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ABSTRACT

Climate change and other components of global ehamg already affecting biodiversity, and
further changes can be expected. Novel ecosystenagiaing in response to human-induced changes
(abiotic and biotic) entailing the risk of biotiomogenisation (McKinney & Lockwood 1999; Olden
et al.2004). Humans have already “produced” novel ecesystalong the history (Hobles al. 2006)
but current rates of change are much faster. Etmosgsare akeady changing and presumably a new
ecological order wil arise in the future. Among tiriving elements of global change, the alterabbn
climate is recognis ed as one of the most harmfill per seand in combination wih biotic changes.

Biological invasions are a widespread and significaomponent of human-caused global
envronmental change. Biotic invaders interact myigéically with others components of global
change, lke land use change, increase in nitrapgrosition and in [CE), wamer temperatures,
increase in the frequency of extreme events sucstaxms and fire, etc. (see Figure 1) (Dukes &
Money 1999).
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There is increasing evidence that climate chandé imterfere with processes underlying
biological invasions, athough we should not rustmiatke specific predictions with the current level
of knowledge. Nevertheless, there is a generalewmss that climate change will potentially favour
invas ive alien species (IAS) leading to new invasiand spread of the already established IAS.

Changes in temperatures may stress native spde@®,asing the resistance to invasion of natural
communities. Likewise, increasing disturbance et@:ésuch as fires, floods, storms, heat-waves,
droughts, etc.) as a direct consequence of cliohbage, could benefit alien species. The rise in
[CO,] will probably alter the prevalence of 1AS. Likdapts, ecosystems differ in their responses to
elevated [CQ]. If the rise in [CQ] increases the availability of other resourcesamses changes in
the fire regime, new IAS could take advantage @ tlew conditions in the environment. Non-
indigenous animals will also be affected by thengf@s in ecosystems qualities and in their host
plants.

Recent research allowed a better understandingrok ©f the mechanisms that could act as a
trigger in promoting invasions. However, the propénlogy of the species, the susceptibility to
invasion of the host ecosystem, the vulnerabilfynative species to climate change, and the
dynamism of changes in the interactions within gssns and human actiities, make predictions
extremely feeble.

Nevertheless, resuls given by the different pteddonodels are outlining a plausible increase in
the abundance and impact of new and already esteldlilAS and should be used as guidelines to
develop future research and orient policies an é@ecmaking.

In conclusion, the importance of individualisticspense of species to changing environmental
factors, and the importance to produce predict@m& species-by-species basis should be stressed.
Future research projects need to include the fitsation of new potential areas of invasion. Irsthi
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framework, the present report attempts to addressissue of biological invasions in relation to
modern climate change. Without pretending to bellaéview of the subject, and based on the review
of the more treated organisms in literature (plaimsects and marine species), this report aims at
providing a starting point for debate on strategiebe undertaken to face the problem, as welt as a
generating synergies with other working groupsiaatitutions dealing with the subject.

Key-word s: invasive, invasibility, cimate chang®bal change, plants, insects, marine environmeisga ses.

INTRODUCTION

Changes in climate are not new phenomena in therjiiof the Earth which has undergone
several successions of glaciations and warmingrtecial periods) driven by natural variabiliy
(Houghtonet al. 1996; Paillard 1998 and 2001). Climate changes;oimbination with abiotic and
biotic factors (e.g. physical environment, spediggsractions, etc.), the accessibilty of an area t
dispersal by species and the adaptabiliy of spetoenew condiions, affected the geographic
distribution of flora and fauna (Soberén & Townséteterson 2005).

However, human influences (contaminant emissiofgnges in land use, etc.) are altering
modern climate keading to a situation that excakdslimits of natural variability by producing the
most rapid global warming event ever recorded ithEsahistory (Karlet al. 2003; Huntley 2007).

Working Group | of the Intergovernmental Panel dm@te Change (IPCC), stated in its Fourth
Assessment Report that “warming of the climate emgsis unequivocal”, and attributing it, on the
basis of a higher level of likelihood compared hoge adopted in the previous report (> 90%
probability against > 66%) to the observed increiasanthropogenic greenhouse gas concentrations
since the mid-20th century. Evidence of alreadyblaschanges in climate include ‘the increased
global averages of ar and ocean temperaturesspridad melting of snow and ice, and rising of
global average sea level”. Furthermore the repae that “continued greenhouse gas emissions at
or above current rates would cause further warraimd) nduce many changes in the global clmate
system during the 21st century that wougry likely (> 90% probability) be larger than those
observed during the 20th century” (IPCC 2007).

Taking into account the complexity of the climagstem and the interactions among the elements
that make it up, it has to be expected a humarcéditeorganisation of abiotic factors such thewcea
atmosphere system, chemical cycles (e.g. carboE)jgitations, wind patterns, etc., as well asibiot
like marine, freshwater and terrestrial ecosystems.

Climate projections from IPCC Working Group | natie that annual mean temperatures in
Europe are lkely to increase more than the glahbedn (a variation from 2.3°C to 5.3°C in Northern
Europe and from 2.2°C to 5.1°C in Southern Eurapien the basic A1B scenario) (Christenséml.
2007).

Northern Europe will register higher minimum wintemperature (more than the average),
having its largest warming period in this seasohjlexCentral and Southern Europe will present the
largest warming in summer with an increase aboverage in maximum summer temperatures
(likelihood level > 66%) (Christensext al. 2007).

Results of the report related to precipitation ptommarked differences between different parts of
the European continent. The annual number of ptatign days and extremes of daily precipitation
are expected to increase in the North and Centr&uwbpe (only in winter in the ktter area)
(likelhood level > 99% and >66% respectively) wdar a decrease is expected in Southern Europe as
well as in Central Europe (only in summer n thttelnarea) (lkelihood level > 99% and >66%
respectively) with a higher risk of summer drougdlikelihood level > 99%) (Christenset al. 2007).

The snow season will be shorter (lkelihood leve®9%) accompanied by a decrease in snow
depth (likelihood level > 66%) in most of Europé(Etenseret al. 2007).

Data on changes in future windiness are not suggdny a high level of confidence. However the
pointed trend is an increas e in wind strength intidon Europe (Christenset al. 2007).

The influence of climate changes on biodiversityds questionable. Species’ responses to past
changes in climate are proven by the fossil redload highlights the spatial response (changes in
distribution patterns) as one of the most importansequence. Genetic variance and adaptabilty
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were key factors in determining the magnitude @csgs displacement and ther survival or extinction
(Huntley 2007).

Moreover, Huntley (2007) proposes a hierarchicgragach based on spatial and temporal scales
in order to understand the extent of species’ msgto climate change which are categorised as
follows: behavioural responses, population dynare&ponses, adaptive genetic responses, spatial
responses and macro-evolutionary responses.

However, the individualistic nature of species’p@ses has to be taken into account when i
comes to analyse or predict the effects of modHmmate change on species distribution because it
could ultimately affect the whole ecosystem througlantiative and qualitative changes in
communities’ structure and composition, with thdetrisks of a cascade effects (Huntley 2007).

Effects of modern climate change on biodiversity already occurring (Usher 2005; Alcarto
al. 2007), such as human induced temperature patsstciated with changes in animal and plants
phenology and distrbution (Walkhet al. 2002; Rooet al. 2005).

In a study on non-migratory British butterflies, kém et al (2001) found that mobile and
generalist species increased their distributioth@ last three decades consistently with a climate
explanation. Parmesan and Yohe (2003) found a ckeaate fingerprint in a temporal and spatial
switch of 279 species. Observations carried ouutljin a systematic phenological network data set
(more than 100000 observational series of 542 plgmtc ies) in 21 European countries for the period
1971-2000 provided evidences of earlier keaf unfgd flowering and fruiting in wid European
plants (Menzeét al. 2006). In Britain, Hicklinget al. (2006) reported the shift in the distribution of
327/329 species belonging to 16 different taxaaaif. Compelling evidence of climate changes
impacts on migratory species (temporal and spshidils, changes in prey distribution, the timing of
parts of the life cycle, breeding success, et@javided by Robinsoat al. 2005.

Two Europe-wide assessments of European flora andaf (amphibians and reptiles) under
various scenarios indicated the importance of disge to avoid a reduction in their distr b utiomga
and the risk of becoming seriously threatened entlinction (T huilleret al 2005; Aradjcet al. 2006).

Inland freshwater system species’ richness willbminated by drought regimes leading, under
the projected scenarios, to an increase in thehNiiEurope and a decrease in the South-West of the
continent (Aktameet al. 2007).

