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Abstract

In the coastal waters of Florida (USA) tadpole larvae of the
colonial ascidian Ecteinascidia turbinata contain chemicals
which make them unpalatable to planktivorous juvenile
pinfish Lagodon rhomboides. Experiments demonstrate
that the bright orange color of E. turbinata tadpoles is
aposematic. Fish that have recently tasted larvae of E. tur
binata will not attack the palatable tadpoles of Clavelina
oblonga when the latter are dyed orange to resemble larvae
of E. turbinata. Tadpoles of E. turbinata that have been
mouthed and rejected by fish generally survive to complete
a normal metamorphosis. Individual selection explains the
evolution of aposematic coloration in E. turbinata better
than kin selection. The identity of the defensive chemical is
unknown. The unpalatable substance in larvae of E. tur
hinata is removed by dialysis, indicating that it has a
molecular weight less than 14000 d. Larvae are not acidic,
nor is the active substance denatured by boiling.

Introduction

Predation has been considered the most important source
of mortality for larvae of marine invertebrates, even
though few direct studies of predator-prey interactions ex
ist (reviewed by Thorson, 1966; Young and Chia, in press).
Some larval echinoderms have saponins or saponin-like
compounds that protect them from small fishes (Lucas et
al., 1979). Other suspected larval defense mechanisms are
behavioral or structural (Young and Chia, in press). The
assemblage of pelagic and benthic predators a larva could
encounter during its dispersal stage is diverse and probably
unpredictable. Consequently, the selective regimes favor
ing the evolution of particular defense mechanisms are
neither understood nor easily studied.

Unpalatable or toxic animals often advertise their de
fenses to would-be predators through bright, aposematic

coloration (Cott, 1957; Coppinger, 1970; Edmunds, 1974).
Although many workers have considered how natural se
lection might promote the evolution of aposematic color
ation, there have been few experimental manipulations of
suspected aposematic systems (Brower et al., 1967; Benson,
1972; Brodie and Howard, 1973; Hensel and Brodie, 1976;
Stern burg et al., 1977; Jeffords et al., 1980). Experiments
that purport to show that aposematic coloration results
from individual selection rather than kin selection (Jarvi
et al., 1981) have been criticized because experimental ani
mals showed inappropriate combinations of distastefulness
and color (Harvey and Paxton, 1981). We report an exper
imental study on aposematic coloration in the marine en
vironment, the first example of defensive chemicals in the
larvae of urochordates, and the only documented case of
chemical defenses in marine invertebrate larvae outside the
Echinodermata. We demonstrate that, although apose
rnatic coloration exists in this predator-prey system, its im
portance for survival is overshadowed by that of the de
fensive chemicals themselves, and argue that individual se
lection is the most parsimonious explanation for the
evolution of aposematic color in this system.

Ecteinascidia turhinata and Clavelina oblonga are com
mon colonial ascidians in the Caribbean Sea and the Gulf
of Mexico. Although they belong to different orders of as
cidians, their adult growth forms are convergent; adult
zooids of both species are about 2 em long and are con
nected only by posterior stolons. Tadpole larvae of E. tur
binata are large (about 4.5 mm) and contain pigment cells
with bright orange carotenoids (Lyerla et al., 1975) that dif
fer in composition from the pigments of the adults. The
orange cells, which are concentrated in the region of the
presumptive siphons, make brooded larvae and embryos
the most conspicuous part of the colony. Larvae of C. ob
longa are approximately the same size as those of E. tur
binata but are almost completely transparent. In this study,
we used these differences in larval pigmentation to de
termine experimentally if the orange coloration of E. tur
binata larvae is aposematic.
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Materials and methods

Collection

Colonies of Ecteinascidia turbinata were collected from
shallow seagrass meadows in the northern Gulf of Mexico
near the Florida State University Marine Laboratory be
tween 1983 and 1985, or from dock pilings on the Atlantic
Ocean coast near Ft. Pierce Inlet in the Indian River La
goon, Florida in 1985 and 1986. Although Clavelina ob
longa also occurred in both of these areas, only colonies
from the latter site were used in experiments. Larvae were
obtained by exposing colonies to light after about 12 h of
dark adaptation, or by dissecting them from the oviduct
and atrium of mature colonies.

