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Abstract A popular hypothesis predicts that posi-
tive interactions involving non-native species will
cause ecosystems to become more easily invaded and
modified, resulting in an accumulation of invaders
and their impacts—a process termed invasional melt-
down. This model contrasts with the classical theory
of biotic resistance, which emphasizes increasing
antagonistic interactions among species as a commu-
nity grows. Invasional meltdown can be an emergent
consequence of serial or concomitant facilitations and
their indirect effects. However, it has often been nar-
rowly equated with simple biotic facilitation in which
the establishment, population expansion, spread, or
impact of one invader is enhanced through a positive
interaction with another; the hypothesis has rarely
been explored beyond these single pairwise facilita-
tions. The original model emphasized continuous
self-reinforcing effects of positive interactions of
non-native species in general, but here we propose
that invasional meltdown can arise through other
mechanisms—including an influx of coevolved spe-
cies, a cluster of interactions driven by a single key-
stone facilitator, and indirect interactions among both
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native and non-native species—all of which can result
in an increasing invasion rate and cumulative, poten-
tially synergistic impacts. Furthermore, invasional
meltdowns are not likely to be indefinite; for exam-
ple, they may be punctuated by periods in which the
invaded community temporarily resists further inva-
sion until a biotic or abiotic phenomenon disrupts the
resistance and triggers another series of facilitations.
Although invasional meltdown can potentially trans-
form entire ecosystems, its ecological consequences
at the community and ecosystem levels have rarely
been tested, owing to the complexity of interactions
and pathways involved.
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Introduction

Among the fundamental questions explored by inva-
sion science from its inception is why some commu-
nities are more vulnerable to invasion by non-native
species (Anon. 1985; Pantel et al. 2017; Ricciardi
et al. 2021). This question has been addressed by
dozens of hypotheses with varying empirical support
(Jeschke et al. 2012). One of these is the invasional
meltdown hypothesis (Simberloff and Von Holle
1999)—which, despite being highly popular (the orig-
inal paper has been cited 2860 times; Google Scholar,
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May 27, 2025), has been tested only narrowly thus
far. Here, we 1) present the historical context of the
concept and review the limitations and controversies
surrounding it; 2) distinguish potential mechanisms
of invasional meltdown and organize them into test-
able subhypotheses; and 3) present a series of future
research directions that demonstrate the fundamental
and applied value of the concept to invasion science
and ecology in general.

Invasional meltdown in the context of invasion
science

Classical theories of community assembly assume
that antagonistic (e.g., competitive) interactions
between introduced species predominate. Prominent
among these theories is the concept of biotic resist-
ance, which predicts that species-rich communities
are more likely to contain competitors or other antag-
onists that can exclude potential invaders (Elton 1958;
Levine and D’Antonio 1999; Beaury et al. 2020).
Mathematical models demonstrating a declining rate
of establishment of new species as species richness
increases (Case 1990, 1991) support the notion that
successive invasions progressively limit commu-
nity membership. Attention to biotic resistance was
enhanced by a surge in studies of the enemy release
hypothesis, which underlies the science of biological
control and relates the impact of non-native species to
the reduction or absence of pathogens, parasites, and
predators in the invaded community (e.g., Thellung
1915; Elton 1958; Keane and Crawley 2002; Torchin
and Mitchell 2004; but see Colautti et al. 2004).

By contrast, the role of facilitation was histori-
cally neglected in ecological theory (Bruno et al.
2004; Bertness et al. 2024), particularly for invasions,
although it has been mentioned in the literature for
decades (e.g., Crosby 1986; see below). For example,
Elton (1927) highlighted the example of a facilita-
tion in which European starlings dispersed seeds of
English blackberry in New Zealand. Nevertheless, a
burgeoning number of studies in the past twenty-five
years demonstrates that establishment and population
growth of introduced non-native species are com-
monly facilitated, either unidirectionally or recipro-
cally, by other non-native species (Simberloff and
Von Holle 1999; Richardson et al. 2000; Ricciardi
2001; Traveset and Richardson 2014; Prior et al.
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2015; Cavieres 2021). This can occur through various
direct and indirect mechanisms involving physical
and biological components of an ecosystem (Fig. 1).

It is now increasingly acknowledged that multi-
ple introductions can, at times, produce synergistic
impacts, in which the joint effect of two or more inva-
sions exceeds the sum of their individual effects (e.g.,
Ricciardi 2005; Schoeman and Samways 2013; Wei
et al. 2020; Brandt et al. 2023). Through facilitation,
invaders and synergistic effects are predicted to accu-
mulate over time—a phenomenon termed invasional
meltdown by Simberloff and Von Holle (1999), who,
in emphasizing the accumulation of invaders, drew a
parallel to mutational meltdown (Gabriel et al. 1993).
Invasional meltdown (IM) was originally defined as
the process by which a group of non-native species
“facilitate one another’s invasion in various ways,
increasing the likelihood of survival and/or of ecolog-
ical impact, and possibly the magnitude of impacts.
Thus, there is an accelerating accumulation of intro-
duced species and effects rather than deceleration as
envisioned in the biotic resistance model” (Simberloff
and Von Holle 1999, p. 22). Although this definition
implies that each non-native species is facilitated, the
authors made clear that if one interactant was facili-
tated and the other unimpacted (i.e., a commensal-
ism) the interaction would be considered an IM.

