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Introduction
Marine ‘plants’ (here including macroalgal protists and seagrass angiosperms) comprise
thousands of species distributed in the photic zone along the world’s coastlines.
These play key ecological and biogeochemical roles in marine ecosystems, often
controlling biodiversity, ecosystem functioning and energy flow. Many marine plants
are foundations species (Dayton 1972) and function as ecosystem engineers (Jones
et al. 1994), affecting the availability of resources to other species by modifying,
maintaining and creating habitats. In this chapter we discuss two related aspects of
ecological interactions between alien species and marine plants: (a) how alien plants
and animals impact native plants (Fig. 1) and (b) how alien plants impact native
plants or animals (Fig. 2). In the first scenario the emphasis is on the native plants
that are affected by alien plants or animals, whereas in the second part the focus shifts
to how invasive plants drive ecological change both of native plants and animals. For
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Figure 1. Common ecological interactions whereby alien marine plants and animals impact native marine
‘plants’ (seaweeds and seagrasses). Note minor overlap with Fig. 2; processes 1.1 and 1.8 correspond to
processes 2.1 and 2.4 respectively. Direction of arrow = effect direction (impact is on the centered native
plants); blue arrows = negative effects, red arrows = positive effects, solid arrows = direct effects; dashed
arrows = indirect effects. See text for details on each interaction. Images and symbols used in the figure
courtesy of the Integration and Application Network (http://ian.umces.edu/).

each scenario we provide a conceptual overview of typical ecological interactions
(Figs. 1 and 2) with examples of how invaders affect the performance and abundance
of local species and thereby influence energy flow, ecosystem functioning, biodiversity
and structure of local marine communities. Our main focus is on the second scenario
for which we compile a list of published experiments that have tested whether alien
marine plants impact the diversity and structure of native communities. We focus
solely on marine plants that perform best in saltwater; that is, we do not review
studies that focus on terrestrial angiosperms (e.g., Spartina alterniflora, Phragmites
australis, Rhizophora mangle) that can invade marine intertidal zones, or freshwater
angiosperms (e.g., Myriophyllum spicatum, Potamogeton crispus, Elodea canadensis)
that can invade brackish habitats.

Effects of alien plants and animals on native plants
Marine plants can control ecosystem function, biodiversity and community structure,
but are often stressed by human activities, in particular climate change, eutrophication,
pollution, habitat alteration, fisheries, and invasive alien species. Specifically,
alien species can have strong impacts on native marine plants, and thereby impact
ecosystem function and biodiversity (Thomsen et al. 2014b). Over 1700 marine alien
or cryptogenic species, that is species that are not demonstrably native or introduced,
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Figure 2. Common ecological interactions whereby alien marine plants impact native marine plants
and animals. Note minor overlap with Fig. 1; processes 2.1 and 2.4 correspond to processes 1.1 and 1.8,
respectively. Direction of arrow = effect direction (impact is caused by centered alien plants); blue arrows =
negative effects, red arrows = positive effects, solid arrows = direct effects; dashed arrows = indirect effects.
See text for details on each interaction. Images and symbols used in the figure courtesy of the Integration
and Application Network (http://ian.umces.edu/).

have been identified around the world (Hewitt and Campbell 2010), and many of
these have invaded shallow coastal habitats where they interact with and affect
native seagrasses and seaweeds, often with cascading impacts on associated animal
communities (Thomsen et al. 2010a). These effects are typically classified as positive
or negative (effect direction; does the invader benefit or harm a native species?),
small or large (effect magnitude; how much is the native species affected?), the type
of data from which effects are evaluated (effect data type; are effects evaluated from
speculation, anecdotes, or mensurative or manipulative experiments?), and if they
are of a direct or indirect nature (effect pathway; do effects involve only interactions
between the invader and the native species or do effects work through interactions
with additional species). Below we provide examples of the different types of effects
that invasive plants or animals can have on marine plants.

