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Predation is a nearly universal pressure affecting the phenotypes of organisms as well as
the organization and functioning of communities and ecosystems. The impacts of consumers
(herbivores and predators) on population and community structure are often determined by, or
interact with, processes covered in other chapters of this volume (e.g., physical processes,
competition, recruitment). To prevent excessive overlap, we minimize focus on these
interactions and review selected examples of direct effects of consumers on prey, and of the
indirect consequences of these effects for communities and ecosystems. We focus primarily on
organism-level interactions between consumers and prey, and on their adaptive responses to one
another.

Consumer pressure isintense in many marine ecosystems. In subtidal marine
communities such as coral reefs or kelp beds, for example, herbivory is commonly one of the
primary forces determining the distribution and abundance of plants, and often the species
composition and diversity of the entire community. Indeed, in numerous marine systems, the
activity of consumers so dramatically aterslocal communities that these systems change
fundamentally when consumers are removed. For example, herbivorous fishes or sea urchins can
remove approximately 100% of daily algal production on shallow coral reefs (Carpenter 1986),
with herbivorous fishes sometimes taking more than 150,000 bitessm?day (Fig. 1). These fishes
and urchins keep reefs largely devoid of macroalgae and allow corals to flourish by reducing
competition from the more rapidly growing seaweeds (Lewis 1986, Miller 1998). Asthese
herbivores severely declined around the Caribbean island of Jamaica due to a combination of
overfishing and urchin disease, coral reefs suffered severe overgrowth by seaweeds and live coral
cover declined from more than 50% to |ess than 5% throughout this entire island nation (Hughes
1994, Fig. 2). Removing herbivores from these habitats converted species-rich, structurally
complex coral reefsinto a completely different community dominated by alimited number of
seaweeds.

Herbivores have equally dramatic impacts in temperate systems. Numerous ecological
and paleontological studies show that subtidal benthic communities in the temperate northeastern
Pacific shift from sea urchin-grazed barrens to lush kel p beds depending on the presence or
absence of sea otters, which selectively forage on sea urchins and molluscan herbivores, reducing
grazer biomass, and allowing kelps to flourish (Estes and Palmisano 1974, Simenstad et al. 1974,
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Dugginset al. 1989, Estes and Duggins 1995, Estes et al. 1998). Where otters have been
removed from kelp communities by hunting or predation, urchin densities increased, urchins
drove kelps to local extinction (Fig. 3), and fishes, kelp-associated invertebrates, and seals or sea
lions that feed on kelp-bed fishes also declined dramatically. Because kelp beds normally export
organic matter to other nearby communities (Duggins et a. 1989), these adjacent systems and
their species (e.g., bivalvesto bald eagles) are impacted aswell. Thus, in the reef example,
grazers increased diversity by removing seaweeds and allowing corals to produce the biogenic
structure that enhances reef biodiversity, while in the kelp-bed system grazers directly removed
the major biogenic structure (kelps) and caused a decline in biodiversity, productivity, and
transport of kelp-derived resources to associated near-shore communities.

Similarly pervasive system-level impacts of consumers have been documented in pelagic
communities. A spectacular example is the unwitting manipulation of the Subarctic Pacific
pelagic zone by release of pink salmon from hatcheries. In (alternating) years when pink salmon
are abundant in this region, zooplankton are rarer and phytoplankton more abundant (Shiomoto
et al. 1997). These observations of strong top-down control in a pelagic ecosystem lend credence
to suggestions that whaling could have allowed large population increases in their prey, krill,
with concomitant changes el sewhere in the food-web, pushing back to the last century the time
when human impacts on consumers began to change the oceans on a very large scale. Indeed
Jackson (1997) has marshaled evidence that human hunting of green turtles, manatees, and other
formerly abundant megafauna began to change Caribbean marine ecosystems shortly after
Europeans arrived in the region in the 16" century. It is clear that current fishing has global-scale
impacts because the mean trophic level of animals harvested from the seais decreasing (Pauly et
al. 1998).

HOW DO PREY DEAL WITH CONSUMER PRESSURE?
Escapesin space, time, or size
The intensity of consumer pressure common in marine systems should exert strong
selection on prey to avoid being eaten. Escape from consumers often entails avoidance in time, in
space, or in both time and space. An especially impressive example involves the daily vertical
migrations of zooplankton. The pelagic zone offerslittle structure to shield prey from visually
orienting predators so that many zooplankters undertake vertical (in the open ocean) and
horizontal (in estuaries) migrations to avoid predators. Indeed the daily vertical migration of
zooplankton and small nekton (e.g., fishes, squids, and shrimps) is one of the most conspicuous
biological phenomena of the open oceans. Many such animals forage in food-rich surface waters
at night and migrate 10s to 100s of m downward (>800 m in the salp Salpa aspersa, Wiebe et al.
1979) into dimmer waters each day during those periods when the visually hunting predators of
surface waters are most active. Several observations suggest that this behavior functions
primarily to avoid predation. Vertical migrations are more pronounced in large and strongly
pigmented species, which are more conspicuous to visual predators (Hays et al. 1994). Vertical
migration of copepods can be induced by exposure to predatory fishes in enclosures (Bollens and
Frost 1989a). And finally, there are seasona and interannual correlations between predatory fish
abundance and the strength of vertical migration (Bollens and Frost 1989b, Hays 1995). These
consumer-induced migrations have important consequences for global ocean biogeochemistry, as
the migrants transport materials from the euphotic zone to the deep ocean (Longhurst et a. 1989,
Hayset al. 1997).
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Planktonic larvae of many estuarine crabs similarly reduce their risk of predation by
undertaking large-scale horizontal, rather than vertical, migrations. Field surveys of predator
abundance and gut contents showed that fishes that eat crab larvae are predictably more abundant
in estuaries than in coastal waters during summer when crab zoeae are released (Morgan 1990).
Most estuarine crab species efficiently move their vulnerable larvae out of dangerous estuarine
waters by releasing larvae during spring high tides at night; this serves to transport them rapidly
to deeper, safer waters without detection by visual predators (Morgan and Christy 1997). Asis
true of vertically migrating copepods in the open ocean (Hays et al. 1994), species of crab larvae
that are more heavily pigmented enter predator-rich waters primarily during darkness, whereas
those that are exposed during daylight are more transparent (Morgan and Christy 1997).

Sessile prey that cannot migrate between habitats can still exploit predictable temporal
variance in consumer activity to escape in time. Several seaweeds seasonally shift morphologies
in ways that minimize losses to herbivores (Lubchenco and Cubit 1980). For example, temperate
herbivores are often active primarily during the summer, and several genera of algae have life
histories that capitalize on these seasonal changesin grazing pressure. Complex life histories,
involving aternation of morphologically distinct generations that differ in growth potential and
resistance to herbivores, are common among seaweeds (Ulothrix, Urospora, Petalonia,
Scytosiphon, Bangia, and Porphyra are examples). Upright forms of these species are good
competitors but are more susceptible to herbivores and occur primarily during seasons when
herbivore activity islow. The less competitive, but more herbivore-resistant, crustose forms
dominate during seasons when herbivores are active. Though upright forms normally occur in
the field only during winter when herbivore activity is suppressed, these forms persist during the
summer if grazers are experimentally excluded (L ubchenco and Cubit 1980).

Some species can also shift morphology very rapidly (within afew days), without the
shift being tied to life-cycle stages, and can do so in direct response to the recent history of
herbivore activity. Working on a Caribbean reef, Lewis et al. (1987) demonstrated such a
dramatic shift in the brown seaweed Padina jamaicensis. In areas heavily impacted by grazing
fishes, Padina grew as an uncalcified turf of small, irregularly branched creeping axes that had a
single apical cell and that were closely adherent to the substratum. On areas of the reef where
herbivory was dight, Padina grew as a calcified, upright, and foliose blade that was generated by
meristematic cells along the entire leading edge of the fan-shaped blade. Because of their
morphological dissimilarity, these two forms had at times been assigned to separate genera.
When herbivorous fishes were excluded from portions of the reef for aslittle as 96 h, the
uncalcified turf form shifted to the calcified upright form. Transplant and caging experiments
showed that the upright form grew rapidly, reproduced, and was a superior competitor, but it was
highly susceptible to removal by herbivorous fishes. In contrast, the turf form could persist in
areas of high herbivore impact, but it did not competitively exclude other reef species, and it was
never observed to reproduce sexually.

Seaweeds may also minimize herbivore damage by flushing their new, most palatable
growth during periods of predictably low herbivory. An extreme exampleisthe tropical alga
genus Halimeda, which synchronously produces its youngest, and most nutritious, portions only
at night while herbivorous reef fishes are not feeding (Hay et a. 1988, Paul and Van Alstyne
1988). New segments are uncalcified and more nutritious than the rest of the plant, but these
young segments are defended with more potent chemical defenses than are present in older
segments. During the following day, as the new segments calcify, become more heavily invested
with structural defenses, and less valuable nutritionally, concentrations of chemical defenses
decrease. Thus, these seaweeds minimize exposure of their newly produced tissues by producing
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them very rapidly during the night while herbivorous fishes are inactive.

Non-mobile prey also escape consumers by growing in habitats or microhabitats in which
consumers are not active. On amicrohabitat scale, prey may escape by living in cracks and holes
that are inaccessible to consumers. For example, on intertidal rock surfaces of Pacific Panama
where consumer pressure is particularly intense, herbivore resistant algal crusts dominate
exposed surfaces while less resistant foliose algae occur primarily, or exclusively, in holes and
cracks (Menge et al. 1985). On alarger, between-habitat scale, many seaweeds, corals and
sponges that are physiologically capable of growing on topographically complex, but consumer-
rich, reef slopes occur only, or primarily, on topographically simple sand plains or reef flats, or in
mangrove or seagrass areas where consumer densities are lower (Randall 1965, Ogden et al.
1973, Hay 198143, 1984, 1985, Lewis 1986, Littler et al. 1989, Dunlap and Pawlik 1996). Similar
escapes also occur on larger spatial scales. Along the Great Barrier Reef of Australia, algal mass
is much greater on inshore reefs than on offshore reefs. Although this difference in abundance
has commonly been assumed to result from greater availability of nutrients inshore, it now
appears to be due primarily to higher grazing on offshore reefs (McCook 1996, 1997, McCook et
a. 1997). Findly, on geographic scale, Bolser and Hay (1996) recently demonstrated that
seaweeds from the tropical Caribbean were considerably |ess palatable to both temperate and
tropical herbivores than were seaweeds from the warm temperate western Atlantic. This
palatability difference was due primarily to greater chemical defenses among the tropical
seaweeds. Thus, it is possible that temperate areas serve as large-scale spatial escapes from
tropical consumers. Consistent with thisidea, many of the tropical seaweeds that are restricted to
unstructured, consumer-poor reef flats or sand plainsin the tropics, extend into temperate areas
and grow well on reefs there; conversely, the herbivore resistant seaweeds that co-occur with
consumers on tropical reefsrarely extend very far into temperate areas (Hay 1981a, M.E. Hay
personal observation).

In contrast to their usually negative impacts on prey, consumers sometimes create spatial
refuges for certain types of prey. Reef damselfishes are small aggressive herbivores that
establish and vigorously defend gardens of palatable algae upon which they feed. These gardens
experience reduced herbivory compared to areas not defended by damselfishes. Some seaweeds
depend on these herbivore-created escapes, and algal diversity may be higher in territories than in
either caged or uncaged areas outside territories (Hixon and Brostoff 1983, 1996). The algal-
dominated territories aso serve as refuges for awide variety of small invertebrates that shelter
there (Klumpp et al. 1988).

