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Abstract

When multiple victim species (e.g. prey, host) are attacked by one or more
shared enemy species (e.g. predator, pathogen), the potential exists for apparent
competition between victim populations. We review ideas on apparent com-
petition (also called “‘competition for enemy-free space”) and sketch illustrative
examples. One puzzling aspect of this indirect interaction is the repeated
rediscovery of the essential ideas. Apparent competition arises between focal
and alternative prey populations because, in the long term, enemy abundance
depends on total prey availability; by increasing enemy numbers, alternative
prey intensify predation on focal prey. A frequent empirical finding, consistent
with theory, is exclusion of victim species from local communities by resident
enemies, Theory suggests victim-species coexistence depends on particular
conditions. To understand fully the consequences of shared enemies requires
abody of contingent theory, specifying the time-scale of the interactions (short-
and long-term consequences of sharing enemies generally differ), the structure
of the food-web encompassing the interactions, its spatial context, etc. The
“core criterion” for a focal victim species to invade a community supporting
aresident, polyphagous enemy is r > aP (the invader’s intrinsic rate of increase
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should exceed attack rate times average enemy abundance). A growing body
of data and observations test, and support, this prediction.

A GENERAL PROBLEM: CONTINGENT THEORY IN
ECOLOGY

There is a growing recognition in ecology of the need for contingent theory—
models tailored to particular systems—developed with strong links to synoptic
views of the discipline as a whole (103, 154). This is particularly true for
interactions between generalist natural enemies and their victims, a diverse
class of interactions transcending taxa, habitats, and biomes. Here, the terms
“enemy” and *“‘victim” embrace, respectively: “true” predators, parasitoids,
parasites, pathogens, or herbivores; and prey, hosts, or plants. For simplicity
we often refer to “predators” and “prey,” but unless otherwise stated our
arguments apply broadly to all enemy-victim interactions.

What do the following miscellaneous interactions have in common-—bad-
gers and hedgehogs (34); sea urchins and the eity of Los Angeles (144); rabbits
and herbaceous vegetation (176, 177); ants, extrafloral nectaries, and caterpil-
lars (87); Aleuts and sea otters (164); biological pest control by generalist
natural enemies (77); and domestic cats and house sparrows (26)? The answer,
which may not be obvious at first, is that all involve one (or more) “focal”
victim species linked to other prey via a shared, generalist enemy or enemies:
The thread tying these examples together is that in each, enemy impact upon
particular victim species is profoundly influenced by the availability and pro-
ductivity of alternative food or victims. Relationships between alternative prey
mediated via shared predators are, we believe, a particularly pervasive and
important class of indirect interactions (1, 2, 85, 110, 155, 168, 189a). Previous
overviews of the role of predation in communities (25, 30, 42, 85, 111, 116,
162) have rarely highlighted the significance for prey species of sharing pred-
ators. The problems of coexistence and exclusion for prey species that share
predators—due to an indirect interaction denoted by various names, including
“apparent competition” (64) and “competition for enemy-free space” (80)—
constitute the central focus of this review.

REDISCOVERING THE WHEEL

One of the most puzzling aspects of the phenomenon of shared enemies is the
repeated rediscovery of its main ecological and evolutionary consequences by
numerous authors, each apparently oblivious of earlier work. It is as if ecolo-
gists working on different taxa, in each decade, were continually to rediscover
interspecific competition for resources! We have no idea why ecologists in
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general are so ignorant of the general importance of shared enemies and yet
are so familiar with conventional, resource-based interspecific competition.

The essential ideas of enemy-free space and apparent competition are not
new. Over 35 years ago, Williamson (185) first showed in a formal model that
the consequences of two species sharing a natural enemy are, in general terms,
identical to more conventional forms of interspecific competition for limiting
resources. Holt (64) coined the term apparent competition to emphasize this
formal similarity and, with collaborators (64, 66-72), developed a body of
theory characterizing this interaction. Recently, Connell (28) and Reader (142)
examined evidence for apparent competition between plants via shared herbi-
vores. Jeffries & Lawton (80) listed 20 papers dealing with enemy-free space
in general, conceptual terms. They summarize 81 papers, providing examples
of ecological and evolutionary consequences, drawn from the marine, fresh-
water, terrestrial, and paleontological literature, and including organisms from
microbes to mammals and phytoplankton to fish. Yet ecologists continue to
rediscover one or more aspects of the general problem. Entomologists alone
appear to have independently stumbled across the essential ideas at least 20
times (93). There are numerous discoveries of the basic phenomena in the
parasite literature (47, 139, 140). Some authors (16, 17, 32, 38, 40, 41, 77, 86,
119, 123, 178) have clearly recognized the importance of alternative prey in
defining the impact of polyphagous predators on focal prey in particular
systems, without exploring broader implications. Several recent examples of
rediscovery are elegant and important (6, 29, 35, 73, 90, 105, 106, 113, 119,
121, 143, 147, 159, 175). They suffer only from not being set in a more general,
conceptual framework, and hence they contribute less to testing and developing
theory than one might wish.

There are literally hundreds of examples we could use to illuminate how
alternative prey for generalist predators influence the distribution and abun-
dance of focal victim species; the papers cited here are illustrative, not exhaus-
tive. To, us, these examples tellingly highlight the need for the further
development of contingent theories, in the first place tailored to the details of
particular systems, then deliberately woven into a broader tapestry of themat-
ically related contingent theories. Some such theories for shared generalist
enemies are well-developed (e.g. 1, 2, 33, 50, 55, 58, 62, 64, 66-67, 69-72,
80, 93, 99a, 108, 122a, 153); others await explicit attention from theoreticians.

