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1  |  INTRODUC TION

Globally, the increase in the number of invasive alien species shows 
no sign of saturation, with an increasing number of species threat-
ening to invade new territories (Seebens et al., 2017). The threat of 
invasion is especially high in remote places such as isolated islands 
because they often offer vacant niches that alien species can reach 

via new human- created pathways (Moser et al., 2018; Seebens et al., 
2018). Communities that are vulnerable to invasion have unsatu-
rated niche space mainly because of evolutionary history in isola-
tion (islands), dispersal limitation, and/or anthropogenic disturbance 
(David et al., 2017).

Understanding general rules governing invasions is required to 
improve biosecurity measures and therefore to develop sustainable 
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Abstract
The	aim	of	our	review	was	to	examine	the	cases	of	Tephritidae	invasions	across	island	
systems in order to determine whether they follow a hierarchical mode of invasion. 
We reviewed the literature on factors and mechanisms driving invasion sequences in 
Pacific	and	Southwest	Indian	Ocean	islands	and	gathered	every	record	of	invasion	by	
a	polyphagous	tephritid	in	island	groups.	From	invasion	date	or	period,	we	defined	an	
invasion link when a new fruit fly established on an island where another polypha-
gous	tephritid	is	already	resident	(that	was	indigenous	or	a	previous	invader).	Across	
surveyed	islands,	we	documented	67	invasion	links,	involving	24	tephritid	species.	All	
invasion links were directional, i.e., they involved a series of invasions by invaders that 
were closely related to a resident species but were increasingly more competitive. 
These sequential establishments of species are driven by interspecific competition 
between	resident	and	exotic	species	but	are	also	influenced	by	history,	routes,	and	
flows	of	commercial	exchanges	and	the	bridgehead	effect.	This	 information	should	
be used to improve biosecurity measures. Interactions between trade flow, invasive 
routes, and the presence of invasive and resident species should be integrated into 
large- scale studies.
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agriculture and to conserve biodiversity (Hulme, 2010; Sikes et al., 
2018). Indeed, if many pests are already causing significant damage 
to crops in various territories, the most serious in terms of crop dam-
age and effects on human populations are often those which are 
not	yet	present	but	which	threaten	to	invade	(Fournier	et	al.,	2019; 
Hulme, 2021;	Paini	 et	 al.,	2016).	Once	an	exotic	 species	has	been	
established in a territory, its eradication is often impossible, and the 
implementation	of	control	measures	is	difficult,	expensive,	and	often	
polluting (Simberloff et al., 2013).

Many species in the family Tephritidae (true fruit flies) are major 
pests of fruit and vegetable crops in most tropical and subtropical 
countries (Qin et al., 2015; Schutze et al., 2015;	Vargas	et	al.,	2015; 
White	&	Elson-	Harris,	1992).	Numerous	cases	of	biological	invasions	
have been observed in this family around the world despite serious 
and strong quarantine procedures (Clarke et al., 2005; Duyck et al., 
2004;	Ekesi	et	al.,	2009; Moquet et al., 2021). Most of these inva-
sions have catastrophic consequences, including the destruction of 
fruits and vegetables and even the destruction of entire crops, de-
pendence on imports, change of the phytosanitary status in the con-
text	of	the	International	Standards	for	Phytosanitary	Measures	and	
the	International	Plant	Protection	Convention	(IPPC)	(https://www.
ippc.int/)	resulting	in	the	inability	to	export	when	a	quarantine	reg-
ulated	species	arrives,	and	the	use	of	chemicals	for	control	(N’depo	
et al., 2015). It is therefore essential to avoid and prevent these in-
troductions	by	strengthening	biosecurity	procedures	(Phillips,	2013).

