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Invasions of ants (Hymenoptera: Formicidae) intlighglobal climate change

Cleo BERTELSMEIER Olivier BLIGHT & Franck GOURCHAMP

Abstract

Climate change and biological invasions are amoagytkatest threats to biodiversity, and their ingaught increase
by the end of this century. Among invasive speckets are a prominent group due to their negathgacts on native
species, ecosystem processes, human and animél,regio-ecosystems, and the economy. Ants areceeghéo be
particularly sensitive to climate change. In ti@giew, we examine the mechanisms by which climagnge will affect
future ant invasions and whether their interactionld lead to a synergistic effect. We describedhmajor modelling

» approaches used to forecast the future of invasinder climate change: species distribution modetshanistic models,
and coupled models, which couple range predictiatisdispersal or population dynamics. We then eramredictions
for invasive ant species globally, regionally, avithin the world's biodiversity hotspots. Thesedicéons are hetero-
geneous, varying in the magnitude and the direafdhe impacts across species and across spatidemporal scales.
Overall, it is unlikely that climate change willsggmatically increase ant invasions. However, sgwevasive ants will
benefit from more and higher climatic suitabilitydawill therefore have the potential for furtheresd. Globally, spatial
range predictions of future ant invasions will allcomparing and prioritizing the management ofaarspecies and
areas. Future development of invasion forecastguclimate change should particularly (a) focushrathodological
improvements of the existing methods to qualitdyivaprove range predictions by incorporating thetib interactions
and microclimatic conditions experienced by artty téase apart the impacts of climate change derdiit stages of
the invasion process, and (c) account for the coathimpacts of changes in habitat disturbance Bmate change on
invasions.
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Introduction

Global biodiversity is currently facing a crisigitthas been
called the sixth mass extinction in the historyhe earth
(BARNOSKY & al. 2011). The International Union for the
Conservation of Nature (IUCN) estimates that cutyen
one-third of all amphibian species, one-fourth lbfream-
mals, and more than one in ten birds are slidingatds
extinction (ME & al. 2008). The current biodiversity crisis
has multiple causes linked to human activities.cie
invasions and climate change are recognized asrtengio
causes of current and future extinctions AGERO &
GARCIA-BERTHOU 2005, BELLARD & al. 2012, SVIBER-
LOFF & al. 2013). These drivers of species extinctidos
not act in isolation, and in fact, the greatese#rcould
stem from synergies between different drivers@BK &

al. 2008, ELLARD & al. 2013). Here, we will examine the
impact of climate change on biological invasions.

Determining how organisms respond to ongoing an-

thropogenic climate change and what conservatitorac

should be taken to control for species invasionaameng
the most significant challenges in biology todailinate
change will not only affect the mean global tempae,
projected to rise by 1.7 to 4.8 °C by the end &f ¢kn-
tury (IPCC, 2014), but also the extremes, namedyiav
bility and seasonality. It is very likely that hesaves will
occur with a higher frequency and with longer diamat
(IPCC, 2014). Climate change will also modify thetp
terns and variability of rainfall and change thegfiency of
extreme events such as floods, droughts, stornisfiras.
Such environmental changes will affect all leveldbio-
diversity, from single organisms to whole biomekey
primarily concern various strengths and forms tfdss
decrease, which are expressed at different levmelave
effects on individuals, populations, species, agiokd net-
works, and ecosystemsEB ARD & al. 2012).

Shifts in phenology and distribution in responselio
mate change vary in both direction and magnitudergm



species (B8NDAY & al. 2012). Tropical ectotherms are, for
example, prone to suffer declines in mean fitnBgu{scH

& al. 2008, DAMOND & al. 2012), while at latitudes high-
er than 40°, climate change generally increases ffita
ness (KNGSOLVER & al. 2013). This is because tropical
species are living close to their optimal tempemand
are thus more sensitive to warming than speci@sgliin
cooler climates, which are further from their ploysgical
warming tolerance limit (BUTSCH& al. 2008, DAMOND