Finally, prey may also escape in size if they become too large for consumers to handle
effectively. Such size-related escapes presumably result from larger individuals being tougher,
harder, less nutritious, or more easily recognized as unpalatable. Strictly speaking, this
phenomenon is not an escape since consumers detect, but do not significantly damage, the prey.
Size-related differences in susceptibility are important, however, since most prey must pass
through ajuvenile stage that often is more vulnerable to consumers. Even for chemically
defended prey that are avoided as adults, newly settled juveniles may be eaten by unselective
consumers because they are not recognized, and thus not avoided, at this small size, or because
smaller prey are easier to handle or more nutritious. The challenge for many sessile prey, then, is
to survive until they reach asize at which they are less vulnerable. For example, kelp sporelings
are more vulnerable to herbivores than are larger plants, and the kelp sporelings escape
herbivores more often when hidden among filamentous brown algae than when growing on bare
rock (Harriset a. 1984). Similarly, smal (< 3 cm) Fucus vesiculosus plants are more susceptible
to grazing snails than are larger plants, and survival of small plantsis enhanced by settlement in
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small cracks or among barnacles where herbivores cannot graze effectively (Lubchenco 1983).

In contrast, recruitment and growth of algae can be so great that it swamps the ability of
molluscan herbivoresto eat the young plants; under these conditions, the plants may quickly
reach arefuge in size beyond which they no longer suffer mortality at the normal herbivore
densities (Dayton 1975). In extreme cases, algal growth may be heavy enough to alter the habitat
in such away that the area becomes unsuitable for some herbivores (Underwood and Jernakoff
1981). These prey might thus be producing their own spatial escapes, via habitat modification.

Associational Escapes

Communities strongly affected by consumers are often dominated by unpalatable prey.
These unpal atable species can create spatial escapes for more palatable species (Hay 1986, Littler
et al. 1986, Pfister and Hay 1988). For example, field experiments demonstrated that the
palatable red alga Hypnea musciformis was quickly eaten by fishes when growing alone, but
grew more rapidly than it was consumed when placed in contact with its herbivore-resistant
competitor, the brown alga Sargassum filipendula (Hay 1986). During the yearly peak in
herbivore abundance, Hypnea and other pal atable seaweeds were found exclusively in
association with unpalatable plants, whereas during seasons when herbivores were less active,
palatable plants were not strongly associated with unpalatable species. In communities where
associational refuges are important, dominance of the community by a few unpal atable species
can increase species richness rather than decreasing it, as would be expected if competition were
of primary importance (Hay 1986). This occurs because pal atable species that would have been
eliminated by consumers can persist only in association with their unpalatable competitors.
Similarly, on coral reefs, nearly twice as many taxa occurred within 10 cm of the chemically
defended brown alga Stypopodium zonal e than in similar-sized areas away from Stypopodium
(Littler et al. 1986). Asafina example, temperate seaweeds in the genus Desmarestia contain
sulfuric acid at up to 18% of plant dry mass (Anderson and Velimirov 1982). In South American
kelp beds heavily grazed by sea urchins, the palatable kelp Macrocystis often cannot colonize
unlessit invades an area encircled by Desmarestia plants; these plants act as "acid brooms’
prohibiting urchins from entering the area (Dayton 1985). Associational escapes can thus be
effectivein avariety of habitats and against very different kinds of consumers.

There are numerous other associations among marine animals that similarly appear to
offer protection to one, or both, of the partners. Examplesinclude pomacentrid fishesthat live
exclusively in association with sea anemones, whose stinging nematocysts protect both species
from enemies, hermit crabs that place stinging anemones on their claws and use these as defenses
(Vermeij 1983), and shrimps and other animals that live in obligate association with often
chemically rich coral-reef sponges (Pawlik 1983, Duffy 1992, 1996) or stony corals (Patton
1976). Interestingly, some such guests return the favor to their host by defending it against its
own predators or competitors. For example, several species of crustaceans and polychaetes that
associate with the East Pacific coral Pocillopora damicornis attack and even kill crown-of-thorns
starfish that molest their host coral (Glynn 1980, 1981), increasing survival of the coral host
(Glynn 1983). Similarly, some crustaceans form non-obligate associations with various
branching corals or coralline agae (Coen 1988, Stachowicz and Hay 1996, Stachowicz and Hay
1999). The crabsreceive atopographically complex refuge from fish predators, but also protect
their host by removing fouling seaweeds and invertebrates. For afew species, these refuges can
be made more mobile and carried with them. As an example, in geographic areas where
consumers are most active, the juvenile decorator crab Libinia dubia selectively decorates with a
chemically noxious seaweed that lowers its susceptibility to consumers (Stachowicz and Hay
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1999, 2000).

Tolerating consumers

Some prey can coexist with attacking consumersiif being attacked has minimal effects on
prey fitness. Such prey can be considered to be tolerant of consumer activity. In arather extreme
example, when the freshwater phytoplankter Sohaerocystis schroeteri is consumed by the
zooplankter Daphnia magna, more than 90% of the Sphaerocystis cells are undamaged, and the
nutrient enrichment that occurs during gut passage enhances the growth of gut-passed cells by
more than 60%, thus more than compensating for the slight damage the grazers do to the algal
population (Porter 1976). In situ grazing experiments indicated that densities of thisalga
increased with increases in grazer density. The alga appeared to rely on grazers as arich
localized source of nutrients.

Some coralline agae show a similar pattern of tolerance to, or even reliance on, their
associated herbivores. A recent study by Littler et a. (1995) provides an excellent example. On
reef frontsin the Caribbean, the coralline crust Porolithon pachydermum s heavily grazed by the
chiton Choneplax lata, with approximately 50% of the chiton’s gut contents being composed of
thisalga. However, the algais predictably associated with the chiton and it grows well and
produces reef structure best when the chiton is present. If the herbivorous chiton is removed, the
corallineis overgrown by fleshy algae. These fleshy algae attract grazing fishes, and the fishes
bite deeply into the substrate, removing not only fleshy algae but the coralline aswell. Thus,
removal of Porolithon’s mgjor herbivore causes bioerosion in excess of production. The
coralineistolerant of chiton grazing, in part, because its meristematic region is protected below
the depth to which the chiton’ s radula scrapes algal cells. A somewhat similar example of
gastropod and coralline algal interactions in subarctic systemsis provided by Steneck (1982).
Consistent with the above studies, the dominant plants in areas most affected by herbivory
represent the extreme ends of the spectrum of susceptibility to herbivores - small filamentous
formsthat are very susceptible (Carpenter 1986, Lewis 1986) and heavily calcified, crustose
coralinesthat are very resistant (Steneck 1986) to herbivores. Both of these forms may depend
on herbivores to prevent their exclusion by larger macroalgae (Lewis 1986), even though such
reliance may entail loss of the plant's own tissues. Small filamentous algae persist on reefs
despite large losses to grazers by growing very rapidly, and by having basal portions that escape
herbivores due to the topographic complexity of the substrate (Carpenter 1986, Lewis 1986,
Steneck 1988). Thisstrategy of "tolerating” rather than deterring herbivory allows inconspicuous
filamentous algae to make up much of the plant biomass on grazed areas of coral reefs. These
plants are in fact more productive on a mass-specific basis when they are grazed because
cropping prevents self-shading, and herbivore excretion may increase available nutrients
(Carpenter 1986, 1988).

In some cases, fitness losses to herbivores may be minimized if ingested propagules
remain viable and are dispersed via defecation by the herbivore, a situation reminiscent of seed
dispersal by birds and mammals on land (Fig. 4). For several opportunistic algae exposed to
grazing by gastropods, gut passage significantly increases the production of motile spores and the
growth rate of sporelings relative to uningested controls (Santelices and Ugarte 1987). In
contrast, spores and vegetative portions of |ate successional plants are rarely resistant to
digestion. However, grazing may provide some benefits even for late successional plants. For
example, amphipods graze on cystocarps (reproductive structures) of the red alga Iridaea
laminarioides, releasing spores into the water column when the cystocarps are opened
(Buschmann and Santelices 1987). Spores released by amphipods were as viable as naturally
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released spores, and surprisingly, ungrazed fronds often had cystocarps that remained closed and
did not naturally release their spores. The percentage of such unopened cystocarps was
significantly greater at sites without amphipods than at sites with high amphipod densities.
Although alower proportion of sporesingested by amphipods germinated compared with
uningested spores, those that did germinate had higher growth rates, presumably due to nutrients
absorbed by the algal cells during passage through the herbivore gut (Buschmann and Santelices
1987). Gut passage of viable algal propagules has now been documented in a variety of
herbivores including fishes, sea urchins, amphipods, and gastropods (Santelices and Ugarte 1987,
Paya and Santelices 1989).

A final example of a prey adaptation that may involve elements of both escape and
tolerance is the mass spawning of reef corals. On the Great Barrier Reef, corals of at least 32
species rel ease gametes synchronously during a brief but predictable period 4-5 nights after full
moonsin late spring, resulting in huge densities of gametes and larvae in the water (Harrison et
a. 1984). These authors suggested that one function of this synchronous, rare spawning may be
to overwhelm the capacity of potential predators, such that arelatively small proportion of larvae
from any individual colony are eaten. Anintriguingly similar multi-species mass spawning
occurs in some tropical green algae (Clifton 1997).

Deterring Consumers

If prey do not escape or tolerate consumers, they must deter them so that rates of
consumption do not exceed rates of production. This commonly occurs through chemical,
structural, or behavioral defenses. In some cases, prey use mixed strategies of defense where
chemical and structural deterrents are combined to form additive or synergistic defenses, with
these sometimes varying spatially, seasonally, or even hourly to maximize effectiveness (Hay et
al. 1988, Hay et al. 1994, Schupp and Paul 1994, Hay 1996).

Morphological and Structural Deterrents. Armor, spines, and other such morphological
elaborations are obvious features of many organisms living in environments where consumer
pressureis substantial. Studies of gastropod prey have demonstrated that narrow apertures,
various sculptural features such as spines, and thickened shells all reduce gastropod vulnerability
to predation by crabs and fishes, and that predation-deterrent morphologies, moreover, are much
more frequent in habitats and geographic regions where predation is more intense (Vermeij 1976,
Zipser and Vermelj 1978, Palmer 1979, Bertness 1981, Bertness and Cunningham 1981, Bertness
et a. 1981). Although not confirmed by experiments, similar patterns of covariance between
predator activity and frequency of body scul pture are found in marine isopods (Wallerstein and
Brusca 1982).

For seaweeds, general models have been proposed that predict how morphology should
affect susceptibility to herbivores (Littler and Littler 1980, Steneck and Watling 1982, Littler et
a. 1983a,b, Steneck 1983, Steneck and Dethier 1994). In general, microalgae are predicted to be
most susceptible to herbivores, with resistance of other algal formsincreasing in the following
order: filamentous algae, sheet-like algae, coarsely branched algae, leathery or rubbery algae,
jointed calcareous algae, and crustose corallines. This prediction isbased in part on the
decreasing food value expected as seaweeds all ocate more production to less digestible structural
materials that make them tougher and more difficult to bite. Feeding choices of some molluscs
and sea urchins are broadly supportive of the predicted relationship (Steneck and Watling 1982,
Littler et al. 1983a,b), but other molluscs diverge from predicted patterns (Padilla 1985), as does
feeding by reef fishes (Hay 1984, Lewis 1985). Predictions based on morphology alone are also
difficult to evaluate because morphological trends can be confounded by chemical defenses. For
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example, many calcified tropical seaweeds also produce chemical defenses (Hay 1984, Paul and
Hay 1986), thus the low palatability of calcified species could be due to either trait, or to both
(Hay et a. 1994, Schupp and Paul 1994).

A few investigations have directly addressed how algal morphology affects susceptibility
to herbivores. Steneck and Adey (1976) demonstrated that the encrusting coralline Lithophyllum
congestum grew as a smooth crust on reef slopes where feeding by herbivorous fishes was
intense, but produced upright branches when it occurred on the edges of reef flats where fish
feeding was reduced. When compared with the crustose form, the form with upright branches
had higher growth and reproduction, but it was also much more susceptible to parrotfishes, which
excluded the upright form from the reef slope. Similarly, various clonal seaweeds can occur in
low-herbivory habitats as |oose aggregations that grow rapidly but lose more tissues to
herbivorous fishes and sea urchins, whereas in habitats most affected by herbivores, they occur as
densely packed colonies of uprights that grow slowly but have lower losses to herbivores (Hay
1981b). The study of Padina jamaicensisby Lewis et al. (1987) discussed earlier documented
one of the most dramatic cases of altered morphology in response to herbivory. All of these
examples indicate that morphological plasticity helps seaweeds persist in areas that are heavily
grazed, but that the morphologies that resist herbivory entail a significant cost in terms of growth
and reproduction.

