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B Abstract Competitive displacement is the most severe outcome of interspecific
competition. For the purposes of this review, we define this type of displacement as the
removal of a formerly established species from a habitat as a result of direct or indirect
competitive interactions with another species. We reviewed the literature for recent
putative cases of competitive displacement among insects and arachnids and assessed
the evidence for the role of interspecific competition in these displacements. We found
evidence for mechanisms of both exploitation and interference competition operating
in these cases of competitive displacement. Many of the cases that we identified involve
the operation of more than one competitive mechanism, and many cases were mediated
by other noncompetitive factors. Most, but not all, of these displacements occurred be-
tween closely related species. In the majority of cases, exotic species displaced native
species or previously established exotic species, often in anthropogenically-altered
habitats. The cases that we identified have occurred across a broad range of taxa and
environments. Therefore we suggest that competitive displacement has the potential to
be a widespread phenomenon, and the frequency of these displacement events may in-
crease, given the ever-increasing degree of anthropogenic changes to the environment.
A greater awareness of competitive displacement events should lead to more studies
documenting the relative importance of key factors and developing hypotheses that
explain observed patterns.
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INTRODUCTION

The prevalence and importance of interspecific competition has been one of the
most intensely debated topics in ecology. Historically, interspecific competition
was considered a fundamental mechanism in structuring communities (30, 55, 101).
However, the importance of interspecific competition in the organization of com-
munities was disputed during the 1970s and 1980s, especially for phytophagous
arthropods (23, 173, 176). In part, this debate arose from the difficulty in demon-
strating that competitive interspecific interactions had occurred, or continued to
occur other than under simplified field or laboratory conditions (151).

Such arguments have stimulated more research that has shown interspecific
competition to be a widespread phenomenon among species of almost all taxa,
including arthropods (93). Recent reviews (29, 35, 165) provide compelling evi-
dence that supports the importance of interspecific competition as a mechanism
structuring phytophagous arthropod communities despite assumptions that food is
not limiting for these species (55). Likewise, there is strong empirical support for
the presence of interspecific competition in other arthropod communities, such as
parasitoids (118), omnivores (72), and predators (68).

Given that interspecific competition can and does operate in arthropod com-
munities, numerous outcomes for these interspecific interactions are possible. In
the most severe asymmetric form of interspecific competition, a species will be
unable to occupy the same spatio-temporal habitat as a superior competitor. If a
superior competitor invades the habitat of an inferior species, the inferior species
will be displaced (i.e., competitive displacement occurs).

Over three decades ago, DeBach (31) reviewed underlying principles and cases
of competitive displacement. He defined competitive displacement as “the elim-
ination, in a given habitat, of one species by another where one possesses the
identical ecological niche of the other.” At that time there were relatively few
well-documented cases. However, recent events in a variety of different sys-
tems, as outlined below, suggest that competitive displacement among insects and
arachnids is a more frequent, and perhaps common, phenomenon than has been
recognized.

Such displacement events have practical and theoretical importance. Practical
concerns arise from the environmental and economic impact when one species
displaces another. Beyond the proximate outcome of one species being displaced,
displacement events form natural experiments, which can be used to demonstrate
the impact of interspecific competition on communities and how competition can
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alter the evolutionary history of the interacting species, as well as other associ-
ated species. Furthermore, the frequency of these displacement events likely will
increase, given the ever-increasing degree of anthropogenic changes to the envi-
ronment (e.g.. increasing numbers of introductions and invasions of exotic species,
global climate change) (53,120). As such. a review and analysis of competitive
displacement appears timely.

The objectives of our review are to examine the relevant literature for cases
in which competitive displacement is thought to have occurred or is occurring,
determine what mechanisms of interspecific competition may contribute to these
displacements, and assess the impact of such displacements. In so doing, we update
and extend the database of DeBach (31). Although many of the species we discuss
have been introduced or occur in other regions of the world than those we present,
we limit the discussion to situations where displacements have been documented
best. A major complication with an analysis of competitive displacement is that
many accounts are anecdotal and incomplete (161). The process has rarelv been
documented adequately, let alone empirically examined. This lack of rigorous
attention, although understandable, is unfortunate because such situations provide
natural experiments for testing competition theories and examining mechanisms
of competition. These situations also provide a framework for understanding and
mitigating the impact of introduced species.

For each putative case of displacement, we address the following questions:
(a) Is there evidence that displacement has occurred through competition? (b) If
so. what mechanisms are responsible for displacement? (¢) What is the exient of
the displacement? (d) What impact has the displacement had on the species and
systems involved?

METHODS

For the purposes of this review, we modify DeBach’s definition (31) and define
competitive displacement as the removal of a formerly established species from
a habitat through superior use, acquisition, or defense of resources by another
species. In doing so. we wish to emphasize the value of considering mechanisms
of competition that lead to displacement. Although competition encompasses many
types of interactions. from symmetric to asymmetric forms, we focus on asymmet-
ric competition leading to displacement. As DeBach (31) points out, the displace-
ment of an established species is more likely to occur than its complete exclusion.
He also recognized that displacement is not necessarily a “black and white” is-
sue. The habitat where displacement occurs may be a subset of habitats that each
species can occupy. and the interactions can be mediated by other noncompetitive
factors. As displacements are historical processes. there is a temporal as well as
spatial component inherent in the definition. Because timescales for arthropods
differ among species and from those of humans. the temporal component cannot
be explicitly defined.
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We reviewed ecological and entomological literature published since DeBach’s
seminal 1966 review (31) for putative cases of competitive displacement. To de-
termine if displacement in these cases resulted from competition, we assessed the
status of each species before and after displacement, mechanisms of competition
involved, and other mediating factors that could influence competitive interactions
and displacements.

Competitive mechanisms can be categorized broadly as either exploitation or
interference (5). In exploitation competition, individuals of one species acquire
resources to a greater extent than individuals of another species. Interference com-
petition results from members of one species limiting or denying individuals of
another species access to resources. Collectively when such interactions between

members of competing species are predominantly asymmetric, they can lead to dis-
placement of populations. These types of competition are not mutually exclusive,

and more than one type could be operating in individual cases.

A prerequisite for the occurrence of competitive displacement is that a system
has undergone an alteration from a previous state to allow the displacement to occur.
In many cases, the alteration involves colonization by a new (superior) competitor
that displaces and excludes a previously established species. Other scenarios are
possible, including alterations of biotic factors that shift the competitive balance
between previously coexisting species or the evolution of coexisting species that
allows one to displace the other.

By definition, active cases of competitive displacement (i.e., those in progress)
comprise a small proportion of all cases because most cases have gone to comple-
tion. Because these events are unplanned natural experiments, reliable data col-
lected before and after the displacement are scarce. Circumstances of unstudied
historic cases that have gone to completion cannot be reconstructed conclusively
although hypotheses about the causal factors may be reasonably inferred. We rec-
ognize that portions of the existing data are post-hoc or anecdotal, and causal
factors must be inferred with caution. Experimental results that address mecha-
nisms are available for certain systems. Therefore we present evidence for and
against probable mechanisms where appropriate.

The extent of the displacement encompasses the scale to which one species has
been displaced and excluded. The most dramatic form is when a species is displaced
from multiple habitats across a broad geographic area. However, displacements
can occur on other scales. Species may be displaced from a particular microhabitat
or a particular host, as in the case of polyphagous species. Multivoltine species
may be displaced from a habitat at certain times by superior competitors but may
persist in that same habitat during other seasons.

Displacement can occur at these scales, rather than just across large geographic
areas, if species are distributed as metapopulations, which then allows for a degree
of persistence by the displaced species (58). Populations in favorable environments
will be more likely to persist than those in less favorable environments. Because
displacement is an ongoing process, emigrants may recolonize areas only to be
displaced.
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RESULTS

Mechanisms of Competition Leading to Displacement

Most displacements that we have identified were triggered by the introduction or
invasion of an exotic species (78%), although other environmental factors may
predispose a species to being displaced (e.g., 50, 57, 123). Polyphagy and the lack
of natural enemies often characterize invasive species that have large impacts on
communities. Such invasive species typically have their greatest impact on simple
and anthropogenically disturbed habitats (97).

We identified eight general mechanisms of interspecific competition that have
contributed to the cases of displacement. Because competitive ability is an assess-
ment of an interspecific relationship rather than an inherent species characteristic,
competitive displacement is dynamic and results from differences between species
in the context of the environments where they interact. We also identified four fac-
tors that mediate these competitive interactions that lead to displacement. Schreiber
& Gutierrez (152) provide a physiological ecology model that predicts the out-
come of competitive interactions between invading and established species. They
define a metabolic compensation point as the ratio of prey biomass to consumer
demand at which prey assimilation compensates for metabolic costs. Hence, the
species with the lower metabolic compensation point will displace the other. When
competing species have shared predators, the prediction is that the species with the
lower ecological compensation point (i.e., the ratio of prey biomass to total con-
sumer demand when the prey-consumer-predator food chain is at equilibrium) will
displace the species with the higher ecological compensation point. This model
provides a framework to generate hypotheses concerning displacement and can
be applied to the general mechanisms that we identified in the following cases of
displacement.

DIFFERENTIAL RESOURCE ACQUISITION In this form of exploitation competition,
all individuals have potential access to resources. However, when individuals of
one species garner sufficient resources while individuals of another species cannot
obtain sufficient resources, the latter species will be displaced. This differential
resource acquisition is not driven by agonistic interactions, but by the intrinsic
abilities of the species to obtain resources. These differences can be manifested
as differences in resource harvesting (see 65) or differential growth rate and sur-
vivorship (67).

DIFFERENTIAL FEMALE FECUNDITY When one species has greater realized fe-
cundity than a competitor. that competitor will be displaced (34). This mecha-
nism applies not just to numbers of offspring, but also to the ability to produce
proportionately more females from the same resources. However, distinguish-
ing interspecific differences in the number of eggs produced versus the num-
ber of offspring recruited into the population can be difficult because differences
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in realized fecundity may reflect other factors that affect offspring survival and not
just intrinsic differences in the reproductive capacity of each species. For example,
escape from natural enemies confers a significant reproductive advantage to many
exotic species (49, 117).

DIFFERENTIAL SEARCHING ABILITY Differential searching ability is a form of ex-
ploitation competition where superior searchers locate and exploit resources faster
than competitors. Thus over time, the superior searchers reduce the resource pool
available to competitors. Differential searching behavior can occur between species
in their location of ephemeral or discrete resources (e.g., ants locating baits, preda-
tors locating prey, or parasitoids locating hosts). Generally there is a trade-off in
competitive skills; often a species with higher searching abilities is inferior in
contest type competitions (20, 137), although this is not always the case (73,77).

RESOURCE PREEMPTION  Resource preemption occurs when a species utilizes crit-
ical resources before they become available to a competitor. This type of com-
petition is not limited to species of a particular feeding guild, or to a particular
resource. For example, by attacking younger life stages of a common host than
stages attacked by competitors, one parasitoid species diminishes the potential
number of hosts available to its competitors and can displace those competitors
(100, 118). Likewise, a phytophagous species that consumes host plants before the
foliage is suitable for another species (153), or before fruit has set (11,25), can
displace that species. Resource preemption also includes instances when species
gain a competitive advantage by having an earlier seasonal phenology compared
with competitors.

RESOURCE DEGRADATION  Another factor leading to competitive displacement is
the degradation of a resource by one species below the requirements for another.
Unlike differential resource acquisition or resource preemption, a resource (e.g.,
food or breeding site) is still present but has been qualitatively degraded or altered
by the actions of one species so that the development of individuals of another
species is inhibited (41,47,75,86). Therefore recruitment decreases, and over
time, the inferior species is displaced.

