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Abstract. 1. A number of invasions in the family Tephritidae (fruit flies) have
been observed worldwide despite quarantine procedures. In this review, the
potential importance of interspecific competition and competitive displacement
among different tephritid species is evaluated in the context of recent invasions.
2. Where polyphagous tephritid species have been introduced in areas already

occupied by a polyphagous tephritid, interspecific competition has resulted in a
decrease in number and niche shift of the pre-established species. No reciprocal
invasions have been observed.
3. The data on tephritid invasions seem to support a hierarchical mode of

competition; however, complete exclusion usually did not occur. Indeed, tephritid
distribution and abundance are markedly structured by various abiotic (mostly
climatic) and biotic (host plants) factors.
4. The primary determinant of competitive interactions in near-optimal condi-

tions, such as lowlands with abundant fruit plantations, is probably the life-
history strategy. The r–K gradient could be used as a predictor of potential
invaders, because K traits (such as large adult size) may favour both exploitation
and interference competition.
5. For future research, a better understanding of competition mechanisms seems

essential. Different species competing in the same area should be compared
with respect to: (i) demographic parameters, (ii) the outcome of experimental
co-infestations on the same fruit, and (iii) behavioural and chemical interference
mechanisms.

Key words. Competitive displacement, demographic strategies, ecological niche,
exploitation, life history.

Introduction

The importance of interspecific competition for community

structure has been discussed at length by ecologists, espe-

cially with respect to plant-eating insects (Wiens, 1977;

Connell, 1980, 1983; Lawton & Hassell, 1981; Schoener,

1982). Recent reviews have shown that interspecific compe-

tition is widespread among insects (Denno et al., 1995;

Stewart, 1996; Reitz & Trumble, 2002). In their review on

competitive displacement among insects and arachnids,

Reitz and Trumble (2002) showed that displacement is gen-

erally observed between very closely related species, and

often in relation to invasion phenomena, in which an exotic

species displaces a native one (33% of cases) or another

already established exotic species (55% of cases). After

analysing 193 pairs of competitor species, Denno et al.

(1995) concluded that interspecific competition markedly

affected the distribution and abundance of plant-eating

insect populations. Thus, plant-eating insect population
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structure is affected by competition as well as by natural

enemies or host plants

The family Tephritidae (fruit flies) is of major economic

importance because many species in this family attack

important fruit crops in tropical and subtropical regions

(White et al., 2000). A number of recent invasions by tephri-

tids have been observed, despite quarantine procedures

(White et al., 2000; Allwood et al., 2002; Duyck et al.,

2004). The potential importance of interspecific competi-

tion and competitive displacement among different tephri-

tid species is reviewed here in the context of recent

invasions.

The main objectives of this review are to list the best

known cases of invasions by polyphagous Tephritidae,

highlighting the possible involvement of competition

among species, and to put forward the potential mechan-

isms of these invasions. Firstly a clarification of the termin-

ology and conceptual framework is established, followed

by reviewing the case studies and potential mechanisms

underlying invasion and competition in tephritids.

Competition, invasions, and life-history strategies in
insects: the conceptual framework

Competition and coexistence

Interspecific competition is defined as a reduction in

individual fecundity, survival, or growth as a result of

exploitation of resources or by interference with individuals

of another species (Begon et al., 1996). Two types are

usually recognised. Exploitation competition does not

involve behaviour (Dajoz, 1976; Pianka, 1976; Begon

et al., 1996), and occurs when resources are insufficient for

the individuals of both species. Resource use by one species

then reduces availability to others. In interference competi-

tion, one species behaviourally denies access to food or

target sites to another. This may occur even when there is

a surplus of the resource. The simplest interspecific compe-

tition models (Lotka–Volterra) produce two possible equi-

libria: either the elimination of one of the species or a stable

equilibrium in which the two species coexist. There may also

be an unstable equilibrium, in which the advantage depends

on the initial densities of the two competing populations

(Balasubramanian, 1990; Begon et al., 1996). In short,

stable coexistence occurs when interspecific competition is

weak compared with intraspecific competition. According

to conventional niche theory, the primary determinant of

interspecific competition is the overlap in the resources used

(or niche overlap). Two species with highly similar funda-

mental niches (i.e. the niches potentially occupied in the

absence of competitors) will therefore often compete

strongly with each other when they first meet. This situation

is particularly relevant for members of a given family or

guild, that come into contact following accidental introduc-

tions, such as the polyphagous fruit-eating tephritids. The

competitive interaction may result either in ecological dis-

placement, by which one or both species shifts or reduces its

niche until coexistence becomes possible, or in competitive

exclusion of one of the species. This poses the practical

problem that interspecific competition tends to destroy

itself: strong interspecific competition may be observed dur-

ing transient dynamics of species interactions, though not

between two stably coexisting species. In this respect, non-

equilibrium situations such as invasions provide a unique

opportunity to observe interspecific competition in action.

Competition mechanisms, life-history strategies, and

behaviour

Most studies of competition are descriptive: an increase

in the population density of one species co-occurs with a

decrease in another. Numerous experiments have also meas-

ured the impact of competition by modifying population

levels (Connell, 1983; Schoener, 1983, 1985). The mechan-

isms underlying competition are little known and may be

specific to each pair of competing species. A more tractable,

though indirect, approach is to identify species traits that

can be used as predictors of competitive displacement. Two

classical determinants of competition in insects are focused

on: life-history strategies and behavioural traits.

