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CONSTRAINTS ON CHEMICALLY MEDIATED COEVOLUTION:
MULTIPLE FUNCTIONS FOR SEAWEED
SECONDARY METABOLITES!
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Abstract. Diterpene alcohols produced by the brown seaweed Dictyota menstrualis
deter feeding by numerous species of abundant herbivores. Here we show that these same
compounds also may prevent fouling organisms from colonizing the surface of this alga.
In the field, Dictyota menstrualis plants were less frequently and less heavily fouled than
any of the other common seaweed species investigated. In laboratory assays, larvae of the
common fouling bryozoan Bugula neritina failed to settle on Dictyota even though they
contacted its surface as often as they contacted the surface of a preferred host alga. Rejection
occurred only after direct contact with the alga’s surface. Rejection of Dictyota was not
mediated by water-borne chemical cues or by surface wettability (a physical property of
the surface that can affect fouling). The lipid-soluble extract from surface rubbings of
Dictyota inhibited larval settlement when placed on other surfaces and contained the di-
terpene alcohols pachydictyol A and dictyol E. Larvae exposed to these compounds ex-
perienced mortality, abnormal development, or reduced rates of development.

Although the potential for chemically mediated coevolution between plants and her-
bivores has been the focus of scores of previous investigations, such coevolution will depend
on selection altering the chemical defenses of the plant following the evolution of resistance
by herbivores. Such a reciprocal response will be constrained if compounds play multiple
roles that are ecologically important. Dictyota produces secondary metabolites that are
broadly defensive against a wide variety of consumers and fouling organisms. Although
certain consumers may evolve resistance to these metabolites, it is unclear that feeding by
these consumers will result in reciprocal responses from the plant. We suggest that coevolved
interactions may be uncommon, and that many interactions that appear to be coevolved

may result from fortuitous and opportunistic preadaptations.
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INTRODUCTION

There has been a long and sustained interest in co-
evolution (Ehrlich and Raven 1964, Futuyma and Slat-
kin 1983, Spencer 1988, Thompson and Burdon 1992)
with much of this interest focused on chemically me-
diated plant-herbivore interactions. There is, however,
still considerable debate over the relative importance
of coevolution in (1) shaping characteristics of either
the plant or herbivore (Fox 1981, Vermeij 1983, 1992,
Strong et al. 1984, Bernays and Graham 1988, Estes
and Steinberg 1988, Spencer 1988, Futuyma and
McCafferty 1990, Steneck 1992, Singer and Parmesan
1993), (2) the role that herbivores, especially insects,
play in selecting for plant chemical defenses (Futuyma
1983, Jermy 1984, Bernays et al. 1989, Crawley 1989,
Hay and Steinberg 1992, Steneck 1992, Hay et al.
1994), and (3) the possible alternative or additional
functions that secondary plant metabolites may have
as allelopathic or antimicrobial agents (Bernays et al.
1989, Paul 1992). Most investigations in terrestrial sys-
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tems focus on plant—insect interactions and assume that
secondary metabolites evolved primarily as deterrents
against insect feeding (Ehrlich and Raven 1964, Ro-
senthal and Janzen 1979, Denno and McClure 1983,
Strong et al. 1984, Coley et al. 1985, Spencer 1988,
Coley and Aide 1990, Rosenthal and Berenbaum 1992).
In contrast, some marine investigators (see reviews in
Paul 1992) and a few investigators of terrestrial sys-
tems (Zucker 1983, Bernays et al. 1989, Thompson and
Burdon 1992) have noted that secondary metabolites
that deter feeding by herbivores could also serve other
functions. This possibility has not been tested directly
for marine plants.

If individual secondary metabolites play multiple
functional roles, then pairwise coevolution, mediated
via plant chemical defenses, is less likely to occur be-
tween individual plant and herbivore species because
plants will be constrained by these other functional
roles from changing their secondary metabolites in re-
sponse to the evolution of resistance by particular her-
bivores. Even if we relax the constraints that would
apply to pairwise coevolution and consider the poten-
tially broader role of diffuse coevolution (Fox 1981)
between a plant and the cumulative damage it expe-
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riences as a result of attack by all herbivores, the im-
portance of this less constrained interaction in driving
plant chemical defenses will be more limited if me-
tabolites play multiple roles that are ecologically im-
portant.

The relative impact of herbivory vs. fouling in se-
lecting for chemical defenses in marine habitats is un-
clear. Herbivory has been demonstrated to have strong
effects on seaweed populations and communities in a
wide variety of marine habitats (Lubchenco and Gaines
1981, Hay 1985, 1991a, John et al. 1992). Effects of
fouling are less well studied, but fouling can reduce
growth and reproduction of host seaweeds (Orth and
van Montfrans 1984, Brawley 1992, Williams and Seed
1992), cause increased drag and thus losses of host
seaweeds during storms (see examples in Brawley
1992, Williams and Seed 1992), and increase tissue
loss to grazers that are attracted to hosts because of
their associated fouling organisms (Bernstein and Jung
1979).

In this study, we show that the diterpene alcohols
that defend the brown seaweed Dictyota menstrualis
from herbivorous fishes and urchins also can serve as
allelopathic agents that damage the larvae of fouling
organisms and prevent the alga from being overgrown.
We argue that the broad ecological roles of these me-
tabolites as both herbivore defenses and allelopathic
agents will constrain alterations of the plant’s chemical
defenses in response to the evolution of resistance by
particular species of herbivores or fouling organisms.
If plant secondary metabolites commonly serve mul-
tiple functions, then coevolved interactions may be less
common than is generally thought, and interactions that
appear to be coevolved often may result from fortuitous
preadaptations that are opportunistically coopted for
other uses (see Gould and Lewontin 1979, Gould and
Vrba 1982 for expansion on this theme). Recent studies
in both marine and terrestrial communities provide ev-
idence suggesting that this view deserves more atten-
tion (Steneck 1992, Thompson and Burdon 1992, Ver-
meij 1992).

METHODS

Fouling in the field —To compare fouling of Dic-
tyota menstrualis to that of other algae, collections
were made at Radio Island Jetty, near Beaufort, North
Carolina, between 2 October and 7 November 1991. A
60 m long tape marked at random intervals was placed
along the jetty at a depth of =1 m below mean low
tide. At each of 21 randomly marked positions, indi-
vidual plants of the common brown algae Dictyota
menstrualis, Sargassum filipendula, and Padina gym-
nospora, and the common red algae Gracilaria tikva-
hiae, Chondria dasyphylla, and Rhodymenia pseudo-
palmata were collected and placed together in a plastic
bag. At each sampling location, the individual of each
species that was closest to the tape was collected; how-
ever, because some species (particularly Gracilaria)
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were rare at places along our transect, a larger area not
immediately adjacent to the sampling point sometimes
had to be searched. In these instances, the first plant
encountered was collected. Agardhiella subulata (a
species used in some assays described below) was not
included in these collections because it was not present
on the jetty while we were collecting.

By making collections in October and November
when Dictyota menstrualis was near the end of its
growing season, we may have biased our results in
favor of increased abundance of fouling organisms on
Dictyota. 1t is our subjective impression, based on sev-
eral years of working with Dictyota, that it is virtually
epiphyte-free during most of the growing season but
occasionally becomes fouled in the fall as it approaches
senescence.