AGONISTIC INTERFERENCE COMPETITION  Agonistic interactions are a form of in-
terference competition where direct physical interactions occur between individ-
uals, and the winner gains control of contested resources. Contests can be over
discrete food resources, foraging sites, territory, or oviposition sites, and can occur
between larvae or adults. The intensity of interactions lies on a continuum from
nonlethal interactions (e.g., ritualized displays) to use of repellent chemicals, non-
lethal combat, or lethal fighting. For example, larval competition is one mechanism
leading to the competitive displacement of parasitoids introduced in classical bio-
logical control programs. In these cases, larvae attack one another, with the superior
fighter gaining control of the host (e.g., 16,39, 106, 136). Ants commonly fight for
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access to resources or territory. While these interactions often involve lethal com-
bat, other Hymenoptera may contest foraging sites in a nonlethal manner. Given
enough of these interactions, displacement of an inferior competitor occurs.

REPRODUCTIVE INTERFERENCE A form of interference that does not involve direct
mortality is reproductive interference. In these cases, displacement is driven by
a lack of courtship and mating discrimination between species. For reproductive
interference to lead to competitive displacement, one of the following situations
must be present. Males of one species do not discriminate between conspecific
and heterospecific females as much as males of a second species. Alternatively,
females of one species discriminate against interspecific matings more than fe-
males of another species (90). In either event, one species, in effect, competes
with the other for mates. When such a bias in interspecific courtship and mating
behavior occurs, females of one species are rendered less fecund and displacement
results (119,130, 167, 183). McLain (113) cites a case where aggressive mating
tactics of male Neacoryphus bicrucis (Heteroptera: Lygaeidae) led other herbi-
vores to abandon Senecio smallii as a host plant. Although displacement occurs,
it is not through competition because the interactions are independent of actual
resource use.

INTRAGUILD PREDATION  Another form of interference competition contributing
to displacement is intraguild predation. This type of interaction involves preda-
tion among species at the same trophic level (37, 139, 146). Intraguild predation
occurs when a predator attacks another predator (68, 103). Intraguild predation
also includes when facultative hyperparasitoids, which can parasitize herbivores,
alternatively parasitize primary parasitoids of that herbivore (146, 181), or when
phytophages consume plant material that contains another phytophage (2).

Factors That Mediate Displacement

LACK OF ALTERNATIVE HOST/FOOD SOURCES The lack of alternative hosts effec-
tively renders polyphagous species monophagous and therefore increases the inten-
sity of competition. When species compete under such circumstances, the species
better adapted to the common host or habitat should displace the other. Therefore,
introduced species, especially introduced biological control agents intended to tar-
get a single pest species, may be prone to displacement because they lack refugia
from superior competitors (see 35).

DIFFERENTIAL IMPACT OF NATURAL ENEMIES Exotic species typically are not in-
troduced with their natural enemies (33). This escape from natural enemies confers
a tremendous advantage when exotic species compete with native species, which
still must contend with their natural enemies. This advantage is expressed as an
increase in realized fecundity of the exotic species, or alternatively, as enabling a
species to allocate more resources to aggressive interactions.
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METAPOPULATION STRUCTURE When a species has a metapopulation structure,
subpopulations are distributed across variable habitats and are linked by dispersal
(58). Some subpopulations will be in habitats to which they are well adapted;
others will be in less favorable habitats. In these cases, population sinks (i.e., where
mortality and emigration exceed reproduction) only persist through immigration
from source populations located in favorable habitats. If interspecific competition
becomes intense by the introduction of a superior species, recruitment and dispersal
will be reduced, increasing the probability of displacement of population sinks.

ADAPTATIONS TO LOCAL CONDITIONS The outcome of interspecific competitive
interactions can be contingent on many abiotic or other environmental factors.
Therefore displacements can be limited, or even reversed, as conditions vary.
Conditions that mediate competitive interactions include differences in climatic
tolerances, abilities to contend with host defenses, or anthropogenicaily produced
conditions such as insecticide use leading to resistance.

Displacements and Their Extent

Of the putative cases of competitive displacement we examined, there is evidence
to support interspecific competition in 42 cases (Table 1, see the Supplemental Ma-
terial link at www.annualreviews.org). In six other cases, interspecific competition
likely accounts for changes in species status. The 42 cases of competitive displace-
ment that we identified are taxonomically diverse. Half of these occurrences were
between species of the same genus, with the others occurring between species of
different genera, families, or orders (Table 1, see the Supplemental Material link at
www.annualreviews.org). In eight cases, multiple species were displaced by one
species.

Not surprisingly, numerous cases (33%) involve exotic species displacing native
species, but more cases (55%) involve the displacement of a previously established
exotic by another exotic. These events include cases where the exotic species
coexist sympatrically in their native habitats. Only 14% of the cases involve the
displacement of one native species by another. The remaining cases comprise
laboratory or field experiments that demonstrate potential cases of displacement
among natural populations.

Displacements were not confined to any particular feeding guild. We found sup-
port for competitive displacement among parasitoids, predators, phytophages, and
omnmivores. The dataset described below is probably biased toward relatively con-
spicuous species and economically important systems. However, the widespread
taxonomic distribution of the species lends support for competitive displacement
being a widespread and prevalent phenomenon.

DISPLACEMENT IN BIOLOGICAL CONTROL Some of the most spectacular cases of
displacement have occurred in classical biological control programs, especially
those targeting exotic Homoptera (see 43,44, 85 for discussion of competitive
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exclusion in classical biological control). In perhaps the best-known case of com-
petitive displacement. Aphytis melinus displaced Aphytis lingnanensis as the pri-
mary parasitoid of Aonidiella aurantii in California citrus groves [case 37] (num-
bers in square brackets refer to respective Table 1 entries). This displacement
followed the earlier displacement of Aphviis chrysomphali by A. lingnanensis.
Both A. lingnanensis and A. melinus were introduced for control of A. aurantii
but were imported from separate regions of Asia (31, 34). Both the displacement
of A. chrysomphali and of A. lingnanensis occurred rapidly, within ten years of
the introduction of their superior competitor. A. melinus displaced A. lingnanensis
through resource preemption because it utilizes smaller hosts for production of
female progeny than A. /ingnanensis (100, 118). Therefore, the pool of potential
hosts for A. lingnanensis is severely limited by A. melinus. In addition A. melinus
produces proportionately more females from larger hosts. thereby increasing its
recruitment and further depleting future resources for A. lingnanensis. As in other
cases, the lack of alternative hosts contributed to the inability of A. lingnanensis
to persist in this novel habitat.

In asituation with similar results but different mechanisms, two South American
parasitoids were introduced into central and southern Africa for biological control
of the exotic cassava mealybug. Phenacoccus manihoti, but only one of these
parasitoids, Apoanagyrus lopezi. became established [case 38]. Although the two
species are sympatric in South America (138). A. lopezi has competitively displaced
and excluded Apoanagyrus diversicornis through at least three mechanisms in
Africa (54.136). A. lopezi larvae are superior competitors in multiply parasitized
hosts and destroy larvae of A. diversicornis (136). A. lopezi also have greater
searching efficiency for hosts and, like A. melinus, are able to produce females from
smaller hosts than their competitor. Finally, A. diversicornis lacks any alternative
hosts in Africa to aid its establishment in the presence of A. lope=i (138).

In another case of displacement occurring in a classical biological control
program. Bathyplectes anurus has displaced Bathvplectes curculionis. Both are
species introduced to North America for control of the exotic weevil Hypera pos-
tica [case 34). B. curculionis was the first released and spread rapidly throughout the
North American range of H. postica (87). B. anurus was released later but spread
slowly despite being released in 38 states. However, as B. anurus established in
eastern North America. it displaced B. curculionis (59, 89). The displacement was
predicted by Dowell & Hom (39) and has been driven by multiple competitive
differences between B. anurus and B. curculionis. In part. B. anurus is a more effi-
cient searcher and has a greater reproductive potential (59). In addition, its larvae
are able to eliminate competing heterospecifics (39) while escaping encapsulation
by the host (59). Ironically, B. anurus prefers to attack hosts older than those at-
tacked by B. curculionis. but these older hosts are more likely to escape fungal
infections that are deleterious to the parasitoids. Likewise, Aphidius ervi has dis-
placed Aphidius smithi as the predominant parasitoid of the aphid Acyrthosiphon
pisum in North America [case 31]. In this case A. smithi was introduced first; how-
ever. between 1972 and 1981. populations of A. smirhi declined rapidly in British
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Columbia (102) with a concomitant increase in A. ervi populations. This displace-
ment is driven through direct and indirect larval interactions and possibly superior
searching by A. ervi females in mixed populations (16, 106). Similar increases in A.
ervi populations in other regions are correlated with declines in A. smithi and other
introduced Aphidius spp. (18, 20). In another similar case, the specialist parasitoid
Cotesia rubecula has displaced the oligophagous Cotesia glomerata [case 32] as
the predominant parasitoid of Pieris rapae in western North America (9, 180).
In multiply parasitized P. rapae hosts, C. rubecula larvae eliminate C. glomerata
(91). The specialist C. rubecula has a further advantage because P. rapae is a poor
host for C. glomerata (13), and there are no alternative hosts for C. glomerata in
North America.

Other widespread displacements of native parasitoids caused by introduced bi-
ological control agents have occurred. In Florida, Aphytis holoxanthus displaced
Pseudhomalopoda prima as the predominant parasitoid of the scale Chrysom-
phalus anoidum [case 36], apparently through larval resource acquisition and
resource degradation (157). Because P. prima is not a natural parasitoid of
C. anoidum, this displacement represents a range contraction after its adoption
of C. anoidum as a factitious host (8). In at least one case, a biological control
agent introduced against one species has effectively utilized an alternative host and
displaced biological control agents of that pest species. Lysiphlebus testaceipes
was introduced into the Mediterranean region for biological control of Aphis spi-
raecola in citrus [case 33]. Since its introduction, it also has utilized Toxoptera
aurantii, another citrus pest, as a host. In so doing, L. testaceipes has been displac-
ing Lysiphlebus confusus and Lysiphlebus fabarum as parasitoids of T. aurantii
(105, 169). Again, multiple interspecific biological differences, including L. tes-
taceipes’ greater longevity and proportion of female offspring produced, appear
to account for this displacement (24). In a similar case, the egg-larval parasitoid
Copidosoma floridanum, introduced into New Zealand for control of Chrysodeixis
eriosoma, has displaced native egg parasitoids in the genus Trichogrammatoidea
(see 76).

Williams (181) cites examples where the establishment of heteronomous aphe-
linid hyperparasitoids has led to the displacement of conventional aphelinid par-
asitoids through intraguild predation [case 35]. In testing the hypothesis that
hyperparasitoids displace conventional parasitoids and disrupt biological control,
Williams (181) demonstrated that the hyperparasitoid Encarsia tricolor elimi-
nates the conventional parasitoid Encarsia inaron, and E. inaron cannot establish
in existing populations of E. tricolor. The hyperparasitoid preferentially oviposits
male eggs in heterospecific (i.e., conventional) parasitoid hosts rather than in con-
specifics. The presence of the heterospecific larvae results in excess production
of male E. tricolor, and this characteristic precludes the use of E. tricolor as a
biological control agent.

Other possible cases of competitive displacement have been mentioned briefly
in the literature but have not been investigated extensively. For example, Schuster
& Dean (155) suggest Anagyrus antoninae has been displaced by its ecological
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homologue Neodusmetia sangwani [case 39]. The life histories of these introduced
biological control agents of scales suggest that resource preemption could have
driven the displacement (154).