Chemical Deterrents. Recent reviews of chemical defenses against marine consumers are
numerous (e.g., Hay and Fenical 1988, 1996, Hay 1992, 1996, Hay and Steinberg 1992,
Steinberg 1992, Paul 1992, Pawlik 1993), so our cover here will be brief. Sessile marine
organisms that do not have physical defenses against consumers (e.g., spines, hard shells)
commonly produce unusual chemical compounds (Faulkner 1999 and references therein), termed
secondary metabolites because they are not necessary for primary metabolic processes. Severa
thousand novel secondary metabolites, including terpenes, acetogenins, akaloids, and
polyphenalics, have been described from sponges, ascidians, soft corals, bryozoans, polychagetes,
seaweeds, marine microbes, and other benthic and pelagic organisms (Fenical, 1993; Faulkner,
1999 and his previous reviews cited therein). These diverse metabolites appear to be most
common and ecologically important among tropical benthic organisms that are subject to high
rates of attack by consumers (Hay and Steinberg 1992, Paul 1992, Pawlik 1993, Faulkner 1994,
Bolser and Hay 1996). However, secondary metabolites also play important roles in temperate
(King 1986; Hay and Steinberg 1992, Steinberg 1992, Woodin et al. 1993, Duffy and Hay 1994,
Cronin and Hay 19964, b, Stachowicz and Hay 1999) and Antarctic benthic communities
(McClintock 1994), and potentialy in pelagic (Huntley et al. 1986, Shaw et al. 1995, McClintock
et a. 1996, Wolfe et al. 1997) communities worldwide.

Experimental investigations in both the field and laboratory have confirmed that many
secondary metabolites from seaweeds and benthic invertebrates serve as defenses against
consumers (reviewed by Hay and Fenical 1988, 1996, Hay 1991a, 1996, 1997, Hay and Steinberg
1992, Paul 1992, Pawlik 1993, Pawlik et al. 1995). Because consumer pressure in marine
systems is often high and because these systems are often more experimentally tractable than
terrestrial systems, it has been possible to identify clearly the ecologically important consumers
against which compounds should be tested, and often to test compounds in the field against the
diverse assemblage of natural consumers that occur there (reviewed by Hay and Steinberg, 1992,
Hay et al. 1998). Thus, marine investigators can apply purified metabolites at natural
concentrations to otherwise palatable foods in the field, and determine in a short period of time
whether or not the compounds decrease predation under natural field conditions (Hay et al.
19874, Paul 1987, Hay 1991a, Hay and Steinberg 1992, Pawlik et al. 1995). These types of
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assays have shown that many marine secondary metabolites function as defenses against
consumers, and that potential prey without these defenses are often excluded from habitats where
large, generalist consumers such as fishes and sea urchins are common (Hay 1985, 1991a, 1997,
Littler et al. 1989, Dunlap and Pawlik 1996).

Spatial patterns in the distribution of marine secondary metabolites over arange of scales

also support the general hypothesis that these compounds serve as defenses against consumers.

At the geographic scale, for example, there is much evidence that intensity of consumer activity
generaly increases toward the equator (Jeanne 1979, Bertness at al. 1981, Menge and L ubchenco
1981, Heck and Wilson 1987, Coley and Aide 1990), which should select for better prey defenses
at low latitudes. The geographic distribution of morphological defensesin marine invertebrates
strongly supports this hypothesis (Palmer 1979, Vermeij and Currey 1980, Bertness et al. 1981).
Thus, it has generally been assumed that chemical defenses are also best elaborated and most
important in tropical systems (Bakus and Green 1974, Levin and Y ork 1978, Vermeij 1978,
Fenical 1980, Gaines and L ubchenco 1982, Faulkner 1984, Hay and Fenical 1988, Coley and
Aide 1990, Hay 1991a). Yet there arefew critical tests of this assumption. Consistent with this
hypothesis, Bolser and Hay (1996) found that tropical seaweeds from reefs in the Bahamas were,
on average, about half as palatable to both temperate and tropical sea urchins than were related
seaweeds from temperate reefs in North Carolina. Direct assays of chemical extracts from these
seaweeds demonstrated that most of the difference was attributable to more deterrent chemical
extracts from the tropical plants. Thus, seaweeds from tropical habitats with higher rates of
herbivory were less palatable and better defended chemically than were similar seaweeds from
temperate locations where herbivory rates are lower. Similarly, salt-marsh plants from southern
marshes (Georgia, USA) where herbivore diversity and abundance are greater, were less
palatable to both southern and northern herbivores than were plants of the same species from
northern (Rhode Island, USA) marshes with lower herbivore diversity and abundance and
presumably lower grazing intensity (Pennings et al. In press). Although these latitudinal patterns
support the conventional wisdom, it should be emphasized that selection for defensesisimposed
by consumers, not geography, as evidenced by the finding that Antarctic invertebrates are often
chemically defended from local consumers (McClintock 1994). At smaller spatial scales,
between-habitat differencesin algal palatability reflect similar patterns of spatial variationin
consumer activity (Hay 1984).

Once prey have become chemically defended from most larger consumers, they appear to
become targets of evolutionary opportunity for smaller specialist consumers that selectively live
on and consume chemically noxious prey (Hay 1992, Hay and Fenical 1996). By associating
with or consuming these well defended prey, the specialist consumers often escape or deter their
own predators. For example, the Spanish dancer nudibranch, Hexabranchus sanguineus, feeds
on sponges that contain oxazole macrolides that deter feeding by reef fishes (Pawlik 1993). The
nudibranch dlightly alters these compounds and concentrates them in its dorsal mantle and egg
masses, where they serve as highly effective defenses against consumers. Small consumers can
also lower their susceptibility to their own consumers through simple physical association with
noxious prey - they need not sequester defensive metabolites. For example, the tube-building
amphipod Ampithoe longimana consumes a wide variety of seaweeds, but in coastal North
Caroling, it prefersto live on and feed from chemically defended brown algae in the genus
Dicytota (Hay et al. 1987b, Duffy and Hay 1991b, 1994). The amphipod isrelatively resistant to
the alga’ s chemical defenses, while local fishes and sea urchins are strongly deterred (Cronin and
Hay 1996a,b). Because local fishes feed on both undefended seaweeds and on amphipods, the
amphipods are relatively safe from predation when on Dicytota (which the fishes rarely visit), but
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are much more susceptible when on an alga that is palatable to fishes. During seasons when
fishes are feeding most actively, these Dictyota-tolerant amphipods increase in abundance while
co-occurring amphipod species that do not associate with Dicytota, and that are not resistant to
its chemical defenses, are driven to local extinction (Duffy and Hay 1994). Other small
herbivores similarly reduce predation by associating with chemically defended algae (Hay et al.
1989, 1990a,b). Therole of predator avoidance in the evolution of such associations is especially
compelling in associations where the smaller organism specializes on a defended host, but does
not feed from that host (Sotka et al. 1999, Stachowicz and Hay 1999).

Although chemical defenses against consumers have been studied most extensively in
benthic systems, chemical defenses also occur in variety of planktonic organisms, including
invertebrate meroplanktonic larvae (Lindquist et al. 1992, Lindquist and Hay 1996), invertebrate
holoplankton (Shanks and Graham 1988, McClintock and Janssen 1990), and phytoplankton
(Wolfe et al. 1997), suggesting that chemical defenses are pervasive components of marine
systems.

Calcification as a deterrent. Many seaweeds incorporate CaCOj into their tissues. This
calcification could deter herbivores by making seaweeds harder and more difficult to bite or by
diminishing their nutritional value due to the addition of indigestible structuring materials (Littler
and Littler 1980; Steneck 1983, 1986; Hay 1984; Duffy and Hay 1990; Targett and Targett 1990;
Duffy and Paul 1992; Pennings and Paul 1992; Pitlik and Paul 1997). These suggestions are
consistent with findings that CaCOs-producing seaweeds are commonly low preference foods for
reef herbivores (Littler et al. 1983a,b; Hay 1984; Paul and Hay 1986; Steneck 1988). Although
calcification undoubtedly prevents some herbivores from feeding on these harder seaweeds
(Steneck and Watling 1982), many reef herbivores (e.g., parrotfishes, sea urchins) can easily bite
into calcified seaweeds, and several recent investigations (Hay et al. 1994; Schupp and Paul
1994, Meyer and Paul 1995; Pennings et al. 1996) suggest that the CaCO;3 in seaweed thalli may
actually serve asachemical, aswell as astructural, deterrent.

Pennings and Paul (1992) and Hay et a. (1994) added CaCOs to artificial foods so as to
mimic the presence of CaCOg in the food without increasing food hardness. Assays with
gastropods, fishes, sea urchins, and amphipods indicated that CaCOj3 could significantly affect
the feeding of some herbivores, even when the CaCOj3 had no effect on the nutritional value or
toughness of the food (Pennings and Paul 1992; Hay et al. 1994; Schupp and Paul 1994). The
study by Schupp and Paul (1994) gave the clearest indication of what mechanisms might produce
this effect. Adding CaCO; to foods significantly decreased the feeding rates of fishes with acid-
mediated digestion, but stimulated, or did not affect, feeding by fishes with neutral or more basic
guts (also see Hay et al. 1994; Meyer and Paul 1995; Pennings et al. 1996). This suggests that
CaCO3 may deter some species through the neutralizing effect that it hasin alow pH gut, and
possibly due to the large amount of CO, that would be released. Thus, CaCO3z; may deter some
herbivores by increasing plant toughness (Pitlik and Paul 1997), but CaCO; can aso deter
consumers in other ways, possibly by functioning as a chemical defense. Schupp and Paul
(1994) suggested using the term mineral defense to distinguish this chemical effect from that of
CaCO3 serving as a hardening agent or from the chemical effects of bioactive secondary
metabolites.

Similar assumptions of defensive function have often been made for the mineral spicules
common among sessile invertebrates such as sponges and corals. Experimental studies support
this hypothesis for some soft corals and gorgonians (Harvell et al. 1988, Gerhart et a. 1988, Van
Alstyne and Paul 1992, Van Alstyne et al. 1992, 1994), whereas predatory fishes are indifferent
to sponge spicules when incorporated into realistic artificial foods (Chanas and Pawlik 1995,
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1996), and spicules of a soft coral even stimulated feeding by a specialist predator (Wylie and
Paul 1989).

The Integration of Multiple Defenses. The effectiveness of many structural and chemical
defensesisinfluenced by other prey traits or the environmental and recent historical context in
which prey-consumer interactions occur (Duffy and Paul 1992, Cronin and Hay 1996b; Hay
1996). For example, estuarine crab zoeae bear spines that reduce their vulnerability to
planktivorous fishes, but the crabs also time larval release and dispersal to minimize encounter
with fishes (Morgan 1987, 1989, 1990). Such context-dependency of defensesislikely to be
widespread and important but has received little attention.

Many marine prey produce multiple defenses, yet interactions among defensive traits
have rarely been assessed. Chemical and mineral defenses (i.e., CaCO3) commonly co-occur in
marine algae, for example, and have been demonstrated to function either additively or
synergistically to reduce susceptibility to consumers (Hay et al. 1994; Schupp and Paul 1994;
Meyer and Paul 1995). Asan example, the green alga Halimeda goreauii contains both an
unusual secondary metabolite and a heavily calcified thallus. When sea urchins were offered a
nutritionally valuable food containing the metabolite alone or CaCO; aone, neither trait had any
deterrent effect; when these traits were combined, however, they interacted synergistically to
suppress feeding strongly (Hay et a. 1994). Thisinteraction changed when the experiment was
repeated using afood of lower quality, indicating that food value, CaCOs, and secondary
metabolites interacted to affect sea urchin food choice. Chemical defenses of other reef
seaweeds and sponges also can be more effective in foods of lower nutritional quality (Duffy and
Paul 1992). Because benthic invertebrates such as sponges, gorgonians, and ascidians commonly
produce both defensive secondary metabolites and siliceous or calcified spicules, such
interactions could be common in invertebrates as well as seaweeds.

