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Simple Summary: Tephritid fruit flies are highly invasive, globally important insect pests of
horticulture. Significant effort goes into assessing and managing the risks posed by fruit flies,
while substantial investments are made into their control. An important factor in the biology of fruit
flies is competition. Different species of fruit fly compete over access to fruit, with more-competitive
species able to displace less-competitive species in time, space and host usage. While this behaviour
is very well documented scientifically, it is rarely incorporated into pest risk assessment or pest
management investment. Targeting regulators and decision makers, this paper reviews the science
underpinning our knowledge of fruit fly competition, and then identifies four major effects of fruit
fly competition that could impact pest risk planning or large-scale pest management initiative. These
are: (i) numerical reduction of an existing fruit fly pest following competition with an invasive fruit
fly; (ii) displacement of a less competitive fruit fly pest species in space, time or host; (iii) ecological
resistance to fruit fly invasion in regions already with competitively dominant fruit fly species; and
(iv) lesser-pest fruit fly resurgence following control of a competitively superior species.

Abstract: Tephritid fruit flies are internationally significant pests of horticulture. Because they are
also highly invasive and of major quarantine concern, significant effort is placed in developing full
or partial pest risk assessments (PRAs) for fruit flies, while large investments can be made for their
control. Competition between fruit fly species, driven by the need to access and utilise fruit for
larval development, has long been recognised by researchers as a fundamental component of fruit
fly biology, but is entirely absent from the fruit fly PRA literature and appears not be considered in
major initiative planning. First presenting a summary of the research data which documents fruit fly
competition, this paper then identifies four major effects of fruit fly competition that could impact a
PRA or large-scale initiative: (i) numerical reduction of an existing fruit fly pest species following
competitive displacement by an invasive fruit fly; (ii) displacement of a less competitive fruit fly
pest species in space, time or host; (iii) ecological resistance to fruit fly invasion in regions already
with competitively dominant fruit fly species; and (iv) lesser-pest fruit fly resurgence following
control of a competitively superior species. From these four major topics, six more detailed issues
are identified, with each of these illustrated by hypothetical, but realistic biosecurity scenarios from
Australia/New Zealand and Europe. The scenarios identify that the effects of fruit fly competition
might both positively or negatively affect the predicted impacts of an invasive fruit fly or targeted
fruit fly control initiative. Competition as a modifier of fruit fly risk needs to be recognised by policy
makers and incorporated into fruit fly PRAs and major investment initiatives.

Keywords: Tephritidae; fruit fly; invasion; competition; pest risk analysis; risk assessment

1. Introduction

Frugivorous tephritid fruit flies (Diptera: Tephritidae) are internationally significant
pests of horticulture as adults lay their eggs into sound fruit on-plant, where the subsequent
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larval feeding causes fruit loss [1,2]. Additionally, recently infested fruit can appear sound
and so can be spread through human carriage [3,4]. Because of the quarantine risk this
poses, fruit flies can limit access to new markets [5,6] and more International Standards for
Phytosanitary Measures explicitly target this one pest group than any other [7].

Despite quarantine and phytosanitary treatments, fruit fly incursions happen fre-
quently [8,9], which may or may not lead to the permanent establishment of a new pest.
In the last two decades the introduction and establishment of Oriental fruit fly (Bactrocera
dorsalis (Hendel)) in sub-Saharan Africa is the most high profile and damaging fruit fly
invasion [10], but this is only one of several examples: peach fruit fly (Bactrocera zonata
(Saunders)) into the eastern and southern Mediterranean basin, olive fruit fly (Bactro-
cera oleae (Rossi)) into the USA, and Oriental fruit fly into central and northern China
are others [11].

Because of their invasion potential, significant preparedness effort is spent carrying out
partial or full pest risk assessments (PRAs) for fruit flies [12], where a PRA is the “evaluation
of the probability of the introduction and spread of a pest and the magnitude of the associated potential
economic consequences” [13]. The production of pest risk maps (sensu [14]) is common, most
using climate matching approaches to predict the likelihood of establishment, distribution
and abundance of an invasive fly [15–17]. Such maps can be overlain with estimates of
pathways and propagule pressure [4], crop production areas [18], or a mix of these [19],
to better estimate risk. Full PRAs for fruit flies become highly sophisticated and include,
additional to the likelihood of entry and establishment, predictions of spread rate, crop
yield loss and economic impact [20,21]. Unfortunately, even the most exhaustive of such
analyses ignore a major issue which may significantly modify the biological likelihood and
impact of a fruit fly invasion: that different fruit fly species compete.

Competitive interactions between fly species have been long recognised by fruit fly
researchers [22–25]. Reviewing the literature, Duyck et al. [26] concluded that competition
was a key component of fruit fly invasions, noting particularly that there was evidence for
a competitive hierarchy among tephritids: Bactrocera Macquart species were competitively
superior to Ceratitis MacLeay species, which were competitively superior to Anastrepha
Schiner species. Since 2004 there has been significant additional work on tephritid compe-
tition (e.g., [27–35]) and this literature strongly reinforces, with substantial new data, the
earlier conclusions of Duyck and colleagues. However, as judged by its absence from the
fruit fly PRA documentation read by us, the implications of fruit fly competition for plant
health policy and management planning are largely absent from the literature.

In this paper we raise and discuss the implications of what fruit fly competition means
for plant health regulators and policy makers, whether in the context of responding to a
new fruit fly invasion, or for the ongoing management of established fruit flies. Invasive
species are generally more likely to have greater competitive ability than non-invasive
species [36] and are more likely to establish as pests in regions with altered ecosystems (such
as crop production systems) without natural enemies or other potential competitors [37,38].
However, this is not always the case and so we argue that competition is relevant in risk
assessment. Our review does not provide plant health solutions or recommendations, but
simply articulates the numerous ways, positive or negative, direct or indirect, that fruit
fly competitive interactions may impact on pest risk assessment and related plant health
policy considerations.

The research literature on tephritid competition is well covered in other
sources [25,26,32,35,39–41] and it is not the purpose of this paper to comprehensively
review this material from a biology perspective. Rather, after providing only sufficient
biological and theoretical background to provide context, the “flow-on effects” of fruit
fly competition for plant health policy are identified, discussed, and then illustrated by
hypothetical, but technically possible, scenarios. The use of scenarios, “plausible and of-
ten simplified descriptions of how the future might develop”, is an important part of pest risk
assessment [42].
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We note that at all times the introduction of an exotic fruit fly will always be, ultimately,
a negative event for local horticulture. By identifying potential indirect benefits from an
invasion (Section 3) we are not, in anyway, endorsing a strategy for introducing exotic
flies or relaxing quarantine. Rather, we identify potential indirect benefits, as well as
negatives, so that more accurate assessments of the total risks associated with an invasion
can be made. All except the last of our scenarios are based on an assumption of a newly
invasive organism that has spread from the point of entry and established a new permanent
population, the final part of the invasion process [43]. Costs of the invasion are likely to
be greater at this point than the costs associated with short term eradication efforts [44].
Our last scenario differs from the others by dealing not with a future invasive situation,
as would be assessed by a PRA, but rather how competition may impact on plant health
outcomes if a competitively dominant species, be that species an endemic or an established
exotic, is successfully controlled through a targeted, species-specific mechanism (such as
the Sterile Insect Technique).

2. Biological Background
2.1. Theoretical Framework

Fruit fly competition sits within the evolutionary/ecological theoretical framework of
the competitive exclusion principle [45] and the competitive displacement and coexistence
principles [46], both derived from the earlier work of Gause [47] who postulated that two
species with similar ecologies and resource needs cannot live together in the same place
(commonly referred to as Gaussian niche theory, or simply niche theory). In summary, these
different theories/principles postulate that competitive interactions between species for a
limited resource will ultimately favour one species over another as the dominant species
increasingly limits access to the resource through weight of numbers or intrinsic competitive
advantage. This will, in turn, drive geographic, temporal, or resource displacement in
the less competitive species as, in the absence of such displacement, the less competitive
species will be reduced in numbers until local extinction occurs [48,49]. Competition as
an ecologically important mechanism is a routine part of research in all biological systems
from microbes to higher animals [50–53], but it is not a routine part of assessing risk.

2.2. Competition by Invasive Fruit Flies

Following invasion by a fruit fly species into a new environment, competition between
the invasive species and fruit fly species already present in the invaded area is routinely
observed [26,32,41]. This is manifested through population reduction of the existing
species [29,32,34,54–56]; geographic displacement of the local species, for example through
climatic niche partitioning by species moving from low altitude areas to high altitude
areas [31,40,57]; or by changed host-use, such as using different fruit species [40,58–61],
or even different ripening stages of a host [41]. Such competition driven changes are
generically referred to as competitive displacement [62]. Ekesi et al. [29] illustrates the
displacement of mango fruit fly (Ceratitis cosyra (Walker)) by Oriental fruit fly in Kenyan
mangoes over the years 2001 to 2008, a period which covers the before, during and post-
establishment phase of the Oriental fruit fly invasion in Kenya [63,64]. Vargas et al. [55]
presents very similar, long-term (1998–2009) before-and-after data showing the replacement
of Queensland fruit fly (Bactrocera tryoni (Froggatt)) and Bactrocera kirki (Froggatt) by
Oriental fruit fly in Tahiti. These two data sets provide hard field data for the displacement
of existing species by an invasive species in commercial crops.

