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Abstract. Risk of larval mortality is a critical component of models and debates con
cerning the ecology and evolution of the differing reproductive characteristics exhibited 
by marine invertebrates. In these discussions, predation often is assumed to be a major 
source of larval mortality. Despite limited empirical support, most marine larvae are thought 
to be palatable and broadly susceptible to generalist predators. Previous studies of larval
planktivore interactions have focused primarily on larvae that typically feed, grow, and 
develop for weeks to months in the plankton. Such planktotrophic species commonly pro
duce large numbers of small larvae that disperse over vast distances. In contrast, the 
nonfeeding lecithotrophic larvae from sessile invertebrates that brood are often large and 
conspicuous, lack morphological defenses, and have limited dispersal distances because 
they typically are competent to settle minutes to hours after spawning. Interactions between 
lecithotrophic larvae and consumers are not well studied. This has limited the ability of 
previous authors to test broad generalities about marine larvae. 


We show that brooded larvae of Caribbean sponges (11 species) and gorgonians (three 
species) as well as brooded larvae of temperate hydroids (two species) and a bryozoan are 
unpalatable to co-occurring fishes. In contrast, brooded larvae of temperate ascidians (three 
species), a temperate sponge, and Caribbean hard corals (three species) are readily consumed 
by fishes, as are larvae from four of six species of synchronous broadcast-spawning gor
gonians from the Florida Keys. Frequencies of survivorship for larvae attacked and rejected 
by fishes were high and statistically indistinguishable from frequencies for unattacked 
control larvae. Frequency of metamorphosis (when it occurred) of rejected larvae never 
differed significantly from that of unattacked control larvae. Assays testing for larval vs. 
adult chemical defenses for five species with distasteful larvae showed that larvae of all 
five species were chemically distasteful to fishes, whereas only three of five adult extracts 
deterred fish feeding. A comparison of larval palatability among chemically rich taxa 
showed that brooded larvae were significantly more likely to be unpalatable (86% of the 
species tested) than larvae of broadcasters (33%), and that palatable larvae were rarely 
released during the day (23%) while unpalatable larvae usually were (89%). Additionally, 
the frequency of bright coloration was high (60%) for unpalatable larvae and low (0%) for 
palatable larvae, suggesting that unpalatable larvae often may be aposematically colored. 
Results of this broad survey cast doubt on the widely accepted notion that virtually all 
marine larvae are suitable prey for most generalized planktivores. 


Among species that do not chemically or physically protect larvae against fishes, selection 
appears to favor the release of larvae at night, or the production of smaller more numerous 
offspring that grow and develop at sea as a way of escaping consumer-rich benthic habitats. 
Because distasteful larvae are not similarly constrained, distasteful species should exhibit 
reproductive and larval characteristics selected more by the fitness-related consequences 
of larval development mode and dispersal distance than by the necessity of avoiding benthic 
predators. Production of large larvae and retention of offspring in parental habitats that 
have proved to be suitable for growth and reproduction have both been proposed as ad
vantageous, but these advantages often were assumed to be offset by losses due to increased 
larval apparency to fishes. This assumed trade-off is not mandatory because larvae can be 
defended chemically. Distasteful larvae tend to be conspicuous, localized dispersers that 
can co-occur with benthic fishes, and yet not be consumed. 


Key words: chemical defenses; complex life cycles; invertebrate larval defenses; larval palat
ability; life history patterns. 


INTRODUCTION 


Most marine invertebrates have complex life cycles 
consisting of a planktonic larval stage that settles to 
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the benthos and metamorphoses into a more sedentary 
(often sessile) form. Some species produce large num
bers of very small larvae that feed (=planktotrophy), 
grow, and develop through several stages in the plank
ton before becoming competent to settle and meta
morphose. Larvae with planktotrophic development 
may spend months in the plankton and disperse over 
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vast distances. Other species produce a smaller number 
of larger, nonfeeding larvae that use yolk as a source 
of nutrition (=lecithotrophy). Larvae with lecitho
trophic development often spend limited time in the 
plankton and disperse over shorter distances than 
planktotrophic larvae. Some lecithotrophs brood larvae 
to an advanced stage; these larvae may settle near their 
parents after only minutes in the plankton. Variation 
within each of these general reproductive modes is con
siderable, and other reproductive modes also occur 
among marine invertebrates (Thorson 1946, 1950, Mil
eikovsky 1971). 


There is considerable debate about factors affecting 
the evolution of complex life cycles and types of larval 
development (Thorson 1946, 1950, Mileikovsky 1971, 
Vance 1973, Strathmann 1974,1980,1985,1986,1993, 
Underwood 1974, Pechenik 1979, Palmer and Strath
mann 1981, Strathmann and Strathmann 1982, Grant 
1983, Grahame and Branch 1985, Hines 1986, Jackson 
1986, Rumrill 1990). Hypotheses and theoretical mod
els focused on the evolution of life history patterns 
among marine invertebrates commonly weigh the risk 
of embryonic and larval mortality against reproductive 
and larval characteristics that may modify this risk 
(e.g., parental investment per embryo, brooding vs. free 
spawning, pelagic vs. benthic larval development, and 
feeding vs. nonfeeding larvae; Thorson 1950, Vance 
1973, Pechenik 1979, Strathmann 1982, 1985, 1986, 
Grant 1983, Rumrill 1990). Predation on larvae is usu
ally assumed to be the most substantial cause of pre
settlement mortality (Thorson 1946, 1950, Young and 
Chia 1987), although advection away from suitable 
benthic habitats can also result in considerable larval 
mortality (Roughgarden et al. 1988). Important larval 
predators include fishes and invertebrates (Young and 
Chia 1987), but only fishes have been directly shown 
to affect the distribution and abundance of invertebrates 
by severely reducing larval densities (Gaines and 
Roughgarden 1987, Olson and McPherson 1987). Al
though very few studies have directly evaluated larval 
susceptibility to predators, most models evaluating lar
val development assume that larvae of most species 
are palatable and broadly susceptible to generalist con
sumers. 


Pelagic environments are considered safer than ben
thic environments for unprotected embryos and larvae 
(Pechenik 1979, Highsmith 1985, Strathmann 1985, 
1986), but retention of offspring in parental habitats 
may provide selective advantages over having larvae 
widely dispersed by ocean currents (Jackson 1986). 
Thus, retention of palatable larvae in adult habitats that 
have proven to be adequate for growth and reproduc
tion could entail heavy losses to predators, but larvae 
that escape these benthic predators by developing in 
the plankton risk never being returned to habitats that 
are suitable for settlement and growth. If these assumed 
problems and trade-offs generally apply, then species 
with palatable larvae may often produce larvae that 


grow and develop in the plankton where they escape 
benthic predators. If most of these larvae never reach 
suitable benthic habitats, then these species may benefit 
from producing many small larvae with minimal in
vestment in each. In contrast, if a species can defend 
larvae from most consumers, then these larvae could 
be retained in predator-rich benthic habitats near adults, 
thus, avoiding "wastage" in the plankton. Differences 
between these types of larvae in the time needed for 
development before settlement, and thus in the distance 
they disperse, can have important implications for ge
netic variation within and among populations (Burton 
1986, Grosberg and Quinn 1986, Mitton et al. 1989), 
adaptations to local conditions (Jackson 1986), and 
rates of speciation and extinction (Jablonski and Lutz 
1983, Jablonski 1986). 


The wealth of citations provided above indicate the 
broad-scale importance of, and interest in, understand
ing the ecology and evolution of complex life cycles 
and modes of larval development, however, our ability 
to address these issues rigorously is severely compro
mised by the paucity of ecologically relevant infor
mation on the larval stages of marine organisms. Pre
vious theoretical investigations of invertebrate life his
tories have assumed that most larvae are poorly de
fended against consumers and, therefore, that virtually 
all larvae are palatable. 


Although predation on larvae can affect the demog
raphy of some marine invertebrates (Gaines and 
Roughgarden 1987, Olson and McPherson 1987, Stoner 
1990), a broad understanding of larval-planktivore in
teractions is lacking, especially for lecithotrophic lar
vae. Most published studies have focused on plank
totrophic species (Young and Chi a 1987) and previous 
investigators (Hines 1986, Strathmann 1986, Young 
and Chi a 1987) noted that it would be difficult to un
derstand processes affecting the evolution of life his
tory patterns among marine invertebrates without better 
comparative data for planktotrophic vs. lecithotrophic 
larvae. Additional data on lecithotrophic larvae would 
permit a more thorough contrast of planktotrophs with 
lecithotrophs and a better informed evaluation of pro
cesses proposed to be crucial in the evolution of life 
history patterns in marine invertebrates. 