As with parasitoids, certain predaceous coccinellids have been introduced as
biological control agents and have displaced other predators. The widespread re-
lease and establishment of Coccinella septempunctata for aphid control has been
associated with displacement of native Coccinellidae [case 16), such as Coccinella
novemnotata across North America (45,112,178, 179). In apple orchards of West
Virginia, C. septempunctata was first found in 1983 (15). It became the predomi-
nant species of Coccinellidae until Harmonia axyridis became established in 1994
and displaced it. H. axyridis displaces C. septempunctata [case 17) through in-
traguild predation (68, 168). Other increases in exotic coccinellids are correlated
with declines in native species, such as C. novemnotata (178, 179). Therefore, more
intraguild predation could be responsible for more competitive displacements.

DISPLACEMENT OF PHYTOPHAGOUS INSECT SPECIES ~ Other broad-scale ecological
displacements have occurred between exotic Homoptera. General characteristics
of homopteran life history suggest this order is predisposed to strong interspecific
competition (35). Several species that colonize perennial systems (e.g., orchards
and tree farms) have been involved in displacement events. A. aurantii, the target
host for Aphytis spp., displaced Aonidiella citrina in citrus groves of Southern
California through exploitation mechanisms [case 13]. Both of these scales are
exotic to California and were first reported in the late nineteenth century. Originally
A. citrina was more predominant and widespread in Southern California (32).
However. by 1930, populations of A. aurantii had begun increasing, and by 1970,
A. citrina populations were displaced from Southern California. In an analysis
of historical records and a series of laboratory experiments, DeBach et al. (32)
concluded that A. aurantii has a higher reproductive rate, survivorship, and a
broader feeding range on citrus than does A. citrina. They found no evidence of
differential susceptibility to insecticides, natural enemies, or other environmental
factors that would lead to the replacement of A. citrina by A. aurantii. Both species
coexist in their native habitat (33), but in a simplified novel environment, such as
citrus, displacement occurs because A. citrina does not have a refuge plant as it
does in its native range.

In apple orchards of eastern North America, A. spiraecola has displaced Aphis
pomi [case 10] as the primary aphid pest (14, 135). Because A. spiraecolu was
not recorded prior to the mid-1980s (135), this displacement must have occurred
rapidly, possibly within ten years, and might have been mediated by human activi-
ties, as well as biological differences between the species (14,70, 71). A. spiraecola
has greater fecundity and is less susceptible to insecticides than A. pomi (70,71).
Despite the apparent shift in the aphid complex, both species have similar effects
on apple trees so the impact of displacement has been neutral (83).

Similar widespread displacements of exotic Homoptera in perennial systems
include the displacement of Nuculaspis (=Tsugaspidiotus) tsugae by Fiorinia
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externa [case 14] on eastern hemlock, Tsuga canadensis, in eastern North America
(107). F. externa displaces T. tsugae because it colonizes trees earlier in the sea-
son than N. tsugae and monopolizes younger nitrogen-rich needles. N. tsugae is
forced to use older nitrogen-poor needles and consequently suffers higher mor-
tality. The negative effects of competition on N. tsugae are enhanced by para-
sitism from Aspidiotiphagus citrinus, which in turn is mediated by the interspecific
competition. The larger summer populations of the univoltine F. externa are heavily
parasitized by A. citrinus. As a result, there are disproportionately more second-
generation parasitoids, produced from F. externa, available to parasitize the fall
generation of the bivoltine T. tsugae.

The native Pineus coloradensis has been displaced from many red pine (Pinus
resinosa) plantations in the northeastern United States by its Asian congener Pineus
boerneri [case 11], which has become a serious pest (110). Feeding by P. boerneri
severely damages pines and reduces host quality for P. coloradensis. This damage
forces P. coloradensis to less suitable feeding sites, where it has low survivor-
ship (109). P. boerneri is less affected by reductions in host quality and therefore
establishes numerical dominance. P. boerneri represents another example of the
transient nature of competitive displacement. Another exotic pest of red pine,
Matsucoccus resinosae, became established in eastern North America after P.
boerneri. Since its introduction, M. resinosae has displaced P. boerneri [case 12]
in the same regions where P. boerneri displaced P. coloradensis and has done it
through similar mechanisms (111).

Other cases of displacement by exotic Homoptera species have occurred in
annual cropping systems. The highly potyphagous whitefly, Bemisia argentifolii
[case 9], has displaced its congener Bemisia tabaci(7,132). B. argentifolii was first
reported as a different strain of B. tabaci in Florida and the southeastern United
States during the mid-1980s (143). Once it was recognized as a separate species
(7,132), B. argentifolii had already displaced B. tabaci across the southwestern
United States. This displacement has continued over large geographic areas, from
Florida, through Texas, Arizona, to California, within a relatively short period of
time (131). B. argentifolii has greater reproduction on common hosts and a broader
host range than does B. tabaci (7, 130, 132). In addition, males of B. argentifolii
court female B. tabaci more aggressively than B. tabaci males court B. argentifolii
females. Therefore in mixed populations, fewer successful B. tabaci matings may
occur, resulting in lower reproduction.

Rapid displacements between phytophagous insects whose larvae feed inter-
nally on plant tissues have been reported. Among stemborers of grains, the exotic
Chilo partellus has been displacing the native Busseola fusca [case 27] in southern
Africa (86). C. partellus emerges earlier and has more rapid development. In addi-
tion, C. partellus feeding damage deters B. fusca oviposition, conferring a further
competitive advantage to C. partellus.

The Mediterranean fruit fly, Ceratitis capitata, has been displaced from most
cultivated and feral host plants in Hawaii by Bactrocera dorsalis [case 22].
C. capitata was the first of these species to be introduced, in 1910, and became a
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common pest of fruits throughout the islands of the state. After the introduction
of B. dorsalis. approximately in 1945, C. capitata became rare in the lowlands of
Hawaii but it persists in abundance at higher elevation habitats not exploited by B.
dorsalis (172). B. dorsalis has a higher net reproductive rate on certain hosts (171),
and its larvae outcompete C. capitata through scramble competition and inhibit
development of C. capitata (84). However, this competition is host mediated, to
an extent; C. capitara persists in lowlands on coffee, a host plant to which it is
better adapted (172).

There is also evidence for displacement between externally feeding phytopha-
gous insects. On Guam, the exotic Lepidoptera, Penicillaria jocosatrix, almost
completely displaced several native Lepidoptera, including Anisodes illepidaria
[case 30], by exploiting food resources before they became suitable for the native
species (153). A successful biological control program for P. jocosatrix has allowed
populations of the displaced species to recover, demonstrating the influence of
natural enemies as a mediating factor.

In several cases, changes in phytophagous species occurrence have been noted,
but no direct evidence in support of competitive displacement has been reported.
These cases warrant further investigations on the underlying mechanisms of dis-
placement. For example, following its introduction from Florida, the leafmining fly
Liriomyza trifolii rapidly replaced Liriomyza sativae [case 24] as the predominant
leafminer of vegetables and ornamentals in California and other regions of the west-
ern United States (128, 170). Although L. rrifolii populations were less susceptible
to many insecticides (128, 144), no other biological differences were identified
that would account for the replacement. More recently, Liriomyza huidobrensis
has replaced L. trifolii [case 25] as the primary leafminer in Central California
(38; S.R. Reitz & J.T. Trumble, unpublished data). This replacement correlates
with a worldwide spread of L. huidobrensis that began in the late 1980s (see 177).
Genetic variation among populations of L. huidobrensis suggests that possibly a
new and more competitive strain was introduced recently into Central California
(116). As with displacements of similar types of herbivores (e.g., C. capitata),
differences in host plant utilization could contribute to this shift of Liriomyza
species. L. huidobrensis and L. trifolii have overlapping host ranges but differ in
their reproductive success on various hosts (S.R. Reitz & J.T. Trumble unpublished
data). In addition. displacement could be driven by scramble competition among
the larvae (133) and mediated by differential susceptibility to insecticides (177)
and parasitoids (124).

In a similar manner, Phoracantha semipunctata, an exotic cerambycid borer
of Encalyptus. is being replaced in California by Phoracantha recurva [case 18].
This species shift combines elements of interspecific competition as well as
natural enemy-mediated apparent competition (127; T.D. Paine, personal com-
munication). Not only does P. recurva develop faster and have an earlier sea-
sonal phenology than P. semipunctata, it is not extensively parasitized by Aven-
tianella longoi, an introduced egg parasitoid responsible for suppressing P.
semipunctata populations in California (56). Given the close taxonomic
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relationship of these Phoracantha species, the possibility of mating interference
also exists.

Drosophila subobscura, a Palearctic species, has become established in South
and North America (142). The establishment of D. subobscura [case 23] correlates
with declines of the Nearctic Drosophila pseudoobscura (122, 129). This situation
is anomalous because, in laboratory experiments, D. pseudoobscura is a supe-
rior competitor to D. subobscura (125,129), and any displacement is not a result
of parasitoid-mediated apparent competition (88). This situation may arise from
microhabitat differences rather than from competition. Theoretical modeling sug-
gests that interspecific competition between drosophilids can be locally intense,
but competitive displacement and exclusion would not occur over larger spatial
scales (160).

DISPLACEMENTS OF MEDICALLY IMPORTANT SPECIES Various Diptera of human
health importance also have been involved in competitive displacements, including
several species of mosquitoes. For example, Aedes albopictus [case 20] was intro-
duced into the southeastern United States through refuse automobile tires imported
from Japan (145, 164). In this region and others, Ae. albopictus has displaced Aedes
aegypti (69,74, 145). Similar declines of Aedes triseriatus [case 19] populations in
disturbed or artificial treeholes in Texas correspond with the establishment of Ae.
albopictus (164). Several types of interactions contribute to the displacement of Ae.
aegypti and possibly other species by Ae. albopictus (41,96, 119). Larvae of Ae. al-
bopictus inhibit egg hatch of Ae. aegypti to a greater extent than the converse (41).
Likewise Ae. albopictus males are more likely to inseminate Ae. aegypti females
than the converse (119). Although Ae. albopictus seasonally displaces Ae. aegypti
in rural habitats of Thailand, Ae. aegypti predominates in urban habitats of South-
east Asia (115). However, this situation results from these urban habitats being
unsuitable for Ae. albopictus rather than from interspecific competition (see 3).

Anthropogenic habitat changes also have brought two vectors of St. Louis
encephalitis, Culex quinquefasciatus and Culex tarsalis, into more competitive
interactions at larval breeding sites (163). With this increased level of interaction,
Cx. quinquefasciatus has largely displaced Cx. tarsalis [case 21] in the southern
San Joaquin Valley of California through competition for larval resources and by
degrading larval breeding sites.

Another case with Diptera of human health importance involves tsetse flies.
Glossina palpalis palpalis [case 26] reportedly is displacing Glossina fuscipes
quanzensis in the Congo (52). G. p. palpalis has been extending its range since
the 1950s. This displacement has been triggered by anthropogenic alterations in
habitat that brought these species into contact and results from several different
types of competitive interactions, including differential effects of heterospecific
copulations and reproductive differences.

DISPLACEMENTS BY SOCIAL HYMENOPTERA Interspecific competition is a signifi-
cant factor in the community ecology of ants (Hymenoptera: Formicidae) (72). It
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is not surprising that numerous cases of competitive displacement have been doc-
umented among ants, especially with several species that have been transported
readily, in association with humans, throughout the world. Among these tramp
species that have displaced native ants and have become serious pests in their new
habitats are Linepithema humile, Solenopsis invicta, and Wasmannia auropunctata
(22.48,73,77,78,99, 140), as well as other tramp species (64).