Moreover, the co-occurrence of multiple defenses often appears to be important in
defending prey against the broad range of consumers that occur in marine systems. Working
with seaweeds, Paul and coworkers have demonstrated numerous instances in which a
combination of chemical and CaCOs-based defenses provides protection against a broader range
of herbivores than would either trait acting in isolation from the other. In general, feeding by
parrotfishes was commonly deterred by chemical, but not CaCOs, defenses while feeding by
surgeonfishes was commonly deterred by CaCOg, but not by chemicals (Schupp and Paul 1994;
Meyer and Paul 1995; Pennings et al. 1996; Paul 1997).

WHY ISN'T EVERYONE WELL DEFENDED?

Given the effectiveness of defenses such as those discussed above, why are defenses not
universal among organisms? The most likely answer is that defenses are generally costly in
terms of growth, reproduction, or competitive ability. This conclusion is supported on a broad
scale by the generaly positive spatia correlation between intensity of predation and frequency of
defenses or of low susceptibility to consumers (Hay 1984, 1985, 1991a, Lewis 1986, Bolser and
Hay 1996), suggesting that where predation intensity is low, less-defended forms have a
competitive advantage over better-defended forms.

The most direct evidence that defenses are costly comes from organisms with
phenotypically plastic defensive traits, in which fitness can be compared in better-defended and
less-defended morphs of the same genotype, or within the same population. The evolutionary
interplay between costs and benefits of defenseisillustrated most clearly by inducible defenses, a
form of phenotypic plasticity in which a given genotype produces defenses in response to specific
cues from a consumer. Induced defenses should be favored when predation is partial, isa
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reliable predictor of further damage, and when there is sufficient time after an attack (or after
detection of the predator) to mount an effective defense (Harvell 1990). Conversely, constitutive
(permanent) defenses should be favored where the probability of attack is unpredictable in time
and space, but high on average, and the prey is unable to mount an effective defense after attack
or detection. Since defenses and costs can be measured within individual genotypesin inducible
taxa, they provide promising opportunities for examining the tradeoffs involved.

One of the most thoroughly documented marine example of induced defenses involves
induction of defensive spines in the bryozoan Membranipora membranacea in response to the
specialist nudibranch predator Doridella steinbergae (Harvell 1984). Focusing on the cues
involved in spine induction and how these benefitted the bryozoan, Harvell (1986) found that
curved spines were produced only in the presence of the specialist predator, and that spines could
be induced by water-borne cues from the predator even without contact. Spines effectively
reduced predation; nudibranchs were less than half as successful when spines were present. Lab
experiments supported the hypothesis that spine induction entailed a cost: spined colonies grew
significantly less than unspined colonies. When similar assays of cost were conduced in the
field, costs for spined colonies were small relative to those predicted from laboratory assays
(Harvell 1992), suggesting that the occurrence or magnitude of costs may be context dependent.
Other examples of induced defenses, discussed above, include several marine algae that show
marked morphological plasticity in the face of consumer pressure, changing their growth form
when subjected to grazing (L ubchenco and Cubit 1980, Lewis et al. 1987).

Predator-induced phenotypic plasticity has long been known in avariety of clonally
propagating animals and plants. But it has also been demonstrated with increasing frequency in
unitary animals. A good example comes from the intertidal acorn barnacle Chthamalus
anisopoma, which exhibits two co-occurring morphs in the Gulf of California (Fig. 5); the conic
form typical of acorn barnacles and an asymmetric "bent” morph in which the apertureis
perpendicular to the base (Lively 1986a,b). Lively'sfield experiments demonstrated clearly that
the bent morph functioned as a defense against predatory gastropods. The bent form survived
better than the conic form in the presence of a predatory snail, and field quadrats stocked with
predatory snails recruited barnacle populations with substantial proportions of bents, while no
bents developed in predator-free control quadrats. But the defense was costly; bents grew more
slowly and averaged 27% lower fecundity than conics, apparently because the bent morphology
constrains available brood volume. Thus bents should be outcompeted by conics in the absence
of predation. Other examples of induced defenses in non-clonal organismsinclude bivalves
(Reimer and Tedengren 1996, Leonard et a. 1999), gastropods (A ppleton and Palmer 1988;
Trussell 1998), and even fishes (Bronmark and Miner 1992). In all of these cases, the predator --
or achemical effluent thereof -- induces a switch in the prey individual’ s devel opmental
pathway, producing a stronger or better defended adult.

There are also examples of induced chemical defensesin marine algae, but the costs
associated with chemical induction are less clear than for those of morphological defenses. Van
Alstyne (1988) demonstrated that Fucus plants attacked by gastropods increased their levels of
phenolics and became less palatable. Similarly, amphipod grazing on the brown alga Dicytota
menstrualis induced production of defensive diterpenes and reduced susceptibility to future
attack (Cronin and Hay 1996b). For some seaweeds, the spatial variation in secondary
metabolites among habitats experiencing different levels of herbivory is also suggestive of
induction. For example, seaweeds from areas of cora reefs where herbivory is intense often
produce more potent and higher concentrations of chemical defenses than plants of the same
species from habitats where herbivory isless intense (Paul and Fenical, 1986; Paul and Van
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Alstyne, 1988). However, in the green seaweeds Halimeda, Udotea, and Caulerpa that show this
pattern, clipping experiments failed to induce increased terpenoid chemical defenses (Paul and
Van Alstyne, 1992). Clipping or urchin grazing of temperate seaweeds also failed to induce
higher levels of phlorotanninsin the kelps Ecklonia and Alaria or in the rockweed Sargassum
(Pfister, 1992; Steinberg, 1994, 1995). Thus, the higher levels of constitutive chemical defenses
from sites with many herbivores may have been generated by preferential grazing that removed
the more susceptible individuals, by local genetic adaptation to strong consumer pressure, or by
among-habitat differencesin other variables. The frequency of induced defensesin marine algae,
and itsimplications for costs of defense, remain uncertain.

Although induced defenses have received considerable attention in terrestrial systems,
their frequency, importance, and consequences are still debated (Baldwin, 1990; Tallamy and
Raupp, 1991; Alder and Karban, 1994, Karban and Baldwin 1997). Most terrestrial
investigations of induction have focused on insect grazing, while most marine investigations
have focused on larger herbivores such as fishes and urchins rather than on mesograzers, such as
amphipods, that may be more ecologically similar to insects (Hay et a. 1987b). Mesograzers
have been considered less important than larger herbivores because of the perception that they
remove little seaweed biomass relative to the larger herbivores (see the debate among Bell, 1991,
Duffy and Hay, 1991a; Brawley, 1992). Grazing by mesograzers has been inadequately
investigated, however, and there are convincing cases of mesograzers having large impacts on
seaweed populations (Kangas et a. 1982, Haahtela 1984, Brawley 1992) or even on total
community structure (Brawley and Adey 1981, Tegner and Dayton 1987, Duffy and Hay 2000)
under certain circumstances, particularly when activity of their predatorsislow.

Several lines of evidence suggest that mesograzers are the grazers most likely to induce
seaweed chemical defenses. First, these consumers feed over temporal and spatial scales that
would allow induced responses to benefit the individual prey organism. Second, because
mesograzers often are not deterred by constitutive levels of defenses, induction to higher levels
may be needed to deter them. The two clear examples of induced chemical defensesin seaweeds
(Van Alstyne, 1988; Cronin and Hay, 1996b) both involve mesograzers (a snail and an
amphipod), each of which could graze for long periods on a plant without killing it and could
thus be affected by a defense that took days, or weeks, to induce. The nudibranch predator that
caused defensive spine induction in bryozoan prey (Harvell 1984, 1986) is also, in essence, a
mesograzer. In contrast, fishes and urchins are generally large relative to their prey and are often
capable of rapidly killing prey that they find palatable. Thus, to avoid being killed by these larger
more mobile consumers, prey organisms may need to be constantly defended rather than inducing
defenses following attack. For many chemically defended seaweeds and invertebrates, low
concentrations of chemical defenses are generally effective deterrents against fishes and urchins,
but are less effective or may even stimulate feeding by mesograzers (Hay et a., 1987; Hay,
1991b, 1992; Van Alstyne and Paul, 1992; Pawlik, 1993; Duffy and Hay, 1994, Fenical and Hay
1996). Thus, constitutive levels of chemical defenses appear to be effective against the larger
consumers. It istherefore possible that induction in seaweeds has appeared deceptively
uncommon, because it rarely occurs in response to clipping or grazing by larger herbivores,
whereas it may occur more often in response to mesograzer feeding.

Mechanistic understanding is critical to evaluating induced (and other) defenses, as
induction of chemical changes does not aways trandate to reduced palatability. For example,
when the brown alga Fucus vesicul osus was grazed by amphipods, the alga’ s phenolic levels
increased by a statistically significant 100% (Deal and Hay in preparation); however, this had no
effect on feeding by the amphipods and did not lead to amphipods choosing ungrazed over
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grazed plants. Increases of specific chemicals following grazing may occur to minimize
microbia invasion of wounds, or for other reasons unrelated to the initial grazer. Some
terrestrial studies show that microbes entering plants viainsect bites have a much greater effect
on chemical induction than does the direct damage done by the insect (Raffa and Smalley, 1995);
the above example of Fucus might involve asimilar explanation. Because resistance to
consumers can change for reasons other than secondary metabolites, and because concentrations
of secondary metabolites can change in response to many factors other than herbivory, studies of
induction should assess induction using consumer feeding (e.g., Renaud et al. 1990, Cetrulo and
Hay in press), rather than chemical analyses alone. If feeding is significantly affected, bioassay-
guided investigations can then be conducted to determine directly the mechanisms altering
resistance.

EVOLUTION OF PREY DEFENSES

The cases discussed above offer compelling evidence that particular phenotypic
characters reduce the prey's vulnerability to predation, and thus that those features currently serve
adefensive function. In many casesit also seemslikely that those features evolved for the
purpose of reducing predation. The abundance of marine consumers (many of which have
recently been depleted from natural systems, Hughes 1994, Jackson 1997, Dayton et al. 1998)
and their intense feeding rates in many ecosystems (e.g., Fig. 1) clearly suggest that consumers
have exerted strong selection on prey populations and communities. But plausibility and
apparent ecological "fit” are not proof that a given defensive trait arose by selection from
consumers rather than through fortuitous preadaptation (see Steneck 1992 and Vermelj 1992 as
examples). Questions about such historical processes are by their nature more difficult to answer
confidently than questions about current ecological processes, and one must generally rely on
indirect evidence. A growing body of data support the conclusion that consumer pressure has
commonly driven the evolution of awide range of prey traits that allows escape, tolerance, or
deterrence of consumers. Sources of evidence include direct experimental demonstration of prey
evolution, historical or fossil evidence, and comparative data. Nevertheless, severa well-known
cases of apparent coevolution between marine consumers and prey appear on closer examination
to be more complicated, and less convincing, than originally thought. Thus, reconstructing the
evolutionary history of consumer-prey interactions must be approached rigoroudly.