Negative effects on native marine plants
Invasion impact studies have traditionally focused on how terrestrial native plants
have been negatively impacted by invaders (Rodriguez 2006) and this also appears
to be valid for marine plants (Thomsen et al. 2011b). Below we describe direct
(see Figs. 1.1 to 1.4) and indirect (see Figs. 1.5 to 1.7) species interactions whereby
native plants can be negatively impacted by marine invaders.
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Competition. Invasive plants can compete directly with native plants as they require
the same basic resources for survival, growth and reproduction, in particular light,
space, and nutrients (we consider both inferential and exploitive competition as direct
effects because only the invader and native plant species are involved in this interaction
(Wootton 1994)). Competition by plant invaders is one of the most frequent reported
type of effects on native marine macrophytes (Schaffelke and Hewitt 2007, Williams
and Smith 2007, Thomsen et al. 2009b). For example, native kelps and seagrasses
can be negatively affected by alien Sargassum muticum (Fig. 1.1) (Staehr et al. 2000,
Britton-Simmons 2004), Codium fragile (Levin et al. 2002) and several Caulerpa
species (Ceccherelli and Cinelli 1997). However, in these cases (and many others),
the underlying inhibitory mechanisms are unknown, but probably occur through
competition for light and space. Native plants may also compete with alien animals
because many of these are sessile biofoulers (Fig. 1.2). These aliens may compete for
space, reduce light levels or, in extreme cases, excrete excessive amounts of organic
material leading to toxic conditions for the native plants. For example, native kelps are
negatively affected by the alien fouling bryozoan Membranipora membranacea that
lives on the surface of kelp blades (Levin et al. 2002, Saunders and Metaxas 2008),
thereby shading the kelp but also increasing the rigidity of the frond and possibly
increasing the likelihood of frond breakage during storms.
Invaders as agents of disturbance and stress. Invasive animals can negatively impact
native plants by creating biological disturbances. Native seagrasses (Zostera marina
and Halophila ovalis) can be uprooted and their seeds buried by alien polychaetes
(Marenzelleria viridis), snails (Batillaria australis) and crabs (Carcinus maenas)
(Fig. 1.3). These invasive bioturbators can break seagrass rhizomes and leaves,
or expose rhizomes and roots above the sediment surface and thereby increase
susceptibility to storm-disturbances (Davis et al. 1998, Hoeffle et al. 2012). Invasive
bioturbators can also bury seeds below a germination threshold, but burial could
alternatively also increase protection from herbivores and storms (Delefosse and
Kristensen 2012). These disturbance effects have been observed in laboratory and
mesocosm experiments (Davis et al. 1998, Hoeffle et al. 2012) but effects by alien
bioturbators may be less common in natural dense seagrass meadows where the
rhizomes are interconnected, and high densities of common bioturbators (C. maenas
and B. australis) are known to co-exist with dense seagrasses (Polte et al. 2005,
Thomsen et al. 2010b). Disturbance effects from invasive bioturbaders are probably
most important around seagrass edges and when new small patches establish from
drifting clones or seeds. Information about invaders as ‘disturbance agents’ could
therefore be important in conservation and for seagrass transplantation (Davis et al.
1998). In addition to uprooting (physical disturbances), invasive animals can also
modify habitats to make environmental conditions hostile for marine plants (chemical
disturbances), such as when Marenzelleria viridis decreases oxygen levels in sediments
(Kristensen et al. 2011), potentially limiting seagrass expansion and recovery (Norkko
et al. 2012).
Consumption. Alien animals can also have direct negative impacts on native plants
through consumption (Fig. 1.4), although few field experiments have documented
this (Thomsen et al. 2014b), perhaps because relatively few marine herbivores are
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invasive. The best known example is from the Northwest Atlantic where the invasive
snail Littorina littorea can have large grazing effects on rocky intertidal shores and
in tidepools. This snail can remove recruits of Fucus species on smooth substrates
(Lubchenco 1983) and ephemeral algae from tidepools (Lubchenco and Menge 1978).
However, experimentally determined impacts may overestimate effects if the invader
displaces functionally similar native grazers (e.g., L. littorea displace L. saxatilis).
In short, in the absence of the invasive grazer, the native grazers would instead
have removed the same Fucus recruits and ephemeral alga (Eastwood et al. 2007).
Eastwood’s study highlights that short-term experiments conducted in already invaded
locations can fail to identify long-term impacts, like niche shifts or local extinctions.
Grazing effects from L. littorea have been documented in detail, probably because
the snails are relatively large, conspicuous, slow-moving, abundant, and have a wide
distribution in the easy-to-sample intertidal zone. In another invasion grazer study,
alien fish (Siganus luridus and S. rivulatus) were shown to consume large amounts of
erect algae, thereby creating extensive ‘barren’ areas on the Mediterranean coast of
Turkey (Sala et al. 2011). However, grazing effects from alien species can also be more
subtle. For example, the small mobile alien amphipod Ampithoe valida can consume
large quantities of the reproductive structure of the native seagrass Zostera marina,
thereby removing seeds and compromising the maintenance of genetic diversity and
long-term persistence of meadows (Reynolds et al. 2012).
Indirect effects; cascading effects and consumption of keystone species. Invasion
impact studies have generally focused on direct effects, although numerous forms of
indirect effects are possible (White et al. 2006). We do not describe all possible indirect
effects because most are poorly documented, but focus on a few simpler examples
where 3–4 species interact in ‘chains of events’. In these interaction chains, a ‘basal’
(or ‘primary’) invader affects a focal native species but only when 1–2 additional
(‘intermediate’ or ‘secondary’) species are present (see Box 1 for more details and
punctuated arrows on Figs. 1 and 2 for examples). It is well established that secondorder consumers can have positive effects on plants (Shurin et al. 2005). Following
analogous food chain theory, third-order consumers should therefore have negative
impacts on native plants (Daskalov et al. 2007, Casini et al. 2008). We are not aware
of studies that have quantified linkages between alien top-predators and native marine
plants, but it is probably relatively common (for a freshwater example, see Tronstad
et al. 2010). For example, tropical invasive lionfish consume trigger fish (Albins and
Hixon 2008, Albins 2013), a group of fish that consumes urchins, which again consume
seaweeds (McClanahan et al. 1996, O’Leary and McClanahan 2010) and seagrasses
(Alcoverro and Mariani 2004). Lionfish could therefore have indirect negative effects
on tropical seaweeds in a 4-level consumption cascade (Fig. 1.5), although this process
would be less important if lionfish also consume large amounts of herbivorous reef
fish. Keystone consumption (see Box 1) may also cause indirect negative effects on
native plants. Invasive predators, like the crabs Carcinus maenas or Hemigrapsus
sanguineus, consume large amounts of mussels and oysters (DeGraaf and Tyrrell 2004)
that otherwise provide habitat for native seaweeds (Fig. 1.6) (Thomsen 2004, Lang
and Buschbaum 2010). Invasive animals, therefore, by consuming habitat-formers,
can have negative indirect effects on native plants. A final illustrative (hypothetical)
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Box 1. Definitions
Alien, cryptogenic and invasive species. Aliens (= Non-indigenous, exotic, nonnative, introduced species) are living outside their native distributional range,
and have arrived at these locations aided by human activity, either deliberate or
accidental. We do not include new species that arrived by their own dispersal
mechanisms across natural barriers, but only survive due to climate changes. Aliens
are typically called invasive if they are highly successful (e.g., with rapid spread
and high abundance) or have a strong impact on resident ecosystems. In invasion
biology, invaders are also aliens, but in biogeographical research invaders can be
native species that arrive at new regions by natural dispersal mechanisms or by
‘natural’ breakdown of physical barriers. Cryptogenic species are of unknown
origin; detailed taxonomic, biogeographical, and molecular analyses are required
to determine if a cryptogenic species is a native or an alien.
Transport vectors. The pathway whereby aliens arrive to new systems through
human activities. In marine systems the most important vectors are hull-fouling
(found on the outside of ships), ballast water and sediments (found inside ships),
aquaculture (intentional, escapees, and ‘blind passengers’), and through aquarium
trade.
Invasion impact studies. The invader is the causal agent of ecological change.
Impact can be a synonym for ‘effect’, ‘consequence’, or ‘cause of’. Impact studies
focus on how invaders affect a property of a resident system. The invader is the
independent variable, typically portrayed graphically on the x-axis. Impacts can
be larger or smaller than a reference value, often defined as zero; the impact is
then either positive (> 0) or negative (< 0). Positive or negative impacts are a
statistical measure that differs from whatever impact is ‘good’ or ‘bad’ (the human
interpretation of the statistical measure). Impacts can be reported on cultural
(economics, health, societal) or natural (biotic, abiotic) properties. Biotic properties
can be divided into impacts reported on or above the species level (the fundamental
biological unit); negative impacts on species are simple to interpret whereas negative
impacts reported above the species level can hide opposing effects (some species
benefits, others are harmed).
Invasion impacts are evaluated from observations, hypotheses, models, and
mensurative and manipulative experiments. No quantitative data are involved
when an impact is evaluated from anecdotal observations (e.g., a researcher has
noted, but not quantified, the occurrence of an abundant alien seaweed in the same
location where native grazers are abundant) or hypothetical predictions/effects (e.g.,
it can predicted that any native generalist grazer can consume non-toxic invasive
plants). Impacts evaluated from mensurative and manipulative experiments rely on
quantitative data. In mensurative experiments, researchers have no control over the
abundance of the invader, but compare responses between sample sites and periods
that reflect different levels of invaders. Mensurative experiments can be conducted
Box 1. contd....
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on large and long spatio-temporal scales, with a wide range of invasive taxa and
are without artifacts associated with cages, tethers or experimental disturbances.
In manipulative experiments the researcher has (some) control over the abundance
of the invader either by adding invaders to un-invaded plots or removing invaders
from already invaded plots. In manipulative experiments causality can be inferred
between the invader and the impacted resident species. Invader densities and the
spatio-temporal context can here be controlled to form part of hypothesis testing.
Impacts evaluated from models can be based on all kinds of combinations of the
types of information above.
Cascade and keystone interaction chains. A ‘cascade effect’ is a ‘disproportionally
large ecological effect that occurs via a repeated ecological interaction’, whereas a
‘keystone effect’ is a ‘disproportionally large ecological effect’. ‘Cascade’ is a more
precise term than ‘keystone’ because all processes in the interaction chain are the same.
Net effects on focal organisms are positive in 3-level cascades, representing either ‘a
friend of my friend is my friend’ (cascading habitat formation and mutualism) or ‘an
enemy of my enemy is my friend (cascading-consumption and competitions). The
term ‘keystone interactions’ is less precise than cascade, and is defined by the first
process in the interaction chain. In keystone consumption and keystone mutualism
the first process is consumption and mutualism, respectively. The net effect on focal
organisms from 3-level keystone interactions can be positive or negative depending
on the direction of the processes involved (contrast, keystone consumption in
Fig. 1.6 and Fig. 1.12).
example of a ‘long consumption cascade’ involves an invasive top-predator, the
comb-jelly Mnemiopsis leidii (Fig. 1.7). M. leidii can consume large quantities of
zooplankton and may therefore indirectly facilitate phytoplankton blooms (Riisgård
et al. 2012) that reduce light and nutrient levels, resulting in negative net effects on
benthic marine plants (Sand-Jensen and Borum 1991).