Seaweeds from these field collections were returned
to the laboratory, fouling organisms large enough to
be seen without magnification were removed from the
alga with forceps, identified, and placed in a drying
oven for several days at a temperature of 60°C (as was
their seaweed host). Before drying, the projected sur-
face areas of 5-9 individuals of each algal species were
measured to the nearest 0.001 cm? with a LI-COR 3100
surface area meter. Mean projected surface area per dry
mass was calculated for each species and used to con-
vert dry mass measurements to algal surface area (we
assumed that fouling of seaweeds was related more to
surface area than to mass). The dry mass of fouling
organism per algal surface area was then calculated for
each individual alga. Because these data were not nor-
mally distributed, we could not use a standard ANOVA
to test for among-species differences in fouling mass
per surface area of alga. Therefore, each datum was
ranked from most to least fouled, and a one-way ANO-
VA was run on these ranks. This test is equivalent to
the Kruskal Wallis k-sample test, but is often more
powerful (SAS 1985: 651). This procedure was also
used to assess differences among algal species in foul-
ing by bryozoans, epiphytic algae, tube-building ani-
mals, and sponges. In addition, the frequency with
which seaweed species were fouled vs. not fouled were
assessed by a G test using Sidak corrections for mul-
tiple comparisons. Because these frequencies might be
affected by mean plant size (i.e., larger plants have
more surface area and greater potential for fouling),
we also assessed among-species differences in surface
area of the collected plants and analyzed these by ANO-
VA followed by Student-Newman-Keuls (SNK) tests.

Fouling in laboratory assays.—To determine if low
usage of Dictyota by fouling organisms could result
from larval settlement behavior, approximately equal
surface areas of each of seven algal species (Dictyota
menstrualis, Padina gymnospora, Sargassum filipen-
dula, Gracilaria tikvahiae, Agardhiella subulata,
Chondria dasyphylla, and Rhodymenia pseudopalma-
ta) were placed in 1.5-L glass bowls filled with sea-
water (i.e., all seven algal species were placed in each
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of the 13 bowls). More than 100 larvae of the common
bryozoan Bugula neritina were then pipetted into each
bowl. We considered this bryozoan to be a good assay
organism because: (1) it was the most abundant fouling
organism on most of the algae we collected from the
field, (2) it commonly grows on seaweeds, benthic in-
vertebrates, and a wide variety of hard substrates, and
(3) it is widespread, abundant, and co-occurs with the
seaweeds used in our assays. Because the larvae settled
quickly, we could not take the time to count out exact
numbers of larvae for each replicate bowl (N = 13);
instead, we added larvae as equal volume aliquots from
a concentrated batch. Although we used a precise vol-
ume plankton sampler to take our aliquots and tried to
homogenize the density of larvae within the batch con-
tainer by shaking it between aliquot withdrawals, we
still found large among-replicate variance in the num-
ber of larvae in each container. We have therefore usu-
ally presented our results as percentages, rather than
numbers, of larvae on each substrate.

After 24 h, the number of Bugula larvae settled on
each alga was counted using a dissecting microscope.
The projected surface area of each alga was determined
using the LI-COR area meter, and settlement densities
(i.e., larvae per square centimetre) were calculated for
each alga in each bowl. The relative density of larvae
on each alga in each bowl was then calculated by di-
viding the density for each alga by the summed density
for all the algae in that bowl. Assuming random set-
tlement, the expected density of larvae on each alga in
each bowl could be calculated by dividing the summed
settlement density for each bowl by 7, the number of
algal substrata present (thus, expected values varied
between bowls due to differences in larval numbers,
sizes of the plants, and numbers of larvae settling, but
all plants within a bowl had equal expected densities).
By analyzing differences between observed and ex-
pected values of settlement for each algal species (us-
ing a paired ¢ test), we could determine which seaweeds
were repellent to, attractive to, or used indiscriminately
by Bugula larvae under these conditions. In order to
keep the experiment-wise error rate (o) at .05 across
the seven comparisons, an adjusted alpha (a = .0085)
was calculated by Dunn-Sidak’s method (Sokal and
Rohlf 1983: 242). These assays were context dependent
because larvae had simultaneous access to each of our
seven algal species (e.g., algal species were not inde-
pendent because high settlement on one species would
result in lower numbers of larvae available to settle on
the other species). Although this design approximates
the numerous simultaneous choices that larvae might
have in the field, it prevents using an ANOVA-type
analysis to evaluate among-species differences in the
density of larvae settling on each alga because our
treatments (=algal species) are not independent (see
Peterson and Renaud 1989 for a discussion). We there-
fore used a G test to evaluate among-species differ-
ences in the number of replicates in which an algal
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species was colonized by at least one larva vs. not
colonized at all. Unlike the ANOVA, this procedure
does not require independence of treatments.

To determine if the low epiphyte abundance on field
collections of Dictyota and the reluctance of Bugula
larvae to settle on Dictyota in the laboratory assays
could have been due to water-borne metabolites re-
leased by the alga, we placed Bugula larvae in seawater
taken from the center of clumps of Dictyota during
slack tide and compared the behavior and settlement
of these larvae with those placed in water taken from
>1 m away from any Dictyota plant. During slack high
tide at Radio Island Jetty, 10-mL polystyrene syringes
were inserted close to the fronds (<0.5 cm) in clumps
of Dictyota, and 10 mL of seawater were drawn into
the syringe. The syringe was capped to prevent leakage,
and a paired control syringe was filled in the nearby
water column but away from Dictyota. Nineteen pairs
of syringes were filled, returned to the laboratory, and
immediately discharged into tripartitioned polystyrene
petri dishes. The individual chambers in these dishes
will hereafter be called partitions. Bugula larvae were
then added to each partition in each dish. Settlement
onto the polystyrene was checked after 1 h, and again
after =24 h. Differences in settlement between larvae
in water from near Dictyota vs. water collected at a
distance from Dictyota were analyzed by a paired ¢ test.
One replicate that had only three settled larvae was
excluded from the analysis, resulting in N = 18.

In this and the following experiments, replicates
were excluded from analysis if the number of larvae
settling was so low that percentages were subject to an
unacceptably high potential random error. Excluded
replicates will be noted in the text.

Because water from within clumps of Dictyota had
no effect on larval survival or settlement, we suspected
that rejection of Dictyota as a settlement surface may
have been due to properties sensed by the larvae fol-
lowing direct contact with the alga’s surface. To test
this, 30-100 Bugula larvae were added to each of 13
300-mL bowls containing approximately equal-sized
pieces of Dictyota menstrualis and Gracilaria tikvahiae
(the latter species is a high preference substratum for
Bugula). The number of larvae contacting each alga
within 2 min was counted for a section of each alga
framed in the lowest field of vision (6X magnification)
of a dissecting microscope. In an effort to achieve in-
dependence of observations, larvae that did not leave
the viewing field before contacting the alga again were
scored as having made only one contact with the alga.
However, because individual larvae could not be dis-
tinguished, larvae that left the viewing field and then
returned to contact the alga may have been counted
more than once. The other alga in that bowl was then
observed for 2 min. The algal species that was observed
first was alternated between replicates. After counting
larval contacts for both algae, the portion of each alga
in the viewing field was excised from the rest of the
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plant and its surface area was measured. The number
of contacts per surface area was calculated for each
alga in each replicate, and the differences between con-
tacts with each alga were analyzed by the paired ¢ test.