Recent research on the effects of climate changeanine ecosystems report the decline of sea-
ice cover in northern seas, a spatial shift of sewmt species’ populations northwards replacing
northern species, and exceptionally high tempeestir European marine waters (with the exception
of the Black Sea) (Philippaet al. 2007). Changes in temperature or in the frequefdgflow have
been particularly noxious for enclosed seas eceByst(e.g. alteration of plankton composition and
food web in western Mediterranean, increase ofntlephilic species of ichthyofauna in the Adriatic
Sea, etc.), which have suffered a greater impacttihe open seas (Dulcic & Grbec 2000; Moliretro
al. 2005; Philipparet al. 2007).

Current efforts in research are devoted to undeaisaad predict how climate change will affect
biodiversity under different scenarios in orderdievelop strategies oriented to the management of
widlife and habitats. However, this s not an esask because of the difficulty to predict species’
responses (which are individualistic) (Huntley 2p@rd the complexity of interactions between the
effects of climate change with other elements abgl change (changes in land use, atmospheric
composition, nitrogen deposition, etc.), which affecting native species’ distribution and ecosyste
dynamics as well as non-native species (Dukes &Hepad 999).

Bioclimatic models have been largely used to ptetiie impact of cimate change on biodivers ity
providing us eful approximations on the future dittion of species. However, ther validity has bbee
guestioned by several authors who stressed thertamue of factors other than climate (e.g. biotic
interactions, evolutionary change and dispersditygbas influencing species distributions, as vaell
the importance of the spatial scale at which threedels are applied (Davit al 1998 a,b; Lawton
2000; Pearson & Dawson 2003).
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Biotic interactions such as competition, predatio symbiosis could affect the distribution of
species (directly and indirectly). However, theffeet can be minimised by applying bioc limatic
models at a large scale because of the dominanbfalimate (Pearson & Dawson 2003).

Ecosystems’ shift in respons e to global climatengkacould be followed by a dramatic variation
in the nature and timing of life-cycle processed @ophic interactions. In this framework, the rofe
primary producers in shifting ecosystems (bottonperspective) as a consequence of global warming
has been investigated at length, while animal sse¢have been pushed into the background”
expecting them to redistrbute themseles by foihgwplants shift. However, shifts in ecosystems
driven by top predators (top-down effect) have bedetected highlighting the role of higher-order
trophic interactions in moulding ecosystem strietand functions as a consequence of global
warming (Schmitzt al. 2003).

Changes in species distribution and behaviour duehanges in climate have already been
observed and are generally attributed to phenotyfasticity (Bradshaw & Holzapfel 2006). Genetic
changes have been scarcely taken into account deettaey are expected to occur only on long time
scales. Bioclimate models assume that extinctitesrare faster than adaptation rates (Pearson &
Dawson 2003). However, recent studies pointedr@itgenetic changes induced by climate change in
species populations.

Bradshaw & Holzapfel (2001) provided evidence fgreaetic response by documenting changes
in the photoperiodic response of the pitcher-ptans quito Wyeomyia smithii Likewise, Réalet al.
(2003) have found that the timing of breeding iCanadian population of North American red
squirrel Tamiascurus hudsonicukas advanced as a result of both phenotypic anetig changes in
response to a rapidly changing environment. A kimga study of a Dutch population of Great tits
(Parus majoy has revealed heritable variation in individuabsticty and in the timing of
reproduction (high plastic individuak were favalitgy selection) in response to a mismatch between
the breeding time of the birds and thei prey, commt with changes in climate (Nussgyal.2005).

This fact adds uncertainty when i comes to pretliet effects of climate change for short-lived
species and good dispersers which are more abld&ygo rapid evolutionary change.

Furthermore, limitations to the bioclimatic modedji approach (erroneous predictions of future
species distrbutions) alks o arise when specieedigpis taken into account because the movement of
species, which depends on its proper biologicalaateristics, could be also limited by the presence
of natural and dynamic artificial barriers whergpdirsal is occurring (Pearson & Dawson 2003).

Under this perspective, bioclimatic models are geised as being very useful to make large
scale predictions on the potential magnitude anddmpattern of future impacts of climate changg, bu
smaller scale predictions wil require the inteignatof interactions between the complexiy of fasto
affecting species distributions (e.g. climate, lamk change, species dispersal, etc.) (Pearson &
Dawson 2003).

If predicting accurately the effect of climate cgaron native species is difficult, it could become
even a more complex task for non-native specieg.cCihrent distribution of non-native species may
not be in equilibrium with the current climate, rindeed their potential establishment and/or spread
could be necessarily determined primarily by clen&he way alien species turn into invasive could
depend on many factors other than climate (ecanystsilience, biotic interactions, etc.), as well a
the fact that their dispersal counts not only otared mechanisms (self-dispersal) but also on gelar
amount of man-made pathways and vectors. It héetsupposed that a huge movement of species
(among them pest, infectious diseases, etc.) adbapany human beings displaced by the impact of
global warming (up to 150 million people by 2050ufpont & Pearman 2006; Low 2008).

Present and latent invasive species’ behaviouiffisult to predict under climate change because
changing conditions could act as a negative ortigestrigger by themselves or in combination with
other factors representing or not a limit to specanges, and therefore their future distributiomsid
show very different realised niches.

Little attention is still given to the risk of ewbionary changes posed by alien species once they
become established in a new territory, where theysabject to selective pressures and hybridisation
and which could lead to a rapid evolutionary charidee risk is also increased by the introduction of
organisms selected through genetic engineeringnigods (e.g. tolerant to pesticides, diseases
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resistant, etc.) with relatives that are wild seecthat could turn into weed. Furthermore, alien
populations could accelerate evolutionary changeshdiive species (Cox 2004). In this context,
predicting their genetic adaptation in responsgete dynamic environments presents a further serious
challenge to modellers.

The supposition that the problem of biological sea will get worse due to climate change,
appears strongly supported (Mooney & Hobbs 2000gr& is a whole series of processes that are
changing, all of which most ikely will acceleratee mixing of the world’s biota and increase the
number of IAS (Mooney & Hobbs, 2000). With climatkange, non-indigenous species may cross
frontiers and become new elements of the biotatfwiadt al.2002). While human activities promote
species movement, their subsequent survival, reptash and spread at the new location imply
altered site conditions due, for example, to clenahange. (Walheet al. 2002). The nitrogen
deposition, increas ed G@oncentration in the atmosphere, global warmingffequency, changes in
precipitation patterns, together with land use moation will play an increasing role in the suceesf
invasive alien species (Mooney & Hobbs 2000). EXamnclude warm-water species that have
recently appeared in the Mediterranean, thermopléests that spread from “captivity” into nature, o
the immigration of unwanted neighbours such asovdairne diseases (Walthetral.2002).

Climate change has the potential to modify the ehphlAS by affecting their sources, pathways
and destinations (see Fig. 2) (Hobbs & Mooney 200f5}limate change alters any factor of the
invasion process (including its interactions), 188uld benefit from these new conditions. In this
context, it is important to detect which pointstieé invasion process could be affected by climate
change.
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PROCESS OF INVASION - FRAMEWORK
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Figure 2. Process of nvasion. Framework. (Modifie from Occhipinti-Ambrogi 2007).

Climate change influences invasive species by tiffgdheir entry pathways, establishment,
spread and colonisation of new habitats. It is igpt to underline that there is potential for some
species that are currently non-invasive to becomasiive in native ecosystems due to climate change
but others, currently invasive, could turn intoagee or reduced threats.

Climate changger seis likely to have limited direct effects on movemef IAS along trade
routes. But, for example, new patterns of inteomel trade in response to changes in climatic
conditions have the potential to ater the commmosibf invasive species that are disseminatingradou
the world.

Patterns of spread are determined by the speciet/éd, the suitability of the host ecosystem
for propagation, and the incidence of extreme dltnavents. Storms, prolonged rainy seasons and
flboding, etc. determine the dispersal of manydeva. Wind systems affect long-distance migration
routes; wind shifts caused by changes in climate tfae potential to affect the patterns of migmatio
of some pests such as locusts or moths, etc. Mameckimatic gradients are likely to play arole in
determining the rate and direction of spread of.IB&turbances and land transformations offer new
opportunities for new species to colonise and spriealeed, land-use changes are often brought about
by the use of introduced species (new forage speglentation trees, etc.).