Adults of sessile marine invertebrates that lack phys
ical defenses against predators and that grow on ex
posed substrates in predator-rich communities (e.g., 
reef sponges, soft corals, gorgonians, and colonial as
cidians) are commonly defended by secondary metab
olites (Paul 1992, Pawlik 1993). Many of these soft
bodied sessile species release lecithotrophic larvae that 
are large, conspicuous, and lacking apparent morpho-


'logical defenses against consumers. These larvae 
should profit from being chemically distasteful. In con
trast, both chemical defenses (Faulkner 1993 and pre
vious reviews cited therein) and lecithotrophic larval 
development (Thorson 1946, Barnes 1987) appear less 
common among mobile and aclonal taxa. 
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How chemical defense of eggs and larvae could alter 
the viability of various life history traits has not been 
investigated, but chemical defenses have been reported 
in asteroid eggs (Lucas et al. 1979, McClintock and 
Vernon 1990), ascidian larvae (Young and Bingham 
1987, Lindquist et al. 1992), and the egg masses of a 
nudibranch (Pawlik et al. 1988). Because chemically 
distasteful larvae have less need to avoid predators, the 
life history characteristics of species with defended lar
vae should be affected more by the fitness-related con
sequences of development mode and dispersal than by 
the assumed advantages of avoiding benthic consumers 
by entering the plankton. Thus, studies focused on spe
cies with chemically unpalatable larval stages could 
offer insights into the importance of factors other than 
consumers in affecting the evolution of life history 
patterns. 


To determine whether the palatability of lecitho
trophic larvae from diverse sessile invertebrates varies, 
and how larval palatability may relate to other life his
tory traits, we examined larval palatability to co-oc
curring fishes using larvae from sponges (12 species), 
gorgonians (nine species), corals (three species), hy
droids (two species), ascidians (three species), and a 
bryozoan (one species). We also determined survivor
ship of distasteful larvae after they were attacked and 
rejected by fishes. We used fishes as consumers because 
fishes have been shown to dramatically reduce larval 
abundance in both tropical and temperate locations 
(Gaines and Roughgarden 1987, Olson and McPherson 
1987). Additional assays using corals and anemones as 
larval predators will appear as a separate study (Lind
quist 1996). Results of this study with invertebrate 
planktivores indicate that patterns of larval palatability 
to fishes and invertebrates are similar. Results of assays 
from the present study were interpreted with respect to 
what is known about the reproductive mode, spawning 
behavior, and larval characteristics of the species stud
ied. To determine whether distasteful larvae were 
chemically defended, and to compare larval with adult 
chemical defenses, we examined the palatability of 
chemical extracts from larvae and adults of five species 
with distasteful larvae. Our emphasis on species with 
lecithotrophic larvae provides data that can be com
pared with published data on planktotrophic larvae to 
produce a more balanced view of larval susceptibilities 
to, and possible defensive adaptations against, preda
tors. 


METHODS 


Collection sites and organisms 


Most tropical invertebrates were collected from two 
barrier reefs (Conch Reef and Pickles Reef) and a patch 
reef (Three Sisters) near Key Largo, Florida. One 
sponge, Tedania ignis, and its larvae were collected 
from Jewfish Creek in the mangrove swamps near Key 
Largo. Additional collection sites for Caribbean reef 


sponges were Little San Salvador Island and Chub Cay 
in the Bahamas. All temperate invertebrates came from 
two collection sites in North Carolina. At Radio Island 
Jetty near Beaufort, North Carolina, we collected in
vertebrates from 2 to 5 m below mean low tide. The 
second collection site was a 17-19 m deep rock ledge 
located 8 km east of Wrightsville Beach, North Car
olina. Both sites have dense populations of sponges, 
hydroids, bryozoans, and ascidians. 


Appendix A contains information on invertebrate 
collection sites, depths, and times, and Appendix B 
presents information on larval collection methods. 
Physical descriptions of study animals can be found in 
the following references: Caribbean sponges-Zea 
(1987), Humann (1993a); Caribbean gorgonhtns
Bayer (1961), Humann (1993b); Caribbean hard cor
als-Sterrer (1986), Humann (1993b); North Carolina 
invertebrates-Sterrer (1986) and Ruppert and Fox 
(1988). 


For bioassays of larval palatability to tropical fishes, 
we chose the bluehead wrasse Thalassoma bifasciatum 


- and the bicolor damselfish Stegastes partitus. These 
species are two of the more abundant small fishes on 
Caribbean reefs and are broad generalists that feed ex
tensively on small benthic and planktonic prey (Fed
.dern 1965, Randall 1967, Emery 1973). For larval 
predators from temperate North Carolina, we chose ju
venile stages of the pinfish Lagodon rhomboides and 
of the fringed file fish Monocanthus ciliatus. Along the 
Carolina coast, juvenile stages of these two fishes occur 
abundantly in a wide variety of habitats during the 
spring and summer spawning season for many benthic 
invertebrates (Sutherland 1981). Their broad diets in
clude invertebrate larvae (Darcy 1985; N. Lindquist, 
personal observation). Thalassoma and Stegastes were 
collected using hand nets in coral rubble fields behind 
Pickles Reef and at various shallow water reefs in the 
Bahamas. Juvenile Lagodon and Monocanthus were 
collected by seining seagrass beds near Morehead City, 
North Carolina. 


During our investigations, we recorded data on larval 
size, larval color, diel timing of larval or gamete re
lease, and whether larvae were brooded internally, 
brooded on adult surfaces, deposited externally in ge
latinous masses, or the product of synchronous broad
cast spawning. These data (Appendix C) were used in 
conjunction with results of the feeding assays to de
termine which reproductive and larval characteristics 
were commonly associated with unpalatable larvae. 


Knowlton and Jackson (1994) argue that unrecog
nized sibling species may be common among coral
reef invertebrates. In our study, an apparent example 
of this may be Pseudoplexaura po rosa at Three Sisters 
Reef. One group of these animals produced white lar
vae in July 1993 that were unpalatable to fishes, while 
another group at this site produced tan larvae in August 
1993 that were palatable to fishes (see Results). We 
designated these groups Pseudoplexaura-A and 
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Pseudoplexaura-B, respectively. Additionally, we ob
tained larvae from both the encrusting and upright 
forms of the gorgonian Briareum asbestinum. Recent 
genetic evaluation of these two morphs suggests that 
they are separate species (Brazeau and Harvell 1994). 
We designated these Briareum-E (encrusting) and 
Briareum-U (upright). 


Assays of larval palatability 


All feeding assays with larvae of Caribbean inver
tebrates were conducted at either NOAA's National Un
dersea Research Center at Key Largo, Florida, or 
aboard the RIV Columbus Iselin at various sites in the 
Bahamas. Assays with larvae of temperate inverte
brates were performed at the University of North Car
olina's Institute of Marine Sciences in Morehead City, 
North Carolina. 


To determine the palatability of invertebrate larvae, 
we placed groups of Thalassoma (2-4 fish per group) 
in separate aquaria and individual Stegastes, Lagodon, 
and Monocanthus in perforated plastic bowls (1 L) held 
in a shallow water table. Both systems were set up with 
flow-through seawater. Each aquarium or bowl served 
as a single replicate. Each assay was run using 5-20 
replicates. Fishes were fed live brine shrimp or freeze
dried krill each morning and each afternoon. Fishes 
were not starved prior to our assays. This ensured that 
their motivation to feed on any food or larva offered 
would not be unnaturally high. Larval palatability as
says began at least 1 h after either of these major feed
ings. 


Assays were performed by first offering each fish (or 
group of fish) a live brine shrimp (=palatable control). 
If the brine shrimp was eaten, we offered that replicate 
a single larva. Initially, we offered each replicate a 
second brine shrimp if the larva was rejected to de
termine if the fish remained willing to feed. Because 
the second brine shrimp was virtually always eaten, we 
discontinued this practice -so as to allow more time for 
additional feeding assays. All larvae used in feeding 
assays were alive and motile. Any fish that did not eat 
the brine shrimp was not used to assess larval palat
ability. This practice produced variable numbers of rep
licates among assays and always set our consumption 
of control food at 100%. After offering a larva to the 
fish, we recorded whether the larva was attacked, and 
if the larva was consumed or rejected after being taken 
into a fish's mouth. Unpalatable larvae were often re
peatedly tasted and rejected, commonly 3-6 times and 
in some cases as many as 13 times, before the fish 
stopped the attack. To analyze palatability results, we 
used Fisher's exact test to compare statistically the 
number of replicates consuming brine shrimp with the 
number consuming larvae. If a larva was not tasted by 
the fish, that trial was excluded from our statistical 
analysis. Our analysis thus examined whether larvae 
were rejected once tasted, not whether they were avoid
ed without being sampled. Although visual recognition 


and avoidance of unpalatable larvae may be an eco
logically important interaction between larvae and fish
es, uncertainties about how fish view larval prey in 
natural waters and in our experimental containers dis
couraged our examination of this behavior. 