L. humile [case 41] has been the most prevalent invader among these three
species. It has successfully invaded habitats in numerous Mediterranean climate
zones (77,174, 175) but is not limited to these. Species that forage above ground
are most vulnerable to displacement by L. humile, especially when interactions
occur in disturbed habitats (174). L. humile uses a variety of competitive strategies
to eliminate competitors and does not have a trade-off between exploitation and in-
terference competitive abilities (73). L. humile individuals initiate encounters with
heterospecifics, and this interference contributes to decreased foraging success of
other ant species (78). Not only is it more aggressive, but also in introduced habi-
tats, L. humile recruits to food sources faster, in greater numbers, and for longer
periods of time than native species (77). This advantage partly results from the
lack of natural enemies, which reduce its foraging efficiency in native habitats
(126). However, the lack of natural enemies is not the only reason L. humile has
displaced other species. L. humile displaced Pheidole megacephala, another inva-
sive species, throughout most of Bermuda, after that species had displaced other
native species. These species have since reached an equilibrium in which both are
predominant species and have displaced most other endemic species (64).

W. auropunctata [case 43) is a tramp ant species that has invaded numerous
regions through human transport, including the Galapagos Islands. Its workers are
relatively small but recruit in large numbers to food sources and are aggressive
toward other species, resulting in the displacement of native ant species (22, 99).

§. imvicta began its invasion of North America around 1930 and is well estab-
lished throughout the southern United States (17). In the southern United States,
S. invicta forms both polygynous and monogynous colonies, with the polygynous
form being more disruptive (140). The abundance of native ants has been reduced
and several species displaced by S. imvicta [case 42]. Displacement by S. invicta
can occur over a relatively long time period after the initial invasion. After the
initial invasion front passes through a region, S. invicta colonies proliferate, and
these colonies displace remaining colonies of native species (141). The increased
biomass of ants and reduced arthropod species richness in these areas suggests
that S. imvicta can displace other scavenger species as well (140). Although indi-
vidual S. invicta workers are less efficient at gathering resources compared with
other ants (80), S. invicta discovers food sources faster than native ants (140) and
maintains dominance at food sources through aggressive behavior and numerical
superiority. These interactions reduce populations of competing ants, eventually
leading to their displacement. In part, S. invicta achieves numerical superiority
because of a lack of natural enemies in North America. In their native habitat,
S. invicta are hindered in two ways by parasitic flies. Although mortality from
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parasitism reduces overall colony growth, defensive behavior in response to para-
sitoids severely reduces colony foraging time (117).

Past displacements also can be used to test potential competitive mechanisms
of current interspecific interactions. The recent invasion of southern California by
S. invicta has brought it into contact with L. humile (California Department of Food
and Agriculture, 1999, http://pi.cdfa.ca.gov/rifa_plan/). Although both species
occur in the southeastern United States, the Mediterranean climate of Southern
California could favor the long established L. humile. Because these species use
similar competitive advantages to displace other ants, the outcome of encounters
between S. invicta and L. humile in California will be interesting.

Not all displacements between ant species involve invasive species. In Brazil
the native Atta sexdens [case 44] has displaced another native species, Atta
robusta (50). This displacement apparently has been triggered by human activ-
ities that brought the two species into contact in disturbed habitats. A. sexdens is
better adapted to foraging across variable habitats including disturbed sites (36).
Therefore its overall population recruitment is greater than that of A. robusta (50).

Other social Hymenoptera have been involved in competitive displacements.
Vespula germanica first arrived in New Zealand in the 1940s. Some 30 years
later, Vespula vulgaris [case 45] became established and displaced V. germanica in
many habitats (150). Despite this displacement in novel habitats, neither species
is known to exclude the other in their native European habitats. Potentially better
adaptations to local conditions coupled with superiority in agonistic interactions
over certain food resources allow V. vulgaris to predominate (62).

Likewise in New Zealand, Polistes chinensis antennalis has been displacing
Polistes humilis [case 46). P. humilis is an exotic that had become established
over most of New Zealand since its arrival some 120 years ago from Australia,
whereas P. chinensis antennalis is a recent (<25 years ago) arrival. However,
P. chinensis has increased its range and is now the predominant Polistes species in
New Zealand (21). Although P. humilis still occurs throughout the North Island of
New Zealand, anecdotal evidence suggests that it has been displaced from certain
localized habitats through agonistic interactions with P. chinensis.

Since the honey bee, Apis mellifera, was intentionally imported from Africa
into South America, feral “Africanized” bees (offspring of African and previously
introduced European strains) have spread throughout the Americas, which has led
to concern over the loss of native pollinators [case 47]. Circumstantial evidence for
the displacement of native pollinators by A. mellifera (European or African) has
been reported (149). Roubik (147) found experimental evidence for displacement
of native pollinators (stingless bees: Melipona spp. and Trigona spp.) by African-
ized A. mellifera in Panama. Additional studies demonstrate that the presence of
A. mellifera alters foraging behavior of native Melipona spp. and Trigona spp. in
Panama, which could lead to their localized extinction (148).

DISPLACEMENTS AMONG ARACHNIDS There is also evidence for broad-scale and
localized competitive displacement among arachnids. The web-building spider
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Lactrodectus katipo is native to New Zealand beach habitats, whereas Stearoda
capensis [case 1] is a recent arrival from South Africa (57). Following a series of
environmental disturbances that decimated populations of L. katipo, S. capensis
was able to invade L. katipo habitats and usurp limited web sites for immatures
through scramble competition. Since then, S. capensis has continued to monopo-
lize that resource through interference, thus preventing recolonization by L. katipo.
Because L. katipo recruitment is limited by S. capensis and it lacks adaptations to
other habitats, remnant populations of L. katipo have been displaced. Hann (57)
has proposed that in its native coastal dunes, L. katipo is competitively superior to
S. capensis and was able to exclude it until storms decimated L. katipo populations.
In a similar manner, Steatoda bipunctata, a Eurasian web-building species intro-
duced to eastern North America, has been displacing the native Steatoda borealis
[case 2]. Although this displacement is geographically widespread, it is locally
restricted to synanthropic environments (123). In undisturbed forest habitats, S.
borealis has not been displaced.

The distribution of the phytophagous mite Panonychus mori [case 7] in peach
orchards across Japan is limited to northern sections of the country, although
P.mori is physiologically capable of developing in more southerly regions. This
range restriction results from competitive displacement and exclusion by P. mori’s
congener Panonychus citri through reproductive interference (51). Males of both
species will attempt to copulate with heterospecific females. However, P, citri
males have more extensive and detrimental copulations with P. mori females than
reciprocal copulations between P. mori males and P. citri females (167). Alter-
natively, the northerly distribution of P. cirri is not limited by competition but by
climatic conditions (159).

Two experimental demonstrations of competitive displacement have involved
phytophagous mites. Interactions between Tetranychus urticae and Panonychus
ulmi [case 8] can be mediated by the presence of phylloplane fungi (6). [n the
presence of the fungi, T. urticae displaces P. ulmi, whereas in the absence of the
fungi. P. ulmi is competitively superior. In another case, early season feeding by
Eotetranychus willamettei [case 6] on grapevines induces plant resistance that
suppresses later season populations of Tetranychus pacificus (47).

Localized displacements of predatory mites used in augmentative biological
control programs have been observed numerous times. with concomitant impli-
cations for biological control. In a series of studies, mutual predation occurred
among predatory mites released for control of pest mites in apple trees. When both
species are released as control agents, Typhlodromus pyri displaces Metaseiulus
occidentalis [case 3] through intraguild predation (27). Macrae & Croft (104) sug-
gest that T. pyri has a more generalized diet than M. occidentalis, which allows
it to switch to preying on M. occidentalis in the presence of greater densities of
alternative prey. T. pyri has a further advantage in being able to develop at lower
temperatures. Localized displacement of M. occidentalis by Zetzellia mali [case 5]
can also enhance biological control by Amblyseius andersoni (26,27). Although
Z. mali is the most competitive of the three species, A. andersoni provides the
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best control of pest mites, and its colonization is lowest when M. occidentalis is
present. In Italian vineyards, Duso et al. (40) found that Kampimodromus aberrans
typically displaces T. pyri [case 4] within one year through intraguild predation
when augmentative releases of both are made.

DISPLACEMENTS BETWEEN TAXA OF DIFFERENT FEEDING GUILDS The previous
examples have occurred between relatively closely related species with similar
feeding habits. However, displacements have occurred between taxa of different
feeding guilds. The monarch butterfly, Danaus plexippus [case 28], displaced the
milkweed bug, Oncopeltus sandarachatus, on Barbados through competition for
food resources although the two species belong to different guilds (11). Both
of these phytophagous species are exotic having colonized Barbados after the
introduction of their common host Asclepias curassavica and a second host of
D. plexippus, Calotropis procera, in the eighteenth century. D. plexippus has
virtually eliminated A. curassavica thereby removing the only food source for
0. sandarachatus. D. plexippus persists because it has an alternative food source,
C. procera, that O. sandarachatus lacks.

An analogous case of competitive displacement on a localized scale occurs
between Tyria jacobaeae [case 29] and Pegohylemyia seneciella (25). Both species
feed on ragwort, Senecio jacobaea. T. jacobaeae feeding removes S. jacobaea
flower heads, which are the breeding site for larvae of P. seneciella. However, only
large stands of S. jacobaea support T. jacobaeae. Therefore, isolated plants still
support P. seneciella because such plants do not provide sufficient resources for
reproduction of T. jacobaeae.

Another case of localized displacement involving unrelated phytophagous in-
sects is that of Sitophilus zeamais displacing Sitotroga cerealella [case 15] in
laboratory cultures of stored grain (2). This displacement results from interference
competition when adults of S. zeamais feed on corn kernels containing immatures
of S. cerealella, thereby eliminating those immatures. Such interactions could ex-
plain the geographical range limits of S. cerealella in the southern United States
(19). Conversely, the range of S. zeamais is limited by abiotic factors.

Impacts of Competitive Displacement

From an ecological perspective, displacements provide opportunities to examine
mechanisms of interspecific competition. However, competitive displacements can
have varied impacts. The majority of displacements cause negative impacts. As
the term displacement implies, the most obvious impact is the loss of biodiversity
when an invasive species displaces a native one (Table 1, see the Supplemental
Material link at www.annualreviews.org). In most cases, we found a one-to-one
change in species numbers (i.e., one species displaced one species) perhaps be-
cause the number of ecologically similar species in a particular habitat is limited.
The major exception to this result is among the ants, where multiple ecologically
similar species occur in a given habitat. Therefore, one invasive ant species can
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displace multiple native or previously established species. The increased biomass
of ants and generally reduced arthropod species richness in these areas sug-
gests that invasive ants can displace other scavenger (140) or predatory species
(22,99).

Complex interactions are possible when species are less ecologically similar.
Displacement of keystone species (species with critical influence on community
structure) has adverse impacts for other native species. The displacement of native
seed-dispersing ants in South Africa by L. humile threatens the existence of native
plants that depend on those ants (12). Comparable insect-plant mutualisms would
be at risk if A. mellifera displaces native pollinators (148). More extensive infor-
mation on food webs is needed to understand comprehensive effects of competitive
displacement.