Positive effects on native marine plants
Alien plants and animals can have positive impacts on native plants through a variety
of species interactions, such as habitat-formation, habitat-modification, and mutualism
(direct effects, Figs. 1.8–1.9) as well as cascading habitat formation, cascading
consumption, and keystone consumption (indirect effects, Figs. 1.10–1.12).
Habitat formation and modification. Habitat formation and habitat modification are
common interactions whereby invasive plants and animals have positive direct effects
on native plants. For example, the invasive red seaweed Gracilaria vermiculophylla
creates habitat for native epiphytic plants, a particularly important process in softbottom estuaries that have little structural substrata for epibiotic organisms (Fig. 1.8)
(Thomsen and McGlathery 2005, Thomsen et al. 2006a, Nyberg et al. 2009). Similar
effects have been identified for many invasive animals that also create 3-dimensional
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structures for native plants to settle onto (Fig. 1.9), including invasive oysters (Lang
and Buschbaum 2010), mussels (Sousa et al. 2009), snails (Thomsen et al. 2010b),
tunicates (Castilla et al. 2004) and bryozoa (Sellheim et al. 2010). Of these species,
oysters are particularly important because they have been transplanted to soft-bottom
estuaries around the world (Padilla 2010). In addition to the physical creation of
space for native species to live on (autogenic engineering), invasive habitat-formers
also modify their environment, sometimes making abiotic conditions more benign
for native species (allogenic engineering). For example, invasive oysters, mussels
and tunicates can reduce desiccation stress and increase water clarity by filtering out
plankton (Therriault and Herborg 2008, Rius and McQuaid 2009, Padilla 2010) and
thereby increasing light levels for native benthic plants. In addition, invasive mobile
bioturbators (e.g., Batillaria australis) can increase oxygen levels in sediments and
thereby reduce stress on native seagrass rhizomes, although invasive snails can also
uproot rhizomes and decrease oxygen levels if faecal products are deposited within
the sediment (Hoeffle et al. 2012). These examples show that invaders often have
direct positive effects on native plants by creating living space (habitat formation)
and reducing environmental stress (habitat modification).
Indirect effects; cascading habitat formation, cascading consumption and keystone
consumption. Invasive plants and animals can also have indirect positive effects on
native plants. For example, invasive oysters and snails can provide habitat for native
plants, that again provide habitat for native epiphytic plants, through cascading habitat
formation (Fig. 1.10, Box 1) (Thomsen et al. 2010a). Indirect positive effects on native
plants can also occur through consumption cascades (Fig. 1.11). Invasive crabs, such as
Carcinus maenas or Hemigrapsus sanguineus, can reduce grazing on native plants by
consuming (Eastwood et al. 2007) or ‘scaring away’ herbivores (Trussell et al. 2002,
Trussell et al. 2004); that is, they reduce grazing through density- and trait-mediated
consumption cascades, respectively. Finally, invasive grazers can also have positive
effects on native plants, through keystone consumption, by preferentially consuming
competitively dominant sessile species (Fig. 1.12). For example, invasive L. littorea
preferentially consume fast-growing Ulva species and thereby reduce competition for
slow-growing less palatable species like Chondrus crispus (Lubchenco 1978, 1983).
The invasive grazer thereby provides the same function as a natural disturbance,
opening up space (a limiting resource) that competitively inferior plants can colonize.