In order to increase the resolution of any differences
between treatments, replicates that had less than 10
total contacts of larvae with algae were excluded from
analysis. This reduced the number of replicates from
13 to 10. Following the observations of larval contact,
bowls were covered and larvae were allowed to settle
on the algae remaining in each bowl. The next day, the
number of individuals settled on each alga was counted
for each replicate.

Assays of Dictyota secondary metabolites.—The
above assay showed that larvae contacted Dictyota and
Gracilaria with equal frequency but settled almost ex-
clusively on Gracilaria. This lead us to investigate
properties of Dictyota’s surface that might be affecting
larval settlement. Two experiments were run in an at-
tempt to document the presence or absence of second-
ary metabolites on the surface of Dictyota. In both
assays, individual Dictyota plants were collected at Ra-
dio Island Jetty and immediately placed in separate
plastic bags filled with ambient seawater. Plants were
handled as little as possible during collection. Upon
returning to the laboratory, excess water was removed
from individual plants by spinning them for several
revolutions in a salad spinner. Plants were then laid flat
on a paper towel, and the upper side was rubbed gently
with cotton swabs. The tips of the swabs were then
removed and extracted for several hours in a 1:1 mix-
ture of dichloromethane : methanol.

Individual plants were then dried in a drying oven
at 60°C for several days. Surface areas of the plants
were estimated from dry mass : surface area ratios cal-
culated for each experiment from portions of plants
used in that assay (N = 4 replicate ratios for the first
assay described below, and N = 10 for the second assay
described below).

Extracts from the swabs were analyzed by analytical
high performance liquid chromatography to search for
the presence of known Dictyota secondary metabolites.
Extracts were first rotary-evaporated to dryness and
then dissolved in hexane. The hexane soluble materials
were placed onto a 500-mg florisil column and rinsed
twice with several millilitres of hexane to elute non-
polar compounds. This fraction was discarded. Known
secondary metabolites were eluted with two rinses of
65:35 hexane : diethyl ether. These combined fractions
were evaporated to dryness under nitrogen and then
freeze dried for 20 min to remove residual solvent. The
extract was dissolved in 50 nL of 9:1 trimethylpentane
(=TMP) : ethyl acetate. One HPLC injection was made
for each sample. An elution solvent of 9:1 TMP : ethyl
acetate at a flow rate of 0.85 mL/min produced an ef-
fective separation of the Dictyota metabolites by
HPLC. Peaks eluted at 2.3 and 7.7 min (expected to
be the diterpene alcohols pachydictyol A and dictyol
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E, respectively, based on triplicate injections of stan-
dards) were each collected and pooled for all of the
HPLC runs. These collected peaks were analyzed by
high resolution electron impact mass spectrometry to
confirm their molecular formulas.

In the second assay, plants were collected and
swabbed as described above. The extract from the
swabs was evaporated to dryness by rotary-evapora-
tion. The dichloremethane soluble portion of this ex-
tract was dried under a stream of nitrogen and diluted
with ethanol to a volume such that 50 wL of solution
would hold the extract swabbed from 9.91 cm? of plant
surface. This surface area was equal to one-half of one
of the partitions in our settling dishes. Because poly-
styrene is an ideal substratum for Bugula settlement
(Maki et al. 1989), we used tri-partitioned polystyrene
petri dishes as our settling chambers. By coating one-
half of each of these three partitions with Dictyota sur-
face extract and the other half with a control solution
(ethanol only), we were able to perform a settlement
choice assay. To coat extract onto portions of our set-
tlement dishes, we dispersed 50 wL of solution through
a Wiretrol pipette. To enhance the evenness of the coat,
the end of the pipette was fitted with a porous chro-
matographic disc removed from a Sep Pak florisil col-
umn. The disk was kept saturated with solution so that
as the solvent and extract were dispensed, they spread
through the disk and produced a thin, even coat on the
plate. After the treatment side of each partition had
dried, the control side was coated with extract from the
Sep Pack filters (preliminary experiments had shown
settlement to be unaffected by extracts of the cotton
swabs—49% of larvae settled on the swab-treated side
and 51% settled on the control side, P = 0.76, N =
15, paired ¢ test). The settlement plates were then
placed in a freeze dryer for 20 min to remove any
residual solvents, and 6 mL of unfiltered seawater were
added to each partition. Fifteen to 20 Bugula larvae
were then added to each partition. Settlement on the
treatment vs. the control side of each partition was
observed after 1 h. Differences in settlement were an-
alyzed by a paired 7 test. Three replicates were excluded
from analysis because of low settlement (less than sev-
en larvae settled); this resulted in N = 22.

The tests described above indicated that pachydic-
tyol A and dictyol E were present in surface rubbings
of Dictyota and that extracts of these rubbings deterred
settlement of Bugula larvae when coated onto polysty-
rene surfaces. Because the amounts of Dictyota sec-
ondary metabolites contained in the small samples of
surface rubbings used in the settlement experiments
described above were below the concentrations we
could reliably measure using analytical HPLC, we
could not quantify their concentration in the extracts
or monitor their fates when they were in crude extracts
and coated onto our polystyrene dishes. Although
HPLC analyses of these small extract samples produce
peaks that can be identified as pachydictyol A and dic-
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tyol E, at these low concentrations, we are not confident
that most of the compounds are not being lost on glass-
ware and columns during preparation of the samples
for HPLC. For this assay, HPLC could thus be used
reliably to determine presence of the compounds, but
not to quantify their concentrations.

To try and achieve some understanding of whether
these compounds stayed on the polystyrene surfaces or
dissolved into the water column, we ran the following
two experiments. In the first, nine polystyrene petri
dishes were coated (as described above for the assays
with crude extracts) with 50 pL of ethanol containing
50 wg of pachydictyol A. The dishes were allowed to
air dry and any residual solvent was removed by plac-
ing the dishes under high vacuum in a freeze dryer for
2 min. Ten millilitres of seawater were then added to
each dish, and dishes were allowed to sit for 1 h. In
the second experiment, nine petri dishes were filled
with 10 mL of seawater and the ethanol and pachy-
dictyol A were dispersed into the seawater rather than
being coated onto the dish surface. After 1 h, the sea-
water from each petri dish in each experiment was pi-
petted off and extracted 3 times with dichloromethane.
Each petri dish surface was then extracted 3 times with
ethanol. We used ethanol for dish extractions because
dichloromethane would dissolve the polystyrene dish-
es; we used dichloromethane for the water extractions
because dichloromethane separates from water and al-
lows the lipophilic compounds to be partitioned out of
the water and into this organic solvent (ethanol would
have mixed with the water). The extract from each dish
(i.e., N = 9 for each assay) was dried under nitrogen,
diluted to a known volume, and the concentration of
pachydictyol A in each was determined by analytical
HPLC.