The effect of competitive displacement on species diversity impacts classical
biological control programs. The introduction of multiple natural enemies may not
always produce beneficial results. Competitive displacement has been implicated
as a cause of low rates of establishment of introduced natural enemies (42). Yao &
Chant (182) and Williams (181) have demonstrated that superior competitors could
displace superior biocontrol agents. Even in cases where biological control is not
disrupted, a superior competitor that displaces other natural enemies may not en-
hance biological control (45). In addition, introduced biological control agents have
been implicated for displacing competing parasitoid species (8, 76, 169). Therefore
the possibility that one biocontrol agent will displace another should be considered
in developing biocontrol programs. As a corollary, competitive displacement has
other ramifications for applied ecology in terms of pest management. Often a more
significant pest displaces another (e.g., 86). In other cases, the species involved
may have similar effects on agroecosystems (e.g., 83), or displacement could have
beneficial effects by eliminating more pestiferous species (47, 158).

Competition is a dynamic ongoing process. Therefore interspecific competi-
tion that leads to displacement has profound evolutionary consequences for the
interacting species. Two species may coexist over time, but then one may evolve
superior competitive abilities, leading to the displacement of the other (114). Such
rapid evolution could contribute to the sudden shift in Liriomyza species. Other
reversions of displacements could reflect evolution and adaptations of “displaced”
species to their new environmental conditions. Such a scenario could account for
the equilibrium reached by P. megacephala and L. humile in Bermuda (64). Alter-
natively, displacement of certain populations could isolate other populations and
lead to their speciation. Furthermore, interspecific mating asymmetries may favor
ancestral species over some derived species, thus allowing the former to displace
the latter should they come into contact (183). Evolutionary changes brought about
through competition are historic and not necessarily predictable. Therefore com-
petitive interactions between different populations of the same species can have
different outcomes (81, 94). Given the ecological, environmental, and evolutionary
outcomes, there is an urgent need to understand competitive interactions leading
to displacement and their effects.
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CONCLUSIONS

We found evidence for competitive displacement across a variety of taxa and
ecological systems. In many cases more than one competitive mechanism is re-
sponsible for displacement. Within specific taxonomic groups certain themes do
emerge. Of the 42 cases of competitive displacement identified, 14% involve
species of Homoptera. Denno et al. (35) attribute the prevalence of interspecific
competition between Homoptera to species characteristics such as rapid repro-
duction, aggregated and sedentary lifestyle, and feeding on a common phloem
resource. Competitive displacements among the Homoptera usually involve dif-
ferences in resource acquisition. Displacements of mandibulate phytophages also
tend to result from exploitative competition. In contrast, displacements within
the parasitic Hymenoptera mostly have been driven through interference com-
petition among larvae. These cases typically involve introduced parasitoids of
exotic pests; therefore, competition is intensified by the lack of alternative hosts
or superior adaptations to novel environments. Among the social Hymenoptera,
interference competition and territorial behavior generally drive displacements.
Displacements among actively hunting predators typically involve intraguild pre-
dation. An unexpected finding was the extent to which displacements have been
driven by reproductive interference. Although mechanisms may not always be
apparent and may not be discernable from laboratory studies (e.g., 10), the sim-
ilarity of factors contributing to displacements within taxonomic groups sug-
gests that those same factors contribute to other displacements among similar
taxa.

Another important theme is how competitive relationships are mediated by other
factors. The release from natural enemies is perhaps the most significant advantage
for exotic species when competing with native ones. Perhaps more significantly,
many documented cases of displacements have occurred in anthropogenically dis-
turbed habitats, including agroecosystems and synanthropic environments. Elton
(46) considered disturbed habitats to be more susceptible to invasions because
they have less “biotic resistance.” Although the phrase “disturbance enhances in-
vasions” does not provide a basis for generating testable hypotheses (97), Petran
& Case (134) argue that anthropogenic habitat changes, especially the reduction
of habitat complexity, do facilitate establishment of invasive species and displace-
ment of resident species. Their contention is supported by the cases where a native
species is displaced by an exotic species in synanthropic or anthropogenically mod-
ified habitats but persists in less disturbed habitats (Table 1, see the Supplemental
Material link at www.annualreviews.org).

Displacements have occurred at a variety of spatial scales from large geographic
areas to localized habitats, either where a species has been displaced from a par-
ticular host or habitat, or displaced temporally. Obviously, species of importance
to humans are more likely to be studied, as are ones that produce dramatic shifts
in the environment (162). However, the emergence of conservation biology has
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focused more attention on the impact of invaders on invaded communities and
habitats.

Although competition is thought to be subtle and difficult to demonstrate (98), it
may be critically important, especially in regard to higher trophic levels (92). There
are inherent problems with the study of interspecific competition and determining if
competitive displacement has occurred. The historic nature of displacement means
that underlying mechanisms may never be established with confidence (79), and
therefore alternative explanations are possible for these cases. However, invasions
and displacements represent natural experiments, which if found at the appropriate
time and empirically examined in depth can provide insight into competitive pro-
cesses, ecological impacts, and evolutionary change.

Certain systems we cite have been studied in depth [e.g., cases 3, 14, 19, 37, 38,
41, 42 (for other taxa, see references 66, 134)], and these examples serve as tem-
plates for future studies. In these examples, observational data have been combined
with appropriate experimental studies to demonstrate whether the phenomenon of
competitive displacement has occurred and, as importantly, the underlying pro-
cesses. These in-depth studies are valuable and necessary for testing alternative
or complementary hypotheses to explain changes in the status of species. These
types of in-depth studies also reveal the complexity of ecological interactions and
how other noncompetitive mechanisms influence the outcome of interspecific in-
teractions. For example studies by Juliano (82) & Barrera (3) point to the need for
experiments to be as realistic as possible so key interactions will not be missed.
Ongoing tests of complementary hypotheses, such as the studies of displacement of
ants by the Argentine ant, L. humile (case 41), have shown elegantly how multiple

competitive mechanisms can operate within one system. Likewise, such in-depth
studies would reveal cases of species replacement where interspecific competition

was not a contributing factor. Without such attention, opportunities to document
scientifically displacement events will be missed, and we will continue to rely on
anecdotal and circumstantial evidence.

Our hope is that this review shows the importance of competitive displacement
in communities. The economic, ecological, and evolutionary implications of com-
petitive displacement should stimulate further study of these phenomena as new
situations arise. Interactions leading to competitive displacement are complex and
often involve multiple mechanisms and mediating factors. A greater awareness
of competitive displacement events should lead to more studies that allow better
documentation to determine the relative importance of key factors and to develop
hypotheses that explain observed patterns.

ACKNOWLEDGMENTS

We thank K.A. Bloem, J.E. Funderburk, K.A. Luhring, and T.M. Perring for their
critical and helpful reviews of the manuscript. The assistance of K.K. White in
obtaining references is greatly appreciated.



456

REITZ m TRUMBLE

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

1.

10.

11.

Arbogast RT, Mullen MA. 1987. Dyna-
mics of Sitotroga cerealella (Olivier)
(Lepidoptera: Gelechiidae) and Sitophilus
zeamais Motschulsky (Coleoptera: Cur-
culionidae) populations in a small bulk of
stored comn. Res. Popul. Ecol. 29:1-16

. Ayerty JN. 1980. Elimination of Sitotroga

cerealella (Olivier) by Sitophilus zeamais
Motschulsky from mixed laboratory cul-
tures on maize. Res. Popul. Ecol. 22:101-
16

. Barrera R. 1996. Competition and resis-

tance to starvation in larvae of container-
inhabiting Aedes mosquitoes. Ecol. Ento-
mol. 21:117-27

. Beekman M, Calis JNM, Boot WIJ. 2000.

Parasitic honeybees get royal treatment.
Nature 404:723

. Begon M, Harper JL, Townsend CR.

1986. Ecology. Individuals, Populations,
and Communities. Sunderland, MA: Sin-
auer. 876 pp.

. Belczewski R, Harmsen R. 1997. Phyllo-

plane fungi: an extrinsic factor of tetrany-
chid population growth? Exp. Appl. Acarol.
21:463-71

. Bellows TS Jr, Perring TM, GillRJ, Head-

rick DH. 1994. Description of a species of
Bemisia (Homoptera: Aleyrodidae). Ann.
Entomol. Soc. Am. 87:195-206

. Bennett FD. 1993. Do introduced para-

sitoids displace native ones? Fla. Entomol.
76:54-63

. Biever KD. 1992. Distribution and occur-

rence of Cotesia rubecula (Hymenoptera:
Braconidae), a parasite of Artogeia rapae
in Washington and Oregon. J. Econ. Ento-
mol. 85:739—42

Black WCI, Rai KS, Turco BJ, Arroyo
DC. 1989. Laboratory study of competition
between USA strains of Aedes albopictus
and Aedes aegypti (Diptera: Culicidae). J.
Med. Entomol. 26:60-71

Blakley NR, Dingle H. 1978. Competition:

12.

13.

14.

15.

16.

17.

18.

19.

20.

butterflies eliminate milkweed bugs from a
Caribbean island. Oecologia 37:133-37
Bond W, Slingsby P. 1984. Collapse of
an ant-plant mutualism: the Argentine ant
Iridomyrmex humilis and myrmecochorous
Proteaceae. Ecology 65:1031-37

Brodeur J, Geervliet JBF, Vet LEM. 1998.
Effects of Pieris host species on life his-
tory parameters in a solitary specialist and
gregarious generalist parasitoid (Cotesia
species). Entomol. Exp. Appl. 86:145-52
Brown MW, Hogmire HW, Schmitt JJ.
1995. Competitive displacement of apple
aphid by spirea aphid (Homoptera: Aphi-
didae) on apple as mediated by human ac-
tivities. Environ. Entomol. 24:1581-91
Brown MW, Miller SS. 1998. Coccinell-
idae Coleoptera in apple orchards of east-
ern West Virginia and the impact of inva-
sion by Harmonia axyridis. Entomol. News
109:143-51

Bueno BHP, Gutierrez AP, Ruggle P. 1993.
Parasitism by Aphidius ervi [Hym.: Aphi-
didae] preference for pea aphid and blue al-
falfa aphid [Hom.: Aphididae] and compe-
tition with Aphidius smithi. Entomophaga
38:273-84

Buren WF. 1972. Revisionary studies on
the taxonomy of the imported fire ants.
J. Ga. Entomol. Soc. 7:1-26

Cameron PJ, Walker GP. 1989. Release
and establishment of Aphidius spp. (Hy-
menoptera: Aphidiidae), parasitoids of pea
aphid and blue green aphid in New Zealand.
NZJ. Agric. Res. 32:281-90

Chestnut TL, Douglas WA. 1971. Com-
petitive displacement between natural pop-
ulations of the maize weevil and the An-
goumois grain moth in Mississippi.J. Econ.
Entomol. 64:864-68

Chua TH, Gonzalez D, Bellows T. 1990.
Searching efficiency and multiparasitism
in Aphidius smithi and Aphidius ervi (Hy-
menoptera, Aphidiidae), parasites of pea



COMPETITIVE DISPLACEMENT

457

21.

22.

23.

25.

26.

27.

28.