Numerous IAS are dependent on the disturbance tivenacosystems to support their
cobnisation and establishment. Invasion succesalsis determined by certain traits of the host
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ecosystem: opportunity for colonisation, changeatmospheric patterns, suitability of the habitat,
resource availability and the host community, &lypan important role. The ecological resistance of
an ecosystem to invasion could decrease becauskneatte change. Exireme events (for example,
severe and prolonged droughts) linked to climaengk may cause important impact on biological
systems because they reduce the resistance taomedsindigenous species.

Regarding ecosystem perturbations, Low (2008) gt that some native species could be
favoured by new cimatic conditions at the expeabeother native species. For example warmer
conditions have favoured the attack of pine prdoessy caterpillar on relict stands of Scots Pime i
southern Spain (Hodat al. 2002). In the Rocky Mountain area (United Stat#®) increase in the
abundance of the mountain pine beetle, which habldd its capacity of reproduction in response to
warmer temperature, s favouring the transmissfaa foingus to American conifers (Parmesan 2006;
Low 2008).

This fact imposes a series of management probliémafiaving to take into account the risk of
translocation of the more disadvantaged species;efisas the ecological conditions created by the
new dominant species that could act as a triggepdtential and invasive non-native species (Low
2008).

Changes in land-use patterns that increase hdld@nentation and ater disturbance regimes
wil increase the prevalkence of non-native spefidesces & Mooney 1999; (Hobbs & Mooney 2005).
In a fragmented and degraded landscape experiemamg environmental change, the niches
available to IAS could increase. Land transfornmatémts to encourage biotic change by causing
system changes that provide the op portunity folobioal invasion, and by bringing new species from
diff erent biogeographical regions into contact vittes e altered systems.

The inherent traits of species (both native andiexcan play a role in the impact of non-
indigenous species. Species characteristics inclhdenumber of seed/propagules produced per
generation, diet breadth, size of home range,talidifix nitrogen, overall body size, adaptatian t
fre, degree of polyploidy, etc. But species trat® not a determining factor in order to predict
whether one species has the potential to be a peader or not. Nevertheless, it is possible tectet
some traits that could play an important role neticting’ future invasive success.

Invasion processes are a complicated sequencenfseand there are many uncertainties... Each
stage of the invasion process is characterised rigua ecological and social factors. Invasion
processes linked to climate change can bring enesguestions that need to be resolved in the future
(Dukes & Mooney 1999):

How entry pathways ofinvaders could be affectedioyate change?
Will some ecosystems become more or less susedptin invaded?
Will some non-indigenous species that are curréyglyign become invasive?
Will impacts of existing invaders decrease or bexomre severe?

Further consideration to be taken into accounha the effect of climate change on the risks flom
IAS wil depend on the sensitivity of the speciecimate and the specific host ecosystem andmggio

making difficult to point out without a doubt whigpec ies could be more or less harmful. Given|this
level of uncertainty, prevention of invasions (aig process of risk minimisation) is of vifal
importance. The identification of high-risk potaitnvasive species, their early detection andd api
response, will enhance effective management. Binggcstrategies will ako need to increasingly
incorporate climate change projections into riskhagement assessments.

How climate change influences biological invasideaves considerable room for interdisciplinary
groups to contribute to research. Research isaliacunderstand interactions between climate chang
and biological invasions. However, IAS and theingmquences are a present problem which requires
not only a theoretical but also an operative aradmpatic approach.

TERRESTRIAL ECOSYSTEMS
PLANTS
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There is a general consensus that climate chanljgoténtially favour invasive alien species
(IAS) leading to new invasions and spread of thesaly established IAS (Thuillet al. 2007).

Changes in temperatures may stress native spde@®asing the resistance to invasion of natural
communities. Lkewise, increasing disturbance etgssuch as fires which are a direct consequence
of climate change (e.g. because of reduced pratigris), could benefit alien species (Myetsal.
2004; Griguliset al. 2005).

To predict the impact of climate change on alieanfsl is far from easy, because of the proper
biology of the species that determines responsdiffement stimulus (e.g. nitrogen and carbon diexi
concentrations, temperature, humidity, etc.), thecsptibility to invasion of the host ecosystend an
the vuherability of native species to climate ajpar{Dukes & Mooney 1999; Myemst al. 2004,
Thuiller et al 2007).

Although research has advanced in the understamdiatjributes of successful plant invaders,
invas bility of plant communities, interactions Wween habitat compatibility and propagule pressure,
residence time, etc., the enormous complexity es¢hdeterminants (Rejmanek al 2005) and
existing uncertainties still influence our capadiypredict whether or not an IAS could turn into
invasive and its impacts. Therefore it is intuitibeat new variables introduced by climate change
hinder our progress in achieving precise predistiom IAS.

Climate change could affect the dynamic of plamagions in two different ways) by causing
alterations in native ecosystems keading to thebéishment and spread of invasive alien plants, and
b) by favouring individual traits of particular I1AS.

Climate change could affect native communtiesiiitihg or benefiting particular species and
altering inter-specffic relations at all levelhe loss of keystone species or functional group$ o
plants could profoundly influence the degree of wrerability to invasion of native communities
(Zavaleta & Hulvey 2004). Moreover, such changeslddoe very prejudicial because of the
generation of feedback effects on ecosystems.

The effects of climate change have been projeaiedhe distribution of 1,350 European plant
species for the late 2tentury. The results show that the worst scemaniold lead to a mean species
loss of 42% and a turnover of 63% (T huilldral. 2005), making predictable profound alterations in
communities and ecosystems.

Alter ations in native communities may be produced lmate change in many ways: Changes in
temperature, precipitation, moisture, level of £&hd nitrogen deposition, could act as factors of
selection (positive or negative) on plants unbatapecosystems by changing dominance equilibrium
as well as by interactions between species (&\adls), and with the environment.

As climate change implies altered conditions byngivag the disturbance regime of native
ecosystems (Pickett & White 1985), it is highly lpable that it could provide suitable conditions for
the establishment and spread of alien species eithe or already established but quiescent (Walther
et al 2002; Thuilleret al.2007).

Thus, concerning biological invasions, it becomlearcthatclimate changeper seaswell as in
combination with other global changes(land use changes and biotic chandead a potential
trigger effect on invasion processeéMooney & Hobbs 2000; Thuillezt al.2007).

The adaptability of invasive alien species to newirenmental conditions is a key factor in the
success or failure of an invasion. In this contelkipate change involves several aspects having a
selective strength on plant traits, such as, tlcee@se in temperatures, changes in rainfall and
evapotransportation patterns, and increasing Barrett 2000).

Flora species’ response to increased temperateeasssto be mainly phenological compared to
that of animal species where range shifts have lwbearly detected (Parmesan & Yohe 2003;
Hickling et al. 2006; Parmesan 2006; Tuillet al 2007). However, some exceptions are reported in
lterature. Colonisation from the South of 77 nepipleytic lichens, and the increase in abundance of
combined terrestrial and epiphytic lichen specietsvieen 1979 and 2001, is reported by Van Hérk
al. (2002). The spread of shrub species into thertuisdreported by Sturrat al. (2005). Numerous
case studies from European countries on recenatidinghifts in vegetation have been reported by
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Klotzli & Walther (1999). Upward tree-limit shiftsave been recorded in Sweden (Kullman 2000 and
2001) and Russia (Meshinev al. 2000; Moiseev & Shiyatov 2003). However, Thuibdral. (2007)
point to a major slowness in range shifts of plamis animals.

Evidences of phenological changes have been provigeMenzel et al. (2006) Through an
analysis of 254 mean national time series carrigdp21 European countries, the authors concluded
that temperatures of the preceding months influeheephenology of species (mean advance of
spring/summer by 2.5 days ®Cdelay of leaf colouring and fall by 1.0 day')C A significant
correlation was found among observed changes ngspnd measured national warming across 19
countries.

A longer growing seasoncould influence species’ reproductive capacitycr@ased seed
production and biomass) and higher temperaturelsl Gagrove plants’ fertility, resulting inincrease
population sizes. Animal pollinated invasive plaotsild benefit from this situation showing an
increase in fruit and seed set because of the nmspct activity due to higher temperatures andéon
summer period (Barrett 2000).

However, increasing asynchrony in predator-prey imseéct-plant systems due to changes in
phenological response between interacting speoidd bave detrimental impacts (Parmesan 2006).

Temperature (minimum temperature) and length of gf@ving season have been found to
control the distrbution of two invasive plantsNiorthw estern Europe: both variables apply in theeca
of Fallopia japonica(Japanese knotweed), while only the length of the/ing season is relevant for
Impatiens glandulifera(Himalayan balsam) (Beerling 1993). However, thé¢hau suggests that
ecological interactions could have an importarg thht has to be taken into account in this kind of
analysis.