When introduced, a species may persist only if it is able to pass 
through environmental and biotic filters (David et al., 2017).	Biotic	
filters include the level and availability of resources, competition, and 
natural	enemies,	which	define	the	realized	niche	(Broennimann	et	al.,	
2007).	Because	invasive	species	must	exploit	available	resources	in	
the recipient ecosystem, they establish trophic interactions with the 
resident species (David et al., 2017).	But,	indirect	biotic	factors	such	
as	exploitative	competition,	while	they	often	occur	in	invasion	pro-
cesses (White et al., 2006), are rarely studied in detail because as-
sessing resource density and dynamics is difficult (Hart et al., 2018).

In the Tephritidae family, abundance and distribution are mainly 
structured by both abiotic factors, such as temperature and humid-
ity, and biotic ones, mostly host plant distribution and abundance 
(Duyck et al., 2004;	Facon	et	al.,	2021).	Although	interspecific	com-
petition among Tephritidae may not be very important in native 
communities (Clarke, 2017), in an unstable situation, such as occurs 
when resident species interact with closely related invasive species, 
this	 interspecific	exploitative	competition	may	be	very	 strong	and	
asymmetrical,	leading	to	the	competitive	exclusion	or	displacement	
of resident species (Duyck et al., 2004, 2006;	 Ekesi	 et	 al.,	 2009; 
Moquet et al., 2021). In contrast, substantial interspecific compe-
tition at the inception of invasion may prevent the establishment of 
less competitive species. This should subsequently result in invasion 
sequences that involve increasingly competitive invasive species. In 
their review, Duyck et al. (2004) listed cases of invasions by polyph-
agous Tephritidae species and showed that these invasions were 
“sequential”, i.e., they involved a hierarchical mode of invasion with 
invaders being increasingly competitive over time. Trade history and 

networks also affect the distribution and occurrence of invasive spe-
cies (Chapman et al., 2017; MacLachlan et al., 2021) and may also 
lead to a hierarchical mode of invasion (Duyck et al., 2004).

Eighteen	years	after	the	synthesis	by	Duyck	et	al.	(2004), many 
new cases of invasions by Tephritidae have been documented world-
wide.	Numerous	recent	studies	on	invasive	tephritids,	whether	fo-
cused	on	field	data,	population	genetics,	or	laboratory	experiments	
(Charlery	de	 la	Masselière,	Facon,	et	al.,	2017; Clarke et al., 2005; 
Hafsi,	Facon,	et	al.,	2016), have increased our understanding of the 
invasion process. In particular, Bactrocera dorsalis has continued its 
range	of	expansion	across	Africa	and	in	Indian	Ocean	islands	(Ekesi	
et al., 2016; Hassani et al., 2016; Moquet et al., 2021; Rasolofoarivao 
et al., 2021).

The aim of our paper is to document invasions of Tephritidae 
across	both	Pacific	and	Southwest	Indian	ocean	islands.	We	focused	
on these regions because such island systems offer an ideal oppor-
tunity	 to	 track	 and	 monitor	 community	 processes	 in	 the	 context	
where numerous invasions by tephritids have occurred and have 
been deeply studied both recently and in the last century with fruit 
flies. We chose to study invasions on islands because they can be 
considered to be independent of invasions of continental areas, for 
which it would be necessary to think of invasions in terms of con-
tinuous	expansion	in	space	(Moser	et	al.,	2018; Russell et al., 2017). 
We used previously published data to answer the following ques-
tions: (i) Do Tephritidae invasions always follow a hierarchical mode 
of invasion? and (ii) What are the factors and mechanisms driving 
invasion sequences?