& al. 2012). Ectotherms are considered particuladiper-
able to climate change {BLDON & al. 2011, RAIIMANS

& al. 2013). They are the predominant group ofdsesr
trial animal species that either comply with thewviron-
ment or rely on behavioural thermoregulation fotirapm
performance, fitness maximization, and survival¢A -
LETTA 2009, SINDAY & al. 2014). Ectothermic organisms,
such as insects, are of particular interest in thistext.
Both their larval development and adult activities strong-
ly sensitive to climatic conditions. The redistritoun of
species may, therefore, be one of the most sigmifice-
sponses of insects to climate change. In this abntds
generally assumed that most insect species sheulefib
from warmer climates to establish and spread ceitbidir
native range (HLLMANN & al. 2008).

The view that climate change will exacerbate invasi
has become a widespread view in global change dpjolo
(e.g., DUKES & MOONEY 1999, 3LA & al. 2000, BRook
& al. 2008). Climate change may increase biological
vasions because the distribution of many invaspecies
is currently restricted by thermal barriers (towlem-
peratures), and climate change could enable themto
vade higher latitudes (IXES & M OONEY 1999, BROOK &
al. 2008, HLLMANN & al. 2008).

In this review, we synthesize the literature oridgo
cal invasions within the context of global climatenge.
Our focus is on ants, a group that is both vergisiep to
climate change and that counts among the worssimea
species worldwide. Ants are present on all contmen-
cept Antarctica at a wide range of latitudes, drdrtdis-
tributions are strongly affected by climaten(@ERS & al.
2007, ENKINS & al. 2011, RURA-PASCUAL & al. 2011).
In addition, exotic ant species (which are introstliby
humans outside their native range) and, in pasigtih-
vasive species (exotic species that spread anc @us
vironmental or economic impacts), constitute atieddy
homogenous group sharing many ecological traitsh sis
polygyny, unicoloniality and omnivory @2SERA 1994,
HoLwAy & al. 2002). Therefore, they are an interesting ta
onomic group for testing the effects of climate @ on
biological invasions. In addition, invasive antg aften
considered among the worst of invasive speciessdae-
ral reasons.

Ants are easily transported by humans becausesif th
small size and generalist nesting habits. Manyispetest
in superficial or ephemeral sites such as root emdsaf
litter, logs and plant debris (8REz & al. 2009). Exotic
ants, which are intercepted at ports of entryC@GUyYNN
1999, LESTER2005, $AREZ & al. 2005, WARD & al. 2006),
are frequently detected on plant materialASez & al.
2005). In total, more than 200 species have estadipop-
ulations outside their native rangeu&ez & al. 2009),
but it has been estimated that more than 600 spbleaiee
already been introduced outside their native rghyBA-
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14 other
species

Solenopsis
invicta

Linepithema humile

Fig. 1: Pie chart of the studies on 19 invasivespacies
in the literature, showing a strong bias towards spe-
cies in particular{inepithema humil@end Solenopsis in-
victa, in purple), while three others amount to lessitha
quarter of the studies (in red). The 14 remainithgpave
less than 3% of the studies (in orange). Researbairch
2015 in Web of Science, using "(invasi* OR alier)l[&
(genus species)".

VETE & al. 2014). A small subset has become "invasive",
i.e., their establishment has been followed bylssquent
proliferation and expansion, leading to negativpdnts on
native biodiversity and / or human healthoftavay & al.
2002, lacH & HooPERBUI 2009, RBITSCH 2011). Cur-
rently, the IUCN Invasive Species Specialist GriCN
SSCINVASIVE SPECIESSPECIALIST GROUP 2012) recog-
nizes 19 ant species as highly problematic, are $pe-
cies are even on the "100 of the world's worst &inve
alien species" list (we & al. 2000): the Argentine ant
(Linepithema humilg the yellow crazy antAnoplolepis
gracilipeg, the electric antW/asmannia auropunctgtathe
red imported fire antSolenopsis inviclaand the big-headed
ant Pheidole megaceph3glaTo date, very few studies are
available on invasive species biology and ecoloiipeio
thanL. humileandS. invicta(Fig. 1).