Likewise, Walheret al. (2007) suggest that the rejuvenation of the pEiachycarpus. fortune
in Europe, but more expanded in other countriesipalia, Japan, New Zealand and United States),
should be considered as an “early stage of a patemivasion” driven by changes in winter
temperature and growing season length, indicating that palms in general are a good global
indicator of the warmer condiions.

Aquatic invasive alien plantscould benefit from the increasing seasonality arae marked
wet and dry cycles. Fewer winter frost and fludorat in water levels may cause the expansion of
IAS such as the Water hyacintlEi¢hhomia crassipesleading to an invasion that could be
exacerbated by the introduction of frost resistdants currently being produced in Holland for the
horticultural trade (PlantLife 2005). Moreover, ameliorating climate could cause a burst of Water
hyacinth sexual activity, usually reproducing bgral propagation in invaded areas —a common trait
in aquatic weeds — leading to increased amounemétic variability that could augment its resis&anc
(Barrett 2000).

Warmer and drier summer are lkely to increafgal blooms of the water-netHydrodictyon
reticulatum — a species that has spread during the lastdr’s gieie to changes in seasonality and low
river flows — and ‘blanket weedQladophora glomeratain water bodies of the United Kingdom
(PlantLife 2005).

Different conceptual models with diverse level admplexity are used to predict species
distribution under climate change scenarios. Itesgii their limitation in representing and inclugin
the enormous complexity of ecosystems’ interacttegnents (abiotic and biotic), they provide useful
guidelines to understand the consequences of eliof@nge on ecosystems.

By means of simulated projections of vegetationagdyics including invasive plants (tree type
and herb type) to test how climate change couldnpte biolbgical invasion in Mediterranean slands
Gritti et al.(2006) found that the effect of climate change alanlikely to be unimportant in most of
the analysed ecosystems, but stressed the impertéhiits interaction with C® Invasions were found
highly dependent on the initial ecosystem compmsisind local environmental conditions, being the
rate of ecosystem disturbance the main factor allinly the susceptibility to invasion in the short
term.

In general, model reveal tha):different elements could act in combination (Zatalk Royval
2002; Grittiet al. 2006);2) effects of climate change are likely to producgese aker ations on native
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communities that could lead to further changesdirtcomposition, structure and functions, opening
the way to opportunistic species (Thuillgral. 2007);3) simulated climate change negative impacts
on native ecosystems are lkely to facilitate invas (Thuilleret al. 2007).

However,the importance of the individualistic response of geciesto changing environmental
factors, and therefore the importance to produedigions on a species by species basis, should be
stressed.

Effects of ncreased concentrations of carbon diexare difficult to predict without taking into
account the species and the community where they (Dukes 2000). Invasive plants grown
individually respond positively to high level of GQmore efficiently those that use the; C
photosynthetic pathway compared to those that ysn@€CAM pathways), but their response change
in the presence of other species (Dukes 1999 abd) 28mong plants using;@athway, species in
symbiosis withnitrogen-fixing microbes respond strongly to elevated [€JOin both conditions.
However, responses of native and invas ve speitiseosame type are not statistically different in
competition-free environments (Dukes 2000).

Experiments in grassland communties carried ouPblyin and Vasseur (1997) and Vasseur and
Potvin (1998) indicate that the early-successispat ies (as many invasive plants are) persistenae i
community is favoured by the rise in [GJAvhich slow down the process of succession.

SeparatelC; plants respond more positively than ¢ butspecies’ responses change in mixed
Cs-C, communities depending on other factors, e.g. watetrients and light availability,
temperature, the efficiency of species in usingueses, etc. making difficult the prediction of wihi
species wil be the most favoured (Dukes 2000).

The way plants respond to elevated pC@ould produce changes in ecosystems giving
advantages to some spec ies over others and incgebgi chance of invasions.

Plant water-use efficiency rises under high concergtion of CO, because of the reduction in
stomatal conductance, increasing as a consequérsod ooisture. This could be an advantage for
species limited by water availability (Dukes 200BJants’ responses to reduced evapotranspiration
could be either) a decrease in the depletion rate of soil moigthee could extend the growth period
in dry climates, orb) similar depletion rate of soil moisture but inrean biomass production per
unit of water transpired. (Kriticast al. 2003).

Elevated [CQ] can induce plant-mediated alterations in decontipasprocesses and shifts in
soil microbial community (Dukes 2000; Kao-Kniffin &Balser 2007). Alterations in litter
decomposition can influence tlaecessibility of nutrients to plants and microbes (Dukes 2000).
Furthermore, as atmospheric [§Onfluences root exudation quantitatively and dagvely
(Patersoret al 1996; Pendaltt al 2004), changes in these patterns are like taenfie the activity
and the composition ehicrobial communities (Kao-Kniffin & Balser 2007).

Alter ations in nutrient availability may dependdaly on the species that compose a community
due to difference in plants’ responses to jC(ungateet al. 1996), in addition to N and invasions
levels variations for belowground properties (Kawifkn & Balser 2007).

Thus, t is clear that change in dominant specigkinva community due to variations n [GO
levels (e.g. fast-growing C3 plants combined wiik targe belowground biomass of many invasive
clonal dominants) could affect the availability ifitrients (Dukes 2000) and change belowground
properties having an impact on ecosystem functgp(htao-Kniffin & Balser 2007).

Climate warming and forecasted drier conditionsteekieved to prolong droughts and increase
fre risk (Alcamoet al. 2007).

Interactions among changing forest vegetation, atbmand fires have been explored under
projected climate change conditions for thé' 2&ntury in Switzerland. Results indicate vegetatio
shifts, changes in biomass distribution, increassuonmer drought and highest probabiliy of fre
occurrence suggesting the importance of including disturbance in investigation on landscape
dynamics (Schumacher & Bugmann 2006).

Thus, taking into account the combination of risitagiperatures and GOthat stimulates plant
growth and litter accumulation, an increase infiisguency is very lkely (Dukes 2000).
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Changing fire regimes together with the loss of native plants genergipodunities for new
species (among them IAS) to colonise and becomeindmiin a new area, establishing a postive
feedback between invaders and the fire cycle whenasive plants change fire regimes and then
prosper under the new conditions (D’Antonio 200dkset al. 2004).

A multiphas e model describing mechanisms underljnibgractions between fire cycle and plant
invaders has been fully described by Broeksl. (2004) making patently obvious the risk that they
entail for the conservation of native biodiversind the need of management actions.

The threat of this feed-forward process among ireapglants and the fire cycle has been shown
by Griguliset al (2005) in the Northern Mediterranean Basin (dlfilge risk area, see Alcaned al.
2007) for the tussock gragenp elodesmos mauritanica

Further changes in the composition and structurecofystems could be promoted éxtreme
events such floods, storms, heat-waves, droughts, ettnga@s disturbance elements, therefore
increasing the risk of new invasions (Alcarapal.2007; Thuilleret al. 2007). In this framework,
urban areas, where many invasive alien plantslagady benefiting from the more favourable climate
(Sukopp & Wurzel 2003), could act as reservoirdnghders as well as protected environments like
greenhouses (Thuillet al.2007).

Of particular concern is the use lbfuel crops as an alternative to fossil fuels. Ther value has
been hardly criticised for many reasons (Low & Bo2B07):

e their cutkivation on a large scale will cause theter fragmentation and destruction of natural
habitats (e.g. destruction of rainforest to groofustl crops), the depletion and eutrophication of
scarce water resources, and the increase in thaf texilisers and pestic des.

¢ Reductions in greenhouse gas emissions are minmmabdn-existent due to the high requirement
of energy they have (e.g. the corn as biofuelénUimited States).

« Competition with food crops for arable land (e.glG®6 substitution of petrol and diesel fuel
would require 38% of current cropland area in Ear@pternational Energy Authority (2004)).

e Their potential to turn into invasive.

Regarding the role of biofuel crops as potentiabhdters, Raghet al. (2006) highlighted that
their ideal traits are common to invas ive aliencigse(e.g. high water use efficiency, rapid grototh
outcompete other plants, etc.). These authorsesigzhasise how well known invasive alien species
have been considered for biofuel production, sicArando donaxwhich is listed as one of the 100
world's worst nvasive alien species by the ISSGMN) as wel asMiscanthusx giganteusand
Panicum virgatur hich are species with great invasive potential.