Some studies highlighted the links between life-history

traits and competitive ability. A classical dichotomy was

introduced by MacArthur and Wilson (1967) between so-

called r- and K-selected species. In their view, r species

display a suite of traits that favour rapid population growth

and colonisation of new habitats, while K species are

adapted to competition in saturated habitats. Although

later studies have shown that the conditions of selection

for r vs. K traits are much more complex than just

density-independent vs. density-dependent population regu-

lation (Reznick et al., 2002), species often fall into r or K

syndromes. Some species tend to mature early, have small

size, high growth rates, little resistance to competitors, and

efficient dispersal; while others present long lifespan, low

fecundity, large sizes, and little mobility. Of course, these

are extremes of a continuous gradient, along which species

may be classified. A modern theory that is reminiscent of r

and K is the coexistence theory developed by Tilman (1994).

This theory states that coexistence of several species can be

promoted in a structured habitat by (i) a perturbation

regime that constantly regenerates new empty sites, and

(ii) competition–colonisation trade-offs among different

species (Tilman, 1994). The bad competitors must be good

colonisers because their maintenance depends on their being

first in colonising empty sites.

Using life-history or demographic traits to characterise

the competitor (or K) strategy implies that competition is

mainly related to exploitation of resources; however behav-

ioural traits may be involved in competition through inter-

ference. In insects, according to Case and Gilpin (1974),

interference is common, despite its high costs, because it

can provide very rapid benefits. Interference competition

implies the anticipated use and often defence of resources,

enabling a more aggressive species to gain access to a
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resource to the detriment of another species (Huffaker &

Gutierrez, 1999). As a result, many species avoid resources

that are chemically marked or have already been exploited

in some way (Schowalter, 2000). Intraguild predation is an

advanced form of interference that is particularly effective

when it concerns the eggs of another species, since the cost

of this type of interference is low (Case & Gilpin, 1974).

Interspecific competition and invasions

Biological invasions are increasingly being seen as one of

the components of global change (Vitousek et al., 1996).

Most of them result from human activity. Once an exotic

species is established, it often cannot be eradicated, and its

management is often problematic, if not impossible (Kolar &

Lodge, 2001). Forecasting invasions is therefore a major

issue (Williamson, 1996; Williamson & Fitter, 1996; Kolar &

Lodge, 2001; Sakai et al., 2001). The import fluxes (Lonsdale,

1999) and the lack of natural enemies (Simberloff &

Wilson, 1970) have traditionally been put forward as the

primary determinants of invasion, especially in islands. Less

attention was paid to the competitive abilities of the

invaders themselves, due to the importance given to the lack

of natural enemies (Pimm, 1987; Byers, 2000). However,

except for a few cases, the niches invaded by exotic species

are not entirely vacant, and they usually displace estab-

lished species, be they native or themselves exotic (Reitz &

Trumble, 2002). The ambiguity of the role of competition in

invasions must partly result from the difficulties of demon-

strating competition unequivocally (Byers, 2000). An

understanding of invasion phenomena therefore necessarily

involves a study of interspecific competition and the related

species traits. Invaders are generally assumed to have a type

r demographic strategy, but this idea was not confirmed by

correlation analyses (Lodge, 1993). It is true that during the

colonisation phase, species with the traits typical of colon-

isers may be at an advantage (Sakai et al., 2001). However,

as mentioned above, most of them have to compete later to

establish a permanent, large population. Studies have

already shown that in the case of two species, the exotic

invader species tends to be more competitive by a better

conversion efficiency of resources (Byers, 2000) or a super-

ior harvesting ability (Petren & Case, 1996). Because the

traits required for rapid colonisation may not be the same

as for long-term persistence (Sakai et al., 2001), successive

invasions in a given region may be analogous to ecological

successions, though at a very different scale. A logical order

of strategies ranging from coloniser (or r-like) to competitor

(or K-like) species could therefore be expected.

Interspecific competition in tephritids

Among the family Tephritidae, numerous species are poly-

phagous fruit-eating flies that have become a major concern

in agriculture. Through fruit trade, they have been intro-

duced into various countries where they behaved as invasive

pests. Most of the time, the invaded countries were pre-

viously occupied by other tephritid species, either local

species or originating in a previous invasion. Invasions

bring into contact a number of previously isolated species

and in a way provide natural experiments on interspecific

competition. Here an attempt will be made to list the known

cases of invasion of a fruit-infesting tephritid species in an

area already occupied by another tephritid. This list can be

used to answer some basic questions on interspecific com-

petition. The cases presented in Table 1 have been included

on the basis of two criteria: (i) the invasive species must be a

polyphagous tephritid, and (ii) another polyphagous tephri-

tid was initially present in the invaded area and during the

invasion process. These criteria were selected in order to

ensure that the ecological niches of the two species largely

overlap.

First, one can distinguish two dominant modes of inter-

action between pairs of species. In the first mode (hierarchical

competition), one of the species always dominates and

excludes the other. A second mode leads to stable coexist-

ence, triggered either by niche differentiation (see above) or

by a colonisation–competition trade-off, i.e. the fact that

the less competitive species can occupy a fraction of empty

sites not yet colonised by the more competitive species. If

the dominant mode is hierarchical competition, then (i)

invasions should generally lead to exclusion of the pre-

existing species by the invasive species, and (ii) reciprocal

invasions should not be observed, i.e. if A invades a terri-

tory occupied by B, then B should never invade a territory

previously occupied by A. These two predictions should be

violated if the dominant mode is niche differentiation or

colonisation–competition trade-off.

In addition, and especially if a hierarchical order of com-

petition can be established among species, is it possible to

relate the competition rank to species-specific demographic

or life-history traits? In particular, when A invades over B,

is A usually characterised by a relatively K-selected lifestyle

compared with B? Does A possess interference behaviours

more efficient than B?