Spatial, temporal or host differentiation that is observed following an invasion appears
to be due to existing biological differences between species becoming more apparent in a
competitive environment. For example, on La Reunion, the host use patterns of already
resident polyphagous fruit fly species significantly changed following the introduction of
peach fruit fly [59] and then Oriental fruit fly [40]. However, these changes were only rarely
due to entirely new hosts being utilised: rather, some hosts previously used by resident
flies were no longer used because of competitive exclusion by the invader, while previously
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infrequently used hosts were used more. Thus, the differences in host ranges of the resident
and invasive species were made more obvious because of the competition for the jointly
preferred hosts, which pushed the competitively inferior species to less preferred hosts. The
temporal seasonal difference between the mango fruit fly and Oriental fruit fly in African
mangoes may be a similar example of competition making innate species-level biological
differences more obvious. In Benin mangoes, mango fruit fly and Oriental fruit fly have a
stable relationship, with mango fruit fly populations peaking early in the mango season,
and Oriental fruit fly in the mid to late season: the populations of both species have only
minimal overlap in the mango crop [65]. This could be interpreted as competitive exclusion
by Oriental fruit fly of mango fruit fly from across nearly the entire mango fruiting season,
but as this pattern was recorded very soon after Oriental fruit fly invasion [66], it is more
likely due to the innate dry season/wet season preference of mango fruit fly and Oriental
fruit fly, respectively [67], with some competitive displacement at the time of seasonal
overlap making the competition effect look more obvious.

The strengths of competitive effects may be modulated by the availability or absence of
alternate host plants [55,68], seasonal rainfall and temperature patterns [69], the presence of
topographic variation which can lead to climatic niche partitioning [31,57], and sometimes
a combination of all three [34]. Competition leading to species extinction does not appear
to be a normal outcome in fruit fly systems [26]. While competition leading to extinction
has been postulated for the case of Queensland fruit fly replacing Mediterranean fruit fly
(Ceratitis capitata (Wiedemann)) in eastern Australia [70,71], the evidence for competition
being the sole driver of the extinction of Mediterranean fruit fly in eastern Australia is
entirely inferential (see Supporting Document S1). It is possible that invasive fruit flies
have driven rare endemic fruit fly species on Indian Ocean islands to extinction, but with
the data available this interpretation is again recognised as inferential [31,57].

2.3. Asymmetrical Competition and Competitive Hierarchy

Contest competition occurs when one group of individuals directly interact with
individuals of a second group for access to a limited resource [72]. When contest competi-
tion persistently favours one competing group over another it is known as asymmetrical
competition: this type of competition is prevalent between insect species [73]. As identi-
fied by Duyck et al. [26], most fruit fly competition falls into this category and, further, a
competitive hierarchy exists across genera, with Bactrocera species more competitive than
Ceratitis species, which are more competitive than Anastrepha species. Within a genus,
species are also more or less competitive than others. Since Duyck et al. [26] more pair-wise
species interactions have been documented (e.g., [27,60,74]), and more documentation
provided for existing cases (e.g., [28,41]), but the hierarchical pattern has not significantly
changed [35], although possible exceptions may occur. In South America, competitive
interactions between the invasive Bactrocera carambolae (Drew & Hancock) and native Anas-
trepha species appears complex, with fruit sampling data finding evidence both for [75] and
against [76] competitive displacement of the latter by the former. In the Sudan B. zonata
is more abundant than B. dorsalis in some but not all districts following the arrival of B.
zonata after B. dorsalis, with the authors acknowledging more time is needed to see how
numbers of the two species will settle with respect to the other [33]. With the exception
of the Sudan study, the competitive dominance of Oriental fruit fly over other Bactrocera
and Ceratitis species has been re-demonstrated numerous times since 2004 [26], including
greatly reducing populations of the other important Bactrocera pests B. tryoni and B. zonata,
on the islands of Tahiti [55] and La Reunion [40], respectively.

2.4. Mechanisms of Competition

The mechanisms by which one fruit fly species gains a competitive advantage over
another broadly fall into two categories: demographic advantage and resource utilisation
advantage. In terms of demographic advantage, more competitive fruit flies have been
shown to be longer lived, have a longer reproductive period, and invest more in individual
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offspring (i.e., produce larger eggs) than do less competitive flies [77]. With respect to
resource utilisation, females of more competitive species may defend the fruit more aggres-
sively from other ovipositing females [29,41,78], while larvae within the fruit can suppress
the size and/or number of competing larvae [23,60,74]. Larval advantage is commonly
associated with faster larval growth rate [30]: larvae of competitively superior species are
more likely to succeed in scramble competition against larvae of the competitively inferior
species by growing faster and being larger [29,79]. All the above demographic and resource
utilisation attributes have been demonstrated in B. dorsalis competing against other species.

3. Proposed Scenarios and Biosecurity Impacts

Adaptive biosecurity governance acknowledges uncertainties [80] and therefore sce-
narios are not only appropriate, but necessary, to explore potential risk [42]. We recognise
three outcomes of fruit fly competition which have the potential to impact the biosecurity
risks associated with a successful fruit fly invasion, and a fourth impact which need not
be linked to invasion but where competition may nevertheless influence the outcome of a
plant health intervention. These are:

• Replacement or reduction of a previous key pest following establishment of a
new pest,

• Displacement of existing pest species in space, time or host following establishment of
a new pest,

• Non-establishment of a new pest in areas with competitively dominant species,
• Lesser fly resurgence following removal of a competitively superior species.

Within the first of these four impacts, we recognise three different biosecurity implica-
tions, making six different competition mediated biosecurity effects overall. Each of these is
introduced below, and then illustrated by scenarios relevant to Australia/New Zealand and
Europe. All our scenarios deal with cases where two or more fruit fly species could interact.
We note that including competition into a fruit fly PRA is irrelevant if only one species is
involved, e.g., a PRA for an exotic species where the country/region of concern has no
existing fruit fly species. Additionally, competition is likely to be of lesser importance if the
host usage of potentially competing fruit fly species has little or no overlap. For example,
in La Reunion, B. dorsalis has had only weak competitive effects against cucurbit specialist
tephritid species, as cucurbits are infrequently used by B. dorsalis [40].

3.1. Replacement or Reduction of a Previous Key Pest following Establishment of a New Pest

Biosecurity implication 1: Change in pest management recommendations/practice for
previous pest species

While it is self-evident that the introduction of a new pest into an area will require new
management research and recommendations, what may be less obvious is the need and
cost involved with changing management practices for existing pests. Such changes may be
relatively trivial; for example, in Tahiti, the switch of the dominant pest from Queensland
fruit fly to Oriental fruit fly [55] requires only the addition of a new lure type in male
annihilation devices (using methyl eugenol as well as cue-lure) for all existing and new
control recommendations to remain current. Or there may be no impact if the controls
developed for the existing pest are immediately transferable to the new pest. However, the
impacts of changing practice could be much more significant if major investments in the
previous control strategies are not easily translatable.

Scenario. Should Oriental fruit fly invade eastern Australia, as it did in the 1990s
prior to eradication [81], then available evidence suggests that it would rapidly displace
Queensland fruit fly as the dominant fruit fly pest [55,82]. In the last decade approximately
AUD$50 million has been spent on the research and infrastructure needed to implement
an operational Sterile Insect Technique (SIT) program against the Queensland fruit fly in
Australia (https://www.horticulture.com.au/hort-innovation/our-work/hort-frontiers-
strategic-partnership-initiative/fruit-fly-fund/ (accessed on 7 November 2022)). An Orien-
tal fruit fly invasion would potentially make the SIT investment in Queensland fruit fly

https://www.horticulture.com.au/hort-innovation/our-work/hort-frontiers-strategic-partnership-initiative/fruit-fly-fund/
https://www.horticulture.com.au/hort-innovation/our-work/hort-frontiers-strategic-partnership-initiative/fruit-fly-fund/
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control largely redundant in all except the coldest parts of the country (see Australasian
scenario Section 3.2) and so represent lost revenue [44].

A risk assessment for Oriental fruit fly for Australia should therefore include the
cost of the “lost research” of the Queensland fruit fly SIT program, and the new research
and infrastructure costs of repurposing the Queensland fruit fly mass-rearing facility for
handling Oriental fruit fly if SIT was considered an option for that species.

Biosecurity implication 2: Displacement of existing species may indirectly benefit
pest management

The displacement of at least one, sometimes several pest species by sequentially supe-
rior invasive species (see, e.g., [35,40,59]) may have indirect benefits for pest management
practice. If the invasive fly is displacing multiple existing species, then the ability to focus
controls on just the one dominant species may be more efficient for researchers, extension
staff and growers than having to use a suite of different controls for different species.
This may particularly be the case for an invasive Bactrocera species, as their response to
male lures make the control of these flies through the male annihilation technique highly
efficient [83,84].