The original conception of IM was “an auto-cata-
lytic process that would accelerate the replacement of
native communities, perhaps to the point of no return”
(Simberoff 2006). Such an effect was suggested by
Howarth (1985), while addressing the impact of
non-native terrestrial invertebrates on native plants
and animals in Hawaii. He reasoned that non-native
species can create new niches that may then be occu-
pied by either native species or new non-natives, and
he emphasized the ecologically disruptive power of
mixed non-native species “acting in concert”. IM was
similarly anticipated by Crosby (1986) in his descrip-
tion of how groups of coevolved species of livestock,
weeds, insects, and pathogens (“portmanteau biotas”)
accompanying European colonists have substantially
replaced native biotas in the Americas, Australia,
New Zealand, and the Canary Islands:

“One of the most important factors in the suc-
cess of the portmanteau biota is so simple that it
is easy to overlook. Its members did not function
alone, but as a team... Sometimes the mutual
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Fig. 1 Interaction pathways linking numbers of introduced
non-native species (NNS) to rates of invasion. Introduced NNS
can alter biotic conditions (e.g. food web structure, species
dominance, native diversity) and abiotic (physical habitat) con-
ditions to the benefit or detriment of currently established NNS

support is obvious, as with Europeans import-
ing honeybees to pollinate their crops. Some-
times the connection is obscure: In the Great
Plains, the whites and their hirelings killed off
almost all the buffalo — encouraging the spread
of venereal pathogens, some of which were
certainly immigrants (p. 287-288)... The suc-
cess of the portmanteau biota and of its domi-
nant member, the European human, was a team
effort by organisms that had evolved in conflict
and cooperation over a long time. The period of
that co-evolution most significant for the suc-
cess overseas of this biota with sails and wheels
occurred during and after the Old World Neo-
lithic, a multispecies revolution whose after-
shocks still rock the biosphere” (p. 293).

It is now apparent that one non-native species can
facilitate another, directly and indirectly, in myriad
ways. For non-native plants, direct facilitation might
arise by virtue of pollination or seed dispersal by a
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and subsequent arrivals. Invasion theory predicts that the rate
of invasion is exponentially increasing (invasional meltdown
model) or asymptotic (biotic resistance model), depending on
whether the proximate interactions (red arrows) are predomi-
nantly positive or negative, respectively

non-native animal (Richardson et al. 2000; Traveset
and Richardson 2014; Aizen and Torres 2024) or by
non-native mycorrhizal or bacterial symbionts aid-
ing resource acquisition (Diez 2005). Facilitation can
also be indirect, as when a non-native ant removes
predators of a non-native scale insect from which it
extracts honeydew (Bach 1991; Green et al. 2011).
Non-native animals may further facilitate non-native
plants by grazing, trampling, or otherwise disturbing
the habitat in a way that is inimical to native plants
and favorable to non-natives (Mack 1986, 1989).
Facilitation often arises when a non-native species
invades along with a non-native mutualist from its
native range (e.g., invasions of Eucalyptus in Spain
were facilitated by ectomycorrhizal fungi introduced
with them; Diez 2005), or a previously introduced
non-native species is subsequently joined by a mutu-
alist from its native range—e.g., the invasion of Flor-
ida by the fig Ficus microcarpa was later facilitated
by the arrival of its obligate pollinating wasp, Eupris-
tina verticillata (McKey and Kaufmann 1991; Nadel
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et al. 1992) [see Coevolved species assembly, below].
However, non-native species from different biogeo-
graphic regions can also facilitate one another, as in
the case of the Argentine ant (Linepithema humile)
from South America protecting the Asian red scale
(Aonidiella aurantia) from predators, thereby increas-
ing scale density on California citrus (DeBach et al.
1951).

Controversies and complexities

Although IM attracted enough attention that Jeschke
et al. (2012) found it to be the most generally sup-
ported among six prominent hypotheses about inva-
sions, empirical support for the concept quickly
became controversial (Gurevitch 2006; Simberloff
2006) on two related grounds:

1. Did observed examples of facilitation amount to
a population-level response for one or more inter-
actants? For example, a non-native species polli-
nating a non-native plant is typically described as
a facilitation, but it would not affect the popula-
tion of the plant if that population were not lim-
ited by pollination; and determining pollination-
limitation requires substantial research (Parker
1997; Richardson et al. 2000). Neither would an
introduced ant attacking predators of an intro-
duced scale insect necessarily facilitate popula-
tion growth of the scale, if predation were not
limiting the scale population.

2. How frequently does facilitation have a popula-
tion impact on a non-native species relative to
other co-occurring forces, such as biotic resist-
ance or enemy release? In other words, how sig-
nificant is IM as a community-structuring force?

These questions remain important considerations
as this concept continues to be tested and expanded.

Braga et al. (2018a,b) found that 876 published
studies invoking IM substantially supported it with
empirical evidence, but there were perceived ambigu-
ities owing to somewhat different phenomena being
lumped under the same term. The authors called for
clarification by distinguishing three situations: (i)
where one non-native species facilitates another, but
the facilitation is not reciprocated; (ii) where two non-
native species facilitate one another; and (iii) where
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more than two non-native species interact directly or
indirectly.

The original conception of IM highlighted posi-
tive interactions between non-native species as
potentially the principal cause of an accelerated rate
of invasion and increased frequency of synergis-
tic effects and other impacts (Fig. 1; Simberloff and
Von Holle 1999). Examples of direct pairwise inter-
actions among non-native species were presented as
prima facie evidence that facilitation among invaders
was at least as frequent as antagonistic interactions
(Simberloff and Von Holle 1999; Ricciardi 2001;
Gallardo and Aldridge 2015; but see Jackson 2015).
It was later recognized that facilitation is broader
than direct pairwise mutualisms (+/4+) and commen-
salisms (+/0). In particular, exploitative (+/—) rela-
tionships can be facilitative, because one non-native
species benefits from the other’s presence (Ricciardi
2001). Furthermore, this interaction can be strongly
asymmetric such that a non-native predator/herbi-
vore/parasite is facilitated at negligible cost to the
non-native prey/plant/host population, because of the
relatively low population density of the former or the
high recruitment rate of the latter. Examples include
a molluscivorous fish, the round goby (Neogobius
melanostomus), and its natural prey, the zebra mus-
sel (Dreissena polymorpha), or planktivorous fishes
(e.g. alewife, Alosa pseudoharengus; rainbow smelt,
Osmerus mordax) and zebra mussel larvae; such
cases are effectively virtual commensalisms (+/0)
(Ricciardi 2001). These relationships can span eco-
system compartments—e.g., a resource subsidy from
a terrestrial plant to an aquatic animal (Cheek et al.
2024). It is also apparent that facultative facilitations
(in which the probability of establishment and popu-
lation expansion of a non-native species is enhanced
but does not depend upon the presence of other non-
native species) are more common than obligate facili-
tations in some ecosystems (e.g., Ricciardi 2001;
Gallardo and Aldridge 2015) but can nonetheless
increase the overall establishment, spread, and impact
of invaders—similarly to the role of biotic resistance
in dampening but not preventing invasion establish-
ment, spread, and impact.

