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INTRODUCTION

The anthropogenic transport and subsequent intro-
duction of non-native species into new areas can
change patterns of biodiversity, alter ecosystem func-
tion, and harm economies and human health (Sta-
chowicz et al. 2002, Schlaepfer et al. 2010, Blackburn
et al. 2011, Gurevitch et al. 2011). Marine invasions
specifically can impair fisheries and aquaculture pro-
duction, tourism, and marine infrastructure, often

affecting profit and employment in coastal economic
activities (Bax et al. 2003). Invasions have been exa -
mined rigorously in terrestrial systems (Catford et al.
2009), yet systematic reviews of invasions in marine
systems are still needed. Advancements have been
made in testing single invasion hypotheses (biotic
resistance; Kimbro et al. 2013) and the patterns and
drivers of marine invasions in single geographic re -
gions (North America; Ruiz et al. 2000), but we still
lack a broad understanding of how ecological pro-
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cesses shape patterns of marine invasions across the
globe. This fundamental gap in the literature is likely
the result of the more recent acknowledgement of
invasive species in marine systems and the uncer-
tainty surrounding the taxonomy and native ranges
of many marine species (Ruiz et al. 2000). With the
majority of world trade occurring by sea, and trade
volume predicted to sharply increase in coming years
(Kaluza et al. 2010), invasive species are a growing
economic and conservation threat in marine systems
(Grosholz 2002). Thus, understanding mechanisms
underlying marine invasions is critical for successful
mitigation and conservation of marine ecosystems.

Many theoretical frameworks have been developed
for invasion biology (e.g. Parker et al. 1999, Barney &
Whitlow 2008, Catford et al. 2009, Blackburn et al.
2011, Foxcroft et al. 2011, Gurevitch et al. 2011).
While these frameworks differ, have their limitations,
and range from simple to complex, there are 2 main
points of agreement. First, invasions occur in stages:
(1) transport, when species and/or propagules move
from one area to another, (2) introduction, when spe-
cies/propagules are released into a new system, (3)
establishment, when a population of introduced or -
ganisms becomes self-sustaining, and (4) spread,
when the introduced population undergoes range ex-
pansion. Second, success in any of these 4 stages of in-
vasion depends on one or more of 3 primary factors:
(1) propagule supply, which can be strongly influ-
enced by trade frequency, (2) biological factors, in -
cluding characteristics of the non-native species and
the nature of their interactions with the recipient com-
munity, and (3) abiotic characteristics of the re cipient
ecosystem. Interestingly, the majority of these frame-
works, including those intended to unify the field of
invasion biology, are informed primarily by research
on terrestrial systems, particularly terrestrial plants (13
of 19 frameworks reviewed by Gurevitch et al. 2011).

Although invasion frameworks from terrestrial sys-
tems may inform those in marine systems, fundamen-
tal biotic and abiotic differences between terrestrial
and marine systems make it unlikely that any single
conceptual framework will be able to reliably predict
invasion dynamics across ecosystems. While the ef -
fects of some ecological processes, such as competi-
tion, may be similar in both ecosystems (Gurevitch et
al. 1992), other processes, such as predation and the
influence of regional dispersal to local communities,
may be stronger in marine than in terrestrial environ-
ments (Shurin et al. 2002, Cornell & Harrison 2013).
Differences in facilitative interactions among ecosys-
tems have also emerged, as marine facilitation more
commonly involves different trophic levels in com-

parison to terrestrial plant−plant facilitative inter -
actions (Bulleri 2009). The prominence of different
life histories (e.g. planktonic life stages, Strathmann
1990) and exposure to different physical forces (e.g.
currents, Byers & Pringle 2006) can also affect prop -
agule dispersal and patterns of spread in the marine
environment more so than in the terrestrial environ-
ment (Kinlan & Gaines 2003, Sorte et al. 2010). The
implications of these differences on invasion dynam-
ics, however, are unclear. For example, the strength
of biotic resistance mechanisms that employ compet-
itive interactions can be stronger in terrestrial than
marine environments, but consumptive biotic resist-
ance as well as the impact of non-native consumers
on native populations may be similar (Kimbro et al.
2013, Paolucci et al. 2013). Therefore, there is a clear
need to review the growing literature on marine
invasions to better understand marine invasion pro-
cesses and inform emerging invasion frameworks.

A large majority of invasion hypotheses, which
often form the foundation of these frameworks, focus
on biological factors (23 of the 29 leading invasion
hypotheses reviewed by Catford et al. 2009) as op -
posed to propagule pressure and abiotic factors, al -
though all 3 factors often operate in conjunction. This
focus most likely occurs because propagule pressure
is inherently difficult to examine in an invasion con-
text (Levine et al. 2004), and although resource avail-
ability can be an important abiotic characteristic that
promotes invasion success (Davis et al. 2000), the
responses of species to the abiotic environment often
hinge on biological factors. Therefore, biological fac-
tors are not only tractable to study, but also critical to
the invasion process.

Four biological mechanisms (Fig. 1), viz. negative
interactions, positive interactions, invader traits, and
post-introduction evolution, have received significant
empirical attention and are the foundation of many
hypotheses for invasion success or failure. First, neg-
ative interactions between native and invasive
species have been shown to either limit or en hance
invasion success. Limiting similarity (Mac Arthur &
Levins 1967) and Darwin’s naturalization hypothesis
(Darwin 1859) suggest that invasions are enhanced
by a lack of competition because native species are
functionally distinct, while the biotic re sistance hy-
pothesis (e.g. Levine et al. 2004) suggests that inva-
sions are limited by native competitors and other nat-
ural enemies. Both the enemy release (e.g. Torchin et
al. 2003) and novel weapons hypotheses (Callaway &
Ridenour 2004), as well as the long-assumed positive
impact of disturbance on invasions (reviewed by
Lockwood et al. 2013), predict that invasive species
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thrive in the recipient community because they are
freed from natural enemies. These hypotheses, how-
ever, along with most other negative interaction hy-
potheses (e.g. the prey naiveté hypo thesis, Sih et al.
2010; the global competition hypo thesis, Alpert 2006)
center on how invasion success is enhanced or
limited via consumer pressure (predation, herbivory,
or parasitism) and/or competition (single or multi-
species, i.e. diversity). Secondly, posi tive interactions
(i.e. facilitations and mutualisms) among native and
invasive species (Bruno et al. 2003) can enhance the
ability of invasive species to establish and potentially
expand their ranges. Third, hypotheses surrounding
invader traits, such as the ideal weed (Elton 1958,
Baker 1965) and reckless invader hypotheses (Sim-
berloff & Gibbons 2004), aim to identify biological
characteristics of invasive species that contribute to
their success. Finally, post-introduction evolution
(Hastings et al. 2005), where a non-native species un-
dergoes rapid genetic change in its introduced range,
may also increase invasion success.

While terrestrial studies have suggested that these
biological mechanisms are among the most funda-
mental of invasion biology, the extent to which these
mechanisms have been studied in marine systems

has not been evaluated (but see Kimbro et al. 2013
for a recent meta-analysis of biotic resistance in mar-
ine ecosystems). Therefore, the goals of this study
were to (1) review current knowledge on these 4 bio-
logical mechanisms (negative interactions, positive
interactions, invader traits, and post-introduction
evolution) as they relate to invasion success in mar-
ine systems, and (2) define emerging avenues of
future research. In total, 470 marine studies and 264
species were reviewed (see Tables S2−S5 in the
Supple ment at www.int-res.com/articles/suppl/m565
p251_ supp.pdf), resulting in the largest global re -
view on biological mechanisms of marine invasions
to date. Our systematic review approach provides
one of the first overviews of an emerging literature
on biological mechanisms of marine invasions, iden-
tifies overarching patterns in the literature, and helps
direct future research.

METHODS

We employed a systematic review procedure using
standardized search terms (Table S1 in the Supple -
ment) to identify and review findings about biologi-
cal mechanisms that can affect invasion success in
marine systems. This search was conducted using
the Web of Science in April 2014. General search
terms used for all mechanisms were ‘non-native* OR
nonnative* OR invasi* OR introduc* OR non-indige-
nous OR nonindigenous OR alien OR exotic OR in -
vade* AND estuar* OR marine OR coastal OR
ocean* OR sea OR *tidal’, followed by specific terms
for each of the 4 focal mechanisms (see Table S1).
Search results were then refined using Web of Sci-
ence tools to those pertaining only to ‘Marine and
Freshwater Biology’, and all research areas that were
clearly not relevant (e.g. not biological) were ex -
cluded. All remaining papers were then individually
evaluated for relevance. With the exponential rise in
studies on invasion biology since the 1990s (Gure-
vitch et al. 2011), and the variation in how papers are
cataloged in search engines, we acknowledge that
standardized searches can miss relevant literature
despite a broad list of search terms, which is a caveat
of this approach. As such, relevant literature not cap-
tured in our search results but known to us were also
evaluated in our review. Given this limitation, how-
ever, we view the papers included in this review as a
large, but probably not comprehensive, sample.

We individually evaluated over 3000 papers. Of
these, we identified and reviewed 470 studies that
represented a broad sample of available literature
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Fig. 1. Conceptual model showing the 4 focal biological me -
chanisms (negative interactions, positive interactions, inva -
der traits, post-introduction evolution) and their effect on in -
vasion success. Each mechanism is further classified, where
relevant, into categories that emerged from the review of
the literature. The model serves as an outline for the review,
and further shows common ways in which these mecha-
nisms and outcomes are interrelated (arrows). It is not, how-
ever, intended to show all possible relationships. Species
inter actions are nested within invader traits to de monstrate
the inherent relationship between these 2 mechanisms. 

EICA: evolution of increased competitive ability
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and met conceptual criteria as follows. First, the focal
organism had to be a marine species that was non-
native to the system in question, regardless of the
time since introduction. Secondly, the focal objective
of the study had to explore biological mechanisms
that influence the degree of invasion success. Here,
we define ‘invasion success’ as any increase in the
survival, growth, reproduction, or dispersal of a non-
native species. The factor of interest was the per-
formance of the non-native species. Therefore, the
many studies that document impacts of non-native
species on a native species or community, where the
response of the native species or community was the
factor of interest, were excluded. All papers that
were deemed relevant based on our conceptual crite-
ria were included in the review.

We then classified relevant literature into 4 cate-
gories: negative interactions, positive interactions,
invader traits, and post-introduction evolution. Stud-
ies categorized within negative interactions had to
examine consumption (predation, herbivory, or para-
sitism) or competition (single or multi-species). To be
included within positive interactions, studies had to
examine a direct or indirect positive interaction (e.g.
facilitations, mutualisms) between 2 or more  non-
native species or between a native and a non-native
species. Studies that examined non-native species fa-
cilitating natives were not included because this sug-
gested impacts on the native community rather than
on invasion success. Studies categorized as invader
traits were those that evaluated a specific trait, and
post-introduction evolution were those stu dies that
examined reduction or increase in genetic diversity
and rapid evolution. While these mechanisms can be
interrelated, studies were assigned categories based
on the focus of the research. Studies that focused on
more than one mechanism, however, were included
in more than one category. Such cases, however, rep-
resent only 2.3% (11 out of 470 papers) of our total lit-
erature database. All studies were also categorized
based on the type of research conducted (experimen-
tal, observational, meta-analysis/review, or model-
ing). All modeling studies (Tables S2−S5) with the
exception of one (Dunstan & Johnson 2007), used
empirical data to inform or test model predictions.

