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Abstract

Anthropogenic influences on the biosphere since the advent of the industrial age are increasingly causing global changes. Climatic
change and the rising concentration of greenhouse gases in the atmosphere are ranking high in scientific and public agendas, and other
components of global change are also frequently addressed, among which are the introductions of non indigenous species (NIS) in bio-
geographic regions well separated from the donor region, often followed by spectacular invasions. In the marine environment, both cli-
matic change and spread of alien species have been studied extensively; this review is aimed at examining the main responses of
ecosystems to climatic change, taking into account the increasing importance of biological invasions.

Some general principles on NIS introductions in the marine environment are recalled, such as the importance of propagule pressure
and of development stages during the time course of an invasion. Climatic change is known to affect many ecological properties; it inter-
acts also with NIS in many possible ways. Direct (proximate) effects on individuals and populations of altered physical–chemical con-
ditions are distinguished from indirect effects on emergent properties (species distribution, diversity, and production). Climatically driven
changes may affect both local dispersal mechanisms, due to the alteration of current patterns, and competitive interactions between NIS
and native species, due to the onset of new thermal optima and/or different carbonate chemistry.

As well as latitudinal range expansions of species correlated with changing temperature conditions, and effects on species richness and
the correlated extinction of native species, some invasions may provoke multiple effects which involve overall ecosystem functioning
(material flow between trophic groups, primary production, relative extent of organic material decomposition, extent of benthic-pelagic
coupling). Some examples are given, including a special mention of the situation of the Mediterranean Sea, where so many species have
been introduced recently, and where some have spread in very large quantities.

An increasing effort by marine scientists is required, not only to monitor the state of the environment, but also to help predicting
future changes and finding ways to mitigate or manage them.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Biological invasions are being recognized as an important
element of global change, following the observation of
increasingly spectacular developments of alien species in
various regions of the world. Climate change and other
components of global change such as increasing deposition
of nitrogen and pollutants, and habitat disturbance by
human activities, can affect species distribution and resource
dynamics in both terrestrial and aquatic ecosystems and
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consequently can interact with biological invasions (Dukes
and Mooney, 1999; Vitousek et al., 1997).

The effect of climate change and invasive species have
been implicated in the decline and even collapse of several
marine ecosystems (Harris and Tyrrell, 2001; Stachowicz
et al., 2002; Frank et al., 2005) and are known to affect
the presence of pathogens (see Drake et al., this issue).
When many stressors act in synergism they may eventually
have unexpected and irreversible consequences for the
native communities and also may impact economically
valuable human activities such as fisheries in a particular
region (Occhipinti-Ambrogi and Savini, 2003; Whitfield
et al., 2007). This scenario implies a direct economic cost
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within marine environments that is related to introduced
species, a cost that is just beginning to be recognized
(Pimentel et al., 2000).

Impact of invasive species has been defined by Parker
et al. (1999), who also discussed, from empirical examples
and theoretical reasoning, a variety of measures of impact.
In the marine environment, Ruiz et al. (1999) describe
impact by alien species and interactions with other stress
factors. Stressing the importance of this man-induced dis-
turbance, Elliot (2003) observes that there are many aspects
in which introduced marine organisms can be regarded as
being no different from chemical pollutants and encourages
the use of the term biological pollution.

On the other hand, beneficial aspects of introductions
are claimed, since intentionally introduced species have sig-
nificantly contributed to aquaculture production (FAO
DIAS, 1998), as well as fisheries and angling (Minchin
and Rosenthal, 2002). Unintentionally introduced species,
such as the Erythrean species which entered the Mediterra-
nean through the Suez Canal, have become locally of com-
mercial importance (Golani and Ben Tuvia, 1995); the
Mediterranean mussel Mytilus galloprovincialis, acciden-
tally introduced to the West coast of South Africa in the
mid 1970s, was deliberately introduced to the South coast
for mariculture purposes, despite the fact that it had
become invasive, outcompeting local mussels (Branch and
Steffani, 2004).

Ecological principles for predicting the success of inva-
sions in new environments have always been highly
debated, yet have profound implications for management
and control of human mediated introductions. At the same
time, predicting the effects of climate change on invasions is
more difficult, because ecologists must face a complicated
pattern of perturbations, independently affecting species
and ecosystems.