2  |  METHODS

We conducted a systematic review of literature on polyphagous te-
phritid	invasions	in	island	groups	from	the	Indian	Ocean	and	Pacific	
region.	We	first	explored	published	work	from	Web	of	Science	using	
the	 query	 “Tephritidae	 AND	 (invasion	 OR	 introduction)”	 as	 key-
words	 for	 islands	 from	Pacific	 Islands	 or	 Southwest	 Indian	Ocean	
Islands. However, as a lot of information on occurrence and invasion 
by Tephritidae are present in gray literature, we therefore tracked 
information from unformal and gray literature such as various pro-
ceedings of conferences that took places in the Indian Ocean and 
Pacific	 islands	and	 information	 from	 leaflets	 from	the	Pacific	Fruit	
Fly	Project	(Land	and	resource	Division,	Pacific	Community).	We	also	
extracted	information	from	PhD	theses	conducted	on	Tephritidae	in	
the	different	islands	and	older	technical	reports	being	in	French	or	
English	that	have	been	produced	by	local	organizations	and	services	
or regional organizations.

The cases selected in the present study need to match different 
eligibility criteria: (i) the invasive species need to have invaded an 
island	 in	 the	Pacific	or	 Indian	Ocean,	 (ii)	 the	 invasive	species	must	
be a polyphagous tephritid, and (iii) another polyphagous tephritid 
was already present in the invaded area during the invasion process. 
These criteria were selected in order to ensure that the ecological 
niches	of	the	two	species	largely	overlapped.	We	screened	full-	text	

https://www.ippc.int/
https://www.ippc.int/
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for the mention of invasion of a polyphagous tephritid and/or for the 
presence of polyphagous tephritid, being indigenous or previously 
established, in each reference. Then, we kept all observations of a 
polyphagous tephritid become established on islands where import-
ant polyphagous species were already dwelling because they were 
indigenous or had previously invaded.

Regarding the coverage of our data set, we need to precise var-
ious	points	regarding	both	taxonomy	and	post-	invasion	event	(such	
as successful eradication program). Some invasive species, such as 
B. dorsalis	in	Australia	or	Nauru	(Allwood	et	al.,	2002; Suckling et al., 
2016), were eradicated after their introduction but have been con-
sidered in this review as successful invasions in the presence of one 
or several already present species. Bactrocera philippinensis has been 
described	 as	 invasive	 in	 Palau	 but	 has	 been	 further	 synonymised	
with B. carambolae, which has been synonymised with B. dorsalis 
(Clarke et al., 2005; Schutze et al., 2015).	Although	B. occipitalis be-
longs to the B. dorsalis	complex,	 it	 is	considered	a	distinct	species.	
Bactrocera dorsalis was first identified as B. papayae	 in	PNG	and	B. 
papayae was later synonymised with B. dorsalis (Schutze et al., 2015).

Even	 if	 it	 is	 still	 dwelling	 in	 La	 Réunion	 Island,	 the	Mascarene	
fruit fly Ceratitis catoirii	is	considered	to	be	extinct	in	Mauritius	be-
cause	it	has	not	been	observed	since	1957	(White	et	al.,	2006). We 
therefore have not identified links between this species and species 
that invaded Mauritius after this date. Ceratitis malgassa is consid-
ered an endemic species in Mauritius and Comoros (De Meyer et al., 
2012), but only a few specimens were observed in the latter study, 
and the species is rarely mentioned in the literature. We are not sure 
whether this species was present in Mauritius before the first spe-
cies invaded. We therefore did not include this species in defining 
invasion links for these territories. Regardless, these cases would not 
modify invasion sequences as these species are not invasive in other 
territories.

For	most	of	the	studied	islands,	dates	or	periods	of	invasion	by	
polyphagous	 Tephritidae	 have	 been	 documented	 (Appendix	 S1),	
but one limitation on this aspect of our study could be the accuracy 
about	the	date	of	 invasion.	A	 lag	of	detection	may	exist	according	
to	the	presence	and	extent	of	a	monitoring	network.	However,	we	
considered that invasion by polyphagous Tephritidae is usually so 
dramatic for fruit producers that invasion and spread of new species 
are	quickly	detected	even	in	the	context	of	lack	of	regular	monitor-
ing. When no date was available or in case of uncertainty, we used a 
range of the date of invasion.