We recognise this scenario, of suggesting a biological invasion may have potential
benefits, is controversial and it is not meant in any way as a justification for lessening
quarantine or emergency response efforts. Indirect gains in pest management efficiency
are largely meaningless if the new pest causes significantly more crop damage than the
displaced pest(s) (see, e.g., [85]). However, where two pest species (or one new species and
an existing community of species) are both equally damaging, and the invasive species is
easier to control, then for the economic analysis component of a PRA the negative costs
of the new invasive species may be partially offset by indirect gains in pest management
efficiency and a reduction of the impacts of the less competitive species.

Scenario. Oriental fruit fly, Queensland fruit fly and Mediterranean fruit fly are all
highly invasive, polyphagous fruit flies. All are absent from New Zealand, a country with
an extensive horticultural industry, and for that reason they are priority biosecurity pests
(https://www.mpi.govt.nz/biosecurity/priority-pests-diseases/ (accessed on 7 November
2022)). While these pest species are not wanted, a PRA for Oriental fruit fly could look
quite different if the other flies were absent, or already established in the country. In the
absence of other species an invasion of Oriental fruit fly is nothing but bad, causing only
damage. However, if Mediterranean fruit fly were already established, for example, the
negative aspects of an invasion by Oriental fruit fly would be partially offset by the indirect
benefits of reducing Mediterranean fruit fly impacts and, because of the strong methyl
eugenol response [86], Oriental fruit fly field control may be easier to implement and more
effective than Mediterranean fruit fly control. However, nevertheless, we would not predict
Oriental fruit fly to entirely eradicate Mediterranean fruit fly, merely displace it in crop,
time, or location, so ultimately any invasion is to be avoided.

Biosecurity implication 3: Change in market access status with establishment of a
new pest.

Competitive displacement of a previous key pest by a new pest of quarantine concern
has immediate and obvious negative market access consequences, as market access pro-
tocols need to be developed and negotiated for the new pest [87]. However, the market
access implications for the now lesser pest(s) may also require renegotiation. The level of
competitive displacement may be such that the displaced pest(s) are no longer a biosecurity
risk because they are now rare or absent from the crop (see, e.g., the reduced commercial
host list of peach fruit fly after displacement by Oriental fruit fly in La Reunion [40]).
Depending on the new situation, and negotiation with the trading partner(s), the old pest
may no longer be a pest of market access concern, or it may (and most likely will) remain
of a pest of market access concern even if to producers it is no longer a priority issue for
in-field management. This issue becomes increasingly complex when there are multiple
pest species present in the invaded area.

https://www.mpi.govt.nz/biosecurity/priority-pests-diseases/
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Scenario. The Australian state of Western Australia (WA) is recognised by Australian
domestic and some international trading partners as containing only one fruit fly species of
market access concern, Mediterranean fruit fly. If Queensland fruit fly invaded Western
Australia from eastern Australia, it is likely that Queensland fruit fly would largely displace
Mediterranean fruit fly in some production areas or crops [70], although full extinction
of Mediterranean fruit fly from WA is unlikely [26]. In the worst-case trade scenario, WA
now has two major pest flies of market access concern for which all exported commodities
would need phytosanitary treatment. In a best-case scenario, Mediterranean fruit fly is no
longer of biosecurity concern having been replaced by Queensland fruit fly and benefits in
harmonisation of export protocols would be accrued nationally (realistically this is highly
unlikely under most market access negotiations). A mid-case scenario is that Mediterranean
fruit fly could be managed for export through new or modified protocols if cheaper to
implement than existing protocols (e.g., utilising an Area of Low Pest Prevalence). A PRA
for the entry of Queensland fruit fly into WA thus needs to consider the range of scenarios.

3.2. Displacement of Existing Species in Space, Time, or Host with Establishment of New Pest

Biosecurity implication 4: Previously existing fruit fly pests are still a problem, but in
a different location, season, or host plant

With the exception of the inferential case of Mediterranean fruit fly in eastern Australia
([70,71] and see Supporting Document S1), invasive fruit flies are not known to have
driven other fruit fly species to extinction, except, and again inferentially, on islands with
already rare endemic species [31]. Rather, the more common pattern seen is that displaced
species may be reduced in numbers but persist by utilising hosts less used by the new
species [58,88], using locations in the landscape less preferred by the invasive species
(e.g., higher altitude or dryer areas) [40,57,89], or by being temporally asynchronous with
the invasive species [66,67].

Scenario. Queensland fruit fly is a highly polyphagous species [90], but in the field
some crops are only infrequently attacked [91,92]. In Tahiti, Oriental fruit fly proved to be
competitively superior to Queensland fruit fly and displaced it from crops such as mango
and guava [55]. In far-northern Australia Oriental fruit fly also proved competitively
superior to Queensland fruit fly during the 1990s incursion [82]. Should Oriental fruit fly re-
enter and establish in Australia then it is likely that Queensland fruit fly may disappear as
a pest of many crops, replaced by Oriental fruit fly, but currently low-pressure Queensland
fruit fly crops may become much more heavily utilised by that fly. This indirect effect
would make the impact of an Oriental fruit fly incursion greater than the direct effects of
Oriental fruit fly damage alone. Queensland fruit fly may also be competitively “pushed”
to dominate in southern Australia, while Oriental fruit fly dominates in tropical and
subtropical Australia because of the greater cold tolerance of the former species [18] over
the latter [93].

3.3. Non-Establishment of a New Pest in Areas with Competitively Dominant Species

Biosecurity implication 5: In regions where a competitively superior species is already
established, the likely establishment of an invasive but competitively inferior species is
very low.

In their review of fruit fly competition, Duyck et al. [26] note a corollary of competitive
displacement, which is competitive resistance. They noted, and there have been no contrary
observations since, that there are no records of fruit fly species invading and persisting in a
region or country where an already more competitive species is established. Thus, while
Bactrocera species have invaded regions previously dominated by Ceratitis or Anastrepha
species, and Ceratitis have invaded Anastrepha regions, there are no reverse examples. That
is neither Anastrepha nor Ceratitis have invaded areas dominated by Bactrocera, nor has
an Anastrepha species invaded an area dominated by Ceratitis. In the invasion biology
literature this is known as ecological resistance and is commonly attributed to competitive
interactions against the invading species by already present species [94,95]. Propagule
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pressure can overcome ecological resistance [96], but given the generally accepted large
sizes of endemic pest fruit fly populations [97,98], and the well-regulated movement
of fruit to minimise propagule pressure [4,5], the chances of a less competitive fruit fly
species establishing in an area where a more competitive species is already endemic
appears unlikely.

Scenario. The Australian “east–west” divide is based on Mediterranean fruit fly being
established in Western Australia (WA), Queensland fruit fly being established in the Aus-
tralian east-coast states of Queensland, New South Wales, and Victoria, and neither species
being established in the state of South Australia, which sits between WA and the eastern
seaboard. While there is biological potential for Queensland fruit fly to invade WA, as
Queensland fruit fly is competitively superior to Mediterranean fruit fly (Duyck et al. 2004),
the probability of the reciprocal invasion of Mediterranean fruit fly into the east coast
should be considered very low for the same reason. This conclusion was also drawn by
Dominiak and Daniels [70] and Dominiak and Mapson [71].

3.4. Lesser Fly Resurgence following Removal of a Competitively Superior Species

Biosecurity implication 6: That removal of a competitively dominant species through
a species-specific control strategy (such as MAT or SIT) will result in a previously minor
pest becoming a major pest.

While not directly related to the PRA process, which generally refers to forward
planning for the invasion/entry of an exotic pest, this last scenario is still pertinent to those
charged with plant-health planning although in this case dealing with the control of an
already established endemic or exotic species.

Pesticide-induced pest resurgence is a phenomenon in which the removal of a domi-
nant pest with a targeted pesticide sees a minor pest released from a previously suppressed
state to become a new major pest [99–101]. Bateman [24] suggested a similar situation
could arise with fruit flies if a competitively superior species was removed from a system
where two or more competing pest fruit flies occurred. Biasazin et al. [39] have documented
this exact effect in Ethiopian orchards. Invasion by Oriental fruit fly initially displaced the
previously dominant Mediterranean fruit fly. However, when Oriental fruit fly populations
were suppressed using the species-specific male annihilation technique, Mediterranean
fruit fly numbers resurged. Ito [102] reported the same effect on Japanese islands of the
Ryukyu Archipelago, with Z. cucurbitae populations gradually increasing over time after
the eradication of B. dorsalis. The likely resurgence of lesser flies needs to be considered if
planning any new control initiative which selectively targets only one pest species, be that
species a newly invasive fly (as in the case of the Ethiopian example), or an endemic.

Scenario I. The Sterile Insect Technique is a logistically expensive and managerial in-
tensive control technique [103,104]. By the nature of the method involved, i.e., interrupting
the mating of wild flies through release of sterilised males of the same species [105], it is
also 100% species specific. In tropical and warm temperate Australia, Queensland fruit
fly is numerically dominant over “lesser” pest species, such as Lesser Queensland fruit fly
(B. neohumeralis) [106], possibly due to competitive advantage [107–109]. If SIT, or another
species-specific control approach, was successfully applied against Queensland fruit fly,
then it is possible that one of the currently competitively inferior species would emerge as
the new major pest.