Dukes and Mooney (1999) stated that the emergent pat-
tern of predictions on the effect of global change on inva-
sions leads us to expect that invasive alien species could
be favoured, so that the impacts of invasions on ecosystems
would be exacerbated. In this review some general princi-
ples of invasions in the marine environment and some gen-
eral principles of various elements of global climate change
will be recalled, in order to help the interpretation of phe-
nomena observed in different seas. Special reference is
made to the Mediterranean Sea, which is one of the most
affected seas of the world in this respect, both in terms of
length of time that invasives have been present and in num-
bers of alien species detected (see Galil, this issue).

2. Biological invasions in the sea

The establishment of NIS in new ecosystems has been
the subject of the so-called ‘‘invasion ecology’’ that has fre-
quently concentrated on the identification of ‘‘invasive-
ness’’ characteristics of species that proliferate in novel
habitats (Gray, 1986; Lodge, 1993; Williamson, 1996;
Kolar and Lodge, 2001) and/or ‘‘invasibility’’ characteris-
tics of particular habitats that are susceptible to the prolif-
eration of NIS (Wolff, 1999; Shea and Chesson, 2002;
Nehring, 2006).

The role of propagule pressure (i.e. the number of indi-
viduals introduced and the number of introduction
attempts) is obviously very important in determining the
success of NIS establishment, although it is not always
taken into account in studies on biological invasions (Wil-
liamson, 1996; Ruiz et al., 2000; Ruesink, 2005; Colautti
et al., 2006). In the marine environment, propagule pres-
sure has increased steadily from NIS transport via ships
(Carlton, 1985; Hewitt, 2002; Coutts et al., 2003) and via
aquaculture (Casal, 2006), along with a range of other
activities (Minchin, this issue) such as the opening of nav-
igable canals (Por, 1978; Galil, 2000) and the trade of spe-
cies for aquaria (Semmens et al., 2004; Calado and
Chapman, 2006; Bolton and Graham, 2006).

Propagule pressure is not easily measurable directly,
except with intentional species introductions (e.g. trans-
planting of molluscs or release of commercially important
fishes and crustaceans), but can be related with some mea-
sure to the intensity of unintentional introductions, such as
the estimated quantities of discharged ballast waters, or
number of boats and ships that might carry fouling on
hulls, or the presence of oyster and mussel cultures that
can favour hitch-hiking species epibionts, or parasites of
imported molluscs.

Given that NIS are introduced non-randomly through
these vectors, failing to consider propagule pressure causes
a bias in the interpretation of observed results. Both for
invasiveness and invasibility, the characteristics of good
invaders and susceptible habitats can be confounded by
propagule bias (Colautti et al., 2006). Although the lack
of knowledge about dose-response relationships between
propagule supply and invasion success represents a critical
gap for invasion science, management actions to reduce
transfers must proceed concurrently with scientific efforts
to evaluate dose-response and efficacy (Ruiz and Carlton,
2003; Lockwood et al., 2005).

So, when we consider the impact of global change, we
first of all take into account the magnitude of release of
NIS propagules, and secondly the effects of climatic
change. Wonham and Carlton (2005) have discussed the lit-
erature data of the Northeast Pacific Coast (Northern Cal-
ifornia to British Columbia) giving indications of the port
traffic and of oyster culture that were in accord with the
observed spatial and temporal pattern of NIS introduction.
In European waters some figures have been published by
Streftaris et al. (2005) and Gollasch (2006). The latter
author estimates that in European coastal waters 39% of
the observed NIS were transported by ships (22% in ballast
waters and 17% as hull fouling), 16% by aquaculture, 9%
were intentionally released, and 24.5% entered through
the Suez canal.