Invasive ants are prominent among invasive species
because of their enormous impacts on native biosiiye
(Fig. 2). They reduce native ant diversityifwwan 2014),
displace other arthropods, and negatively affectynver-
tebrate populations AcH & HooPERBUI 2010). This leads
to impacts on ecosystem function, e.g., seed disp@ncH
2003) and soil chemistry icH & HooPERBuUI 2009,
STANLEY & WARD 2012). In addition, invasive ants can
damage electrical equipment, invade buildings, sorde-
times sting and cause anaphylactic shock, whichbean
fatal, and they can transmit disease®RHIRA & al. 2005,
IUCN SSCINVASIVE SPECIESSPECIALIST GROUP 2012).

In addition, they may be a nuisance in agricultaraas
and reduce production (MLG0Oss& al. 2014). Overall,
invasive ants can be economically costiy¢RTEL & al.
2005, QTRICH & al. 2007). Because ants are extremely
difficult to control once they have invaded an eige
area, it is preferable to prevent ant invasiona@radi-
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The icon (- ) denotes when this
impact has been documented in in-
vasive ants.

Pathways and mechanisms

The invasion pathway can be described as a sdritis-0
tinct stages, and the transition between any tages is
hindered by specific barriers BHLMANN & al. 2008,

So far, no climate-change-induced ant invasiong hav BLACKBURN & al. 2011) (Fig. 3). First, a native species

been documented. However, this missing evidencs iloie
exclude that past climate change has already haih-an
pact on ant invasions over the last century. Ctilearels
of climate change have already affected local asém-
blages, as has been shown in the south-easteriENKE
& al. 2014, REsasco& al. 2014). Studies documenting in-
vasion histories and introduction dynamics usingegie
markers (BOEMAKER & al. 2006, BucAuD & al. 2010,
VOGEL & al. 2010, ASCUNCE& al. 2011) cannot attribute
the invasion to changes in environmental conditibtoav-
ever, it is possible that past climate change hagm re-
cent invasions, but it is difficult to separatéram other
confounding variables, such as increased introdudte-
guency or changes in land use. This is similah¢oprob-
lem of assigning a single driver of species losth&oex-
tinction of a given species, which is often impossi

needs to be transported, overcoming geographiéebsrr
Second, the individuals introduced outside theiveaange
need to survive under the environmental conditofnthe
recipient area. Next, the population needs to be &b
reproduce and achieve a positive growth rate irerotd
truly establish itself in the new environment, whimeans
overcoming interspecific interactions and beingeatd
spread across the landscape. Although still sulijede-
bate, the generation of impacts can constitutdestestage
of invasion. Obviously, biotic and abiotic barrien® not
as distinct as pictured in Figure 3, but abiotittdas and,
in particular, climatic suitability, are consideragrere-
quisite for a species to be introduced into a nareh.
All stages of the invasion process might be affédig
climate change in different ways€HMANN & al. 2008).
Transport: Biological invasions are becoming more

(SopHI & al. 2008). However, two native ant species havefrequent due to the increased rate of human-metbiiedas-

already been documented to shift their range tbdnigle-
vations following past climate change over a peab88
years (WARREN & CHIcK 2013), and invasive ants could
follow the same pattern.

In this review, we will (I) examine the mechanishys
which climate change might influence future aneisions,
() describe the modelling techniques used todase ant
invasions and summarize their predictions and fitint
to necessary developments of invasion forecasteruoid
mate change.