Determining levels of larval survivorship after 
rejection by a predator 


To determine whether a fish attack diminished the 
survivorship or hindered eventual metamorphosis of 
distasteful larvae, we recovered larvae that fish at
tacked but rejected. Each recovered larva was placed 
in a separate covered polystyrene petri dish with 5 mL 
of seawater. Controls for these survivorship assays 
were larvae that had been held in the same containers 
as larvae used in the feeding assay but never offered 
to fish. In general, each recovered larva was matched 
by an unattacked control larva that was treated in a 
manner identical to rejected larvae. We scored larval 
survival 1-6 d after the feeding assay. Only visibly 
decomposing larvae were scored as dead; all others 


-were regarded as alive. If >80% of the larvae were 
consumed in an assay, the survivorship of rejected lar
vae was not determined because surviving larvae were 
too few to provide reliable sample sizes. 


Even though a larva may survive an attack, it might 
be rendered incapable of settlement and metamorpho
sis. To investigate this possibility, we recorded the fre
quency of metamorphosis among rejected and control 
larvae. Differences in survival and metamorphic suc
cess of rejected and control larvae were evaluated using 
Fisher's exact test. For four assays, the limited number 
of available larvae prevented setting up unattacked 
controls. In one assay, the delicate larvae of the sponge 
Mycale laxissima were commonly torn apart during 
attacks by Thalassoma, which did not appear to con
sume larval fragments (see Results). We recovered 
most of the larger Mycale fragments and monitored 
their survivorship and frequency of development to the 
juvenile stage. 


Bioassay of extracts from larvae and adults 


To determine if rejected larvae were chemically de
fended against fish, crude lipophilic and water-soluble 
extracts from larvae were mixed together into a pal
atable squid-based food and offered to Thalassoma (for 
extracts of tropical invertebrates) or Lagodon (for ex
tracts of temperate invertebrates). The palatable control 
food, which was readily consumed by fishes, was made 
by pureeing together squid mantle flesh, an equal vol
ume of distilled water, and sodium alginate at 2% of 
the total wet mass. This liquid mixture ("squid paste") 
was spread into a thin film on a glass plate. A 0.25 
mollL solution of calcium chloride (CaCI2) poured over 
the squid paste caused it to solidify and harden some
what. After 2 min, the calcium chloride solution was 
rinsed off with distilled water. During this time, the 
squid paste had become gelatinous with a consistency 
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much like that of cooked pasta. We cut this sheet of 
food into pieces approximately the size of the larvae 
being assayed. 


We compared feeding on solidified squid paste con
taining invertebrate extracts with feeding on the same 
squid-based food lacking extracts. These assays were 
limited to species from which we obtained sufficient 
biomass of larvae (Callyspongia vaginalis, Calyx po
datypa, Bugula neritina, and Eudendrium carneum) or 
larvae-laden gelatinous mass (Ectyoplasia ferox) for 
extraction. Before extracting the larvae (or jelly and 
the larvae it contained for Ectyoplasia), we measured 
their packed volume, which we call larval volume, in 
a 1-mL volumetric syringe so that extracts could be 
added to an appropriate volume of assay food. The 
fresh larvae were then macerated with a spatula and 
extracted 3 times with 1: 1 dichloromethane/methanol 
using 3 times the larval volume for each extraction. 
These extracts were combined in a 20-mL scintillation 
vial. The solvents were then removed by blowing a 
stream of nitrogen gas (N2) into the vial. This extract 
was stored under N2 at -20oe. After extraction with 
organic solvents, the larval residue was extracted twice 
with distilled water, again using 3 times the larval vol
ume for each extraction. This aqueous extract was also 
reduced to a residue with N2 . 


To incorporate the crude extract into the squid paste 
at natural volumetric concentration, we added a volume 
of squid paste equal to the larval volume to the water
soluble extract. These materials readily mixed together 
when stirred with a spatula. The organic-soluble por
tion of the extract was transferred to a small plastic 
dish using ethanol as the solvent. A steam of N2 evap
orated the ethanol. To help disperse the lipophilic ex
tract into the squid paste, ethanol was added back to 
the lipophilic extract at 1 % of the food volume before 
adding the squid paste/water soluble compound mix
ture. The appropriate amount of ethanol also was added 
to the control food. Pellets of the food containing the 
larval crude extract and the squid-based control food 
lacking the extract were offered to fish as previously 
described. Developing means of retaining water-solu
ble compounds in assay foods has been problematic; 
however, because fish rapidly attacked squid pellets, 
leaching of water-soluble compounds from food pellets 
prior to a fish attack should have been minimal. Fates 
of control and treatment pellets were recorded as eaten 
or rejected. The results were analyzed using Fisher's 
exact test. 


Because adult stages of many benthic invertebrates 
may be structurally defended against predators (Gerhart 
et al. 1988, Harvell et al. 1988, Van Alstyne and Paul 
1992, Van Alstyne et al. 1992, 1994), thus possibly 
diminishing the need for a chemically based defense, 
we also examined the feeding deterrent properties of 
adult extracts from four of the five species for which 
data on larval extracts were obtained. Ectyoplasia was 
excluded because a test of the chemical extracts from 


adult Ectyoplasia colonies had already been conducted 
by Pawlik and co-workers (1995) using the same ex
perimental methodology, fish predator, and squid-based 
assay food. This permitted us to compare larval with 
adult chemical defenses against fishes for all five spe
cies. To conduct these assays, small pieces from several 
adults were combined and extracted using the meth
odology described above. Fish feeding assays and data 
analyses were conducted as described for the larval 
extracts. Whether our assay fish could consume adults 
of the species tested is not known, although Thalas
soma are reported to forage on gorgonians (Feddern 
1965), and siliceous sponge spicules do not diminish 
Thalassoma feeding when incorporated into palatable 
foods (ehanas and Pawlik 1995). 


Reproductive and larval characteristics vs. 
larval palatability 


To test the hypothesis that distasteful larvae might 
commonly advertise this trait by being brightly colored 
(Le., aposematic) but that palatable larvae might have 
less obvious coloration, we classified our larvae as pal
atable or unpalatable to Thalassoma or Lagodon (Figs. 
1, 3, 5, and 6), and as brightly colored (bright red, 
orange, or yellow) or not brightly colored (see Appen
dix e). We used Thalassoma and Lagodon to classify 
larval palatability because we used them most fre
quently as larval predators for tropical and temperate 
species, respectively. We also compared the frequency 
of daytime and nighttime spawning for palatable and 
distasteful larvae. With daytime spawners, we also in
cluded invertebrates that brood larvae externally (i.e., 
Briareum-E and-U) and invertebrates that place de
veloping larvae in external gelatinous masses (i.e., Ec
tyoplasia and Xestospongia) because all such larvae 
are continuously exposed to benthic fishes for several 
days. 


All of the invertebrates that we investigated have 
lecithotrophic larvae that are brooded or gametes that 
are shed into the surrounding seawater and fertilized 
externally (i.e., broadcast spawners). Using Fisher's ex
act test, we examined whether the proportion of species 
with distasteful larvae differed significantly between 
brooders and broadcasters. Because all larvae we in
vestigated lack morphological defenses, we reasoned 
that distasteful larvae were probably defended chem
ically. Based on this assumption, we limited this anal
ysis to taxa known to be chemically rich and thus po
tentially capable of chemically defending their larvae. 
Thus, we excluded data on the three hard coral species 
we studied because hard corals are rarely reported to 
produce secondary metabolites (Faulkner 1993 and re
views cited therein), and no hard coral metabolite is 
known to deter consumers. Because all broadcast 
spawners we studied were gorgonians (Appendix C), 
there could be a taxonomic bias in this comparison. To 
reduce this potential bias, we expanded this analysis 
to include results from previous studies reporting the 
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FIG. 1. (A) The percentage of sponge larvae consumed after being mouthed by the Caribbean wrasse Thalassoma bifas
ciatum. (B) The percentage of larvae remaining alive and the percentage metamorphosed 1-6 d after being mouthed and 
rejected by Thalassoma. A brine shrimp was the palatable control food. For the survivorship assay, the control consisted of 
larvae that were not offered to Thalassoma. The number of replicates for each assay is shown at the base of each bar on the 
histogram. An asterisk indicates a significant (P 00; 0.05, Fisher's exact test) difference between treatment and control. In 
panel B, a question mark (?) indicates that no control group was established for that assay, and ND indicates that larval 
survivorship was not determined for rejected larvae of that species. 


palatability of eggs and larvae from ascidians (re
viewed in Lindquist et al. 1992) and sea stars (Lucas 
et al. 1979, McClintock and Vernon 1990). 