Development of NIS populations is a dynamic process
involving different stages (Colautti and MacIsaac, 2004)
(Fig. 1). Potential invaders begin their life history as prop-
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Fig. 1. Stages in the development of an invasive non indigenous species. Transition between stages involves the passing of propagules through filters. The
success in reaching a new stage is determined, besides propagule pressure, by two broad categories of factors : physical–chemical matching and biotic
resistance or facilitation. The determinants may act in a positive (+) or negative (�) way. Modified from Colautti et al. (2006).
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agules residing in a donor region (stage 0), like the port of
call of a ship pumping ballast water or the site of produc-
tion of bivalve seed shipped for aquaculture. They subse-
quently pass through a series of filters that may preclude
transition to subsequent stages. Stage 1 corresponds to
the uptake of propagules by the transport vector. After
passing through a survival and release filter, stage 2 is
reached, corresponding to some individuals settled in the
new environment (e.g. metamorphosed larvae in the port
where the ship has deballasted or individuals that have
escaped to the wild from aquaculture facilities).

The passage through the environment survival and repro-
duction filter leads to the establishment of a NIS population
(stage 3). The success of the NIS after estab- lishment is gov-
erned by two different filters: a ‘‘local dispersal filter’’,
mainly connected to propagule pressure, determines which
stage 3 species reaches stage 4a (widespread) or which stage
4b species (dominant) can reach stage 5 (widespread and
dominant). The environmental and community suitability
filter acts regulating the passage from stage 3 to stage 4b
and from stage 4a and stage 5.

As an example, most of the more notorious invaders
(e.g. the Manila clam, Ruditapes philippinarum) form stage
5 populations because they have been introduced repeat-
edly to ideal habitats, offering niche opportunities. Such
stage 5 species have therefore passed through both the
‘‘local dispersal’’ and ‘‘environmental survival and repro-
duction’’ filters. On the contrary, other species became
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widespread (stage 4a), yet they rarely achieved high densi-
ties along the coasts of the Mediterranean, like the algae
Asparagopsis armata and Lophocladia lallemandi (Ribera
Siguan, 2002), which have been repeatedly introduced.
These two examples illustrate the importance of the prop-
agule pressure determinant, compared with determinants
related to biotic and physical–chemical conditions.

Verlaque and Boudouresque (2004) did not find any con-
nection between the numerous (10 5) species of introduced
algae and water warming in the Mediterranean, and most
such introductions are better explained by the presence of
intense aquaculture in the hotspots of alien species.

Finally the introduction of the decapod crustacean
Dyspanopeus sayi in the Northern Adriatic may be an
example of stage 4b population. After their introduction
in the Lagoon of Venice in 1992 (Froglia and Speranza,
1993), it reached high abundances locally (Mizzan, 1995;
Mistri, 2004), then declined and is now rather rare (Mistri
and Mizzan, personal communications).

Climatic change is known to affect many ecological
properties (Walther et al., 2002); it interacts also with
NIS (whose propagule pressure is increasing steadily),
directly by altering physical–chemical conditions (primarily
temperature but also related oceanographic characteris-
tics), and indirectly contributing to the change in the new
communities patterns.

3. Impact of climatic change on marine organisms
(proximate effects)

Anthropogenically induced global climate change has
profound implications for marine ecosystems, well beyond
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the direct influence of temperature on marine organisms.
Both abiotic changes and biological responses in the mar-
ine environment are complex and deserve a great deal of
research in order to interpret actual patterns and to predict
future changes (Harley et al., 2006).

Following the scheme by Harley et al. (2006) in Fig. 2,
changes in the life cycle of a generic marine species affected
by abiotic environmental changes will be considered first.
These include effects on dispersal and recruitment and on
individual performance.

Climate varies naturally across a range of temporal
scales including seasonal cycles, inter-annual patterns such
as the El Niño Southern Oscillation (ENSO), inter-decadal
cycles such as the North Atlantic Decadal oscillation, and
multimillenial-scale changes such as glacial to inter-glacial
transitions. This natural variability is reflected in evolu-
tionary adaptations of species and biogeography. In the
Mediterranean Sea, for instance, a surface temperature
increase of about 1 �C in the period 1974–2004 has been
reported by Salat and Pascual (2002). In deep waters, a
0.12 �C increase is estimated for the last 40 years (Béthoux
et al., 1990; Béthoux and Gentili, 1996; Goffart et al.,
2002).