Evolution of escape mechanisms

Many prey reduce predation through life history patterns that minimize overlap with
predators in time and space, i.e., by escaping predators. Life history patterns are molded by a
plethora of selection pressures (Stearns 1992) and it islikely that many life history characters
evolved in part as responses to selection pressures other than predation. Thus, prey that coexist
with consumers may simply be those prey whose existing life histories allowed them to persist in
the presence of active consumers. Nonetheless, there are convincing cases of consumers
selecting for life history characters that allow prey escape. The strongest evidence for evolution
of prey traits in response to predation comes from experimental demonstration that predators
cause heritable changes in phenotype that reduce the prey’ s vulnerability to predation. We know
of no marine examples but such historical time series have been documented experimentally in a
small number of other cases, notably the rapid (6-18 generations) adaptive changesin severd life
history characters of freshwater guppies after their transplantation from predator-rich streams to
streams where predators are rare (Reznick et a. 1997). Transplanted guppies showed heritable
increases in generation time and body size at maturity, and reduction in fecundity and allocation
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to reproduction, as predicted by life history theory (Stearns 1992). These changes parallel
differences between populations occurring naturally in low- versus high-predation streams
(Reznick et al. 1996, Reznick and Bryga 1996), and are expected to influence the prey's odds of
escaping from larger generalist predators.

Comparative data suggest that the life histories and behaviors of many pelagic organisms
are adapted to escape predation. In the upper oceans, for example, most zooplankton are very
small and transparent, presumably as an adaptation to escape detection by visually hunting
predators (Hobson and Chess 1976, Hamner 1995). The dispersal patterns of estuarine crab
larvae also appear adapted to escape predators (Morgan 1989, 1990, Morgan and Christy 1997).
A combination of experiments, field surveys, and comparative data show that interspecific
variation in larval morphology (spination), pigmentation, body size, and behavior are all
consistent with predation as an important selective pressure molding these phenotypic traits.
Crab species whose larvae remain in predator-rich estuarine habitats during development tend to
be larger, more heavily spined, and less pigmented than species whose larvae are exported to the
coastal ocean. Specieswho release larvae during daytime also have less pigmented larvae than
those with the typical patterns of nighttime release. Similarly, among sessile benthic
invertebrates such as sponges, gorgonians, and ascidians, larvae that are chemically defended
from fishes tend to be more brightly colored, to stay close above the reef where predators are
common, and to be released during the day when they can use photic cues to help choose
appropriate microsites for settlement (Lindquist and Hay 1996). In contrast, larvae without
chemical defenses tend to be less visually obvious, released at night, and to stay in the plankton
for long enough to disperse into offshore waters, rather than staying on consumer-rich reefs.
Among coastal plankton, Hobson and Chess (1976) found that large and pigmented taxa entered
the water column primarily at night when least visible to fish predators. Similarly, Hays et al.
(1994) found that large and pigmented species of oceanic zooplankton showed more pronounced
vertical migration than small, less pigmented species, as expected if these migrations function
primarily to avoid predation. Thus, it appears that predation has been a primary selective force
driving one of the most conspicuous biological processes in the world ocean.

Evolution of grazing tolerance: a cautionary tale

There are few rigorous data bearing on the evolution of grazing tolerance in marine
organisms. One of theinitially most convincing examples of apparent coevolution between
marine consumers and prey involved such acasg, i.e., the interaction between the encrusting
coralline alga Clathromor phum circumscriptum and its relatively specialized limpet grazer
Tectura testudinalis (previously Acmaea testudinalis). Initial studies found a number of
apparently coevolved adaptations that were of mutual benefit to both organisms (Steneck 1982).

Evidence of this coevolved relationship included: (@) positive correlation between abundances of

the alga and limpet, (b) production of a unique protective covering of tissue over thealga's
regions of active growth, (c) apparent adaptation of the limpet's radulato eat this thickened tissue
in away that minimally damages the host alga or its sunken reproductive structures, (d)
prevention by limpet grazing of the algal host’ s being overgrown by potentially Iethal epiphytic
algae, (e) reduced susceptibility of the limpet to its predators when clamped down on the hard
smooth surface of the alga (Steneck 1990), and (f) a balance, over awide range of depths,
between the rate of cell removal by limpets and algal production.

Fortunately, in addition to this very suggestive ecological information, Steneck (1992)
was also able to evaluate the paleontological record involving coralline algae and herbivores.
Because coralline algae are calcified, they have left an excellent fossil record that includes a
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history of their anatomical characteristics, which have been interpreted as evolutionary responses
to herbivores, aswell as grazing scars on their surfaces that can be identified as being produced
by limpets, urchins, fishes, etc. (Steneck 1983, 1986). Thus, the fossil record for coralline algae
and their associated herbivoresis apparently the most complete record for any plant-herbivore
association, either terrestrial or marine (Steneck 1992). This record shows that virtually all of the
coralline's mgjor morphological characteristics that had been interpreted as adaptations to
herbivores were present at least 100 million years before the evolution of marine herbivores that
could feed on corallines (Steneck 1992). Recent analysis of 12 specialist molluscs and their
temperate seaweed hosts similarly suggests that these associations are more opportunistic than
coevolved (Vermeij 1992). In 50% of the cases studied, Vermeij found that the associations
were geologically recent (no earlier than the Pliocene) and resulted following invasion of the
plant or the herbivore from geographical regions other than the one in which the association was
forged. In contrast to the commonly held view that associations between specialized herbivores
and host plants evolve by reciprocal adaptation over along period of time, Vermeij's study
suggests that many such relationships originate opportunistically and rapidly with little, if any,
reciprocal evolution. Of courseit is quite possible that, once the plant and grazer have come into
contact, their physiology, behavior, and/or life history, which are not generally detectable in the
fossil record, are molded by reciprocal adaptation. Nevertheless, these examples emphasize the
difficulty of extrapolating evolutionary from ecological interactions.

Evolution of consumer deterrence

Morphological defenses. There is abundant evidence that consumer pressure selects for
the evolution of deterrent traitsin prey. The next best thing to an experimental demonstration of
evolution would be convincing historical evidence of a change in phenotype coincident with
increases in predation pressure. Several such cases have been described. Perhaps the best
documented involves the rapid change in shell thickness and strength of the intertidal snall
Littorina obtusata following introduction of the predatory European green crab (Carcinus
maenas) into northern New England around 1900. This example isimportant both because of the
fine time resolution of the process and as an additional cautionary tale for interpreting historical
evidence. Seeley (1986) showed that shells collected from northern New England prior to 1900
were relatively thin and had high spires, whereas shells collected in the 1980s (and in 1915 at one
site), after crabs were established in the region, were significantly thicker and lower-spired.
Laboratory and field experiments confirmed that the thicker, lower-spired morphs were
substantialy less vulnerable to crab predation than thinner, high-spired morphs (Seeley 1986).
Although these data strongly indicate that crab predation caused phenotypic change in the snail
populations, it is less clear whether or how much of this change was genetically based, and thus
whether natural selection or only phenotypic plasticity wasinvolved. Trussell (1998) has shown
experimentally that shell thickness and shapein L. obtusata are phenotypically plastic, with
exposure to crabs inducing changes similar to those seen after the invasion of green crabsin the
field (Seeley 1986, see also the section above on inducible defenses). Such experiments are of
course not possible with fossils and suggest caution in interpretation of similar patterns in the
fossil record, at least on relatively short time scales.

Large-scale trends in the fossil record provide numerous similar examples of the
strengthening and diversification of morphological defenses, and adoption of cryptic and
burrowing habits, coincident with evolution of increasingly effective consumers (Vermeij 1977,
1987). Asone of several possible examples, Palmer (1982) described parallel trendsin
morphological evolution within severa barnacle lineages coincident with radiation of
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muricacean gastropods, which appear to be the primary predators of barnacles in most temperate
areas. Observations of predation on extant barnacles in the field and lab showed that drilling
predation by gastropods (Thais spp.) is 2-3 times more successful at sutures between the
barnacle's skeletal plates than is drilling through the plate. Remarkably, the fossil data indicate
~18 independent reductions in plate number (and thus number of sutures) during the evolution of
balanomorph barnacles, and a mgjor increase in proportion of genera with reduced plate number,
during or shortly after the period when muricacean predators radiated. Interestingly, the
exception to this trend also supports the rule: the barnacle genus Chelonibia lives on the carapace
of seaturtleswhere it rarely if ever encounters drilling gastropods; consistent with the predation
hypothesis, this barnacle retains evidence of the ancestral condition of eight parietal plates.
Similar trends toward stronger, more heavily scul ptured exoskel etons occurred in many benthic
invertebrate taxa during the late Mesozoic, coincident with the radiation of more powerful
predators (the "Mesozoic marine revolution”, Vermeij 1977), and in benthic algae and their
grazers during the same period (Steneck 1983). These trends suggest that consumers have had a
profound and pervasive influence both on evolution of organismal phenotypes and on the
organization of communities (Vermeij 1987, this volume).

In the absence of historical data, evidence for the evolution of defenses against consumers
comes from arguments from design, and from comparative data. In the first category, Morgan
(1989) conducted critical tests of alternative hypotheses for the adaptive significance of the long
Spines common in zoea larvae of crabs. Experiments with larvae of the mud crab
Rhithropanopeus harrisii rejected the hypothesis that spines functioned to retard sinking; settling
velocity, swimming and sinking behavior of spined and unspined larvae were similar. Nor did
spines deter invertebrate predators: only 1 of 10 invertebrate predators ate more unspined than
spined larvae. Instead, the primary function of spines appears to be reduction of predation by
planktivorous fishes, whose feeding was deterred by spines. Moreover, spines enhanced survival
of attacked larvae, regenerated quickly, and were effective when partially regenerated. Individual
fish quickly learned to avoid spined prey. These results suggest that individual-level natural
selection could have favored the evolution of spines, as has also been argued for the evolution of
chemical defensein larvae (Lindquist and Hay 1996). Finaly, comparative experiments with
larvae of six decapod species (Morgan 1987) showed that small planktivorous fish preferred the
two zoea species that are exported from the estuary over four speciesthat are retained in the
estuary. The exported species are smaller and have shorter spines than retained species. Two of
the retained species combined morphological defenses (spines) with postcontact evasive and
escape behavior that helped them escape predation. Taken together, the various lines of evidence
are most consistently explained as reflecting adaptation to minimize predation by fishes.

Chemical defenses. Comparative approaches have been applied to explore the evolution
of chemical defenses. For example, Estes and Steinberg (1988) noted that rocky shoresin
temperate Australasia support broadly similar communities as those of the Northeast Pacific,
dominated by large brown seaweeds and grazing gastropods and sea urchins. Australasian
shores, however, have apparently never supported top predators ecologically equivalent to the sea
otter that occupies a keystone predator role in the Northeast Pacific (see above). These authors
(see dso Steinberg et al. 1995) reasoned that the historical absence of such top predatorsin
Australasia (probably since at |least the late Tertiary) should have resulted in higher densities and
feeding intensity of grazers, and consequently stronger selection pressure for defensesin
seaweeds in that region compared with the northeast Pacific. These predictions were consistent
with results of experiments (Steinberg et al. 1995); rates of algal tissue loss to herbivory were
significantly greater in Australasia than in otter-dominated locations in the northeast Pacific, and
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concentrations of hypothesized chemical defenses (phlorotannins) in Australasian brown
seaweeds were 5-6 times greater than in related algae from the northeast Pacific. Moreover, there
is also evidence of escalation (sensu Vermeij 1987) between Australasian seaweeds and grazers,
grazersin thisregion were generally tolerant of seaweed phlorotannins, whether derived from co-
occurring seaweeds or from northeast Pacific algae. In contrast, grazers from the northeast
Pacific were consistently deterred from feeding by phlorotannins from either region. Itis
unsettling, however, that the high levels of phenolicsin Australasian algae are not deterrent to
local herbivores (Steinberg and Van Altena 1992). It is thus unclear why these seaweeds would
continue to allocate high levels of resources to the production of these compounds when they
appear to have no current function against local consumers.