GENERAL FEATURES OF SHARED PREDATION

A logical series of questions about the effect of a generalist (polyphagous)
predator on a focal prey type are: Does the predator cause that prey’s local
extinction? If not, by how much are prey numbers depressed below the carrying
capacity set by other factors? Does predation regulate—or destabilize—the
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prey population? To answer these questions, one must consider three dimen-
sions to the problem: (i) temporal scale; (ii) food web structure and feedbacks;
and (iii) spatial scale. The reader will quickly come to appreciate the need for
contingent theory!

Time Scales

The relative generation lengths of enemies and victims influence their linked
dynamics (30, 32, 86). Observational time-scales strongly color interpretation
(1, 2, 64, 70), and failure to consider time-scales can lead to misleading tests
of theory (31). Feedback between predator and prey occurs when the rate of
predation over some time-scale depends functionally upon prey abundance. At
short time-scales, within a single predator generation, feedbacks are behavioral
in nature (114) [e.g. predator satiation, switching, and aggregative responses
(30, 57) and prey avoidance behaviors (100, 179)]. These short-term effects
can be masked or exaggerated over multiple predator generations—the time-
scale pertinent to understanding the role of predation in determining commu-
nity structure—where the potential for predator numerical responses (30, 57)
looms larger. At yet longer time-scales, phenotypic evolution within a given
prey species will reflect the phenotypic spectrum characterizing all prey sup-
porting shared predators; niche differentiation among prey may be driven by
shared predation (19, 80, 93, 145, 160). Due to space limitation, we say little
on evolution here.

SHORT TIME-SCALES Within a single predator generation in a closed commu-
nity, predator numbers are approximately fixed. The availability of alternative
prey influences predator behavior, modulating the predation experienced by a
focal prey via the predator’s functional response; for instance, alternative prey
may lower predation on a focal prey because of predator selectivity or satiation.
One important consequence of labile predator behaviors is that generalist
predators can contribute to density-dependent regulation of focal prey species
(36, 40, 41, 55, 58) and at times can promote the coexistence of competing
prey (190).

Such interactions have received considerable attention (29, 44, 48, 74, 143,
187). In short-term experiments with two species of amphibian tadpoles, sur-
vival of Bufo americana increased in mixed populations with Rana palustris
when both were exposed to predation by Anax junius nymphs (Odonata) or by
adult Notophthalmus viridescens salamanders. Rana survivorship was en-
hanced by Bufo in the presence of Notophthalmus, but not with Anax (181).
Natural fluctuations in prey numbers produce comparable phenomena. On
Santa Barbara island, predation by the barn owl (Tyto alba) extirpated bur-
rowing owls (Athene cunicularia) when alternative prey (small mammals)
declined (35), within a single barn owl generation.
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These results are predicted by a traditional representation of a predator’s
short-term (functional) response to multiple prey-species—the generalized
Holling “disk” equation (96, 118, 120). In this model, time spent handling one
prey item precludes handling another. An increase in alternative prey relaxes
predation upon a focal prey; conversely, decreases in alternative prey magnify
predation upon focal prey. Thus, short-term interactions between alternative
prey mediated by a shared predator can generate “apparent mutualism” (1, 2,
64, 70).

Various authors have explored a number of theoretical, but realistic, com-
plications in short-term interactions between prey. For instance, the generalized
disk equation does not incorporate adaptive foraging behavior by predators,
or adaptive escape behavior by prey. If predators switch or forage optimally,
apparent mutualism persists and may be reinforced (1, 2a, 50, 65). This and
other indirect interactions [e.g. (+,—) called “apparent predation,” “indirect
antagonism" (74), or “contramensalism” (10)] may arise from shifts in prey
behavior, or when predators violate canonical optimal foraging models (1, 65,
70, 74). Moreover, optimal patch use by predators can generate short-term,
within-patch apparent competition between alternative prey (21, 70).

LONGER (TRANS-GENERATIONAL) TIME-SCALES Predator abundance in a
closed community in the long run is always a dependent variable, and in
particular it depends on the availability and productivity of the entire prey
base. The rate of predation experienced by a focal prey species can be pro-
foundly influenced by the indirect, cumulative impact of alternative prey,
sustaining predator populations at densities higher than allowed by the focal
species alone. This dependency is often neglected in field studies of the
community effects of polyphagous enemies. Understanding the assembly and
persistence of species assemblages, we argue, requires a multi-generational
perspective encompassing the full range of potential numerical responses.

Theoretical studies suggest that when predators are largely limited by prey
availability (rather than by, say, nest-site availability), alternative prey should
experience long-term, negative-negative interactions via shared predation (ap-
parent competition), regardless of short-term contramensalism or apparent
mutualisms due to predator satiation, adaptive foraging, or switching (2, 50,
64, 65, 71). These indirect interactions can lead to species exclusions. Ironi-
cally, the phenomenon is difficult to demonstrate by observing an established
community, because the most severely affected species are absent from the
system! .