29.

aphid. Acvrthosiphon pisum (Homoptera,
Aphididae). J. Appl. Entomol. 110:101-6
Clapperton BK, Tilley JAV, Pierce RJ.
1996. Distribution and abundance of the
Asian paper wasp Polistes chinensis anten-
nalis Perez and the Australian paper wasp
P._humilis Fab. (Hymenoptera: Vespidae) in
New Zealand. NZ J. Zool. 23:19-25

Clark DB, Guayasamin C, Pazmino O,
Donoso C, Paez de Villacos Y. 1982. The
tramp ant Wasmannia auropunctata: aute-
cology and effects on ant diversity and dis-
tribution on Santa Cruz Island, Galapagos.
Biotropica 14:196-207

Connell JH. 1980. Diversity and the coevo-
lution of competitors, or the ghost of com-
petition past. Oikos 5:131-38

. Costa A, Stary P. 1988. Lvsiphlebus tes-

taceipes, an introduced aphid parasitoid in
Portugal [Hymenoptera: Aphidiidae]. En-
tomophaga 33:403-12

Crawley MJ, Pattrasudhi R. 1988. Inter-
specific competition between insect her-
bivores: asymmetric competition between
cinnabar moth and the ragwort seed-head
fly. Ecol. Entomol. 13:243-49

Croft BA. 1994. Biological control of ap-
ple mites by a phytoseiid mite complex and
Zetzellia mali (Acari: Stigmaeidae): long-
term effects and impact of azinphosmethyl
on colonization by Amblvseius andersoni
(Acari: Phytoseiidae). Emviron. Entomol.
23:1317-25

Croft BA, Macrae IV. 1993. Biological
contro! of apple mites: impact of Zerzel-
lia mali (Acari: Stigmaeidae) on Tvphlo-
dromus pyri and Metaseiulus occidentalis
(Acari: Phytoseiidae). Emviron. Entomol.
22:865-73

Crowell KL. 1968. Rates of competitive ex-
clusion by the Argentine ant in Bermuda.
Ecology 49:551-55

Damman H. 1993. Patterns of herbivore
interaction among herbivore species. In
Caterpillars: Ecological and Evolutionary
Constraints on Foraging, ed. NE Stamp,
TM Casey, pp. 132-69. New York: Chap-
man & Halil

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Darwin C. 1859. On the Origin of Species
by Means of Natural Selection, or, The Pre-
servation of Favoured Races in the Struggle
for Life. London: Murray. 502 pp.
DeBach P. 1966. The competitive displace-
ment and coexistence principles. Annu.
Rev. Entomol. 11:183-212

DeBach P, Hendrickson RM, Rose M.
1978. Competitive displacement: extinc-
tion of the yellow scale, Aonidiella citrina
(Coq.) (Homoptera: Diaspididae), by its
ecological homologue, the California red
scale, Aonidiella aurantii (Mask.) in south-
ern California. Hilgardia 46:1-35

DeBach P, Rosen D. 1991. Biological Con-
trol by Natural Enemies. Cambridge, UK:
Cambridge Univ. Press. 386 pp.

DeBach P, Sundby RA. 1963. Competi-
tive displacement between ecological ho-
mologues. Hilgardia 34:105-66

Denno RF, McClure MS, Ott JR. 1995.
Interspecific interactions in phytophagous
insects: competition reexamined and res-
urrected. Annu. Rev. Entomol. 40:297-
331

De Vasconcelos HL. 1990. Foraging activ-
ity of two species of leaf-cutting ants (Atta)
in a primary forest of the central Amazon.
Insectes Soc. 37:131-46

Dick JTA, Irvine DE, Elwood RW. 1990.
Differential predation by males on molted
females may explain the competitive dis-
placement of Gammarus duebeni by Gam-
marus pulex (Amphipoda). Behav. Ecol.
Sociobiol. 26:41-46

Dlott JW, Chaney WE. 1995. ldentify-
ing management techniques and research
needs for pea leafminer cultural, chemical,
and biological control in celery, Calif. Cel-
ery Res. Advis. Board, Dinuba, Calif.
Dowell RV, Horn DJ. 1977. Adaptive
strategies of larval parasitoids of the alfalfa
weevil (Coleoptera: Curculionidae). Can.
Entomol. 109:641-48

Duso C, Pasqualetto C, Camporese P.
1991. Role of the predatory mites Ambl-
vseius aberrans Oud., Typhlodromus pyri
Scheuten and Amblivseius andersoni Chant



458

REITZ = TRUMBLE

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

(Acari, Phytoseiidae) in vineyards: II. Min-
imum releases of Amblyseius aberrans
and Typhlodromus pyri to control spider
mite populations (Acari, Tetranychidae). J.
Appl. Entomol. 112:298-308

Edgerly JS, Willey MS, Livdahl TP.
1993. The community ecology of Aedes
egg hatching: implications for a mosquito
invasion. Ecol. Entomol. 18:123-28

Ehler LE. 1991. Planned introductions in
biological control. In Assessing Ecological
Risks of Biotechnology, ed. LR Ginzberg,
pp. 21-39. Boston: Butterworth Heine-
mann

Ehler LE, Hall RW. 1982. Evidence for
competitive exclusion of introduced natu-
ral enemies in biological control. Environ.
Entomol. 11:1-4

Ehler LE, Hall RW. 1984. Evidence for
competitive exclusion of introduced natu-
ral enemies in biological control: an adden-
dum. Environ. Entomol. 13:v—viii

Elliott N, Kieckhefer R, Kauffman W.
1996. Effects of an invading coccinellid on
native coccinellids in an agricultural land-
scape. Qecologia 105:537-44

Elton CS. 1958. The Ecology of Invasions
by Animals and Plants. London: Methuen.
181 pp.

English-Loeb GM, Karban R, Hougen-
Eitzman D. 1993. Direct and indirect com-
petition between spider mites feeding on
grapes. Ecol. Appl. 3:699-707

Erickson JM. 1971. The displacement of
native ant species by the introduced argen-
tine ant Iridomyrmex humulis Mayr. Psyche
78:257-66

Feener DH Jr. 1981. Competition between
ant species: outcome controlled by parasitic
flies. Science 214:815-17

Fowler HG. 1995. The population status
of the endangered Brazilian endemic leaf-
cutting ant Arta robusta (Hymenoptera:
Formicidae). Biol. Conserv. 74:147-50
Fujimoto H, Hiramatsu T, Takafuji A.
1996. Reproductive interference between
Panonychus mori Yokoyama and P. citri
(McGregor) (Acari: Tetranychidae) in pe-

52.

53.

54.

55.

56.

57.

58.

59.

ach orchards. Appl. Entomol. Zool. 31:59—
65

Gouteux JP. 1992. A case of geographic
exclusion in Glossina: the advance of
Glossina palpalis palpalis towards Braz-
zaville Congo to the detriment of Glossina
fuscipes quanzensis. Insect Sci. Appl. 13:
59-67

Gryj E. 1998. Global climate change and
species interactions. In Conservation Biol-
0gy, ed. PL Fiedler, PM Kareiva, pp. 478
96. New York: Chapman & Hall

Gutierrez AP, Neuenschwander P, Van
Alphen JIM. 1993. Factors affecting bio-
logical control of cassava mealybug by ex-
otic parasitoids: a ratio-dependent supply-
demand driven model. J. Appl. Ecol.
30:706-21

Hairston NG, Smith FE, Slobodkin LB.
1960. Community structure, population
control, and competition. Am. Nat. 44:421—
25

Hanks LM, Gould JR, Paine TD, Millar
JG, Wang Q. 1995. Biology and host rela-
tions of Avetianella longoi (Hymenoptera:
Encyrtidae), an egg parasitoid of the eu-
calyptus longhorned borer (Coleoptera:
Cerambycidae). Ann. Entomol. Soc. Am.
88:666—71

Hann SW. 1990. Evidence for the dis-
placement of an endemic New Zealand
spider, Latrodectus katipo Powell by the
South African species Steatoda capensis
Hann (Araneae: Theridiidae). NZ J. Zool.
17:295-308

Hanski I, Gilpin ME. 1991. Metapopula-
tion dynamics: brief history and concep-
tual domain. In Metapopulation Dynamics:
Empirical and Theoretical Investigations,
ed. ME Gilpin, I Hanski, pp. 3-16. Lon-
don: Academic

Harcourt DG. 1990. Displacement of
Bathyplectes curculionis (Thoms.) (Hy-
menoptera: Ichneumonidae) by Bathy-
plectes anurus (Thoms.) in eastern Ontario
[Canada] populations of the alfalfa wee-
vil, Hypera postica Gyll. (Coleoptera: Cur-
culionidae). Can. Entomol. 122:641-46



COMPETITIVE DISPLACEMENT

459

61.

63.

65.

67.

68.

69.

70.

. Harcourt DG, Ellis CR. 1991. Distribution

in southern Ontario of Bathyplectes anu-
rus (Hymenoptera: Ichneumonidae), a lar-
val parasitoid of the alfalfa weevil. Proc.
Entomol. Soc. Ont. 122:41-45

Harris RJ, Moller H, Beggs JR. 1992.
Competitive displacement of one intro-
duced social wasp Vespula germanica by
another Vespula vulgaris in honeydew
beech forest of the South Island New
Zealand. Bull. Ecol. Soc. Am 73:201

. Harnis RJ, Thomas CD, Moller H. 1991.

The influence of habitat use and foraging
on the replacement of one introduced wasp
species by another in New Zealand. Ecol.
Entomol. 16:441-48

Haskins CP, Haskins EF. 1965. Pheidole
megacephala and Iridomyrmex humilis in
Bermuda—equilibrium or slow replace-
ment. Ecology 46:736-40

. Haskins CP, Haskins EF. 1988. Final ob-

servations on Pheidole megacephala and
Iridomyrmex humilis in Bermuda. Psyvche
95:177-84

Healey FP, Hendzel LL. 1988. Competi-
tion for phosphorus between desmids. J.
Phycol. 24:287-92

. Hill AM, Lodge DM. 1999. Replacement

of resident crayfishes by an exotic cray-
fish: the roles of competition and predation.
Ecol. Appl. 9:678-90

Hill AM, Sinars DM, Lodge DM. 1993.
Invasion of an occupied niche by the cray-
fish Orconectes rusticus: potential impor-
tance of growth and mortality. Oecologia
94:303-6

Hironori Y. Katsuhiro S. 1997. Can-
nibalism and interspecific predation in
two predatory ladybirds in relation to
prey abundance in the field. Entomophaga
42:153-63

Hobbes JH. Hughes EA., Eichold BH,
II. 1991. Replacement of Aedes aegvpri by
Aedes albopictus in Mobile, Alabama. J.
Am. Mosq. Control Assoc. 7:488-89
Hogmire HW, Brown MW, Crim VL.
1990. Toxicity of slide dip application of
five insecticides to apple aphid and spirea

71.

72.

74.

75.

76.

7.

78.

79.

80.

81.

aphid (Homoptera: Aphididae)..J. Entomol.
Sci. 25:10-15

Hogmire HW. Brown MW, Schmitt JJ,
Winfield TM. 1992. Population develop-
ment and insecticide susceptibility of apple
aphid and spirea aphid (Homopterz, Aphi-
didae)onapple. J. Entomol. Sci. 27:113-19
Holldobler B. Wilson EO. 1990. The Ants.
Cambridge, MA: Belknap. 732 pp.