In order to face the growing demand for biofuehgdaand guarantee that the proposed species for
introductions are safe, it is mandatory that casid be nefits analysis also include also environatent
risks and costs.

INSECTS

The size of the range occupied by a species abaayime is determined by several ecological
factors, including habitat availability, climatimé other environmental parameters (Cannon 1998).
Insects are strongly influenced by climate, espigctamperature: life cycle duration, voltinsm,
population density, size, genetic composition,,atan vary in response to the change of temperature
(Baleet al. 2002; Ward & Masters 2007). The distribution aimg species is limited by summer heat
availability rather than the lethal effect of extre temperatures (Balet al 2002). Therefore,
predicted climatic changes are expected to takeipane range of expansion/contraction of insects,
affecting ther phenology and alering their ravégrowth and development (Bad¢ al. 2002; Ward
& Masters 2007).

Theresponses of insect® climate change are expected to be complex arais@, depending
on thelife-history of the insect anthost plant growth strategy (Baleet al 2002). It is possible to
propose soméraits that may be important in predicting future invassuccess: generalist feeders,
cosmopolitan species, multivokine species, p hgriog} plasticity, etc. Species that hold a numier o
these traits could be favoured by climate changd, may represent a risk in the future (Ward &
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Masters 2007). Nevertheless, the traits of insgeti®s are only one determinant of nvasion success
opportunity for colonisation, propagule pressutatability of the habitat (and, consequently, lmoti
resistance), and the host community also play goitant role (Simberloff 1989; Williamson 1996;
Lockwoodet al. 2005). This is the reason why research on invaspecies responses to climate
change is a challenge for scientists, as climdbetafthe invasion process in adiverse way, indiye

as well as directly (Fig. 1) (Ward & Masters 2007).

On the one hand, climate change can have a positimegative effect on each factor and, on the
other hand, different combinations of positive aegative impacts can produce very different levels
of invasion success. In order to assess the imgfaclimate change on insect invasions, Ward &
Masters (2007) point out the need to examine eatitese factors (see Fig. 3):

| CLIMATE CHANGE |
Direct and T ’/
indirect impacts ransport
’ pathways and Resource
human needs availability
INSECT + PROPAGULE + HOST _ INVASION
TRAITS PRESSURE COMMUNITY - SUCCESS

Figure 3. Mechanisms through which climate affectthe invasion process of insects (Modified
from Ward & Masters 2007).

A. Insect traits.
Al. Diet breadth

Diet breadth has often been linked to the invasioncess of insectsGeneralist feeders
(herbivores insects that feed on a variety of pfgecies) have a higher probabilty of finding a
suitable host plant than those that are specaldtrestricted to one or a small number of hosttpla
(Ward & Masters 2007). Presumalsypecialist feederawvill have to move polewards with a changing
climate and stay on the single host species inraodsurvive (Andrew & Hughes 2004).

Similarly, with climate change it is also expectiedt cosmopolitan speciegspecies that have a
broader host range and species found at more tharattude) may be quite resilient to changes in
local climate and changes in the distribution odthpand are more likely to continue to find suéab
host plants (Andrew & Hughes 2004). Likewise, Batal (2002) point out that species which
currently have wide latitudinal ranges, alreadyoemter considerable temperature variation and are,
in a sense, pre-adapted to cope with temperaturgeh These species wil survive situ and/or
could move with the host plant and potentially exgpaheir range (Andrew & Hughes 2004). This
may be especially true if their current host ptamtge includes host plants with poor quality (Wé&rd
Masters 2007).

In spite of this, we need to consider that risiogoe ntrations of COincrease C:N ratios of
plants (Harringtoret al. 2001) reducing inevitably the nutritive valuehafst plants (Cannon 1998).
Although generalist insects may have a wider chofckost plants to feed on, they may be less able
than specialists to deal with a general reductionitrogen and increased concentrations of phenolic
compounds, as predicted under @@richment (Ward & Masters 2007). In this cassedits need to
eat more in order to get adequate dietary nitr dgtanringtonet al 2001). Nevertheless, it appears
that in many cases increased feeding rates doomopensate fully for the reduced quality of the diet
(Harrington et al. 2001). This could be a disadvantage for somectingeilds (for example, sap
shuckers) that might not respond by compensagémging (Ward & Masters 2007).

A2. Phenological plasticity

The majrity of herbivorous insects rely on clogactirony with their host plant to successfully
complete their life cycle. Habiually there are kegriods during which the host plant becomes
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appropriate (Ward & Masters 2007). Evidence foreanlier onset of spring phenological events
(budburst and flowering), s accumulating in mapgces and has been related to climate change
(Fitter & Fitter 2002). These shifts in the timiofjthese events are expected to become more marked
wih climate change. Because of i, phenologicabuipling will take place when climate change will
have different impacts on insects and their hasttpl This will be unfavourable to herbivore spgcie
such as the gypsy moth, that are tied to specffénplogical windows (Ward & Masters 2007). So,
phenological synchronyof an invader with its host plant in a new plaga ©e of benefit to the
invader (Ward & Masters 2007).

With climate change, springs arrive earlier and tjnewing season is expected to become
extended. This fact will be posiive toultivoltine speciesbecause they may be able to produce a
larger number of generations in an annual cycler@/aMasters 2007). A longer growing season
makes ako possible a greater number of specfeedmn a single host.

Summarizing, phenotypic al plasticity of non indigas species that are not dependent on close
phenological coupling with host plants (includinglbivoltine species), or those responding to simila
cues as ther host plant, should make better imggtléard & Masters 2007).

A3. Lifecycle strategy

For insect herbivores, the ability to completethié cycle represents a successful adaptation to
their host plant and the climatic environment inightthey are found (Balet al. 2002). Cimate can
act directly on insects either as a mortalty faato by determining the rate of growth and
development.

Many researchers have predicted that increas ingoemtures will lead to increasing winter
survival and increasing numbers of generations y@sr, thus greatly increasing pest pressures
(Simberloff 2000). Within a favoured temperaturege, temperature elevation increases the speed of
development during the growth phase but the rateatase differs between species (Beleal.

2002). In areas where temperatures affecting plogsaal processes tend to be below species optima
for most of the year, increases in temperature beagxpected to speed up these processes and lead to
more rapid development, more generations in a sgpasore movement, and reduced mortality from
abiotic factors (Harringtoret al 2001). In the case of mukivoltine species, higteenperatures
should, all other things being equal, allow fastevelopment times, probably allowing for additional
generations within a year (Ward & Masters 2007).

The knowldge of theoverwintering biology and cold tolerances of potential invasive
herbivores would provide a good indic ation of wieetburvival is possible in new locations (Bale &
Walters 2001; Ward & Masters 2007). Unfortunatslych detailed information is lacking for the vast
majority of potential invasive herbivore insects a/ & Masters 2007). On the whole, non-
indigenous species that are precluded by climaie €kample, their propagules die or fail to
reproduce) or whose ranges are restricted by aimail survive and/or spread (Simberloff 2000)
with more suitable temperatures. For example, ®atét al. (2005) reported a latitudinal and
altitudinal expansion of the pine processionaryhm@haumetopoea pityocampaover the past 32
years,T pityocampeahas expanded 87 km at its northern range bound#&gance and 110-230 m at
its upper altitudinal boundary in Italy. By expesntally linking winter temperature, feeding actvi
and survival ofT . pityocampdarvae, they attributed the expansions to incieeagieter survival due to
a warming trend over the past three decades.

Moreover, there are evidences aboatv invasions of migratory insectsas a consequence of
rising temperatures. For example, Spaksal (2007) note that the number of species of migyato
Lepidoptera (moths and butterflies) reported eadr it a site in the South of the UK has beengisin
steadily. Authors found that this number is vempragly linked to rising temperatures n SW Europe
and point out that further climate warming withiur&pe will increase the numbers of invasion of
migratory Lepidoptera reaching the UK.

Most temperate species have some forrwinter diapause (Ward & Masters 2007; Baket al
2002). In univoltine species, diapause is an otuliyapart of the annual life cycle, whereas it is
facultative in multivoltine species where diapansay be initiated in response to abiotic or biotic
triggers (Ward & Masters 2007; Badt al. 2002). The identity of these triggers may detasrthe
response of an insect species to climate changed(&/&asters 2007).
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Non-diapausing, frost sensitive species and thosédniah are able to overwinter in their active
stages, show an increase of winter survival in warmninters. These species can be expected to
increase population densities and expand therrgpbgal ranges to higher altitudes and latitudes a
average temperatures increase (Balal 2002).