One approach is to compare local assemblages (6, 189). The species com-
position of Enallagma damselflies differs markedly but predictably between
permanent lakes, depending upon whether the dominant polyphagous predators
are fish (found only in some lakes), or larger Odonata (absent from lakes with
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fish), Different Enallagma species differ in vulnerability to these two predator
types and are excluded from lakes with the “wrong” predators (109). (Apparent
competition in this example is not just between Enallagma spp., but between
Enallagma and the entire invertebrate prey complexes that support populations
of fish or larger odonates). A very different example is provided by comparing
fossil and extant marine communities. Certain isolated salt lakes lacking fish
are dominated by benthic ophiuroids, and appear to provide a glimpse of
Paleozoic marine communities, common in_the fossil record, but now largely
exterminated by the evolution of predatory fish in the Mesozoic (9).

Exclusion by shared enemies is best demonstrated by experiments, either
controlled (3, 34, 82, 119, 121, 151, 152, 159) or more haphazard and acci-
dental (20, 32, 86, 139). Exclusion by shared enemies is also seen dramatically
in new, but transient, situations created by invasions, either of novel prey (90,
147, 157, 158), alien enemies (7, 11, 12, 23, 37, 73, 98, 113, 129-131, 150),
or both (32, 133, 146). It is not the case that alien predators are somehow
different from native predators (35), only that apparent competition to the point
of exclusion can be readily observed during an invasion.

Exclusion by shared predators is not inevitable—just as species may com-
pete for food, but coexist. Mechanisms promoting prey coexistence, despite
shared predation, have been reviewed in detail elsewhere (64, 66, 69, 71). They
include: (i) donor-controlled enemy dynamics; (ii) weak enemy numerical
responses (i.e. limitation other than by prey, territoriality for instance); (iii)
resource limitation for prey; (iv) resource and habitat partitioning by prey; (v)
spatial and temporal refuges for prey; (vi) labile enemy behavior (e.g switch-
ing): and (vii) food-web effects (e.g. higher-order predators).

Food-Web Structures and Feedbacks

Sometimes indirect effects resulting from shared predation can be discerned
species-by-species, and sometimes only diffusely. Published studies often con-
form to idealized food webs (Figure 1), although reality will often be more
complex, encompassing both more types of prey, and more species of predator,
than abstracted by the original author(s).

The simplest cases report a single enemy species and two distinct victim
species (Figure 1a) (16, 35, 45, 48, 82, 127, 139, 158). The next most com-
plicated cases (Figure 1b) focus on a single predator species attacking an entire
suite of taxa, often with a focal prey (7, 13, 36, 46, 52, 79, 84, 98, 113, 126,
151, 164, 175). A yet more complicated scenario is for two or more distinct
generalist predators to be supported by a pair of prey species (14), or by an
entire suite of alternative prey, often with one prey selected for particular study
(Figure 1c) (40, 41, 44, 55, 88, 91, 92, 101, 172, 178, 188). Finally, the focal
prey “type” may be an ensemble of prey species, attacked by a complex of
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Figure 1 A series of food-web modules, representing increasingly complex and diffuse examples
of natural enemies shared by two or more victim species (see text).

predators, treated as a group (Figure 1d) (15, 109). (Other food web effects,
such as competition between prey, are discussed below.)

Over and above these relatively simple examples, many cases are difficult
to classify, either because essential details are lacking, or because predator-prey
interactions vary in complex ways in space and time. For instance, spatially
varying assemblages of introduced mammals, sustained by a variety of native
and introduced prey, pose major threats to breeding seabirds on sub-antarctic
islands (81).

Spatial Scales

The nature of a predator’s functional and numerical responses to a focal prey
species depends upon the spatial relation of the predator, the focal prey, and
alternative prey. In simple cases, the predator may encounter prey (both focal
and alternatives) in a fine-grained fashion and have a numerical response to a
weighted average of their abundances. This is a useful point of departure for
theoretical models (64, 66, 169, 173, 174) and may adequately describe some
empirical systems, such as “bottle” experiments (48, 91, 92) and relatively
homogeneous field systems with mobile predators. Striped skunks, Mephitis
mephitis, foraging for invertebrates in grassland, apparently encounter birds’
nests at random, but nevertheless impose considerable mortality on several
rare and endangered species, a process Vickery et al (175) called “incidental
predation.”

But often, enemies encounter focal and alternative victims in a coarse-
grained fashion, through either time or space (136).

One can usefully distinguish three scenarios:

1. Enemies move from one habitat to another, and encounter different
victim types in different habitats. For instance, Arctic foxes move into breeding
areas of wading birds from adjacent habitats following lemming population
declines and have a major effect on nesting success (172). Impacts on focal
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victims depend upon when and how predators move in relation to their prey.
In some circumstances, predator movement can cause high mortality to prey
in low-productivity patches, because immigration boosts predator numbers
above levels sustainable locally by those prey (56, 66, 68, 125, 141). For
instance, polar bears, migrating on drift-ice in spring, directly or indirectly
caused 60% mortality of brent goose eggs on Svalbard (104). Alternatively,
predators may show aggregative responses (30, 57) to different prey in different
habitats, generating switching (120) and reduced mortality for species in low
density patches. It is less well known that an aggregative response can generate
short-term apparent competition between alternative prey within a patch (70),
exemplified by kangaroo rat, Dipodomys merriami, predation on experimental
patches containing two sizes of seeds (21). Evolution of nest-site differences
among coexisting bird species is favored by a qualitatively similar mechanism;
in a given habitat, predators may be less successful when searching simulta-
neously for several different nest types than when concentrating on just one
(105, 106).