We used juvenile pinfish (Sparidae: Lagodon rhom
boides) as predators in our experiments because they are
among the most common of inshore marine fishes in sea
grass meadows and near mangrove islands where both Ec
teinascidia turbinata and Clavelina oblonga occur. Inverte
brate larvae and eggs comprise about 23% of the diet in
juveniles between I and 2 ern long (Stoner and Living
ston, 1984). Such juveniles are abundant in nearshore en
vironments in the early spring (Stoner and Livingston,
1984), a time that corresponds with the major reproductive
peak of both E. turbinata and C. oblonga.

Pinfish were collected by shrimp trawl in the Gulf of
Mexico or by seine in the Indian River. Healthy individ
uals between 2 and 5 ern long were maintained in 80-liter
aquaria, where they were fed bits of shrimp or Tetra-Min?"
daily. Fish were starved for 24 h prior to the experiments.
Experiments with individual fish were unsuccessful. Fish
fed more actively and behaved more aggressively toward
food items when they were maintained in groups.

Bioassays

To assay palatability, tadpoles or other food items (e.g.
agar pellets) were pipetted into the tank one at a time, then
the response of the first fish to strike at the food item was
recorded. Where multiple treatments were to be contrast
ed, the treatments were introduced in random order. Three
behavioral categories were used to characterize the re
sponses of the fish: "acceptance" (fish consumes entire
food item), "partial acceptance" (fish consumes a portion
of the food item and ignores the remainder), and "rejec
tion" (fish mouths the food item, then expels it all).

In experiments where larvae were offered to fish, we
noted whether larvae were consumed or expelled, and also
whether rejected larvae continued swimming. In one series
of experiments, half the larvae from a culture were offered
to fish, and half were pipetted individually into a second
culture dish. Larvae rejected by fish were removed from
the aquarium by pipette and placed in a third dish. The
percentage of larvae undergoing metamorphosis was then
compared between the two groups to see if pinfish attack
increased mortality.
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To determine if the defense mechanism of Ecteinascidia
turbinata was chemical or structural, we destroyed all
structural elements by homogenizing larvae in a glass tis
sue grinder, then embedded the homogenate in pellets of
agar. This technique is similar to the ones used by Lucas
et al. (1979) and Bingham and Braithwaite (1986). Our
standardized agar mixture consisted of 20 ml of distilled
water, 1.0 g of homogenized shrimp (generally Penaeus az
leca) tail muscle, and 1.0 g of Difco Bacto-Agar'?'. The wa
ter and agar were heated to boiling, then cooled to 36°C,
at which time the shrimp and larval homogenates were ad
ded. The agar was poured into plastic petri dishes (16-ml
capacity) and allowed to cool. Pellets were cut from cooled
agar plates with a glass tube (5 or 2 mm inside diameter,
depending on fish sizes) and expelled into a tank contain
ing juvenile pin fish. Pellet experiments were run at four
different larval "concentrations" to test for dilution effects.
Each concentration was run separately, with control pellets
and pellets containing larvae being offered in random se
quence. Ultimately, the control data from all of the exper
iments were combined into a single data set and contrasted
with the other concentrations.

Aposematic coloration experiment

We determined experimentally if the orange coloration of
larvae of Ecteinascidia turbinata functions as a warning
mechanism by offering pin fish larvae of Clavelina ob
longa (normally palatable and unpigmented) that had
been dyed with Orange G stain to resemble the larvae of E.
turbinata. The absorption spectrum of Orange G was deter
mined with a Bausch and Lomb Spectronic 1001 spec
trophotometer. The artificial mimics were offered to groups
of fish that had recently tasted unpalatable larvae of E. tur
binata and also to fish that had no recent experience with
unpalatable larvae.