Because compounds coated onto the surface of the
polystyrene dishes were not released into the seawater
in the dishes and because larvae would leave surfaces
coated with Dictyota extracts, larvae placed in dishes
treated by coating their surface could avoid exposure
to the compounds by refusing to settle (i.e., behavior-
ally avoiding exposure). Thus, using coated plates to
determine the potential physiological effects of the
compounds on larvae or settled juveniles staying in
contact with a treated surface was not possible. How-
ever, because =~50% of the pachydictyol A placed into
seawater (rather than on dish surfaces) remained in the
seawater, we could measure the physiological effects
of Dictyota secondary metabolites on Bugula larvae by
placing larvae in polystyrene dishes filled with sea-
water containing various concentrations of pachydic-
tyol A or dictyol E that had first been dissolved in a
carrier solvent that was miscible in water (i.e., we pre-
vented larvae from behaviorally avoiding exposure to
the metabolites). Larval settlement and development
on the polystyrene were then monitored for 67-72 h.

In assays reported here, compounds were dissolved
in ethanol so that 100 wL of the solution added to 10
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mL of unfiltered seawater would yield the desired test
concentration. It is presently impossible to determine
the concentration of secondary metabolites a larva
would experience when settling onto the surface of
Dictyota. Determining this involves at least the follow-
ing obvious limitations: (1) lipophilic compounds like
the dictyols may smear across the surface of Dictyota
rather than being effectively absorbed onto our cotton
swabs (e.g., cleaning oil off a slick surface with a cotton
swab is ineffective)—this may mean that our initial
assays with surface extracts were run at unnaturally
low concentrations, (2) even though we swabbed plants
gently, we could have ruptured surface cells and col-
lected dictyols that were in, rather than on, Dictyota—
this may mean that our assays with surface extracts
were run at unnaturally high concentrations, (3) both
problems (1) and (2) could occur, leaving us uncertain
how our assay concentrations relate to natural concen-
trations, and (4) when larvae contact a surface holding
a bioactive compound, it is unclear how much com-
pound will be moved into the larvae where basic phys-
iological processes could be affected. Given these lim-
itations, we chose to test a large range of concentrations
so we could see what effects the compounds had on
Bugula and document how this varied as a function of
concentration. Seven concentrations of each compound
were individually tested: 10, 5, 1, 0.5, 0.1, 0.01, and
0 (solvent control) pg/mL.

Compounds were isolated from Dictyota by silica-
gel vacuum-flash chromatography followed by silica-
gel HPLC. They were identified by nuclear magnetic
resonance spectroscopy (NMR) and other spectro-
graphic techniques by W. Fenical and colleagues at
Scripps Institution of Oceanography.

After being placed in our assay dishes, larvae were
allowed to settle and grow in the dark. Settlement and
development were checked after 1 h and at intervals
of 18-24 h thereafter. Experiments were terminated on
the 3rd d after larval addition. Larval development was
recorded as follows: individuals were scored as either
dead, swimming, on the bottom but not settled, settled,
settled and metamorphosed, metamorphosed with one
zooid, metamorphosed with two zooids, or metamor-
phosed and dead. In the case of pachydictyol A, many
individuals settled and began to develop but were de-
formed; this was recorded as well. No individuals de-
veloped beyond the two-zooid stage during the course
of these experiments. Differences in larval develop-
ment or mortality at each observation period were an-
alyzed by ANOVA and SNK tests.

Surface wettability of the seaweeds.—Attachment of
larvae to surfaces can be mediated by surface wetta-
bility (the tendency of a surface to cause water to spread
over, vs. bead-up on, its surface, Baier 1970). Differ-
ences in the wettability of surfaces may therefore play
a large role in the settlement behavior of some inver-
tebrate larvae (Rittschof and Costlow 1989, Pawlik
1992), and this characteristic could conceivably have
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caused the avoidance of Dictyota that we noted in our
field and laboratory assays. To see if among-algal dif-
ferences in surface wettabilities, which are measured
as contact angles of surfaces with water, could explain
the avoidance of Dictyota by Bugula larvae, algal sur-
face wettabilities were measured using a Cahn DCA-
312 dynamic contact angle analyzer. Ten individuals
each of Gracilaria tikvahiae, Chondria dasyphylla,
Rhodymenia pseudopalmata, Dictyota menstrualis,
Sargassum filipendula, and Padina gymnospora were
collected from Radio Island Jetty. Agardhiella subu-
lata, which was not present at Radio Island when we
conducted this assay, was collected from grassbeds
near Harker’s Island, North Carolina. Plants were held
in flowthrough seawater tanks until analyzed (within
1-2 d of collection).

In preparation for analysis, a portion of each plant
was cut out and the perimeter of its cross section mea-
sured to within 0.05 mm with a caliper. For flattened
species (Dictyota, Sargassum blades, Padina, Graci-
laria, and Rhodymenia), the width and thickness of the
segments were recorded. Dictyota, Sargassum blades,
Padina, and Rhodymenia are very thin, so their thick-
ness was assumed to have little effect on their perimeter
measurement, and their perimeter was estimated to be
twice their width. Gracilaria thickness was measured
at its widest point, and its compressed, oval-shaped
cross section was assumed to be a rectangle (i.e., pe-
rimeter = (width + thickness) X 2). This procedure
would slightly overestimate its perimeter. For plants
that were round in cross section (Chondria and Agard-
hiella), segments of constant diameter were excised
from the plant, stripped of side branches, and the mea-
sured diameter of the segment was multiplied by m to
obtain the perimeter.

Algal segments were hung from a balance above a
movable beaker of seawater. As the stage holding the
beaker moved up, the seawater contacted the alga and
was moved past it. The changing force on the balance
due to the water moving past the suspended alga was
recorded once per second as the stage moved up and
then back down. The contact angle of water molecules
with the algal surface was then determined as the in-
tegrated product of the contact angles generated by the
formula F = ST X P X cos Q /0.981 where F = sample
force at 0 immersion depth as measured by the balance
(in milligrams); ST = surface tension of the immersing
liquid (dynes per centimetre); P = the perimeter of the
sample at the interface (in centimetres); and cos Q =
the cosine of the contact angle (for an elaboration of
these methods, see Gerhart et al. 1992). Advancing
(stage moving up) and receding (stage moving down)
contact angles were calculated for each replicate.
Among-species differences in contact angles for the
algae were analyzed separately for advancing and re-
ceding contact angles by ANOVA/SNK. To test for a
predictable relationship between algal surface wetta-
bilities and Bugula settlement, we regressed mean set-
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tlement on the different seaweed species against their
mean wettabilities.

RESULTS

Fouling in the field.—Field collections showed that
the frequency of fouling and the mass of fouling or-
ganisms per square centimetre of algal surface was sig-
nificantly less on Dictyota than on any of the other
seaweeds investigated (Fig. 1). Only 10% (2 of 20) of
the Dictyota plants were fouled by any macroorganism,
while 48-95% of the individuals of other seaweed spe-
cies were fouled (Fig. 1). This reduced frequency of
fouling for Dictyota was documented even though the
mean surface area of Dictyota plants (i.e., the area
available for colonization) was 2.6-7.2 times the sur-
face area of the more heavily fouled seaweeds (Padina,
Chondria, Gracilaria, and Rhodymenia). This would
have biased our data toward greater, not lesser, fre-
quencies of fouling for Dictyota.