2. Enemies may be stationary, but victims (focal, or other) move between
habitats. Asymmetrical spatial flows reduce the potential for classical, density-
dependent feedback between enemies and victims in any particular community.
Two very different types of interaction are informative. Insectivorous birds are
unable to attack below-ground larval stages of periodical cicadas, Magicicada
spp.; accordingly, birds cannot show sustained numerical responses to cicadas
between emergences and are swamped by the overwhelming numbers of adults
that emerge synchronously into above-ground habitats (184). [Note that by
emerging together (180), the three species of Magicicada are short-term ap-
parent mutualists.] In contrast, sustained, predictable flows of food, which
enter habitats from elsewhere at a rate independent of resident predators, have
quite different effects. Such predators are donor controlled and may build up
to large numbers, with major consequences for focal prey. Examples embrace
a variety of unconventional flows of alternative foods, enemies, and focal
victims: sewage outfalls that sustain sea urchin populations, reducing local
communities of attached algae to the point of extinction (144); litterfall that
contributes 20~-50% to the diet of fallow deer, Dama dama, allowing the deer
to all but obliterate plants in the forest understorey (12); and food provided
by people for domestic cats, with serious consequences for bird and mamma-
lian prey (26, 39; see also 136).

3. Echoing these spatial processes, there may be a partial or complete
temporal (e.g. seasonal) separation of victims, supporting enemies that straddle
seasons. The level of predation in one season may depend on the availability
of prey in previous seasons. Examples of seasonal flows range from inter-con-
tinental migration of birds (with largely unexplored consequences for prey
species), and within-continental migration of Odonata (187), to insect hosts
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that live in physically separate habitats, coupled by shared, seasonally alter-
nating parasitoids (128, 191). Differences in diel activity can generate asym-
metrical relations among alternative prey. For example, Halle (54) reported
that a guild of diurnal avian predators attacked the vole Microtus arvalis at a
considerably higher rate than the mouse Apodemus sylvaticus, and suggested
that this reflects the partially diurnal habits of Microtus.

In brief, a full understanding of the dynamics of coexisting prey and the
potential for prey exclusion requires knowledge of both long- and short-term
predator responses to alternative prey, anchored in an appropriate spatial,
temporal, and community context. Good examples come from simple Arctic
and boreal ecosystems, where bird and mammal species show parallel (but
frequently asynchronous) cycles in numbers and breeding success, driven by
shared predators (22, 55, 88, 101, 172). Understanding these cycles requires
knowledge of long-term predator numerical responses, as well as shorter-term
aggregative and switching responses from declining prey (e.g. lemmings) to
alternative prey (e.g. nesting birds).

VICTIM EXCLUSION IN FEEDBACK AND
NONFEEDBACK SYSTEMS "

A simple but nonetheless illuminating criterion for exclusion of the focal prey
is:

O<r<aP, 1.

where r is the average intrinsic rate of increase of the focal prey (when it is
rare enough to ignore intraspecific density-dependence), P is the average
abundance of resident predators, and a is the attack rate per predator, per prey
when the focal prey is rare (57, 64, 71, 93). If r > 0, the prey can cope with
the local environment and thus could invade in the absence of predation.
Exclusion occurs when r < aP.

In some circumstances, r increases with density at low densities (vxz Allee
effects), up to an ry,, at some density, above which negative density-depen-
dence is felt. Some prey species may be excluded from a community by
predation, yet be able to persist if their initial abundance exceeds a certain
threshold level. This effect (which is compounded if predators have satiating
functional responses, reducing a at higher prey densities) can lead to alternative
stable states in prey community composition (64).

Examples of prey exclusion by polyphagous enemies have already been
given. Others include exclusion of the water boatman Corixa expleta from
low-salinity lakes by four species of parasitic water mites (116, 157a); elimi-
nation of Tribolium castaneum by the shared sporozoan parasite Adelina
tribolii in mixed cultures with T. confusum in Park’s (127) classical experi-
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ments (in the absence of Adelina, T. castaneum out-competes T. confusum);
and the differential exclusion, or virtual exclusion, of three types of gall-form-
ing nematine sawflies from arroyo willows by a guild of predatory ants (188).

The ambient density of predators, P, reflects the cumulative impact of the
resident prey community that supports these predators, as well as many other
aspects of community structure (see below). By definition, the magnitude of
P is not governed by feedback with excluded prey! We therefore call predators
that exclude prey “despotic.”

Different assumptions about the relation between a despotic predator and
alternative prey have interestingly different dynamic consequences:

1. Predators may be limited by nontrophic resources such as territories (40)
or nest sites (77) (e.g. specially evolved “domatia” on host-plants for
predatory ants—78). If so, the productivity of alternative prey may vary
widely without influencing the propensity for exclusion of focal prey.

2. The enemy may be food-limited, but in a donor-controlled manner. This
describes many systems in which the alternative food supply for the enemy
is nonliving (e.g. 12)), such as nectar supplied by plants with extra-floral
nectaries, attractive to predatory ants (78). These ants frequently (if not
always—87) depress populations of one or more species of phytophagous
insects exploiting the host plant, and in extreme cases exclude particular
vulnerable species entirely (59, 97). Likewise, sea urchins are sustained at
very high densities by Los Angeles sewage effluent and can therefore
eliminate local populations of attached algae (144).