RESULTS 


Information on the reproductive mode, timing of lar
valor gamete release, and larval color and size for all 
species appear in Appendix C. This information was 
recorded to facilitate examination of how reproductive 
mode and larval characteristics may relate to the pal
atability of marine invertebrate larvae. Except for two 
pairs of congeners, all species in this study were from 
separate genera (see Appendix A). Accordingly, except 
for the two pairs of congeners, we will henceforth use 
generic names only. 


Palatability of sponge larvae 


For all 11 species of Caribbean sponges, larvae or 
gelatinous larval masses were unpalatable to fishes (P 
< 0.001, Figs. lA and 2A). Being mouthed and rejected 
by fishes had no negative effects on larval survivorship 
or metamorphic competence (Figs. IB and 2B). Among 
all assays with wrasses (Fig. lA) and damselfish (Fig. 
2A), no more than 9% of the larvae from any sponge 


species were consumed. In the combined data for both 
fish species, only 4 of 195 larvae or bite-sized portions 
of gelatinous larval mass (Ectyoplasia and Xestospon
gia) were consumed. The palatability of larvae hatched 
from gelatinous masses was not tested because Thal
assoma presented with these small larvae (l00-200 
iJ-m, Appendix C) appeared not to see them. 


The survivorship (83-100%) of sponge larvae at
tacked and rejected by Thalassoma never differed sig
nificantly from that of larvae not attacked by fish (80-
100%; Fig. IB). Metamorphic success among larvae 
(both attacked and un attacked treatments) was high 
(64-100%) for Callyspongia, Monanchora, Mycale, 
Pseudoceratina, Tedania, and Ulosa, but low (0-50%) 
for Calyx and Niphates. Frequency of metamorphosis 
of attacked larvae was never significantly less than that 
of un attacked control larvae (Fig. 2B). Among all of 
these assays, only distasteful larvae of Mycale were 
damaged (torn into several pieces) when attacked by 
wrasses. Despite this damage, recovered larval frag
ments nearly always survived and metamorphosed. 


Similarly, the survivorship (78-100%) of sponge lar
vae attacked but not consumed by Stegastes never dif
fered significantly from that of unattacked controllar-
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vae (71-100%, Fig. 2B). Metamorphosis among re
jected larvae also was high (75-100%) for Callyspon
gia, Mycale, Pseudoceratina, and Ulosa and never 
differed significantly from unattacked control larvae. 
Among attacked and unattacked Calyx and Niphates 
larvae, 33-57% of surviving larvae in each treatment 
metamorphosed. Metamorphosis of attacked larvae was 
not reduced relative to control larvae. 


Palatability of gorgonian and hard coral larvae 


In contrast to their uniform rejection of sponge lar
vae, Thalassoma readily consumed larvae of some gor
gonian species but completely rejected others (Fig. 
3A). Thalassoma significantly (P < 0.0054) rejected 
larvae of the surface-brooding gorgonians Briareum-E 
and Briareum-U, the brooding species Eunicea mam
mosa, and the synchronous broadcast-spawning species 
Erythropodium and Pseudoplexaura-A. Consumption 
of the four other species of larvae, Eunicea tourneforti, 
Plexaura, Plexaurella, and Pseudoplexaura-B (all syn
chronous broadcast spawners), did not differ signifi
cantly from copsumption of the control food. These 
results show that closely related species can differ dra
matically in their palatability to Thalassoma, as s~en 
in the contrasts of the two Eunicea spp. and the two 
types of Pseudoplexaura cf. porosa. 


Following attack by Thalassoma, the survivorship of 
rejected gorgonian larvae was high (92, 100, and 78%, 
respectively, for Briareum-E, Briareum-U, and 
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Pseudoplexaura-A) and indistinguishable from that of 
controls (Fig. 3B). No settlement or metamorphosis 
occurred among attacked or unattacked larvae within 
the 3-5 d observation period. Although we had no un
attacked control larvae for Eunicea mammosa, six of 
six rejected larvae survived. 


Among gorgonian larvae offered to Stegastes, larvae 
of two species (Briareum-E and Eunicea mammosa) 
that were distasteful to Thalassoma were eaten by Ste
gastes (Fig. 4). Because our assay methodology min
imized among-assay differences in fish hunger by feed
ing all fishes shortly before the assays, differences be
tween Thalassoma and Stegastes in their willingness 
to eat the larvae of specific species should reflect con
sumer-specific differences in resistance to larval de
fenses rather than between-consumer differences in 
hunger levels. Stegastes also readily ate all Eunicea 
tourneforti larvae offered. Only the larvae of 
Briareum-U were significantly rejected by Stegastes (P 
= 0.004, Fig. 4). Survivorship of Briareum-U larvae 
after attack and rejection by Stegastes was not deter
mined. 


In contrast to the general distastefulness of all sponge 
larvae and several gorgonian larvae, fishes readily con
sumed larvae of the three hard coral species we tested. 
Thalassoma consumed 100% of Agaricia and Porites 
and 92% of Siderastrea larvae (Fig. 5). Only larvae of 
Agaricia were offered to Stegastes, but all were eaten 
(Fig. 5). 
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Palatability of temperate invertebrate larvae 


Larvae of the temperate sponge Adocia were readily 
consumed by Lagodon, while larvae from a temperate 
population of Ulosa were significantly less palatable 
(P < 0.001, 33% consumed) than brine shrimp (Fig. 
6A). Larvae of the hydroids Eudendrium and Cory
dendrium and of the bryozoan Bugula were extremely 
unpalatable to Lagodon (P < 0.001), while larvae of 
the colonial ascidians Aplidium constellatum and Apli
dium stellatum were always eaten (Fig. 6A). The pal
atability of larvae from the ascidian Eudistoma caro
linensis was not determined because Lagodon appar
ently did not see, and thus did not attack, these nearly 
transparent larvae. 


After 72 h, the survivorship (94%) and metamor
phosis (72%) of rejected Eudendrium larvae did not 
differ significantly from that of un attacked controllar
vae (100 and 79%, respectively; Fig. 6B). All Bugula 
larvae rejected by Lagodon survived and metamor
phosed within 24 h (Fig. 6B). 


The file fish Monocanthus consumed significantly 
fewer Eudendrium larvae (59%) than brine shrimp and 
rejected all Bugula larvae sampled (Fig. 7 A). Of the 
19 Monocanthus offered a Bugula larva, only 6 of these 
fish attacked larvae. The other fish visually inspected 


the larvae and then swam away. A brine shrimp was 
eaten by all 19 fish. Larvae of the ascidian Aplidium 
stellatum were always consumed by Monocanthus (Fig. 
7 A). All Bugula larvae attacked and rejected by Mon
ocanthus survived and metamorphosed (Fig. 7B). All 
attacked and unattacked Eudendrium larvae survived 
(Fig. 7B), and 79 and 80%, respectively, settled and 
metamorphosed within 72 h. 


Palatability of larval and adult extracts 


Extracts from larvae strongly deterred fish feeding 
in all five of our assays, whereas adult extracts deterred 
feeding for only three of the five species (Fig. 8). Crude 
larval extracts from the Caribbean sponge Callyspon
gia diminished Thalassoma feeding by 67% (P = 


0.0095), while extracts of Bugula larvae reduced La
godon feeding by 60% (P < 0.001). For both species, 
extracts from adults had no effect on feeding. This 
dichotomy between the palatability of larval and adult 
extracts was not apparent for the hydroid Eudendrium 
or the sponges Calyx or Ectyoplasia, for which extracts 
from both adults and larvae strongly deterred feeding 
(P < 0.001). 
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FIG. 7. (A) The percentage of hydroid, bryozoan, and 
asci dian larvae consumed after attack by the filefish Mono
canthus ciliatus. (B) The percentage of larvae surviving and 
the percentage metamorphosed 1-3 d after being mouthed 
and rejected by Monocanthus. Methods and symbols are as in 
Fig. 1. 