Examples of competitive interactions

Most examples of interspecific competition among

tephritids derive from situations in which a new species

has been introduced into a given environment (Fitt, 1989).

Although tephritids commonly invade new zones (Fletcher,

1986), relatively few cases are described in any detail in the

literature. Table 1 summarises the known situations in

which a polyphagous tephritid has become established in

the presence of one or more other polyphagous tephritid

species. The best-known cases are described below.

The Queensland fruit fly in Australia. TheMediterranean

fruit fly, Ceratitis capitata (Wiedemann), was intro-

duced from Europe into Australia in 1897 or thereabouts

(Hooper & Drew, 1989; Vera et al., 2002). It was then

gradually displaced around the Sydney area by the
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Queensland fruit fly, Bactrocera tryoni (Froggatt), which

invaded Australia from the north in the early 20th century

(Debach, 1966).

The Oriental fruit fly in Hawaii. A similar phenomenon

occurred in Hawaii in 1945, when the Oriental fruit fly

Bactrocera dorsalis (Hendel) largely displaced C. capitata

from coastal zones. Ceratitis capitata had itself been intro-

duced in 1910 and had become a major pest throughout

Hawaii. Since the invasion by B. dorsalis, C. capitata has

generally been restricted to cooler climates at high altitudes,

where B. dorsalis is not found. However, the ecological

segregation between the two species is modulated by the

host fruit: C. capitata is found at low altitudes on coffee, to

which it seems to be more suited than B. dorsalis while it

is only rarely found on guava and mango, although they

were by far its preferred hosts before the establishment of

B. dorsalis (Debach, 1966; Keiser et al., 1974; Reitz &

Trumble, 2002).

The situation in the Mascarene Islands. In the Mascarene

Islands, C. capitata apparently became established in

Reunion island in 1939 and Mauritius in 1942, whereas

the Mascarene fruit fly Ceratitis catoirii Guérin-Mèneville

was an indigenous species on both islands (Orian &Moutia,

1960; Etienne, 1972). A further invasion by the Natal fruit

fly Ceratitis rosa (Karsch) was seen in Mauritius in 1953

and Reunion island in 1955 (Orian & Moutia, 1960; Etienne,

1972). More recently, the peach fruit fly Bactrocera

zonata (Saunders) was found in Mauritius in 1987 and

Reunion island in 1991 (White et al., 2000). In Reunion

island, C. catoirii is now only found in small numbers on

the east and south coast of the island, while it seems to have

disappeared completely from Mauritius (White et al., 2000).

Ceratitis rosa is generally dominant at high altitudes in

Reunion island, while B. zonata is continuing to spread

and has already colonised a large proportion of the niches

used by the other three species at low altitudes.

Table 1. Major cases of polyphagous tephritid species introduced in areas where other polyphagous species of the family were pre-

established.

Invasive Pre-established Colonised Date or

species species areas period References

Bactrocera carambolae Drew & Hancock Anastrepha fraterculus (Wiedemann) French Guyana, Guyana, 1975– 1, 2

Anastrepha obliqua (Wiedemann) Surinam 1993

Bactrocera dorsalis (Hendel) Ceratitis capitata Hawaii 1945 3–5

B. dorsalis Ceratitis rosa Karsch Kenya 2003 6

C. capitata

Ceratitis cosyra (Walker)

B. dorsalis Bactrocera kirki (Froggatt) Tahiti (French Polynesia) 1996 7, 8

Bactrocera perfusca (Aubertin)

Bactrocera tryoni (Froggatt)

B. kirki B. perfusca Tahiti (French Polynesia) 1928 7

B. kirki Bactrocera luteola (Malloch) Bora Bora, Ha (French Before 7

Polynesia) 2000

B. kirki Bactrocera setinervis (Malloch) Henderson, Pitcairn islands Before 7

2000

B. tryoni C. capitata Sydney (Australia) Early 1900s 3

B. tryoni B. kirki Tahiti 1970s 7

B. perfusca

B. tryoni Bactrocera curvipennis (Froggatt) New Caledonia 1969 7, 8

Bactrocera psidii (Froggatt)

Bactrocera xanthodes (Broun) Bactocera melanota (Coquillett) Cook Islands 1970s 8

B. xanthodes Bactrocera atra (Malloch) Raivavae (Îles Australes, 1998 7

French Polynesia)

Bactrocera zonata (Saunders) C. rosa Reunion island, Mauritius 1987– 9

C. capitata 1991

Ceratitis catoirii Guérin-Mèneville

B. zonata C. capitata Egypt 1998 10

C. capitata C. catoirii Reunion island, Mauritius 1939–1942 9, 11, 12

C. capitata Anastrepha suspensa (Loew) West Indies 1950s 1, 13

C. capitata Anastrepha ludens (Loew) Central America 1950s 1, 13

C. capitata A. fraterculus Central and South America 1950s 1, 13

A. obliqua

C. rosa C. capitata Reunion island, Mauritius 1953– 9, 11, 12

C. catoirii 1955

Sources: 1, White and Elson-Harris (1992); 2, Allwood et al. (2002); 3, Debach (1966); 4, Keiser et al. (1974); 5, Reitz and Trumble (2002); 6,

Lux et al. (2003); 7, Leblanc and Putoa (2000); 8, Allwood and Drew (1997); 9, White et al. (2000); 10, J. P. Cayol, pers. comm.; 11, Orian and

Moutia (1960); 12, Etienne (1972); 13, Fletcher (1989).
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Other important cases. Bactrocera zonata has been seen

for several years in Egypt, where C. capitata is also found

(J. P. Cayol, IAEA, pers. comm.). A species of the complex

Bactrocera dorsalis has also apparently been recorded

recently in Kenya (Lux et al., 2003), where C. capitata,

C. rosa, and Ceratitis cosyra (Walker) are also found. In

these last two cases, the effects on the species found before-

hand are not yet known.