Effects of alien plants on native plants and animals
The previous section reviewed mechanisms whereby native marine plants can
be impacted by invasive plant and animals. In this section we shift the focus to
demonstrate that marine plants not only are affected by invaders, but also are invaders
themselves causing major ecological changes to coastal ecosystems. This topic has
been reviewed in detail (Schaffelke and Hewitt 2007, Williams 2007, Williams and
Smith 2007, Thomsen et al. 2009b). In concert, these reviews conclude that: (a) impacts
have been quantified from a small fraction (< 7%) of known introduced seaweeds;
(b) many case studies reported strong impacts on native species; (c) few generalities of
impacts have been shown; (d) underlying impact mechanisms are poorly known (but
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negative and positive impacts likely occur through competition and habitat formation
and food provision, respectively); and (e) that major research gaps exist, particularly
about how entire local communities are affected. Williams and Smith (2007) listed 277
marine alien seaweeds from around the world, represented by 45 Chlorophycea, 66
Phaeophyceae, 165 Rhodophytes (from a global pool of ca. 2400 Chlorophycea, 1800
Phaeophyceae and 6300 Rhodophytes). However, the status of several of the listed
invaders is uncertain. For example, Alaria esculenta, and Saccharina ochoensis were
listed as aliens in Denmark and Gracilaria gracilis as alien in Norway, but these species
either do not have permanent populations there or are native (http://www.nobanis.org,
Thomsen et al. 2007b). There are also at least three alien seagrasses (out of a pool of
ca. 60 species (Short et al. 2007)): Zostera japonica, Halophila stipulacea, and Zostera
tasmanica (Williams 2007, Castilla and Neill 2009). Williams (2007) suggests that
Halophila decipiens may be an invader in Hawaii but other authors consider it native
(McDermid et al. 2002, Russell et al. 2003). The most common transport vectors
for these invaders are hull fouling and aquaculture (shellfish farming in particular),
although a few species have also been transported in ballast water, through the Suez
Canal, on fishing gear and with aquarium trade (Williams and Smith 2007). Marine
plants have been introduced around the world, but some regions have more invaders
than others; the Mediterranean Sea and the NE Atlantic alone account for around
half of known introductions (Williams and Smith 2007). It should be noted there is a
potential regional bias related to sampling effort, resource availability, and availability
of historical data. Each of these 277 alien marine plants has had an impact on the
invaded locality because each invader modifies both geochemical cycles (through
metabolic activities) and community structure (through encounters with native
species). However, many impacts are difficult to quantify, particularly if the impact
magnitude is small or if the impact occurs in small areas, short time windows, and in
inaccessible habitats. Below we review common mechanisms whereby marine alien
plants affect native species.