Through measuring, or taking from any existingréitere, the relative growth rates and the
diapause requirements of an assemblage of insduivtkes, Balet al (2002) presented a model
based on the knowledge of insects growth rate aaqhdse requirements to define the response of
insect species to warming. This framework can liegh to predict range expansion or contraction,
which is a crucial factor for potentially invasigpec ies (see Fig. 4).

POTENTIAL DIAPAUSE LIFE CYCLE RANGE
GROWTH RATE REQUIREMENT TYPE EXPANDS
| NODIAPAUSE i1, 4 MuLTIVOLTINE
—> 2. MULTIVOLTINE
FAST ™
™ NO LOW L 3 ANNUAL SHIFTS
TEMPERATURE NORTH F 4 S |f d deI f .
| 4. ANNUAL TO Ig. 4. Simplified model of insec
/ BIENNIAL+ response to environmental
= warming. (Modified from Baleet
/\ — 5. MULTIVOLTINE al 2002)
LOW —> 6. ANNUAL
sLow TEMPERATURE
— 7.ANNUAL TO
RANGE
BIENNIAL+ CONTRACTS

The model predicts that fast growing, nondiapausingpecies (e.g. multivoltine), and those
which do not have a low temperature requirement tanduce diapause, will respond the most to
increased temperatures and expand their range@Vard & Masters 2007). So, growth rate coupled
with information on overwintering strate gy may pid® a pointer to future invasion success of a wide
range of insect species (Ward & Masters 2007).

Nevertheless, no single trait provides a strongsassent of invasive risk. The use of several
traits simultan eously may still provide good indiioas as to which species are likely to be podigive
affected by climate change and may thus have ttempal to become invasive.

B. Propagule pressure

Propagule pressureis emerging as a single consistent correlate efetablshment success of
non native species (Lockwoad al.2005). Propagule pressure is a function of thguieacy and
number of propagules introduced into a habitatibwdl be dependent on the dispersal abilitieshe#
insect, the distance it has to travel, and the efétze habitat that it is invading. An increaseshrber
of introduction events may increase the lkelihdlodt some propagules wil arrive at a time when
conditions are favourable to establishment (Lockiveb al. 2005; Ward & Masters 2007). The
identity, origin and volume of introduced spec iegving into an area may all aker substantialhthwi
climate change (Ward & Masters 2007).

Large-scale shifts in the geographical patternagotcultural and forest production are expected
because of climate change, and tltis, origin of produce and its transport pathwaysmay change.
This will allow a whole new collection of potentimvaders to become associated with, and to make
use of, each transport route (Bale & Walters 2001 addition, it is possible that the invasibiliby
vulnerable agro-ecosystems to non-native specield aiter as a result of changes in vegetation in
response to a warmer and drier climate (Cannon)1998

Changes inatmospheric circulations pattems could lead toaerially dispersing insects
reaching new areas during times of the year tratraore favourable to their establishment (Coukon
et al.2002). There are other meteorological factors itifatence insect flight, especially wind speed
and direction, rainfall, humidity and isolation,tliao little is currently known as to how these may
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change in the future, and what their impact willdoeins ect flight, to warrant discussion (Baleal.
2002).

It is clear that on average climate change wilkhawpositive impact on propagule pressure and
that we can expect many novel species to form a lgrenlarged pool of potential nvaders (Bale &
Walters 2001).

C. Changes in resource/niche availability

It is expected that the increaserésource availahility (in terms of the quantity, structure and
diversity of plant species) will also affect thevasion success of insect herbivores. Furthermore,
climate change may itseff influence resource abdila through increased levels of disturbance and
changes in species distribution (Bale & Walters1200

Levek of disturbance are greatly increased throaxfheme events such as landslides, intense
storms, late frosts and severe drought. These radiced to become more frequent in the future
(Alcamoet al.2007). The occurrence of such extreme climaticsvmay lead to detrimental effects
and population crashes of native species (partiyuhahere these are akeady close to their climatic
tolerance limits). This is consistent with a redarctof levels of competitors and with an increase i
available resources and it may provide a windovhiw iivhich successful invasions may occur (Ward
& Masters 2007).

As well as more frequent extreme events, futuraatic conditions are also expected to become
more variable (IPCC 2001). This may give speciesdpportunity to become established for short
periods of time in areas where normal conditionga be inappropriate. This may be of considerable
concern in relation to pest species, which caneaesere damage over relatively short time scales
(Ward & Masters 2007).

On the other hand, the departure of a species #a@ommunity, as its climatic tolerances are
exceeded, could result in increased levels of reesubecoming available (Ward & Masters 2007)
and may provide opportunities for non- native sgéastablishment. Ward and Masters (2007) carried
out a meta-analysis that suggests that niche &i#jlain terms of plant structure (an increase in
resource levels for insect herbivores) will inceeasder elevated GQevels associated with climate
change.
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MARINE ENVIRONMENT

The spread of exotic species and climate changersreof the most serious threats to oceans.
Despite considerable interest in predicting theagrand success of “‘invasive” species, few da¢a a
already available to assess whether climate chanight facilitate invasions by favouring the
introduction of non-indigenous species (Stachoweical 2002b). Humans transport countless species
around the world, and, although many of these ductions presumably fail because of unfriendly
climate in the host region, global warming mayxekas limitation (Stachowicet al. 2002b).

The drect components of predicted climate charfigeting marine organisms over the next
century are:(i) temperature increaséii) sea level increase and subsequent changes in ocean
circulation; andiii) decrease in salinity (Harvat al. 2002). Climatic change affects many ecological
properties and it interacts with alien specieswin ivays, byl) directly altering physical-chemical
conditions (primarily temperature but also relatestanographic characteristics), adindirectly
contributing to change the new communities patté@e hipint Ambrogi 2007).

Biological responses to abiotic changes assocwfddc limate change are complex (see Figure
5). Climate change and specfifically global warmgan have a cascade of effects in the marine
environment (Carlton 2001). Greenhouse gas emissorainly CQ), together with increases in
global mean temperature (consequently, a warmiagater), willresult in a cascade of physical and
chemical changes in marine ecosystems (Hartkal 2006).
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Figure 5. Abiotic changes associated with "Uetetatadea
climate change. Modified from Harleyet al.

The consequences of temperature change ako inedutieal stability of the water column and
upwelling. Atered rainfall amounts could createwngatterns of estuarine salinity dynamics,
favouring particular euryhaline species (Carlto@D0 Changes in atmosp heric circulation might ako
change storm frequency and precipitation pattendsader circulation, and thereforee dispersion
pathways of alien speciegOcchipinti-Ambrogi 2007). Ocean circulation, wihiadrives larval
transport, will alko change, with imp ortant consampes for population dynamics (Harksyal 2006).
Changing atmospheric condiions leading to aterdmaviolet light penetration or changing
precipitation patterns can lead to altered pattefmg imary production (e.g., by favouring spedieat
are more efficient to get nutrients at differ enhcentrations) (Carlton 2001). Altered rainfall amtsu
could also create new patterns of estuarine satilytamics (Carlton 2001).

Carlton (2001) summarizes the potential responkksigical invasions to the drivers of climate
change inthe oceans (Hobbs & Mooney 2005):

« Enhance invasions under warmer conditions (A): wearmater alien species become more
abundant where established and could expand theges to now-warmer higher latitudes.
Invasions newly entering higher latiudes may iatemwih cold-adapted neo-genotypes of non-
indigenous species, leading to their extinctiom@die swamping) or continued existence only in
higher-latitude refuge.
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« Enhance invasions under warmer conditions (B): @mely, lower-latitude exotic populations
may become extinct as waters become too warm, fpgmew invasions of other warmer water
or eurythermal taxa.

e Enhance or depress invasions under changing mmtt#rprimary production, altered saliniy
regimes from changing precipitation patterns, attétiochanges: new primary trophodynamic
regimes, new patterns and processes of estuarm@nagraphy (e.g. relative altered salinity
dynamics, particularly the scale of horizontalusion of salt wedge), and other physicochemical
conversions either enhance or depress new invasions

Following the scheme by Harley al. (2006) (see Figure 6), changes in the life cpfla generic
marine species need to be considered first.
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Thus, the effects of climatic change describedgnre 5 lead to “emergent” patterns such as
changes in species distrbutions, biodiversity,dpaiivity and microevolutionary processes, that are

connected with the effects of the introduction béraspecies, especially if they have a dominant or
prevalent population in the new environment (Hadegl 2006; Occhipinti-Ambrogi 2007).