The most abundant organisms that fouled seaweeds
were bryozoans, other algae, various tube-building an-
imals, and sponges (Fig. 2). Organisms other than these
accounted for only 1.2% of the dry mass of macro-
scopic fouling organisms found on the seaweeds. The
bryozoan Bugula neritina was found on all algal spe-
cies and was the only fouling species found on Dic-
tyota, occurring on 2 of the 20 plants. Discounting
sponges, which were restricted almost exclusively to
Rhodymenia (Fig. 2), bryozoans made up 45% of the
mass of organisms attached to seaweeds; algae com-
prised 31% and tube-building animals 23%. Bryozoans
were significantly less abundant on Dictyota than on
any of the other seaweeds (Fig. 2). Dictyota was less
fouled by algae than were any of the other species;
these differences between Dictyota and the other sea-
weeds were significant for all contrasts with the ex-
ception of Padina. Although the one-way ANOVA run
on among-species differences in the ranks of fouling
by tube-building animals was significant (P = 0.019),
additional analyses (SNK) failed to detect where these
differences occurred. Dictyota was, however, fouled
less by tube builders than were the other seaweeds.
Sponges occurred only on Rhodymenia and Chondria
with the abundance on Rhodymenia being ~370 times
greater than that on Chondria (Fig. 2).

We did not investigate why Gracilaria tended to be
fouled more than other seaweeds by algae and bryo-
zoans or why Rhodymenia tended to be more fouled
by sponges and tube-building animals. However, we
found Rhodymenia primarily on shaded vertical sur-
faces where animals tend to be more common than
plants (Hay and Sutherland 1988); growth in this mi-
crohabitat may have favored fouling by sponges and
tube-building animals. The tendency for Gracilaria to
be heavily colonized by bryozoans and algae might
result from its high surface wettability, which could
facilitate initial attachment of larvae and spores.

Fouling in the laboratory and algal characteristics
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FiG. 1. (A) Dry mass of organisms per square centimetre

of algal surface area (mean + 1 SE) for six species of sea-
weeds collected from Radio Island Jetty. Analysis was by
one-way ANOVA of ranks (see Methods). (B) The frequency
with which plants of each species were fouled. Analysis was
by a G test with Sidak corrections for multiple comparisons.
(C) The mean surface area per plant (i.e., area available for
colonization) of the seaweeds analyzed in the above histo-
grams. Analysis was by ANOVA followed by a Student-New-
man-Keuls (SNK) test. In all histograms, letters above the
bars denote significant groupings.

affecting fouling.—When newly released larvae of the
bryozoan Bugula neritina were placed in bowls with
seven common algal species, no larvae settled on Dic-
tyota (Fig. 3). All other algal species experienced at
least some settlement. Rhodymenia and Gracilaria
were the most heavily fouled algae in the field (Fig. 1)
and were the species onto which the greatest number
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FiG. 2. Abundance of the four most common groups of
fouling organisms found on the six seaweeds sampled. These
four groups comprised 99% of the dry mass of all fouling
organisms. P values are from a one-way ANOVA of ranks.
Other symbols are as in Fig. 1. Note that scales of the y-axes
differ.

of Bugula larvae settled in these laboratory assays.
Similarly, field collections showed Dictyota to be the
least fouled alga, and it was avoided completely by
larvae settling in the laboratory. The similarity of these
patterns suggests that our laboratory experiments with
Bugula settling behavior are generally congruent with
patterns established for the broader fouling community
under field conditions.

Proportional settlement of Bugula larvae was sig-
nificantly higher than expected (i.e., P = 0.0085 to
correct for multiple contrasts) on Gracilaria (P =
0.002), and significantly lower than expected on Dic-
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Fig. 3. (A) Percentage of replicates in which each algal

species was colonized by larvae of the bryozoan Bugula neri-
tina during laboratory assays. Analysis was by a G test with
Sidak corrections for multiple comparisons. (B) Density of
larvae settling on each algal species. The dashed line indicates
the predicted density if settlement had been random. P values
are by a paired ¢ test comparing observed and predicted den-
sities for each species. Because there was no variance in
settlement on Dictyota (all values were zero), we used a sign
test for that species. To keep the experimentwise error rate
(a) at 0.05 across the seven comparisons, an adjusted o of
0.0085 would be necessary.

tyota (P = 0.0002), Chondria (P = 0.001), and Padina
(P = 0.007, Fig. 3). Because all algal species were
available in each replicate (i.e., treatments were not
independent), high settlement on one species could
mandate lower than expected settlement on some oth-
ers. These analyses are thus context dependent (i.e.,
could change with a change in which algal species are
available). However, our G test procedures (Fig. 3A)
do not require independence of treatments and are,
therefore, more rigorous than the above analyses,
which we provide primarily as a description of differ-
ences in settlement densities rather than just frequen-
cies of fouling. In our laboratory assays, no larvae
attached to Dictyota in any of the 13 replicates, and
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settlement on Chondria occurred in only 3 of the 13
replicates. Both Dictyota and Chondria were colonized
significantly less frequently than were any of the other
algae (G test, P < 0.05); all other algal species were
colonized in 80 to 100% of the replicates.

Bugula larvae did not avoid Dictyota because com-
pounds leaching into the water around the plant would
negatively affect larval demography. When Bugula lar-
vae were held in water collected from within Dictyota
clumps at slack tide vs. water collected at least 1 m
away from Dictyota, there was no difference in their
survivorship, settlement, or development (Fig. 4). In
both treatments, =85% of the Bugula larvae used in
these assays developed two zooids within 24 h, and a
paired ¢ test indicated no difference in the number of
individuals reaching this stage after 24 h (P = 0.66, N
= 18, Fig. 4).

When Bugula larvae were placed in petri dishes with
Dictyota and Gracilaria, there was no difference in the
number of contacts that larvae made with each alga
during a 2-min observation period (paired ¢ test, P =
0.75, N = 10, Fig. 5). After =24 h, 97 times more
larvae had settled on Gracilaria than on Dictyota (P
< 0.0001, N = 10, paired ¢ test, Fig. 5). One larva had
settled on Dictyota in one of the replicates; Gracilaria
had been colonized in every replicate.

The demonstration that larvae are not affected by
water from near Dictyota (Fig. 4), do not avoid con-
tacting Dictyota relative to an alga favored for settle-
ment (Fig. 5), but will not settle on Dictyota following
contact (Fig. 5), suggests that whatever repels larvae
is located on the surface of Dictyota but not released
into the water. These observations suggested the pres-
ence of a deterrent lipophilic (i.e., not water soluble)
compound located on the surface of Dictyota.

When extracts from swabs rubbed over the surface
of Dictyota were coated onto settlement plates, Bugula

100 T [ water away from P=0.66
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Fic. 4. Settlement and stage of development of Bugula
neritina larvae held for 24 h in water collected from the center
of Dictyota plants vs. >1 m away from any Dictyota plant.
P values are from paired ¢ tests.
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on each alga 24 h later. P values are from paired ¢ tests.

settlement was reduced significantly relative to controls
(P < 0.0001, N = 22, paired ¢ test, Fig. 6). High-
performance liquid chromatography of surface swab-
bings from Dictyota produced peaks with retention
times that suggested the presence of the diterpene al-
cohols pachydictyol A and dictyol E, which are known
to occur in Dictyota menstrualis (Hay et al. 1987a as
D. dichotoma). Further analysis by mass spectrometry
confirmed the peaks to be these compounds.