port of exotic species as a result of commercidl t@ur-
istic exchanges among countries$E& al. 2011). Some
are simply introduced by accident with cargoaM & al.
2000). The recent increase in human commerce angno
has transported more than 200 ant species all tineer
world (SUAREZ & al. 2010). Previously, ants had been un-
able to colonize many mid-Atlantic and Pacific igla (but
see MbRRISON2014). For example, Hawaii has no native
ant fauna, but today there are approximately 50spat
cies, introduced mostly during the"€entury (KRUSHEL-
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NYCKY & REIMER 2005). To better understand the patterns
of spread of invasive ants, researchers have estrie
invasion history of some of the worst invasive sp&dn-
ferring the number of introduction events and thenber
of native sources using genetic markergAf&Ez & Tsu-
TSUI 2008, PucAuD & al. 2010, \OGEL & al. 2010,vAN
WILGENBURG & al. 2010, ASCUNCE& al. 2011). Overall,
these studies demonstrate that introductions atcatarge
scale, mainly linked to long-distance dispersahbynans.
Therefore, it is essential to understand on whyples of
commodities invasive ants usually arrive. The vaajo-
rity (> 90%) of ant species introduced to the USuwmn
diverse plant material, mostly on orchids and bricade
and some on fruits, other ornamental plants andciaica
trees (9AREZ & al. 2005). Ants have been exported from
and imported to all major biogeographic regiong, tha
Oriental and Neotropical regions have exported nspe
cies than they have received ¢ELYNN 1999b, MRA-
VETE & al. 2014). However, as little information exists
invasions in Africa and as ant sampling is strorigised
across regions, it remains unclear to what extestgat-
tern reflects geographical biases in studiess&&z & al.
2009 and references therein). Climate change caltéd
patterns of tourism, transport and commercial emngba,
potentially modifying propagule pressureg{tiMANN &
al. 2008). For example, new routes are likely taopen
due to ice openings in northern seas. Additionaliynate
change may improve the survival probability of manya-
mental plants in regions that are now unsuitakiéHem,
and an increase in trade of plants in new regioag be
associated with an increase in ant introductiongh n
terms of propagule pressure and species numbaddia
tion, climate change might alter the probabilityasit col-
onies surviving during transport @4 MANN & al. 2008),
both because climate will be milder for many joyse
and because transport will be shorter thanks to noexe
openings.

Survival: An exotic species has to be introduced to a
region with favourable abiotic conditions in ordersur-
vive (Fig. 3). Climatic conditions, in particularan influ-
ence the survival of invasive species at a logleshMES
& al. 2002, XU & al. 2009). Inter-annual variation in rain-
fall is a good predictor of regional dynamics of ihva-
sion front, determining local survival rateslafiepithema
humilecolonies (HLLER & al. 2008, ®RDON& HELLER
2014) and, ultimately, the rate of invasioroftvay 1998).
ExperimentalL. humilenests under different temperatures
in the lab will collapse if the soil temperaturédidow 5 °C
for more than eight days because the ants ceaagirfigr
at this temperature and end up starving to deathc{Br-
WELL & al. 2010). This estimation coincides with the ob
served patterns df. humileinvasion in the United States
and is thought to be limited by winter soil temgaras
(BRIGHTWELL & al. 2010), which is likely to be a limiting
factor for many other invasive ants. Notably, conepla
with six ant species native to the United States,Ar-
gentine ant ranked lowest in their ability to teler heat
stress and to forage under high temperatures\{iAy &
al. 2002). SimilarlyBrachyponera chinensian invasive
ant that is spreading throughout the United Stdtas,a
low thermal tolerance (39 °C) compared to the nredia
tical thermal maximum of ants (43.3 °C)I4ROND & al.
2012). Because climate change will affect all ctimaari-
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Fig. 3: Conceptual model of the process of antsios,
outlining five stages of invasions (blue boxespasated by
five types of barriers (named after their main elcder-
istics; green sheets) and the nature of the palezffiects
of climate change (white arrows, pointing towardsea-
eral stage level). The range of stages at whickengant
species is found defines its denomination (redjoadrar-
rows). Modified from HLLMANN & al. (2008).
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Effect

ables, it will modify the probability of survivahia given
place.