We defined an “invasion link” as occurring when a species estab-
lished on an island in the presence of another polyphagous tephritid 
(indigenous or previously established). Several invasion links are es-
tablished for islands where several polyphagous tephritid were pres-
ent when the invasion occurred. When several species subsequently 
invaded the same island, we defined this situation as an “invasive 
series”.

In order to visualize invasion links, we performed a diagram using 
the	Sankey	Network	function	from	package	networkD3	(Allaire	et	al.,	
2017) in R statistical software v4.0.2 (R Core Team, 2021) with the 
different Tephritidae species set as nodes and the invasions links 

between two species as links using the number of invasions links 
recorded between two species as value.

3  |  RESULTS AND DISCUSSION

3.1  |  Invasions links are directional

Based	on	our	extensive	literature	review,	we	documented	67	inva-
sion links of an invasive polyphagous tephritid species occurring with 
a resident polyphagous tephritid species, i.e., an indigenous species 
or	 a	 previous	 invader	 that	 achieved	 establishment	 in	 Pacific	 and	
Southwest	Indian	Ocean	islands	(Appendix	S1,	Figures 1 and 2). Our 
study focuses on 24 fruit species, which are involved in at least one 
invasion situation (Figures 1 and 2).	All	invasion	links	documented	in	
our review were directional: reciprocal invasions were never docu-
mented,	 i.e.,	 if	 species	A	 invaded	an	 island	occupied	by	species	B,	
then	B	never	invaded	an	island	previously	occupied	by	A.	These	in-
vasion	links	were	also	“transitive”	(i.e.,	when	A	invaded	in	the	pres-
ence	of	B,	and	B	in	the	presence	of	C,	there	are	some	instances	of	
A	invading	in	the	presence	of	C	but	not	the	reverse).	Thirty	links	of	
invasions	have	been	documented	 in	the	Pacific	 islands,	and	thirty-	
seven links of invasions have been documented in the Southwest 
Indian Ocean islands.

These observations confirm previous hypotheses of directional 
invasions (Duyck et al., 2004).	For	some	islands,	we	observed	a	se-
ries of invasions, i.e., the sequential invasion of the same island by 
several	species.	This	is	particularly	relevant	in	La	Réunion,	Mauritius,	
and	French	Polynesia	where	four	invaders	have	established	in	a	se-
quential	manner.	From	the	invasion	series	reported,	B. dorsalis was 
always the last species to spread when it is present. Bactrocera dor-
salis invaded 13 islands where other polyphagous tephritid species 
were	already	present;	the	first	case	was	in	Hawaii	in	1945,	and	the	
last	one	was	 in	La	Réunion	 in	2017.	For	B. dorsalis, this represents 
17	and	15	 invasion	 links,	 respectively,	 in	 Southwest	 Indian	Ocean	
islands	and	Pacific	islands	(Figure 3,	Appendix	S1).

3.2  |  Causes of observed pattern: Interspecific 
competition hypothesis

The	observed	patterns	could	have	several	causes.	First,	 the	 limita-
tion of resident species by interspecific competition along with an 
increasing	competitive	ability	of	the	next	invaders	can	lead	to	direc-
tional links of invasions (Duyck et al., 2004, 2006).	Although	abun-
dance data for the different tephritid species are not always available 
before and after invasions, some competitive displacements have 
been	 clearly	 documented.	 In	 La	 Réunion	 and	 in	 French	 Polynesia,	
B. dorsalis reduced the abundance and displaced dominant teph-
ritids that were already present (Moquet et al., 2021;	Vargas	et	al.,	
2012). Competitive displacements have also been well described 
on	 the	African	mainland	where	B. dorsalis has displaced four spe-
cies C. rosa, C. cosyra, C. quilicii, and C. capitata in different countries 
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(Ekesi	et	al.,	2009; Mwatawala et al., 2009; Rwomushana et al., 2008). 
The importance of interspecific competition among polyphagous te-
phritids has been studied in detail in the laboratory with reared pop-
ulations (Duyck et al., 2006); the results showed that each successive 
invader was a better competitor than the previous invaders or na-
tive	species	in	terms	of	exploitative	competition	between	larvae	or	
of female interference. These hierarchies in competitive ability also 
follow an r/K continuum with the last species established being com-
petitively dominant and more K- selected than the already resident 
species (Duyck et al., 2007). Recent invaders, such as B. dorsalis or B. 
zonata tend to produce fewer, but larger, juveniles, delay the onset 
but increase the duration of reproduction, and survive longer than 
earlier ones (Duyck et al., 2007;	Vargas	et	al.,	2000).

