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SELECTIVITY AND GROWTH OF THE GENERALIST HERBIVORE
DOLABELLA AURICULARIA FEEDING UPON
COMPLEMENTARY RESOURCES!

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

Abstract. An assumption of most optimal diet theory is that different resources are
substitutable, that is, that they are identical in all relevant aspects and so can be ranked
in value using a single currency, such as energy. However, this assumption is probably not
valid in many cases. The sea hare Dolabella auricularia (Gastropoda: Opisthobranchia:
Anaspidea) grew far better upon an ad libitum mixture of four species of algae than upon
any of the algal species alone, suggesting that algae were complementary resources. When
offered three pairs of algae in 4:1 and 1:9 ratios, Dolabella changed its foraging behavior
so that the rarer alga was preferred. Consequently, the mixtures of algae consumed were
more similar between treatments (ratios) than the mixtures of algae offered. Replicate
Dolabella were maintained on six single algal diets for 67 d and then offered the main-
tenance alga and another alga at equal abundances. Preference for a species of algae was
always higher when it was not the maintenance diet compared to when it was. These results
suggest that Dolabella actively maintains a mixed diet because it is nutritionally superior
to any single diet. An alternative hypothesis (the nonadditive toxin hypothesis) suggests
that herbivores might consume a mixed diet because a mixture of plant secondary metab-
olites is less toxic than any one metabolite alone; consequently, herbivores can consume
more total biomass of a mixed than of a single diet. However, sea hares fed single- and
mixed-species diets did not consume more of mixed diets than of single-species diets, and
animals fed a mixed diet grew better than those fed single diets even when the biomass of
algae offered was held constant. If resources are complementary, as suggested here, several
important implications follow: (1) consumers will not rank resources in any absolute way
because the value of each will depend upon what else is consumed, (2) consumer special-
ization will be opposed by the benefits of a mixed diet, and (3) consumer foraging will tend
to destabilize the resource community, because rarer resources will be disproportionately
consumed.

Key words:  algae; Anaspidea; complementary resources; Dolabella auricularia; foraging theory;

herbivory; mixed diet; Opisthobranchia, preference; sea hare; selectivity.

INTRODUCTION

Foraging theory has traditionally used energy as a
common currency to compare the value of different
food types (Schoener 1971, Pyke et al. 1977). This
approach is valid only to the extent that food types are
“substitutable” (sensu Tilman 1988), that is, that they
vary little in their nutritional composition (Westoby
1978). For many herbivores and omnivores, this con-
dition is probably not met (Pulliam 1974, Pyke et al.
1977, Morse 1980, Crawley 1983). Many herbivores
may be more limited by protein than energy; however,
attempts to explain food choices of herbivores as either
a function of the energy or of the protein content of
plants have had limited success (Paine and Vadas 1969,
Vadas 1977, Milton 1979, Bryant and Kuropat 1980,
Belovsky 1981, 1984, Owen-Smith and Novellie 1982,
Horn 1989, Neighbors and Horn 1991, Dearing and
Schall 1992). The common failure of energy or protein
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maximization models to explain food choices of her-
bivores suggests that herbivores may be concerned with
multiple aspects of food quality.

A small body of theory has developed around the
idea that consumers might be attempting to maximize
several nutrients in their diet simultaneously (Rapport
1971, 1980, Marten 1973, Westoby 1974, 1978, Pul-
liam 1975, Leon and Tumpson 1975, Covich 1976,
Belovsky 1978, Abrams 1987, Tilman 1988). If dif-
ferent foods are better sources of different limiting nu-
trients (i.e., foods are complementary resources, sensu
Tilman 1988), consumers might survive on only one
or another, but would do best on some mixture (Wes-
toby 1978). In the case of complementary resources,
the value of different food types cannot be ranked in
any absolute sense, because the value of one food de-
pends upon what else is included in the diet. Rather,
preference for a particular food should increase as its
relative availability decreases in the environment. This
feeding behavior, “negative switching” (sensu Abrams
1987), would maintain the consumer on a mixed diet
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that varies less in composition than do the available
resources, because more foraging effort is put into ob-
taining rare resources (Westoby 1974). In contrast, some
predators have been shown to increase their preference
for more common food types (“switching,”” Murdoch
1969, Oaten and Murdoch 1975) when there is a cost
(such as time spent in learning) to consuming more
than one prey type (Bence 1986, West 1986, 1988).

