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to prevent destruction of seeds during passage through
the frugivores that normally consume their fruits. Pro-
tective coverings of seeds may be more durable than
this if they require postdispersal protection from biotic
and/or environmental factors. Results of the germina-
tion trials of Murray et al. (1994) may well demonstrate
the evolutionary influence of rapid passage of a dilute
fruit pulp on seed protective structures: a weak seed
coat. Seeds of this type may be very sensitive to ab-
normal increases in their exposure to digestive pro-
cesses.

Conclusions

The study by Murray et al. (1994) leaves unanswered
the question of whether or not bird-dispersed fruits
contain laxative chemicals. Although Witheringia fruit
juice was clearly shown to have a marked effect on the
retention time of seeds within an artificial diet, no spe-
cific chemical was identified as a laxative, nor was the
influence of dietary sugar concentration on retention
time evaluated. The ecological relevance of the strong
negative relationship between retention time of With-
eringia seeds and germination success is also unclear,
because the experimental protocol may have unnatu-
rally lengthened the retention of seeds by Black-faced
Solitaires. Future studies of the relationships between
seed retention and germination, as well as potential
chemical manipulation of seed retention within frugiv-
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orous animals, should control for energy content of the
diet. The presence and ecological consequences of lax-
atives in bird-dispersed fruits remain unresolved.
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TESTING FOR SYNERGISMS
BETWEEN CHEMICAL AND
MINERAL DEFENSES—A COMMENT

Steven C. Pennings!

Plants and animals utilize several different types of
defenses against consumers including secondary me-
tabolites, minerals (silica or calcium carbonate), tough-
ness, and low nutrient concentration. Although syn-
ergisms between different secondary metabolites are
known to occur (e.g., Berenbaum and Neal 1985, Ber-
enbaum et al. 1991, Berenbaum and Zangerl 1993),
how different types of defenses compare in importance

! University of Georgia Marine Institute, Sapelo Island,
Georgia 31327 USA.

and whether they may interact synergistically is a rel-
atively new line of inquiry (e.g., Duffy and Paul 1992).
If synergisms occur, this might help explain why dif-
ferent types of defense commonly occur together. Silica
in terrestrial plants can reduce herbivory (Gali-Muh-
tasib et al. 1992), but no studies have addressed wheth-
er secondary metabolites interact with silica. Three re-
cent papers in Ecology have addressed the question of
whether secondary metabolites and CaCO, in seaweeds
interact synergistically (Pennings and Paul 1992, Hay
et al. 1994, Schupp and Paul 1994). Hay et al. (1994)
found evidence for synergisms, but their paper also
illustrates two potential pitfalls in the design and anal-
ysis of experiments on this issue.

A synergism occurs when one defense makes another
more potent. For example, CaCO, potentially could al-
ter the pH of the gut so that a secondary metabolite
moved across membranes more easily and therefore
was more biologically active. It is not necessarily ob-
vious how to translate this physiological definition into
a statistical test. Hay et al. (1994) tested for synergisms
using a series of three paired feeding assays: (1) sec-
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ondary metabolite vs. control, (2) CaCO, vs. control,
and (3) a secondary metabolite plus CaCO, vs. control.
They tested for synergisms using an additive null hy-
pothesis: was the reduction in feeding caused by the
combination of defenses significantly greater than the
sum of the reductions in feeding caused by each defense
alone? For example, if CaCO; and a secondary metab-
olite deterred feeding by 20 and 30% respectively, the
combined defenses would have to deter feeding by sig-
nificantly more than 50% in order to be defined as
synergistic. Matching the “no synergism’ predictions
of this additive null hypothesis could require feeding
to be deterred by 101-200% if individual defenses were
highly effective. Since these results are physically im-
possible to obtain, the additive null hypothesis may
overlook many cases where physiological synergisms
do occur. Admittedly, the most interesting cases of syn-
ergisms are when individually ineffective defenses be-
come very potent in combination. Nonetheless, addi-
tive null hypotheses are of limited utility for the also
interesting situations when individual effects are rel-
atively large. A multiplicative null hypothesis would
be more appropriate because it would allow the detec-
tion of synergisms even between highly active defens-
es. In the previous example, in which consumption of
diets containing CaCO, and a secondary metabolite was
80 and 70% of consumption of control diets, the mul-
tiplicative null hypothesis predicts that consumption of
the diet containing both defenses would be 70 of 80%,
or 56% of consumption of the control diet (i.e., re-
ducing feeding by 44 vs. 50% for the additive null
hypothesis). The disparity between the predictions of
the additive and multiplicative null hypotheses increas-
es as the individual effects become larger (e.g., if in-
dividual defenses reduce feeding by 60 and 50%, the
multiplicative null hypothesis predicts that the com-
bined defenses would reduce feeding by 80%, whereas
the additive null hypothesis predicts a physically im-
possible reduction in feeding of 110%).

More generally, predicting the effect of a mixture of
defenses from their individual effects requires the crit-
ical assumption that changes in food quality lead to
proportional changes in feeding. This assumption is
likely false. For example, doubling the concentration
of a secondary metabolite often results in considerably
less than or considerably more than a doubling of feed-
ing deterrence vs. a control (e.g., Hay et al. 1987, 1988,
1989). Thus, the ““synergisms” observed by Hay et al.
(1994) could result from consumers disproportionately
avoiding less palatable foods rather than from one de-
fense making the other more potent. Although inter-
esting in its own right, this behavior would not explain
why different types of defenses often occur together:
a decrease in palatability could be obtained by increas-
ing the concentration of any single defense rather than
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by adding a second type of defense. One way to address
this concern is to incorporate concentration gradients
of each defense into the experimental design (e.g., Ber-
enbaum and Neal 1985, Frankmolle et al. 1992), al-
though this approach is more suited to exploring syn-
ergisms between different secondary metabolites. This
is because secondary metabolites occur at low and sim-
ilar concentrations; therefore, mixtures can be tested
at concentrations equimolar to individual metabolites.
CaCO,, in contrast, occurs in seaweeds at concentra-
tions up to two orders of magnitude higher than sec-
ondary metabolites.

Our understanding of synergisms is limited by our
rudimentary understanding of how many defenses af-
fect potential consumers. Understanding the physiol-
ogy involved would both lend credence to examples
and allow us to predict when synergisms should occur
in novel situations. In the case of marine organisms
this is an open field. We currently understand very little
about how secondary metabolites or CaCO, affect the
sensory system or physiology of potential consumers.
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