Climate change will play a rolke in determinittoe rate at which new species are added to
communities(Harleyet al. 2006). The most commonly predicted effect of gladtean warming is a
poleward shift in the distribution boundaries of sgcies with an associated replacement of cold
water species by warm water speciegOcchipinti-Ambrogi 2007). Warming temperaturesnca
facilitate the establshment and spread of inteaflp or accidentally introduced non indigenous
species (Carlton 2000; Stachowétzal 2002b).

« For example, by the 1950s the sudden increase pulgidons ofSaurida undosquamiand
Upeneus moluccensigas attributed to a rise of 1.0-1.5 °C in sea &rapre during the winter
months of 1954-1955 (Galil 2007). The Erythreanagion has accelerated in recent years, with
increasing records of newly discovered Erythreagtiep and expansion towards other areas of
the Mediterranean Sea. If glbal warming were tfecafthe Mediterranean Sea water
temperature, then tropical invasive species woald g distinct advantage over the native fauna
(Galil & Zenetos 2002).

* Another example s the dramatic and continuousaspofCaulerpa racemosahroughout most
of the Mediterranean Sea and the Atlantic Ocearcti@mti Ambrogi 2007); the growth rate of
this species s correlated with favourable charaties for its development and a mild climate
(Ruittonet al. 2005).

e Bafdnet al (2002) contrbute with four new citations of shrecorded in the last few years in
Galician waters (Northwest of Spain)Physiculus dalwigkii, Neoscopelus microghir
Pisodonophis semicinctusind Gaidropsarus granti The fact that Atlantic species as
Pisodonophis semicinctusand Gaidropsarus granti were previously recorded in the
Mediterranean Sea, where they were unknown, andawefound in Galic ian waters, represents a
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new northern limit for their distribution in the Nb-east Atlantic and seems to indicate a gradual
displacement of these species northwards, usin@Gthmaltar Strait as an escape valve in these
transports to the north. Additionally, in the Metlianean as well as in the European Atlantic Sea,
this phenomenon has increased rapidly in the dasyears (Bafidat al. 2002). Other example is
the arrival ofSeriola rivoliana(a tropical fish) to European Atlantic waters,itasappearance is
related to the increasing water temperature (Qeah 1998).

More generally, climatically driverthanges inspecies composition and abundance will alter
species diversity, with implications for ecosystéunction as well as productivity anidvasion
resistance(Stachowiczt al. 2002a; Harleyt al 2006).

Climatic driven changes may affect bdtital dispersal mechanismsdue to the akeration of
current patterns, ambm petitive interactions between alien and nativepecies due to the onset of
new thermal optima and/or different carbonate chtmiThe magnitude and variety of clmatically
forced changes in the physical environment wilvpi@ responses in the biosphere thus alkering the
balance of native species versus non-indigenousespevia changes in population size and effect of
interacting species (Oc chipinti-Ambrogi 2007).

Species that are amenableBbBISO (El Nilo-Southern Oscillation phenomena) transpeootld
be a possible pool of candidate species that &edylto either gradually shift North with global
climate change, or establish permanent populaten they could not before) if transported north
by ENSO phenomena (Carlton 2001).

The effects of warming climate are a cause for igthggical stress (which acts more strongly on
species akeady close to their tolerance lmit).orAalous temperature stress can cause mass
mortalities in benthic organisms that lead @mpty niches,which can be used(and therefore
colonised)for new non-indigenous speciegOcchipinti-Ambrogi 2007). So, if certain taxa loeoe
less abundant they may create further opportuniies to their population declines, for new nvader
if the former occupied unique trophic positionsupigue microhabitats (Carton 2001).

The competition for open space on the substrat@esvily influenced by thdiming of
recruitment, and this in turn is highly dependent on tempeeat€hanging seasonal patterns of
temperature may favotine settlement of invasive species in a particuldime of the year, and long
lasting consequences in preventing the recruitoenttive species later (Occhipinti Ambrogi 2007).
Stachowiczet al. (2002) demonstrated that the recruitment patértime three introduced species of
ascidian Botrylloides violaceouysDiplosoma listerianumandAscidiella aspersacoincided with a
period of low recruitment of other native specidsascidians; the timing of the initiation of
recrutment was strongly negatively correlated witinter water temperature, ndicating that nvaders
arrived earlier in the season in years with wanmwieters. The recruitment of non-indigenous species
during the following summer was also positivelyredated with winter water temperature. On the
contrary, the magnitude of native ascidian recrettmwas negatively correlated with winter
temperature. Authors suggest that the greatestt&féé climate change on biotic communities may be
due to changing maximum and minimum temperaturderahan annual means (Stachowdczal.
2002).

Increased ocean temperature ako capadsogen range expansionslhe negative effects of
disease are lkely to become more severe, as paihogre generally favoured by warmer
temperatures relative to their hosts (Hare¢lbl. 2002; Harleyet al. 2006). Harvell (2002) provides
an example of three coral pathogens (&gpergillus sydowjithat grow well at temperatures close to
or exceeding probable host optima, which suggdsa$ they would increase in warmer seas.
Moreover, the author collects some citations ableitpositive correlations between growth rates of
marine bacteria and fungi with temperature. Amongrime invertebrates and eelgrass, many
epizootics of unidentified pathogens are linkedd@mperature increases, but the mechanisms for
pathogenesis are unknown (Harlkl 2002).

Carlton (2001) proposdsvo predictions that arise from the phenomenon of warming trends i
middle to higher-latitude ocean waters: 1) previolewer latitud e-restricted species will colonise
higher latitudes for the first time, and 2) therdlvbe an increase in abundance of species of
evolutionarily warmer water affinity.
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Carlton (2001) points outvo additional critical components of the response of marne biota to
climate change: 1) whether, as might be expeclede tare corresponding and simukane ous southern
contractions of taxa that appear to be moving &mrtNorth (e.g. the northern range lattorina
littorea has expanded while its southern range has coatta@nd 2) whether native taxa are
responding to climate change as well by moving N¢ahd contracting South) and becoming invaders
as well Documentation of such patterns will besgsial to determine if biogeographical shifts are
now occurring in the native as well as the intratlbiota.

INFECTIOUS DISEASE AGENTS AND CLIMATE
CHANGE

Climate-linked invasions might alo involve the iigration of unwanted neighbours such as
pathogens or diseases (Waltbeal. 2002).

Epstein et al. (1998) have showed that, accoraithe World Health Organization (1996), thirty
new diseases have emerged in the past twenty ywatshere are resurgence and a redistribution of
old diseases on aglobal scale like malaria andwefever, both vectored by mosquitoes.

Epsteiret al (1998) also examined recent evidences that itedigaward movements in disease
carrying insects, and point out thegctor-bome dseaseqe.g., involving insects and snails as
carriers) could shift their range in response tmaie change (Leaf 1989; Shope 1991; Rstal.
1996; McMichaekt al.1996; Carcavallet al. 1996: in Epsteiret al.1998).

DIRECT TRANSMISSION INDIRECT TRANSMISSION
ANIMALS g

VECTOR - VEHICLE VECTOR- VEHICLE
HUMANS

ZOONOSES

o

HUMANS
ANIMALS

VECTOR -VEHICLE VECTOR- VEHICLE

ANIMALS

Figure 7. Anthoroponoses and —’
zoonoses. Modified from McMichael HUMANS
et al. 1996 -

On the whole, based on the mode of transmissioa figere 7), infectious diseases can be
classified into two categories: those that spreiatty from person to person (through direct conta
or droplet exposure) and those spreading indirébtyugh an intervening vector organism (mosquito
or tick) or a non-biological physical vehicle (smil water) (McMichaekt al. 1996). The most
important vector-borne diseases in Europe are matsid Lyme disease, which are transmitted by
mosquitoes and ticks, respectively (Githeltal. 2000).

ANTHROPONOSES

l_
AN

ZOONOSES

Infectious diseases also may be classified by theiural reservoir: anthroponoses (human
reservoir) or zoonos es (animal reservoir) (McMidleteal. 1996).

Several possile transmission components includbogan (viral, bacterial, etc.), vector
(mosquito, tick, snail, etc.), non-biological phyalivehicle (water, soil, etc.), non-human reservoi
(mice, deer, etc.) and human host. These diseesbighly susceptible to a combination of ecolobica
and climatic factors because of the numerous coemngenin the transmission cycle, and their
interaction with the external environment (McMichatal. 1996).

If climate change affects one or more componentthéntransmission cycle of diseases (the
pathogen, biological vector and/or animal resejvibicould be possible that diseases increase their
range.