In all the cases listed in Table 1 reciprocal invasions were

never observed. Indeed, in apparent agreement with the

hypothesis of hierarchical competition the diagram of inva-

sion links among the studied species (Fig. 1) is strongly

directional. In all the cases of confrontation between two

genera, a species of the genus Bactrocera has always

invaded in the presence of, and ultimately dominated

numerically, one or more species of the genus Ceratitis,

while the reverse was never observed. Similarly the genus

Anastrepha has been dominated in all the cases presented.

Note that interspecific competition may also occur with

species of other pest groups. For instance, certain lepidop-

terans may share the same resource and thus come into

competition with tephritids (Feder et al., 1995).

Although invasions links seem, at first glance, to support

the hierarchical mode of competition, it is striking that

complete competitive exclusion usually did not occur (in

contradiction with the assumptions underlying the hierarch-

ical hypothesis). Indeed, among all the documented cases,

competitive displacements and niche shifts are more fre-

quent than exclusions (see above). Actually, the only case

in which exclusion is certain is that of C. catoirii in Maur-

itius, which was driven extinct by the invasion of the differ-

ent invasive species. Anyway, in all cases, environmental

factors should affect the invasion process.

Influence of biotic and abiotic factors on competition

In exploitation competition, the species that makes best

use of its environment will have a competitive advantage.

The environment should therefore have a considerable

impact on exploitation by swinging the balance in favour

of one species or the other.

For instance, tephritid distribution and abundance are

markedly structured by various abiotic and biotic factors,

which have a direct effect on species distribution but also an

indirect effect, by modulating interspecific competition.

Several factors might affect fruit fly distribution and/or

competition, including temperature, humidity, host fruit,

and natural enemies.

Temperature. Temperature has a marked influence on

tephritid development and survival. Many comparative stud-

ies have been carried out to determine the minimum devel-

opment thresholds and thermal constants for different

species (Messenger & Flitters, 1958; Crovetti et al., 1986;

Delrio et al., 1986; Kasana & Aliniazee, 1994; Yang et al.,

1994b; Vargas et al., 1996, 1997, 2000; Brévault & Quilici,

2000; Duyck & Quilici, 2002). These studies showed that the

dominant species may differ depending on temperature,

particularly as a function of latitude or altitude. For

instance, in Reunion island, C. capitata dominates C. rosa

in the lowland areas of the west, where temperatures are

highest, while C. rosa is dominant in the uplands (Etienne,

1972), which tallies with the minimum development thresh-

olds for the species (Duyck & Quilici, 2002; Duyck et al.,

2004). Similarly, in Hawaii, while B. dorsalis is dominant

almost throughout the island, C. capitata subsists in the

uplands. It is to be noted that, in this latter case, old records

exist that mention the abundance of C. capitata in the low-

lands before the establishment of B. dorsalis (Debach,

1966), which supports the hypothesis of a modulation of

the result of interspecific competition by temperature.

Humidity. As regards egg development, Tsitsipis and

Abatzis (1980) observed that in Bactrocera oleae (Gmelin),

the development time at 20 �C could increase from 84 to

102 h if relative humidity decreased from 100 to 75%. In the

wild, the effect of humidity on the embryo stage and larval

instars is undoubtedly modulated more by the host fruit

than by the climatic conditions. Only a few studies (Neilson,

1964; Shoukry & Hafez, 1979; Eskafi & Fernandez, 1990;

Teruya, 1990) have looked at the impact of relative humid-

ity on pupal development, despite the fact that it may be a

major factor in species distribution. For example, in

Reunion island, C. catoirii is dominated by other species

but subsists in a narrow coastal strip in the east and south

of the island, where there is more rainfall. A recent study on

Anastrepha spp.

Bd

Bcar

Bc Bp

Bt

Bk

Bl Bs Bpe Bz

Bx

Bm Ba

Cr

Ccap

Ccat

Cc

Af Ao Al As

Ceratitis spp.

Bactrocera spp.

Fig. 1. Diagram of the invasion links among polyphagous

tephritids from Table 1. Each arrow represents the direction of

invasion and competitive displacement of a tephritid species by

another one. A single link may represent two or several

independent occurrences of the same invasion history (such as

Hawaii 1945 and Kenya 2003 for Bactrocera dorsalis on Ceratitis

capitata). Af¼Anastrepha fraterculus, Al¼A. ludens, Ao¼A.obliqua,
As¼A. suspensa, Ba¼Bactrocera atra, Bc¼B. curvipennis, Bcar¼
B. carambolae, Bd ¼B. dorsalis, Bk ¼B. kirki, Bl ¼B. luteola,
Bm¼B.melanota, Bp¼B. psidii, Bpe¼B.perfusca, Bs¼B. setinervis,
Bt¼B. tryoni, Bx¼B. xanthodes, Bz¼B. zonata, Cc¼Ceratitis
cosyra, Ccap¼C. capitata, Ccat¼C. catoirii, Cr¼C. rosa.
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the impact of humidity on the pupal survival confirmed

the susceptibility to dryness of this species (P. F. Duyck,

P. David and S. Quilici, unpubl. data).

Host plant. Host fruit species and quality both affect

immature instars development (with possible repercussions

on adult fecundity) and adult behaviour. In a study of five

species of Dacini fruit flies, Fitt (1986) showed that the

abundance of species on different host fruits was due more

to the choices made by females than to larval specialisation.

