefined metabolites including alcohols, ketones, hydroperox-
ides. Compound 8 may be considered as a lower homologue of the
widespread C,, and C,, penta- and hexaenes from thalli of many
seaweeds.
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Fig. 5 Symblols and analyses are as in Fig. 1. Each of these metabo-
lites was tested at only one concentration (0.2% of food dry mass).
Compounds 9, 10, 11, 11', and 13 are degradation products of 1. 9
has also been isolated from species of Dictyopteris and Dictyota. The
hydroperoxides 11 and 11" appear to be major compounds during the
earliest stages of the degradation of 1. 12 is a thermostable analogue
of a thermolabile cis-disubstituted pheromone precursor (Hertweck &
Boland, unpublished).
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urchin while decreasing activity against the amphipod
(Fig. 2). Compound 3 deterred urchin feeding by a
significant 59% at a concentration of only 0.05% of
food dry mass. The precursor of compound 3 (i.e.,
compound 1) had no effect on urchin feeding at 2X this
concentration (Fig. 1). Compound 3 lost activity
against the urchin when the test concentration was
decreased to 0.025% (control =57.6% eaten, treat-
ment = 43.3% eaten, N =26, P =0.243, paired t-test).
No other degradation product deterred urchin feeding
at a concentration of 0.2% but 4 did deter the urchin at
a concentration of 0.4% (Fig. 2).

The single sulfur containing C,, metabolite from D.
membranaceae (Schnitzler & Boland, unpublished) that
we tested was significantly more deterrent to the am-
phipod than to the urchin; it had no effect on the
urchin (Fig. 3). The C,; metabolite showed a non-sig-
nificant trend toward deterring the amphipod (P =
0.082) but had no effect on urchin feeding (Fig. 4). The
thermally stable analogue 12 of the natural thermo-
labile pheromone precursor had no effect on urchin
feeding.

Discussion

Our findings that several of the C,, compounds from
Dictyopteris strongly deter amphipod feeding but have
little effect on sea urchin feeding provide a stark con-
trast to numerous previous investigations suggesting
that sedentary mesograzers are less susceptible to sea-
weed chemical defenses than are larger and more mo-
bile herbivores (Hay 1992; Hay & Fenical 1996). Most
previous investigations that focused on how seaweed
chemical defenses affected feeding by large generalist
urchins and fishes versus smaller, more sedentary meso-
grazers (like tube-building or domicile-building am-
phipods and polychaetes) found that the more
sedentary mesograzers were resistant to seaweed sec-
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ondary metabolites that deterred feeding by larger her-
bivores (reviewed in Hay & Fenical 1996; Hay 1997).
Previous investigations, some using the same species of
amphipod and sea urchin that we studied here (Hay et
al. 1987a,b, 1998b, 1990a; Duffy & Hay 1991, 1994;
Cronin & Hay 1996a,b), found that diterpene alcohols
produced by brown seaweeds in the genus Dictyota
significantly deterred feeding by both temperate and
tropical species of fishes and the sea urchins, but had
no effect on, or at some concentrations stimulated,
feeding by the amphipod Ampithoe longimana, as well
as by the tube building polychaete Platynereis dumerilii
and the domicile building amphipod Pseudamphithoides
incurvaria. In similar contrasts, both the halogenated
monoterpene ochtodene from the red alga Ochtodes
secundiramea (Paul ez al. 1987) and a mixture of two
C,, hydrocarbons from the brown alga Dictyopteris
delicatula deterred feeding by herbivorous reef fishes
but failed to deter feeding by plant-dwelling amphipods
(Hay et al. 1988a). Several other mesograzers such as
plant-dwelling crabs and ascoglossans shown similar
patterns of being immune to seaweed chemical defenses
that strongly deter larger herbivores (Hay ez al. 1989,
1990b, Stachowicz & Hay 1996). Patterns from these
previous investigations are consistent with the hypothe-
sis that seaweeds have evolved chemical defenses
against large generalist herbivores that are known to
have a tremendous impact on marine plant communi-
ties, and that plant-associated mesograzers have, in
turn, evolved a resistance to seaweed chemical defenses
because living on chemically-defended plants provides a
safe site where they are less susceptible to predation
(see Hay 1992, 1997; Hay & Steinberg 1992).

A recent study by Schnitzler ez al. (1998) used the
same herbivores we tested here, but focused on the
effects of sulfur containing C,; metabolites from Dicty-
opteris. Each of the four metabolites they studied
strongly deterred amphipod feeding at concentrations
of <0.2% of food dry mass, with three of the four
metabolites being strongly deterrent at concentrations
of only 0.05-0.1%. These metabolites had no effects on
urchin feeding, even at concentrations of 0.4%. The
single C,, sulfur compound that we tested (6) produced
a somewhat similar pattern, but so did several of the
C,, compounds that did not contain sulfur (Figs. 1-5).
For the non-sulfur containing C,; compounds, or
mixes, that we tested, three of nine deterred amphipods
at <0.2% concentration and six of nine deterred am-
phipods at a concentration <0.4%. Similar contrasts
for the urchin show only one and two of nine com-
pounds were deterrent at concentrations of <0.2% and
<0.4%, respectively. Thus, C,; metabolites, with or
without sulfur, commonly deter the amphipod more
than the urchin; however, those containing sulfur ap-
pear to be more predictable, and possibly more potent,
deterrents.