The importance of a ““balanced diet” is well appre-
ciated for humans and livestock (e.g., Zorrilla-Rios et
al. 1989, 1991, Chung and Baker 1991, Leeson and
Caston 1991): entire journals are devoted to the science
of nutrition. Yet, ecologists have been slow to consider
the possible importance of mixed diets in explaining
foraging choices. There is abundant anecdotal evidence
that many organisms supplement an energy-rich diet
with food items that are energy poor but rich in other
nutrients (Smith 1968, Carroll and Janzen 1973, Mor-
ton 1973, Butterfield and Coulson 1975, Gill and Wolf
1975, Morse 1975, 1980, Wolf 1975, Klumpp and
Nichols 1983, Thomas 1984, also see Turpin and John-
ston 1991). In laboratory studies, a variety of insects
has been shown to select a nutritious diet when offered
an array of artificial foods each of which was deficient
in some nutrient (Waldbauer and Bhattacharya 1973,
Waldbauer et al. 1984, Cohen et al. 1987, Simpson et
al. 1988, Chyb and Simpson 1990, Simpson and Simp-
son 1990, Simpson and White 1990, Simpson et al.
1990, 1991, Bernays and Bright 1991). However, only
a handful of similar studies has been conducted using
natural foods. These have found that a variety of con-
sumers either perform (digest, grow, reproduce, or sur-
vive) better on a mixed diet (Curtis and Hurd 1979,
MacFarlane and Thorsteinson 1980, Lobel and Ogden
1981, Krebs and Avery 1984, Watanabe 1984, Chi-
najariyawong and Walter 1990, Dall et al. 1990, Bjorn-
dal 1991, but see Larson et al. 1980, Steinberg and van
Altena 1992), or exhibit frequency-dependant selection
such that individual food types are disproportionately
consumed when rare (Greenstone 1979, Kitting 1980,
Birkeland and Neudecker 1981, Stamps et al. 1981,
Chandra and Williams 1983, Cottam 1985, Guzman
and Robertson 1989). Only rarely have both growth
on single and mixed diets and selectivity for mixed
diets been examined in a single system (e.g., Rapport
1980, Lobel and Ogden 1981).

In addition to the complementary diet hypothesis,
there is an alternative, but not mutually exclusive, hy-
pothesis that could also explain the choice of and better
performance on mixed diets. Freeland and Janzen
(1974) suggested that consumers that feed upon chem-
ically defended prey might eat a mixed diet to avoid
consuming too much of any one defensive compound.
We will call this the “nonadditive toxin” hypothesis.
It requires that the effects of different defensive com-
pounds are less than additive, so that a mixture of
compounds is less toxic than any one alone. This could
occur if different defensive compounds attacked dif-
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ferent targets in the consumer, were detoxified by dif-
ferent metabolic pathways, or reduced each other’s tox-
icity. There is evidence, for example, that some
terrestrial plant tannins can reduce the toxicity of al-
kaloids, saponins, and some other plant defensive com-
pounds (Bernays et al. 1989). More generally, the ef-
fects of many plant defensive compounds are poorly
understood and not yet predictable, especially in ma-
rine systems: compounds that are structurally very
similar can have very different effects on consumers;
different consumers can respond differently to individ-
ual compounds; and there may be little relationship
between feeding deterrence and toxicity (Hay and Fen-
ical 1988, Bernays et al. 1989, Bernays 1991, Hay 1991).
Thus, we cannot yet predict, based solely on knowledge
of the plant secondary metabolites involved, whether
the nonadditive toxin hypothesis is likely to hold in
any particular case.

Studies finding better growth on mixed diets have
rarely tested between the complementary diet and non-
additive toxin hypotheses. The nonadditive toxin hy-
pothesis suggests that a consumer fed a mixed diet will
be able to consume considerably more biomass than
it did of a single diet (Freeland and Janzen 1974). The-
oretically, if the consumer can eat a grams of diet A
and b grams of diet B over a certain time period (a and
b being set by the toxicity of the defenses), it could eat
a + b grams of a mixed diet (in practice, the actual
amount consumed might be limited to <a + b grams
by the consumer’s gut volume). Improved growth on
a mixed diet would then be the result of greater total
nutrient intake. In contrast, a consumer foraging on
complementary diets might not consume a greater mass
of a mixed diet than of a single diet. Under the com-
plementary diet hypothesis, greater growth on the mixed
diet is not the result of greater total nutrient intake,
but rather of a better mix of nutrients.

Here, we experimentally examine the importance of
a mixed diet for a single marine herbivore, the sea hare
Dolabella auricularia. We examine growth on four sin-
gle-species diets and on a mixture of all four, and
examine whether individual Dolabella change their
foraging preferences so that rarer foods are dispropor-
tionately consumed. We then perform two tests be-
tween the complementary diet and nonadditive toxin
hypotheses to explain the patterns we observed.

STUDY SYSTEM AND EXPERIMENTAL APPROACH

We worked with the sea hare Dolabella auricularia
(henceforth, Dolabella), a large (to =1 kg wet mass),
herbivorous, opisthobranch gastropod. Postmeta-
morphic Dolabella live to =16 mo, lay benthic egg
masses from which larvae hatch in 9-10 d, and have
a larval duration of at least 31 d at 24°-26°C in the
laboratory (Switzer-Dunlap and Hadfield 1977, 1979).
On the island of Guam (13°25' N, 144°55' E), Dolabella
occurs in shallow (<2 m) subtidal areas of mixed sand
and boulders.