We report both the number of studies in each cate-
gory, as well as the number of species that have been
studied in each category, as a first-order examination
of patterns in the literature. Many studies examined
multiple species, so each species was documented
separately (Tables S2−S5). While all relevant studies
were included in our review, only species whose in -
vasion success had been assessed directly were in-

cluded in our species counts. Therefore, we exclu ded
species in our species counts that were derived from
large correlative observational studies that ex plored
the diversity of invasive species rather than invasion
success of individual species. These large species
lists would have inflated our estimates of the number
of species that have received direct evaluation of in-
vasion success. Studies of each mechanism were fur-
ther classified into groupings that emerged during
the review process and that demonstrated patterns
within the literature (Fig. 1). For example, negative
interaction studies were classified as en hancing or
limiting invasion success based on findings from
each study. A full list of studies and species included
in the review, as well as their detailed classifications
and associated citations are provided in Tables S2−5.

NEGATIVE INTERACTIONS

Negative interactions among native and invasive
species can considerably influence invasion success.
These types of interactions are the most studied spe-
cies interactions in the marine invasions literature
(Fig. 2). Sixty-four percent of studies on negative
interactions have taken an experimental approach,
33% have taken an observational approach, and only
3% have used a review approach, meta-analysis, or
modeling (Fig. 3a). Among the many hypotheses
about negative interactions, 5 of the most prominent
hypotheses are limiting similarity, Darwin’s natural-
ization, biotic resistance, enemy release, and novel
weapons. Limiting similarity (MacArthur & Levins
1967) and Darwin’s naturalization hypothesis (Dar-
win 1859) suggest that invasions are enhanced by a
lack of competition from functionally distinct natives,
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Fig. 2. Number of studies examined for the 4 focal biological
mechanisms (negative interactions, positive interactions, in-
vader traits, and post-introduction evolution). Studies total
to 481 instead of 470 because some studies addressed multi-

ple mechanisms
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while the biotic resistance hypothesis (Levine et al.
2004) suggests that invasions are limited by native
competitors and other natural enemies. Both the ene -
my release (Torchin et al. 2003) and novel weapons
hypotheses (Callaway & Ridenour 2004) predict that
invasive species thrive in the recipient community
because they are freed from natural enemies. Des -
pite historically being studied separately, these and
all other negative interactions hypotheses (e.g. the

prey naiveté hypothesis, Sih et al. 2010; the global
competition hypothesis, Alpert 2006) are comple-
mentary in that they aim to explain the effects of
competition and consumer pressure from native spe-
cies on the invasion success of non-native species.
We therefore frame our discussion around these 2
key factors, competition and consumer pressure, and
their effects on invasion success (Fig. 1).

Competition

Competition between native and non-native spe-
cies is a widely studied aspect of invasion biology. In
terrestrial systems, competition from native species
can often reduce invasive species establishment and
performance (Levine et al. 2004). In the marine envi-
ronment, however, studies suggest that competition
by native species is often not strong enough to limit
invasion success; 68 out of 78 invasive species that
were evaluated for effects of competition demon-
strated enhanced invasion success likely resulting
from weak or insufficient competition from the native
community (Fig. 3b,c, Table S2). Invasive species
successfully established in a non-native range by
invading a habitat where a functionally similar native
species was absent or uncommon (Bando 2006), uti-
lizing a resource that was different from the native
species (Ricciardi & Atkinson 2004), or dispersing
and spreading into habitats after disturbance, there -
by filling empty niches (Erlandsson et al. 2006). Addi-
tionally, 2 meta-analyses revealed that invasive spe-
cies were more successful in areas where congeners
were absent. For example, 66 to 100% of successful,
high-impact invaders (including fishes, algae, and
plants) in San Francisco Bay, Port Phillip Bay, Chesa-
peake Bay, the Baltic Sea, and along the New Zea -
land coast were novel genera (Ricciardi & Atkinson
2004, Ricciardi & Mottiar 2006).

In contrast, fewer experimental and observational
studies in the marine environment have demon-
strated that specific native competitors can limit inva-
sion success (Fig. 3b,c). For example, the invasive
seagrass Zostera japonica and the native Z. marina
coexisted across large spatial scales because of dif-
ferences in microhabitat use (Ruesink et al. 2010),
but Z. marina outcompeted Z. japonica at small
scales where microhabitat use overlapped (Bando
2006). It is important to remember, however, that
examples of invasions that failed because of strong
competition from native species are very difficult to
document and are thus likely to be underreported in
the literature.
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Fig. 3. (a) Distribution of the 239 negative interaction stud-
ies, classified by the type of research conducted (experimen-
tal, observational, review/meta-analysis, or modeling), and
distribution of the 122 species examined in (b) observational
and (c) experimental studies. Filled bars indicate where na-
tive species are superior competitors or consumers to the
non-native species, and thus invasion success is limited (e.g.
biotic resistance). Open bars indicate where non-native spe-
cies either avoid or are released from competitive or con-
sumptive interactions with native species (e.g. use of a dif-
ferent or freed resource, use of a novel weapon, release from
enemies, etc.), and thus invasion success is enhanced. Stud-
ies total to 247 instead of 239 because 8 studies included ex-
perimental and observational components. Species total to
196 instead of 122 because 74 species were found to be both
limited and enhanced in different studies and/or by differ-

ent mechanisms (competition/consumer pressure)
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Invasive species can also face multi-species com-
petition from native communities. Highly diverse
systems have long been considered more resistant to
invasion than less diverse systems (Elton 1958), since
diverse systems may either utilize resources more
completely (i.e. niche complementarity) or be more
likely to contain a competitive dominant (i.e. sam-
pling effect). However, the diversity−invasibility re -
lationship is also thought to be scale-dependent in
both marine and terrestrial systems: native diversity
(either taxonomic or functional) is often negatively
correlated with invasion success at small scales and
positively correlated at large scales (Stachowicz et al.
2002, Byers & Noonburg 2003, Davies et al. 2005,
Frid ley et al. 2007, Mineur et al. 2008). Marine stud-
ies that did not adhere to these expected patterns
often suggested that abiotic factors, resource avail-
ability, or the presence of specific competitors were
more important than native richness in resisting
invasions at small scales (e.g. Dunstan & Johnson
2004, Stachowicz & Byrnes 2006). The effect of native
diversity on invasion success may also vary tempo-
rally and depend on life history stage. For example,
native diversity was found to increase recruitment of
the invasive macroalga Sargassum muticum, but to
decrease its growth and survival as an adult (White &
Shurin 2007).

Functional diversity may be more influential on in -
vasion success compared to taxonomic diversity with -
in a community. Three experimental studies exam-
ined the effects of functional diversity on invasion.
All 3 studies concluded that the additive effects of
different functional roles in communities can modify
resource availability and reduce community invasi-
bility, and that functional diversity may be more
important than species richness itself (Arenas et al.
2006, Britton-Simmons 2006, Vaz-Pinto et al. 2012).
Therefore, while the influence of competition on
invasion success can hinge on habitat characteristics
(e.g. Dethier & Hacker 2005), life stage (e.g. Holle-
bone & Hay 2007), spatial scale (e.g. Osman & Whit-
latch 2007, Cacabelos et al. 2013), and propagule
supply (e.g. Williams et al. 2009), functional roles of
both native and non-native species may help predict
interaction outcomes and invasion success.

Consumer pressure

Invasion success can also hinge on the strength of
consumer pressure (predation, herbivory, and/or para -
sitism) from the native community. There is more evi-
dence in marine systems for consumers limiting inva-

sion success than competitors; 44 out of 82 invasive
species evaluated in consumption studies were limited
by native consumer pressure (Fig. 3b,c). Marine com-
munities tend to have at least one native generalist
consumer (Snyder & Evans 2006, Cebrian et al. 2011),
so it is not surprising that consumer pressure can li mit
non-native species success. The strength and in -
fluence of consumer pressure on invasion success,
however, may depend on both biotic and abiotic habi-
tat heterogeneity (e.g. Freudendahl et al. 2010, Du-
mont et al. 2011) and on the defense capabilities of the
non-native species (Lemée et al. 1997, Lages et al.
2006). For instance, invasive species may avoid ene-
mies (competitors or consumers) that would otherwise
regulate their abundance in their introduced range
by releasing novel allelopathic chemicals (Inderjit et
al. 2008). In marine systems to date, these ‘novel
weapons’ have been observed to increase invasion
success in invasive vascular plants (n = 1 species) and
algae (10 species), but also cnidarians (4 species), gas-
tropods (3 species), and fish (1 species) (Table S2).

Of the 3 types of consumer pressure (i.e. predation,
herbivory, and parasitism), predation was most com-
monly documented to limit invasion. In predation
studies, 60% of invasive species studied were shown
to be limited by native predation (Table S2). The
other 40% of species that experienced enemy release
from a lack of native predation were allelopathic (e.g.
Mollo et al. 2008), had excellent chemosensory abili-
ties to detect and behaviorally avoid native predators
(e.g. Lehtiniemi & Linden 2006), or easily avoided
being consumed because of native predator ‘naïveté’
(i.e. native predators not recognizing the invasive
species as food, e.g. Kimbro et al. 2009).

In contrast to predation, only 38% of invasive spe-
cies in herbivory studies were limited by native
herbi vores, and only 28% of invasive species in
parasi tism studies were limited by native parasites
(Table S2). Of species that had enhanced invasion
success resulting from a release from native her-
bivory, 41% were allelopathic algae (Table S2). The
remaining 59% had enhanced success largely be -
cause of native herbivore preferences for native
plants (e.g. Cebrian et al. 2011), but also through
increasing their growth rates in response to con-
sumption (e.g. Ruitton et al. 2006). Although para-
sitism is common in marine systems, most marine
invasive species are transported via cargo ship bal-
last water during the larval stage, when individuals
are relatively free of parasites that are typically pres-
ent in adult stages (Ruiz et al. 2000). Consequently,
marine invasive species appear to be significantly
less parasitized than native species in their new
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range (Torchin et al. 2002). Much of the existing re -
search on parasite release, however, is heavily
biased towards crustaceans (Table S2, Miller et al.
2006), and parasites often exhibit host-specificity
(Rohde 1984). Thus, while gaps in the literature exist,
studies suggest release from parasites in a non-
native range may promote successful establishment
(Torchin et al. 2002).

Consumer pressure may also vary geographically
and have differential effects on invasion success in
different regions. Few empirical studies have exam-
ined consumer pressure across large scales, but those
that have indicate that native consumer pressure can
limit the abundance and distribution of non-native
species when they co-occur with specific predators
(deRivera et al. 2005, Jensen et al. 2007), and may be
strongest in tropical areas (Freestone et al. 2013).
Few studies have confirmed whether enemies are
important regulators of invasive species in their
native ranges (Dang et al. 2009, Vermeij et al. 2009),
which is a key assumption of the enemy release
hypothesis and a valuable comparison to make when
examining how the strength of consumer pressure
influences invasion success. Examining consumption
across large spatial scales and in both native and
invaded ranges of invasive species would greatly in -
crease our understanding of consumer pressure as an
invasion mechanism.