The effects of warming climate are primarily a cause for
physiological stress, which acts more strongly on species
already near their tolerance limit (Laubier, 2001). Anoma-
lous temperature stress can cause mass mortalities in ben-
thic organisms (Cerrano et al., 2000; Pérez et al., 2000;
Garrabou et al., 2001) that result in empty niches for
new colonisers. However, the responses of the organisms
are often very subtle and cannot be assessed simply by
exposing different life stages to a range of temperatures.
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Fig. 3. Simplified patterns of growth of some native and introduced colonial species along the reproductive season. Modified from Stachowicz and Byrnes
(2006).
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In particular, in seasonal environments where conditions
change predictably, each species may have a temporal or
seasonal niche, caused for instance by differences in growth
rate, patterns of mortality, timing, duration and magnitude
of reproductive output.

Stachowicz et al. (2002) demonstrated temporal comple-
mentarity in recruitment for dominant invertebrate species
on hard bottoms, noting that the recruitment pattern of the
NIS Botrylloides violaceus coincided with a period of low
recruitment of other native species of ascidians (Fig. 3).
The competition for open space on the substrate is heavily
influenced by the timing of recruitment, and this in turn is
highly dependent on temperature. Changing seasonal pat-
terns of temperature may favour the settlement of invasive
species in a particular time of the year, and with long last-
ing consequences in preventing the recruitment of native
species later. The consequences of temperature change also
include vertical stability of the water column and upwell-
ing. Changes in atmospheric circulation might also change
storm frequency and precipitation patterns and alter circu-
lation (Astraldi et al., 1995), and hence the dispersion
routes of introduced species.

Together, increases in global mean temperatures and
elevated CO2 will result in a cascade of physical and chem-
ical changes in marine systems. While the concentration of
CO2 has reached 378 ppm (and other greenhouse gases
have also increased dramatically), global air and sea sur-
face temperatures have risen in the past century by 0.4–
0.8 �C (IPCC, 2001). Continued uptake of atmospheric
CO2 is expected to substantially decrease oceanic pH,
through an increase of surface-water dissolved inorganic
carbon (DIC) and a decrease of carbonate ion concentra-
tion. The dissolution of marine biogenic carbonates neu-
tralizes anthropogenic CO2 and adds to total alkalinity.
The extent of dissolution increases as a function of the
decrease of calcium carbonate saturation state and recent
analyses have shown that much of the CaCO3 exported
out of the surface ocean dissolves in much higher horizons
than previously thought. Also, the saturation horizons of
aragonite, calcite and other minerals essential to calcifying
organisms are changing in several areas of the world
oceans. It has been shown that the calcification rate of
almost all organisms decreases in response to a decreased
CaCO3 saturation even when the saturation level is more
than one. In particular, aragonite producers (including reef
building corals) and magnesian calcite producers (like cor-
alline algae) are expected to be more sensitive to changes in
saturation (Kleypas et al., 1999; Riebesell et al., 2000; Feely
et al., 2004).

In conclusion, climatic driven changes may affect both
local dispersal mechanisms, due to the alteration of current
patterns, and competitive interactions between NIS and
native species, due to the onset of new thermal optima
and/or different carbonate chemistry. The magnitude and
variety of climatically forced changes in the physical envi-
ronment will provoke responses in the biosphere thus alter-
ing the balance of native species vs. NIS, via changes in
population size and effect of interacting species.

The effects of climatic change described above (‘‘proxi-
mate effects’’), thus lead to ‘‘emergent’’ patterns such as
changes in species distributions, biodiversity, productivity
and microevolutionary processes (Harley et al., 2006), that
are concomitant with the effects of the introduction of NIS,
especially if they reach stage 4b or 5 (dominant).

4. Impact of global change on marine ecosystems (emergent

properties)

The range expansion of populations of NIS following
climatic changes in their new environment has been pro-
posed as an explanation of the increasing rate of successful
invasions. As said before, only in a few cases has the corre-
sponding change in propagule pressure been taken into
account, but evidences of changes in the geographic distri-
bution of NIS are increasingly accompanied by observa-
tions of warming in particular areas of the sea.

As far as the Mediterranean Sea is concerned, climate
change has been suggested as being particularly important
in the establishment of alien species of plants (Gritti et al.,
2006) and the development of microalgae e.g. species of
Asterodinium (a Dinophyceae genus typical of warm
waters) (Gomez and Claustre, 2003). Recently (summer
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2005 and 2006) another introduced Dinophycean, Ostreop-

sis armata, bloomed repeatedly in the Ligurian sea causing
respiratory diseases to tourists in several occasions. Cli-
mate change has also been suggested for the expansion of
the biogeographical range of benthic and nektobenthic
marine species, as recorded in the last decade in the western
Mediterranean (Francour et al., 1994; Vacchi et al., 1999;
Bianchi and Morri, 2000; Laubier et al., 2004) as well as
in other areas (Bianchi, 1997).