Chemical analyses

We tested for tunic acidity by macerating larvae on pH
paper. Larvae were prepared for elemental analysis (PIXE:
Proton Induced X-Ray Emission; Garten, 1984) by lyo
philizing individuals in glass scintillation vials. Fragments
of the dried larvae were flaked off with a glass probe, ce
mented to a specimen holder, and bombarded with a
stream of protons in a 20 MEV linear accelerator. X-ray
emission spectra were plotted by computer and tested for
fit to expected Gaussian emission curves by the chi- squar
ed test.

The approximate molecular weight of the defensive
substance in larvae of Ecteinascidia turbinata was deter
mined by dialysis. Three-hundred larvae were homoge
nized in 3 ml of distilled water, then diluted to a final vol
ume of 10 ml. Half the homogenate was incubated in a test
tube with 0.25 ml of 1.5X 10-4 M sodium azide solution
(NaN 3 ) to retard bacterial growth. The other half of the
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Table 1. Response of pinfish (Lagodon rhomboides) with different
experience levels to larvae of Ecteinascidia turbinata and to dyed
and undyed larvae of Clavelina oblonga. "Experienced" fish were
given several opportunities to consume larvae of E. turbinata less
than one hour before dyed tadpoles of C. oblongawere offered

Inexperienced E. tubinata 4 17 30 51
Experienced C. oblonga 3 5 48 56

(dyed)
Inexperienced C. oblonga 41 9 2 52

(dyed)
Inexperienced C. oblonga 33 8 II 52

homogenate was divided equally between two bags of
dialysis tubing (pore size 12000 to 14000 MW), which
were sealed with a small bubble of air and dialyzed by stir
ring for 48h in 2.5 liters of distilled water with NaN3 added
to bring the concentration to 1.5 X 10-4 M. The distilled
water was changed daily. Following dialysis, the homoge
nate in each dialysis tube was mixed with 5 ml of distilled
water, 0.5 g of homogenized shrimp muscle, and 0.5 g of
agar. The mixture was then heated to boiling and poured
into a petri dish. Other dishes were filled with un dialyzed
homogenate and agar with shrimp. The effect of dialysis on
pellet palatability was determined by the pinfish bioassay
described above.

Predator
experience
level

Prey
treatment

Response

Ac- Re- Ig-
cepted jected nored

n

Results

Responses of pinfish to ascidian larvae

Fig. 2. Ecteinascidia turbinata. Absorption spectra of E. turbinata
larval carotenoid pigment (~~-; after Lyerla et al., 1975) and
Orange G dye in seawater (- - - -)
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When offered to pinfish (Lagodon rhomboides), 89.4% of
the larvae of Ecteinascidia turbinata mouthed by fish were
spit out. The majority of larvae that were rejected con
tinued swimming; 81% (n = 37) of these attached and
underwent metamorphosis successfully. This percentage
was similar to the successful settlement rate of a control
group of larvae that had not been mouthed by pinfish (71 %
settled, n = 38). Larvae of Clavelina oblonga offered under
identical conditions were accepted by the fish in 63.5% of
the trials (Table I).

Responses of pinfish to larval homogenates

Except for a large peak in the ultraviolet region, a seawater
solution of Orange 0 stain has an absorption spectrum
very similar to that of the carotenoid found in larvae of Ec
teinascidia turbinata (Fig. 2). Larvae of Clavelina oblonga
dyed with Orange 0 closely resembled larvae of unpalat
able E. turbinata. Lagodon rhomboides learned to recognize
unpalatable larvae after relatively few strikes. Fish that had
been conditioned on larvae of E. turbinata ignored 85% of
the orange C. oblonga subsequently introduced, whereas
fish that had not been conditioned on larvae of E. turbinata