Indirect effects were also not emphasized in the
original tallies of positive interactions, although they
play major roles in the few examples of ecosystem-
level impacts ascribed to IM through species inter-
actions or habitat alteration (O’Dowd et al. 2003;
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Ricciardi 2001, 2005; Simberloff 2011; Kuebbing
2020). An example of the former is an invasion
facilitated by removing a biotic or abiotic constraint
through activities of another non-native species—as
occurred when the establishment of the American
bullfrog (Lithobates catesbeianus) in ponds in west-
ern North America was facilitated by a coevolved
non-native fish, bluegill (Lepomis macrochirus), that
increases tadpole survival by reducing predatory
dragonfly nymphs (Adams et al. 2003). Another case
is the enhanced abundance of feral cats following
suppression of a competitor/predator, the yellow-spot-
ted monitor lizard, through the latter’s toxic inges-
tion of cane toads in Australia (Doody et al. 2024).
An example of facilitation through habitat alteration
is increased soil nitrogen caused by European earth-
worms facilitating invasion of northeastern North
American forests by Japanese barberry, Berberis
thunbergii (Nuzzo et al. 2009).

Despite myriad examples of facilitation between
pairs of non-native species, an IM in which multispe-
cies facilitation has accelerated the rate of accumu-
lation of invaders and synergistic impacts has rarely
been demonstrated (Simberloff 2006; but see Col-
lins et al. 2020). One potential case involves eleven
Eurasian species in a North American terrestrial eco-
system (Heimpel et al. 2010). Among these species,
European buckthorn, Rhamnus cathartica, whose
population growth was promoted by a mutualism with
the European nightcrawler (Lumbricus terrestris) and
possibly also through seed dispersal by the European
starling (Sturnus vulgaris), provided food resources
for two crop pests: oat crown rust Puccinea coro-
nata and the soybean aphid Aphis glycines. In this
system, the soybean aphid is itself exploited by non-
native predators including the lady beetle Harmonia
axyridis and the ground beetle Agonum muelleri, as
well as by the non-native parasitoid wasp Aphelinus
certus, and the regional abundances of these species
are assumed to have been enhanced by the aphid. Fur-
thermore, the European nightcrawler likely facilitated
the North American invasion of the Asian flatworm
Bipalium adventitium, which preys on earthworms
(Fiore et al. 2004).

The Great Lakes offer another case study in which
the IM model better describes the observed patterns
of invasion and impact than the classical biotic resist-
ance model (Ricciardi 2001). However, DeVanna
et al. (2011) argued that interactions between

non-native species in the Great Lakes did not consti-
tute an IM, for three reasons: (1) a single taxon (zebra
and quagga mussels, Dreissena spp.) is responsible
for the majority of reported facilitations in the Great
Lakes; (2) Dreissena facilitates both native and non-
native species at similar frequencies; and (3) facili-
tated species have not themselves promoted more
invasions—there is no second-tier of facilitations
between resident and incoming non-native species.
Each of these points is disputable. First, nothing in
the original definition of IM prevents a single invader
from being involved in the majority of facilitations; in
fact, several well known cases of multispecies facili-
tation involve a dominant facilitator, like the firetree
Morella faya or the crazy ant Anoplolepis gracilipes
(see discussion below). Second, facilitation of multi-
ple native species by a non-native ecosystem engineer
(i.e., an organism that modulates the availability of
resources to other species by changing the physical
environment; Jones et al. 1994) is unsurprising, nor
does it disqualify a case of IM—unless the facilitated
native species provide biotic resistance against the
accumulation of invaders and their impacts (similarly,
hindrance of further invasions posed by only one or
two of a larger group of resident species cannot be
disqualified as an example of biotic resistance, and
even species-poor communities can offer resistance;
cf. Baltz and Moyle 1993). Native species do not
appear to be facilitated sufficiently to have impeded
either the accelerating invasion rate in the Great
Lakes or an increased frequency of impacts (Ricciardi
2001, 2005, 2006). In general, there is scant evidence
of biotic resistance by natives or other non-native spe-
cies in the Great Lakes (Ricciardi 2001). Third, it is
true that few definitive examples of obligate facilita-
tion of non-native species establishment exist in the
Great Lakes, but ample evidence exists of post-estab-
lishment population-level facilitation (Ricciardi 2001,
2005). While multi-tiered facilitations in general are
not well-documented in the Great Lakes, one example
overlooked by DeVanna et al. (2011) is the invasion
by the sea lamprey Petromyzon marinus, an ectopara-
sitic fish that contributed to massive declines in popu-
lations of a native top predator, lake trout Salvelinus
namaycush, thereby indirectly facilitating establish-
ment and population explosion of a small non-native
planktivorous fish, the alewife Alosa pseudoharengus
(Christie 1974). The rapidly growing alewife popu-
lation reduced native planktivores and subsequently
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facilitated persistence of a non-native predator (Chi-
nook salmon, Oncorhynchus tshawytschka) in Lake
Michigan by acting as its principal food source
(Stewart et al. 1981; Jude et al. 1987). In summary,
whereas historical changes to transportation vectors
explain the composition and, to a large extent, the rate
of invasion in the Great Lakes over time (Ricciardi
2000, 2006; Ricciardi and Maclsaac 2022), IM plau-
sibly contributed to the rapid spread and population
expansion of many non-native species in the basin.
An excellent documented example of a multispe-
cies IM that has accelerated the accumulation of
invaders and their impacts is the rapid transforma-
tion of an island ecosystem triggered by an invasive
ant-scale insect mutualism (Fig. 2). The yellow crazy
ant (Anoplolepis gracilipes), introduced to Christmas
Island (Indian Ocean) in the early 1900s, maintained
low abundances for decades before developing a vast
supercolony by the 1990s, when it formed a mutu-
alistic relationship with recently introduced honey-
dew-secreting scale insects (e.g., Tachardina auran-
tiaca) (Abbott and Green 2007). The secretions of
the scale insects promoted sooty moulds that likely
caused dieback of the forest canopy. Simultaneously,
the ants devastated populations of the red land crab