However, while many host plants can sustain the full devel-

opment of different tephritid species, host quality governs

major differences in survival rate, larval development, and

adult fecundity. The nutritive value of the fruit has a major

impact on larval development (Fernandes-Da-Silva &

Zucoloto, 1993). Carey (1984) showed that the larval devel-

opment time of C. capitata at 25 �C could increase from

around a week on a favourable host such as mango

(Mangifera indica L.) to over 3weeks on quince (Cydonia

oblonga Miller). In Hawaii, the greater competitiveness of

larvae on certain host fruits was shown at least partly to

account for the competitive displacement of C. capitata by

B. dorsalis (Keiser et al., 1974).

The choice of egg-laying site by adult females is deter-

mined by visual and olfactory stimuli from the fruit

(Prokopy & Roitberg, 1984; Aluja & Prokopy, 1993; Quilici

et al., 1994; Brévault & Quilici, 1999). In relation to inter-

specific competition, Berube (1980) studied the selection of

egg-laying sites by two species of the genus Urophora. The

two studied species appeared to have separate niches (they

attack two different sizes of flower head); however, the

species attacking the smaller flower heads can reduce the

population of the second by suppression of the flower heads

growth. Other studies have also shown that the outcome of

direct interactions between females (Camargo et al., 1996)

or the ability to discriminate already occupied flower heads

(Angermann, 1986) was dependent on the host plants.

Although Urophora is not a polyphagous fruit-eating

tephritid, this example illustrates a type of mechanism that

could well work also in polyphagous tephritids.

Natural enemies. In a few cases, natural enemies have

been shown to play a key role in the population dynamics

of some tephritid species, such as Rhagoletis cerasi (Boller &

Remund, 1989). In this species a high mortality of pupae in

the soil caused by predators was demonstrated. It is, how-

ever, probable that the impact of generalist predators such

as ants would affect more or less equally different tephritid

species in a given biotope.

Among natural enemies, parasitoids are generally more spe-

cific andcouldaffect differentially the tephritid species coexisting

in a given biotope. However, in most instances their impact

on tephritid populations appears rather limited, with the

exception of a few ovo-pupal species (Vargas et al., 1993).

Competition mechanisms

In tephritids, exploitation competition, when present,

undoubtedly occurs at fruit level, and fruit quantity may

be a limiting factor. In this context, the demographic or life-

history strategies should be an important component of

relative competitive success of different species. Different

types of interference competition could also be involved.

Biotic potential. There have been many studies of tephri-

tid demographics (Carey, 1982, 1984; Carey et al., 1988;

Vargas & Carey, 1989, 1990; Yang et al., 1994a,b; Vargas

et al., 1997, 2000). A very comprehensive study of C. capitata

demographics was carried out by Carey (1982), while

Yang et al. (1994a) compared the demographics of two

species of the genus Bactrocera that live on Cucurbitaceae.

Other studies (Vargas et al., 1984, 2000) have shown that

the competitive advantage of C. capitata at high altitudes is

apparently due to its type r demographic strategy, which is

better suited to temperate climates.

Vargas et al. (2000) compared the demographic par-

ameters for Ceratitis capitata, Bactrocera dorsalis, and

Bactrocera cucurbitae (Coquillett) under several fluctuating

temperature regimes. Ceratitis capitata had a high intrinsic

growth rate (type r demographic strategy) compared with

the two Bactrocera species (type K demographic strategy).

They did not draw any conclusions as to the impact of this

difference in strategy on the competition between C. capitata

and B. dorsalis. However, as mentioned earlier, it is

remarkable that B. dorsalis has over-invaded and domin-

ated established C. capitata in at least two independent

occasions, while the reverse was never observed. This sug-

gests that a relatively K-like strategy may underlie the

apparent directionality of interactions between the genus

Bactrocera and the genus Ceratitis, although further con-

firmations are certainly needed. Bactrocera cucurbitae was

not included in Table 1 because it is not a polyphagous

species (mainly attacking cucurbits).

Interference between adults. There have been cases of

females being disturbed by other adult tephritids during

egg laying. However, Fitt (1989) felt that this competition

mechanism was largely insignificant, given that the time

lapse between a female’s arrival on a fruit and egg laying

is generally very short. Females have been seen to defend

their egg-laying sites against females of the same species in

B. dorsalis (Shelly, 1999), and it is likely that this type of

behaviour may also affect interspecific competition.

Interference competition may also occur via marking

pheromones. Host-marking pheromones are chemicals

that are deposited by many tephritid species after egg

laying, which help to regulate interspecific competition

between larvae (Roitberg & Prokopy, 1987). Most studies

suggest that host-marking pheromones are only effective

against individuals of the same species (Fitt, 1989; Nufio &

Papaj, 2001), but it has also been demonstrated in the

genus Rhagoletis that there may be some form of cross-

recognition between species of a given group (Prokopy

et al., 1976). No host-marking pheromones have yet been

found in species of the genus Bactrocera, but in two species

of the genus, Bactrocera tryoni and Bactrocera jarvisi

(Tryon), females can recognise fruits containing developing

larvae, no doubt as a result of chemical modifications in the

fruit (Fitt, 1986, 1989). This recognition is not affected by
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the species of the larvae, and may therefore play a role in

interspecific competition.

Interactions between larvae. In terms of tephritid larvae,

the two types of competition – interference and exploitation

– undoubtedly both occur, but it is difficult to distinguish

between them. Interference between larvae may take the

form of physical attacks, cannibalism, or elimination by

fruit deterioration. Whatever the mechanism, the first lar-

vae to hatch in a given fruit will have an advantage over

subsequent larvae (Fitt, 1989). The impact of cross-infestation

on larva development has been demonstrated in two

species that live on the Cucurbitaceae B. cucurbitae and

Dacus ciliatus Loew (Qureshi et al., 1987), and in Ceratitis

capitata and Bactrocera dorsalis (Keiser et al., 1974). These

experiments have shown that the competitive advantage

observed in the wild can partly be predicted by a better

survival of larvae in laboratory conditions.