. Holway DA. 1999. Competitive mecha-

nisms underlying the displacement of na-
tive ants by the invasive argentine ant. Ecol-
ogy 80:238-51

Hornby JA. Moore DE, Miller TW Jr.
1994. Aedes albopictus distribution, abun-
dance, and colonization in Lee County,
Florida. and its effect on Aedes aegvpti. J.
Am. Mosq. Control Assoc. 10:397-402
Hougen-Eitzman D, Karban R. 1995.
Mechanisms of interspecific competition
that result in successful control of Pacific
mites following inoculations of Willamette
mites on grapevines. Oecologia 103:157—
61

Howarth FG. 1991. Environmental impacts
of classical biological control. Annu. Rev.
Entomol. 36:485-510

Human KG, Gordon DM. 1996. Exploita-
tion and interference competition between
the invasive Argentine ant, Linepithema
humile, and native ant species. Oecologia
105:405--12

Human KG, Gordon DM. 1999. Behav-
ioral interactions of the invasive Argentine
ant with native ant species. /nsectzs Soc.
46:159-63

Hurlbert SH. 1984. Pseudoreplication and
the design of ecological field experiments.
Ecol. Monogr. 54:187-212

Jones SR, Phillips SA Jr. 1990. Re-
source collecting abilities of Solenopsis
invicta (Hymenoptera: Formicidae) com-
pared with those of three sympatric Texas
ants. Southwest. Nat. 35:416-22

Joshi A. Thompson JN. 1995. Alternative
routes to the evolution of competitive abil-
ity in two competing species of Drosophila.
Evolution 49:616-25



460

REITZ = TRUMBLE

82.

83.

84.

8s.

86.

87.

88.

89.

90.

91.

Juliano SA. 1998. Species introduction and
replacement among mosquitoes: interspe-
cific resource competition or apparent com-
petition? Ecology 79:255-68

Kaakeh W, Pfeiffer DG, Marini RP. 1993.
Effect of Aphis spiraecola and Aphis pomi
(Homoptera: Aphididae) on the growth of
young apple trees. Crop Prot. 12:141-47
Keiser I, Kobayashi RM, Miyashita DH,
Harris EJ, Schneider EL, et al. 1974. Sup-
pression of Mediterranean fruit flies by Ori-
ental fruit flies in mixed infestations in
guava. J. Econ. Entomol. 67:355-60
Keller MA. 1984. Reassessing evidence for
competitive exclusion of introduced natu-
ral enemies. Environ. Entomol. 13:192-95
Kfir R. 1997. Competitive displacement of
Busseola fusca (Lepidoptera: Noctuidae)
by Chilo partellus (Lepidoptera: Pyrali-
dae). Ann. Entomol. Soc. Am. 90:619-24
Kingsley PC, Bryan MD, Day WH, Burger
TL, Dysart RJ, et al. 1993. Alfalfa wee-
vil (Coleoptera: Curculionidae) biological
control: spreading the benefits. Environ.
Entomol. 22:1234-50

Kraaijeveld AR, Van Alphen JIM. 1993.
Successful invasion of North America
by two Palearctic Drosophila species
(Diptera: Drosophilidae): a matter of im-
munity to local parasitoids? Neth. J. Zool.
43:235-41

Kuhar TP, Youngman RR, Laub CA. 1999.
Alfalfa weevil (Coleoptera: Curculionidae)
pest status and incidence of Bathyplectes
spp. (Hymenoptera: Ichneumonidae) and
Zoophthora phytonomi (Zygomycetes: En-
tomophthorales) in Virginia. J. Econ. Ento-
mol. 92:1184-89

Kuno E. 1992. Competitive exclusion
through reproductive interference. Res.
Popul. Ecol. 34:275-84

Laing JE, Corrigan JE. 1987. Intrinsic
competition between the gregarious par-
asite Cotesia glomeratus and the solitary
parasite Cotesia rubecula (Hymenoptera:
Braconidae) for their host Artogeia ra-
pae (Lepidoptera: Pieridae). Entomophaga
32:493-502

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Lasalle J, Gauld ID. 1993. Parasitic hy-
menoptera biological control and biodi-
versity. In Hymenoptera and Biodiversity,
ed. J LaSalle, ID Gauld, pp. 197-215.
Wallingford, UK: CABI

Lawton JL, Hassel MP. 1981. Asym-
metrical competition in insects. Nature
289:793-95

Leggett MC, Wilcockson RW, Day TH,
Phillips DS, Arthur W. 1996. The genetic
effects of competition in seaweed flies.
Biol. J. Linn. Soc. 57:1-11

Lieberburg I, Kranz PM, Seip A. 1975.
Bermudian ants revisited: the status and
interaction of Pheidole megacephala and
Iridomyrmex humilis. Ecology 56:473—
78

Livdahl TP, Willey MS. 1991. Prospects
for an invasion: competition between
Aedes albopictus and native Aedes tris-
eriatus. Science 253:189-91

Lodge DM. 1993. Species invasions and
deletions: community effects and re-
sponses to climate and habitat changes.
InBiotic Interactions and Global Change,
ed. PM Kareiva, JG Kingsolver, RB Huey,
pp. 367-87. Sunderland, MA: Sinauer
Lodge DM, Stein RA, Brown KM,
Covich AP, Bronmark C, et al. 1998.
Predicting impact of freshwater exotic
species on native biodiversity: challenges
in spatial scaling. Aust. J. Ecol. 23:53—
67

Lubin YD. 1982. Changes in the native
fauna of the Galapagos Islands following
invasion by the little red fire ant, Was-
mannia auropunctata. Biol. J. Linn. Soc.
21:229-42

Luck RF, Podoler H. 1985. Competi-
tive exclusion of Aphytis lingnanensis by
Aphytis melinus: potential role of host
size. Ecology 66:904-13

MacArthur RH, Levins R. 1967. The
limiting similarity, convergence and di-
vergence of coexisting species. Am. Nat.
101:377-85

Mackauver M, Kambhampati S. 1986.
Parasitoids of the pea aphid in North



COMPETITIVE DISPLACEMENT

461

103.

104.

107.

108.

109.

110.

111.

America. In Ecology of Aphidophaga, ed.
I Hodek. pp. 347-56. Dordrecht: Junk
Macrae IV. Croft BA. 1993. Influence
of temperature on interspecific predation
and cannibalism by Metaseiulus occiden-
talis and Typhlodromus pyri (Acarina:
Phytoseiidae). Environ. Entomol. 22:770~
75

Macrae IV. Croft BA. 1997. Intra- and
interspecific predation by adult female
Metaseiulus occidentalis and Typhlodro-
mus pyri (Acari: Phytoseiidae) when pro-
visioned with varying densities and ratios
of Tetranychus urticae (Acari: Tetranychi-
dae) and phytoseiid larvae. Exp. Appl. Ac-
arol. 21:235-45

. Marullo R. 1987. Biological compari-

son of 2 endoparasitoid aphid species,
Lysiphlebus testaceipes (Cresson) and
Lysiphlebus fabarum (Marshall) (Hy-
menoptera, Braconidae). Boll. Lab. Ento-
mol. Agrar. Filippo Silvestri 44:81-96

. McBrien H. Mackauer M. 1990. Het-

erospecific larval competition and host
discrimination in two species of aphid
parasitoids: Aphidius ervi and Aphidius
smithi. Entomol. Exp. Appl. 56:145-54
McClure MS. 1980. Competition between
exotic species: scale insects on hemlock.
Ecology 61:1391-401

McClure MS. 1981. Effects of voltinism,
interspecific competition and parasitism
on the population dynamics of the hem-
lock scales. Fiorinia externa and Tsug-
aspidiotus tsugae (Homoptera: Diaspidi-
dae). Ecol. Entomol. 6:47-54

McClure MS. 1984. Influence of cohabita-
tion and resinosis on site selection and sur-
vival of Pineus boerneri and Pineus col-
oradensis (Homoptera: Adelgidae) on red
pine (Pinus resinosa). Environ. Entomol.
13:657-63

McClure MS. 1989. Biology. population
trends and damage of Pineus boerneri and
Pineus coloradensis (Homoptera: Adelgi-
dae) on red pine. Environ. Entomol. 18:
1066-73

McClure MS. 1990. Cohabitation and

112.

113.

114.

116.

117.

118.

119.

120.

121.

host species effects on the population gro-
wth of Marsucoccus resinosae (Homop-
tera: Margarodidae) and Pineus boerneri
(Homoptera: Adelgidae) on red pine. En-
viron. Entomol. 19:672-76
McCorquodale DB. 1998. Adventive lady
beetles (Coleoptera: Coccinellidae) in
eastern Nova Scotia, Canada. Entomol.
News 109:15-20

McLain DK, Shure DJ. 1987. Pseudo-
competition: interspecific displacement of
insect species through misdirected court-
ship. Qikos 49:291-96

Mitchell P, Arthur W. 1991. Extinction
due to evolution of a competitor. Evolu-
tion 45:307-13

5. Mogi M, Khamboonruang C, Choochote

W, Suwanpanit P. 1988. Ovitrap surveys
of dengue vector mosquitoes in Chiang
Mai, northern Thailand: seasonal shifts
in relative abundance of Aedes albopic-
tus and Aedes aegypti. Med. Vet. Entomol.
2:319-24

Morgan DJW, Reitz SR, Atkinson PW,
Trumble JT. 2000. The resolution of Cali-
fornia populations of Liriomyza huido-
brensis and Liriomyza trifolii (Diptera:
Agromyzidae) using PCR. Heredity 85:
53-61

Morrison LW. 1999. Indirect effects of
phorid fly parasitoids on the mechanisms
of interspecific competition among ants.
Oecologia 121:113-22

Murdoch WW, Briggs CJ, Nisbat RM.
1996. Competitive displacement and bi-
ological control in parasitoids: a model.
Am. Nar. 148:807-26

Nasci RS, Hare SG, Willis FS. 1989.
Interspecific mating between Louisiana
[USA] strains of Aedes albopictus and
Aedes aegypti in the field and laboratory.
J.Am. Mosy. Control Assoc. 5:416-21
Niemela P, Mattson WJ. 1996. Invasion of
North American forests by European phy-
tophagous insects. Bioscience 46:741-
53

Nishida T, Harris EJ, Vargas RI, Wong
TTY. 1985. Distributional loci and host



462

REITZ = TRUMBLE

122.

123.

124.

125.

126.

127.

128.

129.

130.

fruit utilization patterns of the Mediter-
ranean fruit fly, Ceratitis capitata (Dip-
tera: Tephritidae), in Hawaii [USA]. Env-
iron. Entomol. 14:602-6

Noor MAF. 1998. Diurnal activity pat-
terns of Drosophila subobscura and D.
pseudoobscura in sympatric populations.
Am. Midl. Nat. 140:34-41

Nyffeler M, Dondale CD, Redner JH.
1986. Evidence for displacement of a
North American spider, Steatoda bore-
alis, by the European species Steatoda
bipunctata (Araneae: Theridiidae). Can.
J. Zool. 64:867-74

Olivera CR, Bordat D. 1996. Influence
of Liriomyza species (Diptera: Agromyzi-
dae) and their host plants, on ovipo-
sition by Opius diossitus females (Hy-
menoptera: Braconidae). Ann. Appl. Biol.
128:399-404

Orengo DJ, Prevosti A. 1994. Preadult
competition between Drosophila subob-
scura and Drosophila pseudoobscura. Z.
Zool. Syst. Evolutionsforsch. 32:44-50
Orr MR, Seike SH. 1998. Parasitoids
deter foraging by Argentine ants (Linepi-
thema humile) in their native habitat in
Brazil. Oecologia 117:420-25

Paine TD, Dahlsten DL, Millar JG, Hod-
dle MS, Hanks LM. 2000. UC scientists
apply IPM techniques to new eucalyptus
pests. Calif. Agric. 54:8-13

Palumbo JC, Mullis CH Jr, Reyes FJ.
1994. Composition, seasonal abundance,
and parasitism of Liriomyza (Diptera:
Agromyzidae) species on lettuce in Ari-
zona. J. Econ. Entomol. 87:1070-77
Pascual M, Serral, AyalaFJ. 1998. Inter-
specific laboratory competition on the re-
cently sympatric species Drosophila sub-
obscura and Drosophila pseudoobscura.
Evolution 52:269-74