Fig. 2 Invasional meltdown
on Christmas Island, as
characterized by a series of
direct and indirect facilita-
tions (solid arrows and
dashed arrows, respec-
tively) between non-native
invertebrates (ants, snails,
scale insects). At the base
of this series of interactions
is the mutualism between
yellow crazy ants and scale
insects, which drives ant
superabundance and, con- |

sequently, the decline of a Enemy free
native dominant omnivore-
detritivore: the red crab. Space

The loss of red crabs creates

enemy-free space that \
promotes the recruitment of \
seedlings and the survival \
of the introduced giant

African land snail. See text +

for detailed explanation.
Figure adapted from Green
etal. (2011)
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Yellow crazy ants
— (non-native)

Seedlings
(native)

Gecarcoidea natalis, a dominant native omnivore-
detritivore, by swarming and spraying them with
formic acid. The decline of crab populations resulted
in increased leaf litter and native seedling density on
the forest floor, as crab omnivory previously con-
trolled seedling recruitment (Green et al. 1997). Crab
predation also limited population density of another
invader, the herbivorous giant African land snail (Lis-
sachatina fulica). Both the absence of the crab and
the increased abundance of food in the form of leaf
litter facilitated the land snail’s invasion of the island.
This suite of direct and indirect interactions re-engi-
neered the island’s rainforest ecosystem (O’Dowd
et al. 2003; Green et al. 2011).

The previous example illustrates a point about
facultative versus obligate facilitations of “second-
ary invasions” (Loughlan and Green 2017; Pearson
et al. 2018). Pearson et al. (2018) drew a distinc-
tion between invaders being obligatorily facilitated
by a primary invader and those invaders that are
not excluded from the system in the absence of the
putative facilitating species. In the case of Christ-
mas Island, the yellow crazy ants were established
but remained in low abundance for several decades
before being triggered to become superabundant.

Scale insects
(non-native)

Enemy free
space

Red crabs
(native)

Giant African
land snails
(non-native)
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The mutualism with scale insects was not an obligate
facilitation of establishment, but apparently an obli-
gate facilitation of superabundance that precipitated
the IM.

An expanded concept: multiple meltdown
mechanisms and scenarios

The theoretical underpinnings of IM have been slow
to develop, possibly because experimental tests of the
concept have been largely limited to pairwise interac-
tions between non-native species (Simberloff 2006;
Braga et al. 2018a,b). Consequently, the relationship
of IM to other hypotheses and concepts in invasion
science, its relevance to changing biodiversity and
ecosystem function, and its implications for man-
agement have barely been explored. To help address
these gaps, we present a broader view of IM as an
overarching concept (similar to that of biotic resist-
ance) that unites a cluster of related hypotheses. We
propose that IM could result from a diverse set of
mechanisms and scenarios that act independently or
simultaneously (Table 1).

Generalized facilitation

In the generalized facilitation model proposed by
Simberloff and Von Holle (1999), a group of non-
native species of disparate or similar origins can
facilitate one another’s invasion by increasing the
likelihood of establishment and further population
growth. If such interactions are at least as common
as antagonistic interactions, they could accelerate
the accumulation of invaders and their effects in the
recipient invaded system—the emergent property of
IM. Indirect facilitations could result from cascading
chains of non-native species interactions, whose net
result can be commensal or mutually-reinforcing, thus
amplifying non-native survival, spread, and/or impact
(O’Dowd et al. 2003) and potentially generating syn-
ergistic effects (Ricciardi 2005). For example, during
the mid-1990s in the northwestern Atlantic Ocean,
the proliferation of the European bryozoan Membran-
ipora membranacea, promoted by warmer ocean sur-
face temperatures, resulted in encrusting colonies on
competitively dominant native kelps (Laminaria spp.)
along the coasts of Nova Scotia and New England,
causing the kelp to become brittle and susceptible to

defoliation during storms (Scheibling and Gagnon
2006). The reduction in kelp canopy cover permitted
increased light penetration to the bottom sediments
and thus promoted growth of a non-native competi-
tor, the Japanese alga Codium fragile. Codium was
additionally facilitated by an outbreak of Paramoeba
invadens, a protozoan pathogen that caused mass
mortality of sea urchins and thereby released Codium
from herbivory (Lyons and Scheibling 2008). The
subsequent replacement of kelp by Codium in the
shallow subtidal zone was an unprecedented physical
habitat alteration for the Northwestern Atlantic coast
(Harris and Tyrrell 2001; Scheibling and Gagnon
2006).