Scenario II. The argument is made above (Section 3.3) that the presence of B. tryoni
is likely to exclude C. capitata from invading eastern Australia through biotic resistance.
Bactrocera tryoni may also exclude previously tropical species such as B. neohumeralis from
invading Victoria from the north, as climate change makes Victoria climatically suitable
for these species [17]. However, if B. tryoni populations were greatly reduced through the
application of SIT, then this biotic resistance would be removed/reduced and the likelihood
of invasion of Victoria by a second fruit fly species is greatly increased.
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4. Conclusions and Recommendations

The entry of a new pest fruit fly into a region will always have negative consequences
because of direct impacts on crop production and market access. This effect is most
dramatic, and economically damaging, in areas previously free of a pest fly [110]. However,
where an invasive species is establishing in a region where one or more pest fruit fly species
already occur, the biological and economic impact of the new species will be modified,
for better or worse, because of competitive interactions between species. By displacing
existing pest species into new crops, or areas previously at low risk from resident species,
the negative effects of the new invasion may be amplified. Alternatively, if competition sees
the simple within-crop replacement of one pest with another pest, then the economic and
biological impacts may be closer to being neutral. The displacement of an existing species
by a new species will also impact on previous investments in pest management research
and infrastructure and may impact on the negotiated trade agreements for the previously
established species. The observation that an invasive fly may have indirect benefits by
reducing other pests should never be used as an argument to ease biosecurity arrangements
for preventing invasions, but we do argue that the economic costings component of a PRA
should recognise that a fruit fly invasion, however much unwanted, may have indirect
beneficial impacts if competitive displacement of an existing fruit fly pest is likely.

As demonstrated through the scenarios there is no simple good/bad, plus/minus
pattern in how fruit fly competition may impact on the pest risk assessment, but there
is ample evidence that competitive effects should be factored into fruit fly PRAs while
recognising that it adds a layer of complexity to any subsequent modelling [111]. We thus
strongly recommend that when writing PRAs for tephritid species, or before beginning
large scale control initiatives, how competition between tephritids may modify risk or
benefit be included in assessments. For an individual country or region the impact of an
invasive fly’s potential competitive interactions with existing species will be unique to that
country or region due to local farming practices and purpose (e.g., local consumption versus
export), environmental conditions, the impact of existing pests, etc. For this reason, as it is
for any part of the PRA or pest management process, local conditions need to be considered.
The scenarios we use above to illustrate the biosecurity implications of competition are
pertinent only to Australia and New Zealand at the current time and will not be relevant to
other countries, or to Australia and New Zealand under future conditions.

We also finish by noting that the tephritid competition literature is dominated by work
on just a handful of species and that the ability to extend competitive interactions more
broadly into fruit fly PRAs needs experimental work done on a greater range of genera
and species, for example Rhagoletis spp. and Drosophila suzukii (Matsumura). Further
work may demonstrate that currently ‘generalised’ patterns of competitive interactions
(e.g., of competitive hierarchies or displacement effects) may not, in fact, be general at all
and are rather an artifact of the relatively small number of species so far studied. Thus,
for potentially high-impact interactions, for example how B. dorsalis would interact with
B. tryoni in Australia if the former species entered and established, targeted research on
the particular species pair is recommended so that any assumptions made within PRAs
are based on specific data, rather than assumptions made based on studies with other
species in other agricultural systems. Notably, many more studies on the processes of
tephritid competition are needed (e.g., [29,74]), rather than relying on changing patterns
of abundance or host use to infer the processes of tephritid competition, as ecological
processes tend to be much more consistent across time and space than do patterns [25,112]
which is critical if they are to be incorporated into PRAs predicting future events.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects13111065/s1. This paper has one Supporting Document, a
mini-review summarising what is known about the putative competition which occurred between
Queensland fruit fly (Bactrocera tryoni) and Mediterranean fruit fly (Ceratitis capitata) in eastern
Australia in the years between ~1900 to 1940. [113–120] are cited.

https://www.mdpi.com/article/10.3390/insects13111065/s1
https://www.mdpi.com/article/10.3390/insects13111065/s1


Insects 2022, 13, 1065 10 of 14

Author Contributions: A.R.C. wrote the first draft of the manuscript, which was subsequently added
to and edited by P.F.M. Both authors approved the final version. All authors have read and agreed to
the published version of the manuscript.

Funding: This document was initially prepared as a component of the project Phenology, demography
and distribution of Australia’s fruit flies delivered under the Australian Commonwealth Government’s
Strengthening Australia’s Fruit Fly System Research Program. The document was finalised while A.R.C.
was in receipt of a fellowship of the OECD Co-operative Research Programme: Sustainable Agricul-
ture and Food Systems (awarded 2019, undertaken 2022).

Data Availability Statement: No new data was created for this paper. All sources of information are
fully cited and are in the public domain.

Acknowledgments: We thank for the Commonwealth Government for its support. A.R.C. then
edited and finalised the document while working at the Universität für Bodenkultur Wien (BOKU
Wien), supported by a fellowship of the OECD Co-operative Research Programme: Sustainable
Agriculture and Food Systems (awarded 2019, undertaken 2022). He thanks the OECD for its support
and Christian Stauffer of BOKU for his welcome. The manuscript was improved following critical
reading and feedback from Craig Hull and Matthew Calverley (Australian Government Department
of Agriculture, Fisheries and Forestry) and Peter Leach (Department of Agriculture & Fisheries,
Queensland Government).

Conflicts of Interest: The authors declare they have no conflict of interests which would influence
this paper. The funding bodies played no part in the design or interpretation of this document.

References
1. Vargas, R.I.; Piñero, J.C.; Leblanc, L. An overview of pest species of Bactrocera fruit flies (Diptera: Tephritidae) and the integration

of biopesticides with other biological approaches for their management with a focus on the Pacific region. Insects 2015, 6, 297–318.
[CrossRef] [PubMed]

2. Ekesi, S.; De Meyer, M.; Mohamed, S.A.; Virgilio, M.; Borgemeister, C. Taxonomy, ecology, and management of native and exotic
fruit fly species in Africa. Annu. Rev. Entomol. 2016, 61, 219–238. [CrossRef] [PubMed]

3. Frampton, E.R.; Nalder, K. A novel analysis of the risk of fresh produce imports. N. Z. Plant Prot. 2009, 62, 114–123. [CrossRef]
4. Szyniszewska, A.; Leppla, N.C.; Huang, Z.; Tatem, A.J. Analysis of seasonal risk for importation of the Mediterranean fruit

fly, Ceratitis capitata (Diptera: Tephritidae), via air passenger traffic arriving in Florida and California. J. Econ. Entomol.
2016, 109, 2317–2328. [CrossRef] [PubMed]

5. Dohino, T.; Hallman, G.J.; Grout, T.G.; Clarke, A.R.; Follett, P.A.; Cugala, D.R.; Tu, D.M.; Murdita, W.; Hernandez, E.;
Pereira, R.; et al. Phytosanitary treatments against Bactrocera dorsalis (Diptera: Tephritidae): Current situation and future
prospects. J. Econ. Entomol. 2017, 110, 67–79.

6. Leach, P. Phytosanitary measures. In Biology and Management of Bactrocera and Related Fruit Flies; Clarke, A.R., Ed.; CAB
International: Wallingford, UK, 2019; pp. 195–225.

7. Clarke, A.R. Biology and Management of Bactrocera and Related Fruit Flies; CAB International: Wallingford, UK, 2019; pp. xiv + 254p.
8. Nugnes, F.; Russo, E.; Viggiani, G.; Bernardo, U. First record of an invasive fruit fly belonging to Bactrocera dorsalis complex

(Diptera: Tephritidae) in Europe. Insects 2018, 9, 182. [CrossRef] [PubMed]
9. Trombik, J.; Ward, S.F.; Norrbom, A.L.; Liebhold, A.M. Global drivers of historical true fruit fly (Diptera: Tephritidae) invasions. J.

Pest Sci. 2022, 1–13. [CrossRef]
10. Ekesi, S.; Mohamed, S.A.; De Meyer, M. (Eds.) Fruit Fly Research and Development in Africa. Towards a Sustainable Management

Strategy to Improve Horticulture; Springer: Basel, Switzerland, 2016.
11. Papadopoulos, N. Fruit fly invasion: Historical, biological, economic aspects and management. In Trapping and the Detection,

Control, and Regulation of Tephritid Fruit Flies; Shelly, T., Epsky, N., Jang, E.B., Reyes-Flores, J., Vargas, R., Eds.; Springer: Dordrecht,
The Netherlands, 2014; pp. 219–252.

12. Neeley, A.D.; Bloem, S. Pest risk analysis for economically important Tephritidae: The crossroads between science, plant
protection, and safe trade. In Proceedings of the 9th International Symposium on Fruit Flies of Economic Importance, Bangkok,
Thailand, 12–16 May 2014; pp. 412–419.

13. IPPC Secretariat. Glossary of Phytosanitary Terms. International Standard for Phytosanitary Measures No. 5; FAO on behalf of the
Secretariat of the International Plant Protection Convention: Rome, Italy, 2021.