Beyond experimental and observational studies, 2
reviews (Purcell et al. 2001, Troost 2010) and a recent
meta-analysis of biotic resistance (Kimbro et al. 2013)
have provided useful insight into mechanisms of
invasion success in relation to consumer pressure.
Both reviews point to a lack of predation in invaded
ranges as a major mechanism for invasion of the
ctenophore Mnemiopsis leidyi (Purcell et al. 2001)
and the bivalve Crassostrea gigas (Troost 2010) into
Europe. The meta-analysis found that consumer
pressure was a stronger biotic resistance mechanism
than competition, and that native predation was a
stronger mechanism than native herbivory in limiting
marine invasion success (Kimbro et al. 2013), which
our findings mirror. Targeted meta-analyses examin-
ing other mechanisms of invasion and additional
multi-scale studies will help clarify strength, general-
ity, and scale dependence of the influence of nega-
tive interactions on invasion success.

POSITIVE INTERACTIONS

While negative interactions can either limit or en -
hance invasion success, positive interactions among

both native and invasive species can also alter inva-
sion dynamics. Forty-eight marine studies of 35 spe-
cies examined the 2 types of positive interactions that
can affect invasion success: (1) invasive species facil-
itating other invasive species, and (2) native species
facilitating invasive species (Figs. 2 & 4, Table S3).
Facilitations can either be a direct interaction be -
tween 2 species, or an indirect interaction, where 2
species interact through a third species (Bruno et al.
2003). The majority of positive interactions research
has been experimental (Fig. 4a), and most evidence
suggests that positive interactions promote invasion
success (85% of the species examined were facili-
tated); however, studies showing antagonistic effects
between non-native and/or native species are un -
likely to be reported as a failed facilitation. The few
failed facilitations reported in the literature were lim-
ited to one modeling study (Wonham & Pachepsky
2006) and 8 species studied experimentally (Fig. 4b).

Nineteen of the positive-interaction studies (18
species) demonstrated positive interactions among
invasive species that enhanced invasion success; 11
studies (11 species) examined direct effects, 7 studies
(7 species) examined indirect effects, and 1 study (1
species) examined both direct and indirect effects
(Table S3). Invasive species directly facilitated other
invasive species by providing habitat (e.g. Demopou-
los & Smith 2010, White & Orr 2011) or ameliorating
environmental conditions (e.g. Diederich 2006, Tsai
et al. 2010). Indirect effects resulted from a facilitator
indirectly increasing settlement (Demopoulos &
Smith 2010), survival (Lyons & Scheibling 2008), or
another life history parameter of an invasive species
by increasing the available food supply (Diederich
2006) or decreasing the risk of predation (Eschweiler
& Christensen 2011). Most studies examined invasion
facilitation post-establishment except for one exam-
ple in the dispersal stage. Resulting from its ability to
tolerate anti-fouling paint, the bryozoan Watersipora
subtorquata provided a non-toxic substrate that facil-
itated settlement and the subsequent transport of
other ship-fouling taxa (Floerl et al. 2004). Invasive
species may also have a positive feedback, where a
non-native species facilitates numerous other inva-
sions in an invasional meltdown (Simberloff & Von
Holle 1999). While one observational study demon-
strated invasive bryozoans facilitating the settlement
and dispersal of around 25 additional invasive spe-
cies (Zabin et al. 2010), evidence of invasional melt-
down is limited (Simberloff 2006).

Positive interactions promoted invasion success in
24 studies (18 species) that examined facilitation be -
tween a native species and an invasive species. Four-
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teen of these interactions (11 species) involved direct
effects via habitat formation (e.g. Altieri et al. 2010)
and environmental amelioration (e.g. Lopez & Cou -
tinho 2010). One of these direct facilitations was
found to be mutualistic; Spartina alterniflora-foliosa,
a smooth cordgrass hybrid, was found to form novel

associations with native mycorrhizae which facili-
tated biomass production (Eberl 2011). Eight indirect
facilitations (8 species) were found (Table S3), and
observed mechanisms were primarily relief from abi-
otic stress by providing refuge from wave action (e.g.
Ruesink 2007) and consumer pressure on a competi-
tor species (e.g. Coma et al. 2011).

Although a consensus exists that positive inter -
actions within marine communities can directly and
indirectly shape species invasions and alter existing
community structure, most studies examined rela-
tively simple interactions among few species, and
only one was conducted at a large spatial scale
(Thomsen & McGlathery 2005). While direct facilita-
tive effects were commonly documented to improve
invasion success (Fig. 4), benefits were rarely recip-
rocal; only one mutualism had been studied at the
time of our literature search (as described above,
Eberl 2011), but other examples are emerging (Kol-
lars et al. 2016). Additional research incorporating
more complex interactions and examining larger
spatial scales would aid in determining the extent to
which positive interactions can promote non-native
establishment and spread.

INVADER TRAITS

The outcome of species interactions, both negative
and positive, may be mediated by the traits of invasive
species. The first hypothesis that directly tested in-
vader traits as a mechanism of invasion success was
the ideal weed hypothesis, which proposed that inva-
sions succeed because certain life history characteris-
tics of invading species allow them to outcompete na-
tives (Elton 1958, Baker 1965). The reckless invader
hypothesis asserts that invader traits may be advanta-
geous or disadvantageous, depending on en viron -
mental conditions, and is a simple theoretical exten-
sion of the invader traits concept. Both the sampling
hypothesis (Crawley et al. 1999) and global competi-
tion hypothesis (Colautti et al. 2006) combine the con-
cepts of propagule pressure and invader traits, posit-
ing that with a higher number of species introductions,
there is an increased probability of an introduced spe-
cies having traits that allow it to outcompete native
species. The ability to recognize specific traits that
contribute to invasion success is a pressing issue in in-
vasion ecology, with important implications for under-
standing and managing invasions.

Invader traits are a well-studied aspect of marine
invasions, with a large representation of experimen-
tal studies (Figs. 2 & 5a, Table S4), and numerous life
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Fig. 4. (a) Distribution of the 48 positive interactions studies,
classified by the type of research conducted (experimental,
observational, review/meta-analysis, or modeling). (b) Dis-
tribution of the 35 species studied that were found to be faci -
li tated (filled bars) or not (open bars). Note that only experi-
mental studies observed a lack of facilitation. (c) Distribution
of species studied that were found to be facilitated by direct
effects (filled bars) and indirect effects (open bars). Two
studies documented both direct and indirect effects. (d) Dis-
tribution of species studied that were found to be facilitated
by a native species (filled bars) or another invasive species
(open bars). Species total to 47 (panels b and d) and 43
(panel c) instead of 35 because several species were studied 

repeatedly
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history, reproductive, and stress-tolerance traits have
been proposed to facilitate marine invasion success
(Fig. 5b, Table S4). Life history traits such as large
body size (Roy et al. 2002, Zabin et al. 2007, Ashton et
al. 2010), rapid growth rates (Le Cam et al. 2009,
Sareyka et al. 2011), and early maturation (Ashton et
al. 2010, Sareyka et al. 2011) improve invasion suc-
cess. In addition, numerous reproductive traits aid in -
vasion success, including high fecundity (Zabin et al.
2007), polyandry (Le Cam et al. 2009), asexual repro-
duction, long larval durations (Dupont et al. 2007),
vegetative propagation (Kahng et al. 2008), and
sperm storage (Dineen et al. 2001). Traits that confer
a tolerance to one or several environmental condi-
tions have also been extensively studied in marine
systems. Marine invasive species are generally toler-
ant of wide temperature and salinity ranges, hypoxia

(Sareyka et al. 2011), exposure to heavy metals (Piola
& Johnston 2006), desiccation (Schaffelke & Deane
2005), and high levels of sedimentation (Glasby et al.
2005). Resulting from the high number of coastal and
estuarine invasions (Miller et al. 2007), the role of
salinity tolerance in increasing invasion success has
received a fair amount of empirical attention, ac -
counting for 38% of the 137 studies examining 110
species for marine invader traits (Figs. 2 & 5,
Table S4). Many invasive species also possess traits
that confer resistance to commonly employed man-
agement techniques, including UV exposure (Rai -
kow et al. 2007), heat shock (Rajagopal et al. 2005),
antifouling paint (Dafforn et al. 2009), freshwater
immersion, increased salinity (Ovcarenko et al.
2006), and deoxygenation (Raikow et al. 2007). Intro-
duced species lacking one or several of these toler-
ances have limited invasive potential (Urian et al.
2011) because of the harsh environmental filters
imposed by transport of propagules (Raikow et al.
2007) and lack of environmental matching in the new
environment (Drake et al. 2007).

As a result of tradeoffs that accompany many life
history and stress-tolerance traits, different invasion
stages may be mediated by invasive species traits.
While invasive species are often assumed to have
traits generally associated with good colonizers
(r-selected traits such as rapid growth, high fecun-
dity, and extensive dispersal), they also need to cope
with potentially harsh biotic and abiotic conditions in
the new range, especially when invading naturally
resistant communities or degraded, stressful habitats.
Traits that facilitate rapid colonization often come at
a cost to a competitive advantage (e.g. competition−
colonization tradeoff, stress tolerance, or defense
against predation; Bishop et al. 2006). For example,
laboratory experiments showed that r-selected life
history traits (rapid growth and early maturation) that
are predicted to enhance colonization of the po -
tentially invasive oyster Crassostrea ariakensis also
made it susceptible to the native predatory crab
Calli nectes sapidus (Bishop et al. 2006). Tradeoffs
may also explain the patchy nature of some inva-
sions. For example, the rapid growth rate of the oys-
ter Crassostrea gigas allowed it to quickly overgrow
native oysters at the expense of tolerance to abiotic
stress, allowing for a patchy coexistence of both spe-
cies between the relatively stress-free low intertidal
and the abiotically-stressful high intertidal region
(Krassoi et al. 2008). Even when a clear tradeoff is not
evident, certain traits may still differentially facilitate
or limit certain invasion stages. For example, the heat
tolerance of the mussel Mytilus galloprovincialis
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Fig. 5. (a) Distribution of the 137 invader-trait studies, classi-
fied by the type of research conducted (experimental, obser-
vational, review/meta-analyses, or modeling). (b) Distribu-
tion of species studied for a sample of 7 invader traits that
received the most empirical attention. A full list of invader
traits and corresponding species can be found in Table S4 in
the Supplement at www.int-res. com/ articles/ suppl/ m565
p251 _ supp.pdf. Asterisks indicate response or tolerance to 

the given stressor

http://www.int-res.com/articles/suppl/m565p251_supp.pdf
http://www.int-res.com/articles/suppl/m565p251_supp.pdf
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facilitated its establishment along the Pacific coast of
North America, but its lack of cold water tolerance
restricted its northern spread (Lockwood et al. 2010).