Any introduced non-native species can affect resi-
dent native and non-native species in a community,
positively or negatively, by modifying one or more
key environmental factors that contribute to success-
ful establishment, population growth, and spread of
another introduced species. Invasions can promote
further invasions through trophic mechanisms (e.g.
Adams et al. 2003) and non-trophic effects including
habitat modification (e.g. soil legacy effects; Dickie
et al. 2014; Chen and van Kleunen 2022), provi-
sion of new or modified resources (e.g., Zhang et al.
2022; Sun et al. 2024), or altered disturbance regimes
(Mack and D’Antonio 1998). An invader itself can
act as a disturbance—defined as a discrete event that
damages, kills, or removes individual organisms or
living biomass (Sousa 1984; Plante et al. 2004)—by
removing resident enemies of other invaders, thereby
releasing non-native species from resource competi-
tion (Davis et al. 2000; Grosholz 1995; Scheibling
and Gagnon 2006) or top-down control (Adams
et al. 2003). These biological disturbances could thus
facilitate establishment of one or more newly arrived
non-native species or trigger resident non-native spe-
cies to become superabundant and impactful after
having persisted at low abundance for long periods
(“sleeper populations” sensu Spear et al. 2021). For
example, invading European green crab (Carcinas
maenas) in California caused a tenfold reduction
in abundance of native clams (Nutricola spp.) that
became the crab’s preferred prey. The decline of the
native clams released another non-native species, the
eastern gem clam (Gemma gemma), from competi-
tion and allowed it to become abundant after having
been constrained to low densities for decades (Gro-
sholz 1995). Thus, IM can be a major community
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structuring force by altering disturbance intensity
and/or frequency within an ecosystem (cf. Haghk-
erdar et al. 2019; Santillan et al. 2019).

Keystone facilitation

By altering resource availability, physical habitat
conditions, or species interactions, a single invader
could precipitate a series of facilitations with cascad-
ing effects on non-native species (e.g., Heiman and
Micheli 2010; Lizarralde et al. 2004; Anderson et al.
2006). We name such an invader a ‘keystone facili-
tator’, adopting the term from Stachowicz (2001) but
revised to describe a species that disproportionately
facilitates other non-native species by modifying
biotic or abiotic conditions. This concept acknowl-
edges that IM can be driven by a single species, as in
the cases of Dreissena in the Great Lakes and Morella
in Hawaii. Such species, especially non-native eco-
system engineers and foundational species, are likely
to favor certain native taxa as well (e.g., Ward and
Ricciardi 2010) and may even cause a facilitation
cascade (sensu Altieri et al. 2007). An example from
the Great Lakes is dreissenid mussels facilitating a
native engineer, the filamentous attached alga, Clad-
ophora glomerata, via enhanced light transparency
and nutrient transfer to the benthos (Higgins et al.
2008), which in turn provides substrate for non-native
epiphytes including a red alga (Sheath and Morison
1982). In addition to fundamental changes to physical
habitat, some keystone facilitators promote the estab-
lishment or dominance of non-native species by alter-
ing disturbance regimes in ways that reduce resident
enemies (Jauni et al. 2014; Pickard 1984).

Coevolved species assembly

It has been hypothesized that coevolved species are
more likely to facilitate each other, and thus can act as
mutual attractors that promote the assembly of non-
native communities with a shared evolutionary his-
tory (Ricciardi 2001, 2005), based on the premise that
coevolution reduces the intensity of exploitative and
antagonistic interactions (cf. Case and Bolger 1991)
and promotes mutualisms (Cosmo et al. 2023). If so,
serial species introductions from the same donor pool
could rapidly reassemble trophic and non-trophic
coevolved interactions (e.g. predator—prey, parasite-
host, plant-pollinator, and commensalisms) in the

invaded range, leading to an IM. Indeed, coevolved
non-native predator—prey and parasite—host species
have been shown to enhance their colonization suc-
cess mutually via, inter alia, prey subsidies (Fritts
and Rodda 1998), differential impacts on native com-
petitors (Tompkins et al. 2003), or preferential facili-
tation (e.g., Prior et al. 2015).

Crosby (1972, 1986) described successive inva-
sions and subsequent dominance of many areas of the
world by Eurasian species resulting from mutualistic
interactions among the coevolved plants, animals, and
pathogens moved by European colonists. In Europe,
the parasitic life cycle of the Ponto-Caspian trematode
Bucephalus polymorphus was completed through
serial invasions of the zebra mussel (the trematode’s
first intermediate host) and the European pike-perch
Sander lucioperca (the definitive host); these inva-
sions facilitated the trematode’s spread into inland
lakes where it caused mass local mortality of cypri-
nid fishes that served as its second intermediate host
(Combes and Le Brun 1990). A more recent example
is the increasing presence of Ponto-Caspian inverte-
brates and fishes in the Great Lakes basin (Ricciardi
and Maclsaac 2000) and western Europe (Leppakoski
et al. 2002). In the Great Lakes, the accelerated influx
of Ponto-Caspian species constitutes a distinct phase
in the invasion history of the basin (Ricciardi and
Maclsaac 2000; Ricciardi 2006). Although the influx
is explained largely by trait selection and vector traf-
fic between donor and recipient regions (Ricciardi
2006), positive interactions among these reunited
species likely facilitated their rapid expansion and
dominance within the basin (Ricciardi 2001, 2005).
Elsewhere, complexes of invasive species from over-
lapping native ranges have similarly been observed to
interact facilitatively. One such example is a “syner-
gistic trio” of North American mammals (mink, bea-
ver, and muskrat) that have strongly affected native
birds and small rodents on a Chilean island (Crego
et al. 2016). With respect to terrestrial species, it has
been proposed that the establishment of non-native
plants is a “necessary precondition” for subsequent
spread of non-native insects, owing to a long shared
coevolutionary history (Bertelsmeier et al. 2024); the
insects themselves may promote the establishment of
coevolved specialist predators or parasitoids, such that
plant invasions can generate ramifying facilitations.