14. Venette, R.C.; Kriticos, D.J.; Magarey, R.D.; Koch, F.H.; Baker, R.H.A.; Worner, S.P.; Raboteaux, N.N.G.; McKenney, D.W.;
Dobesberger, E.J.; Yemshanov, D.; et al. Pest risk maps for invasive alien species: A roadmap for improvement. BioScience
2010, 60, 349–362. [CrossRef]

15. Wakie, T.; Yee, W.; Neven, L. Assessing the risk of establishment of Rhagoletis cerasi (Diptera: Tephritidae) in the United States and
globally. J. Econ. Entomol. 2018, 111, 1275–1284. [CrossRef]

http://doi.org/10.3390/insects6020297
http://www.ncbi.nlm.nih.gov/pubmed/26463186
http://doi.org/10.1146/annurev-ento-010715-023603
http://www.ncbi.nlm.nih.gov/pubmed/26735644
http://doi.org/10.30843/nzpp.2009.62.4780
http://doi.org/10.1093/jee/tow196
http://www.ncbi.nlm.nih.gov/pubmed/27594703
http://doi.org/10.3390/insects9040182
http://www.ncbi.nlm.nih.gov/pubmed/30513969
http://doi.org/10.1007/s10340-022-01498-0
http://doi.org/10.1525/bio.2010.60.5.5
http://doi.org/10.1093/jee/toy054


Insects 2022, 13, 1065 11 of 14

16. Qin, Y.; Wang, C.; Zhao, Z.; Pan, X.; Li, Z. Climate change impacts on the global potential geographical distribution of the
agricultural invasive pest, Bactrocera dorsalis (Hendel) (Diptera: Tephritidae). Clim. Change 2019, 155, 145–156. [CrossRef]

17. Sultana, S.; Baumgartner, J.B.; Dominiak, B.C.; Royer, J.E.; Beaumont, L.J. Impacts of climate change on high priority fruit fly
species in Australia. PLoS ONE 2020, 15, e0213820. [CrossRef] [PubMed]

18. Sultana, S.; Baumgartner, J.B.; Dominiak, B.C.; Royer, J.E.; Beaumont, L.J. Potential impacts of climate change on habitat suitability
for the Queensland fruit fly. Sci. Rep. 2017, 7, 13025. [CrossRef] [PubMed]

19. Maino, J.L.; Schouten, R.; Umina, P. Predicting the global invasion of Drosophila suzukii to improve Australian biosecurity
preparedness. J. Appl. Ecol. 2020, 58, 789–800. [CrossRef]

20. Baker, R.; Gilioli, G.; Behring, C.; Candiani, D.; Gogin, A.; Kaluski, T.; Kinkar, M.; Mosbach-Schulz, O.; Neri, F.M.; Preti, S.; et al.
Bactrocera dorsalis Pest Report to Support Ranking of EU Candidate Priority Pests; EN-1641; European Food Safety Authority: Parma,
Italy, 2019; p. 44.

21. Bragard, C.; Dehnen-Schmutz, K.; Di Serio, F.; Gonthier, P.; Jacques, M.-A.; Miret, J.A.J.; Justesen, A.F.; Magnusson, C.S.;
Milonas, P.; Navas-Cortes, J.A.; et al. Pest categorisation of non-EU Tephritidae. EFSA J. 2020, 18, 5931.

22. Birch, L.C. Natural selection between two species of tephritid fruit flies of the genus Dacus. Evolution 1961, 15, 360–374. [CrossRef]
23. Keiser, I.; Kobayashi, R.M.; Miyashita, D.H.; Harris, E.J.; Schneider, E.L.; Chambers, D.L. Suppression of Mediterranean fruit flies

by Oriental fruit flies in mixed infestations in guava. J. Econ. Entomol. 1974, 67, 355–360. [CrossRef]
24. Bateman, M.A. Dispersal and species interaction as factors in the establishment and success of tropical fruit flies in new areas.

Proc. Ecol. Soc. Aust. 1977, 10, 106–112.
25. Fitt, G.P. The role of interspecific interactions in the dynamics of Tephritid populations. In World Crop Pests, Volume 3B, Fruit

Flies, Their Biology, Natural Enemies and Control; Robinson, A.S., Cooper, G., Eds.; Elsevier Science Publishers: Amsterdam, The
Netherlands, 1989; Volume 3B, pp. 281–300.

26. Duyck, P.-F.; David, P.; Quilici, S. A review of relationships between interspecific competition and invasions in fruit flies (Diptera:
Tephritidae). Ecol. Entomol. 2004, 29, 511–520. [CrossRef]

27. Duyck, P.-F.; David, P.; Junod, G.; Brunel, C.; Dupont, R.; Quilici, S. Importance of competition mechanisms in successive invasions
by polyphagous tephritids in La Reunion. Ecology 2006, 97, 1770–1780. [CrossRef]

28. Vargas, R.I.; Leblanc, L.; Putoa, R.; Eitam, A. Impact of introduction of Bactrocera dorsalis (Diptera: Tephritidae) and classical
biological control releases of Fopius arisanus (Hymenoptera: Braconidae) on economically important fruit flies in French Polynesia.
J. Econ. Entomol. 2007, 100, 670–679. [CrossRef]

29. Ekesi, S.; Billah, M.K.; Peterson, W.; Nderitu, W.; Lux, S.A.; Rwomushana, I. Evidence for competitive displacement of Cer-
atitis cosyra by the invasive fruit fly Bactrocera invadens (Diptera: Tephritidae) on mango and mechanisms contributing to the
displacement. J. Econ. Entomol. 2009, 102, 981–991. [CrossRef] [PubMed]

30. Rwomushana, I.; Ekesi, S.; Ogol, C.; Gordon, I. Mechanisms contributing to the competitive success of the invasive fruit fly
Bactrocera invadens over the indigenous mango fruit fly, Ceratitis cosyra: The role of temperature and resource pre-emption. Entomol.
Exp. Appl. 2009, 133, 27–37. [CrossRef]

31. Mze Hassani, I.; Raveloson-Ravaomanarivo, L.H.; Delatte, H.; Chiroleu, F.; Allibert, A.; Nouhou, S.; Quilici, S.; Duyck, P.F.
Invasion by Bactrocera dorsalis and niche partitioning among tephritid species in Comoros. Bull. Entomol. Res. 2016, 106, 749–758.
[CrossRef] [PubMed]

32. Rwomushana, I.; Tanga, C.M. Fruit fly species composition, distribution and host plants with emphasis on mango-infesting
species. In Fruit Fly Research and Development in Africa. Towards a Sustainable Management Strategy to Improve Horticulture; Ekesi, S.,
Mohamed, S.A., Meyer, M.D., Eds.; Springer: Basel, Switzerland, 2016; pp. 71–106.

33. Mahmoud, M.E.E.; Mohamed, S.A.; Ndlela, S.; Azrag, A.G.A.; Khamis, F.M.; Bashir, M.A.E.; Ekesi, S. Distribution, relative
abundance, and level of infestation of the invasive peach fruit fly Bactrocera zonata (Saunders) (Diptera: Tephritidae) and its
associated natural enemies in Sudan. Phytoparasitica 2020, 48, 589–605. [CrossRef]

34. Facon, B.; Hafsi, A.; Masseliere, M.C.D.L.; Robin, S.; Massol, F.; Dubart, M.; Chiquet, J.E.; Duyck, P.-F.; Ravigne, V. Joint species
distributions reveal the combined effects of host plants, abiotic factors and species competition as drivers of species abundances
in fruit flies. Ecol. Lett. 2021, 24, 1905–1916. [CrossRef]

35. Duyck, P.-F.; Jourdan, H.; Mille, C. Sequential invasions by fruit flies (Diptera: Tephritidae) in Pacific and Indian Ocean islands: A
systematic review. Ecol. Evol. 2022, 12, e8880. [CrossRef]

36. Paini, D.R.; Funderburk, J.E.; Reitz, S.R. Competitive exclusion of a worldwide invasive pest by a native. Quantifying competition
between two phytophagous insects on two host plant species. J. Anim. Ecol. 2008, 77, 184–190. [CrossRef]

37. Kenis, M.; Rabitsch, W.; Auger-Rozenberg, M.A.; Roques, A. How can alien species inventories and interception data help us
prevent insect invasions? Bull. Entomol. Res. 2007, 97, 489–502. [CrossRef]

38. Goldson, S.L. Biosecurity, risk and policy: A New Zealand perspective. J. Verbrauch. Lebensm. 2011, 6, 41–47. [CrossRef]
39. Biasazin, T.D.; Wondimu, T.W.; Herrera, S.L.; Larsson, M.; Mafra-Neto, A.; Gessese, Y.W.; Dekker, T. Dispersal and competitive

release affect the management of native and invasive tephritid fruit fies in large and smallholder farms in Ethiopia. Sci. Rep.
2021, 11, 2690. [CrossRef]