The use of meta-analyses to infer the role of key
traits, though currently rare in the marine literature,
is proving to be useful in predicting broad invasion
patterns. One such meta-analysis examined 93 spe-
cies of successful and failed marine mollusk inva-
sions based on abundance, salinity tolerance, and
developmental mode and was able to successfully
predict 75 to 100% of invasive species at each of 3
sites (Miller et al. 2007). Another meta-analysis com-
pared traits among 113 species of introduced macro-
algae and found that highly invasive species shared a
number of simple traits such as temperature and
salinity tolerance (Nyberg & Wallentinus 2005). More
comprehensive approaches to understanding inva -
der traits, such as comparing invasive and non-inva-
sive populations of a single species (Glasby & Gibson
2007), successful versus failed invasions (Miller et al.
2007), and invasive and native populations of an
invasive species (Zabin et al. 2007), may control for a
variety of potentially confounding factors, and should
therefore be employed in future studies.

Several other areas related to invader traits in mar-
ine systems require further study. Studies that go be -
yond simple correlations and identify mechanisms
underlying successful traits are crucial for fully
understanding marine invasions. To date, this type of
approach has been best shown in studies of thermo-
tolerance in the invasive mussel M. galloprovincialis,
which not only found a link between thermotoler-
ance and invasion success, but also elucidated the
physiological and molecular basis for this tolerance
(Lockwood et al. 2010). A final limitation of the cur-
rent trait-focused research is a strong bias in the
taxo nomic breadth covered (Table S4). Most studies
examined one of 4 major groups: mollusks (32.1% of
studies), algae (25.5%), plants (14.5%), or crusta -
ceans (16.7%), while other groups remain relatively
less studied: fish (4.4%), cnidarians (2.9%), cteno -
phores (1.5%), and sponges (1.5%). Notably limited
in the literature are studies of traits of invasive micro-
bial organisms (with the exception of one study
examining one species), despite their predicted
prevalence in marine systems and the likelihood that
their transport, establishment, and spread are heav-
ily trait-mediated (Drake et al. 2007).

Although the concept that certain invader traits aid
in the invasion of new regions is well-supported, sev-
eral factors confound efforts to create a unified suite of
predictive traits for marine species. One of the major
challenges is that many invader traits are difficult to

incorporate into a generic predictive model because
they are often specific to a particular invasive species,
recipient community, or single-species interaction
(Wonham et al. 2000, Taylor et al. 2009). Also, local
conditions often dictate the impact of seemingly gen-
eral traits. For example, although large body size is
widely correlated with invasibility (Roy et al. 2002,
Zabin et al. 2007, Ashton et al. 2010), some invasive
populations were dominated by smaller size classes
than found in their native ranges because of a low
food supply in the invaded region (Javidpour et al.
2009). Furthermore, species that are not predicted to
be highly successful invasive species based on a
generic list of traits may become invasive in regions
with environmental conditions to which they are pre-
adapted (Schlaepfer et al. 2010). Finally, even mal-
adaptive traits may not prevent invasion if they are
part of a more complex tradeoff and are coupled with
a beneficial trait, or if the species is able to quickly
adapt to a new environment through evolution or
plasticity (Sarà et al. 2008). Considering the wealth of
empirical data on marine invader traits, a focus on
more comprehensive (e.g. comparison of invasive and
non-invasive introduced species) and synthetic ap-
proaches (e.g. meta-analysis) would better advance our
understanding of trait-mediated in vasion dynamics.

POST-INTRODUCTION EVOLUTION

Most studies view invasive species as ‘static enti-
ties,’ but rapid evolution following introduction is
common (Lee 2002, Prentis et al. 2008, Whitney &
Gabler 2008) and may influence invasion success.
Invasive species can undergo rapid genetic change
in response to novel environmental conditions and
pressures, resulting in population increases and
changes to species traits (Booth et al. 2007, Gilchrist
& Lee 2007). Despite the importance of rapid evolu-
tion in the establishment and spread phases of inva-
sions, the evolutionary aspects of biological invasions
remain understudied (Blair & Wolfe 2004, Gilchrist &
Lee 2007). Between 1997 and 2001, less than 5% of
the invasion ecology literature considered evolution-
ary processes (Parker et al. 2003). Sixty-five studies
(examining 42 species) investigated the invasion suc-
cess of marine species resulting from rapid evolution
and/or genetic change after introduction to a new
environment (Figs. 2 & 6a,b, Table S5). In addition to
a handful of examples of rapid evolution, the majority
of studies address 2 primary areas of evolutionary
research in invasion ecology: (1) the factors that de -
crease or increase genetic diversity (bottlenecks and
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hybridization, respectively) and their impact on in -
vasion success, and (2) the emerging hypothesis of
evolution of increased competitive ability (EICA)
(Fig. 6b). Unlike the other 3 invasion mechanisms
discussed, the majority of post-introduction evolution
studies have been observational (40 out of the 65
studies, Fig. 6a), likely because of the inherent diffi-
culty of experimentally examining evolution. While
evolution of natives in response to invasive species
can also occur (Freeman & Byers 2006, Strauss et al.
2006), we focus our discussion on evolution of non-
native species.

Bottlenecks and hybridization

Loss of genetic diversity can occur when a popula-
tion undergoes a bottleneck, such as when an inva-
sive population is founded by only a few individuals

(Prentis et al. 2008). Although bottlenecks are often
associated with reduced fitness, studies of post-
bottle neck populations indicate that genetic varia-
tion might not always be critical to invasion success
in marine species (Booth et al. 2007, Roman & Dar-
ling 2007, Chandler et al. 2008). Of the 20 studies (19
species) from several continents, habitats, and taxo-
nomic groups examining the effect of bottlenecks on
marine invasion success, 9 studies (9 species) found
evidence of successful population spread despite a
reduction in genetic diversity (Table S5). It remains
unclear, however, how vectors of marine invasions,
such as hull fouling or ballast water discharge, may
influence patterns of propagule dispersal and the
likelihood of bottlenecks, and thus affect genetic flow
and genetic diversity of invasive populations.

In contrast to the reduction of genetic diversity
caused by bottlenecks, hybridization (Allendorf &
Lundquist 2003, Booth et al. 2007) introduces new
genetic variation into populations of invasive species.
In marine systems, hybridization was the most-
 studied mechanism of post-introduction evolution in
marine systems, with a total of 39 studies on 21 differ-
ent species across 7 phyla (Table S5). All of these
studies found evidence of hybridization, and 17 stud-
ies (examining 17 species) found that hybridization
increased invasion success by enhancing reproduc-
tive fitness and rate of spread (Ayres et al. 1999,
Nehring & Hesse 2008). Notably, all studies of inva-
sive hybridization in marine systems involved hybri -
dization between an invasive and native species,
despite the possibility that invasive−invasive hybridi -
zation may also occur. Recent advances in genetic
tools (Turon et al. 2003) that can distinguish new
mutations from pre-invasion genetic variation (Pren-
tis et al. 2008) will undoubtedly contribute to our
understanding of genetic variability and invasion
success.

Evolution of increased competitive ability

While evolutionary change certainly occurs within
populations of invasive species, studies that
document the specific ecological consequences of
this change are exceedingly rare. The EICA hypothe-
sis was proposed to explain the difference in success
be tween high- and low-impact invasive species. This
hypothesis emerged in response to observations that
some invasive plants grow more vigorously and reach
larger sizes in their introduced range (Blossey & Not-
zold 1995). EICA is also known as the competitive re-
lease hypothesis (Sorte et al. 2010) or simply as rapid
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Fig. 6. (a) Distribution of the 65 post-introduction evolution
studies, classified by the type of research conducted (experi-
mental, observational, review/meta-analyses, or modeling).
(b) Distribution of species studied across 4 aspects of post-
intro duction evolution. Species total to 48 instead of 42 be-
cause of species being included in more than 1 category. 

EICA: evolution of increased competitive ability
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genetic change, causing a shift from a low- to a high-
impact invasion. EICA originally specified that inva-
sive plants freed from herbivores via enemy re lease
will undergo selection for improved competitive abili-
ties (higher biomass and fecundity) rather than herbi-
vore defense (Blossey & Notzold 1995). The EICA hy-
pothesis continues to expand, and has been applied
to observed increases in species’ biochemical wea -
pons against consumers (also known as allelopathic
advantages against resident species; Cal laway & Ri-
denour 2004). Rigorous empirical studies of EICA in
marine systems are nearly absent in the literature;
one experimental study of EICA examining 3 invasive
species of macroalgae found little evidence to support
the hypothesis (Hill 2006). Four marine studies on in-
vasive fishes have investigated post-introduction
changes in genetic variability (re viewed by Hanfling
2007), and 5 studies of rapid evolution showed in-
creased invasion success through phenotypic plasti-
city (Raimondi 1992, Smith et al. 2004) and genetic
differentiation among invasive pop ulations of the
same species (Bjorklund & Alm qvist 2010). None of
the studies, however, addressed enemy release or in-
creased competitive ability. Thus, EICA is an open
avenue for research in marine  systems.

CONCLUSIONS

Considering the urgent conservation concerns re -
garding marine invasions, a greater empirical under-
standing of the biological mechanisms that drive
marine invasion dynamics is needed. This study
 provides the first review of biological mechanisms
that influence the success of marine invasive species
(Fig. 1). We found negative interactions and invader
traits to be the most heavily studied biological mech-
anisms of marine invasion, with the greatest number
of  species studied in the context of negative inter -
actions (Fig. 2, Tables S2–S5).

Several broad patterns were observed in the litera-
ture. First, most negative interaction studies docu-
mented an increase in invasion success resulting from
avoidance or release from competitors or consumer
pressure in the non-native habitat (Fig. 3). In contrast,
consumer pressure, and predation in particular, com-
pared to competition was more commonly docu-
mented as a mechanism that can limit invasion
success (Fig. 3). The extent to which negative interac-
tions result in the complete exclusion of non-native
species and a failed invasion, however, is difficult to
study and not commonly reported in the literature.
Second, more experimental and observational studies

of positive interactions documented direct interactions
rather than indirect interactions (Fig. 4), which likely
resulted from the relative ease of documenting direct
interactions in comparison to more complex dynamics.
Interestingly, nearly the same numbers of studies
have documented native species facilitating the inva-
sion of non-native species (22 studies, 18 species) and
non-native species facilitating other non-natives (18
studies, 20 species), suggesting that roughly equiva-
lent attention has been paid to both alternatives
(Fig. 4). Third, the field of invader traits has under -
gone a recent and rapid expansion, with the large
 majority of studies occurring in the past decade
(Table S4). These advances highlight the particular
importance of reproductive, life history, and stress-
tolerance traits aiding in es tablishment, and thus may
assist in predicting large-scale invasion patterns
(Fig. 5). Fourth, post-introduction evolution has the
strong potential to enhance non-native species estab-
lishment and spread. While current studies suggest
that hybridization may be particularly common, EICA
remains largely unexplored (Fig. 6b). Post-introduc-
tion evolution was also the only one of our 4 focal
mechanisms of invasion for which the large majority
of studies were observational, rather than experimen-
tal (Fig. 6a). It is worth noting that while these pat -
terns emerged from the literature, we cannot conclude
that these patterns indeed reflect the frequency of
these mechanisms in nature, or simply a bias in the
types of studies that are undertaken or published.

Interestingly, our findings highlight differences
between biological mechanisms that influence inva-
sion success in marine compared to terrestrial sys-
tems. For instance, while allelopathy has mainly
been observed in plants in the terrestrial literature,
just as many marine allelopathic animal invasions
have been documented as algal invasions (Table S2).
Also, many widely documented marine invader traits
relate to stress tolerances to abiotic conditions that
are more common in, if not unique to, marine and
aquatic systems, including salinity, dissolved oxygen
levels, and desiccation (Table S4). These examples
highlight the need to evaluate and synthesize find-
ings from the marine literature to inform a more com-
prehensive understanding of invasion dynamics across
different ecosystems.