Should B. dorsalis be considered a super invader? In most inva-
sion series involving polyphagous tephritids documented to date, B. 
dorsalis appears as the last species to establish and to be dominant in 
terms of abundance (Hassani et al., 2016; Moquet et al., 2021;	Vargas	
et al., 2012).	This	seems	not	to	be	the	case,	however,	in	Papua	New	
Guinea	 (PNG)	 or	 in	Madagascar;	 although	 B. dorsalis has invaded 
both places, the indigenous B. frauenfeldi remains very abundant on 
many	hosts	in	PNG	(Leblanc	et	al.,	2013;	Putulan	et	al.,	2004), and 

the same is true for C. malgassa in Madagascar (Rasolofoarivao et al., 
2021).	 These	 situations	 could	 be	 explained	 by	 ecological	 effects,	
such as a high diversity of fruit fly species in both places, or by evo-
lutionary effects, such as the presence of different B. dorsalis strains 
(Schutze et al., 2015).

On the other hand, not all researchers agree that interspecific 
competition dominates relationships among Tephritidae. Tephritid 
abundance may not be generally limited by interspecific competi-
tion for fruit resources (Clarke, 2017), although abundances may be 
sufficiently high to result in interspecific competition during biolog-
ical	invasions.	Also,	in	a	recent	study	using	joint	species	distribution	
modeling	and	network	 inference,	Facon	et	 al.	 (2021) suggest that 
interspecific	 competition	among	 the	 tephritids	of	La	Réunion	was	
less	 important	 than	 expected.	 Interspecific	 competition	 may	 not	
be currently important, however, if niche partitioning caused by 
intense	interspecific	competition	previously	occurred;	this	paradox	
has been termed “the ghost of competition past” (Connell, 1980). 
Competition	 experiments	 involving	 the	 modification	 of	 species	
densities in the field are difficult (Hart et al., 2018) to perform but 
would help clarify the importance of interspecific competition when 
invasion occurs.

F I G U R E  1 Invasion	among	15	Pacific	territories	by	polyphagous	fruit	flies.	For	each	territory,	the	sequence	of	circles	extends	from	
indigenous species (when present) on the right to invasive species to the left, with 1st- , 2nd- , 3rd- , and 4th- order invaders in temporal 
sequence	from	right	to	left	using	invasion	date	or	period	from	Appendix	S1.	Some	species	were	eradicated	after	introduction	(such	as	
B. dorsalis	in	Nauru	and	in	Australia)	but	represent	successful	cases	of	invasion	of	one	polyphagous	species	in	the	presence	of	another	
polyphagous species
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3.3  |  Causes of observed pattern: History, 
routes, and flows of commercial exchanges