Color and spawning times of palatable vs. 
distasteful larvae 


Distasteful larvae were commonly brightly colored 
and spawned during daylight hours. Twelve of 20 spe
cies (60%) of distasteful larvae were brightly colored, 
while none of the 10 palatable species (0%) were 
brightly colored (P = 0.0015, Fisher's exact test). 
Twelve of 14 species (89%) with distasteful larvae 
spawned during daylight hours or placed their devel
oping larvae in external, gelatinous masses. In contrast, 
only two of nine species (23%) with palatable larvae 
spawned during the day (P = 0.007, Fisher's exact test). 


Palatability of brooded vs. broadcast
spawned larvae 


Among the 27 qualifying species in this study, 2 of 
6 broadcasters (33%, all gorgonians) and 18 of 21 
brooders (86%) haJ distasteful larvae. Thus, distasteful 
larvae were significantly more common among brood
ing than among broadcast-spawning species (P = 


0.024, Fisher's exact test). In the expanded comparison 
including data for ascidians and sea stars, 4 of 15 broad
cast spawners (27%, both lecithotrophs and plankto
trophs) and 27 of 32 brooders (84%, alliecithotrophs) 


had distasteful eggs or larvae. These results support 
the hypothesis that, among chemically rich taxa, larvae 
of brooders are more commonly distasteful than eggs 
or larvae of broadcasters (P = 0.0008, Fisher's exact 
test). 


DISCUSSION 


It is much more difficult to obtain ecologically mean
ingful data on larval than on adult stages of marine 
invertebrates. Therefore, numerous marine investiga
tions of complex life cycles have been forced to rely 
on fragmentary information regarding processes af
fecting: (1) larval ecology, (2) the importance of larval 
limitation in popUlation regulation, and (3) the relative 
importance of dispersal vs. susceptibility to predation 
in selecting for patterns of larval development (Thor
son 1946, 1950, Vance 1973, Pechenik 1979, Strath
mann 1980, 1985, 1986, 1993, Palmer and Strathmann 
1981, Grant 1983, Jablonski and Lutz 1983, Babcock 
et al. 1986, Hines 1986, Jablonski 1986, Jackson 1986, 
Gaines and Roughgarden 1987, Olson and McPherson 
1987, Davis and Butler 1989, Mitton et al. 1989, Stoner 
1990). With the exception of studies on ascidian larvae 
(e.g., van Duyl et al. 1981, Olson 1983, Grosberg and 
Quinn 1986, Young 1986, Olson and McPherson 1987, 
Young and Bingham 1987, Davis and Butler 1989, 
Stoner 1990, Bingham and Young 1991), most previous 
investigations of larval ecology have focused on in
vertebrate groups in which chemical defenses are rare 
and in which larvae are usually planktotrophic rather 
than lecithotrophic (Young and Chi a 1987). Thus, be
cause marine larvae from diverse taxa were commonly 
identified as prey of both benthic and pelagic plank
tivores (Young and Chia 1987), and because some stud
ies demonstrated that predation on larvae could be in
tense and have dramatic effects on the distribution and 
abundance of adults (Gaines and Roughgarden 1987, 
Olson and McPherson 1987), many investigators have 
assumed that virtually all larvae are suitable prey for 
most generalist planktivores. This reasonable, but rel
atively untested, assumption played a critical role in 
the formulation of hypotheses and theoretical models 
focused on factors affecting the evolution of life history 
patterns among marine invertebrates (see Vance 1973, 
Strathmann 1980, 1985, 1986, 1993, Rumrill 1990). 


In conflict with the assumption of universal larval 
palatability, our feeding assays demonstrate that larvae 
from some groups of marine invertebrates are broadly 
distasteful to fishes (e.g., Caribbean sponges, Figs. lA 
and 2A), while larvae from other groups generally ap
pear palatable (e.g., hard corals, Fig. 5). Larval pal
atability can, however, vary considerably between spe
cies within a group, or possibly even between individ
uals within a species (e.g., gorgonian larvae, Figs. 3 
and 4; however see Knowlton [1993] for examples of 
how our within-species contrasts may really be gen
erated by unrecognized sibling species). The great dis
parity in larval palatabilities identified in this study, 
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FIG. 8. Consumption by the Caribbean wrasse Thalassoma bifasciatum and the temperate pinfish Lagodon rhomboides 
of control food pellets and treatment food pellets containing larval or adult crude extracts from Caribbean sponges (Callys
pongia vaginalis, Calyx podatypa, and Ectyoplasiaferox) and temperate invertebrates (the bryozoan Bugula neritina and the 
hydroid Eudendrium carneum), respectively. Control food pellets were a squid-based food, and treatment pellets consisted 
of the squid-based food plus the larval or adult crude extract at its natural volumetric concentration. The number of replicates 
for each assay is shown at the base of each bar on the histogram. Other symbols are as in Fig. I. Data for Ectyoplasia ferox 
adults are from Pawlik et al. (1995). 


and in results of previous studies on invertebrate egg 
and larval chemical defenses (Lucas et al. 1979, Young 
and Bingham 1987, McClintock and Vernon 1990, 
Lindquist et al. 1992), forcefully argues for a re-eval
uation of the general perception that most marine larvae 
are suitable prey for most planktivores. Our findings 
that many larvae are unpalatable and remain undam
aged following attack and rejection by fishes should 
allow further refinements in theoretical models ex
ploring the evolution of invertebrate life history pat
terns. As one example of how such data can affect 
theoretical efforts, when stage-specific differences in 
larval susceptibility to predation were demonstrated for 
planktotrophic invertebrates (Rumrill et al. 1985, Pen
nington et al. 1986), this realization altered the form 
of theoretical analyses exploring relationships among 
adult fecundity, parental investment per embryo, du
ration of the free-swimming larval stage, and rate of 
larval mortality (Rumrill 1990). 


Because brooded larvae that develop using yolk (lec
ithotrophs) rather than by feeding in the plankton are 
typically large, easy to see, and lack morphological 
characteristics that diminish fish predation on longer 
lived, planktotrophic larvae (Pennington and Chia 
1984, Morgan 1989), their survival in habitats teeming 
with planktivorous fishes frequently may depend on 
chemical defenses. Our feeding assays (Figs. 1-4, 6, 
and 7) demonstrate that lecithotrophic larvae from nu
merous species of sponges, hydroids, gorgonians, and 


bryozoans are distasteful to co-occurring fishes and that 
their distastefulness can be due to chemical defenses 
(Fig. 8). Additionally, for the taxa we studied, the dif
fering proportion of brooding vs. broadcast-spawning 
invertebrates with distasteful larvae (83 vs. 31 %, re
spectively) strongly suggests that longer lived larvae 
of broadcast-spawning invertebrates are typically more 
palatable to fishes than the more rapidly settling larvae 
of sessile invertebrates that brood. Although Olson and 
McPherson (1987) found that intense fish predation on 
large brooded larvae of the ascidian Lissoclinum pa
tella effectively excludes this animal from reef areas 
to which it is physiologically suited, our study, as well 
as ones by Young and Bingham (1987) and Lindquist 
and co-workers (1992), suggests that the large con
spicuous larvae of many sessile benthic invertebrates 
are chemically defended and thus well adapted to con
sumer-rich habitats. 


In addition to distastefulness, other larval charac
teristics can sometimes provide defense against pre
dation. These include: (1) larval brooding inside the 
adult or egg placement in tough capsules or gelatinous 
masses (Thorson 1946, 1950, Mileikovsky 1971, Pech
enik 1979), (2) escapes in space and time (Forward 
1976a, Forward and Cronin 1978, Robertson and How
ard 1978, Babcock et al. 1986, Christy 1986), (3) mor
phological defenses (Pennington and Chia 1984, Mor
gan 1989), (4) larval evasion behaviors elicited by 
predators (Singarajah 1969, 1975, Forward 1976b, 







442 NIELS LINDQUIST AND MARK E. HAY Ecological Monographs 
Vol. 66, No.4 


1977, Rumrill et al. 1985, Pennington et al. 1986), and 
(5) small body size and transparency (Brooks and Dob
son 1965, Zaret and Kerfoot 1975, Hobson and Chess 
1976, Lindquist et al. 1992). 