AVENUES FOR FUTURE RESEARCH

Despite these advances, several key research areas
need empirical attention, specifically the roles of pos-
itive interactions and post-introduction evolution in
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invasions. Of the total 470 marine invasion studies
included in this review, fewer studies (and species
studied) investigated positive interactions and post-
introduction evolution than the more widely-studied
negative interactions and invader traits (Fig. 2). The
inclusion of positive interactions in community eco -
logy has lagged behind that of negative interactions
more generally (Bruno et al. 2003), and this lag may
help explain the more recent appreciation for posi-
tive interactions as a driver of invasion success. Fur-
ther development of post-introduction evolution as a
biological mechanism of marine invasions will bene-
fit from recent molecular advances that have great
potential to illuminate the evolutionary dynamics
underlying successful invasions.

The data available to inform both a theoretical un -
derstanding of invasion success and an applied strat-
egy for management for many taxonomic groups is
also still limited, as only 11% of known non-native
marine species have been studied in the context of
these biological mechanisms (Fig. 7). However, the
top 3 phyla with the most known non-native species
(arthropods, mollusks, and chordates) also have re -
ceived the most empirical attention (Fig. 7, and see
Byers 2009), with an emphasis on experimentally
tractable mollusk species (Tables S2−S5). Interest-
ingly, although only 16 non-native and cryptogenic
vascular marine plants have been reported world-
wide, most have received empirical study (Fig. 7),

probably because of the ease of obtaining and study-
ing marine plants given their shallow coastal dis -
tribution. The least studied phyla are the cryptic
 flatworms, dinoflagellates, and diatoms (Fig. 7), for
which basic ecological information is lacking. Scien-
tists may focus efforts on more conspicuous species
on the assumption that less-detectable organisms
have minimal impacts, but this assumption may be
misguided (see Torchin et al. 2002 for a discussion on
introduced parasites). Future studies targeting poorly
known and functionally distinct species may provide
novel insights into mechanisms of invasion.

Future research should also examine invasions
across multiple spatial scales. Larger spatial scales
encompass heterogeneous environments that affect
community structure, patterns of diversity, and
strength of species interactions, and could differen-
tially influence invasion dynamics (Freestone et al.
2013). Determining how invasion dynamics vary with
spatial scale will aid in predicting the broader im pacts
of invasive species, from local abundances to global
patterns of spread. Additional studies are also needed
that compare multiple biogeographic regions of the
invader; such comparisons are critical to key invasion
mechanisms including enemy release, novel weapons,
invader traits, and post-introduction evolution.

Future studies can also more effectively capitalize
on recent advances in community phylogenetics,
which show promise for clarifying mechanisms un -

derlying invasion success (Strauss et
al. 2006, Schaefer et al. 2011). Exam-
ining phylogenetic relatedness would
provide a way to identify and predict
which invasive species, and the traits
they possess, might negatively impact
native communities (Strauss et al.
2006, Cavender-Bares et al. 2009). In
particular, phylo genetic comparisons
may yield new insights on how relat-
edness and functional similarity limit
or enhance invasion success. As mo le -
cular data become more common and
accessible, phylogenetic comparisons
can be more effectively utilized to
inform marine invasion hypotheses.
Coupling both manipulative ex pe -
riments and community phylogenetic
approa ches (e.g. Weber & Agra wal
2012) across multiple spatial scales
would reveal the relative importance
of functional and phylogenetic simi-
larity in limiting the establishment of
invasive species, identifying both a
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Fig. 7. Comparison of known global
non-native and cryptogenic species
per phylum (Hewitt & Campbell
2010) and the number of non-native
species per phylum that have been
studied in the context of biological
mechanisms of invasions as compiled 

in this review
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gap in the literature as well as an opportunity for
future research.

Studies have also been limited in scope, reducing
their power to fully disentangle the ecological com-
plexity inherent in invasion biology. Many studies to
date have tested a single invasion hypothesis or me -
chanism and single stage of invasion. This ap -
proach, while experimentally tractable in a simpli-
fied system, renders little insight into the relative
importance of each mechanism in nature, where
many biotic factors influence processes simultane-
ously. Studies that test multiple hypotheses in con-
junction across multiple stages of invasion would
not only identify mechanisms of invasion but also
their interactive effects (e.g. Noonburg & Byers 2005,
Rius et al. 2014). To further develop a conceptual
understanding of marine invasion, future research
should more explicitly target alternative hypotheses,
multiple stages of in vasion, and a broader suite of
inter-specific inter actions.

A final avenue for future research is the develop-
ment of more comprehensive approaches to predic-
tive modeling in a marine invasion context. Niche
models can greatly aid in determining what func-
tional traits restrict the distribution of potentially
invasive species in their current range and offer the
capability to predict novel or expanding invasions
based on environmental factors (Herborg et al. 2009,
de Rivera et al. 2011). These models, however, usu-
ally employ data on traits and the abiotic environ-
ment, and have generally not addressed broad suites
of species interactions and transport vectors (prop -
agule supply). An approach that integrates these
 processes more explicitly would unify many of the
mechanisms discussed in this review and may be
particularly powerful in informing predictions about
future establishment and spread of non-native mar-
ine species.

Invasive marine species are establishing in our
coastal waters at an accelerating rate (Ruiz et al.
2000), with many more species being transported
among environments at a global scale. Understand-
ing the mechanisms that underlie successful or failed
invasions is inherently complex, testing the ability of
ecologists to apply knowledge of local, regional, and
global dynamics to understand and predict the result
of countless introductions of propagules. We focus
here on biological mechanisms of marine invasions,
recognizing that these factors do not operate in isola-
tion and rather are dependent on both abiotic charac-
teristics and propagule supply. Future studies can
leverage existing knowledge as well as emerging ap -
proaches and technologies to further advance under-

standing of marine invasions and aid in the develop-
ment of management and prevention strategies to
protect our marine ecosystems.

Acknowledgements. This study was conducted as part of a
Biology graduate seminar at Temple University. We wish to
thank B. Sewall, R. Osman, D. Kimbro, and 2 anonymous
reviewers for helpful comments on the manuscript. The
work reported herein was supported by the National Sci-
ence Foundation through the Graduate STEM Fellows in
K−12 Education Program supporting K.J.P. and E.W.R.
under Grant no. 0841377, the Division of Ocean Sciences
supporting K.J.P. and E.W.R. under Grant nos. 1225582 and
1434528 to A.L.F., and the Graduate Research Fellowship
Program supporting S.E.G. and K.E.R. under Grant no.
DGE-1144462. A.M.Q. was supported by NOAA’s Dr. Nancy
Foster Scholarship Program. Any opinion, findings, conclu-
sions or recommendations expressed in this material are
those of the authors and do not necessarily reflect the views
of the National Science Foundation, and no official endorse-
ment should be inferred.

LITERATURE CITED

Allendorf L, Lundquist LL (2003) Introduction:  population
biology, evolution, and control of invasive species. Con-
serv Biol 17: 24−30

Alpert P (2006) The advantages and disadvantages of being
introduced. Biol Invasions 8: 1523−1534

Altieri AH, van Wesenbeeck BK, Bertness MD, Silliman
BR (2010) Facilitation cascade drives positive relation-
ship between native biodiversity and invasion success.
Ecology 91: 1269−1275

Arenas F, Sanchez I, Hawkins SJ, Jenkins SR (2006) The
invasibility of marine algal assemblages:  role of func-
tional diversity and identity. Ecology 87: 2851−2861

Ashton GV, Burrows MT, Willis KJ, Cook EJ (2010) Seasonal
population dynamics of the non-native Caprella mutica
(Crustacea, Amphipoda) on the west coast of Scotland.
Mar Freshw Res 61: 549−559

Ayres DR, Garcia-Rossi D, Davis HG, Strong DR (1999)
Extent and degree of hybridization between exotic
(Spartina alterniflora) and native (S. foliosa) cordgrass
(Poaceae) in California, USA determined by random
amplified polymorphic DNA (RAPDs). Mol Ecol 8: 
1179−1186

Baker HG (1965) Characteristics and mode of origin of
weeds. In Baker HG, Stebbins GL (eds) The genetics
of colonizing species. Academic Press, New York, NY,
p 147–172

Bando KJ (2006) The roles of competition and disturbance in
a marine invasion. Biol Invasions 8: 755−763

Barney JN, Whitlow TH (2008) A unifying framework for
biological invasions:  the state factor model. Biol Inva-
sions 10: 259−272

Bax N, Williamson A, Aguero M, Gonzalez E, Geeves W
(2003) Marine invasive alien species:  a threat to global
biodiversity. Mar Policy 27: 313−323

Bishop MJ, Carnegie RB, Stokes NA, Peterson CH, Burreson
EM (2006) Complications of a non-native oyster intro-
duction:  facilitation of a local parasite. Mar Ecol Prog Ser
325: 145−152

264

https://doi.org/10.1046/j.1523-1739.2003.02365.x
https://doi.org/10.1007/s10530-005-5844-z
https://doi.org/10.1890/09-1301.1
https://doi.org/10.1890/0012-9658(2006)87%5b2851%3ATIOMAA%5d2.0.CO%3B2
https://doi.org/10.1071/MF09162
https://doi.org/10.1046/j.1365-294x.1999.00679.x
https://doi.org/10.1007/s10530-005-3543-4
https://doi.org/10.1007/s10530-007-9127-8
https://doi.org/10.1016/S0308-597X(03)00041-1
https://doi.org/10.3354/meps325145


Papacostas et al.: Biological mechanisms of marine invasions

Bjorklund M, Almqvist G (2010) Rapid spatial genetic dif -
ferentiation in an invasive species, the round goby Neo -
gobius melanostomus in the Baltic Sea. Biol Invasions 12: 
2609−2618

Blackburn TM, Pysek P, Bacher S, Carlton JT and others
(2011) A proposed unified framework for biological inva-
sions. Trends Ecol Evol 26: 333−339

Blair AC, Wolfe LM (2004) The evolution of an invasive
plant:  an experimental study with Silene latifolia. Eco -
logy 85: 3035−3042

Blossey B, Notzold R (1995) Evolution of increased compe -
titive ability in invasive nonindigenous plants:  a hypo -
thesis. J Ecol 83: 887−889

Booth D, Provan J, Maggs CA (2007) Molecular approaches
to the study of invasive seaweeds. Bot Mar 50: 385−396

Britton-Simmons KH (2006) Functional group diversity,
resource preemption and the genesis of invasion resist-
ance in a community of marine algae. Oikos 113: 395−401

Bruno JF, Stachowicz JJ, Bertness MD (2003) Inclusion of
facilitation into ecological theory. Trends Ecol Evol 18: 
119−125

Bulleri F (2009) Facilitation research in marine systems: 
state of the art, emerging patterns and insights for future
developments. J Ecol 97: 1121−1130

Byers JE (2009) Competition in marine invasions. In: Rilov
G, Crooks JA (eds) Biological invasions in marine eco -
systems. Ecological Studies 204, Springer-Verlag, Berlin.
p 245–260