Reproduction: Many features of ant reproductive biol-
ogy are temperature-dependent. For example, oviposi
rates of Argentine ants are optimal at 28 °C angh-co
pletely cease below a given temperature threshdei(

& al. 2008). In addition, different developmenttdges
(eggs, larvae, pupae, adult production) have diffemini-
mum and maximum temperature thresholds for this spe
cies (ABRIL & al. 2010). This is an important factor for
determining invasion success, because the colosycha
complete at least one colony cycle to establigfits

Recently, it has been shown that the range of tlterm
tolerances of individual workers can lead to anrest-
mation of the range of tolerances of colony gro(@n -
MOND & al. 2013). More studies on the effect of clinsati
variables on colony dynamics should be performeakin
der to obtain a good understanding of the respouse
of colony growth depending on temperature (e.gRTRR
1988).

Spread: Climate changes could create opportunities for
ant species to spread and invade new habitatscylart
ly at higher latitudes. Some studies have suggetbizd
invasive ants are more susceptible to extreme tiiroan-
ditions than native ants of the invaded habitat auight



depend more on favourable microclimatic conditifinso-
MAS & HOLWAY 2005, SHILMAN & al. 2007). However,
even without a great degree of heterogeneity ohtis-
tat, climatic variables can influence the rateesad. For
example, rainfall has been shown to facilitatespeead
of Linepithema humilesuggesting that increasing rainfall
will promote a wider distribution of Argentine araad
increase their spread into new areas in CalifofdE_LER

& al. 2008). However, regional climate models swugige
that both winter and summer precipitation will dease in

California (HELLER & al. 2008), suggesting that the spe-

cies could not benefit from climate change in thexsas.

dering the competitive displacement of other speniere
likely. The contrary is also possible. Invasivesaaften
have a weaker tolerance to heat compared to theenat
species in their invaded range and forage at |desmr
peratures (lBLwAY & al. 2002). It is possible that the
daily foraging periods of the invader will be e&orter,
conferring an advantage on the native community, if
manages to persist.

Forecasting ant invasion

Species distribution models. Species distribution models
(SDMs) have become increasingly widespread asladoo

Even when a population has been able to successfullforecast the future of biodiversity #BLARD & al. 2012),

establish itself and reproduce, it might not be ablspread.
The propagation in a heterogeneous landscape gemde
on environmental barriers in addition to populatityma-
mics (growth rate, generation of dispersing propegju
This is the case if the population has been inttedun a
greenhouse or buildings situated in a globally uota-
able environment. Similarly, urbanization has leditban
heat islands as much as 12 °C hotter than theiognd-
ings (ANGILLETTA & al. 2007), offering opportunities for
exotic ants adapted to a warmer climate. Undeotigming
climate warming, urban areas can therefore aatfages
until the microclimatic conditions of surroundingeas be-
come favourable to species spread.

and they have been applied in several studiesetdiqirin-
vasive ant distributions (see, for example, theneices
in Tab. 1). One of the greatest advantages ofntieithod
is that it requires only species occurrence data@s,
and it can deliver useful approximations of favileaen-
vironmental conditions for a species. The undegyas-
sumption is that a species' current distributidteots its
ideal climatic conditions. As a first step, the cjgs oc-
currence data are mapped, and each occurrenceipoint
matched with a set of climatic variables (e.g., maanual
temperature, rainfall of the wettest month). Theamalgo-
rithm is applied to describe the relationship betmva spe-
cies' current distribution and the climatic dathisTrela-

Impact: The impacts of invasive ants also depend ontionship (model) can be subsequently projected oraps

the environmental conditions, yet very few researshave
investigated the effect of climate change on thpaaots
of invasive species. Climate change may benefaisime
species by increasing climatic suitability for thamd by
weakening the biotic resistance of the native comimu
ties. Already, predictions suggest that climatengieawill
threaten many species in genera@l(B\RD & al. 2012) and
many native ants in particular ifZPATRICK & al. 2011,