We discussed above the evidence that selection for prey defensesis strongest at low
latitudes. If tropical seaweeds more commonly produce chemical defenses, then tropical
herbivores should also be under greater selection than temperate herbivores to tolerate or
circumvent these defenses. This notion has rarely been tested, but the one such study we know
of does support the hypothesis that tropical herbivores are more tolerant of chemical defenses
than are temperate herbivores. Cronin et al. (1997) tested a series of secondary metabolites from
the brown alga Dictyota acutiloba against both temperate and tropical fishes and sea urchins. In
general, feeding by the temperate herbivores was suppressed by lower concentrations of
metabolites than were necessary to suppress feeding by the tropical herbivores. Although many
more such studies are needed before one could confidently draw rigorous conclusions, the
available data suggest that herbivore activity in the tropics has selected for greater levels of
chemical defenses in seaweeds and that tropical herbivores have, in turn, been under greater
selection to tolerate or circumvent these defenses.

Evolution of associational defenses
In the absence of historical data, perhaps the most compelling evidence for antipredator

adaptation comes from demonstration that intraspecific variation in defensive traitsis correlated
with consumer pressure. Stachowicz and Hay (1999, 2000) used such a comparative approach to
explore variance in camouflaging behavior of the decorator crab Libinia dubia along the Gulf
and east coasts of the USA. Juvenile L. dubia camouflage themselves from predators by
attaching bits of algae and sessile invertebrates to their carapace. In North Carolina, the crabs
decorate amost exclusively with the brown macroalga Dictyota menstrualis, despite its low
relative abundance in the habitat. Thisalgais chemically defended from the omnivorous fishes
that are the dominant predators of decorator crabsin this area, and field experiments showed that
crabs decorated with D. menstrualis were only ~20% as likely to be consumed by fishes as crabs
decorated with an alga palatable to the fishes. That the specialized decorating behavior isan
evolved response to predation pressure is supported by geographic variation in the crab’s
decorating preferences (Fig. 6). Whereas D. menstrualis extends northward only asfar as
southern Virginia, the crab ranges into New England. Field surveys showed that crabsin the
northern range decorated with a variety of algae and sessile invertebrates in approximate
proportion to their availability, whereas crabs from North Carolina specialized on D. menstrualis.

L ab assays corroborated these patterns, showing that northern crabs decorated with a variety of
algae and did not specialize on Dictyota, even when it was made avail able to them, whereas
southern crabs from North Carolinaand Alabama used D. menstrualis almost exclusively. These
patterns are consistent with the hypothesis that southern crabs have been selected to recognize
and preferentially decorate with a chemically defended seaweed that provides especially effective
protection from omnivorous fish predators. Interestingly, although this alga produces multiple
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diterpene metabolites, the single compound that the crabs use as a cue for decorating is the
compound that most strongly deters fish feeding. Northern crabs that do not normally have
access to Dictyota decorate non-selectively and ssmply match their background. Given that they
will most commonly be attacked by carnivorous rather than omnivorous fishes, this behavior may
be sufficient to avoid predation. Thus, L. dubia appears to have adapted to geographic variance
in the protective value of potential algal associates as well as to varying consumer pressure.

Who selectsfor prey defenses?

There are numerous patterns in prey defensive traits suggesting that large mobile
generalists like fishes and sea urchins have been the major consumers selecting for defense, and
that smaller mesograzers such as amphipods and polychagetes have played a secondary, but maybe
not insignificant, role. A few examplesthat illustrate thisinclude: (1) seaweeds on tropical reefs
have more potent chemical defenses than seaweeds from temperate reefs. Thisincreasein
defense correlates with increased herbivory by fishes and urchins on tropical reefs, not with
greater herbivory by mesograzers (Carpenter 1986, Hay 1991); (2) In both the Caribbean and
Pacific, seaweeds in the genus Halimeda produce their new and potentially more vulnerable
growth at night during a short window of time when herbivorous fishes are inactive (Hay et al.
1988, Paul and Van Alstyne 1988); mesograzers are generally more, rather than less, active at
night (Brawley 1992); and (3) experimental field studies have demonstrated that seaweeds that
undergo large shifts in morphology in response to grazing pressure, generally do thisin response
to grazing by fishes and/or urchins rather than as a function of mesograzer densities (Steneck and
Adey 1976, Hay 1981b, Lewis et al. 1987), athough morphological responses of algae to
mesograzers have not been explicitly tested. Finally, human harvesting has greatly reduced
abundances of large marine consumers throughout the world, such that our perceptions of
"pristing” environments probably greatly underestimate the former abundance of large animals
(Safina 1995, Jackson 1997, Dayton et al. 1998), which must have had strong sel ective impacts
on prey organisms.

Genera patternsin the effectiveness of prey chemical defenses also support the greater
importance of larger generalist consumers in selecting for prey defenses. In both seaweeds and
benthic invertebrates, many secondary metabolites strongly deter feeding by fishes and urchins,
but often are relatively ineffective against a variety of mesograzers such as amphipods, small
crabs, polychagetes, ascoglossan gastropods, nudibranchs, and flatworms (Hay and Fenical 1988,
1996, Hay 1991b, 1996, Paul 1992, Pawlik 1993). In many instances, the mesograzers are, in
fact, stimulated to feed or choose hosts by the metabolites that most strongly deter the larger
consumers. Asdiscussed above, it appears that prey evolved defenses against the larger,
generalist consumers, that these chemically defended prey then become microhabitats where
small mesograzers can predictably escape their predators, and that the mesograzers then evolve a
tolerance for these chemical defenses as a means of acquiring a safe microhabitat for both living
and feeding (see reviewsin Hay and Fenical 1988, 1996, Hay 1992, 1996).

PREY EFFECTSON PREDATORS
A central point in understanding the evolutionary interaction between consumer and prey
isthat it isinherently asymmetrical. Whether or not a consumer is successful in a particular
encounter with the victim is potentially a matter of life and death for the victim, but only onein a
lifetime of meals for the consumer (the ”life-dinner principle’, Dawkins and Krebs 1979). That
is, asuccessful predator immediately reduces the prey's future fitness to zero, so we expect
selection to be stronger for prey defenses than for consumer adaptations to catching particular
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prey, and we might guess that in an "arms race" between them, the prey will generally stay
dlightly ahead of the consumer, or it will go extinct). Nevertheless, prey defenses can have
significant effects on consumer fitness and in some cases can select for evolutionary changein
the consumer as well.

In marine systems, we know too little about the effects that prey defenses have on
consumer fitness. That is, why do consumers evolve the ability to detect and avoid prey with
certain traits? For morphological defenses, such as those common in shelled gastropods, the
costs to a consumer of dealing with defended prey are often relatively straightforward to estimate
in terms of increased handling time per unit food consumed (Palmer 1979, Bertness 1981), and
potentially increased exposure of the consumer to its own predators. For example, Palmer (1979)
showed experimentally that filing off the stout spines from the shells of tropical muricid
gastropods decreased their effective diameter by 10-20%, rendering previously invulnerable
shells crushable by pufferfish.

For chemical defenses, in contrast, there are many documented cases of prey defenses
changing consumer feeding behavior, but very few where we can say what effect the avoided
metabolite would have on the consumer if it ingested the compound. Such direct tests of the
effects of defensive metabolites on consumer physiology or fitness are rare, in part because it is
very difficult to get consumers to eat defended prey so that the effects of the compounds can be
assessed. Hay et al. (1987) demonstrated that a diterpene alcohol that deters fish from
consuming the brown alga Dictyota menstrualis significantly slowed growth of the fish when the
compound was consumed as 1% of the diet for a period of several days. Although this
concentration can occur in some tropical species of the Dictyotales, the ecological relevance of
this assay can be questioned because it is extremely unlikely that any fish would consume only
this one genus of seaweed for an extended period. A different approach was taken by Targett and
Targett (1990) who assayed the effect of crude extracts from a chemically deterrent green
seaweed by coating this on a palatable seagrass and evaluating its effects on parrotfish
assimilation efficiency. Although the extract had no effect on assimilation efficiency, this does
not exclude the possibility of negative effects on growth, development, or fecundity. Irelan and
Horn (1991) tested the physiological effects of Fucus extract (which the fish would not eat), by
anesthetizing fish and force feeding them control diets versus diets treated with the Fucus
extracts, and then determining their digestive efficiency over the next several days. These
treatments did not affect digestion of carbon, but Fucus polar extract did lower assimilation
efficiency of nitrogen (often alimiting resource for herbivores) relative to the control. Boettcher
and Targett (1993) used a similar approach to test the effects of different sized algal
phlorotannins on fish digestive efficiency and found that larger phlorotannins commonly
suppressed digestive efficiency, while smaller ones did not. Such interference with consumer
nutrition could trand ate to reduced fitness, a necessary requisite for natural selection to mold
consumer feeding biology.

If anewly arisen defensive trait is to increase to fixation in a prey population, it must
confer a selective advantage when rare, as it will necessarily be immediately after itsorigin.
There is some experimental evidence that limited feeding on chemically defended prey, such as
might occur when a generalist consumer samples rare, defended prey in a diverse natural
community, can have significant negative consequences for the consumer’ s fitness (Fig. 7).
Lindquist and Hay (1995) fed anemones large meals of nutritious food followed several hours
later by small meals of larval mimics containing either defensive compounds (treatment) or no
defensive compounds (controls). Thiswas meant to mimic anemones getting the majority of
their food from appropriate sources, but feeding at low levels (1.8% of the total daily diet) on
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defended foods (e.g., consuming afew chemically-rich invertebrate larvae). Even thislow-level
consumption of defended prey strongly suppressed both growth and vegetative reproduction of
treatment anemones. This demonstrates that, even at low frequency, chemical defenses can have
negative effects on consumer fitness and thus select for recognition and avoidance of foods
containing these compounds.

On agrander time scale, the number of families of marine animals specialized for shell-
breaking predation increased dramatically in the late Cretaceous through early Tertiary, as did the
frequency of fossils with drilling damage (Vermeij 1987), and the depth of penetration into the
substratum of excavating herbivores (Steneck 1983). The timing and magnitude of these trends
relative to the evolution of prey defenses argue that increasing effectiveness of consumers
evolved at |least partially in response to the increasing difficulty of obtaining their quarry
(Vermeij 1987).

INDIRECT IMPACTS OF CONSUMERS ON COMMUNITIESAND ECOSYSTEMS
Trophic cascades

In addition to their strong direct effects on prey documented above, consumers can have
pervasive indirect impacts on community organization when the prey are themselves strong
interactors with other species in the community. These indirect effects can extend well beyond
the particular prey taxa consumed. The classic demonstration of this phenomenon was the
fundamental change in community structure following removal of the predatory seastar Pisaster
ochraceous from a Northeast Pacific rocky intertidal habitat (Paine 1966, 1974). Despiteits
relatively low abundance at Paine's study site, removal of Pisaster resulted in a dramatic
reduction in species diversity of primary space occupiers because its principal prey, the mussel
Mytilus edulis, was competitively dominant and excluded other species when released from
predation. Paine (1969) coined the term "keystone" for species that have strong community
impacts that are dispoportionate to their abundance.

Such indirect interaction chains reach their most extreme development in "trophic
cascades" (Carpenter et al. 1985), in which an apex predator's impact penetrates through the
intervening trophic levelsto influence plant abundance. A few experimental studies have shown
that predation by marine birds and fish can cascade down to influence the standing stock and
species composition of benthic algae (Wootton 1995, Duffy and Hay 2000). The most
spectacular example of such far-reaching impacts is the case of the sea otter in the northeast
Pacific (Fig. 3). Seaotters are voracious predators on herbivorous sea urchins and molluscs.
Comparisons among islands with and without sea otter popul ations suggested that otter feeding
drastically reduces herbivore abundance and grazing pressure on seaweeds to depths of 10s of
meters, and that this grazing in turn releases the giant kelp Macrocystis and other seaweeds from
grazer control (Estes and Pamisano 1974, Estes and Duggins 1995). Islands with otters thus
have lush kelp forests, whereas islands without otters support mainly "urchin barrens," areas
dominated by crustose coralline algae and sea urchins, but nearly devoid of fleshy algae. Since
kelps dominate their physical and biological environment, their removal by grazersin otter-free
areas has pervasive consequences not only for the benthos, but also for fishes and nearshore
terrestrial wildlife which depend on the structure and production of kelp beds (Estes and
Palmisano 1974, Duggins et al. 1989). Recently, Estes et al. (1998) demonstrated that the strong
consumer-prey interactions driving this trophic cascade extend through four trophic levels: a
sudden increase in killer whale predation on otters was correlated with dramatic decreasesin
otter densities, increases in urchin biomass and grazing intensity, and a drastic reduction in kelp
abundance. Thistype of shifting trophic cascade may have been going on for thousands of years,
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with human huntersin the role played by killer whalesin the above study. Anayses of Indian
middens suggests that nearshore marine communities in Alaska shifted between urchin barrens
and kelp communities as otters were overharvested by humans, and then allowed to recover
(Simenstad et al 1978). Indeed, humans as apex predators increasingly provide the most
dramatic and alarming examples of trophic cascades (Steneck 1998).