Byers JE, Noonburg EG (2003) Scale dependent effects of
biotic resistance to biological invasion. Ecology 84: 
1428−1433

Byers JE, Pringle JM (2006) Going against the flow:  reten-
tion, range limits and invasions in advective environ-
ments. Mar Ecol Prog Ser 313: 27−41

Cacabelos E, Olabarria C, Viejo RM, Rubal M and others
(2013) Invasion of Sargassum muticum in intertidal rock-
pools:  patterns along the Atlantic Iberian Peninsula. Mar
Environ Res 90: 18−26

Callaway R, Ridenour W (2004) Novel weapons:  invasive
success and the evolution of increased competitive abil-
ity. Front Ecol Environ 2: 436−443

Catford JA, Jansson R, Nilsson C (2009) Reducing redun-
dancy in invasion ecology by integrating hypotheses into
a single theoretical framework. Divers Distrib 15: 22−40

Cavender-Bares J, Kozak KH, Fine PVA, Kembel SW (2009)
The merging of community ecology and phylogenetic
biology. Ecol Lett 12: 693−715

Cebrian E, Ballesteros E, Linares C, Tomas F (2011) Do
native herbivores provide resistance to Mediterranean
marine bioinvasions? A seaweed example. Biol Invasions
13: 1397−1408

Chandler EA, McDowell JR, Graves JE (2008) Genetically
monomorphic invasive populations of the rapa whelk,
Rapana venosa. Mol Ecol 17: 4079−4091

Colautti RI, Grigorovich IA, MacIsaac HJ (2006) Propagule
pressure:  a null model for biological invasions. Biol
 Invasions 8: 1023−1037

Coma R, Serrano E, Linares C, Ribes M, Diaz D, Ballesteros
E (2011) Sea urchins predation facilitates coral invasion
in a marine reserve. PLOS ONE 6: e22017

Cornell HV, Harrison SP (2013) Regional effects as impor-
tant determinants of local diversity in both marine and
terrestrial systems. Oikos 122: 288−297

Crawley MJ, Brown SL, Heard MS, Edwards GR (1999)
Invasion-resistance in experimental grassland commu -

nities:  species richness or species identity? Ecol Lett 2: 
140−148

Dafforn KA, Glasby TM, Johnston EL (2009) Links between
estuarine condition and spatial distributions of marine
invaders. Divers Distrib 15: 807−821

Dang C, de Montaudouin X, Bald J, Jude F and others (2009)
Testing the enemy release hypothesis:  trematode para-
sites in the non-indigenous Manila clam Ruditapes phi -
lippinarum. Hydrobiologia 630: 139−148

Darwin CR (1859) The origin of species. John Murray, Lon-
don

Davies KF, Chesson P, Harrison S, Inouye BD, Melbourne
BA, Rice KJ (2005) Spatial heterogeneity explains the
scale dependence of the native-exotic diversity relation-
ship. Ecology 86: 1602−1610

Davis MA, Grime JP, Thompson K (2000) Fluctuating re -
sources in plant communities:  a general theory of invasi-
bility. J Ecol 88: 528−534

de Rivera CE, Steves BP, Fofonoff PW, Hines AH, Ruiz
GM (2011) Potential for high-latitude marine inva-
sions along western North America. Divers Distrib
17: 1198−1209

Demopoulos AWJ, Smith CR (2010) Invasive mangroves
alter macrofaunal community structure and facilitate
opportunistic exotics. Mar Ecol Prog Ser 404: 51−67

deRivera CE, Ruiz GM, Hines AH, Jivoff P (2005) Biotic
resistance to invasion:  Native predator limits abundance
and distribution of an introduced crab. Ecology 86: 
3364−3376

Dethier MN, Hacker SD (2005) Physical factors vs. biotic
resistance in controlling the invasion of an estuarine
marsh grass. Ecol Appl 15: 1273−1283

Diederich S (2006) High survival and growth rates of intro-
duced Pacific oysters may cause restrictions on habitat
use by native mussels in the Wadden Sea. J Exp Mar Biol
Ecol 328: 211−227

Dineen JF, Clark PF, Hines AH, Reed SA, Walton HP (2001)
Life history, larval description, and natural history of
Charybdis hellerii (Decapoda, Brachyura, Portunidae),
an invasive crab in the western Atlantic. J Crustac Biol
21: 774−805

Drake LA, Doblin MA, Dobbs FC (2007) Potential microbial
bioinvasions via ships’ ballast water, sediment, and bio-
film. Mar Pollut Bull 55: 333−341

Dumont CP, Harris LG, Gaymer CF (2011) Anthropogenic
structures as a spatial refuge from predation for the inva-
sive bryozoan Bugula neritina. Mar Ecol Prog Ser 427: 
95−103

Dunstan PK, Johnson CR (2004) Invasion rates increase with
species richness in a marine epibenthic community by
two mechanisms. Oecologia 138: 285−292

Dunstan PK, Johnson CR (2007) Mechanisms of invasions: 
Can the recipient community influence invasion rates?
Bot Mar 50: 361−372

Dupont L, Ellien C, Viard F (2007) Limits to gene flow in the
slipper limpet Crepidula fornicata as revealed by micro-
satellite data and a larval dispersal model. Mar Ecol Prog
Ser 349: 125−138

Eberl R (2011) Mycorrhizal association with native and inva-
sive cordgrass Spartina spp. in San Francisco Bay, Cali-
fornia. Aquat Biol 14: 1−7

Elton CS (1958) The ecology of invasions by plants and ani-
mals. Chapman & Hall, London

Erlandsson J, Pal P, McQuaid CD (2006) Re-colonisation rate
differs between co-existing indigenous and invasive

265

https://doi.org/10.1007/s10530-009-9669-z
https://doi.org/10.1016/j.tree.2011.03.023
https://doi.org/10.1890/04-0341
https://doi.org/10.2307/2261425
https://doi.org/10.1515/BOT.2007.043
https://doi.org/10.1111/j.2006.0030-1299.14203.x
https://doi.org/10.1016/S0169-5347(02)00045-9
https://doi.org/10.1111/j.1365-2745.2009.01567.x
https://doi.org/10.1890/02-3131
https://doi.org/10.3354/meps313027
https://doi.org/10.1016/j.marenvres.2013.05.008
https://doi.org/10.1890/1540-9295(2004)002%5b0436%3ANWISAT%5d2.0.CO%3B2
https://doi.org/10.1111/j.1472-4642.2008.00521.x
https://doi.org/10.1111/j.1461-0248.2009.01314.x
https://doi.org/10.1007/s10530-010-9898-1
https://doi.org/10.1111/j.1365-294X.2008.03897.x
https://doi.org/10.1007/s10530-005-3735-y
https://doi.org/10.1371/journal.pone.0022017
https://doi.org/10.1111/j.1600-0706.2012.20691.x
https://doi.org/10.1046/j.1461-0248.1999.00056.x
https://doi.org/10.1111/j.1472-4642.2009.00587.x
https://doi.org/10.1007/s10750-009-9786-9
https://doi.org/10.1890/04-1196
https://doi.org/10.1046/j.1365-2745.2000.00473.x
https://doi.org/10.1111/j.1472-4642.2011.00790.x
https://doi.org/10.3354/meps08483
https://doi.org/10.1890/05-0479
https://doi.org/10.1890/04-0505
https://doi.org/10.1016/j.jembe.2005.07.012
https://doi.org/10.1163/20021975-99990173
https://doi.org/10.1016/j.marpolbul.2006.11.007
https://doi.org/10.3354/meps09040
https://doi.org/10.1007/s00442-003-1400-7
https://doi.org/10.1515/BOT.2007.041
https://doi.org/10.3354/meps07098
https://doi.org/10.3354/ab00378
https://doi.org/10.3354/meps320169


Mar Ecol Prog Ser 565: 251–268, 2017

intertidal mussels following major disturbance. Mar Ecol
Prog Ser 320: 169−176

Eschweiler N, Christensen HT (2011) Trade-off between
increased survival and reduced growth for blue mussels
living on Pacific oyster reefs. J Exp Mar Biol Ecol 403: 
90−95

Floerl O, Pool TK, Inglis GJ (2004) Positive interactions
between nonindigenous species facilitate transport by
human vectors. Ecol Appl 14: 1724−1736

Foxcroft LC, Pickett STA, Cadenasso ML (2011) Expanding
the conceptual frameworks of plant invasion ecology.
Perspect Plant Ecol Evol Syst 13: 89−100

Freeman AS, Byers JE (2006) Divergent induced responses
to an invasive predator in marine mussel populations.
Science 313: 831−833

Freestone AL, Ruiz GM, Torchin ME (2013) Stronger biotic
resistance in tropics relative to temperate zone:  effects of
predation on marine invasion dynamics. Ecology 94: 
1370−1377

Freudendahl ASL, Nielsen MM, Jensen T, Jensen KT (2010)
The introduced clam Ensis americanus in the Wadden
Sea:  field experiment on impact of bird predation and
tidal level on survival and growth. Helgol Mar Res 64: 
93−100

Fridley JD, Stachowicz JJ, Naeem S, Sax DF and others
(2007) The invasion paradox:  reconciling pattern and
process in species invasions. Ecology 88: 3−17

Gilchrist GW, Lee CE (2007) All stressed out and nowhere to
go:  Does evolvability limit adaptation in invasive spe-
cies? Genetica 129: 127−132

Glasby TM, Gibson PT (2007) Limited evidence for in -
creased cold-tolerance of invasive versus native Cauler -
pa taxifolia. Mar Biol 152: 255−263

Glasby TM, Gibson PT, Kay S (2005) Tolerance of the inva-
sive marine alga Caulerpa taxifolia to burial by sediment.
Aquat Bot 82: 71−81

Grosholz ED (2002) Ecological and evolutionary conse-
quences of coastal invasions. Trends Ecol Evol 17: 22−27

Gurevitch J, Morrow LL, Wallace A, Walsh JS (1992) A
meta analysis of competition in field experiments. Am
Nat 140: 539−572

Gurevitch J, Fox GA, Wardle GM, Inderjit, Taub D (2011)
Emergent insights from the synthesis of conceptual
frameworks for biological invasions. Ecol Lett 14: 407−418

Hanfling B (2007) Understanding the establishment success
of non-indigenous fishes:  lessons from population genet-
ics. J Fish Biol 71: 115−135

Hastings A, Cuddington K, Davies KF, Dugaw CJ and others
(2005) The spatial spread of invasions:  new develop-
ments in theory and evidence. Ecol Lett 9: 91−101

Herborg LM, O’Hara P, Therriault TW (2009) Forecasting
the potential distribution of the invasive tunicate Didem-
num vexillum. J Appl Ecol 46: 64−72

Hewitt CL, Campbell ML (2010) The relative contribution of
vectors to the introduction and translocation of invasive
marine species. Commissioned by The Department of
Agriculture, Fisheries and Forestry (DAFF), Canberra

Hill KE (2006) Success in establishment of invasive algal
species:  an evaluation of the importance of grazing. MSc
thesis, Goeteborg University

Hollebone AL, Hay ME (2007) Propagule pressure of an
invasive crab overwhelms native biotic resistance. Mar
Ecol Prog Ser 342: 191−196