40. Moquet, L.; Payet, J.; Glenac, S.; Delatte, H. Niche shift of tephritid species after the Oriental fruit fly (Bactrocera dorsalis) invasion
in La Reunion. Divers. Distrib. 2021, 27, 109–129. [CrossRef]

http://doi.org/10.1007/s10584-019-02460-3
http://doi.org/10.1371/journal.pone.0213820
http://www.ncbi.nlm.nih.gov/pubmed/32053591
http://doi.org/10.1038/s41598-017-13307-1
http://www.ncbi.nlm.nih.gov/pubmed/29026169
http://doi.org/10.1111/1365-2664.13812
http://doi.org/10.1111/j.1558-5646.1961.tb03161.x
http://doi.org/10.1093/jee/67.3.355
http://doi.org/10.1111/j.0307-6946.2004.00638.x
http://doi.org/10.1890/0012-9658(2006)87[1770:IOCMIS]2.0.CO;2
http://doi.org/10.1603/0022-0493(2007)100[670:IOIOBD]2.0.CO;2
http://doi.org/10.1603/029.102.0317
http://www.ncbi.nlm.nih.gov/pubmed/19610411
http://doi.org/10.1111/j.1570-7458.2009.00897.x
http://doi.org/10.1017/S0007485316000456
http://www.ncbi.nlm.nih.gov/pubmed/27312045
http://doi.org/10.1007/s12600-020-00829-0
http://doi.org/10.1111/ele.13825
http://doi.org/10.1002/ece3.8880
http://doi.org/10.1111/j.1365-2656.2007.01324.x
http://doi.org/10.1017/S0007485307005184
http://doi.org/10.1007/s00003-011-0673-8
http://doi.org/10.1038/s41598-020-80151-1
http://doi.org/10.1111/ddi.13172


Insects 2022, 13, 1065 12 of 14

41. Silva, D.R.d.B.; Roriz, A.K.P.; Petitinga, C.S.C.D.A.; Lima, I.V.G.; Nascimento, A.S.d.; Joachim-Bravo, I.S. Competitive interactions
and partial displacement of Anastrepha obliqua by Ceratitis capitata in the occupation of host mangoes (Mangifera indica). Agric. For.
Entomol. 2021, 23, 70–78. [CrossRef]

42. Jeger, M.; Bragard, C.; Caffier, D.; Candresse, T.; Chatzivassiliou, E.; Dehnen-Schmutz, K.; Grégoire, J.C.; Miret, J.A.J.;
MacLeod, A.; Navarro, M.N.; et al. Guidance on quantitative pest risk assessment. EFSA J. 2018, 16, e05350. [PubMed]

43. Heger, T. A model for interpreting the process of invasion: Crucial situations favouring special characteristics of invasive species.
In Plant Invasions: Species Ecology and Ecosystem Management; Brundu, G., Brock, J., Camarda, I., Child, L., Wade, M., Eds.;
Backhuys Publishers: Leiden, The Netherlands, 2001.

44. Welsh, M.J.; Turner, J.A.; Epanchin-Niell, R.S.; Monge, J.J.; Soliman, T.; Robinson, A.P.; Kean, J.M.; Phillips, C.; Stringer, L.D.;
Vereijssen, J.; et al. Approaches for estimating benefits and costs of interventions in plant biosecurity across invasion phases. Ecol.
Appl. 2021, 31, e02319. [CrossRef] [PubMed]

45. Hardin, G. The competitive exclusion principle. Science 1960, 131, 1292–1297. [CrossRef] [PubMed]
46. DeBach, P. The competitive displacement and coexistence principles. Annu. Rev. Entomol. 1966, 11, 183–212. [CrossRef]
47. Gause, G. Experimental analysis of Vito Volterrra’s mathematical theory of the struggle for existence. Science 1934, 79, 16–17.

[CrossRef]
48. Amarasekare, P. Interference competition and species coexistence. Proc. R. Soc. B 2002, 269, 2541–2550. [CrossRef]
49. Amarasekare, P. Competitive coexistence in spatially structured environments: A synthesis. Ecol. Lett. 2003, 6, 1109–1122.

[CrossRef]
50. Barber, J.N.; Sezmis, A.L.; Woods, L.C.; Anderson, T.D.; Voss, J.M.; McDonald, M.J. The evolution of coexistence from competition

in experimental co-cultures of Escherichia coli and Saccharomyces cerevisiae. ISME J. 2021, 15, 746–761. [CrossRef]
51. Ke, P.-J.; Wan, J. Effects of soil microbes on plant competition: A perspective from modern coexistence theory. Ecol. Monogr.

2020, 90, e01391. [CrossRef]
52. Kaplan, I.; Denno, R.F. Interspecific interactions in phytophagous insects revisited: A quantitative assessment of competition

theory. Ecol. Lett. 2007, 10, 977–994. [CrossRef] [PubMed]
53. Powell, L.L.; Ames, E.M.; Wright, J.R.; Matthiopoulos, J.; Marra, P.P. Interspecific competition between resident and wintering

birds: Experimental evidence and consequences of coexistence. Ecology 2021, 102, e03208. [CrossRef]
54. Mwatawala, M.W.; De Meyer, M.; Makundi, R.H.; Maerere, A.P. Host range and distribution of fruit-infesting pestiferous fruit

flies (Diptera, Tephritidae) in selected areas of Central Tanzania. Bull. Entomol. Res. 2009, 99, 629–641. [CrossRef] [PubMed]
55. Vargas, R.I.; Leblanc, L.; Putoa, R.; Piñero, J. Population dynamics of three Bactrocera spp. fruit flies (Diptera: Tephritidae) and two

introduced natural enemies, Fopius arisanus (Sonan) and Diachasmimorpha longicaudata (Ashmead) (Hymenoptera: Braconidae),
after an invasion by Bactrocera dorsalis (Hendel) in Tahiti. Biol. Control 2012, 60, 199–206.

56. Isabirye, B.E.; Akol, A.M.; Mayamba, A.; Nankinga, C.K.; Rwomushana, I. Species composition and community structure of fruit
flies (Diptera: Tephritidae) across major mango-growing regions in Uganda. Int. J. Trop. Insect Sci. 2015, 35, 66–79. [CrossRef]

57. Duyck, P.-F.; Patrice, D.; Quilici, S. Climatic niche partitioning following successive invasions by fruit flies in La Réunion. J. Anim.
Ecol. 2006, 75, 518–526. [CrossRef]

58. Geurts, K.; Mwatawala, M.W.; De Meyer, M. Dominance of an invasive fruit fly species, Bactrocera invadens, along an altitudinal
transect in Morogoro, Eastern Central Tanzania. Bull. Entomol. Res. 2014, 104, 288–294. [CrossRef]

59. De la Masselière, M.C.; Ravigné, V.; Facon, B.; Lefeuvre, P.; Massol, F.; Quilici, S.; Duyck, P.-F. Changes in phytophagous insect
host ranges following the invasion of their community: Long-term data for fruit flies. Ecol. Evol. 2017, 7, 5181–5190. [CrossRef]

60. Petitinga, C.S.C.D.A.; Roriz, A.K.P.; Joachim-Bravo, I.S. Competitive strategies between Anastrepha fraterculus and Anastrepha
obliqua (Diptera: Tephritidae) regulating the use of host fruits. J. Appl. Entomolgy 2021, 145, 612–620. [CrossRef]

61. Mze Hassani, I.; Delatte, H.; Ravaomanarivo, L.H.R.; Nouhou, S.; Duyck, P.-F. Niche partitioning via host plants and altitude
among fruit flies following the invasion of Bactrocera dorsalis. Agric. For. Entomol. 2022, 24, 575–585. [CrossRef]

62. Reitz, S.R.; Trumble, J.T. Competitive displacement among insects and arachnids. Annu. Rev. Entomol. 2002, 47, 435–465.
[CrossRef] [PubMed]

63. Lux, S.A.; Copeland, R.S.; White, I.M.; Manrakhan, A.; Billah, M.K. A new invasive fruit fly species from the Bactrocera dorsalis
(Hendel) group detected in East Africa. Insect Sci. Appl. 2003, 23, 355–361. [CrossRef]

64. Drew, R.A.I.; Tsuruta, K.; White, I.M. A new species of pest fruit fly (Diptera: Tephritidae: Dacinae) from Sri Lanka and Africa.
Afric. Entomol. 2005, 13, 149–154.

65. Vayssières, J.-F.; De Meyer, M.; Ouagoussounon, I.; Sinzogan, A.; Adandonon, A.; Korie, S.; Wargui, R.; Anato, F.; Houngbo, H.;
Didier, C.; et al. Seasonal abundance of mango fruit flies (Diptera: Tephritidae) and ecological implications for their management
in mango and cashew orchards in Benin (Centre & North). J. Econ. Entomol. 2015, 108, 2213–2230. [PubMed]

66. Vayssières, J.F.; Goergen, G.; Lokossou, O.; Dossa, P.; Akponon, C. A new Bactrocera species in Benin among mango fruit fly
(Diptera: Tephritidae) species. Fruits 2009, 60, 371–377. [CrossRef]

67. Vayssières, J.F.; Korie, S.; Ayegnon, D. Correlation of fruit fly (Diptera Tephritidae) infestation of major mango cultivars in Borgou
(Benin) with abiotic and biotic factors and assessment of damage. Crop Prot. 2009, 28, 477–488. [CrossRef]