A related concept is that of “nested invasions”—
associated microbiota being transferred by a host
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species into a non-native region—as contributing
factors to the successful establishment of the host
and its metacommunity (Leonhardt et al. 2023).
It has long been recognized that plant invasions
have been fostered by deliberate or inadvertent
co-introduction with microbial mutualists (Rich-
ardson et al. 2000; Nufiez and Dickie 2014). Thus,
for instance, the intentional introduction of their
ectomycorrhizal fungi with Pinus species during
establishment of forestry plantations is believed
to have aided many pine invasions (Richardson
and Higgins 1998). Non-native legumes that do
not associate with native rhizobia not only thrive
when co-introduced with non-native rhizobia but
may spread even further because of the propensity
of rhizobia to hybridize by lateral gene transfer;
hybrids between native and non-native rhizobia
can invade soils that exclude the purely non-native
rhizobia, thus exacerbating the spread and impacts
of their associated non-native plants (Wei et al.
2009; Liu et al. 2012).

This hypothesis has implications for the survival
and impact of range-shifting species spreading
into the same recipient community, both of which
could conceivably be enhanced through facilitation
(Flickinger and Dukes 2024). As climate change
further drives the spread of such species, a timely
question is whether IM will increase the survival
and impact of a group of native range shifters
that have a shared evolutionary history; or, alter-
natively, whether the simultaneous range shift of
multiple species with their coevolved natural ene-
mies will limit their impacts (but see Colautti et al.
2004, for exceptions).

The coevolved assembly hypothesis has rarely
been tested formally. Braga et al. (2018a) found
that studies involving coevolved non-native species
showed lower empirical support for IM than stud-
ies of non-native species that lacked a shared evo-
lutionary history. Conversely, model simulations
revealed that the introduction of a suite of species
that have shared history elsewhere increases the
slope linking invasion success to the total number
of introductions, thereby accelerating the invasion
rate, consistent with IM (Pantel et al. 2017). A
key consideration is the extent to which coevolved
relationships between non-native species are main-
tained in the invaded community.

@ Springer

Punctuated meltdowns

Feedbacks that generate IM need not (and, we expect,
do not) continue indefinitely. Non-native species
assembly can be interrupted by a substantive change
in colonization pressure or by increasing invader-
mediated biotic resistance against further invasion
(e.g., Rodriguez 2001). Recent theory suggests that
the influx of a community of non-native species
of shared evolutionary history is likely to result in
greater stability—i.e., a more static composition of
species—than an equal number of random invaders
(Campbell et al. 2022; Piccardi et al. 2022). However,
the resistance of such communities could be disrupted
by a physical or biotic disturbance (Shea and Chesson
2002; Clark and Johnson 2009), including invasion
by a keystone facilitator that triggers a different IM.
Therefore, IM can be ephemeral, and even serial—i.e.
punctuated. Consider, for example, a series of inva-
sions of coevolved primary producers, herbivores,
and predators that facilitate each other through direct
and indirect means. One can imagine that this assem-
blage becomes relatively stable and resists incursion
from less competitive species through strong interac-
tions (Case 1990; Campbell et al. 2022). Then, sub-
sequently, the resistance becomes disrupted through
a biotic disturbance (a new invasion) or a change in
the physical environment that favors a different suite
of species. Such a sequence may result in an accu-
mulation of non-native species and/or species turno-
ver with replacement of the dominant invader (e.g.,
“over-invasion”, sensu Russell et al. 2014). This
phenomenon contrasts with that of cases of “serial
replacement” (sensu Lohrer and Whitlach 2002)
in which established invaders are largely or wholly
replaced by antagonistic new arrivals, and the com-
bined effects of invaders are less than the sum of their
individual impacts.

A possible example of punctuated IM involves the
invasion of the Hawaiian Islands by the African grass
Melinis minutiflora. This invasion led to the large-
scale replacement of native vegetation by virtue of
a drastic increase in fire size and frequency (Hughes
et al. 1991; D’Antonio and Vitousek 1992). Greatly
increased rates of nitrogen mineralization ensued,
which favored N-limited M. minutiflora, thus pro-
ducing a positive feedback and Melinis dominance
(Yelenik and D’Antonio 2013). Subsequently, decline
of N-mineralization rates to those before the Melinis
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invasion on the island of Hawaii ended the positive
feedback and was associated with a decline in Melinis
and rapid domination not by the original vegetation
but by the invasive nitrogen-fixing tree Morella faya
(Yelenik and D’Antonio 2013). Through provision of
nitrogen-rich leaf litter, M. faya enhanced the abun-
dance of non-native earthworms (Aplet 1990); the
mutualistic role that earthworms may have played in
the replacement of M. minutifora by M. faya has not
been investigated. During senescence or dieback, M.
faya’s legacy effect on soil nitrogen may have facili-
tated invasions by other non-native plants (Adler
et al. 1998). Finally, M. faya has also enhanced the
local abundance of an invasive herbivorous insect, the
two-spotted leathopper Sophonia rufofascia (Lenz
and Taylor 2001).

The concept of punctuated IM implies that eco-
system susceptibility to invasion can vary greatly
over time, owing to (1) temporal variation in coloni-
zation pressure (the number of taxa introduced to an
area; sensu Lockwood et al. 2009); (2) the arrival of
a keystone facilitator, and (3) environmental changes,
such as altered disturbance regimes, that render the
environment less hospitable to species in the current
donor pool. Within the same ecosystem, facilitation
and resistance can vary temporally in dominance (e.g.
Beshai et al. 2023) and, as suggested by the Melinis/
Morella case, can result in one stable community
that was dominated by facilitating non-native species
being replaced by another such community after a
period of relative stasis. Thus, IMs can be interrupted,
perhaps indefinitely, but on a lengthy time scale the
overall accumulation of non-native species could
still approximate a concave (e.g. exponential) curve,
despite the intervening periods of stasis. Punctuated
IM could be a common phenomenon but difficult to
discern if these intervening periods are obscured over
coarse time scales.