The biology of most of the species listed in the Table 1 has

not been studied in details; however, the few results suggest

that the K strategy species dominate the r strategy species in

controlled environments. The importance of interference in

competition is not clear. However both types of competition

(exploitation and interference) could work in the same

direction provided the species that have superior interfer-

ence skills also have a K strategy. For instance, a bigger

adult size could increase the ability to compete by both

exploitation and interference.

Conclusion and prospects for future research

Is interspecific competition an important component of the

many recent invasions by polyphagous Tephritidae? On one

hand, there has been no experimental study directly demon-

strating the action of competition during the invasion pro-

cess, for example by manipulating species densities in the

field. This is because of the well-known intrinsic difficulty of

such studies. On the other hand, two arguments are, it is

believed, sufficient to establish that strong interspecific

competition did occur during invasions. First, several stud-

ies in controlled environments have documented interspe-

cific competition for the fruit resource, predominantly by

exploitation at the larval stage, but also by interference at

the adult, and possibly at the larval stage, although the

precise mechanisms are far from being well understood.

Second, recent invasions by tephritids are systematically

followed by regional extinction or large changes in numbers

and local distribution of established species, when present.

These changes can parsimoniously be interpreted as competi-

tive exclusions or displacements. A striking aspect of the

invasion history of polyphagous tephritids is their apparent

directionality. This means that (i) reciprocal invasions do

not occur (when A invades in the presence of B, the reverse

is never observed elsewhere), and (ii) invasion ability is

transitive (when A invades in the presence of B, and B in

the presence of C, there can be instances of A invading in

the presence of C but not the reverse). If confirmed by later

studies, this would open the possibility to rank species

according to a single invasion scale. If some species-specific

traits can be used as predictors of the position of a given

species on that scale, this would allow the prediction of its

invasion potential in a given community. The classification

along the r–K gradient is a good candidate trait in tephri-

tids. Indeed, in the few known instances, it seems to correl-

ate with the direction of invasion links (e.g. the

relationships between Bactrocera spp. and Ceratitis spp.),

possibly because K traits (such as a large adult size) favour

both exploitation and interference competition. More data

are needed to confirm this correlation, though.

In addition to using correlated traits, a direct knowledge

of competition mechanisms could help predicting the out-

come of interspecific interactions in tephritids; however,

little is yet known about the mechanisms involved. It

seems important to conduct a detailed study of all the

mechanisms that give one species a comparative advantage,

in order to rank them in order of importance. In terms of

its application to quarantine measures, such a study could

be used to classify species in relation to the risk of inva-

sion, depending on their aptitude for competition, as part

of a phytosanitary risk analysis (PRA). In short, the

capacity of a species to invade (or re-invade) could be

estimated by studying the potential mechanisms of com-

petition with the species already occupying the same

niche. Studying the life patterns and behaviour of invasive

species from a taxon closely related to the indigenous

species would therefore be an interesting way of predicting

future invasive species.

Although the directionality of invasion links is consistent

with the hypothesis that tephritid species exclude one

another in a hierarchical way, the details of invasion his-

tories, when available, are generally not. In most cases,

established species are displaced along a geographical

(restriction of distribution area) and ecological (niche

shift) axis. The latter can be either climatic (temperature,

humidity) or related to host plants. Indeed, the few experi-

mental studies available suggest that such factors can

greatly modulate the outcome of competition, especially at

the larval stage. How can this finding be reconciled with the

directionality of invasions? In other terms, if each species

can dominate in its preferred niche or habitat, why don’t

reciprocal invasions occur? For example, in Hawaii, Ceratitis

capitata has found an ecological refuge in high altitudes

and coffee fields following the invasion by Bactrocera

dorsalis. It could logically be expected for C. capitata to be

able to invade high altitudes and coffee fields in another

island where B. dorsalis is initially present; however, no such

case has ever been observed. Species of the genus Ceratitis

never invaded in the presence of established Bactrocera spp.

A possible solution lies with the probability of successful

invasions. As a first approximation, most species of poly-

phagous tephritids find their optimal ecological conditions

in lowland, relatively warm, areas with abundant cultivated

or sub-spontaneous fruits like mango, Citrus, Indian

almond, etc. The primary determinant of competitive
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interactions in such near-optimal conditions is probably the

life-history strategy, K species being favoured (see above).

Thus,K species (suchasBactrocera spp.) can invadeover r species

(such as Ceratitis spp.), taking over the most productive

niche, while the r species become restricted to the limited

set of habitats they can tolerate better, such as highlands (as

for C. rosa in Reunion island) or particular host fruits (as

for C. capitata in Hawaii). These habitats would then act as

a private niche. Two things make the probability of recip-

rocal invasion low in such a scenario. First, the r strategy

may favour migration and colonisation, so that K species

tend to arrive after r species in a given region. Indeed, many

invasions by Ceratitis occurred in the 1940s and 1950s,

while a number of invasions by Bactrocera are relatively

recent (see Table 1). However, some regions have been

invaded by Bactrocera as early as the 1920s or 1940s and

have never, since then, been invaded by a Ceratitis sp., in

contrast with other regions devoid of Bactrocera. The sec-

ond reason for reciprocal invasions to be improbable is

ecological. Suppose that an introduced species A can only

dominate the established species B in a relatively limited

habitat. In order to have the opportunity to establish per-

manent populations, species A has to be introduced into

that particular habitat. The probability of such introduc-

tions is low if such habitats are rare, or located far from the

places where introduced species are expected to arrive (such

as harbours or airports). To summarise, the scenario here

states that K species invade over r species and not the

reverse because they are competitively dominant in the

most productive and most accessible ecological niche,

while the r species can dominate only in restricted, subopti-

mal, and/or less accessible habitats. This, of course, has to

be considered as a mere working hypothesis awaiting

further data.

