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EFFECT OF PLANT TOUGHNESS, CALCIFICATION, AND
CHEMISTRY ON HERBIVORY BY DOLABELLA AURICULARIA'

STEVEN C. PENNINGS AND VALERIE J. PAUL
Marine Laboratory, University of Guam, Mangilao, Guam 96923 USA

Abstract.  Most studies of feeding preferences of herbivores have focussed on the role
of plant secondary metabolites; very few studies have experimentally tested the importance
of plant toughness or calcification as feeding deterrents, although low preference has re-
peatedly been shown to correlate with these factors. Feeding preferences of the unusual
generalist herbivore Dolabella auricularia, an opisthobranch gastropod which, like many
other herbivores of that group, sequesters secondary metabolites from some algae, were
consistent with our expectation that they might not feed on algae and scagrasses that were
tough, calcified, or chemically rich. We experimentally examined the importance of each
of these three features in deterring feeding by Dolabella.

Consumption of plants by Dolabella was negatively correlated with plant toughness, as
determined by penctrometer measurements. Given a choice between two species of plants,
Dolabella always preferred the softer of the pair. However, when both species were ground
up and incorporated into soft carrageenan cakes, Dolabella were significantly less selective
in 3 of 4 cases where the tougher plant had no other known line of defense, and in 1 of 3
cases where the tougher plant also had chemical or CaCO, defenses. Frondose calcified
algac on Guam are =50% CaCO; by dry mass. CaCO; deterred Dolabella feeding at
concentrations of 28 and 50% of dry mass, but not at 16%. CaCO, occurs in algae in two
crystal structures, calcite and aragonite; both deterred Dolabella feeding. CaCO, and chem-
ical defenses of Halimeda macroloba did not interact synergistically to enhance effective-
ness. Dolabella feeding was not deterred by organic extracts from most plants, even when
offered at very high concentrations. Extracts from many of these plants had previously
been shown to deter feeding by fishes at lower concentrations. Of the 12 plants tested,
Dolabella feeding was deterred only by extracts from Caulerpa racemosa, Hormothamnion
enteromorphoides, and Halimeda macroloba. We isolated and tested the two major me-
tabolites of Caulerpa, caulerpenyne and caulerpin, and identified caulerpenyne as the de-
terrent agent.

These results indicate that Dolabella are relatively unaffected by chemical defenses and
yet are deterred by other plant defenses such as calcification and toughness. The fact that
Dolabella can sequester algal secondary metabolites may explain Dolabella’s relative in-
difference to chemically rich plant extracts.
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INTRODUCTION

In order to minimize fitness losses due to herbivory,
plants must escape, deter, or tolerate grazing (Lub-
chenco and Gaines 1981). Potential deterrents to her-
bivory include secondary metabolites (Hay and Fenical
1988). leaf hairs or algal cuticles (Pillemer and Tingey
1978. Gaines 1985), spines (Cooper and Owen-Smith
1986. Potter and Kimmerer 1988), sticky fluids that
gum insect mouthparts (Dussourd and Eisner 1988),
minerals such as silica or CaCO, (Littler et al. 1983,
Bernays and Barbehenn 1987), or simply plant tough-
ness (Steneck and Watling 1982). Of these, the pro-
duction and utilization of secondary metabolites has
received the most experimental attention, especially in
terrestrial systems, while the other factors have been
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addressed much less frequently (Bernays and Graham
1988). This has been justified on the grounds that plant
chemistry is the central factor determining herbivore
feeding choices (Ehrlich and Murphy 1988, Schultz
1988); however, the relative importance of any of these
factors has rarely been evaluated within a single system
(but see Coley 1983, Hay 1984, Steinberg 1985). The
relative importance of these factors probably varies
from system to system depending upon the nature of
the herbivores involved.

Unless adapted to do so, many herbivores probably
find it difficult to eat tough plant material (Steneck and
Watling 1982, Watson and Norton 1985, but sce Pa-
dilla 1989). Toughness in marine plants may have
evolved for other reasons, such as to maintain physical
integrity in the face of wave-induced stress, and yet
still function as an herbivore defense. Bernays (1986)
induced changes in head mass and mandibular power
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in caterpillars by raising them on diets of different hard-
nesses: caterpillars with larger heads and jaws were then
shown to be able to feed more effectively on tougher
diets. Coley (1983) found that, for tropical trees, leaf
toughness and fiber content were more correlated with
low levels of grazing than was the presence of chemical
defenses or leaf hairs. However, most studies of the
cffect of toughness on feeding have been correlative
(Littler and Littler 1980, Littler et al. 1983) rather than
experimental.