Donor control may also roughly describe systems in which domestic stock
sustains infectious diseases (32), and those in which prey have absolute
refuges (in space, time, body size, etc) from predation (61). Because het-
erogeneities of all sorts tend to generate “virtual” refuges from predation,
touches of donor control may be common in many environments and may
play an important role in maintaining stable, polyphagous, potentially des-
potic predator populations.

3. A vast literature, based largely on analyses of gut-contents and feces, shows
that many vertebrate and invertebrate predators are not only polyphagous,
but extremely so (186). In such cases, no particular prey species matters
very much in determining P, which can often as a first approximation be
treated as a constant rather than a dynamical variable responsive to that
prey (58, 119). In contrast to case 1. above, predator abundance depends
on the productivity of the full prey community. But in comparison with
simpler community modules, indirect pairwise interactions between prey
species will be difficult to discern (e.g. experimentally).
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A Comment on “Ratio-Dependent Predation”

An alternative representation of predator-prey dynamics, ratio-dependent pre-
dation, has attracted recent attention; proponents argue that the functional
response of a predator to its prey is determined not by prey density, R, but by
the ratio of prey to predators, R/P (4, 8, 107).

In a simple ratio-dependent formulation, per capita prey mortality due to
predation is independent of the number of predators. Hence if strict ratio-de-
pendence were the rule, much of what we have said is wrong. However, the
theory lacks unequivocal experimental support (149) and has been severely
criticized for logical flaws (e.g. 2b). The numerous manipulative experiments
showing an effect of predator abundance on prey mortality or density suggest
that strict ratio-dependence is the exception, not the norm. Moreover, ratio-
dependence may inadequately represent how predation affects the capacity of
a victim population to increase when it is rare. The latter is what matters for
community structure. We therefore accept Equation 1 as the most useful,
general, albeit simple, working model for prey exclusion by resident, despotic
predators.

REASONS FOR PREY EXCLUSION

The three components of the exclusion criterion (r, a, and P) correspond to (i)
inherent physiological and life history properties of the prey in a given envi-
ronment; (ii) behavioral attributes and environmental context of the predator-
prey interaction (e.g. predator hunting efficiency, anti-predator escape
strategies, availability of spatial refuges); and (iii) a summation of those factors
that control predator numbers, particularly food web effects. We now “unpack”
the biological complexities latent in the seemingly simple exclusion criterion;
particular instances of exclusion (or coexistence) cannot be fully understood
without considering all three components.

Exclusion Because of Low Prey r

If r <0, the focal prey species is excluded from the local environment,
irrespective of predation, unless sources provide continuous immigrants into
sinks (68, 71, 141). If r > 0, but is low relative to mortality imposed by resident
enemies, one tends to ascribe exclusion to predation. This is correct, but such
exclusion also rests on the prey having a low r.

A prey species may have low r for many reasons, both autecological and
synecological. Long generation length and/or low clutch size are obvious
contributors. If the prey species is near the edge of its fundamental niche or
close to its geographical limits, maximal growth rate may be low (95). For
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other species, resources may be inherently low in availability or quality, or
depressed by interspecific competition.

These observations lead to a series of first-order expectations about prey
species most at risk of exclusion from a local community by resident, polyph-
agous enemies. All else being equal, they are victims near the edge of their
distributional ranges, specializing on scarce or low-quality resources, and
overlapping in resource requirements with the resident prey community. These
predictions appear not to have been tested experimentally [although the estab-
lishment of red-legged partridges, Alectoris rufa, in Britain in the face of heavy
predation by foxes appears to have been favored by high fecundity (138)].

Exclusion Because of a High Attack Rate, a

Attack rates can be decomposed into a series of steps describing the time-
course of a predator-prey encounter (63). Average attack rates will be reduced
if victims (53a, 93, 161): (i) avoid enemies spatially or temporally; (ii) have
behaviors or appearances that reduce detection and recognition; (iii) develop
escape abilities; and (iv) resist attack. (Different, detailed considerations are
pertinent to plant-herbivore, pathogen-host, and parasite-host interactions,
without affecting the basic argument).

One simple conclusion is that if invading prey closely resemble resident
prey in niche dimensions that determine vulnerability to predation, the invaders
are likely to be excluded by resident enemies (80, 93). Only invaders with less
vulnerable phenotypes should be able to enter the community (other things
being equal, particularly r). Direct tests of these predictions are also lacking.
But many aspects of the biology of coexisting hosts and parasitoids (93) and
predators and prey (109, 189) are consistent with them. For example, phytoph-
agous insect species in particular feeding niches are excluded entirely, or
almost entirely, from host plants within the hunting ranges of predatory ants
(46, 79, 188), seabirds nesting in different sites are differentially vulnerable
to mink predation (7), and predation on bird nests increases with overlap in
microhabitats exploited for nest placement (105).

Exclusion Because of High Predator Abundance, P

Obviously, a given invading prey is likely to be excluded if highly productive
resident prey or nonliving food resources sustain a large population of resident
predators (P). But the problem is more interesting than that. The invasion
criterion for prey species i, r; > a;P, can be restated as:

rfai= P, 2.
where P is the greatest density of predators prey i can tf)lerate and still persist.
If prey species i occurs alone with the predator, then P defines the maximum
abundance of the predator sustainable by that prey. This leads to a simple
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cntenon for dominance under shared predation: the specxes with the largest
value for P" tends to exclude alternative prey. This simple P* rule characterizes
the outcome of apparent competition in a diverse array of models, including
classical Lotka-Volterra models (64, 66, 122a), host-parasitoid models (71),
and some models with mixed exploitative and apparent competition (69).
Microcosm studies (91, 122) have validated this criterion, but its efficacy in
explaining dominance in field situations (e.g. 158) has not yet been tested
experimentally. This “rule-of-thumb” for dominance may break down if key
assumptions are violated, for instance, because of complex functional re-
sponses, or because predators themselves are attacked by higher-order enemies.
Nonetheless, the P -rule provides a useful yardstick for gauging the likely
importance of such complications.