Negative effects of alien marine plants
Typical forms of negative impacts by alien marine plants include competition, habitatdestruction/modification (direct effects, Figs. 2.1 to 2.3) and keystone competition
and keystone habitat destruction (indirect effects, Figs. 2.4 to 2.5).
Direct negative effects; competition and habitat destruction. There are many examples
of invasive plants competing with native plants for limited resources (light, space,
nutrients). Invasive Sargassum muticum compete with native canopy-forming seaweeds
(Fig. 2.1), including Fucus vesiculosus and Halidrys siliquosa (Staehr et al. 2000),
Macrocystis pyrifera (Ambrose and Nelson 1982) and Laminaria bongardiana
(Britton-Simmons 2004), although in some cases impacts appear to be minor,
especially in the rocky intertidal zone (Sánchez and Fernández 2005, Olabarria et al.
2009). Another well-studied example is competition from the invasive kelp Undaria
pinnatifida that may reduce native seaweed diversity (Casas et al. 2004) although
other studies have found few impacts (Forrest and Taylor 2003, Valentine and Johnson
2005, South et al. in press). Importantly, both S. muticum and U. pinnatifida only
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have large canopies over a 4–5 month growth period where after the canopy is lost
through erosion and fragmentation (Wernberg et al. 2001, Schiel and Thompson 2012,
South et al. in press). This canopy loss may explain why these conspicuous invaders
have relatively low impacts, particular in intertidal systems where light is abundant
and desiccation stress is strong. Similar effects have been observed in soft-bottom
systems where invasive Caulerpa species can compete with native seagrasses (de
Villele and Verlaque 1995, Ceccherelli and Cinelli 1997), although other studies
suggest that competition effects are limited (Jaubert et al. 1999, Ceccherelli and
Sechi 2002, Jaubert et al. 2003, Thomsen et al. 2012). In short, competitive effects
do occur but are context-dependent, such that the outcome depends on specific
interactions between invasive and native species in conjunction with environmental
conditions (Thomsen et al. 2011b). For example, Gracilaria vermiculophylla did not
affect a native seagrass species under cold temperatures, disregarding its abundance,
but had negative effects under high temperatures and when it was highly abundant
(Hoeffle et al. 2011). This temperature-density interaction occurred because seagrasses
are less stress-resistant near their upper temperature tolerance level and, at the same
time, invader-effects are more severe at high abundance levels (in other words, elevated
respiration and reduced oxygen conditions are more important at high densities and
high temperatures) (Hoeffle et al. 2011).
Invasive marine plants may also compete with native animals, especially for
limited space (Fig. 2.2). Invasive algal turf can compete with sessile encrusting animals
(e.g., corals) on rocky substrata (Linares et al. 2012, Cebrian et al. 2013) and Caulerpa
racemosa and C. taxifolia may compete for space with larger infaunal species that also
depend on sandy substrata (but we are not aware of studies showing biotic resistance
from soft-bottom animals to Caulerpa invasion). Thus, if abiotic conditions are
benign, invasive plants typically invade soft-bottom systems, no matter what infaunal
organisms live there (Berkenbusch et al. 2007, Tsai et al. 2010). Non-vegetated mud
or sand habitats are thereby converted to vegetated meadows (= habitat destruction,
cf. Fig. 2.3) and organisms that only can inhabit sand and mud are displaced. Only a
few studies have documented negative effects from invasive marine plants on native
infaunal species (Wright et al. 2007, Gribben et al. 2009b, Tsai et al. 2010), perhaps
because many infaunal species are facultative mud-flat inhabitants and still survive
(perhaps in lower densities) within the vegetated meadows (Gribben and Wright 2006,
Wright and Gribben 2008, Gribben et al. 2009b, McKinnon et al. 2009, Byers et al.
2010, Klein and Verlaque 2011, Pacciardi et al. 2011). There are several examples of
this type of habitat destruction, where invasive species convert mudflats to vegetated
meadows, including the red alga Gracilaria vermiculphylla (Thomsen et al. 2007a,
Thomsen et al. 2010a, Byers et al. 2012), green Caulerpa species (Gribben and Wright
2006, Wright and Gribben 2008, Gribben et al. 2009b, McKinnon et al. 2009, Byers
et al. 2010, Klein and Verlaque 2011, Pacciardi et al. 2011), the brown alga Sargassum
muticum (Strong et al. 2006) and the invasive seagrasses Halophila stipulacea and
Zostera japonica (Posey 1988, Baldwin and Lovvorn 1994, Berkenbusch et al.
2007, Willette and Ambrose 2009, Ruesink et al. 2010, Willette and Ambrose 2012).
Similar processes are also common for semi-marine invasive angiosperms, such as
when invasive salt marshes and mangroves convert mudflats into vegetated meadows
(Neira et al. 2007, Thomsen et al. 2009a, Wu et al. 2009, Demopoulos and Smith 2010).
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Indirect negative effects; keystone competition and habitat-destruction. There has
been little attention to these types of species interactions, but there are likely to be
many indirect negative effects associated with marine plant invasions, particularly
through keystone competition and keystone habitat destruction/modification. Invasive
plants that negatively affect native plants can cause indirect negative effects on
those animals that inhabit and forage among native plants (Fig. 2.4). For example,
syngnathid and monacanthid fish are more abundant around native seagrass compared
to invasive Caulerpa (York et al. 2006), juvenile fish are more abundant in native
seagrass beds compared to invasive Halophila stipulacea (Willette and Ambrose
2012) and gastropods and seastars are more abundant on native kelp compared to
invasive Codium fragile (Schmidt and Scheibling 2006). Still, many of these indirect
effects associated with keystone competition and competitive displacement appear to
be relatively minor, probably because marine animals often are generalists that can
survive on different vegetation (Bell 1991). Similarly, many ‘epibiota comparisons’
show larger spatio-temporal differences in epibiota community structure, compared to
community differences between the invasive and competitive native host plants (Viejo
1999, Wernberg et al. 2004, Gestoso et al. 2010, Soler-Hurtado and Guerra-García 2011,
Gestoso et al. 2012, Guerra-García et al. 2012, Janiak and Whitlatch 2012). Indirect
negative effects associated with keystone habitat destruction are conceptually similar
to keystone competition; if invasive plants destroy mudflat habitats (converting them
to meadows), this can lead to indirect negative impacts on the animals that inhabit/
forage on the mudflat (Fig. 2.5). Native species likely to be indirectly and negatively
affected by destruction of mudflats include burying fish like flounders, stargazers,
and weeverfish, and wading birds that feed on mudflats, especially during migrations
(although this has not yet been documented well for invasive marine plants) (Parks
2006).

Positive effects of marine alien plants
Invasions by marine plants provide some of the most compelling lines of evidence
for positive impacts on native organisms (Wallentinus and Nyberg 2007, Thomsen
et al. 2010a). Typical forms of positive impacts of alien marine plants include habitat
formation and modification, mutualism, and consumption (direct effects, Figs. 2.6
and 2.7) as well as cascading habitat formation, cascading consumption, cascading
competition and keystone competition (indirect effects) (Figs. 2.8 to 2.11).
Direct positive effects; habitat formation and modification, mutualism and
consumption. Positive impacts of invasive plants through habitat formation has been
documented many times, particularly for plants that invade mudflats (Fig. 2.6), such
as Caulerpa racemosa (Klein and Verlaque 2011), C. taxifolia (McKinnon et al.
2009), Gracilaria vermiculohylla (Thomsen et al. 2006a, Thomsen et al. 2010a, Byers
et al. 2012) (Byers et al. 2010, Thomsen et al. 2010a, Hernández et al. 2012, Johnston
and Lipcius 2012), Halophila decepiens (Willette and Ambrose 2012) and Zostera
japonica (Posey 1988, Berkenbusch and Rowden 2007, Berkenbusch et al. 2007).
Many positive effects are rather obvious as new physical structures provide living
space and protection from predators for both sessile and interstitial mobile species
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(Huston 1994). In addition to creating habitat, habitat forming invaders also modify
the environment (habitat modification), sometimes making it more benign for native
species, for example by reducing intertidal desiccation stress (Bulleri et al. 2006).
Positive effects can also be observed in invaded vegetated habitats when invaders
‘add’ structure and biomass, which support more interstitial organisms and epiphytes.
For example, S. muticum invasion in Denmark has probably resulted in a system-wide
increase in plant biomass and thereby more habitat for epiphytic plants (Thomsen et al.
2006b) and invertebrates (Wernberg et al. 2004). There has not been similar extensive
research to evaluate how the epibiota (that benefit from added invasive structures) may
impact the invader itself (except via consumption), but it is possible that mutualisms
sometimes occur, for example if native mesograzers eat the epiphytes that shade
the invader. Another common type of direct positive effect is through consumption
(Fig. 2.7) whereby invasive plants provide food for native herbivores. Many studies
have quantified grazing impact on invasive seaweeds, often trying to explain invasion
success in the context of the enemy release theory (although this theory requires that
the invader is top-down controlled in its native region, a prerequisite that is seldom
investigated). It is possible that direct positive invasion effects are less important
through consumption than habitat formation because many invasive plants are not
particularly edible (e.g., S. muticum (Britton-Simmons 2004) or preferred food for
dominant grazers like sea urchins (C. fragile (Scheibling and Anthony 2001). Other
studies have shown that S. muticum is not preferred by mesograzers (Pedersen et al.
2005, Monteiro et al. 2009, Engelen et al. 2011), Caulerpa species have toxins making
them relatively unpalatable (Boudouresque et al. 1996, Gollan and Wright 2006),
G. vermiculophylla appear not to be impacted by grazers (Thomsen and McGlathery
2007, Nejrup and Pedersen 2010, Nejrup et al. 2012), and many mesograzers avoid
invasive filamentous red algae (Cebrian et al. 2011, Tomas et al. 2011). Still, juvenile
stages of invasive macroalgae and seagrasses may be edible and provide an important
seasonal food supply for grazers (Thornber et al. 2004, Sjotun et al. 2007, Reynolds
et al. 2012). Furthermore, siphonalian invaders, like C. fragile and various Caulerpa
species, can have positive impacts on specialist saccoglossan grazers (Trowbridge and
Todd 2001, Trowbridge 2002, Harris and Jones 2005) and these specialist grazers have
therefore been suggested as potentially useful in control and eradication campaigns
(Thibaut and Meinesz 2000). Similarly, grazing by Littorina species can limit C. fragile
in tidepools (Scheibling et al. 2008), and waterfowl can consume invasive Zostera
japonica (Baldwin and Lovvorn 1994). Finally, it is possible that the importance of
consumption has been underestimated because edible opportunistic cosmopolitan
seaweeds, like many ulvoid species, typically are considered (perhaps wrongly?) to be
native. However, these species are notoriously difficult to identify and are well-known
ship ‘biofoulers’ and are therefore likely to have been moved around in large quantities
between biogeographical regions prior to scientific data collections (Carlton 1996).
Indirect effects; cascading habitat formation, cascading consumption, cascading
competition, keystone consumption, and keystone competition. Invasive marine plants
can have positive indirect effects through cascading habitat formation (Fig. 2.8). For
example, invasive S. muticum and G. vermiculophylla provide primary habitat for
structural sessile plants and animals, such as tunicates and filamentous seaweeds