Erithrean species (of warm water affinity), established in
different phases after the opening of the Suez canal, have
caused changes in the Levantine part of the Mediterranean
far beyond recorded impacts in other marine ecosystems.
Nearly half of the fish catches along the Israeli coast consist
of Erythrean species (Goren and Galil, 2005). By the 1950s
the sudden increase in the populations of Saurida undosqu-

amis, U. moluccensis was attributed to a rise of 1.0–1.5 �C
in sea temperature during the winter months of 1955 (see
Galil, this issue). The process has accelerated in recent
years, with increasing records of newly discovered Eryth-
rean species and expansion towards other areas of the East-
ern (Galil and Zenetos, 2002) and Western Mediterranean
(Harmelin-Vivien et al., 2005; CIESM, 2005).

While the range expansion of species correlated with
changing temperature conditions has been observed in
many cases, this has been rarely subjected to testing
hypotheses explaining this pattern. For instance, Bachelet
et al. (2004) have studied the population of the gastropod
Cyclope neritea, known from the Mediterranean and south-
ern Atlantic coasts of the Iberian peninsula, and which
recently became established in the French coast of the
Bay of Biscayne. They considered the origin of the popula-
tion, using molecular genetic analyses, and the authors
concluded that multiple introductions had occurred
(probably with shipment of oysters from Portugal and
the Mediterranean). Also, they studied the competition
for food resources of C. neritea with the overlapping native
gastropod Nassarius reticulatus by laboratory experi-
ments, demonstrating a superior ability of the introduced
species to search for and consume carrion. Further Nassa-

rius reticulatus was more subject to digenean trematode
parasites.

One of the most debated questions in invasion ecology
has been the relative importance of biotic processes (e.g.
competition and facilitation) of the native–invader rela-
tionship and of the abundance of resources in the invaded
habitat. This debate has often postulated that a high resi-
dent diversity implied a reduced success in the establish-
ment of NIS (Kennedy et al., 2002).

Stachowicz and Byrnes (2006) provide an illuminating
hypothesis on the interplay of native diversity and resource
availability (free space available for colonisation on the
substratum), analysing the outcome of introduced species
establishment on hard bottoms using a wide array of exper-
imental and observational studies. As described before, the
success of a particular invader depends not only on its
propagule pressure but also on the seasonal timing of the
recruitment: at high levels of open space there was a strong
positive relationship between native and invader richness.
The reduced invader diversity where there was plenty of
open space was likely due to non-selective disturbance
agents; these affect native and invader diversity in a similar
negative manner, resulting in native and invader richness
covarying positively as a reflection of extrinsic factors
(for instance climate).

When resources were limiting (low space availability)
experimental results showed a negative slope in the rela-
tionship between native and invader diversity, but in field
observations, the data instead showed a flat relationship.
As diversity increased, temporal complementarity among
species may have increased the consistency of space occu-
pation and decreased the likelihood of invader establish-
ment. The complementarity could have simply balanced
out the effects of extrinsic factors, however, the authors
observed that effects of biotic resistance were offset by the
presence of species (facilitators) that provided secondary
substrate on their shells, thus increasing the surface area
available for colonisation. In summary, an explanation of
the effects of native richness of species on invader richness,
is proposed (Table 1 in Stachowicz and Byrnes, 2006), that
takes into account availability of resources, biotic interac-
tions and extrinsic factors, among which many could be
explained by climatic change. It would be interesting to test
the hypothesis on different assemblages, where the limiting
factors could be different, and especially where climatic
conditions are severe for at least some stages of the organ-
ism life cycle.