When Prey Are Not Excluded

If the focal prey can invade (i.e. r > aP), many of the above considerations
still pertain, but with the significant difference that various feedbacks may
arise.

A focal prey may persist at an equilibrium density well below carrying
capacity, because alternative prey support generalist enemies at high densities.
Such a prey is unlikely to have a large effect on the remainder of its community.,
A particularly well-documented example is provided by Potts’s (137) work on
grey partridges, Perdix perdix, in which breeding densities are depressed by a
complex of predators (e.g. foxes and crows) without significantly influencing
predator numbers. Alternatively, invading focal prey can build up to high levels,
allowing an increase in enemy numbers that depress and potentially threaten
populations of resident, alternative victims. Two cases of invading phytopha-
gous insects, a leafthopper Erythroneura variabilis in California (71, 158) and a
gall wasp Andricus quercuscalicis in Britain (157), provide good examples. In
the first case, increases in populations of a shared parasitoid, Anargus epos,
appear to have caused marked reductions in resident E. elegantula; in the second,
increases in gall inquilines potentially threaten native gall-formers.

Suppression, rather than exclusion, of focal prey populations by shared
pathogens is also documented (32). Populations of another British gamebird,
red grouse (Lagopus lagopus), are suppressed by louping-ill virus, maintained
at high levels by alternative domesticated and wild hosts, including sheep,
goats, hares, and deer. Models indicate that grouse alone cannot sustain the
virus (32, 75, 76).

COMPLICATIONS OF COMMUNITY STRUCTURE

In natural communities, simple food-web modules are typically embedded in
more complex webs, including higher-order predators, omnivory/intraguild
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predation (31, 132, 134), and predation upon competing prey (27, 69). It would
take us too far afield to characterize in detail all these community-level com-
plications, but it is useful to briefly consider a few.

Higher-Order Predators

By dampening or eliminating the long-term numerical response of intermediate
predators to their prey (124), higher-order predators can weaken apparent
competition between focal prey and alternative prey (64). Removal of higher-
order predators allows intermediate predators to increase, often with devasta-
ting consequences for prey species lower in the trophic chain (24, 85, 164)—a
phenomenon termed “mesopredator release” by Soulé et al (165). Prey species
impacted by polyphagous predators undergoing mesopredator release are vic-
tims of apparent competition.

Analyzing the net impact of a guild of predators upon a focal prey becomes
more complicated—and in interesting ways—given omnivory or intraguild
predation. In the simplest case, higher-level predators not only attack interme-
diate predators (in this instance, the focal prey), they also share their resources
(132, 134, 135). The combined problems of predation from, and interspecific
competition with, higher-level predators make the persistence of intermediate
predators more difficult (35, 134, 135, 156, 166, 167). In contrast, if focal prey
experience predation from a predator guild, intraguild predation within that
guild can relax the total impact of predation on the focal prey (34, 134). Again,
. we know of no experimental tests of these predictions.

Competition Among Prey

The traditional focus in community ecology has been on how predation mod-
ifies preexisting competitive interactions, permitting competitively incompati-
ble species to coexist. This emphasis pervades both empirical (e.g. 99, 126)
and theoretical (e.g. 27, 89, 102, 173, 190) studies. “Keystone species” were
originally defined as predators with major impacts on competitively dominant
prey (115, 126, 164). We by no means discount the potential importance of
predation as a factor diversifying communities with strong competitive inter-
actions. However, the notion that polyphagous predators characteristically
promote prey coexistence [Pisaster providing the classical example—126)] is
neither the simplest nor most general case. A single-minded emphasis on this
effect may be a sociological factor predisposing ecologists to “rediscovering
the wheel” of negative indirect interactions via shared predation.

If resident prey compete with focal prey, adding direct competition further
hampers the persistence of focal prey. If resident prey compete among them-
selves, the number of predators supportable by those prey tends to be reduced,
enhancing coexistence. Thus, the effect of prey competition upon focal prey
exclusion depends on whether such competition acts among the alternative
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prey, or between them and the focal prey. Predation can also sharpen compet-
itive interactions (53). For instance, if refuges are limited in supply, interspe-
cific competition between victims may be intensified (61, 67, 74, 117).

Adding direct competition to predator-prey systems opens up a Pandora’s
box of dynamic possibilities, such as limit cycles and chaotic dynamics (49,
173, 174), essentially because of long feedback loops (predator A knocks down
competitor B, which allows competitor C to increase, which cannot support
predator A, which declines, allowing competitor B to increase again, and so
on). The simple criterion for exclusion of focal prey (Equation 1) is rigorously
true for constant P; more complicated criteria for invasion are needed for
variable P (71). Simple criteria such as r > aP, however, help one gauge the
significance of more refined criteria—yet another example of the conceptual
utility of contingent theory.