68. Vargas, R.I.; Walsh, W.A.; Nishida, T. Colonization of newly planted coffee fields: Dominance of Mediterranean fruit fly over
oriental fruit fly (Diptera: Tephritidae). J. Econ. Entomol. 1995, 88, 620–627. [CrossRef]

http://doi.org/10.1111/afe.12406
http://www.ncbi.nlm.nih.gov/pubmed/32626011
http://doi.org/10.1002/eap.2319
http://www.ncbi.nlm.nih.gov/pubmed/33665918
http://doi.org/10.1126/science.131.3409.1292
http://www.ncbi.nlm.nih.gov/pubmed/14399717
http://doi.org/10.1146/annurev.en.11.010166.001151
http://doi.org/10.1126/science.79.2036.16.b
http://doi.org/10.1098/rspb.2002.2181
http://doi.org/10.1046/j.1461-0248.2003.00530.x
http://doi.org/10.1038/s41396-020-00810-z
http://doi.org/10.1002/ecm.1391
http://doi.org/10.1111/j.1461-0248.2007.01093.x
http://www.ncbi.nlm.nih.gov/pubmed/17855811
http://doi.org/10.1002/ecy.3208
http://doi.org/10.1017/S0007485309006695
http://www.ncbi.nlm.nih.gov/pubmed/19323850
http://doi.org/10.1017/S1742758415000089
http://doi.org/10.1111/j.1365-2656.2006.01072.x
http://doi.org/10.1017/S0007485313000722
http://doi.org/10.1002/ece3.2968
http://doi.org/10.1111/jen.12875
http://doi.org/10.1111/afe.12522
http://doi.org/10.1146/annurev.ento.47.091201.145227
http://www.ncbi.nlm.nih.gov/pubmed/11729081
http://doi.org/10.1017/S174275840001242X
http://www.ncbi.nlm.nih.gov/pubmed/26453710
http://doi.org/10.1051/fruits:2005042
http://doi.org/10.1016/j.cropro.2009.01.010
http://doi.org/10.1093/jee/88.3.620


Insects 2022, 13, 1065 13 of 14

69. Mwatawala, M.W.; De Meyer, M.; Makundi, R.H.; Maerere, A.P. Seasonality and host utilization of the invasive fruit fly, Bactrocera
invadens (Dipt., Tephritidae) in central Tanzania. J. Appl. Entomol. 2006, 130, 530–537. [CrossRef]

70. Dominiak, B.C.; Daniels, D. Review of the past and present distribution of Mediterranean fruit fly (Ceratitis capitata Wiedemann)
and Queensland fruit fly (Bactrocera tryoni Froggatt) in Australia. Aust. J. Entomol. 2012, 51, 104–115. [CrossRef]

71. Dominiak, B.C.; Mapson, R. Revised distribution of Bactrocera tryoni in eastern Australia and effect on possible incursions of
Mediterranean fruit fly: Development of Australia’s eastern trading block. J. Econ. Entomol. 2017, 110, 2459–2465. [CrossRef]
[PubMed]

72. Isbell, L.A. Contest and scramble competition: Patterns of female aggression and ranging behavior among primates. Behav. Ecol.
1991, 2, 143–155. [CrossRef]

73. Lawton, J.H.; Hassell, M.P. Asymmetrical competition in insects. Nature 1981, 289, 793–795. [CrossRef]
74. Shen, K.; Hu, J.; Wu, B.; An, K.; Zhang, J.; Liu, J.; Zhang, R. Competitive interactions between immature stages of Bactro-

cera cucurbitae (Coquillett) and Bactrocera tau (Walker) (Diptera: Tephritidae) under laboratory conditions. Neotrop. Entomol.
2014, 43, 335–343. [CrossRef]

75. Vayssieres, J.-F.; Cayol, J.-P.; Caplong, P.; Seguret, J.; Midgarden, D.; van Sauers Muller, A.; Zucchi, R.A.; Uramoto, K.; Malavasi, A.
Diversity of fruit fly (Diptera: Tephritidae) species in French Guiana: Their main host plants with associated parasitoids during
the period 1994–2003 and prospects for management. Fruits 2013, 68, 219–243. [CrossRef]

76. Deus, E.G.; Godoy, W.A.C.; Sousa, M.S.M.; Lopes, G.N.; Jesus-Barros, C.R.; Silva, J.G.; Adaime, R. Co-infestation and spatial
distribution of Bactrocera carambolae and Anastrepha spp. (Diptera: Tephritidae) in common guava in the eastern Amazon. J. Insect
Sci. 2016, 16, 88. [CrossRef] [PubMed]

77. Duyck, P.-F.; David, P.; Quilici, S. Can more K-selected species be better invaders? A case study of fruit flies in La Réunion. Divers.
Distrib. 2007, 13, 535–543. [CrossRef]

78. Liu, H.; Zhang, C.; Hou, B.H.; Ou-Yang, G.C.; Ma, J. Interspecific competition between Ceratitis capitata and two Bactro-
cera spp. (Diptera: Tephritidae) evaluated via adult behavioral interference under laboratory conditions. J. Econ. Entomol.
2017, 110, 1145–1155. [CrossRef]

79. Liendo, M.C.; Parreno, M.A.; Cladera, J.L.; Vera, M.T.; Segura, D.F. Coexistence between two fruit fly species is supported by the
different strength of intra- and interspecific competition. Ecol. Entomol. 2018, 43, 294–303. [CrossRef]

80. Cook, D.C.; Liu, S.; Murphy, B.; Lonsdale, W.M. Adaptive approaches to biosecurity governance. Risk Anal. 2010, 30, 1303–1314.
[CrossRef]

81. Cantrell, B.; Chadwick, B.; Cahill, A. Fruit Fly Fighters: Eradication of the Papaya Fruit Fly; CSIRO Publishing: Collingwood,
Australia, 2001.

82. Bellas, T. The Papaya Fruit Fly—A Failure of Quarantine; Parliament of Australia: Canberra, Australia, 1996.
83. El-Sayed, A.M.; Suckling, D.M.; Byers, J.A.; Jang, E.B.; Wearing, C.H. Potential of ‘lure and kill’ in long-term pest management

and eradication of invasive species. J. Econ. Entomol. 2009, 102, 815–835. [CrossRef] [PubMed]
84. Stringer, L.D.; Kean, J.M.; Beggs, J.R.; Suckling, D.M. Management and eradication options for Queensland fruit fly. Popul. Ecol.

2017, 59, 259–273. [CrossRef]
85. Grechi, I.; Preterre, A.L.; Lardenois, M.; Ratnadass, A. Bactrocera dorsalis invasion increased fruit fly incidence on mango

production in Reunion Island. Crop Prot. 2022, 161, 106056. [CrossRef]
86. Vargas, R.I.; Stark, J.D.; Kido, M.H.; Ketter, H.M.; Whitehand, L.C. Methyl eugenol and cue-lure traps for suppression of male

oriental fruit flies and melon flies (Diptera: Tephritidae) in Hawaii: Effects of lure mixtures and weathering. J. Econ. Entomolgy
2000, 93, 81–87. [CrossRef]

87. Grout, T.G. Cold and heat treatment technologies for post-harvest control of fruit flies in Africa. In Fruit Fly Research and
Development in Africa—Towards a Sustainable Management Strategy to Improve Horticulture; Ekesi, S., Mohamed, S., De Meyer, M.,
Eds.; Springer Nature: Cham, Switzerland, 2016; pp. 465–473.

88. Badii, K.B.; Billah, M.K.; Afreh-Nuamah, K.; Obeng-Ofori, D. Species composition and host range of fruit-infesting flies (Diptera:
Tephritidae) in northern Ghana. Int. J. Trop. Insect Sci. 2015, 35, 137–151. [CrossRef]

89. Geurts, K.; Mwatawala, M.; De Meyer, M. Indigenous and invasive fruit fly diversity along an altitudinal transect in Eastern
Central Tanzania. J. Insect Sci. 2012, 12, 12. [CrossRef]

90. Hancock, D.L.; Hamacek, E.L.; Lloyd, A.C.; Elson-Harris, M.M. The Distribution and Host Plants of Fruit Flies (Diptera: Tephritidae)
in Australia; DPI Publications: Brisbane, Australia, 2000.

91. Lloyd, A.C.; Hamacek, E.L.; Kopittke, R.A.; Peek, T.; Wyatt, P.M.; Neale, C.J.; Eelkema, M.; Gu, H.N. Area-wide management of
fruit flies (Diptera: Tephritidae) in the Central Burnett district of Queensland, Australia. Crop Prot. 2010, 29, 462–469. [CrossRef]

92. Lloyd, A.C.; Hamacek, E.L.; Smith, D.; Kopittke, R.A.; Gu, H. Host susceptibility of Citrus cultivars to Queensland fruit fly
(Diptera: Tephritidae). J. Econ. Entomol. 2013, 106, 883–890. [CrossRef]

93. Stephens, A.E.A.; Kriticos, D.J.; Leriche, A. The current and future potential geographical distribution of the oriental fruit fly,
Bactrocera dorsalis (Diptera: Tephritidae). Bull. Entomol. Res. 2007, 97, 369–378. [CrossRef]

94. Kennedy, T.A.; Naeem, S.; Howe, K.M.; Knops, J.M.H.; Tilman, D.; Reich, P. Biodiversity as a barrier to ecological invasion. Nature
2002, 417, 636–638. [CrossRef]