Patterns	of	invasion	are	largely	governed	by	global	trade	networks	
(Chapman et al., 2017). The observed patterns of sequential inva-
sions by polyphagous Tephritidae may also have been caused by 
the	 history,	 routes,	 and	 flow	 of	 commercial	 exchanges.	 Overall,	
the invasion of Indian Ocean islands by polyphagous Ceratitis spp. 
from	Africa	preceded	invasion	by	polyphagous	Bactrocera spp. from 
Asia	(Appendix	S1).	The	increasing	trade	between	Asia	and	the	rest	
of the world has certainly promoted invasions by Bactrocera spp. 
Worldwide, several waves of invasions may have therefore led to 
this hierarchical mode of invasion, i.e., to directional invasions 
(Bertelsmeier	&	Ollier,	2021;	Bonnamour	et	 al.,	2021). In the case 
of Tephritidae, the first wave with several Ceratitis spp. native to 
Africa	 may	 have	 spread	 across	 Indian	 Ocean	 islands,	 establishing	
“bridgeheads” from island to island according to the trade routes 
during the first part of the 20th century. Distance to the native area 
seems	also	 to	 influence	 the	probability	of	 introduction:	except	 for	
the invasion of Hawaii by C. capitata, Ceratitis spp. has not invaded 
the	Pacific	islands.	In	the	late	part	of	the	20th	century,	the	second	
wave of Bactrocera	spp.	mostly	native	to	Asia	colonized	most	of	the	
studied islands; this second wave was associated with new trade 
routes. Most recently, these islands have been invaded by B. dorsalis 
(Appendix	S1).

3.4  |  Causes of the observed pattern: The 
bridgehead effect

As	 an	 increasing	 number	 of	 species	 are	 invasive	 worldwide,	 in-
troduced populations often become a source of new invasions 
via secondary introductions, a pattern that has been termed the 
“bridgehead	effect”	 (Bertelsmeier	&	Keller,	2018;	Bertelsmeier	&	
Ollier, 2021).	The	bridgehead	effect	may	explain	at	least	some	cases	
of	the	observed	pattern	of	sequential	invasions	by	Tephritidae.	As	
indicated by population genetics data, for instance, invasions of 
French	Polynesia	by	B. tryoni involved invasive populations from 
New	Caledonia	 (Popa-	Báez	et	al.,	2020). In invading most of the 
Indian Ocean islands, B. dorsalis has probably moved from one is-
land (one bridgehead) to another. The bridgehead effect may also 
be involved in the introduction of B. dorsalis	 in	French	Polynesia	
from	an	invasive	population	in	Hawaii.	Partial	 invasion	routes	are	
known for some species, but additional population genetics data 
will increase our understanding of the relevance of the bridgehead 
effect	to	the	observed	pattern	of	sequential	invasions.	Population	
genetics studies may also reveal that invasiveness may differ 
among populations or strains of tephritids (Clarke et al., 2005; 
Godefroid et al., 2015).	Evolutionary	adaptation	via	genetic	admix-
ture among several invasion events may also complete the bridge-
head effect and lead to invasion success, which has been shown in 
the worldwide invasion of Drosophila suzukii	(Fraimout	et	al.,	2017).

F I G U R E  2 Invasion	of	eight	islands	in	the	Southwest	Indian	Ocean	by	polyphagous	fruit	flies.	For	each	territory,	the	sequence	of	circles	
extends	from	indigenous	species	(when	present)	on	the	right	to	invasive	species	to	the	left,	with	1st-	,	2nd-	,	3rd-	,	and	4th-	order	invaders	in	
temporal	sequence	from	right	to	left	using	invasion	date	or	period	from	Appendix	S1
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3.5  |  Conclusion: Interactions among the 
different factors