Inderjit, Seastedt T, Callaway R, Pollock J, Kaur J (2008)
Allelopathy and plant invasions:  traditional, congeneric,

and bio-geographical approaches. Biol Invasions 10: 
875−890

Javidpour J, Molinero JC, Lehmann A, Hansen T, Sommer U
(2009) Annual assessment of the predation of Mnemi -
opsis leidyi in a new invaded environment, the Kiel Fjord
(Western Baltic Sea):  a matter of concern? J Plankton Res
31: 729−738

Jensen GC, McDonald PS, Armstrong DA (2007) Biotic
resistance to green crab, Carcinus maenas, in California
bays. Mar Biol 151: 2231−2243

Kahng SE, Benayahu Y, Wagner D, Rothe N (2008) Sexual
reproduction in the invasive octocoral Carijoa riisei in
Hawaii. Bull Mar Sci 82: 1−17

Kaluza P, Kolzsch A, Gastner MT, Blasius B (2010) The com-
plex network of global cargo ship movements. J R Soc
Interface 7: 1093−1103

Kimbro DL, Grosholz ED, Baukus AJ, Nesbitt NJ, Travis
NM, Attoe S, Coleman-Hulbert C (2009) Invasive species
cause large-scale loss of native California oyster habitat
by disrupting trophic cascades. Oecologia 160: 563−575

Kimbro DL, Cheng BS, Grosholz ED (2013) Biotic resistance
in marine environments. Ecol Lett 16: 821−833

Kinlan BP, Gaines SD (2003) Propagule dispersal in marine
and terrestrial environments:  a community perspective.
Ecology 84: 2007−2020

Kollars NM, Byers JE, Sotka EE (2016) Invasive décor:  an
association between a native decorator worm and a non-
native seaweed can be mutualistic. Mar Ecol Prog Ser
545: 135−145

Krassoi FR, Brown KR, Bishop MJ, Kelaher BP, Summer-
hayes S (2008) Condition-specific competition allows
coexistence of competitively superior exotic oysters with
native oysters. J Anim Ecol 77: 5−15

Lages BG, Fleury BG, Ferreira CEL, Pereira RC (2006)
Chemical defense of an exotic coral as invasion strategy.
J Exp Mar Biol Ecol 328: 127−135

Le Cam S, Pechenik JA, Cagnon M, Viard F (2009) Fast ver-
sus slow larval growth in an invasive marine mollusc: 
Does paternity matter? J Hered 100: 455−464

Lee CE (2002) Evolutionary genetics of invasive species.
Trends Ecol Evol 17: 386−391

Lehtiniemi M, Linden E (2006) Cercopagis pengoi and
Mysis spp. alter their feeding rate and prey selection
under predation risk of herring (Clupea harengus mem-
bras). Mar Biol 149: 845−854

Lemée R, Pesando D, Issanchou C, Amade P (1997) Micro-
algae:  a model to investigate the ecotoxicity of the green
alga Caulerpa taxifolia from the Mediterranean sea. Mar
Environ Res 44: 13−25

Levine JM, Adler PB, Yelenik SG (2004) A meta-analysis of
biotic resistance to exotic plant invasions. Ecol Lett 7: 
975−989

Lockwood BL, Sanders JG, Somero GN (2010) Transcrip-
tomic responses to heat stress in invasive and native blue
mussels (genus Mytilus):  molecular correlates of invasive
success. J Exp Biol 213: 3548−3558

Lockwood JL, Hoopes MF, Marchetti MP (2013) Invasion
ecology. Wiley-Blackwell, Chichester

Lopez MS, Coutinho R (2010) Positive interaction between
the native macroalgae Sargassum sp. and the exotic
bivalve Isognomon bicolor? Braz J Oceanogr 58: 69−72

Lyons DA, Scheibling RE (2008) Context-dependant sur-
vival of the invasive seaweed Codium fragile ssp. tomen-
tosoides in kelp bed and urchin barren habitats off Nova
Scotia. Aquat Biol 2: 17−27

266

https://doi.org/10.1016/j.jembe.2011.04.010
https://doi.org/10.1890/03-5399
https://doi.org/10.1016/j.ppees.2011.03.004
https://doi.org/10.1126/science.1125485
https://doi.org/10.1890/12-1382.1
https://doi.org/10.1007/s10152-009-0168-5
https://doi.org/10.1890/0012-9658(2007)88%5b3%3ATIPRPA%5d2.0.CO%3B2
https://doi.org/10.1007/s10709-006-9009-5
https://doi.org/10.1007/s00227-007-0678-0
https://doi.org/10.1016/j.aquabot.2005.02.004
https://doi.org/10.1016/S0169-5347(01)02358-8
https://doi.org/10.1086/285428
https://doi.org/10.1111/j.1461-0248.2011.01594.x
https://doi.org/10.1111/j.1095-8649.2007.01685.x
https://doi.org/10.1111/j.1365-2664.2008.01568.x
https://doi.org/10.3354/meps342191
https://doi.org/10.1007/s10530-008-9239-9
https://doi.org/10.1093/plankt/fbp021
https://doi.org/10.1007/s00227-007-0658-4
https://doi.org/10.1098/rsif.2009.0495
https://doi.org/10.1007/s00442-009-1322-0
https://doi.org/10.1111/ele.12106
https://doi.org/10.1890/01-0622
https://doi.org/10.3354/meps11602
https://doi.org/10.1111/j.1365-2656.2007.01316.x
https://doi.org/10.1016/j.jembe.2005.07.011
https://doi.org/10.1093/jhered/esp007
https://doi.org/10.1016/S0169-5347(02)02554-5
https://doi.org/10.1007/s00227-006-0243-2
https://doi.org/10.1016/S0141-1136(96)00099-2
https://doi.org/10.1111/j.1461-0248.2004.00657.x
https://doi.org/10.1242/jeb.046094
https://doi.org/10.1590/S1679-87592010000800009
https://doi.org/10.3354/ab00035


Papacostas et al.: Biological mechanisms of marine invasions

MacArthur R, Levins R (1967) The limiting similarity, con-
vergence, and divergence of coexisting species. Am Nat
101: 377−385

Miller A, Inglis GJ, Poulin R (2006) Comparison of the
ectosymbionts and parasites of an introduced crab,
Charybdis japonica, with sympatric and allopatric popu-
lations of a native New Zealand crab, Ovalipes catharus
Brachyura:  Portunidae). NZ J Mar Freshw Res 40: 
369−378

Miller AW, Ruiz GM, Minton MS, Ambrose RF (2007) Differ-
entiating successful and failed molluscan invaders in
estuarine ecosystems. Mar Ecol Prog Ser 332: 41−51

Mineur F, Johnson MP, Maggs CA (2008) Non-indigenous
marine macroalgae in native communities:  a case study
in the British Isles. J Mar Biol Assoc UK 88: 693−698

Mollo E, Gavagnin M, Carbone M, Castelluccio F and others
(2008) Factors promoting marine invasions:  a chemoeco-
logical approach. Proc Natl Acad Sci USA 105: 4582−4586

Nehring S, Hesse KJ (2008) Invasive alien plants in marine
protected areas:  the Spartina anglica affair in the Euro-
pean Wadden Sea. Biol Invasions 10: 937−950

Noonburg EG, Byers JE (2005) More harm than good:  when
invader vulnerability to predators enhances impact on
native species. Ecology 86: 2555−2560

Nyberg CD, Wallentinus I (2005) Can species traits be used
to predict marine macroalgal introductions? Biol Inva-
sions 7: 265−279

Osman RW, Whitlatch RB (2007) Variation in the ability of
Didemnum sp. to invade established communities. J Exp
Mar Biol Ecol 342: 40−53

Ovcarenko I, Audzijonyte A, Gasiunaite ZR (2006) Toler-
ance of Paramysis lacustris and Limnomysis benedeni
(Crustacea, Mysida) to sudden salinity changes:  implica-
tions for ballast water treatment. Oceanologia 48: 
231−242

Paolucci EM, MacIsaac HJ, Ricciardi A (2013) Origin mat-
ters:  Alien consumers inflict greater damage on prey
populations than do native consumers. Divers Distrib 19: 
988−995

Parker IM, Simberloff D, Lonsdale WM, Goodell K and oth-
ers (1999) Impact:  toward a framework for understanding
the ecological effects of invaders. Biol Invasions 1: 3−19

Parker IM, Rodriguez J, Loik ME (2003) An evolutionary
approach to understanding the biology of invasions:  local
adaptation and general-purpose genotypes in the weed
Verbascum thapsus. Conserv Biol 17: 59−72

Piola RF, Johnston EL (2006) Differential tolerance to metals
among populations of the introduced bryozoan Bugula
neritina. Mar Biol 148: 997−1010

Prentis PJ, Wilson JRU, Dormonnt EE, Richardson DM,
Lowe AJ (2008) Adaptive evolution in invasive species.
Trends Plant Sci 13: 288−294

Purcell J, Shiganova T, Decker M, Houde E (2001) The
ctenophore Mnemiopsis in native and exotic habitats: 
U.S. estuaries versus the Black Sea basin. Hydrobiologia
451:145–176

Raikow DF, Reid DF, Blatchley ER, Jacobs G, Landrum PF
(2007) Effects of proposed physical ballast tank treat-
ments on aquatic invertebrate resting eggs. Environ Tox-
icol Chem 26: 717−725

Raimondi PT (1992) Adult plasticity and rapid larval evolu-
tion in a recently isolated barnacle population. Biol Bull
(Woods Hole) 182: 210−220

Rajagopal S, van der Velde G, Jansen J, van der Gaag M
and others (2005) Thermal tolerance of the invasive oys-

ter Crassostrea gigas:  feasibility of heat treatment as an
antifouling option. Water Res 39: 4335−4342

Ricciardi A, Atkinson SK (2004) Distinctiveness magnifies
the impact of biological invaders in aquatic ecosystems.
Ecol Lett 7: 781−784

Ricciardi A, Mottiar M (2006) Does Darwin’s naturalization
hypothesis explain fish invasions? Biol Invasions 8: 
1403−1407

Rius M, Potter EE, Aguirre JD, Stachowicz JJ (2014) Mecha-
nisms of biotic resistance across complex life cycles.
J Anim Ecol 83: 296−305

Rohde K (1984) Ecology of marine parasites. Helgol
 Meeres unters 37: 5−33

Roman J, Darling JA (2007) Paradox lost:  genetic diversity
and the success of aquatic invasions. Trends Ecol Evol
22: 454−464

Roy K, Jablonski D, Valentine JW (2002) Body size and inva-
sion success in marine bivalves. Ecol Lett 5: 163−167

Ruesink JL (2007) Biotic resistance and facilitation of a non-
native oyster on rocky shores. Mar Ecol Prog Ser 331: 1−9

Ruesink JL, Hong JS, Wisehart L, Hacker SD, Dumbauld BR,
Hessing-Lewis M, Trimble AC (2010) Congener compar-
ison of native (Zostera marina) and introduced (Z. japon-
ica) eelgrass at multiple scales within a Pacific Northwest
estuary. Biol Invasions 12: 1773−1789