In the pelagic zone, there are several suggestive cases of trophic cascades, most involving
zooplanktivorous ctenophores or medusae as top predators (Verity and Smetacek 1996). Among
the more compelling cases is that involving the estuarine ctenophore Mnemiopsis leidyi in New
England, USA (Deason and Smayda 1982). Like many gelatinous zooplankters, this ctenophore
periodically bloomsto high densities and feeds heavily on crustacean zooplankton, most of
which are herbivorous. A 6-year time series of plankton dynamicsin Narragansett Bay reveaed
that the summer pulse in ctenophore abundance coincided with arapid decline in zooplankton
biomass and a concomitant phytoplankton bloom in four of the six years. When abundances of
the ctenophore and the dominant phytoplankter (the diatom Skeletonema costatum) were
integrated over the summer season for each year, there was a strong positive correlation across
years between the predator and the phytoplankter (r> = 0.77). Anecdotal observations suggested
that this trophic cascade could extend through a fourth level aswell: in 1974 alarge population
of the predatory ctenophore Ber6e ovata rapidly reduced M. leidyi populations. Thiswas
followed by a sharp increase in zooplankton and a crash of the diatom bloom (Deason and
Smayda 1982).

Whereas the ctenophore example comes from arestricted estuary, recent data suggest that
anthropogenic perturbations of upper trophic levels can cascade down to affect phytoplankton
dynamics even in the open ocean. Shiomoto et al. (1997) presented time series measurements of
surface phytoplankton and zooplankton abundance in the subarctic Pacific from 1985-1994,
along with abundance of juvenile pink salmon, which feed on zooplankton. Between 1990-1994,
surface chlorophyll and salmon abundance alternated synchronously between high valuesin odd
years and low values in even years, whereas zooplankton biomass was exactly opposite in phase,
low in odd and high in even years. Astemperature and nutrients (nitrate + nitrite) were roughly
constant throughout the time series, the variation in phytoplankton biomassis unlikely to be
explained by bottom-up forcing. The most likely explanation for this curious interannual pattern
involves the influence of hatchery-stocked salmon released in the northwestern USA. The
importance of top-down control in these patternsis also supported by the finding that carnivorous
zooplankton cycled with the same pattern as total zooplankton, suggesting that all zooplankton
were similarly controlled by a higher trophic level (salmon). These examples support a growing
recognition of the importance of top-down control of foodweb structure in pelagic systems
(Verity and Smetacek 1996).

Such examples of strong interactions cascading through the food web are spectacular, but
how common are they? Micheli (1999) addressed this question for marine pelagic ecosystems by
conducting a meta-analysis of published studies, including both mesocosm experiments and time
series of trophic-level covariance in unmanipulated systems (Fig. 8). The results suggest that
trophic cascades are uncommon in marine pelagic ecosystems. 1n enclosed pelagic mesocosms,
experimental additions of zooplanktivorous fishes or invertebrates consistently depressed
zooplankton abundance, but their effects cascaded down to enhance phytoplankton abundance
only in N-enriched (eutrophic) conditions. Conversely, experimental enrichment with nitrogen (a
limiting resource for plant production in many shallow marine systems) consistently increased
phytoplankton abundance but had no significant effect on zooplankton abundance. Thus,
bottom-up processes also do not penetrate far through the food chain. The latter result was
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corroborated by time-series analysis of unmanipulated pelagic ecosystems - estimates of nitrogen
availability and plant production were consistently correlated with phytoplankton abundance but
not with abundances at higher trophic levels (Fig. 8). Micheli’s (1999) meta-analysis of the
results from marine pelagic systems differs from a similar meta-analysis of experimentsin
freshwater, which showed that cascading effects of predators are common therein (Brett and
Goldman 1996). More such experimental tests of the influence of abiotic forcing and foodweb
structure (including diversity) on interaction strength will be necessary before we can make
informed predictions about how global environmental perturbations will change ecosystems.

Patternsin interaction strengths within communities

Examples of trophic cascades illustrate that individual consumers can have strong and
far-reaching impacts throughout an entire ecosystem. In the few cases where interaction strength
has been estimated for a large number of speciesin a benthic foodweb, it has generally been
found that most interactions are weak, having negligible impacts on populations of the
participants, whereas a few have strong impacts on other taxa (Paine 1992, Raffaelli and Hall
1995, Wootton 1997, Duffy and Hay 2000, Fig. 9). Severa plankton biologists also have
recently emphasized that unique characteristics of particular species often have an overriding
influence on energy and materia fluxes in pelagic ecosystems; these investigators have called for
anew focus on the biology of individual speciesin pelagic ecology (Lehman 1988, 1991, Banse
1994, Verity and Smetacek 1996). Thus, the degree of skew in interaction strengths within a
community is of central importance to understanding the regulation of community structure and
how structure will respond to perturbation.

Can we generalize about what characteristics of organism and environment result in
“keystone” status, i.e., disproportionately strong interaction strength? And how frequent is
strong skew in interaction strength? Strong (1992) suggested that control by afew strong
interactors, such as seen in the celebrated trophic cascades, is most likely in low-diversity
systems where there islittle functiona redundancy among species and one or afew species
dominate processes within each level. 1n more diverse systems, strong consumer impacts on one
species are likely to be compensated by increased abundance in another species such that, for
instance, aggregate biomass of that trophic level islittle affected by the consumer. A key issuein
evaluating this suggestion is the degree of functional redundancy among co-occurring species.
Ecol ogists often have tended to approach functional diversity by lumping species with similar
morphology and biology into guilds or functional groups (Littler and Littler 1980, Steneck and
Watling 1982, Peters 1991) and such grouping has proven useful in many cases (e.g., Steneck
and Dethier 1994). Y et even superficially similar consumer taxa can have substantially different
impacts on community structure and function (Paine 1992, Wootton 1997, Duffy et a. in press).
For example, experimental comparisons of three similar-sized species of small crustacean grazers
in an eelgrass bed showed that both grazer secondary production and per capitaimpacts on algal
biomass varied by an order of magnitude among species, and that their impacts on eelgrass
differed in sign as well as magnitude (Duffy et a. in press). Thus, effective generalization about
how diversity and functional redundancy affect ecosystem structure and function will require
more systematic empirical studies of how individual speciestraits trandate to functional
processes (see Lawton 1994).

Some methodological issues
Ecological research is necessarily constrained in spatial and temporal scale by a variety of
social, economic, and other human factors. It isawell-known cliche, for example, that the
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duration of the average ecological study conforms closely to the duration of a dissertation project
or funding cycle. What are we missing as aresult?

The heightened awareness among both ecologists and the public of the importance of
biodiversity has done little to change the fact that most ecologists focus on very small subsets of
the communities they study. Kareiva (1994) observed that over 60% of the papers published in
Ecology from 1981-1990 dealt with at most two species, and he emphasized the irony in our
habit of using specia jargon ("higher-order interactions, "indirect effects’, etc.) to describe
processes within more complete systems. This situation isworrisome: “[It is] clear that higher
order interactions and interaction modifications should be widespread in communities; but their
presenceis not what is at issue. . . The question is whether a neglect of these higher order effects
causes us to get substantially wrong answers.” In an exhaustive review of experimental studies
in rocky intertidal habitats, Menge (1995) concluded that ~40% of the changes in community
structure resulting from manipulation were indirect effects, and that each species was involved in
more strong interactions and more indirect interactions as foodweb diversity increased. The
celebrated examples of trophic cascades, such as the sea otter-grazer-kelp interaction discussed
above, surely have received widespread attention in part because they conform to simple,
straightforward models of how we expect the world to function (e.g., Hairston et al. 1960). But
the very fact that each new example of atrophic cascade generates attention suggests that such
simple interaction chains are the exception in nature. Even these relatively ssimple examples
illustrate dramatically a phenomenon with sobering implications for both basic and applied
ecology, namely that perturbing an ecosystem may produce strong and unexpected effects on
organisms that do not interact directly with the perturbed species. The apparent shift in feeding
behavior of killer whales, and its pervasive consequences for coastal ecosystemsin the NE
Pacific (Fig. 3), likely resulted from changes in abundance of the pinnipeds that formerly
comprised the primary prey of killer whales; these changes in turn are probably related to human
fishing pressure (Estes et al. 1998). Fishing pressure on top predators aso appears to explain
major shifts in marine community composition in several other putative cases of marine trophic
cascades (Steneck 1998). And the changes in the North Pacific pelagic foodweb appear related
to human stocking of predatory fish (Shiomoto et al. 1997). We need to know more about how
such interactions ripple out across ecosystems if ecology is to be an effective tool for confronting
environmental problems.

A related issue involves the extent to which we can extrapolate usually short-term
mani pul ative experiments to longer-term field consequences. Most ecological manipulations are
relatively short-term "press’ experiments, adding or removing a component of the community
and following the consequences. Such studies have shown repeatedly that consumers have major
impacts on community composition, biomass, etc. in avariety of habitats and systems.
Commonly these results are extrapolated, usually implicitly, to conclusions about the likely states
of the community in the presence and absence of the consumer. Leibold et al. (1997) noted that
results of such manipulations are often at odds with correlational studies of unmanipulated
ecosystems. They emphasized the potentially confounding, and underappreciated, role in such
scenarios of speciesturnover, i.e., the change in prey species composition that frequently
accompanies large changes in consumer pressure in open systems over extended time periods.
Changes in species composition, e.g., from undefended to strongly defended prey in the presence
of heavy consumer pressure, can largely compensate for the strong impacts of predators on, for
example, prey trophic level biomass, seen in short-term press experiments. Strong (1992)
developed asimilar argument to explain the relative rarity of well-defined trophic cascadesin
food webs with high species diversity. Understanding the role of species turnover will be
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important to predicting how open ecosystems will respond to accelerating global change.

ABIOTIC FORCING OF COMMUNITY STRUCTURE AND FUNCTION

The different traditions of benthic and pelagic marine ecology have resulted in distinctly
different visions of what forces regulate biological structure and functional processes in the two
realms (Lehman 1988, Verity and Smetacek 1996). Benthic ecologists have traditionally
ascribed a primary role to the top-down processes of predation and grazing in regulating
community structure, due in large part to the success and influence of the classic experimental
studies of community structure on rocky intertidal shores, nearshore kelp beds, and coral reefs,
where direct experimental manipulation of consumers produced dramatic changes in species
distributions and community structure (Connell 1961, Randall 1961, Paine 1966, 1974, Dayton
1971, Ogden et al. 1973, Menge 1976, L ubchenco 1978, Carpenter 1986, Lewis 1986, Hay
19914a). In contrast, oceanographers working in the pelagic realm have emphasized bottom-up
control of ecology through abiotic forcing of primary production and its transfer up the food
chain (e.g., Parsons et a. 1984, Mann and Lazier 1991). This perspective is undoubtedly due in
part to the microscopic sizes of the dominant pelagic organisms and the numerous difficulties of
conducting controlled field experiments in the open ocean. Despite the history of different
practical approaches in benthic and pelagic ecology, however, we see no clear apriori reason to
believe that ecological processes governing community structure in the two realms are
fundamentally different.