In Community Ecology, It Gets Worse Before It Gets Better

The above remarks provide just a taste of the complexities inherent in almost
any multi-species food web. A basic, humbling message emerging from the-
oretical studies of complex webs is that with many potential routes for indirect
interactions between any species pair, it may be difficult to predict the effect
of one species upon another (64, 189a, but see 110, 155).

Although it is important to recognize such complexities, it is equally im-
portant not to despair of simple explanations for broad ecological patterns.
Contingent models of shared predators with pronounced numerical responses
reveal that alternative prey can exclude or reduce the abundance of a focal
prey. Without pretending to explain any particular example in all its details,
this message rings loud and clear in many case studies.

SOME CASE HISTORIES

A few studies go beyond qualitative agreement with the predictions of contin-
gent theory to more rigorous, quantitative tests.

Protist Assemblages

" “Bottle experiments” (83) offer powerful opportunities to test the contingent
theories of apparent competition. Lawler (91), for instance, grew two species
of bacterivorous protists, Chilomonas, a flagellate (denoted C below), and
Tetrahymena (T), a small ciliate, with a predatory protist, Euplotes (E), a larger
ciliate, in assorted combinations. She demonstrated that in one predator—one
prey treatments (E-C and E-T), E persisted for 40-60 generations with either
C or T. Moreover, the two prey species coexisted in the absence of predation.
She further noticed (personal communication) that compared with prey abun-
dances in the absence of predation, E depressed T by around 50%, whereas C

-was depressed nearly two orders of magnitude; moreover, equilibrial abun-
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dance of E in the E-C treatment was much less than in the E-T treatments.
These results suggest the predator has a much higher attack rate on C than on
T, i.e. ac >> at, permitting over-exploitation of C.

Lawler further noted that T became very abundant in microcosms within
two days after introduction into single-species cultures, while C did not become
abundant until the fourth day, suggesting that ry >> rc. Hence, ri/ar > rdac.
Theoretically, the prey that supports the highest predator density (i.e. highest
rla, see above) should displace alternative prey. In other words, T should
displace C in the face of shared predation by E.

This is exactly what happened. In experimental treatments beginning with
E-C-T, C disappeared rapidly as E grew beyond the average abundance sup-
ported in the E-C treatments. This experiment appears to be the first demon-
stration of apparent competition in a controlled laboratory microcosm. It is
completely consistent with the a priori theoretical expectations for prey dom-
inance under apparent competition.

“Bottle experiments” have also been carried out by Nakajima & Kurihara
(122). They used a continuous dialysis system with a bacterium (Escherichia
coli) supporting a protozoan (Tetrahymena thermophila), to show that mutant
bacterial clones with higher growth rates or lower attack rates successfully
supplant resident clones by enhancing the predator’s equilibrium density (gen-
erating increased predation upon the ancestral clones).

Habitat Partitioning

Habitat segregation between alternative prey is one potential outcome of shared
predation (66). Schmitt (152) documented an example in a subtidal reef com-
munity and experimentally corroborated the role of shared predation.

This community has two distinct habitats: high-relief reefs, with surface
texture providing refuges from predation; and cobble reefs, offering few refuges.
A guild of mobile predators (e.g. lobster, octopus, whelk) attacks two functional
groups of molluscan prey, sessile bivalves (the most common being Chama
arcana) and mobile herbivorous snails (three species) (a “many-to-many” sce-
nario; see Figure 1), Even though bivalves are preferred prey, they are common
on high-relief reefs, where predators are also common but gastropods rare. Con-
versely, on cobble reefs gastropods are relatively common, but bivalves rare. The
two functional prey groups use distinct resources and do not compete directly.

Experimental augmentation of bivalves in the cobble reef increased preda-
tors four-fold via aggregative numerical responses; this increased gastropod
mortality and sharply reduced gastropod abundance. A correlative study using
transplanted Chama on the cobble reef revealed that local predator abundance
(and Chama mortality) tracked local gastropod abundance. Schmitt argued
(personal communication) that even the low abundance of predators main-
tained by resident gastropods on the cobble reefs suffices to eliminate sessile
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bivalves there; reciprocally, the high abundance of predators maintained on
high-relief reefs by partially protected bivalve populations keeps gastropods
rare. Schmitt concluded that this habitat segregation reflects shared predation,
Further field experiments are needed to validate this hypothesis fully.

One further example will suffice, incorporating several processes. Bergerud
(16, 17) argued that on Newfoundland, large lynx populations (high P) are
maintained by productive snowshoe hare populations in boreal habitats. Re-
sulting intense lynx predation limits arctic hares to tundra--a habitat not
occupied by snowshoe hares. Arctic and .snowshoe hares introduced onto
islands without predators coexist; in one case, later introducing lynx forced
the arctic hare to extinction (112). Arctic hares have intrinsically low r’s (60),
particularly when restricted to boreal forest foodstuffs (14), making it unlikely
that r > aP in this habitat, Other predators, particularly red foxes, may be as
important mortality agents for arctic hares as lynx (AT Bergerud, personal
communication), implicating other alternative prey, such as voles, as determi-
nants of arctic hare distribution. A final twist is that snowshoe hares are
differentially highly vulnerable to avian predators in tundra habitats (14),
which may in part explain the confinement of snowshoe hares to boreal forest.

APPLIED IMPLICATIONS OF SHARED PREDATION

Indirect interactions via shared predators are significant in many applied eco-
logical problems. We touch on three.