Infectious disease agents often are nvasive aliapecies, such aghedes albopictus, Aedes
aegypti, Vibrio cholera, etc., and there is evidence linking the impact dhese invasive species and
climate change Many vectorsaccompanying the increase of temperatures, arly t&eexpand their
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ranges within Europe, and new vector species maintb@duced from the tropics (Githelet al.
2000).

Some cholera epidemics appear to be directly amedcivith ballast water (IMO 2002Yibrio
choleraeresides in marine ecosystems by attaching to andfun, and the survival of these small
crustaceans in turn depends on the abundanceiofdbd supply, phytoplankton (McMichaet al.
1996). Phytoplankton populations tend to incredsleo(n) when ocean temperatures are warm
(McMichaelet al. 1996). Ocean currents sweeping along coasta araaslocate plankton and ther
bacterial passengers (Colwell 1996). As a resuthefe ecolbgical relationships, cholera outbreaks
occur when ocean surface temperatures rise (Colt@8I6). Furthermore, pathoger€ cholerae
could grow inwater with low salinity if the watmperature is relatively high and organic nutdent
are present in high concentrations (Colwell 1996).

Mosquitoes are highly sensitive to climatic factdfor example Anophelinespp. & Aedes
aegyptimosquitoes have established temperature thre$boldurvival, and there are temperature-
dependent incubation periods for the parasitesvamdes within them (extrinsic incubation period —
EIP-). Warmer temperatures (with sufficient moisjucould increase mosquito populations, biting
rates, mosquito activiy and abundance, and deenbesduration of EIP (Epstein 1998). This fact
leads us to think that if climate changes benghis survival of this kind of vectors, diseasese(lik
malaria or dengue, for example) will have more opyties to arrive and spread in new locations.
For example, Githeket al. (2000) point out thafedes albopictuéa major vector of dengue fever)
has spread to 22 northern provinces in Italy stineieg introduced eight years ago (Ranal.1999).
The West Nile virus caused outbreaks in Francénén1960s and in Romania in 1996. Occasional
outbreaks of malaria in Europe arise when infectivesquitoes are imported from the tropics by
aircraft - for example, since 1969, there have &kesuch cases reported from a number of European
countries (Danigt al.1999, in Githekeet al.2000).

Cumming & Van Vuuren (2006) call for attention d¢re tpotential impact of climate change on
tick-borne diseas es because of their extremelyrhigtical and economic importance for humans and
livestock. Under different climate change condiipthese authors explored the current and future
invasive potential of 73 African tick species ttert locations. Results show that under all progcte
scenarios (over the next 100 years), climatic ¢andi are likely to become more suitable n Afrasa
well in the rest of the world, predicting an averagcrease in global habitat suitabiliy of 1-9 il
km?®. Such greater habitat suitability within Africaties: 1) an increase in tick population sizes also
in areas that are currently marginal, &ada higher risk of transfer to the rest of the waicbugh
animal trade. Tick community compostion will albe affected depending on the severity of climate
change, influencing, as a consequence, tick-bomatbogens and patterns of transmission wih
significant mpacts for human and animal health.

Although a similar trend for non-African ticks ialg presumably expected, more concern should
be paid to Europe, where the expansion of tick-baliseases and tick species ranges increased in
recent decades (Den Boehal 2004; EEA 2004).

It is clear that invasive alien species are linkielumans, animak and plants diseases. If climate
change affects these species providing new stiitablilances in new locations, the incidence of ¢hes
diseases coul increase.

So, we need to keep in mind human healh (and wsecanimal and plant health) when we deal
with biological invasions and climate change.
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CONCLUSIONS AND RECOMMENDATIONS
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The risk posed by Invasive Alien Species under aimchange conditions is in general
und erestimate d because modelk and scenarios, rfi@inlsed on native biodiversity, have poorly
explored the issue.

Invasive alien species are already a problem bgingibiodiversity and economic losses as well
as problems to human, animal and plant health. if&ssive species and climate change are
considered two of the three main threats to bioditye the two operating together could be
expected to produce extreme outcomes” (Low 2008).

Current biotic changes caused by invasive alieaiepecould further interact with climate change
increasing ecosystems’ vulner ability and thereftweerisk of new invasions. Once invasive alien
species become established in large numbers, dbegequences are often rreversible. Under
climate change conditions, invasions can be pratlloyea) alien species introduces novg b)
already established invasive alien species (spread) c) akeady established invasive alien
species non invasive at present but becoming weasider new ecological conditions

Climate change could alter the structure and coitimosof native communities and, as a
consequence, the way an ecosystem functions, #iogetine risk of biological invasion. It is ako
likely to increase the potential distribution arimuadance of IAS, further enlarging areas at risk
of invasion, and threatening the viability of cuirenanagement strategies against 1AS. The
identification of new potential areas of invasiena key tool to anticipate large-scale and long-
term effects of nvasive alien species. Studiestiiang potential new suitable areas for invaders
should be considered in policies on the ntroductaf exotic species, prevention of new
infestations and management of 1AS already estatlis

There is a lack of knowledge on the biology of |1&%d how their populations respond to climate
change so it is necessary to make an effort inrdménprove information. However, this is no

reason to postpone action to avoid a current pnolhat is very likely to increase in magnitude in
the future due to climate change.

It is necessary to consider human heath as welhasal and plant health when dealing with
biological invasions and climate change.

It is difficult to predict how climate change wiffect invasive processgser seas wel as in
combination with other factors of global change{bichanges, land use changes, etc.). There is
a need for more research on biological invasionketl to climate changes. The influence of
dispersal, propagule pressure and species intmnacthould be included into future research
projects on biological invasions linked to climateange. Other key issues for future research
projects are:

- the identification of key demographic transitionattinfluence populations dynamics;
- the prediction of changes in the community-levgbatts of ecologically dominant species;

- the populations’ ability to adapt, and the scakerovhich cimate will change and living
systems wil respond,;

- the synergistic effects between climate and othérapogenic variables (e. g. land use, fishing
pressure, etc.) that likely exacerbate the aburedand impact of IAS;

- predictive models.

In this framework, strengthening IAS policies ider to reduce current and potential biotic
changes driven by IAS that could interact with @fenchange is a must.

Policies to halt biological invasions should besgly based on prevention. Such measures have
to be developed and set up with urgency becausemoyastination increases the chance of new
invasions.

Under the precautionary approach any intention&rbdiuction of alien species (e.g. plants
proposed as biofuel crops) should be conditionexkia ustive risk analysis processes which have
to be reinforced by including considerations relate climate change. Likewise risk analysis on
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pathway and vectors should take into account padentteractions with cimate change to
prevent unintentional introductions. Therefore agsle and improvement of predictive modelk is
highly desirable.

The potential effects of climate change on the m@eé distrbution and abundance of 1AS
highlight the desrability of considering the etfeof altered climate and atmospheric chemistry
when undertaking risk analysis for biotic invaders.

Native species that are likely to go extinct undiémate change have been the main object of
concern among scientist, governments and intemetianstitutions/organizations. On the
contrary very few attentions have been paid to widl replace them. Public awareness
campaigns on climate change should include invasiea species as a part of the problem and
stakeholders should be engaged in the deb ate tdogerodes of good practice (see the European
Strategy on Invasive Alien Species) (Genovesi &8H004), in order to reinforce policies of
prevention under the leadership of gover nments.

Setting in motion early warning systems constiti@esther must. Pest detection and inspection
capacities should be implemented. Surveillancerprognes are critical if prevention fails. Rapid
response capability should be enhanced to avoigpiead of IAS once they have entered a new
territory.

Alko miigation of already established IAS should barried out, giving priority to silent
populations of IAS which are unable to expand bseaof unsuitable condiions (e.g.
temperature), or that could increase as a resekinéme events, and/or problematic species such
invasive alien fammable plants.

The implementation of such measures should beedarout taking into account the bio-
geographical approach instead of the country agprodhis is particularly important due to
species’ potential shift ranges under changing atén and special caution (case-by-case
approach) should be put when considering specadséspansion from adjacent regions to areas
where they are not native in response to humarcéddalimate change.

Last but not least, the restoration of degradedsystems and the reduction of other
environmental threats (e.g. contamination, natuesburces over-exploitation, etc.) should be
promoted in order to increase ecosystem resilience.

Biological invasions are already a problem whickasy likely increased under climate change.
While tools to fight IAS akeady exist, countriesincern is still scarce and action is urgent.
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