Chemical defenses of invertebrate larvae 


Over the past three decades, chemical investigations 
of adult marine invertebrates showed that relatively 
soft-bodied sponges, hydroids, gorgonians, soft corals, 
bryozoans, and ascidians contain an enormous variety 
of bioactive secondary metabolites (Faulkner 1993). 
Numerous studies under both laboratory and field con
ditions have demonstrated that these secondary com
pounds commonly function as defenses against con
sumers (Paul 1992, Pawlik 1993, Pawlik et al. 1995). 
In contrast, there are few reports of secondary metab
olites from morphologically defended or highly mobile 
invertebrates such as shelled gastropods, crustaceans, 
scleractinian corals, and polychaetes (Faulkner 1993). 
This observed distribution of secondary metabolites 
suggests that mobility, hard body parts, and, in some 
instances, the ability to fight off predators may have 
reduced selection for chemical defenses among these 
invertebrates. Slow-moving echinoderms that produce 
saponins (i.e., asteroids and holothurians), which can 
defend both larval and adult stages, constitute an ex
ception to this general pattern for mobile invertebrates 
(Lucas et al. 1979, Bingham and Braithwaite 1986, 
McClintock and Vernon 1990, Paul 1992). 


Early studies suggested that embryos were doomed 
to be "tasty" (Orians and Janzen 1974) because rapidly 
developing young tissues and toxic chemicals were bi
ologically incompatible. However, recent marine stud
ies have demonstrated that larvae can be chemically 
defended by toxic metabolites (Lindquist et al. 1992, 
Lindquist and Hay 1995), and we commonly found 
chemically defended larvae among the diverse inver
tebrates that we assayed. Larval chemical defenses 
against fishes occurred in each of the three sponges 
(CaUyspongia, Calyx, and Ectyoplasia), one bryozoan 
(Bugula), and one hydroid (Eudendrium) that we chem
ically examined (Fig. 8). Because extracts from un
palatable larvae were deterrent in each of the five spe
cies we tested and because these tests included three 
different invertebrate groups, we suspect that other dis
tasteful larvae are defended by similar means. 


Chemically unpalatable larvae are common in un
related, but chemically rich, taxa of sessile inverte
brates. This observation suggests that the ability of 
adults to produce noxious compounds is coupled to a 
species' ability to defend chemically its larval stages. 
In some species, however, production of defensive me
tabolites in larval stages may be decoupled from pro
duction of adult defenses. Indeed, in the five species 
for which we examined both larvae and adults, larval 
extracts deterred fishes in all cases, while adult extracts 
deterred feeding in only three of five cases (Fig. 8). 
For adults of some species, physical features such as 


mineralized skeletons, spicules, or tough structural fi
bers may provide sufficient protection against predators 
(Gerhart et al. 1988, Harvell et al. 1988, Van Alstyne 
and Paul 1992, Van Alstyne et al. 1992, 1994; but see 
Lindquist et al. 1992, Chanas and Pawlik 1995) and 
thus diminish the need for chemically based defenses 
in adults. Alternatively, structural and chemical de
fenses could act synergistically in adults and lessen the 
need for high levels of chemical defenses alone (Hay 
et al. 1994). 


The sponges Ectyoplasia and Xestospongia densely 
pack developing embryos and larvae into gelatinous 
masses that are released onto the reef. Many other 
sponges (Ayling 1980, Fromont 1988, Fromont and 
Bergquist 1994) and nudibranchs (Pawlik et al. 1988) 
exhibit similar patterns. Pawlik and co-workers (1988) 
showed that the bright pink egg masses of the Spanish 
Dancer nudibranch Hexabranchus sanguine us were 
chemically defended against fishes, and we found that 
the bright orange egg masses of Ectyoplasia were also 
chemically unpalatable (Fig. 8). 


Patterns of spawning, larval palatability, and 
accessibility to predators 


Because larvae of sessile invertebrates that brood are 
generally large enough to be easily detected by day
active fishes and typically may remain near the bottom 
where predation by fishes can be intense, they likely 
experience strong selection to deter or avoid fishes. In 
contrast, eggs, embryos, and early stage larvae of ex
ternal fertilizers are commonly smaller than brooded 
larvae, are frequently buoyant, and often float away 
from the bottom. Consequently, broadcast-spawned 
egg and larval stages may experience less intense se
lection to deter feeding by benthic fishes. This hy
pothesis was supported by our findings that distasteful 
larvae were significantly more common among brood
ing than broadcast-spawning species. 


Marine invertebrates that brood may do so on their 
external surfaces or, more commonly, within adult tis
sues. Invertebrates that brood larvae on their external 
surfaces, such as some gorgonians (Brazeau and Lasker 
1990) and soft corals (Benayahu and Loya 1983, Alino 
and ColI 1989), produce larvae that are easily acces
sible to fishes. In these species, developing larvae are 
often present in large numbers and commonly adhere 
to adult surfaces for 3-5 d. Because these larvae would 
be easy for consumers to find and harvest (they were 
for us), larval defenses may be especially important 
for species that surface brood. Our findings are con
sistent with this hypothesis. When fed to fish, surface
brooded gorgonian larvae from the two species of Bri
areum were generally unpalatable, although Stegastes 
differed from Thalassoma in consuming larvae of the 
encrusting form of Briareum (Figs. 3A and 4). In con
trast to the general distastefulness of these surface
brooded gorgonian larvae and of internally brooded 
larvae from Eunicea mammosa, larvae from four of the 
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six gorgonian species that are synchronous broadcast 
spawners were readily eaten (Fig. 3). These broadcast
spawning gorgonians all spawn at night when visually 
acute fishes are inactive. Thus, nocturnal spawning pro
vides an escape from day-active fishes and therefore 
likely diminishes selection for larval chemical defens
es, even though adult stages of broadcast-spawning 
gorgonians can be chemically defended (Pawlik et al. 
1987). Most hard corals also spawn at night and have 
relatively large eggs and larvae that are palatable to 
fishes (Fig. 5, Westneat and Resing 1988). Unlike Ca
ribbean gorgonians, Caribbean hard corals rarely con
tain unusual secondary metabolites (Faulkner 1986, 
1992), and may, therefore, be unable to defend chem
ically their gametes or larvae. Additionally, mass syn
chronous spawning among many benthic invertebrates, 
including gorgonians and hard corals, could further di
minish losses to predators by satiating local plankti
vores that feed at night (Harrison et al. 1984, Bowden 
et al. 1985, Babcock et al. 1986, Benayahu and Loya 
1986, Westneat and Resign 1988). 


In contrast, brooding sponges, hydroids, ascidians, 
and bryozoans that produce distasteful larvae (Figs. 1-
7, Young and Bingham 1987, Lindquist et al. 1992) 
often release their larvae during daylight hours (Ap
pendix C, Svane and Young 1989; N. Lindquist, un-


o published data) when larvae would be most apparent 
to fishes. Existence of this pattern suggests that there 
may be some advantage to daytime release once pre
dation has been diminished by larval chemical defenses 
(see Discussion: Larval palatability and timing of set
tlement below). 


Prey pigmentation also affects susceptibility to fish 
predation by making prey more visually obvious (Zaret 
and Kerfoot 1975, Hobson and Chess 1976). However, 
Young and Bingham (1987) showed that bright pig
mentation of chemically distasteful larvae could func
tion as warning coloration to fishes. They suggested 
that aposematic coloration might be common among 
chemically defended larvae. Results of our investiga
tion support their hypothesis in that 60% of the species 
with unpalatable larvae (12 of 20 species) were brightly 
colored (bright red, orange, or yellow), while none of 
the species with palatable larvae (0 of 10 species) were 
brightly colored (Appendix C, P = 0.0015, Fisher's 
exact test), although some were faint shades of pink, 
brown, lavender, orange, or yellow. 


Larval palatability and timing of settlement 


Despite the predation risks associated with day-ac
tive larvae, daytime settlement might be advantageous 
for sessile invertebrates because it would allow their 
larvae to use strong photic cues in selecting appropriate 
habitats for their benthic stages. As an example, Olson 
(1983) demonstrated that newly settled ascidians on 
shallow patch reefs died within days when exposed to 
full or UV-filtered sunlight, while shaded juveniles at 
the same depth (=2 m) survived. Based on these ob-


servations, he proposed that midday larval release, rap
id settlement, and photonegative behavior at settlement 
allowed larvae of tropical ascidians to choose photi
cally appropriate settlement sites during times when 
light stress would be most intense. Selecting settlement 
sites based on photic cues should be difficult, if not 
impossible, at night. Among colonial ascidians, vir
tually all larvae are released and likely settle during 
daylight hours (Hurlbut 1988, Svane and Young 1989, 
Bingham and Young 1991). Distastefulness is also typ
ical of conspicuous ascidian larvae in tropical habitats 
(Young and Bingham 1987, Lindquist et al. 1992). 