When the Dictyota diterpene pachydictyol A was
coated onto our polystyrene settling dishes, these dish-
es were filled with seawater and allowed to sit for 1 h,
and then the seawater and the dish surface were ex-
tracted separately, we recovered 9 = 3% (mean * 1
SE) of our compound from the dish surface and 0.1 *+
0.1% from the seawater (N = 9 for both determina-
tions). Given that polystyrene is an organic polymer,
it seems reasonable to assume that the majority of our
organic secondary metabolite migrated into this or-
ganic matrix and became difficult to extract. In con-
trast, when pachydictyol A (in ethanol) was added to
the seawater in these dishes (rather than coated onto
the dish surface) and allowed to stand for 1 h, 47 +
5% of the compound was recovered from the seawater
while only 2 = 0.4% was recovered from the dish
surface. Again, we assume that the missing 51% may
have been bound to the dish surface. Although pach-
ydictyol A is a lipophilic compound, small quantities
of compounds with solubility characteristics similar to
those of pachydictyol A are known to occur in seawater
(Kennish 1989).

These findings suggested that larvae placed in dishes
coated with this secondary metabolite could avoid ex-
posure to the metabolite by refusing to settle on the
treated surface (as suggested by Figs. 5 and 6). In con-
trast, larvae placed in dishes where compounds were

CONSTRAINTS ON COEVOLUTION

115

dispersed in the water would be unable to behaviorally
avoid prolonged exposure to the compounds. Thus, the
physiological (as opposed to behavioral) effects of ex-
posure to the compounds can be measured by placing
both larvae and compounds in the water.

When Bugula larvae were placed in water containing
the Dictyota secondary metabolites, dictyol E killed
larvae before they settled but had no demonstrable ef-
fect on the growth or survivorship of juveniles (we
thus graphed only the effects on larval survivorship,
Fig. 7); in contrast, pachydictyol A had no effect on
larval survivorship but did affect development, growth,
and survival of settled juveniles (we thus graphed only
these effects for pachydictyol A, Fig. 8). Dictyol E was
toxic to Bugula larvae in the 10 and 5 pg/mL treatments
(Fig. 7). At 10 pg/mL, 95% of the larvae were dead
within 24 h; there was no significant increase in mor-
tality over the next 48 h. At 5 wg/mL, 75% of the larvae
died within 24 h, and 85% were dead by the end of the
experiment (72 h). At concentrations below 5 pg/mL,
there were no significant effects on larval mortality or
settlement and development relative to controls. Effects
of dictyol E at 5 and 10 pwg/mL on settlement and
development (as opposed to mortality) of larvae and
juveniles could not be reliably assessed because so few
larvae survived to settle. In the 10 pg/mL treatment,
survival occurred in only two of our 13 replicates; each
of these had a single surviving juvenile after 72 h.
These juveniles were both at the single zooid stage
while 98% of the juveniles in the controls had pro-
gressed to the two-zooid stage. After 72 h in the 5
pg/mL treatment, five replicates had no survivors, six
had 1-3 survivors, one had 5, and one had 8 survivors.
Of the surviving juveniles, 45% (9 of 20) were at the
one-zooid stage while only 2% of the controls had not
progressed beyond this point.
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FiG. 6. Percentage of Bugula neritina larvae settling after
1 h on the portion of a polystyrene surface treated with the
lipid-soluble extract from surface rubbings of Dictyota vs.
the control side of this same surface. The P value is from a
paired ¢ test.
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and SNK analyses.

In contrast to the toxic effects of dictyol E, pachy-
dictyol A had no effect on the survivorship of Bugula
larvae (P = 0.80), but did affect the development and
survivorship of newly settled juveniles. At higher con-
centrations of pachydictyol A, juveniles were deformed
and their development was retarded (Fig. 8). Most in-
dividuals settled and developed one zooid within 19 h;
however, a significant (P < 0.0001, ANOVA/SNK) 27—
34% of the individuals in the 1, 5, and 10 pg/mL
treatments were metamorphosed but deformed relative
to the controls (Fig. 8). As the experiment progressed,
metamorphosed individuals in the high concentration
treatments began to die; 12 and 14% of the juveniles
in the 5 and 10 pg/mL treatments, respectively, were
dead at 42 h, and this increased to a significant 24 and
26% (P < 0.0001) after 67 h (Fig. 8). In addition,
significantly fewer survivors developed to the two-zo-
oid stage in the 1, 5, and 10 pg/mL treatments (Fig.
8). Eighty-four to 91% of the individuals in the 0, 0.01,
0.1, and 0.5 pg/mL treatments developed to the two-
zooid stage within 67 h. At concentrations of 1, 5, and
10 wg/mL, proportions of larvae developing to the two-
zooid stage by 67 h were: 62%, 42% and 40%, re-
spectively. The percentages of individuals with two-
zooids in the three lower concentration treatments and
the control were grouped together by ANOVA/SNK,
and were significantly different from the 1 pg/mL treat-
ment, which was in turn significantly different from
the 5 and 10 pg/mL treatments (Fig. 8).

Although surface wettability can influence larval set-
tlement, it does not appear to explain why Bugula lar-
vae avoid settling on Dictyota. Although both advanc-
ing and receding contact angles differed significantly

among algal species (ANOVA, P < 0.0001 for both
analyses), subsequent SNK tests at « = .05 showed
that Dictyota fell in the middle of the other algal spe-
cies. Its wettability differed significantly only from the
receding contact angle of Gracilaria (Fig. 9).

Regression of Bugula settlement densities on algal
wettabilities were significant for advancing and reced-
ing angles (v = 0.57, P = 0.05 and > = 0.65, P =
0.03, respectively). However, the high settlement den-
sities on, and a high surface wettability of, Gracilaria
accounted for almost all of this relationship. When
Gracilaria was removed from the analysis, the regres-
sions were no longer significant (> = 0.29, P = 0.27
and 2 = 0.19, P = 0.39 for advancing and receding
angles, respectively).

In summary, the affinity of Bugula larvae for Graci-
laria may result, in part, from the wettability of its
surface. However, the wettability of Dictyota is inter-
mediate to the other algae used in our assays, does not
differ significantly from any other alga in advancing
angle, and differs significantly only from Gracilaria
when considering receding angle (Fig. 9). Nothing in
these data suggests that larvae avoid Dictyota due to
its surface wettability.

DiscussIioN

Seaweeds fouled by either plants or animals can ex-
perience reduced rates of photosynthesis, growth, and
reproduction due to increased shading, competition for
nutrients, and interference with reproductive processes
(Orth and van Montfrans 1984, Brawley 1992, Wil-
liams and Seed 1992). Additionally, they may lose bio-
mass that would not normally have been lost if con-
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Fig. 9. Surface wettability (expressed in degrees, see
Methods for an explanation) of advancing (A) and receding
(B) angles for the seven seaweeds used in our larval settling
assays. Analyses were by ANOVA and SNK.

sumers feed on common fouling organisms and take
portions of the seaweed in the process (Bernstein and
Jung 1979). Mortality also can increase because the
surface area of fouling organisms increases drag and
causes plants to be dislodged by waves (see Brawley
1992, Williams and Seed 1992). All of these processes
could select for seaweed characteristics that minimize
colonization by fouling organisms.