Ruitton S, Verlaque M, Aubin G, Boudouresque CF (2006)
Grazing on Caulerpa racemosa var cylindracea (Cauler-
pales, Chloro phyta) in the Mediterranean Sea by herbiv-
orous fishes and sea urchins. Vie et Milieu 56:33–41

Ruiz GM, Fofonoff PW, Carlton JT, Wonham MJ, Hines AH
(2000) Invasion of coastal marine communities in North
America:  apparent patterns, processes, and biases. Annu
Rev Ecol Syst 31: 481−531

Sarà G, Romano C, Widdows J, Staff FJ (2008) Effect of
salinity and temperature on feeding physiology and
scope for growth of an invasive species (Brachidontes
pharaonis — Mollusca  Bivalvia) within the Mediterran-
ean sea. J Exp Mar Biol Ecol 363: 130−136

Sareyka J, Kraufvelin P, Lenz M, Lindstrom M, Tollrian R,
Wahl M (2011) Differences in stress tolerance and brood
size between a non-indigenous and an indigenous gam-
marid in the northern Baltic Sea. Mar Biol 158: 2001−2008

Schaefer H, Hardy OJ, Silva L, Barraclough TG, Savolainen
V (2011) Testing Darwin’s naturalization hypothesis in
the Azores. Ecol Lett 14: 389−396

Schaffelke B, Deane D (2005) Desiccation tolerance of the
introduced marine green alga Codium fragile ssp.
tomentosoides — clues for likely transport vectors? Biol
Invasions 7: 577−587

Schlaepfer DR, Glattli M, Fischer M, van Kleunen M (2010)
A multi-species experiment in their native range indi-
cates pre-adaptation of invasive alien plant species. New
Phytol 185: 1087−1099

Shurin JB, Borer ET, Seabloom EW, Anderson K and others
(2002) A cross-ecosystem comparison of the strength of
trophic cascades. Ecol Lett 5: 785−791

Sih A, Bolnick DI, Luttbeg B, Orrock JL and others (2010)
Predator-prey naïveté, antipredator behavior, and the
ecology of predator invasions. Oikos 119: 610−621

Simberloff D (2006) Invasional meltdown 6 years later: 
important phenomenon, unfortunate metaphor, or both?
Ecol Lett 9: 912−919

Simberloff D, Gibbons L (2004) Now you see them, now you
don’t — population crashes of established introduced
species. Biol Invasions 6: 161−172

267

https://doi.org/10.1086/282505
https://doi.org/10.1080/00288330.2006.9517428
https://doi.org/10.3354/meps332041
https://doi.org/10.1017/S0025315408001409
https://doi.org/10.1073/pnas.0709355105
https://doi.org/10.1007/s10530-008-9244-z
https://doi.org/10.1890/05-0143
https://doi.org/10.1007/s10530-004-0738-z
https://doi.org/10.1016/j.jembe.2006.10.013
https://doi.org/10.1111/ddi.12073
https://doi.org/10.1023/A%3A1010034312781
https://doi.org/10.1046/j.1523-1739.2003.02019.x
https://doi.org/10.1007/s00227-005-0156-5
https://doi.org/10.1016/j.tplants.2008.03.004
https://doi.org/10.1897/06-403R.1
https://doi.org/10.2307/1542114
https://doi.org/10.1016/j.watres.2005.08.021
https://doi.org/10.1111/j.1461-0248.2004.00642.x
https://doi.org/10.1007/s10530-006-0005-6
https://doi.org/10.1111/1365-2656.12129
https://doi.org/10.1016/j.tree.2007.07.002
https://doi.org/10.1046/j.1461-0248.2002.00316.x
https://doi.org/10.3354/meps331001
https://doi.org/10.1007/s10530-009-9588-z
https://doi.org/10.1146/annurev.ecolsys.31.1.481
https://doi.org/10.1016/j.jembe.2008.06.030
https://doi.org/10.1007/s00227-011-1708-5
https://doi.org/10.1111/j.1461-0248.2011.01600.x
https://doi.org/10.1007/s10530-004-5850-6
https://doi.org/10.1111/j.1469-8137.2009.03114.x
https://doi.org/10.1046/j.1461-0248.2002.00381.x
https://doi.org/10.1111/j.1600-0706.2009.18039.x
https://doi.org/10.1111/j.1461-0248.2006.00939.x
https://doi.org/10.1023/B%3ABINV.0000022133.49752.46


Mar Ecol Prog Ser 565: 251–268, 2017

Simberloff D, Von Holle B (1999) Positive interactions of
nonindigenous species:  invasional meltdown? Biol Inva-
sions 1: 21−32

Smith JE, Hunter CL, Conklin EJ, Most R, Sauvage T, Squair
C, Smith CM (2004) Ecology of the invasive red alga
Gracilaria salicornia (Rhodophyta) on O’ahu, Hawai’i.
Pac Sci 58: 325−343

Snyder WE, Evans EW (2006) Ecological effects of invasive
arthropod generalist predators. Annu Rev Ecol Evol Syst
37: 95−122

Sorte CJB, Williams SJ, Carlton JT (2010) Marine range shifts
and species introductions:  comparative spread rates and
community impacts. Glob Ecol Biogeogr 19: 303−316

Stachowicz JJ, Byrnes JE (2006) Species diversity, invasion
success, and ecosystem functioning:  disentangling the
influence of resource competition, facilitation, and ex -
trinsic factors. Mar Ecol Prog Ser 311: 251−262

Stachowicz JJ, Fried H, Osman RW, Whitlatch RB (2002)
Biodiversity, invasion resistance, and marine ecosystem
function:  reconciling pattern and process. Ecology 83: 
2575−2590

Strathmann RR (1990) Why life histories evolve differently in
the sea. Am Zool 30: 197−207

Strauss SY, Webb CO, Salamin N (2006) Exotic taxa less
related to native species are more invasive. Proc Natl
Acad Sci USA 103: 5841−5845

Taylor GM, Keyghobadi N, Schmidt PS (2009) The geo -
graphy of crushing:  variation in claw performance of the
invasive crab Carcinus maenas. J Exp Mar Biol Ecol 377: 
48−53

Thomsen MS, McGlathery K (2005) Facilitation of macro-
algae by the sedimentary tube forming polychaete
Diopatra cuprea. Estuar Coast Shelf Sci 62: 63−73

Torchin ME, Lafferty KD, Kuris AM (2002) Parasites and
marine invasions. Parasitology 124: 137−151

Torchin ME, Lafferty KD, Dobson AP, McKenzie VJ, Kuris
AM (2003) Introduced species and their missing para-
sites. Nature 421: 628−630

Troost K (2010) Causes and effects of a highly successful
marine invasion:  case-study of the introduced Pacific
oyster Crassostrea gigas in continental NW European
estuaries. J Sea Res 64: 145−165

Tsai C, Yang S, Trimble AC, Ruesink JL (2010) Interactions
between two introduced species:  Zostera japonica (dwarf
eelgrass) facilitates itself and reduces condition of Rudi-
tapes philippinarum (Manila clam) on intertidal flats.
Mar Biol 157: 1929−1936

Turon X, Tarjuelo I, Duran S, Pascual M (2003) Charac-
terizing invasion processes with genetic data:  an
Atlantic clade of Clavelina lepadiformis (Ascidiacea)
introduced into Mediterranean harbours. Hydrobiologia
503: 29−35

Urian AG, Hatle JD, Gilg MR (2011) Thermal constraints for
range expansion of the invasive green mussel, Perna
viridis, in the southeastern United States. J Exp Zool A
Ecol Genet Physiol 315A: 12−21

Vaz-Pinto F, Olabarria C, Arenas F (2012) Propagule pres-
sure and functional diversity:  interactive effects on a
macroalgal invasion process. Mar Ecol Prog Ser 471: 
51−60

Vermeij M, Smith T, Dailer M, Smith C (2009) Release from
native herbivores facilitates the persistence of invasive
marine algae:  a biogeographical comparison of the rela-
tive contribution of nutrients and herbivory to invasion
success. Biol Invasions 11: 1463−1474

Weber MG, Agrawal AA (2012) Phylogeny, ecology, and the
coupling of comparative and experimental approaches.
Trends Ecol Evol 27: 394−403

White LF, Orr LC (2011) Native clams facilitate invasive spe-
cies in an eelgrass bed. Mar Ecol Prog Ser 424: 87−95

White LF, Shurin JB (2007) Diversity effects on invasion vary
with life history stage in marine macroalgae. Oikos 116: 
1193−1203

Whitney KD, Gabler CA (2008) Rapid evolution in intro-
duced species, ‘invasive traits’ and recipient communi-
ties:  challenges for predicting invasive potential. Divers
Distrib 14: 569−580

Williams PJ, MacSween C, Rossong M (2009) Competition
between invasive green crab (Carcinus maenas) and
American lobster (Homarus americanus). NZ J Mar
Freshw Res 43: 29−33

Wonham MJ, Pachepsky E (2006) A null model of temporal
trends in biological invasion records. Ecol Lett 9: 663−672

Wonham MJ, Carlton JT, Ruiz GM, Smith LD (2000) Fish
and ships:  relating dispersal frequency to success in bio-
logical invasions. Mar Biol 136: 1111−1121

Zabin CJ, Zardus J, Pitombo FB, Fread V, Hadfield MG
(2007) A tale of three seas:  consistency of natural history
traits in a Caribbean-Atlantic barnacle introduced to
Hawaii. Biol Invasions 9: 523−544

Zabin CJ, Obernolte R, Mackie JA, Gentry J, Harris L,
Geller J (2010) A non-native bryozoan creates novel sub-
strate on the mudflats in San Francisco Bay. Mar Ecol
Prog Ser 412: 129−139

268

Editorial responsibility: Charles Peterson, 
Morehead City, North Carolina, USA

Submitted: August 22, 2016; Accepted: November 28, 2016
Proofs received from author(s): January 27, 2017

https://doi.org/10.1353/psc.2004.0023
https://doi.org/10.1146/annurev.ecolsys.37.091305.110107
https://doi.org/10.1111/j.1466-8238.2009.00519.x
https://doi.org/10.3354/meps311251
https://doi.org/10.1890/0012-9658(2002)083%5b2575%3ABIRAME%5d2.0.CO%3B2
https://doi.org/10.1093/icb/30.1.197
https://doi.org/10.1073/pnas.0508073103
https://doi.org/10.1016/j.jembe.2009.06.022
https://doi.org/10.1016/j.ecss.2004.08.007
https://doi.org/10.1017/S0031182002001506
https://doi.org/10.1038/nature01346
https://doi.org/10.1016/j.seares.2010.02.004
https://doi.org/10.1007/s00227-010-1462-0
https://doi.org/10.1023/B%3AHYDR.0000008481.10705.c2
https://doi.org/10.1002/jez.644
https://doi.org/10.3354/meps10024
https://doi.org/10.1007/s10530-008-9354-7
https://doi.org/10.1016/j.tree.2012.04.010
https://doi.org/10.3354/meps08958
https://doi.org/10.1111/j.0030-1299.2007.15767.x
https://doi.org/10.1111/j.1472-4642.2008.00473.x
https://doi.org/10.1080/00288330909509979
https://doi.org/10.1111/j.1461-0248.2006.00913.x
https://doi.org/10.1007/s002270000303
https://doi.org/10.1007/s10530-006-9056-y
https://doi.org/10.3354/meps08664