The most commonly predicted effect of global ocean
warming is a poleward shift in the distributional bound-
aries of species with an associated replacement of cold
water species by warm water species. However, Schiel
et al. (2005), on the basis of the study of communities col-
onizing a rocky coastal habitat influenced by the outfall of
a power generating station, rejected this prediction, observ-
ing that the responses of the communities to ocean warm-
ing were mostly unpredictable and strongly coupled to
direct effects of temperature on key taxa and to indirect
effects operating through ecological interactions. Such
direct BACI (Before After Control Impact) studies are
infrequent and probably difficult to repeat, especially in
areas much larger than the section of coast affected by local
temperature changes, so classic records of shifting biogeo-
graphic borders are still useful to assess changes that might
be related to temperature changes. For instance it has been
suggested that thermal pollution from a power plant in
Vladivostok (Russia) can render the outfall basin an inter-
mediate step for the introduction and acclimation of trop-
ical species, such as Balanus amphitrite and Molgula

manhattensis, brought by long distance vessels (Zvyagint-
sev et al., 2004).

While marine biological invasions are known to alter
nearshore benthic and pelagic communities and are dis-
placing native species (Carlton, 1989; Carlton and Geller,
1993; Cohen and Carlton, 1998), there is no evidence yet
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that aliens have caused large-scale extinctions in recipient
coastal biota (see Carlton, 1993; Leppäkoski et al., 2002;
Wolff, 2000), and more research is needed to clarify this
crucial relation (Gurevitch and Padilla, 2004; Clavero
and Garcı̀a-Berthou, 2005). It must be underlined that
the decline in existing populations of native species can
be overlooked and go unnoticed in some cases, due to lack
of previous data or insufficient taxonomic difficulties, as
was suggested by Geller (1999) for the invasion of Mytilus

galloprovincialis in Southern California where it replaced
the native M. trossulus.

Besides the effects on species richness and the correlated
extinction of native species, some invasions may provoke
multiple effects which affect the overall ecosystem function-
ing, including factors such as material flow between trophic
groups, primary production, relative extent of organic
material decomposition, and extent of benthic-pelagic cou-
pling. Perhaps the most conspicuous example of severe
shifts in ecosystem functioning is the invasion of the Amer-
ican carnivorous comb jelly Mnemiopsis leidyi in the Black
and Caspian Seas, which resulted in serious declines in zoo-
plankton and anchovy populations, causing ecosystem-
wide cascading effects (Ivanov et al., 2000; Shiganova
et al., 2001). For a discussion of this case see Olenin
et al. (this issue).

Invasions by parasites caused long lasting or even irre-
versible consequences (Harvell et al., 2002), as in case of
Bonamia ostreae, a disease of the European native oyster
Ostrea edulis, which caused severe decline in their popula-
tions and, as a consequence, destruction of native oyster
bed ecosystems (Wolff and Reise, 2002). Other important
changes in biological communities resulting from biologi-
cal invasions have occurred in estuaries, coastal lagoons
or in waters of variable salinity (Cohen and Carlton,
1998; Olenin and Leppäkoski, 1999; Nehring, 2006). Rue-
sink et al. (2006) calculated the increase of total primary
production in the estuarine site of Willapa Bay (Washing-
ton, USA) caused by the introduction of rooted plants
(>50%) as well as of total secondary production (250%)
due to the introduction of bivalves; they found that envi-
ronments with empty niches have been colonised by species
that play novel roles in the ecosystem, with further implica-
tions for habitat, detritus and filtration.

The case of the Lagoon of Venice has been described by
Occhipinti-Ambrogi (2000). Recently Pranovi et al. (2006)
have assessed the changes in the benthic ecosystem of the
lagoon induced by introduction of Ruditapes philippinarum

and subsequent clam exploitation. Bartoli et al. (2001)
described biogeochemical cycles altered by the farming of
R. philippinarum in another lagoon of the Po delta
complex.

Most studies assume that invaders affect negatively
native biota, while a few others contend that aliens in
coastal waters seem to play a beneficial role in ecosystem
functioning. At least in the short term, some invasions have
resulted in a net gain in the number of species present at the
local/regional level (Sax and Gaines, 2003). Some authors
observe that NIS may often be complementary to natives
in their patterns of resource use (Olenin and Leppäkoski,
1999; Reise et al., 2006). Examples of increase of benthic
biomass production and improved filtration activity with
beneficial effects include Dreissena polymorpha in the Baltic
sea (Daunys et al., 2006) and Ensis americanus along coasts
of the North Sea (Armonies and Reise, 1998). A more
problematic view of the invasion of bivalves in an ecosys-
tem lacking dominant filter-feeder organisms is expressed
by Alpine and Cloern (1992).