Perring TM. 1996. Biological differences
of two species of Bemisia that contribute
to adaptive advantage. In Bemisia 1995:
Taxonomy, Biology, Damage Control and
Management, ed. D Gerling, RT Mayer,
pp. 3-16. Andover, UK: Intercept

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Perring TM, Cooper AD, Kazmer DI,
Shields C, Shields J. 1991. New strain of
sweetpotato whitefly invades California
vegetables. Calif. Agric. 45:10-12
Perring TM, Cooper AD, Rodriguez RJ,
Farrar CA, Bellows TS Jr. 1993. 1denti-
fication of a whitefly species by genomic
and behavioral studies. Science 259:74—
77

Petitt FL, Wietlisbach DO. 1992. Intra-
specific competition among same-aged
larvae of Liriomyza sativae (Diptera: Ag-
romyzidae) in lima bean primary leaves.
Environ. Entomol. 21:136-40

Petren K, Case TJ. 1998. Habitat struc-
ture determines competition intensity and
invasion success in gecko lizards. Proc.
Natl. Acad. Sci. USA 95:11739-44
Pfeiffer DG, Brown MW, Varn MV. 1989.
Incidence of spirea aphid (Homoptera:
Aphididae) in apple orchards in Virginia,
West Virginia and Maryland [USA]. J.
Entomol. Sci. 24:145-49

Pijls TWAM, Hofker KD, Van Staaldui-
nen MJ, Van Alphen JJM. 1995. Interspe-
cific host discrimination and competition
in Apoanagyrus (Epidinocarsis) lopezi
and A. (E.) diversicornis, parasitoids of
the cassava mealybug Phenacoccus mani-
hoti. Ecol. Entomol. 20:326-32

Pijls JWAM, Poleij LM, Van Alphen
JIM, Meelis E. 1996. Interspecific inter-
ference between Apoanagyrus lopezi and
A. diversicornis, parasitoids of the cassava
mealybug Phenacoccus manihoti. Ento-
mol. Exp. Appl. 78:221-30

Pijls JWAM, Van Alphen JJM. 1996.
On the coexistence of the cassava mealy-
bug parasitoids Apoanagyrus diversicor-
nis and A. lopezi (Hymenoptera: Encyr-
tidae) in their native South America. Bull.
Entomol. Res. 86:51-59

Polis GA, Myers CA, HoltRD. 1989. The
ecology and evolution of intraguild pre-
dation potential competitors that eat each
other. Annu. Rev. Ecol. Syst. 20:297-330
Porter SD, Savignano DA. 1990. Invasion
of polygyne fire ants decimates native ants



COMPETITIVE DISPLACEMENT

463

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

and disrupts arthropod community. Ecol-
ogy 71:2095-106

Porter SD. Van Eimeren B, Gilbert LE.
1988. Invasion of red imported fire ants
(Hymenoptera: Formicidae): microgeog-
raphy of competitive replacement. Ann.
Entomol. Soc. Am. 81:913-18

Prevosti A, Serra L., Aguadé M, Ribo G,
Mestres F, et al. 1989. Colonization and
establishment of the palearctic species
Drosophila subobscura in North and
South America. In Evolutionary Biology
of Transient Unstable Populations, ed. A
Fontdevila, pp. 114-29. Berlin: Springer-
Verlag

Price JF, Schuster DJ, Short DE. 1987.
Managing sweetpotato whitefly. Greenh.
Grow. December:55-57

Price JF, Stanley CF. 1982. Gypsophila,
leafminer and parasitoid relationships on
two farms of differing pesticide use pat-
terns. Presented at Proc. Third Annu. Ind.
Conf. Leafminer, San Diego, CA

Rai KS. 1991. Aedes albopictus in the
Americas. Annu. Rev. Entomol. 36:459—
84

RosenheimJA, Kaya HK, Ehler LE, Mar-
ois JJ, Jaffee BA. 1995. Intraguild pre-
dation among biological-control agents:
theory and evidence. Biol. Control 5:303—
35

Roubik DW. 1978. Competitive inter-
actions between Neotropical pollinators
and africanized honey bees. Science
201:1030-32

Roubik DW, Moreno JE, Vergara C,
Wittmann D. 1986. Sporadic food com-
petition with the African honey bee: Pro-
Jjected impact on neotropical social bees.
J. Trop. Ecol. 2:97-111

Sakagami SF. 1959. Some interspecific re-
lations between Japanese and European
honeybees. J. Anim. Ecol. 28:51-68
Sandlant GR, Moller H. 1989. Abun-
dance of common and German wasps
(Hymenoptera: Vespidae) in the honey-
dew beech forests of New Zealand in
1987. NZ J. Zool. 16:333—44

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Schoener TW. 1983. Field experiments
on interspecific competition. Am. Nat.
122:240-85

Schreiber SJ, Gutierrez AP. 1998. A
supply-demand perspective of species in-
vasions and coexistence: applications to
biological control. Ecol. Model. 160:27—
45

Schreiner IH, Nafus DM. 1993. Popula-
tion increases of native moths following
biological control of an introduced pest
moth. Micronesica (Suppl.) 4:49-56
Schuster MF, Boling JC, Marony JJ.
1971. Biological control of rhodesgrass
scale by airplane releases of an introduced
parasite of limited dispersing abilities. In
Biological Control, ed. CB Huffaker, pp.
227-50. New York: Plenum

Schuster MF, Dean HA. 1976. Competi-
tive displacement of Anagyrus antoninae
(Hym.: Encyrtidae), by its ecological ho-
mologue Neodusmetia sangwani (Hym.:
Encyrtidae). Entomophaga 21:127-30
Scott MP, Traniello JFA, Fetherston
IA. 1987. Competition for prey between
ants and burying beetles (Nicrophorus
spp): Differences between northern and
southern temperate sites. Psyche 94:325—

32

Selhime AG, Muma MH, Simanton
WA, McCoy CW. 1969. Control of the
Florida red scale with the parasite Aphytis
holoxanthus. J. Econ. Entomol. 62:954—
55

Shea PJ. 1989. Interactions among phy-
tophagous insect species colonizing cones
of white fir (Abies concolor). Oecologia
81:104-10

Shinkaji N. 1979. Geographical distribu-
tion of the citrus red mite, Panonychus
citri (McGregor) and European red mite,
Panonychus ulmi (Koch) in Japan. Rec.
Adv. Acarol. 1:81-87

Shorrocks B. Rosewell J, Edwards K.
1984. Interspecific competition is not a
major organizing force in many insect
communities. Nature 310:310-12
Simberloff D, Schmitz DC, Brown TC.



464

REITZ » TRUMBLE

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

1997. Strangers in Paradise: Impact and
Management of Nonindigenous Species in
Florida. Washington, DC: Island. 467 pp.
Simberloff DS. 1981. Community effects
of introduced species. In Biotic Crises
in Ecological and Evolutionary Time, ed.
MH Nitecki, pp. 53-81. New York: Aca-
demic

Smith PT, Reisen WK, Cowles DA.
1995. Interspecific competition between
Culex tarsalis and Culex quinquefascia-
tus. J. Vector Ecol. 20:139-46

Sprenger D, Waithiranyagool T. 1986.
The discovery and distribution of Aedes
albopictus in Harris County Texas USA.
J. Am. Mosq. Control Assoc. 2:217-19
Stewart AJA. 1996. Interspecific com-
petition reinstated as an important force
structuring insect herbivore communities.
Trends Ecol. Evol. 11:233-34

Stolz M, Bluemel S. 1998. Occurrence of
agromyzid leafminer parasitoids in three
green-houses with different ornamental
crops in Austria. Z. Pflanzenkr. Pflanzen-
schutz 105:71-77

Takafuji A, Kuno E, Fujimoto H. 1997.
Reproductive interference and its conse-
quences for the competitive interactions
between two closely related Panonychus
spider mites. Exp. Appl. Acarol. 21:379~
91

Takahashi K. 1989. Intra- and inter-
specific predations of lady beetles in
spring alfalfa fields. Jpn. J. Entomol.
57:199-203

Tremblay E. 1984. The parasitoid com-
plex [Hymenoptera: Ichneumonoidea] of
Toxoptera aurantii [Homoptera: Aphi-
doidea] in the Mediterranean area. Enfo-
mophaga 29:203-10

Trumble JT, Nakakihara H. 1983. Occur-
rence, parasitization, and sampling of
Liriomyza species (Diptera: Agromyzi-
dae) infesting celery in California. Env-
iron. Entomol. 12:810-14

Vargas RI, Miyashita D, Nishida T.
1984. Life history and demographic pa-
rameters of 3 laboratory-reared tephri-

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

tids (Diptera: Tephritidae). Ann. Entomol.
Soc. Am. 77:651-56

Vargas RI, Walsh WA, Nishida T. 1995.
Colonization of newly planted coffee
fields: dominance of Mediterranean fruit
fly over Oriental fruit fly (Diptera: Tephri-
tidae). J. Econ. Entomol. 88:620-27
Walter GH. 1988. Competitive exclu-
sion, coexistence and community struc-
ture. Acta Biotheor. 37:281-314

Ward PS. 1987. Distribution of the in-
troduced Argentine ant Iridomyrmex hu-
milis in natural habitats of the lower Sacra-
mento Valley [California, USA] and its
effects on the indigenous ant fauna. Hil-
gardia 55:1-16

Way MJ, Cammell ME, Paiva M, Col-
lingwood CA. 1997. Distribution and dy-
namics of the Argentine ant Linepithema
(Iridomyrmex) humile (Mayr) in relation
to vegetation, soil conditions, topography
and native competitor ants in Portugal. In-
sectes Soc. 44:415-33

Weins JA. 1977. On competition and
variable environments. Am. Sci. 65:590—
97

Weintraub PG, Horowitz AR. 1995. The
newest leafminer pest in Israel, Liriomyza
huidobrensis. Phytoparasitica 23:177-
84

Wheeler AG Jr, Hoebeke ER. 1995. Coc-
cinella novemnotata in northeastern
North America: historical occurrence and
current status (Coleoptera: Coccinelli-
dae). Proc. Entomol. Soc. Wash. 97:701-
16

Wheeler AG, Stoops CA. 1996. Status
and spread of the Palearctic lady bee-
tles Hippodamia variegata and Propylea
quatuordecimpunctata (Coleoptera: Coc-
cinellidae) in Pennsylvania, 1993-1995.
Entomol. News 107:291-98

Wilkinson ATS. 1966. Apanteles rubec-
ula Marsh and other parasites of Pieris
rapae in British Columbia. J. Econ. Ento-
mol. 59:1012-13

Williams T. 1996. Invasion and displace-
ment of experimental populations of a



COMPETITIVE DISPLACEMENT 465

conventional parasitoid by a heterono-
mous hyperparasitoid. Biocontrol Sci.
Tech. 6:603-18

. Yao DS, Chant DA. 1989. Population

growth and predation interference be-
tween two species of predatory phytoseiid

183.

mites (Acarina: Phytoseiidae) in interac-
tive systems. Oecologia 80:443-55
Yoshimura J, Starmer WT. 1997. Specia-
tion and evolutionary dynamics of asym-
metric mating preference. Res. Popul.
Ecol. 39:191-200



e~

& COPYRIGHT INFORMATION

TITLE: Competitive displacement among insects and arachids
SOURCE: Annual Review of Entomology 47 2002
WN: 0200104522014

The magazine publisher is the copyright holder of this article and it

is reproduced with permission. Further reproduction of this article in
violation of the copyright is prohibited..

Copyright 1982-2002 The H.W. Wilson Company. All rights reserved.