238 Marine Macrophytes as Foundation Species
(Wernberg et al. 2004, Thomsen et al. 2006b, Nyberg et al. 2009, Thomsen et al. 2010a,
Gestoso et al. 2012, Engelen et al. 2013) that again provide a secondary habitat for
many smaller hydrozoa, bryozoa, and small mobile invertebrates (Fig. 3). Invasive
plants can also have indirect positive effects through cascading habitat modification,
such as when C. taxifolia reduces sediment redox potential, thereby altering abiotic
conditions. Native infaunal bivalves are thereby ‘forced’ to live at the sediment surface
where they are exposed to sessile fouling organisms that settle on them (Gribben et al.
2009a). More common examples focus on positive aspects of plant invasions mediated
through cascading consumption (Fig. 2.9) (Hairston et al. 1960, Estes and Palmisano
1974), where indirect facilitation follows from direct consumption by herbivores
(1st order consumer), which again are consumed by predators (2nd or 3rd order
consumers). Cascading consumption, where invasive plants provide the initial food
source, could for example be common along the US east coast where C. fragile is
consumed by (invasive) Littorina snails (Scheibling et al. 2008), which are consumed
by (invasive) crabs (Trussell et al. 2002, Trussell et al. 2004, Eastwood et al. 2007),
which finally are consumed by native crabs, seabirds and fish (deRivera et al. 2005).
By contrast, we are not aware of studies on positive indirect effects associated with
cascading competition (Fig. 2.10)—a process that typically occurs when competitors
are limited by different resources (Levine 1999). It is possible that invasive S. muticum,

Figure 3. Impacts of the invasive brown alga Sargassum muticum on resident species. A–B. Sargassum
muticum (A) attached to stone with a small holdfast but a large dense canopy, competes for light and
substratum with the native morphologically similar species Halidrys siliquosa (B). (C) The invasive solitary
tunicate Styela clava attaches to the invasive S. muticum, thereby providing more habitat for native hydrozoa
and colonial tunicates through cascading habitat-formation. (D) The predatory pipefish (Syngnathus) feeds
on mobile invertebrates inhabiting S. muticum. (E) Herbivorous sea urchins can have positive effects on
S. muticum if they consume attached epiphytes, but negative effects if they consume S. muticum or if the
fragile fronds are broken.
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which reduces light levels but occupies little of the substratum, competes for light
with small native turf algae (which have high light and substratum requirements),
which in turn compete for substratum with encrusting plants and animals (which
have high substratum but low light requirements). The invader may therefore have
indirect positive impacts on encrusting species because it reduces the abundance of the
strong substratum-competitors (and encrusting algae do appear to be common around
S. muticum) (Staehr et al. 2000, Thomsen et al. 2006b). Finally, indirect positive effects
can occur through keystone competition (Fig. 2.11) if invasive marine plants have
negative impacts through competition on native plants that provide a poor habitat or
food source for native species (e.g., for fish and mobile invertebrates).