Because juvenile sponges (Caliyspongia, Mycale, 
Niphates, Pseudoceratina, and Tedania) settling on ex
posed substrates in shallow water (down to at least 3 
m) are quickly killed by natural levels of UV radiation 
(N. Lindquist, unpublished data), daytime larval re
lease and settlement also should be advantageous for 
many tropical sponges. The general distastefulness of 
sponge larvae (Figs. 1 and 2) would allow them to 
evaluate settlement sites during daylight hours without 
undue risk of fish predation. At least 5 of the 11· sponge 
species we studied (Caliyspongia, Mycale, Niphates, 
Pseudoceratina, and Tedania) release larvae during 
daylight hours (Appendix C). No data are available on 
timing of larval release for the other six sponge species 
used in our study, but daytime spawning has been ob
served for other sponges (Ayling 1980, Hoppe and 
Reichert 1987, Fromont 1988, Fromont and Bergquist 
1994). We do not know how long sponge larvae swim 
before settling under field conditions, but in clean plas
tic dishes in the laboratory, these larvae typically set
tled and metamorphosed within 24 h of spawning (N. 
Lindquist, personal observation). Laboratory studies 
have tended to overestimate the length of the free
swimming period for ascidian larvae (van Duyl et al. 
1981, Olson 1983); this could also be true for sponges. 


Larval survivorship after attack and rejection by 
predators 


Because of their modular body plans, colonial in
vertebrates can tolerate some tissue loss to predators 
without a large reduction in fitness (Jackson 1977, 
1985, Ayling 1981, Davis 1988). Their larvae, how
ever, are functionally solitary individuals and small 
enough to be entirely consumed in a single bite by 
planktivorous fishes. An intriguing outcome of our 
feeding assays was that distasteful larvae rarely ap
peared damaged, even after enduring multiple attacks 
by fishes. Additionally, sponge, hydroid, and bryozoan 
larvae attacked and rejected by fish settled and meta
morphosed at rates statistically indistinguishable from 
unattacked controls (Figs. 1B, 2B, 6B, and 7B). Young 
and Bingham (1987) noted a similar outcome for chem
ically defended larvae of an ascidian that were attacked 
and rejected by the pinfish Lagodon rhomboides. If, 
under natural conditions, the survival of distastefullar
vae is high, this has important implications for the de-
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mography of some sessile invertebrates and the evo
lution of larval chemical defenses. Results of our study 
and of in situ observations of ascidian larval behavior, 
survival, and settlement (Davis and Butler 1989, Bing
ham and Young 1991) suggest that population bottle
necks might occur most frequently at the juvenile rather 
than the larval stage for many sessile benthic inver
tebrates with unpalatable larvae that settle soon after 
spawning. In contrast, several studies of benthic in
vertebrates with palatable larvae (Bernstein and Jung 
1979, Gaines and Roughgarden 1987, Olson and Mc
Pherson 1987, Young and Chia 1987) indicate that in
tense predation can reduce the number of larvae enough 
to affect the distribution and abundance of adults. 


Because the survival of larvae attacked and rejected 
by fishes was uniformly high, selection for character
istics that decrease larval palatability to predators could 
occur at the level of an individual larva. Thus, it is not 
necessary to evoke group-selection or kin-selection ar
guments to explain the evolution of larval chemical 
defenses. However, because philopatry (Le., settling 
near one's parents) appears common among colonial 
benthic invertebrates (Jackson 1986) and can result in 
dense, genetically closed populations (Grosberg and 
Quinn 1986, Davis and Butler 1989, Brazeau and Har
vell 1994), kin selection could facilitate the evolution 
of chemical defenses in both larval and adult stages. 


Conclusions 


Among benthic invertebrates, postsettlement survi
vorship has been proposed to be enhanced by both in
creasing larval size and decreasing the distance of lar
val dispersal (Jackson 1985, 1986). These character
istics would, however, potentially increase larval ap
parency to benthic fishes. Because of their large size, 
lack of morphological defenses, inability to elude pred
ators, and frequent daytime presence on the reef, quick
ly settling larvae of many brooding sessile inverte
brates could profit from being distasteful to fishes and 
other planktivores. Results of our feeding assays with 
sponge, gorgonian, hydroid, and bryozoan larvae (Figs. 
1-4,6-7), and separate studies of ascidian (Young and 
Bingham 1987, Davis and Butler 1989, Lindquist et al. 
1992) and asteroid (Yamaguchi 1973, 1974, Lucas et 
al. 1979, McClintock and Vernon 1990) larvae all dem
onstrate that larvae of many taxonomically diverse in
vertebrates are commonly distasteful to benthic fishes. 
Their unpalatability can often be attributed to chemical 
defenses (Lucas et al. 1979, Young and Bingham 1987, 
McClintock and Vernon 1990, Lindquist et al. 1992; 
Fig. 8), which also are common in adult stages of these 
invertebrates (Pawlik et al. 1987, Paul 1992, Pawlik 
1993, Pawlik et al. 1995). 


When large conspicuous larvae are distasteful, they 
can stay near the bottom, co-occur with fishes, and yet 
not be consumed. Having chemically defended larvae 
should allow species to exhibit reproductive and larval 
characteristics selected more by the fitness-related con-


sequences of larval development mode and dispersal 
distance than by the necessity of avoiding benthic fish
es by producing larvae that are night active or that 
move away from benthic habitats and develop in the 
plankton. Our findings that unpalatable larvae are most 
common among invertebrates that brood rather than 
broadcast spawn and whose larvae appear to settle lo
cally near adults rather than to disperse over long dis
tances are supportive of hypotheses advanced by Jack
son (1986) and Strathmann (1980, 1985, 1993). Jack
son argued that retention of larvae near parental hab
itats would often enhance fitness more than having 
larvae broadly dispersed in the plankton, and Strath
mann argued that the evolution of broadly dispersing 
planktotrophic larvae may have arisen more from the 
need to escape predator-rich benthic habitats than from 
advantages of long-distance dispersal. Additional stud
ies on the palatability of larvae from taxonomically 
diverse benthic invertebrates should provide a more 
thorough understanding of (1) factors affecting the sur
vival of invertebrate larvae, (2) larval chara~teristics 
purported to deter predators, and (3) factors promoting 
the diversity of life history strategies among marine 
invertebrates. 
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APPENDIX A 


Ecological Monographs 
Vol. 66, No.4 


Collection sites, depths, and seasons for benthic invertebrates and larval predators used in this investigation. 


Species Collection site Depth (m) Season 


Caribbean sponges 
Callyspongia vaginalis Conch Reef, Pickles Reef, Florida 2-30 Oct 1991; Aug 1993 
Cdlyx podatypa Little San Salvador, Bahamas 25-30 Jul 1992 


Conch Reef, Florida 25-30 Aug 1992 
Monanchora unguifera Pickles Reef, Florida 10-12 Jul 1993 
Mycale laxissima Three Sisters Reef, Florida 3-6 Jul 1993 
Niphates digitalis Conch Reef, Pickles Reef, Florida 6-30 Aug 1992; Jul 1993 
Pseudoceratina crassa Three Sisters Reef, Florida 5-6 Jul 1993 
Ptilocaulis spiculifera Chub Cay, Bahamas 15-25 Jul 1992 
Tedania ignis Jewfish Creek, Key Largo, Florida 1-2 Aug 1993 
Ulosa ruetzleri Conch Reef, Florida 20-30 Aug 1992 
Ectyoplasia ferox Conch Reef, Florida 20-30 Aug 1992 
Xestospongia muta Conch Reef, Florida 20-30 Aug 1992 


Caribbean gorgonians 
Briareum asbestinum-E Three Sisters Reef, Florida 3-6 Jul 1993 
Briareum asbestinum-U Three Sisters Reef, Florida 3-6 Jul 1993 
Eunicea mammosa Pickles Reef, Florida 3-4 Jun 1992, 1993 
Eunicea tourneforti Pickles Reef, Florida 3-4 Aug 1992, 1993 
Erythropodium caribaeorum Three Sisters Reef, Florida 3-6 Aug 1993 
Plexaura flexuosa Pickles Reef, Florida 3-4 Aug 1993 
Plexaurella dichotoma Pickles Reef, Florida 3-4 Aug 1993 
Pseudoplexaura porosa-A Three Sisters Reef, Florida_ 3-6 Jul 1993 
Pseudoplexaura porosa-B Three Sisters Reef, Florida 3-6 Aug 1993 