95. Levine, J.M.; Adler, P.B.; Yelenik, S.G. A meta-analysis of biotic resistance to exotic plant invasions. Ecol. Lett. 2004, 7, 975–989.
[CrossRef]

http://doi.org/10.1111/j.1439-0418.2006.01099.x
http://doi.org/10.1111/j.1440-6055.2011.00842.x
http://doi.org/10.1093/jee/tox237
http://www.ncbi.nlm.nih.gov/pubmed/29040591
http://doi.org/10.1093/beheco/2.2.143
http://doi.org/10.1038/289793a0
http://doi.org/10.1007/s13744-014-0224-y
http://doi.org/10.1051/fruits/2013070
http://doi.org/10.1093/jisesa/iew076
http://www.ncbi.nlm.nih.gov/pubmed/27638949
http://doi.org/10.1111/j.1472-4642.2007.00360.x
http://doi.org/10.1093/jee/tox083
http://doi.org/10.1111/een.12501
http://doi.org/10.1111/j.1539-6924.2010.01439.x
http://doi.org/10.1603/029.102.0301
http://www.ncbi.nlm.nih.gov/pubmed/19610395
http://doi.org/10.1007/s10144-017-0593-2
http://doi.org/10.1016/j.cropro.2022.106056
http://doi.org/10.1603/0022-0493-93.1.81
http://doi.org/10.1017/S1742758415000090
http://doi.org/10.1673/031.012.1201
http://doi.org/10.1016/j.cropro.2009.11.003
http://doi.org/10.1603/EC12324
http://doi.org/10.1017/S0007485307005044
http://doi.org/10.1038/nature00776
http://doi.org/10.1111/j.1461-0248.2004.00657.x


Insects 2022, 13, 1065 14 of 14

96. Von Holle, B.; Simberloff, D. Ecological resistance to biological invasion overwhelmed by propagule pressure. Ecology
2005, 86, 3212–3218. [CrossRef]

97. Malacrida, A.R.; Gomulski, L.M.; Bonizzoni, M.; Bertin, S.; Gasperi, G.; Guglielmino, C.R. Globalization and fruit fly invasion and
expansion: The medfly paradigm. Genética 2007, 131, 1–9. [PubMed]

98. San Jose, M.; Doorenweerd, C.; Leblanc, L.; Bar, N.; Geib, S.; Rubinoff, D. Tracking the origins of fly invasions; using mitochondrial
haplotype diversity to identify potential source populations in two genetically intertwined fruit fly species (Bactrocera carambolae
and Bactrocera dorsalis [Diptera: Tephritidae]). J. Econ. Entomol. 2018, 111, 2914–2926. [CrossRef] [PubMed]

99. Heinrichs, E.A.; Mochida, O. From secondary to major pest status: The case of insecticide-induced rice brown planthopper,
Nilaparvata lugens, resurgence. Prot. Ecol. 1984, 7, 201–218.

100. Hardin, M.R.; Benrey, B.; Coll, M.; Lamp, W.O.; Roderick, G.K.; Barbosa, P. Arthropod pest resurgence: An overview of potential
mechanisms. Crop Prot. 1995, 14, 3–18. [CrossRef]

101. Dutcher, J.D. A Review of resurgence and replacement causing pest outbreaks in IPM. In General Concepts in Integrated Pest
and Disease Management. Integrated Management of Plants Pests and Diseases, volume 1; Ciancio, A., Mukerji, K.G., Eds.; Springer:
Dordrecht, The Netherlands, 2007; pp. 27–43.

102. Ito, Y. Effect of eradication of the Oriental fruit fly, Bactrocera dorsalis, on the population density of the melon fly, Bactrocera
cucurbitae, in the Ryukyu Archipelago, estimated from the number of male flies captured by attractant traps. Appl. Enotomology
Zool. 2005, 40, 625–630. [CrossRef]

103. Duyck, V.A.; Hendrichs, J.; Robinson, A.S. (Eds.) Sterile Insect Technique. Principles and Practice in Area-Wide Integrated Pest
Management; Springer: Dordrecht, The Netherlands, 2005.

104. Mankad, A.; Loechel, B.; Measham, P.F. Barriers and facilitators of area-wide management including sterile insect technique
application: The example of Queensland Fruit Fly. In Area-Wide Integrated Pest Management: Development and Field Application;
Hendrichs, J., Pereira, R., Vreysen, M.J.B., Eds.; CRC Press: Boca Raton, FL, USA, 2021; pp. 669–692.

105. Calkins, C.O.; Klassen, W.; Liedo, P. (Eds.) Fruit Flies and the Sterile Insect Technique; CRC Press: Boca Raton, FL, USA, 1994.
106. Osborne, R.; Meats, A.; Frommer, M.; Sved, J.A.; Drew, R.A.I.; Robson, M.K. Australian distribution of 17 species of fruit flies

(Diptera: Tephritidae) caught in cue lure traps in February 1994. Aust. J. Entomol. 1997, 36, 45–50. [CrossRef]
107. Fitt, G.P. Factors Limiting the Host Range of Tephritid Fruit Flies: With Particular Emphasis on the Influence of Dacus tryoni on

the Distribution and Abundance of Dacus jarvisi. Ph.D. Thesis, University of Sydney, Sydney, Australia, 1983.
108. Fitt, G.P. The influence of a shortage of hosts on the specificity of oviposition behaviour in species of Dacus (Diptera, Tephritidae).

Physiol. Entomol. 1986, 11, 133–143. [CrossRef]
109. Fitt, G.P. Variation in ovariole number and egg size of species of Dacus (Diptera: Tephritidae) and their relation to host

specialization. Ecol. Entomol. 1990, 15, 255–264. [CrossRef]
110. Tam, M.; Capon, T.; Whitten, S.; Tapsuwan, S.; Kandulu, J.; Measham, P. Assessing the economic benefit of area wide management

and the sterile insect technique for the Queensland fruit fly in pest-free vs. endemic regions of South-east Australia. Int. J. Pest
Manag. 2020, 1–17. [CrossRef]

111. Pasquali, S.; Gilioli, G.; Janssen, D.; Winter, S. Optimal strategies for interception, detection, and eradication in plant biosecurity.
Risk Anal. 2015, 35, 1663–1673. [CrossRef] [PubMed]

112. Walter, G.H. Competitive exclusion, coexistence and community structure. Acta Biotheor. 1988, 37, 281–313. [CrossRef]
113. French, C. Fruit flies. Journal of the Department of Agriculture Victoria 1907, 5, 301–312.
114. Hely, P.C.; Pasfield, G.; Gellatley, J.G. Insect Pests of Fruit and Vegetables in New South Wales; Inkata Press: Sydney, Australia, 1982.
115. Vera, M.T.; Rodriguez, R.; Segura, D.F.; Cladera, J.L.; Sutherst, R.W. Potential geographical distribution of the Mediter-

ranean fruit fly, Ceratitis capitata (Diptera: Tephritidae), with emphasis on Argentina and Australia. Environmental Entomology
2002, 31, 1009–1022. [CrossRef]

116. Allman, S.L. The Queensland fruit fly. Observations on breeding and development. New South Wales Agricultural Gazette
1939, 50, 499–501, 547–549.

117. O’Loughlin, G.T. A new look at fruit fly in Victoria. Journal of Agriculture (Victoria) 1975, 45, 8–15.
118. Andrewartha, H.G.; Birch, L.C. The Distribution and Abundance of Animals; Chicago University Press: Chicago, IL, USA, 1954.
119. Hogan, T.W. The history of economic entomology in Victoria from the time of Charles French. Journal of the Australian Entomological

Society 1994, 33, 278–298. [CrossRef]
120. Suckling, D.M.; Tobin, P.C.; McCullough, D.G.; Herms, D.A. Combining tactics to exploit allee effects for eradication of alien

insect populations. Journal of Economic Entomolgy 2012, 105, 1–13. [CrossRef]

http://doi.org/10.1890/05-0427
http://www.ncbi.nlm.nih.gov/pubmed/17111234
http://doi.org/10.1093/jee/toy272
http://www.ncbi.nlm.nih.gov/pubmed/30247661
http://doi.org/10.1016/0261-2194(95)91106-P
http://doi.org/10.1303/aez.2005.625
http://doi.org/10.1111/j.1440-6055.1997.tb01430.x
http://doi.org/10.1111/j.1365-3032.1986.tb00400.x
http://doi.org/10.1111/j.1365-2311.1990.tb00807.x
http://doi.org/10.1080/09670874.2020.1853274
http://doi.org/10.1111/risa.12278
http://www.ncbi.nlm.nih.gov/pubmed/25263711
http://doi.org/10.1007/BF00154138
http://doi.org/10.1603/0046-225X-31.6.1009
http://doi.org/10.1111/j.1440-6055.1994.tb01230.x
http://doi.org/10.1603/EC11293

	Introduction 
	Biological Background 
	Theoretical Framework 
	Competition by Invasive Fruit Flies 
	Asymmetrical Competition and Competitive Hierarchy 
	Mechanisms of Competition 

	Proposed Scenarios and Biosecurity Impacts 
	Replacement or Reduction of a Previous Key Pest following Establishment of a New Pest 
	Displacement of Existing Species in Space, Time, or Host with Establishment of New Pest 
	Non-Establishment of a New Pest in Areas with Competitively Dominant Species 
	Lesser Fly Resurgence following Removal of a Competitively Superior Species 

	Conclusions and Recommendations 
	References