In recent years, these contrasting perspectives have begun to converge. Oceanographers
increasingly emphasi ze the importance of top-down processes in the structure and function of
pelagic communities (Hamner 1995, Verity and Smetacek 1996). And benthic ecologists
increasingly recognize the pervasive influence on ecological structure and function of abiotic
forcing, in the form of physical energy (Nixon 1988, Leigh et al. 1987), water flow (Leichter and
Witman 1997, Leonard et al. 1998), factors affecting water-column productivity (Witman et al.
1993, Bustamante et al. 1995, Menge et al. 1997), and most particularly larval supply
(Underwood and Denley 1984, Roughgarden et al. 1988, Grosberg and Levitan 1992). Asis
often the case with artificial dichotomies, it isincreasingly clear that abiotic (bottom-up) forcing
and consumer (top-down) regulation interact to mold ecological patterns and processes, rather
than being aternative explanations (McQueen et al. 1986, Power 1992). A few examplesfrom
marine systems illustrate this interaction.

Menge et a (1997) documented pervasive differences between two Oregon rocky
intertidal communities that apparently reflect between-site differencesin nearshore
phytoplankton concentration, productivity, and suspended particulates. The site with higher
phytoplankton production and biomass showed concomitantly higher recruitment, growth, and
adult density of sessile (suspension-feeding) invertebrates, as well as higher density and feeding
rates of both herbivores and predators. Ultimately the higher water-column productivity at this
Site appeared attributable to differences between the sites in the intensity of upwelling and
circulation patterns that deliver phytoplankton and larvae to intertidal habitats.

Strikingly similar patterns were demonstrated in the intertidal community of a New
England estuary as a function of water flow (Leonard et al. 1998). Comparison of three high-
flow and three low-flow sites showed that flow resulted in athreefold higher flux of chlorophyll
to the benthos at high-flow sites, with pervasive consequences for the intertidal community (Fig.
10). Asin the Oregon study, sites with higher phytoplankton flux supported higher cover of
sessile organisms (mostly barnacles and mussels) and higher growth of passive suspension
feeders, but also higher recruitment and adult abundances of both herbivores and predators.
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Growth of acarnivorous snail was also greater at high-flow sites. Thus, asin the Oregon study,
enhanced recruitment and phytoplankton flux resulted in higher prey densities and growth rates,
which "cascaded" up the food chain to predators. Flow simultaneously affected both
production/larval supply and predator effectiveness, so the strengths of bottom-up and top-down
effects were correlated.

The patterns documented in these studies of intertidal communities thus suggest that
bottom-up forcing resulted in higher abundances at all trophic levels, despite increasing the
feeding rates of consumers. Although such ”upward cascading” effects of resource supply have
been shown or suggested in pelagic systems (e.g., Aebischer et a. 1990), they appear rare (Fig. 8,
see discussion above). The marine data thus contrast with the ssmple model of Hairston et al.
(1960, see also Oksanen et al. 1981) which predicts that resource subsidy affects aternate trophic
levels most strongly, and with results of resource manipulation in some simple freshwater food
webs that support the model of Hairston et al. (Wootton and Power 1995). Meta-analyses of
marine (Micheli 1999) and freshwater (Brett and Goldman 1997) results were in agreement,
however, that resource subsidy generally has greatest impacts low in the food chain and
diminishes upwards, rather than affecting alternate trophic levels.

These case studies indicate that, at least in some cases, productivity and the abiotic forces
that regulate it can have pervasive effects on the organization of communities and the strength of
consumer-prey interactions. Scaling up such processes to the broad sweep of evolutionary time,
Vermelj (1987) has argued that consistently high energy availability (primary production and
temperature) is the ultimate environmental factor limiting the “scope of adaptation” i.e., the
diversity and degree of expression of potential adaptations. The rationale is that where energy
availability alows high metabolic rates, fitness differences among alternative phenotypes -
whether genetic variants within a population, or co-occurring species - are greatest and selection
or interaction among them will be most intense. Moreover, high energy availability fosters larger
population sizes, which are more likely to produce mutants, the raw material of adaptation.
Although energy availability ultimately dictates the rate and scope of adaptation, Vermeij argues
that competition and predation are the most important selective agents. As evidence, he offers
the familiar patterns of increasing incidence of consumer pressure and defensive phenotypes with
latitude, depth, and other ecological gradients that are correlated with energy availability.

SUMMARY

Consumer pressure is a pervasive influence on the evolution of populations and on the
structure and function of nearly al marine communities and ecosystems. Studies conducted
throughout temperate and tropical seas have shown that removal of herbivores or predators often
produces profound changes in community organization, habitat structure, and ecosystem
processes. Therise of humans as apex predators in an expanding range of marine (and
terrestrial) habitats is similarly producing cascading impacts in both benthic and pelagic systems
worldwide. Prey organisms may persist in the face of consumer pressure by escaping their
consumers in time or space, by tolerating limited tissue loss to consumers, and/or by deterring
consumers. Escape may be achieved through migration, rapid growth, other life history
adaptations, or associations with defended neighbors. Tolerance often involves rapid growth or
protection of reproductive structures in tissues inaccessible to consumers. Deterrence takes a
wide array of forms, from deployment of diverse chemical compounds through various forms of
structural armor. The generally positive association in time and space between intense consumer
pressure and well-developed defenses implies that such defenses are costly to the prey and are
selected against where consumer pressureislow. This cost hypothesisis supported by several
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experimental studies of phenotypically plastic or polymorphic species. In evolutionary time,
consumers are important selective agents, molding the behavior, morphology, chemistry, and life
history of prey organisms, particularly in the tropics where consumer pressure is especially
intense. Many specific, and even obligate, associations between defended marine host species
and undefended guest species appear to have evolved in response to intense predation pressure
on the guest. Severa unresolved issues deserve more attention in marine consumer-prey studies:
What characteristics of organism and environment predispose a consumer to have strong
(“keystone”) impacts on a community? Does the strength of consumer impacts in a system vary
predictably as afunction of community structure (species diversity, food chain length, etc.) or
abiotic variables (physical energy, nutrient flux)? How do the results of typical experimental
manipulations of marine communities scale up to broader scalesin time and space, and how will
evolutionary change and species turnover affect patterns seen in small-scale experiments?
Answering such questions will be critical if we hope to predict, plan for, and mitigate the
accelerating effects of global change on marine ecosystems.
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FIGURE LEGENDS

Figure 1. (a) Herbivorous fishes and sea urchins consume ~100% of daily algal production on a
coral reef. The different curves represent experimental treatments with (1) all herbivores, (2)
fishes and mesograzers only, and (3) urchins and mesograzers only. (b) Bite rates by herbivorous
fishes throughout the year on a shallow fore-reef in St. Croix, USVirgin Islands. After
Carpenter (1986).

Figure 2. Large-scale changesin the cover of live coral at fore-reef sites along >300 km of the
Jamaican coastline surveyed in the late 1970s (hatched bars) and the early 1990s (filled bars).
After Hughes (1994).

Figure 3. A marine trophic cascade extending through four trophic levels. Declinesin sea otter
abundance at several islandsin the Aleutian archipelago (A) were correlated with increased sea
urchin abundance (B) and grazing intensity (C) and greatly reduced kelp abundance (D) at Adak
island. Sea otters declined concurrently with a sudden increase in killer whale predation on
them. The cartoons show the proposed mechanisms controlling the food chain before (left) and
after (right) the sea otter decline. Thick and thin arrows represent strong and weak interactions
respectively. After Esteset al. (1998).

Figure 4. In some cases, consumers may benefit their prey. Reproductive propagules of severd
algal taxa, such as these two green seaweeds, passed intact through the guts of grazing molluscs
(F = Fissurella, S= Sphonaria). Sporelings derived from the gut-passed propagules grew
significantly faster than those that had not been passed through a grazer’s gut (Co = Contral).
After Santelices and Ugarte (1987).

Figure5. Thefitness cost of defensein a polymorphic barnacle. (A) Field experiments showed
that the “bent” morph (left) survived better than the “conic” morph (right) in the presence of the
predatory gastropod Acanthina. (B) The bent morph, however, pays for this advantage in lower
fecundity, and the conic morph predominates in the absence of predators (after Lively 1986a,b).

Figure 6. Apparently adaptive geographic variation in use of the chemically noxious seaweed
Dictyota menstrualis by the decorator crab Libinia dubia. In laboratory choice assays, crabs
collected within the range of this alga select it almost exclusively for decoration (thereby
protecting themselves from omnivorous fish predators, Stachowicz and Hay 1999), whereas
crabs collected from northern areas rely on camouflage, decorating themselves with various algae
in proportion to their abundance in the environment (After Stachowicz and Hay 2000).

Figure 7. Consumption of even small quantities of chemically defended prey can significantly
reduce predator fitness. In this case, food pellets laced with noxious compounds (didemnins)
from the sea squirt Trididemnum solidum made up <2% of the daily food ration of the anemone
Aiptasia pallida, yet the compounds reduced the rate of asexual reproduction (production of
daughter clones) by ~40% relative to that of anemones fed with the same quantity of didemnin-
free pellets. Such effectiveness enhances the probability that an initially rare defense mutation
would confer sufficient advantage to spread through the population (after Lindquist and Hay
1995).
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Figure 8. Trophic cascades are uncommon in marine pelagic ecosystems. Top: Log response
(treatment biomass/control biomass) to addition of zooplanktivores (A and B) or inorganic
nitrogen C and D) in pelagic mesocosm experiments. In (A) both zooplanktivore and control
treatments were conducted with unenriched water, whereasin (B) both treatments received N
enrichment. 1n (C) both unenriched (treatment) and N-enriched (control) treatments contained
only phytoplankton and zooplankton, whereasin (D) both treatments also contained
zooplanktivores. Plotted are the means + 95% CI from a meta-analysis (number of studiesis
shown above each mean). Note that zooplanktivore addition consistently depresses zooplankton
biomass (A and B) but cascades down to increase phytoplankton only under N-enriched
conditions (B). N addition consistently enhances phytoplankton, but not zooplankton, biomass ©
and D). Bottom: Correlations of winter nitrogen availability (left) and mean annual primary
productivity (right) with biomass of (i) phytoplankton, (ii) mesozooplankton, and (iii)
zooplanktivorous fishes in time series of unmanipulated pelagic systems. Consistent with the
mesocosm results, N correlates only with phytoplankton and not with biomass of higher trophic
levels. After Micheli (1999).

Figure 9. Two examples of variation in interaction strength among co-occurring consumers. A)
Variation in per capitainteraction strength (impact on brown algae, the dominant space-
occupiersin this system) among eight common invertebrate herbivoresin arocky intertidal
community of Washington State, USA. Per capitainteraction strength = (E-C)/Cd, where E and
C are brown algal sporeling densities in the herbivore removal and control treatments,
respectively, and d is the number of individual herbivoresin the C treatment. The chiton
Katharina tunicata (K.) and the sea urchin Strongylocentrotus pur puratus (S.) strongly influence
brown algal abundance, whereas effects of the other six species (all gastropods) are negligible.
After Paine (1992). B) Relative interaction strengths of omnivorous fish (Diplodus holbrooki)
and herbivorous amphipods (mostly Ampithoe longimana) on major taxa of benthic space-
occupiers, expressed per unit herbivore biomass. Numbers show the ratio of amphipod/fish
impacts for each algal taxon. Per-biomass impacts of the inconspicuous amphipods are up to an
order of magnitude greater than those of the fish. After Duffy and Hay (2000)

Figure 10. Anexample of abiotic forcing of community structure and function. The two food
webs are schematic summaries derived from experimental studies of rocky intertidal
communities at adjacent sites of low and high water flow in Rhode Island, USA. Ascending and
descending arrows indicate energy transfer and interaction effects respectively. Biomass (font
size) at all trophic levels, the relative strength of specific links in the food web (arrow width),
and the presence of whelks differ among sites, responding to differences in the flux of planktonic
larvae and resources (shown in boxes). After Leonard et al. (1998).
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Figure 2
Duffy and Hay
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Figure 6
Duffy & Hay
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Figure 8
Duffy & Hay
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Figure 9
Duffy & Hay
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