Mini-review: community impact studies of alien plants
It has repeatedly been emphasized that studies documenting invasion impacts on entire
communities are in short supply (Parker et al. 1999, Byers et al. 2002, Levine et al.
2003, Powell et al. 2011, Vilà et al. 2011, Pyšek et al. 2012, Thomsen et al. 2014b), as
is also the case for studies that focus on impacts of marine plant invasions (Schaffelke
and Hewitt 2007, Williams 2007, Williams and Smith 2007, Thomsen et al. 2009b,
Thomsen et al. 2014a). We therefore conducted a brief review of marine invasion
community impact studies up to September 2012 to investigate if this research gap is
being addressed. Our objective is to identify published mensurative and manipulative
experiments that report quantitative data on community impacts from marine plant
invaders, and to highlight research gaps.
Methods. We searched for peer-reviewed manipulative and mensurative field
experiments of marine plant invaders in Web of Science, Current Contents, and Google
Scholar and by backtracking reference lists. Each study was classified according to
study attributes (mensurative or manipulative data, reported community data), invader
attributes (taxonomy) and attributes of the invaded system (latitude, ocean, country,
habitat, tidal level, impacted focal organism). Several studies collected data from
multiple locations, depths, and countries; for these studies we used the ‘average value’
for ordinal data (e.g., latitude) and ‘multiple values’ for categorical data (e.g., country).
Results. We identified 65 published papers addressing community impacts from 15
alien marine plants including a few studies that had results from pooled invaders
(e.g., ‘alien red turf’ = A. preissii and W. Setacea; Table 1). These 15 species comprise
2 angiosperms, 4 green algae (in the order Caulerpales), 3 brown algae and 6 red
algae, representing 66, 9, 5 and 4% of the registered aliens in each taxonomic group,
respectively. The first study was published in 1988, but only 6 additional studies were
published in the 1990s. However, community impact studies increased greatly in the
2000s (39 studies) and from 2010 to September 2012 we identified 19 new studies.
This change in publication outputs corresponds to an exponential increase through time
(y = e0.1861x, R² = 0.97). Community impact was analyzed graphically in 39 studies,
with multivariate inferential statistical tests in 41 studies, on taxonomic richness
in 57 studies, on diversity in 19 studies and on evenness in 10 studies. We found a
broad range of evidence from which community impacts were evaluated, including
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Table 1. List of 65 published studies that document impacts of marine plant invaders on entire communities
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Seagrass-Syringodium filiforme

Fish

Men (TC)

Man = manipulative experiment, Add = addition (of invader), Rem = removal (of invader), Men = Mensurative experiment, CI = compare Control vs Impacted (invaded)
site(s), BA = compare Before vs After (invasion) at site(s), TC = Trait Comparison—here focus is more specifically on how the invader differs in an ecological trait compared
to a native species or habitat (typical examples; do invasive species provide poorer habitat for epibiota or is less grazing compared to a native species). Community data; 5
types of community impact data are typically listed here in the following order (1) multivariate graphic expression (e.g., MDS plots), (2) multivariate statistical test (e.g.,
anosim/permanova), (3) taxonomic richness (r), (4) taxonomic diversity (d, e.g., Shannon Wiener index), and (5) taxonomic evenness (e). nd = data not reported for this
particular type of community impact.
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manipulative addition and removal experiments (8 vs. 15 studies) and several types of
mensurative experiments (Before-After comparison = 2, Control-Impact comparison
= 24, Before-After-Control-Impact comparison = 4, Trait Comparison = 19), with
several studies showing more than one type of impact data. Most studies were done
in Europe, North America or Australasia; these were dominated by studies from Italy
(13), Spain (10), the USA (8), Australia (6) and Denmark (5). Only 7 studies were
conducted on different continents; 3 were from Argentina, 2 from Tanzania and 1 each
from Brazil and the West Indies. We found analogue geographical data-clustering
when we examined which oceans and latitudes research was done in. Most studies
were conducted in the northeast Atlantic (40, with 18 being from the Mediterranean
Sea), followed by the northwest Atlantic (7), the southwest Pacific (6), the northeast
Pacific (5), the southwest Atlantic (4), the west Indian Ocean (2), and the Caribbean
Sea and Southern Ocean (1 study each). Furthermore, > 50% of all studies were done
in a narrow latitudinal band of the northern hemisphere (35–45º N), and no data were
collected south of –43º or north of 61º. More studies were conducted in the subtidal
than intertidal zone (44 vs. 21), and from rocky coasts (40) compared to estuaries (17)
or open sandy coasts (12). Finally, we found that 42 studies evaluated community
impacts on rocky substrata, 24 on sedimentary substrata (including impacts in seagrass
beds) and 5 on various biogenic substrata (native oysters, mussels and tube-forming
polychaetes).
Conclusions. This mini-review revealed that marine plant ecologists have over the
last decade addressed research gaps highlighted in earlier reviews. We documented
an exponential increase in community impact studies over recent years. By using this
trend-line we forecasted that a whopping 250 new community impact papers could be
published over the next decade. It is clearly important that this future research effort
build on—instead of repeating—past research (see list in Table 1). Furthermore, a
surprisingly high number of studies has quantified multivariate community effects and
effects on taxonomic richness. Still, we hope that more studies in the future aim to report
all 5 major types of community effects; that is, report impacts on richness, diversity,
evenness, and sample similarity with 2D-graphical displays and multivariate inferential
tests. We encourage detailed data reporting that assesses impacts on dominant taxa and
for all treatment-combinations (in factorial experiments) and sites (in nested designs),
to provide a solid baseline standard that can be compared across impact studies
(extensive data reporting is easily possible through online appendixes). Finally we
found strong spatial clustering, as most studies were conducted from Europe, North
America and Australasia and in a narrow latitudinal zone. It is therefore important
that more studies are done outside these regions to ensure globally representative data
(Pyšek et al. 2008, Nunez and Pauchard 2010, Martin et al. 2012).