A number of marine algae are heavily calcified (Bohm
1973, Borowitzka 1977); these algae usually rank low
in preference to fish (Littler et al. 1983, Hay 1984,
Lewis 1985, Paul and Hay 1986, Wylie and Paul 1988)
and other herbivores (Littler and Littler 1980, Pen-
nings 19905, but sece Paul and Van Alstyne 1988a).
However, the presence within algae of calcification,
toughness, and chemical defenses is often correlated,
making it difficult to unambiguously infer the defensive
role of calcification from observations of feeding pref-
erences alone (Hay 1984, Paul and Hay 1986). Calcified
tissuc 1s not necessarily difficult for some herbivores
(limpets) to remove (Padilla 1989); however, it is un-
clear whether this result generalizes to other herbivores
that feed in other ways. Nevertheless, Padilla’s work
raises the possibility that it may not be toughness, but
rather some other characteristic of algal CaCO,, that
deters feeding (e.g., lower food value). To our knowl-
edge, no published studies exist in which CaCO; has
been experimentally manipulated and its effect on feed-
ing deterrence decoupled from that of toughness and
chemical defenses.

Many marine algae possess secondary metabolites
that deter feeding by fish and invertebrates (Hay and
Fenical 1988). However, responses to a single com-
pound or algal extract often differ between herbivore
species (Hay and Fenical 1988, Hay et al. 19884, Paul
et al. 1988). For example, many algal extracts that
deterred feeding by the surgeonfish Zebrasoma flaves-
cens did not deter feeding by the rabbitfish Siganus
argenteus (Wylie and Paul 1988, Paul et al. 1990).
Moreover, some small grazers have adapted to feed
upon chemically defended plants, possibly because they
subsequently avoid predation and accidental ingestion
by herbivores or because they sequester secondary
compounds from these plants that then protect them
from their own predators (Hay et al. 1987, 1988b, 1989,
1990a, b, Paul and Van Alstyne 1988a, Pennings
1990a). In addition, the feeding deterrent effect of
structurally related compounds often differs greatly (Hay
and Fenical 1988, Hay et al. 1988a). Consequently,
the effect of a given compound upon a particular her-
bivore cannot yet be accurately predicted without di-
rect tests.

The relative importance of plant chemistry, calcifi-
cation. and toughness as deterrents to herbivory has
not been experimentally examined in a single system.
Here, we examine the importance of these factors in
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deterring feeding by a generalist herbivore, the sea hare
Dolabella auricularia. Dolabella auricularia may be
atypical as a generalist herbivore, in that it can se-
quester algal secondary metabolites (Faulkner 1984,
1988). Consequently, it may be relatively little deterred
by plant secondary chemistry. We experimentally de-
couple these putative defenses to address their indi-
vidual importance, and also consider how they func-
tion in combination with each other. Our results diverge
from previous studies regarding the importance of
chemical defenses; this is probably because of the un-
usual nature of the herbivore studied.

METHODS
Study system and general methods

The opisthobranch gastropod Dolabella auricularia
(henceforth Dolabella) is a large (=20 cm and =500
g) nocturnal herbivore with a circumtropical distri-
bution. On the island of Guam (13°25’ N, 144°55" E),
Dolabella occur most abundantly in shallow (<2 m)
subtidal areas of mixed sand and boulders. Density of
Dolabella at one of our collecting sites in September
1991 was 4.75 + 4.11 individuals/200 m? (four 4 X
50 m transects, searched during the day by turning over
all moveable boulders and probing under rocks that
were too large to move). Common macroalgae at our
collecting sites include Acanthophora spicifera, Dictyo-
ta cervicornis, Dictyota bartayresii, Galaxaura oblong-
ata, Halimeda macroloba, and Padina tenuis; however,
Dolabella co-occur with all the plants used in this study.
Taxonomic authors for these and other Micronesian
algae and seagrasses (Hydrocharitaceae) may be found
in Tsuda and Wray (1977), Tsuda et al. (1977), and
Tsuda (1981). We refer to Enteromorpha clathrata and
Padina tenuis by their genus names throughout the text.
Dolabella feed and mate during the night and are in-
active under boulders or buried in the sand during the
day. Two distinct morphotypes of Dolabella occurred
in Guam: a relatively blocky morph, and, rarely, a very
agile, relatively slender morph. Only the common
blocky morph was used in our experiments.

All experiments were conducted at the University of
Guam Marine Laboratory. Algae or scagrasses (we will
refer to both as “plants”) were collected from several
locations around Guam, held in large running-scawater
aquaria, and used in experiments within 48 h of col-
lection. Plants were spun in salad spinners to remove
excess water before weighing. Dolabella were collected
from several locations around Guam, used in experi-
ments within a few days of collection, and returned to
the field. Except where indicated, all experimental trials
were conducted in replicate 20-L running-seawater
aquaria or replicate 20-L flow-through cages sub-
merged in large running-seawater tanks. Individual
Dolabella were never used more than once in any par-
ticular experiment; however, individuals were often
used in several different experiments.