Also ‘ecosystem engineers’ (Crooks, 2002; Cuddington
and Hastings, 2004) contribute to important changes in
invaded ecosystems: large scale changes in the physical
structure of key habitats in a water body include spawning
grounds, underwater sea grass meadows, and biogenic reefs
(see Wallentinus and Nyberg, this issue). Among ecosystem
engineers, the invasion of the green algae Caulerpa in the
Mediterranean has profound effects both on the habitat
and on ecosystem functioning (see Galil, this issue and Ole-
nin et al., this issue). Caulerpa taxifolia originated from
aquarium release on the coast of France (Jousson et al.,
1998) and has expanded to very large areas of the Ligurian
and Tyrrhenian Seas (Meinesz et al., 2001). It has been
described as ‘‘killer alga’’ (Meinesz et al., 2002) for its
alleged property to cover extensively the substrata where
it had been introduced without leaving any other previ-
ously established vegetation, and profoundly affecting all
the biota. It has been regarded as the winner in the compe-
tition with the autochtonous Posidonia oceanica that forms
the characteristic Posidonia meadows of the Mediterra-
nean, which is now undergoing a rapid decline. Experimen-
tal data and observations in different parts of the
Mediterranean have shown that, even if direct competition
actually exists, Posidonia meadows are overgrown and
replaced by C. taxifolia when they are sparse and in a
regression stage, whereas well preserved and dense popula-
tions show a fair resistance to the Caulerpa expansion.
While a possible climate mediated influence has not been
investigated in detail (but see Peirano et al., 2005), it is
likely that the diffusion of C. taxifolia has been favoured
by some weakening of Posidonia due to pre-existing fac-
tors. Another factor that might favour C. taxifolia is its
ability to change demographic and life-history traits, as
suggested by Wright (2005) who studied populations in
the 0 stage (source populations) from the subtropical Mor-
eton Bay (Australia) and stage 4b (locally dominant) inva-
sive populations in temperate Southeastern Australia.

The other introduced species is Caulerpa racemosa var.
cylindracea (Verlaque et al., 2003), a south-western Austra-
lian variety, which is currently achieving dramatic and con-
tinuous expansion throughout most of the Mediterranean
Sea and the Atlantic (Piazzi et al., 2001; Verlaque et al.,
2000, 2004). The growth rate of Caulerpa spp. is correlated
with temperature (Komatsu et al., 1997) and this is proba-
bly one of the reasons for the success of this species in
the Mediterranean (Raniello et al., 2004; Ruitton et al.,
2005).
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5. Conclusions

Marine alien species are a component of global change
in all marine coastal ecosystems. The impact of these spe-
cies on native communities has been evaluated in many
localities all over the world leading to the concept of biotic
pollution. This is especially evident in the Mediterranean
Sea. The global climatic change affecting the earth’s atmo-
spheric and oceanic system interacts in many ways with
global biogeographic changes arising from marine species
translocations. Human activities causing emission of green-
house gases and transport of species across the oceans are
increasing at a steady pace. Moreover, the consequences on
climate and ecosystems will last for very long time, even if
human activities slow down in the near future. The interac-
tions between the two components of global change are
potentially very important and have been studied in detail
only recently. A common framework for the study of con-
sequences of climatic changes and CO2 increased concen-
tration in the marine environment, and the study of the
dynamics of transport, settlement and invasion of alien
species, is necessary to understand the long term conse-
quences for marine ecosystems, their goods and services.

Recent developments of an observational and experi-
mental nature have highlighted the importance of consider-
ing propagule pressure as a prerequisite in all studies of
biological invasions and have indicated a way to disentangle
biotic resistance by resident species and/or facilitation by
recent settlers from the effects of abiotic conditions that
can match the ecological niche of the introduced species.
Among these conditions, rapidly evolving ones are the tem-
perature, as well as changing pH and total alkalinity. In this
changing marine landscape, deeper insight is needed not
only to monitor the state of the environment but also to pre-
dict future changes and to mitigate and manage them.
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