Wildlife Disease Epidemiology

A well-known phenomenon in wildlife disease epidemiology is that certain
hosts provide “reservoirs” for infectious disease agents, which can severely
depress focal host populations (32, 116, 153). White-tailed deer sustain and
can withstand a meningeal worm fatal to caribou. Hence, “caribou cannot be
introduced to ranges where white-tailed deer have a high frequency of menin-
geal worm infections” (18, see also 72, 75, 76, 133, 146).

Biological Control

Aspects of apparent competition are important in biological pest control (71,
94). Howarth (73) summarizes several examples where polyphagous para-
sitoids, released as biological control agents, appear to have caused the local
or regional extinction of the pest or of native, nontarget hosts. In the Florida
Keys, the endemic cactus Opuntia spinosissima is threatened with imminent
extinction by an introduced biocontrol agent, Cactoblastis cactorum, whose
population is sustained by the target weed, an introduced cactus, O. stricta
(163). Conversely, released biocontrol agents may fail to establish because of
attack by indigenous, polyphagous enemies (51, 71, 90).

Biocontrol practitioners have long recognized the significance of several of



512 HOLT & LAWTON

the phenomena highlighted in this review as means of increasing predation
and parasitism on economically important focal prey. These include the use
of “supplementary resources” (e.g. pollen, nectar, and honeydew—manage-
ment that boosts alternative “prey” numbers) to maintain high populations of
potential control agents (43, 45, 77, 82, 178), and provisioning alternative
nesting, feeding, or over-wintering sites to boost predator numbers, either
within a crop, or to promote predator flows from a reservoir (77, 171).

Landscape Effects and Conservation

Alternative prey are significant causes in the declines of many endangered
populations. Examples involving alien prey or predators were noted above.
But native predators can also be important (175). Many forest landbirds are
decreasing precipitously in forest fragments in the United States because of
high parasitism by cowbirds and nest losses from avian and mammalian pred-
ators (108, 148, 182, 183). Large enemy populations are maintained by food
outside forest fragments, including anthropogenic sources. Mesopredator re-
lease poses a significant conservation threat to prey populations via apparent
competition in many parts of the world (137, 159, 165, 170).

Human impacts on landscapes may be exacerbated by polyphagous herbi-
vores. In eastern and central United States, white-tailed deer have increased
greatly due to forest clearing and deliberate game management, creating early
to mid-successional vegetation. Deer move into mature forest stands, where
their selective herbivory profoundly alters community composition (5). For
instance, young age classes of hemlock, yew, and white cedar can be abundant
within exclosures, yet absent outside.

FUTURE DIRECTIONS

Part of our original intent in sculpting this review was to provide a table, akin to
that in Sih et al (162), cross-classifying a wide range of empirical studies of
shared predation according to various criteria, then comparing the patterns in the
table to basic theoretical expectations. We abandoned this goal, because only
rarely do authors report all the pertinent information needed to relate empirical
studies to theory. Ideally, the following desiderata would be provided:

1. Habitat

2. Number of enemy species, with Latin family and specific names (it is
appalling how rarely the latter are provided outside the entomological
literature)

3. Number of victim species, with Latin names

4, Knowledge of resource-based competition among victims

5. Nature of data (controlled experiment; quasi-experiment; observational)

6. Spatial scale (e.g. quadrat sizes)
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7. Spatial context (open/closed to enemy/victim dispersal; landscape config-
uration)
8. Temporal scale of study (relative to enemy and victim generations)
9. Enemy response to focal victim populations (e.g. aggregative or reproduc-
tive response)
10. Impact on victims (e.g. none; apparent mutualism; victim exclusion).

This may appear a daunting list, but much can be gauged with reasonable
accuracy from basic natural history. Given the burgeoning state of the ecolog-
ical literature, it is imperative that ecologists provide enough information to
link their published work with related empirical studies, and with general
theory, and in particular to identify those contingent theories that have explan-
atory power in particular systems.

The case studies and theory summarized in this review convince us that
indirect inhibitory interactions arising from shared enemies are a powerful,
dominant theme in natural communities, and a significant component in many
applied ecological problems. We have identified a number of theoretical pre-
dictions that have yet to be tested, and shared predation scenarios that have
yet to be examined theoretically. Much remains to be done.
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NOTE ADDED IN PROOF

We have become aware of two excellent examples of apparent competition
between plants due to shared herbivory, both highlighting spatial consequences:
MA Parker & RB Root, 1981. Insect herbivores limit habitat distribution of a
native composite, Machearanthera canescens Ecology 62:1390-92; CD
Thomas, 1986. Butterfly larvae reduce host plant survival in vicinity of alter-
native host species. Oecologia 70:113-17. A broad overview of herbivore
effects on plant communities is provided by N Huntly, 1991. Herbivores and
the dynamics of communities and ecosystems Annu. Rev. Ecol. Syst. 22:477-
503. Finally, poaching on African buffalo (a grazer) in the Serengeti has
depressed lion numbers, leading to marked increase in impala (a browser)-—an
inadvertent experiment indicating the existence of apparent competition via
shared lion predation: ARE Sinclair, 1995. Population limitation of resident
herbivores. In Serengeti II: Research, Management and Conservation of an
Ecosystem, ed. ARE Sinclair and P Arcese. Chicago: Univ. Chicago Press. In
press. We would welcome being told of additional pertinent examples.