Although feeding by mesograzers is often consid-
ered to have little effect on populations of marine
macrophytes (Bell 1991), there are several examples of
plant-dwelling mesograzers having significant negative
effects on marine macrophytes (Tegner & Dayton 1987,
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Duffy 1990; Brawley 1992; Parker et al. 1993), and one
recent study suggests that herbivorous amphipods can
function as keystone species in some marine systems
because of their strong negative effects on dominant
brown seaweeds that are chemically resistant to fish and
urchin grazing (J.E. Duffy & M.E. Hay unpublished).
The strength and specificity with which the C,;; com-
pounds affected amphipod feeding suggest that selec-
tion for these metabolites could have been driven, at
least in part, by damage due to mesograzer feeding and
that C,; compounds may function as defenses that are
especially effective against these types of mesograzers.
To our knowledge, the C,; compounds studied here
and by Schnitzler et al. (1998) represent the first group
of seaweed secondary metabolites that appear to be
selectively effective against Amipithoe-like mesograzers
that are commonly resistant to the effects of other
brown algal chemical defenses.

The ecological or evolutionary costs of producing
chemical defenses against marine herbivores are poorly
understood (Hay & Fenical 1988; Hay & Stineberg
1992), but costs could be minimized by using com-
pounds that serve multiple functions (Schmitt et al.
1995) or by slightly modifying existing biosynthetic
pathways to produce compounds that serve new needs.
Some of the C,; compounds that deter amphipod feed-
ing also serve as pheromones that attract sperm to
brown algal eggs (Boland 1995; Pohnert & Boland
1996). These particular metabolites serve multiple eco-
logical roles and thus appear to represent examples of
molecular economy. We also found that some degrada-
tion products or slight variants of pheromones deterred
amphipods. This suggests that pheromones could de-
grade to defensive metabolites and that slight modifica-
tions of pathways producing gamete attractants could
provide herbivore deterrent metabolites as well. With
one exception (the effect of compound 3 on the urchin),
degradation of the pheromone dictyotene (1) tended to
produce less deterrent or equally deterrent products
rather than ones with increased deterrence. Thus, if
degradation products are to play a defensive role, then
seaweeds may need to control the degradation endpoint
so that a deterrent molecule is produced. The complex
mixture of metabolites produced by the abiotic process
of simple air oxidation of dictyotene did not affect
feeding by either the amphipod or the urchin.

Although investigations of secondary metabolites in
both marine and terrestrial plants have tended to focus
on their roles as herbivore deterrents (Rosenthal &
Berenbaum 1992), these metabolites may commonly
serve multiple functions. Marine examples of this in-
clude (1) diterpene alcohols from brown seaweeds serv-
ing as both antiherbivore and antifouling metabolites
(Schmitt er al. 1995) and (2) dimethylsulphonio propi-
onate (DMSP) in a unicellular planktonic alga convert-
ing to the deterrent compound dimethylsulfide (DMS)
when cells are lysed by protozoan herbivores (Wolfe et
al. 1997). In addition to being a non-toxic precursor for
DMS, DMSP also functions as an osmolyte (Dickson &
Krist 1987), a cryoprotectant (Krist 1991), and a methyl
donor (Ishida & Kadota 1968). The potential for sec-
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ondary metabolites to serve multiple functions (Paul &
Fenical 1986) complicates our ability to assess the costs
versus benefits of these compounds and the role they
play in prey-consumer coevolution (Schmitt et al. 1995;
Oldham & Boland 1996).

Because some C,; compounds that strongly deter
amphipod feeding also occur as pheromones in gametes
(e.g., 1), and thus possibly in zygotes and sporelings,
they could play critical roles in protecting juvenile
stages from mesograzer consumption. It is also possible
that C,;, compounds in eggs that initially serve as
gamete attractants could naturally degrade to metabo-
lites that deter consumption of zygotes or germlings.
Chemical protection of juventile stages from mesograz-
ers is feasible and potentially important because meso-
grazers can feed on scales where they could select
among zygotes or germlings based on chemical cues
and because they can graze in cracks and crevices that
provide juveniles with spatial refuges from larger herbi-
vores. Spatial refuges from large grazers like urchins
may be critical for juvenile seaweeds because these
herbivores take bites that will include many individuals
at a time, making it unlikely that they could select
among co-occurring juveniles based on chemical de-
fenses (Hay & Fenical 1992). Additionally, in seasonal
habitats, Dictyotalean brown algae may settle and grow
to only a few cells tall during the fall and rely on these
resting juvenile stages to reestablish the population the
following spring (Richardson 1979). Because amphipod
abundances often increase dramatically during these
cooler portions of the year when fish predators are less
active (Nelson 1979; Duffy & Hay 1991, 1994), chemi-
cal defense of germlings from mesograzer predation
could be critical.

Our investigation demonstrates that C,; compounds
could defend brown algal juveniles from mesograzers,
but we did not directly investigate chemical defenses of
either zygotes or germlings. Studies focused explicitly
on the C,; compounds of zygotes and germlings, how
these compounds affect mesograzer feeding, and how
the concentrations of these metabolites change as a
function of plant ontogeny would be especially interest-
ing. Recent studies have documented potent chemical
defenses among the larvae of many marine inverte-
brates and have suggeted that the presence of larval
defenses may affect the evolution of larval size, color,
and time of release, the dispersal mode and distance,
and the general life-history patterns associated with
different marine invertebrates (Lindquist & Hay 1996).
Studies of gamete, zygote, and sporeling chemical de-
fenses might provide similar insights into the life-his-
tory and reproductive patterns of seaweeds.
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