Aposematic coloration

Pinfish rejected agar pellets containing homogenates of Ec
teinascidia turbinata tadpoles but not pellets containing
homogenates of Clavelina oblonga (Fig. I). The acceptance
rate of pellets of E. turbinata was significantly (0 = 95.69;
P< 0.005) and inversely related to the number of larvae
homogenized in the pellets (Fig. I). By estimating the vol
ume of a larva from its linear dimensions, we calculated
that the defensive chemicals were effective at a concentra
tion approximately 170 times lower than they occur in the
larva. C. oblonga have no chemical defense that is effective
against pinfish (0 = 0.275, P > 0.05).,....
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accepted orange C. oblonga and unstained C. oblonga at
similarly high rates (Table I). Orange mimics were accept
ed about 15% more often than unstained tadpoles of C. ob
longa.
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Discussion

homogenates were boiled during preparation of the agar
plates. Boiling did not destroy the activity of undialyzed
homogenates (Fig. 4).

The suite of potential predators on invertebrate larvae is
numerous and diverse; it includes planktonic organisms
from many phyla as well as most larval fishes, many adult
fish, and benthic invertebrates (Thorson, 1950, 1966;
Young and Chia, in press). Moreover, because predator
populations are patchy in space and time, the intensity and
nature of predation pressure probably fluctuate on temporal
scales ranging from hours to years. In a diffuse, unpredict
able (but nevertheless intense) selective regime such as
this, defense mechanisms are unlikely to evolve unless they
are effective against an important functional group of
predators. Planktivorous fishes, which are almost ubiqui
tous in estuaries and shallow subtropical habitats (Emery,
1973; Kjelson et al., 1975; Livingston, 1984) may be the
sort of group that could promote chemical defense. A
chemical that is effective against one fish is likely to be dis
tasteful to many species, whereas structural defenses such
as spines. setae, and shells are less likely to evolve because
their efTectiveness will vary more widely with mouth size
and feeding mode of the predator.

Abundances and feeding rates can indicate the intensity
of the selective pressure exerted by small planktivorous
fishes. Individual postlarval pinfish (Lagodon rhomboides)
consume about 3.5% of their body weight daily: about 38
copepod-sized food items per day (Kjelson et al., 1975).
Although pinfish are numerically the most abundant fishes
in seagrass meadows where Ecteinascidia turbinata and
Clavelina oblonga are found (up to 349 individuals per
2-min trawl sample: Livingston. 1984; Stoner and Living
ston, 1984), at least a dozen other species of planktivorous
fishes are present. Springtime migration of pinfish and
other planktivorous fishes into the Newport River Estuary
corresponded precisely with a three-fold reduction in over
all plankton populations (Thayer et al., 1974). We do not
know whether the chemical defense of E. turbinata evolved
in response to intense predation or whether it is simply a
fortuitous byproduct of some physiological process in the
larva or adult. Regardless of its origin, the defense is ef
fective.

Our work using palatable. orange-dye larval mimics is
the first experimental demonstration of aposematic
("warning") coloration in marine invertebrate larvae.
Fishes that had recently tasted larvae of Ecteinascidia tur
binata consumed undyed but not dyed larvae of Clavelina
oblonga, whereas fish without experience did not dis
tinguish between transparent larvae and orange larvae. It
is noteworthy that larvae without an effective chemical de
fense (c. ohlonga) also lack bright carotenoid pigments.

It has been argued that selection for warning coloration
operates at the group or kin level, since prey individuals
sampled by a predator during its learning process die

o control (0 larvae)

~ dialysed homogenate

• homogenate (300 larvae)
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Larvae of Ecteinascidia turbinata macerated on pH paper
had a pH of 7.0. Elemental analysis of tadpoles revealed
significant peaks of vanadium, sulfur, iron and several
other elements (Fig. 3).