We have shown that all cases of invasions by polyphagous Tephritidae 
in	 islands	 of	 the	 Pacific	 and	 the	 Southwest	 Indian	Oceans	 are	 di-
rectional with the last species established being dominant. These 
sequential species establishments are driven by the interspecific 
competition	ability	among	resident	and	exotic	species	but	are	also	
influenced	by	the	history,	routes,	and	flow	of	commercial	exchanges	
and by the bridgehead effect. We have argued that the observed 
pattern is probably due to interaction among these different factors. 
The	invasion	of	French	Polynesia	by	B. dorsalis,	for	example,	might	
be	explained	by	B. dorsalis being more competitive than the resident 
species, but also because of the availability of a probable pathway 
for invasion (i.e., direct airplane transport of infested fruit between 
Hawaii	 and	 French	 Polynesia)	 and	 the	 presence	 of	 an	 invasive	B. 
dorsalis population in Hawaii that was already adapted to the en-
vironment	and	resources	in	French	Polynesia.	Because	many	fruits	
and fruit plants have been spread by humans for many years, mango, 
guava, Indian almond, and other tephritid host plants are present 
throughout the tropics. That Ceratitis	 spp.	has	not	 invaded	Pacific	
Ocean	islands	(except	Hawaii)	can	be	explained	by	the	distance	to	the	
native area but also by the presence of more competitive Bactrocera 
spp.	in	most	of	the	Pacific	islands.	Interestingly,	Hawaii	is	one	of	the	

only	Pacific	islands	where	no	endemic	polyphagous	Bactrocera spe-
cies	 is	present	and	 is	 the	only	Pacific	 island	where	C. capitata has 
been	able	to	establish	a	bridgehead	and	thrive	(Vargas	et	al.,	1995).

Our results indicate that islands that have not had an invasion 
series (or that have only 1st- order invaders; see Figure 1	for	an	ex-
planation of 1st- order invaders) and that are well connected to areas 
hosting higher order invaders are especially susceptible to invasion by 
new	species.	This	is	the	case	in	New	Caledonia	and	Vanuatu,	where	
B. dorsalis	has	not	yet	been	established	even	though	New	Caledonia	
and	 Vanuatu	 are	 near	 areas	 where	 B. dorsalis is well established. 
We also argue that weakly competitive species, such as C. capitata 
(Duyck et al., 2006), have very little chance of invading islands where 
competitive species (such as B. dorsalis) already occupy most of the 
niches.	Where	the	two	species	are	present,	however,	the	coexistence	
of C. capitata is possible only on refuge niches consisting of a few 
hosts like chili and coffee on which B. dorsalis does not develop.

The relationship between interspecific competition and over-
lap	in	the	resource	is	complex	but	has	important	consequences	for	
population dynamics and thus for the management of these species. 
Most important resources (in terms of quality and quantity) are gen-
erally	shared	by	the	polyphagous	species	(Charlery	de	la	Masselière,	
Ravigné,	et	al.,	2017). These species such as guava, Indian almond, or 
mango are present on most islands. While competition strength at 
the island scale is mediated by these plant species, other host plants 

F I G U R E  3 Diagram	of	the	invasion	links	among	polyphagous	tephritids	from	Appendix	S1.	Each	link	represents	a	successful	invasion	
by one species in the presence of another species. The number in brackets for each invasive species represents the number of invasions 
observed in the presence of another polyphagous species
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not shared or preferred by all Tephritidae species may act as ref-
uge	niche	and	avoid	generally	 complete	extinction	 (Charlery	de	 la	
Masselière,	Ravigné,	et	al.,	2017).

The question arises “Why are there no reciprocal invasions?” 
The opportunity to invade depends on the availability of a particular 
habitat with associated resources (a filter niche, David et al., 2017) 
where the introduced species can establish a viable population and 
resist competition before spreading to other habitats and resources. 
For	 polyphagous	 tephritids,	 this	 corresponds	 to	warm	 and	 largely	
human- modified lowlands where abundant and rich resources such 
as mango, guava, and Indian almond are present. It follows that, al-
though C. capitata may be present in refuge niches in highland areas 
on particular hosts, there is very little chance that an invasion in 
these ecological niches could succeed.