This documentation on interspecific competition among

invasive and native polyphagous tephritid species remains

fragmentary. In future research, it will be important to com-

pare the different demographic parameters of various species

known to coexist or displace each other in a given region,

under the same experimental conditions, as has already been

done with Bactrocera dorsalis and Ceratitis capitata (Vargas

et al., 2000). This type of study would demonstrate whether it

is possible to correlate life patterns and aptitude for competi-

tion. Infestations and co-infestations of host fruits by several

different species should also be tested, to establish their

impact on adult development time, survival, and fecundity

(for instance, there could be a reduction in the size of adults

that have been subject to competition during their develop-

ment as larvae). The role of ecological factors other than the

host fruits, especially those that seem to be important deter-

minants of species distributions (temperature and humidity),

should also be examined.

Lastly, various aspects of the influence of adult behav-

iour are barely known (interspecific recognition of marked

fruits or fruits containing larvae, disturbance during egg

laying, fruit protection after egg laying). Such studies

would help to quantify the role played by interference

competition.
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Lodge, D.M. (1993) Biological invasions – lessons for ecology.

Trends in Ecology and Evolution, 8, 133–137.

Lonsdale, W.M. (1999) Global patterns of plant invasions and the

concept of invasibility. Ecology, 80, 1522–1536.

Lux, S.A.,Copeland,R.S.,White, I.M.,Manrakhan,A.&Billah,M.K.

(2003) A new invasive fruit fly species from the Bactrocera

dorsalis (Hendel) group detected in East Africa. Insect Science

and its Application, 23, 355–361.

MacArthur, R.H. & Wilson, E.O. (1967) The Theory of Island

Biogegraphy. Princeton University Press, Princeton.

Messenger, P.S. & Flitters, N.E. (1958) Effects of constant

temperature environments on the egg stage of three species of

Hawaiian fruit flies. Annals of the Entomological Society of

America, 51, 109–119.

Neilson, W.T.A. (1964) Some effects of relative humidity on

development of pupae of the Apple Maggot, Rhagoletis

pomonella (Walsh). Canadian Entomologist, 96, 810–811.

Nufio, C.R. & Papaj, D.R. (2001) Host marking behavior in

phytophagous insects and parasitoids.Entomologia Experimentalis

et Applicata, 99, 273–293.

Orian, A.J.E. & Moutia, L.A. (1960) Fruit flies (Trypetidae) of

economic importance in Mauritius. Revue Agricole et Sucrière de

l’Ile Maurice, 39, 142–150.

Petren, K. & Case, T.J. (1996) An experimental demonstration of

exploitation competition in an ongoing invasion. Ecology, 77,

118–132.

Pianka, E.R. (1976) Competition and niche theory. Theoretical

Ecology: Principles and Applications (ed. by R. M. May),

pp. 114–141. Blackwell Scientific Publications, Oxford.

Pimm, S.L. (1987) Determining the effects of introduced species.

Trends in Ecology and Evolution, 2, 106–108.

Prokopy, R.J., Reissig, W.H. & Moericke, V. (1976) Marking

pheromones deterring repeated oviposition in Rhagoletis flies.

Entomologia Experimentalis et Applicata, 20, 170–178.

Prokopy, R.J. & Roitberg, B.D. (1984) Foraging behaviour of true

fruit flies [Tephritidae]. American Scientist, 72, 41–49.

Quilici, S., Rivry, L. & Rossolin, G. (1994) Visual stimuli influencing

the choice of oviposition site in Ceratitis rosa Karsch (Diptera:

Interspecific competition and invasions in tephritids 519

# 2004 The Royal Entomological Society, Ecological Entomology, 29, 511–520



Tephritidae). Proceedings, Symposium on Tropical Fruit Flies,

Current Research on Tropical Fruit Flies and Their Management

(ed. by H. S. Yong and S. G. Khoo), pp. 9–21. Kuala Lumpur,

Malaysia. Eagle Trading Sdn., Bhd., Petaling, Jaya, Malaysia.

Qureshi, Z.A., Hussain, T. & Siddiqui, Q.H. (1987) Interspecific

competition of Dacus cucurbitae Coq. and Dacus ciliatus Loew

in mixed infestation of cucurbits. Journal of Applied Entomology,

104, 429–432.

Reitz, S.R. & Trumble, J.T. (2002) Competitive displacement

among insects and arachnids. Annual Review of Entomology, 47,

435–465.

Reznick, D., Bryant, M.J. & Bashey, F. (2002) r- and K-selection

revisited: the role of population regulation in life-history

evolution. Ecology, 83, 1509–1520.

Roitberg, B.D. & Prokopy, R.J. (1987) Insects that mark host

plants. Bioscience, 37, 400–406.

Sakai, A.K., Allendorf, F.W., Holt, J.S., Lodge, D.M., Molofsky, J.,

With, K.A. et al. (2001) The population biology of invasive

species. Annual Review of Ecology and Systematics, 32, 305–332.

Schoener, T.W. (1982) The controversy over interspecific competi-

tion. American Scientist, 70, 586–595.

Schoener, T.W. (1983) Field experiments on interspecific competi-

tion. American Naturalist, 122, 240–285.

Schoener, T.W. (1985) On the degree of consistency expected when

different methods are used to estimate competition coefficients

from census-data. Oecologia, 67, 591–592.