Experimental investigations of how seaweeds reduce
fouling are rare. Various brown seaweeds and red crus-
tose algae periodically shed layers of surficial cells,
thus eliminating some foulers (Moss 1982, Masaki et
al. 1984, Johnson and Mann 1986); however, Keats et
al. (1993) questioned the general effectiveness of this
process as a way of reducing overgrowth. Fouling can
also be diminished by co-occurring consumers that feed
on fouling organisms but cause minimal damage to the
host alga (Brawley and Adey 1981, Steneck 1982, Duf-
fy 1990, Brawley 1992).

These antifouling mechanisms are apparently not

Ecology, Vol. 76, No. 1

used extensively by Dictyota. Sloughing of surficial
cells does not appear to be an option for Dictyota be-
cause it has only one layer of surface cells overlying
a single layer of large, nonpigmented medullary cells.
Additionally, although some amphipods are known to
selectively associate with Dictyota, these amphipods
eat Dictyota as readily as some of its epiphytes (Hay
et al. 19874, 1990, Duffy and Hay 1991, 1994), sug-
gesting that they- might impose a high cost for their
cleaning services. Different species of amphipods or
other mesograzers could, however, be acting primarily
as epiphyte grazers (Brawley and Adey 1981, Duffy
1990, Brawley 1992).

Sieburth and Conover (1965) noted that seaweed-
derived phenolics placed in seawater inhibited the set-
tlement of a variety of fouling organisms and suggested
that the inverse relationship between the fouled and
phenolic-poor lower leaves of Sargassum and the clean
and phenolic-rich upper leaves is causative. However,
this contrast is confounded because lower leaves rep-
resent old settlement surfaces low in the water column
and upper leaves represent new ones high in the water
column. To our knowledge, no previous investigation
has rigorously documented that larvae avoid settling
on a particular alga and that this avoidance is chemi-
cally mediated.

In contrast, several investigations have documented
that settlement of benthic invertebrates may be stim-
ulated by chemical signals on the surface of particular
algae (see Morse 1992 and Pawlik 1992 for reviews),
and numerous investigations of benthic marine inver-
tebrates have suggested that they use secondary me-
tabolites as defenses against fouling (see reviews by
Davis et al. 1989 and Wahl 1989, but also the cautions
of Pawlik 1992). However, for most studies, it is un-
clear if the methods, concentrations, and organisms
used in the bioassays were ecologically realistic. In
most assays, compounds that are apparently contained
in organisms are extracted and tested on surfaces with-
out first documenting that settling larvae would ever
contact these compounds if they were colonizing un-
damaged hosts (see review by Pawlik 1992). These
uncertainties involving where compounds occur in the
host, how they are deployed, and what constitutes an
ecologically realistic assay concentration are critical
problems without clear solutions, given present tech-
nologies. These uncertainties have prevented more rap-
id assessment of the importance of secondary metab-
olites as antifouling agents.

In this study, we found that plants of Dictyota men-
strualis at our field site were less frequently and less
heavily fouled than any of the five other seaweed spe-
cies that were evaluated (Fig. 1). In laboratory assays,
larvae of the bryozoan Bugula neritina, an invertebrate
that commonly fouls seaweeds and other invertebrates,
refused to settle on Dictyota (Fig. 3) even though they
contacted the surface of Dictyota as often as they con-
tacted the surface of a preferred host alga (Fig. 5).
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Rejection of Dictyota as a settlement site could not be
explained by surface wettability (Fig. 9) or by chem-
icals leached into water surrounding the plant (Fig. 4).
Rejection occurred only after direct contact with the
alga’s surface. The crude lipid-soluble extract from sur-
face rubbings of Dictyota inhibited larval settlement
when placed on other surfaces (Fig. 6) and contained
the diterpene alcohols pachydictyol A and dictyol E.

It is presently impossible to determine the concen-
tration of these compounds that a larva would expe-
rience when settling on the surface of Dictyota (see the
list of problems given in the Methods section). How-
ever, when larvae could not behaviorally avoid expo-
sure to the compounds (i.e., the compounds were placed
in their water), the compounds caused larval mortality
(Fig. 7), abnormal development, and reduced rates of
growth (Fig. 8) in treatments containing 1-10 pg/mL
of the Dictyota secondary metabolites. Because only
47% of these treatment concentrations could actually
be demonstrated to be in the water after 1 h, concen-
trations experienced by the larvae could be half, or less,
of the reported treatment concentrations.

Similar experiments with larvae of the bryozoan Ama-
thia convoluta and the hydroid Eudendrium carneum,
and with additional diterpenes from this and another
species of Dictyota (D. ciliolata), show very similar
patterns (T. M. Schmitt et al., unpublished manuscript),
suggesting that these Dictyota secondary metabolites
are broadly active against a wide range of fouling or-
ganisms. This is also suggested by data from our field
collections (Figs. 1 and 2) showing that all the common
fouling organisms at our site (bryozoans, algae, tube-
building animals, and sponges) were absent or rare on
Dictyota compared with the other seaweeds.

The same compounds that we show harm the larvae
of fouling organisms have been shown to function as
defenses against common marine herbivores such as
fishes, urchins, and amphipods (Hay and Fenical 1992).
Pachydictyol A significantly reduces grazing by: (1)
reef fishes in the Caribbean (Hay et al. 1987b) and
tropical Pacific (Wylie and Paul 1988, Hay 1991a), (2)
omnivorous fishes and an urchin in the temperate At-
lantic (Hay et al. 19874, 1988), and (3) by some, but
not all, of the mesograzers (e.g., amphipods and poly-
chaetes) against which the compound has been tested
(Hay et al. 19874, 1988, 1990, Duffy and Hay 1994).
Dictyol E shows a similar activity against numerous
herbivores but appears to be ineffective as a deterrent
to tropical fishes (see the summary tables in Hay 1991a,
Hay and Fenical 1992). Additionally; tests with other
compounds in the dictyol family of metabolites show
that several of these function as defenses against her-
bivores (summarized in Hay 1991a and Hay and Feni-
cal 1992) and interfere with survival, development, or
growth of larvae and juveniles of common fouling or-
ganisms (T. M. Schmitt et al., unpublished manuscript).

The dictyols are produced by numerous brown algae
in the order Dictyotales, including species in the genera
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Dictyota, Pachydictyon, Glossophora, and Dilophus
(Faulkner 1991 and his earlier reviews referenced in
that paper). Seaweeds producing these compounds are
unusually successful species in that they are often very
abundant in a wide variety of divergent habitats (e.g.,
grassbeds, reefs, reef flats, mud flats, and as epiphytes
on animals, other algae, and mangrove roots) in both
temperate and tropical latitudes. Several of the species
in these genera are relatively resistant to herbivores
(Hay 1981a, 1984, Littler et al. 1983, Paul and Hay
1986), yet are also relatively good competitors in sit-
uations where herbivory is minimized (Hay and Taylor
1985, Lewis 1986, Morrison 1988). This contrasts with
an apparent pattern of seaweeds that are well defended
against herbivores being poor competitors in situations
where herbivory is minimal (Hay 19815, 1985, Lub-
chenco and Gaines 1981, Lewis 1986, Morrison 1988,
Estes and Steinberg 1988). Dictyota may circumvent
the competitive costs of herbivore deterrence because
the same traits that confer resistance to herbivores also
provide competitive advantages via allelopathic prop-
erties.