Summary and discussion
Understanding ecological interactions between invaders and native marine plants
is important to manage coastal ecosystems. Today, hundreds of alien species affect
native marine plant communities around the world, and hundreds of marine plants are
themselves invaders that impact native coastal ecosystems. However, sandy coastlines,
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wave-exposed rocky coastlines, and tropical reefs, situated away from urban centers,
harbors and other human activities, appear to be relatively little impacted by marine
plant invaders.
We noted that more studies have focused on negative than positive effects, even
though invasive marine plants could represent a model system to investigate positive
impacts of invaders because many are habitat-formers (Thomsen et al. 2010a, Byers
et al. 2012). Furthermore, more studies have focused on direct rather than indirect
effects, despite the latter potentially being equally important. Many of our examples
of indirect effects were based on information evaluated from different studies or
were hypothetical, rather than being from specific tests of interactions involving
3–4 species. Community impact studies and path analysis can be important tools
to address this research gap (Britton-Simmons 2004). Most of the reviewed studies
were ‘unidirectional’, focusing on how aliens impact natives or how natives impact
aliens. Overall, we recommend that future research addresses positive effects, indirect
effects, and reciprocal effects between invaders and native organisms, to increase our
understanding of long-term implications of species interactions between invasive and
native species.
We note that none of the reviewed papers emphasized local or regional extinction
events, suggesting that when negative interactions dominate, native species are only
partially excluded by invaders (Briggs 2007, Byrnes et al. 2007, Briggs 2010). This
is perhaps in contrast to invasion impacts documented from less open freshwater and
terrestrial ecosystems (Ricciardi 2004, Clavero and García-Berthou 2005). Indeed,
coastal marine systems appear to be relatively open to invasions (Inderjit et al. 2006,
Williams and Smith 2007), and the invaded systems. If invader-driven extinctions are
rare in marine systems, then taxonomic richness and global homogenization (Olden
and Rooney 2006) should increase, as new alien species are integrated into new
communities and as local communities slowly converge towards a global species pool.
However, it is premature to conclude that invader-driven marine extinctions do not
occur, because (a) species inventories are difficult to compile and local extinctions of
rare species may have been overlooked, (b) ‘interaction equilibriums’ may not have
been reached and coastal systems may face future invasion-driven extinctions debts
that will be collected (Tilman et al. 1994, Kuussaari et al. 2009), and (c) extinctions
may happen if invasion effects interact with co-occurring human stressors, such as
overfishing, climate change, pollution and eutrophication (Stachowicz et al. 2002,
Thuiller et al. 2007, Bradley et al. 2010, Cote and Green 2012).
Throughout this review we have highlighted that invasion impacts are contextdependent, and that impact changes in space and time depend on combinations
of invader attributes and invaded system attributes (Strayer et al. 2006, Thomsen
et al. 2011a). Impacts from marine alien plants may change from negative to positive
along abiotic stress gradients (Bertness and Callaway 1994) or from direct to indirect
pathways if additional invasive species enter a community (Strauss 1991, Wootton
1994, Menge 1995, Rodriguez 2006). One way to address context dependency is to
use orthogonal and nested community impact experiments, because these designs can
simultaneously quantify direct and indirect interactions, different impact magnitudes,
and can highlight both ‘winners’ and ‘losers’ in a particular invasion and environmental
context. For example, when Caulerpa species or G. vermiculophylla convert mudflats
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to meadows, sessile organisms win through habitat formation whereas sedimentary
infauna lose from habitat destruction. Factorial and nested experiments also allow
researchers to quantify context dependency on multivariate community structure and
to estimate how much change to community structure is explained by the invader vs.
other test-factors, and if invasion impacts and other stressors interact in a synergistic,
antagonistic or additive fashion (Thomsen and McGlathery 2006, Piazzi and Balata
2008).
A growing number of studies aims to identify simple rules to predict invasion
impacts and potentially be applied in risk assessments. Within an area, an impact of
invasive species on a defined ecosystem property can be standardized as the product
of areal occupancy of the invaders, its mean density, and its mean per-capita effect
throughout this area (Parker et al. 1999). However, few studies have applied this
formula to invaders because the formula components can be difficult to measure
and the per-capita effects difficult to define (Thiele et al. 2010). Even so, from this
relationship we expect that G. vermiculophylla has a higher ‘global’ invasion impact
than, for example, the morphologically similar coarsely branched red algal invaders
G. salicornia or Soliera filiformis because the invaded area and abundances of
G. vermiculophylla are much larger. A similar simple impact rule states that both
negative (Lang and Buschbaum 2010, White and Shurin 2011) and positive (Thomsen
2010) impacts of invaders are density-dependent (Thomsen et al. 2011a). It has also
been suggested that historical invasion data can be used to predict future invasion
impacts (Ricciardi 2003, Kulhanek et al. 2011). For example, impacts of freshwater
carp and zebra mussels can be partly predicted from models incorporating their
abundance and pre-impact conditions (Ricciardi 2003, Kulhanek et al. 2011) (we are
not aware of studies that have applied this method to predict marine plant invasion
impacts). Finally, a ‘distinctiveness’ impact rule suggests that functionally distinct
invaders have larger impacts than invaders that are functional similar to native
species (Ricciardi and Atkinson 2004, Thomsen et al. 2014a). However, there are
probably exceptions to this rule, depending on whether impacts are compared within
or between trophic/functional groups and depending on what response variables are
measured. Thus, impacts from marine plants associated with competition for limited
resources or genetic hybridization are likely to be larger when invaders and natives
are relatively similar (not different). Furthermore, invaders and natives can be so
ecologically different that they simply do not interact at all (i.e., impact = 0). In short,
the distinctiveness rule is most useful within clearly set model boundaries. With a
rapid increase in the number of invasion impact studies (Table 1), it is important to
organize this information. Marine invasion impact studies can be sorted along test
attributes associated with the invader and the native species of invaded systems,
resource levels and abiotic conditions (Thomsen et al. 2011b), how these attributes
interact (e.g., how distinct the invader is from the native species), and how general
the attributes are (are they only important in a specific unique invasion or are the
attributes universally relevant for all invasions?). Marine plant invasion impact studies
could also be organized according to what responses are measured, for example if
impacts are reported within or between trophic levels and functional groups, and
what level of the ecological hierarchy impact is investigated. Marine plant invasion
impacts within trophic and functional groups probably involve both competition and
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facilitation processes (with high impacts when invaders are similar to native species)
but are likely dominated by consumer-resource and habitat-formation interactions
on higher trophic levels and functional groups (with high impact when invaders are
different from native species) (Ricciardi and Atkinson 2004, Thomsen et al. 2014a).
We conclude that invaders have significant impacts on native marine plants and
that invasive plants can have dramatic impacts on native plants and animals. Impacts
can be both positive and negative, depending on the attributes of the invader, the
invaded system and the impacted organism. The positive and negative effects have
been manifested through direct mechanisms, such as formation and modification of
habitats, food provision, competition, and consumption, and indirect mechanisms
such as keystone competition, habitat cascades and consumption cascades. There is
still much to learn about invasion impacts, particularly about long-term and largescale effects, possible local extirpations of rare species, and if local communities
are homogenized following invasions. We hope that our review will stimulate more
research on ecological interactions between invaders and marine plants, and that new
research will build upon, rather than repeat, the rapidly growing invasion literature
to provide better tools to predict, prevent, ameliorate and manage invasion impacts.
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