Schowalter, T.D. (2000) Insect Ecology: an Ecosystem Approach.

Academic Press, San Diego, California.

Shelly, T.E. (1999)Defense of oviposition sites by female oriental fruit

flies (Diptera: Tephritidae). Florida Entomologist, 82, 339–346.

Shoukry, A. & Hafez, M. (1979) Studies on the biology of the

Mediterranean fruit fly Ceratitis capitata. Entomologia Experi-

mentalis et Applicata, 26, 33–39.

Simberloff, D.S. & Wilson, E.O. (1970) Experimental zoogeogra-

phy of islands – a two year record of colonisation. Ecology, 51,

934–937.

Stewart, A.J.A. (1996) Interspecific competition reinstated as an

important force structuring insect herbivore communities.

Trends in Ecology and Evolution, 11, 233–234.

Teruya, T. (1990) Effect of relative-humidity during pupal

maturation on subsequent adult eclosion and flight capability

of the melon fly, Dacus cucurbitae Coquillett (Diptera,

Tephritidae). Applied Entomology and Zoology, 25, 521–523.

Tilman, D. (1994) Competition and biodiversity in spatially

structured habitats. Ecology, 75, 2–16.

Tsitsipis, J.A. & Abatzis, C. (1980) Relative-humidity effects, at

20-degrees, on eggs of the olive fruit fly, Dacus oleae (Diptera,

Tephritidae), reared on artificial diet. Entomologia Experimen-

talis et Applicata, 28, 92–99.

Vargas, R.I. & Carey, J.R. (1989) Comparison of demographic

parameters for wild and laboratory-adapted Mediterranean fruit

fly (Diptera, Tephritidae). Annals of the Entomological Society of

America, 82, 55–59.

Vargas, R.I. & Carey, J.R. (1990) Comparative survival and

demographic-statistics for wild Oriental fruit fly, Mediterranean

fruit fly, and Melon fly (Diptera, Tephritidae) on Papaya.

Journal of Economic Entomology, 83, 1344–1349.

Vargas, R.I., Miyashita, D. & Nishida, T. (1984) Life-history and

demographic parameters of three laboratory-reared Tephritids

(Diptera, Tephritidae). Annals of the Entomological Society of

America, 77, 651–656.

Vargas, R.I., Stark, J.D., Uchida, G.K. & Purcell, M. (1993)

Opiine parasitoids (Hymenoptera: Braconidae) of Oriental fruit

fly (Diptera: Tephritidae) on Kauai island, Hawaii: island

relative abundance and parasitism rates in wild and orchard

guava habitats. Environmental Entomology, 22, 246–253.

Vargas, R.I., Walsh, W.A., Jang, E.B., Armstrong, J.W. &

Kanehisa, D.T. (1996) Survival and development of immature

stages of four Hawaiian fruit flies reared at five constant

temperatures. Annals of the Entomological Society of America,

89, 64–69.

Vargas, R.I.,Walsh,W.A., Kanehisa, D., Jang, E.B.&Armstrong, J.W.

(1997) Demography of four Hawaiian fruit flies (Diptera:

Tephritidae) reared at five constant temperatures. Annals of the

Entomological Society of America, 90, 162–168.

Vargas, R.I., Walsh, W.A., Kanehisa, D., Stark, J.D. & Nishida, T.

(2000) Comparative demography of three Hawaiian fruit flies

(Diptera: Tephritidae) at alternating temperatures. Annals of the

Entomological Society of America, 93, 75–81.

Vera, M.T., Rodriguez, R., Segura, D.F., Cladera, J.L. &

Sutherst, R.W. (2002) Potential geographical distribution of

the Mediterranean fruit fly, Ceratitis capitata (Diptera:

Tephritidae), with emphasis on Argentina and Australia.

Environmental Entomology, 31, 1009–1022.

Vitousek, P.M., Dantonio, C.M., Loope, L.L. & Westbrooks, R.

(1996) Biological invasions as global environmental change.

American Scientist, 84, 468–478.

White, I.M., De Meyer, M. & Stonehouse, J.M. (2000) A review of

native and introduced fruit flies (Diptera, Tephritidae) in the

Indian Ocean islands of Mauritius, Réunion, and Seychelles.

Proceedings, Indian Ocean Commission, Regional Fruit Fly

Symposium (ed. by N. S. Price and S. I. Seewooruthun),

pp. 15–21. Indian Ocean Commission/European Union, Flic

en Flac, Mauritius.

White, I.M. & Elson-Harris, M.M. (1992) Fruit Flies of Economic

Significance: Their Identification and Bionomics. CAB Inter-

national, Wallingford, U.K.

Wiens, J.A. (1977) Competition and variable environments.

American Scientist, 65, 590–597.

Williamson, M. (1996) Biological Invasions. Chapman & Hall,

London.

Williamson, M. & Fitter, A. (1996) The varying success of invaders.

Ecology, 77, 1661–1666.

Yang, P.J., Carey, J.R. & Dowell, R.V. (1994a) Comparative

demography of two cucurbit-attacking fruit-flies, Bactrocera tau

and B. cucurbitae (Diptera, Tephritidae). Annals of the

Entomological Society of America, 87, 538–545.

Yang, P.J., Carey, J.R. & Dowell, R.V. (1994b) Temperature

influences on the development and demography of Bactrocera

dorsalis (Diptera, Tephritidae) in China. Environmental Ento-

mology, 23, 971–974.

Accepted 9 March 2004

520 Pierre-Francois Duyck, Patrice David and Serge Quilici

# 2004 The Royal Entomological Society, Ecological Entomology, 29, 511–520