There has been considerable debate over the impor-
tance of coevolution and gene-for-gene reciprocal in-
teractions in shaping the evolution of plant—herbivore
interactions (Ehrlich and Raven 1964, Fox 1981, Fu-
tuyma and Slatkin 1983, Bernays and Graham 1988,
Spencer 1988, Thompson and Burdon 1992, Vermeij
1992). Our finding that individual compounds can be
advantageous as both herbivore deterrents and allelo-
pathic agents complicates the potential for significant
coevolution mediated via these chemical defenses, es-
pecially given the common assumption that herbivore
deterrent characteristics entail competitive costs, not
benefits (see Lubchenco and Gaines 1981, Hay 1984).
Although the tight coupling of plant genes for defense
with pathogen genes for resistance has been demon-
strated for several crop plants and their specialized fun-
gal pathogens, it is not clear that similar interactions
occur between plants and herbivores (see the review
by Thompson and Burdon 1992). In some herbivorous
insects, oviposition preference is controlled by differ-
ent genes than those that control larval performance
(Thompson et al. 1990). This may make the genetics
of insect attack more complex than the genetics of at-
tack by pathogens, and the life history differences be-
tween insects and pathogens may make gene-for-gene
interactions - much more common for microbial
pathogens than for insects (Thompson and Burdon
1992). Additionally, in natural field populations, there
appears to be no clear pattern of reciprocal responses
between hosts and pathogens at the spatial scale of the
individual host and pathogen demes; natural populations
appear more strongly influenced by genetic drift, ex-
tinction, and gene flow that occur at random among
demes within the same epidemiological region (Thomp-
son and Burdon 1992).

For Dictyota menstrualis in the temperate Atlantic,
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pachydictyol A and dictyol E serve as feeding deter-
rents against a wide range of generalist herbivores (Hay
et al. 1987a, 1988, Duffy and Hay 1994) and also dam-
age the larvae of several species of fouling organisms
(Figs. 1-3, 5-8; T. M. Schmiitt et al., unpublished manu-
script). The relative selection imposed by herbivores
vs. overgrowth by competitors is not known for sea-
weeds in this region; however, both herbivores and
competitors have been demonstrated to have large ef-
fects on seaweed populations in other habitats (Dayton
1975, Lubchenco 1980, Lubchenco and Gaines 1981,
Hay 1985, 1991a, Lewis 1986, Morrison 1988). The
multiple functions of these compounds against numer-
ous foulers and herbivores should constrain the plant
from dramatically altering its chemical defenses in re-
sponse to the evolution of resistance by any individual
herbivore or fouling species. If secondary plant me-
tabolites commonly serve multiple functions that are
ecologically important, then coevolution between
plants and herbivores may be less common than is gen-
erally thought.

Several recent studies suggest that this may be the
case. In marine communities, the relationships between
seaweeds and herbivores that seem to be most co-
evolved appear, from the paleontological record, to re-
sult from fortuitous preadaptations (or exaptations, see
Gould and Vrba 1982) rather than from a long history
of reciprocal adaptation (Hughes and Gliddon 1991,
Steneck 1992, Hay et al. 1994). As an example, initial
investigations of the encrusting coralline alga Clathro-
morphum circumscriptum and its relatively specialized
limpet grazer Tectura testudinalis (previously Acmaea
testudinalis) found a number of apparently coevolved
adaptations that were of mutual benefit to both organ-
isms (Steneck 1982). Evidence of this coevolved re-
lationship included: (a) abundances of the alga and
limpet were positively correlated, (b) the alga produced
a unique protective covering of tissue over its regions
of active growth, (c) the limpet’s radula was apparently
adapted to eat this thickened tissue in a way that did
minimal damage to the host alga or its sunken repro-
ductive structures, (d) limpet grazing prevented the al-
gal host from being overgrown by potentially lethal
epiphytic algae, (e) the limpet was less susceptible to
its predators when clamped down on the hard smooth
surface of the alga (Steneck 1990), and (f) over a wide
range of depths, the rate of cell removal by limpets
was matched by algal production.

Fortunately, in addition to this very suggestive eco-
logical information, Steneck (1992) was also able to
evaluate the paleontological record involving coralline
algae and herbivores. Because coralline algae are cal-
cified, they have left an excellent fossil record that
includes a history of their anatomical characteristics,
which have been interpreted as evolutionary responses
to herbivores, as well as grazing scars on their surfaces
that can be identified as being produced by limpets,
urchins, fishes, etc. (Steneck 1983, 1986). Thus, the
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fossil record for coralline algae and their associated
herbivores is apparently the most complete record for
any plant-herbivore association, either terrestrial or
marine (Steneck 1992). This record shows that virtually
all of the coralline’s major morphological character-
istics that had been interpreted as adaptations to her-
bivores were present 100 million to several hundred
million years before the evolution of marine herbivores
that could feed on corallines (Steneck 1992).

Recent analysis of 12 specialist molluscs and their
temperate seaweed hosts also suggests that these as-
sociations are more opportunistic than coevolved (Ver-
meij 1992). In 50% of the cases studied, Vermeij found
that the associations were recent (no earlier than the
Pliocene) and resulted following invasion of the plant
or the herbivore from geographical regions other than
the one in which the association was forged. In contrast
to the widely held view that associations between spe-
cialized herbivores and host plants evolve due to re-
ciprocal adaptations over a long period of time, Ver-
meij’s study suggests that a large proportion of these
relationships may be opportunistic and arise rapidly
with little, if any, history of reciprocal evolution.

In marine communities, it appears that some sea-
weeds possess chemical defenses that protect them
against the cumulative effects of the larger, generalist
herbivores (fishes, urchins, and gastropods) that com-
monly consume significant quantities of seaweeds and
often drive some species to local extinction (Hay
1991a, Hay and Steinberg 1992). These well defended
seaweeds then become potential safe sites where small,
less-mobile herbivores that live on the plants they con-
sume can minimize their contact with fish predators if
they are resistant to the seaweed’s defenses (Hay
19915, Hay and Steinberg 1992). Although these small
mesograzers can, at times, significantly affect seaweed
communities and populations (Duffy 1990, Duffy and
Hay 1991, Brawley 1992), the selective pressure they
impose on plant populations usually appears trivial
compared with the pressure imposed by the bigger, gen-
eralist herbivores (Hay 1991a, Hay and Steinberg
1992). This information, coupled with what we present
here, suggests: (1) that plants may possess chemical
defenses against the broad range of generalist herbi-
vores and fouling organisms that are attacking them,
(2) that small mesograzers may evolve resistance to
these defensive traits because living on chemically de-
fended seaweeds dramatically reduces their suscepti-
bility to predation (Hay 1991b, Hay and Steinberg
1992), and (3) that there is little evidence to support
the notion that any of these traits or interactions occur
due to a history of coevolution. Small herbivores may
be adapting to seaweed characteristics, but it is unclear
that seaweeds are adapting in response to feeding by
these small herbivores. Despite the long history of con-
sidering plant-insect interactions as coevolved, the im-
portance of coevolution in shaping interactions be-
tween terrestrial plants and their insect herbivores is
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also open to question (Bernays and Graham 1988, Fu-
tuyma and Morano 1988, Spencer 1988, Thompson and
Burdon 1992).

Given the multiple ecological functions that are
played by the Dictyotalean metabolites studied here
and investigated by T. M. Schmitt et al. (unpublished
manuscript), it seems unlikely that these would have
evolved in response to herbivory alone, much less in
response to any particular herbivore.
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