Native/non-native facilitation chains

Facilitations among invaders can also occur indi-
rectly across multispecies chains whose intermedi-
ate links may include natives. Recently, the role of
native species in directly facilitating non-natives has
received attention (Northfield et al. 2018; Hernandez-
Brito et al. 2020; Cavieres 2021; Camacho-Cervantes
et al. 2023). Among the most commonly docu-
mented examples are exploitative relationships (e.g.,

non-native predator-native prey; Grabowska et al.
2009; Monceau et al. 2013; Nurkse et al. 2016) and
cases in which natives relieve environmental stress on
non-native species (e.g., Wright et al. 2018; Uya et al.
2020; Lucero et al. 2021). Some of these interactions
can promote invader establishment and/or spread with
substantial negative repercussions on native com-
munities (e.g., Lucera et al. 2021). Furthermore, in
some instances, an invader may be facilitated more
by a resident native species than by a non-native spe-
cies (e.g., Firth et al. 2021), and the positive effects
of native species can enhance an invader’s abundance
to levels exceeding those in the invader’s native range
(e.g., Gribben et al. 2020).

If the natives are involved predominantly in posi-
tive links, then IM (or characteristics thereof) may
be fueled by high native species richness, contrary
to the classical concept of diversity-stability (Ives
and Carpenter 2007). This implies that the syner-
gistic influence of a small number of invaders could
be magnified by (certain) native species. The poten-
tial complexity of such interactions suggests that we
might be overlooking many of them. For instance,
pollination by a native bumblebee (Bombus dahl-
bomii) facilitated the initial establishment and spread
of European Scotch broom (Cytisus scoparius) in
South America. However, pollination limitation was
likely relieved by introduction of European bumble-
bees (B. terrestris and B. ruderatus), which also pol-
linated and facilitated the spread of other non-native
plants (Morales and Aizen 2002; Aizen et al. 2019;
Aizen and Torres 2024).

The contexts in which native diversity contributes
to IM versus biotic resistance remain to be explored.
We do not contend that IM is more likely than biotic
resistance in the presence of diverse native species
but simply that it can also result from native interac-
tions. Several cases exist of natives serving as links in
cascading interaction chains that promote non-native
species. For example, dreissenid mussels (non-native
engineers) promote the local abundance of native (as
well as non-native) gammarid amphipods that serve
as prey for non-native benthivorous fishes such as
round goby N. melanostomus and Eurasian ruffe
Gymnocephalus cernua in the Great Lakes (Ricciardi
2001). In southeastern Australia, the non-native alga
Caulerpa taxifolia modified the behavior of a native
ecosystem engineer, the clam Anadara trapezia, caus-
ing the clams to partially unbury themselves and
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extend nearly a third of their shell surface above the
sediment, thereby providing a stable coarse substrate
for colonization in an otherwise substrate-limited
environment; the organisms colonizing this substrate
include several native species but also an invasive
alga, Codium fragile, which does not occur in the
absence of Caulerpa (Gribben et al. 2009).

Native species can be part of positive or nega-
tive interaction chains that positively reinforce
one or more non-native species. We demonstrate
this with two plausible cases from the Great Lakes
basin. An invasive planktivore, the spiny water flea

e

Bythotrephes longimanus, is a visual predator whose
impact is light-limited (Jokela et al. 2013). It feeds
voraciously on herbivorous waterfleas, which can
have similar grazing rates as the zebra mussel (Pires
et al. 2005) and thus compete for limited phyto-
plankton resources. Therefore, alleviation of graz-
ing competitors by Bythotrephes populations could
have a positive feedback on zebra mussels, whereas
zebra mussels can increase light transparency to the
benefit of visual predators like Bythotrephes, creating
an indirect mutualism (Fig. 3A). The second hypo-
thetical example involves the zebra mussel and the

‘ {“(2\ l l
©
| e

Bythotrephes Native Native Dreissena

w cladocerans phytoplankton b 4

~ 7
+ -~ - +

~ -’
~ -~

Light =i ~ = Increased

transparency R e o gy T food resources

oe— o —ab

Zebra mussel
Dreissena

Bithynia

Digenean
trematodes

Diving ducks

Fig. 3 Hypothetical examples of a multi-taxon facilitative
interaction chain involving native and non-native species. A
The Eurasian spiny waterflea, Bythotrephes longimanus, is a
visual predator that feeds voraciously on herbivorous water-
fleas that potentially compete with the zebra mussel for phy-
toplankton resources. Dreissenid mussel filtration of seston
increases light transparency in the lake, enhancing the effi-
cacy of Bythotrephes predation, thereby creating an indirect
mutualism. B Zebra mussels enhance European faucet snail

@ Springer

(Bithynia tentaculata) populations through provision of inter-
stitial shelter and grazing surfaces. Bithynia is an intermediate
host for native and non-native species of digenean trematodes
(e.g., Leyogonimus polyoon and Cyathocotyle bushiensis) that
cause substantial mortality in molluscivorous diving ducks,
which exert significant predation pressure on zebra mussel
populations. Bythotrephes photo by J. Leibig, NOAA GLERL.
Zebra mussel photo by R. Aguilar, Smithsonian Environmental
Research Center (Creative Commons Attribution 2.0)
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European faucet snail, Bithynia tentaculata. Aggrega-
tions of zebra mussel shells provide grazing surfaces
and interstitial refugia for the snail, with strong posi-
tive effects on local snail abundance (Ricciardi et al.
1997; Ricciardi 2001). Bithynia is an intermediate
host for native and non-native species of digenean
trematodes (e.g. Leyogonimus polyoon and Cyathoc-
otyle bushiensis) that cause substantial mortality in
diving ducks (Roy and St-Louis 2016). Given that
diving ducks can exert significant predation on zebra
mussel populations (Mitchell et al. 2000; Werner
et al. 2005; van Nes et al. 2008), the facilitation of
Bithynia—and, by extension, digenean trematodes—
can release zebra mussels from predation pressure
(Fig. 3B). Both these examples demonstrate how
negative interactions within a chain could produce an
indirect mutualistic effect on distal species, regardless
of whether the intermediate chain component species
are native or non-native.