Dialysis of larval homogenates rendered them as palat
able to fish as control pellets containing no Ecteinascidia
turbinata substances (Fig. 4), whereas incubated but un
dialysed control homogenates remained unpalatable. This
indicates that the defensive chemical has a molecular
weight below 14000 d. In the dialysis experiment, all
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Fig. 3. Ecteinascidia turbinata. Proton-induced X-ray emission
spectrum of larva. Peaks corresponding to various metals are in
dicated. Significant amounts above background are denoted by a
"+"
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Fig.4. Ecteinascidia turbinata. Response of pinfish (Lagodon
rhomboides) to agar pellets containing larval homogenates and di
alysed larval homogenates
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(Fisher, 1930; Turner, 1977; Harvey and Greenwood, 1978;
Harvey and Paxton, 1981). However, some empirical evi
dence supports the notion that selection operates on indi
viduals (Jarvi et al., 1981; Sillen-Tullberg and Bryant,
1983). Our experiment provides a direct test of these two
alternatives. In the present system, the majority (81 %) of
larvae survive the learning process, and the fish retain their
recognition of unpalatable larvae for only a very short time
(Bingham and Young, unpublished data). Thus, it is hard
to envisage how group selection could result in aposematic
coloration in Ecteinascidia turbinata. If the probability of
survival decreases with successive strikes on a given larva,
then individual selection can be invoked as an explanation
for the evolution of aposematic coloration in E. turbinata,
even given the short memory of the pinfish.

We have characterized a few chemical properties of the
larvae of Ecteinascidia turbinata, but the identity of the de
fensive substance remains unknown. Stoecker (1980 a, b)
attributed low palatability of adult E. turbinata to very
high concentrations of vanadium, but her evidence is in
direct. Although vanadium is present in the larvae, we
have no evidence that vanadium is the defensive chemical.
In the dialysis experiments, vanadium should have pre
cipitated out as vanadate (K. Kustin, personal communi
cation) and complexed with organic molecules. Depending
on the sizes of these molecules, vanadate could have been
either passed or retained by the tubing. We have therefore
not eliminated vanadium as a possibility. Sulfuric acid has
been implicated as a chemical defense in some ascidians
(Stoecker, 1980a), but neither adult (Stoecker, 1980a) nor
larval E. turbinata have blood or tunic tissues with a low
pH. Adult E. turbinata contain biologically active organic
substances that inhibit tumor growth, kill cancer cells, in
hibit antibody production, and activate inflammatory re
sponses in a wide variety of organisms (Lichter et al., 1975;
Sigel et al., 1983). The substance inhibiting DNA synthesis
in leucocytes is thought to have a molecular weight over
10000 (Lichter et al., 1976). Our dialysis experiments show
that the defensive substance has a molecular weight less
than 14000. Two independent lines of evidence show that
the chemical defense is not a protein: (I) the molecular
weight of the substance is low, and (2) the substance is not
denatured by boiling.

Field observations by Olson (1987) indicate that po
macentrid fishes are major predators on the larvae of the
ascidian Lissoclinum patel/um on the Great Barrier Reef.
However, Olson (1983) also observed that larvae of Didem
num mol/e ingested by the same fish species were spit out
immediately. Larvae of both species are green in color be
cause of algal symbionts. Eudistoma olivaceum, an ascidian
which occurs sympatrically with Ecteinascidia turbinata, al
so produces large orange larvae which are not consumed
by pinfish (Bingham, unpublished data). The eggs and lar
vae of the dendrochirote holoth urian Psolus chitonoides are
deep red in color and contain substances which render
them unpalatable to the sculpin Oligocottus maculosus
(Bingham, unpublished data). The red planulae of the oc
tocoral Briareum asbestinum possess an effective chemical
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defense against fishes (Young and Bingham, unpublished
data). Thus, red or orange coloration is associated with
chemical defenses in at least three invertebrate phyla.
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