Caribbean corals 
Agaricia agaricites Pickles Reef, Florida 5 Jul 1993 
Porites astreoides Pickles Reef, Florida 5 Jul 1993 
Siderastrea radians Pickles Reef, Florida 2-4 Aug 1993 


North Carolina sponges 
Adocia tubifera Radio Island Jetty, Beaufort, North Carolina 2-5 Jun 1991, 1992 
Ulosa ruetzleri rock ledge, Wrightsville Beach, NC 17-19 Sep 1992 


North Carolina hydroids 
Eudendrium carneum Radio Island Jetty, Beaufort, North Carolina 2-5 Jun, Sep 1991 
Corydendrium parasiticum rock ledge, Wrightsville Beach, North Carolina 17-19 Jul 1991 


North Carolina bryozoan 
Bugula neritina Radio Island Jetty, Beaufort, North Carolina 2-5 Jul 1991, Jun 1992 


North Carolina ascidians 
Aplidium constellatum Radio Island Jetty, Beaufort, North Carolina 2-5 Jun, Jul 1991 
Aplidium stellatum Radio Island Jetty, Beaufort, North Carolina 2-5 Jun, Jul 1991 
Eudistoma carolinensis Radio Island Jetty, Beaufort, North Carolina 2-5 Aug 1991 


Larval predators 
Thalassoma bifasciatum various reefs in Bahamas, Pickles Reef, Florida 2-10 collected as needed 
Stegastes partitus Pickles Reef, Florida 2-10 collected as needed 
Lagodon rhomboides seagrass beds, Morehead City, North Carolina 1 collected as needed 
Monocanthus ciliatus seagrass beds, Morehead City, North Carolina 1 collected as needed 
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APPENDIX B 
LARVAL COLLECTION METHODS 


Sponges 


A) Adocia tubiJera, Callyspongia vaginalis, Calyx poda
typa, Monanchora unguiJera, Niphates digitalis, Ptilocaulis 
spiculiJera, Ulosa ruetzleri.-In the field, reproductive col
onies were identified by having round or oval-shaped bodies 
embedded in the tissue. Portions of reproductive colonies 
were bagged underwater and transported to the laboratory. 
Released larvae were concentrated by pouring water from the 
bags through a 100-fLm Nitex sieve. Sponges were then dis
sected to expose additional brooding chambers, and larvae 
that swam free were collected. 


B) Reproductive colonies identified as above, but: (1) Myc
ale laxissima adults were dissected in the field while scuba 
diving, and released larvae were collected with a pipet, (2) 
Pseudoceratina crassa adults were placed in larval traps in 
the field, (3) Tedania ignis larvae were collected in situ by 
pulling a plankton net through the channel of a mangrove 
swamp. 


C) Gelatinous masses containing embryos and larvae of 
EctyoplasiaJerox and Xestospongia muta were collected from 
sponge surfaces in the field. 


Gorgonians 


A) Briareum asbestinum.-Encrusting and upright forms 
(see Brazeau and Harvell 1994 for a genetic description of 
these two sister species).-Portion of colonies found with 
developing embryos and larvae on the colony'S surface were 
bagged underwater and returned to the laboratory. 


B) For all other gorgonians, gravid females were identified 
by the presence of spherical bodies in their cross-sectioned 
branches. (1) For the internal brooder Euliicea mammosa 
branches from 15 to 20 colonies were sectioned into 0.5-1.0 
cm pieces in the laboratory. When these sections were sub
merged in seawater, we collected the fully developed planulae 
that swam free. (2) Eggs and embryos of the broadcast spawn
ing gorgonians Pseudoplexaura porosa-A and-B were col
lected as these animals spawned just after sunset in the field. 
A mesh net (200 fLm) held over 6-8 spawning colonies cap-


tured eggs as they floated toward the surface. Fertilization 
likely occurred as we swam between animals. The distinction 
between A and B was based on differences (A vs. B) in 
spawning times (July vs. August), larval color (white vs. tan), 
and palatability (unpalatable vs. palatable, Fig. 4). (3) For 
Erythropodium caribaeorum, Eunicea tourneJorti, Plexaura 
flexuosa, and Plexaurella dichotoma, we placed portions of 
gravid female and male colonies together in 300-L tanks. The 
seawater was recirculated with small submersible pumps and 
changed 2-3 times daily. We collected colonies 1-2 d before 
their predicted spawning dates. Spawning always occurred 
1-3 h after sunset. 


Hard corals 


Agaricia agaricites, Porites divaricata, and Siderastrea ra
dians.-In the laboratory, coral colonies approaching a peak 
in larval spawning were held collectively in a shallow water 
table or individually in l-L plastic buckets. Larvae were re
leased only at night and were collected the following morning. 
Agaricia and Porites larvae were provided by Gerry Wel
lington (University of Houston). 


Hydroids 


Corydendrium parasiticum and Eudendrium carneum.-In 
the field, reproductive colonies were identified by having ex
ternal clusters of larval brooding sacs. In the laboratory, hy
droid colonies were placed in shallow flow-through water 
tables for 2-3 d. Each day at midmorning, the crawl-away 
larvae were collected from the bottom of the water tables. 


Bryozoans and ascidians 


Bugula neritina, Aplidium constellatum, Aplidium stella
tum, Eudistoma carolinensis.-In the field, bryozoan (B. ner
itina) colonies with obvious larva-containing ovicells were 
collected. In the laboratory, we exposed bryozoan and ascid
ian colonies to bright light after keeping them in the dark 
overnight. This light shock stimulated these invertebrate to 
release larvae that we collected with a pipet. 
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APPENDIX C 


Ecological Monographs 
Vol. 66, No.4 


Some reproductive and physical features of invertebrates used in this investigation. 


Diel 
timing of 


Repro- larval or Larval 
ductive gamete Larval size§ 


Species modet releaset color (mm) 


Caribbean sponges 
Callyspongia vaginalis B day-f light gray 0.8-1.4 
Calyx podatypa B unknown yellow or white 6-8 
ft1onanchora unguifera B unknown red 1.5-2.0 
ft1ycale laxissima B day-f red 2.0-2.5 
Niphates digitalis B day-f gray 1.5-2.0 
Pseudoceratina crassa B midday-f yellow 1.5-2.0 
Ptilocaulis spiculifera B unknown red 1.5-2.0 
Tedania ignis B day-f red 0.3-0.4 
Ulosa ruetzleri B unknown orange 1.5-2.0 
Ectyoplasia ferox EM NA orange 0.1-0.2 
Xestospongia muta EM NA white 0.1-0.2 


Caribbean gorgonians 
Briareum asbestinum-E SB NA orange 3-4 
Briareum asbestinum-U SB NA orange 3-4 
Eunicea mammosa B unknown white 2-3 
Eunicea tourneforti SBS night-l pink 1.5-2.0 
Erythropodium caribaeorum SBS - night-l gray 2.0-2.5 
Plexaura flexuosa SBS night-l pink 1.5-2.0 
Plexaurella dichotoma SBS night-l tan 1.5-2.0 
Pseudoplexaura porosa-A SBS night-f white 1.5-2.0 
Pseudoplexaura porosa-B SBS night-f tan 1.5-2.0 


Caribbean corals 
Agaricia agaricites B night-f brown 1.5-2.5 
Porites astreoides B night-l brown 0.5-1.0 
Siderastrea radians B night-l white 0.5-1.0 


North Carolina sponges 
Adocia tubifera B unknown lavender 0.8-1.2 
Ulosa ruetzleri B unknown orange 1.5-2.0 


North Carolina bryozoan 
Bugula neritina B day-l brown 0.2-0.5 


North Carolina hydroids 
Eudendrium carneum B day-l orange 0.8-1.0 
Corydendrium parasiticum B day-l orange 0.8-1.0 


North Carolina ascidians 
Aplidium constellatum B day-l light orange 3-4 
Aplidium stellatum B day-l light yellow 3-4 
Eudistoma carolinensis B day-l transparent 2-3 


t B = brooder (none direct developers); EM = larvae develop within gelatinous egg masses; 
SB = surface brooder; SBS = synchronous broadcast spawner. 


t These data are based on field (f) and laboratory (I) observations; NA = not applicable for 
surface-brooding species for which larvae remain on the surface of the adult colonies for 3-5 
d or species that embed larvae in gelatinous masses where larvae develop. 


§ Measurement of the largest larval dimension. 