3.6  |  Biosecurity applications

The information provided in this report could be used to increase 
biosecurity by encouraging those responsible for such security to 
do the following: define priorities in invasion risk; determine the 
presence of the host plant species in the area susceptible to inva-
sion; determine the presence of competitive species in the con-
nected areas; and identify the important pathways and routes 
(trade, flights) between the different areas. This information could 
also help biosecurity officers improve the network of traps used to 
monitor tephritid movement (Suckling et al., 2016). Regardless of 
the mechanisms involved in the invasion processes, the information 
presented here regarding invasion direction can be used for bios-
ecurity. To ensure a better assessment of future threats, those who 
perform risk analysis should also pay attention to the resident fruit 
fly communities in countries that commercially produce the fruit in 
question in order to determine which commodities are threatened 
by	 tephritid	 invasion.	 For	 the	 sustainability	 of	 small	 islands,	 local	
fruit production must be promoted so as to avoid fruit imports ac-
cording to the risk of introducing an invasive tephritid, especially 
when quarantine means are limited.

3.7  |  Perspectives

The observed pattern of sequential invasions therefore involves 
an interaction between species traits and human- mediated dis-
persal, with the importance of these factors varying among cases. 
The different components of these factors and their interactions 
warrant	 additional	 study.	 For	 example,	 comparative	 analyses	 of	
interspecific interactions before and after invasion events are 
necessary to determine how invasive species affect the ecological 
network	 (Frost	 et	 al.,	 2019).	Although	 researchers	have	 recently	
followed changes in relationships between species and host range 
associated with changes in tephritid food webs (Moquet et al., 
2021),	 these	analyses	should	be	expanded	to	additional	cases	so	
as to determine which patterns are general for different species 

and	areas.	Also	needed	are	studies	of	life-	history	traits	of	tephrit-
ids on numerous resources in the laboratory; the results of such 
studies can be used to determine fundamental niches, to predict 
distributions and abundance of tephritid populations in the field, 
and to better understand and estimate interspecific interactions 
(Facon	et	al.,	2021). This work has been done for some of the stud-
ied	species	 (Charlery	de	 la	Masselière,	Facon,	et	al.,	2017;	Facon	
et al., 2021;	Hafsi,	 Facon,	et	 al.,	2016), but it should be very in-
formative to compare realized and fundamental niches at a larger 
scale including numerous islands and fruit fly species.

Additional	 analyses	 of	 human-	mediated	 dispersal	 (Chapman	
et al., 2017), known invasive routes, and the presence of invasive 
and resident species in many locations would improve our ability 
to identify important interactions among these factors. Tephritids 
of	Pacific	and	Indian	Ocean	islands	would	be	a	good	model	system	
for such studies, which would complement and help provide a syn-
thesis	 of	 existing	 data.	 Such	 studies	 should	 also	 consider	 climate	
change, because species may differ in their responses to changes in 
climate (Zhang et al., 2022), which may affect the observed hierar-
chy among species.

Finally,	 fruit	 fly	management	relies	on	strong	 international	phy-
tosanitary measures to manage established species and to avoid new 
species	invasions	(Phillips,	2013; Stephenson et al., 2003). If despite 
all biosecurity and phytosanitary measures fail to avoid an invasion, 
it is essential to improve all the panels of fruit fly management sys-
tem, i.e., sterile insect technique (SIT), attract and kill systems, post- 
harvest	treatments,	and	the	biological	control	(Bhoyroo	et	al.,	2021; 
Follett	&	Neven,	2006; Garcia et al., 2020;	Hafsi,	Abbes,	et	al.,	2016a; 
Suckling, 2003). Most of these management techniques are specific 
at the species level and therefore should consider, not only the com-
petitively dominant species, but also other species that could have 
their population increased by lower populations of previously domi-
nant species. More than ever, the fruit fly management system needs 
to be global focusing on all the fruit fly community present and re-
garding interactions among the biosecurity services of the different 
countries.	Also,	awareness	of	citizens	should	be	enforced	to	prevent	
introduction with unconsidered behavior of bringing back fruit from 
travels, but also the involvement and the support of the community 
should	be	promoted	in	the	context	of	incursion	in	a	new	area	to	com-
plement fly management technical strategies (Ram, 2021).
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