Conclusions and future research directions

By describing the aforementioned scenarios, we hope
to extend the dimensions and study of the IM concept
beyond what has been characterized in the literature.
The concept has rarely been tested at the community
and ecosystem levels (Braga et al. 2018a), and there
are still relatively few experimentally-proven cases in
which two non-native species each enhance the prob-
ability of establishment, spread, or impact of the other
(Simberloff 2006). Overall, explorations of IM have
been largely constrained to simple pairwise facilita-
tions among non-native species. To advance under-
standing of the concept, we propose several areas of
research for consideration:

1. Multispecies interactions that accelerate the
accumulation of invaders and their impacts could
be as rare as the paucity of documented cases
suggests; alternatively, their documented rar-
ity might reflect the substantial technical effort
required to characterize them. In attempting to
test the effects of IM, ecologists should distin-
guish between population-level and community-
level impacts, even though such impacts are
linked. For example, a decline in a native plant
resulting from apparent competition with a non-
native plant owing to a dual interaction with a

non-native herbivore would be properly described
as a population-level impact. For the purpose of
characterizing IM in such a case, what needs to
be measured is a community-level impact result-
ing from this interaction (e.g., changes in diver-
sity, foodweb topology, dominance hierarchies).
Three facts suggest that IM can be extensive and
influential in ecosystems: 1) exploitations (+/—),
including virtual commensalisms (+/0), can play
a role in facilitating non-native species; 2) facili-
tations often arise from indirect effects, not just
direct pairwise interactions; and 3) native spe-
cies can facilitate non-natives, both directly and
indirectly—through interaction chains. However,
quantitative data on the population-level impacts
of facilitations are needed to characterize interac-
tion strengths in these various situations.

The strength of facilitative interactions among
species is context-dependent, resulting in var-
ied outcomes across space and time (Stachow-
icz 2001; Gestoso et al. 2014; Uya et al. 2020;
Lucero et al. 2021, 2022). This begs the ques-
tion: What abiotic and biotic conditions affect
the strength and outcome of conditional facilita-
tions that can lead to IMs? Oduor et al. (2024)
found that nutrient levels mediated whether or
not co-occurring non-native plants facilitated
versus competed with each other, suggesting that
the IM hypothesis could be tested alongside the
stress-gradient hypothesis (Bertness and Calla-
way 1994; Bertness et al. 2024) or the fluctuat-
ing resource availability hypothesis (Davis et al.
2000). Another question is whether indirect facil-
itations involving invaders are inherently unpre-
dictable (cf. White et al. 2006), or can methods
be developed to anticipate situations in which
they are likely to occur?

Detailed invasion histories of ecosystems across
different time scales are needed to determine
whether IMs are punctuated by periods of sta-
sis (or biotic resistance) and the conditions that
cause this temporal variation. We suggest that,
apart from colonization pressure—which should
be considered a null model, major contributing
factors to this variation include the evolution-
ary history of introduced species (see section on
Coevolved species assembly), resource limita-
tion, and disturbance dynamics. Understanding
the mechanisms and conditions that enhance or
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diminish facilitations and thus create periods of
relative stasis could provide insight into whether
management interventions can interrupt or
dampen an ongoing IM.

5. Whole-ecosystem experiments (e.g. using rep-
licated mesocosms, controlled tracts of land,
or experimental islands or lakes) are needed
to test the IM hypothesis and various scenar-
ios described here. These might also involve
microcosm experiments (e.g. moss-arthropod
communities or microbial communities in a
flask system; Robinson and Dickerson 1987,
Fukami 2004). Such approaches could be used
to explore whether IM is more likely to occur in
certain kinds of ecosystems (e.g. islands, lakes)
or biomes. In freshwater ecosystems, for exam-
ple, there is little evidence that biotic resistance
to establishment is prevalent, and multiple non-
native species do not necessarily reduce the nega-
tive effects of each other (Ricciardi 2001; Braga
et al. 2020).

6. Urban areas are focal points of invasion (Cadotte
et al. 2017) but constitute a highly understudied
environment for IM. Given their disturbed nature
and disproportionate colonization pressure, we
hypothesize that urban environments are particu-
larly prone to IM. Urban woodlands in the mid-
western United States have been invaded by non-
native earthworms and shrubs that facilitate each
other by altering woodland ecology (Heneghan
et al. 2007), whereas some experimental evidence
suggests that aquarium pet species released into
urban ponds could interact facilitatively (Crone
et al. 2023). Such cases have been scarcely
explored to date.

7. What are the implications of the diversity-stabil-
ity theory for IM, and vice versa? Future work
could explore potential feedbacks of invader-
induced biodiversity erosion on the rate of inva-
sion and impact magnification. Underlying
mechanisms might include, inter alia, changes to
resource supply (Li et al. 2022; Sun et al. 2024),
enemy release (Relva et al. 2010), and pathogen
accumulation/spillback (Eppinga et al. 2006;
Mangla 2008).

These are but a subset of potentially fruitful areas

of study. Other research topics surrounding the IM
concept include the influences of habitat complexity
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and disturbance in promoting or damping IMs; how
facilitations observed at small spatial scales within an
ecosystem scale-up to the entire ecosystem; and the
respective roles of colonization pressure, propagule
pressure, and facilitation in driving increasing inva-
sion rates (e.g., see Colautti et al. 2006). The facili-
tative effects of native species in IM also merit fur-
ther exploration; our scenario offers some insight into
observed conflicting relationships between native and
non-native species richness (the “invasion paradox”;
Tomasetto et al. 2019). Finally, cases that mecha-
nistically link facilitative interactions of non-native
species to their synergistic impacts should be docu-
mented, to gain insight into when and where such
phenomena may occur.
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