PELINI & al. 2014), and climate change may have detri-

mental effects on invasive ant species. Ant comtresi
are predicted to be affected, especially in warih éch
regions (FrzPATRICK & al. 2011, DAMOND & al. 2012,
DiAMOND & al. 2013, EELINI & al. 2014). Even within
communities, species are differently affected byrmag.
Xeric and tropical habitats are, for example, ctizzed
by dramatic spatial heterogeneity in temperatysegjcu-
larly in the transition from sun to shadeA3fARI & al.
2015). This patchiness generates differences ithérenal
adaptation of ant species. Body size may also ahéter
species' thermal tolerance: Large ants remainesatitigher
surface temperatures than small antssfkari & al. 2015).
Some native species will suffer from climate chahge
cause it will push them beyond their climatic nisto
because some key species in their community withifbe
fected.

of current or future climates to identify areassaftable
climatic conditions.

However, predictive maps should be viewed as map-
ping the range of habitat that presents a certainber of
the species' abiotic requirements rather than areta
forecast of species invasions. Indeed, SDMs inclode
plicit assumptions and methodological limitatiohattcon-
strain their predictive power. Range predictionsywaith
the variables considered to model a species' riEma-
PATRICK & al. 2007), with the environmental data sets
(PETERSON& NAKAzAWA 2008), with the quality of the
species distribution dataset, with the spatial t@maporal
scales (WLME 2003) and with the correlative statistical
methods (ARTLEY & al. 2006, ROURA-PASCUAL & al.
2009b). Furthermore, correlative niche models dataice
into account biotic interactions, dispersal capesiand
phenotypic plasticity or evolutionary adaptatior arviche
shifts (BROENNIMANN & al. 2007, FrzPATRICK & al. 2007,
ROURA-PASCUAL & SUAREZ 2008, SEINER & al. 2008,
GALLAGHER & al. 2010), all of which are decisive for ant
invasion success or failure. Empirical comparisoith
ant species distributions have shown that somelyvided
SDM models, such as Maxent, have significant lititites
(FITZPATRICK & al. 2013).

Despite these limitations, niche models still pd®vi

Climate change is predicted to affect native specie an important and useful tool as a coarse assessmhent

quite heterogeneously €PNI & al. 2012, SUBLE & al.
2013, EELINI & al. 2014), so even if they remain able to
persist under the changing environmental condifidris
possible that they will survive under sub-optimandi-
tions, rendering them weaker in interference oouese
competition (e.g., because they experience toodays
and hours within their range of optimal foraginghfera-
tures). If the novel environmental conditions cepend
to the optimal climatic niche of the invader, tipeces will
have an advantage over the native persisting speaeie-

whether an ant species is likely to invade a gregion.
A certain number of studies have used these cditrela
species distribution models to explore the curpsténtial
range of invasive ant species and the appropriateoe
different modelling methods (e.g.ARTLEY & al. 2006,
FITzZPATRICK & al. 2007, WARD 2007, ETERSON& NAKA-
ZAWA 2008, SEINER & al. 2008). However, these fore-
casts predict invasions under current climatic ¢ook;
future invasions will take place under differeni@tic
conditions. Therefore, it is surprising that fewdies have
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Tab. 1: Table of origin, impact examples, and ctioaly suitable regions (currently and with clirmathange) for the
19 invasive ants species. Unreached suitable redigrare all based on species distribution modeBERTELSMEIER

& al. (2015), for all species, as well as iIDERA-PASCUAL & al. (2011) and WRTLEY & al. (2006) forLinepithema
humile in WARD (2007) forParatrechina longicornis andechnomyrmex albipeand in MORRISON & al. (2005) for
Solenopsis invictalikely impact of climate change (**) based oeRELSMEIER& al. (2015), for all species, and on
(a) OHEN (2008), (b) RURA-PASCUAL & al. (2004), (¢) ©OLING & al. (2012), (d) ERTELSMEIER& al. (2013a), and
(e) MoRRISON& al. (2005). Climatic suitability studies are ratailable for three species (noted with a "?")y iKefer-
ences for the impacts are given ingRscH (2011) and in kcH & HOOPERBUI (2009).

Scientific Common |Regionof | Examplesof impact Unreached suitableregions* | Likely
name name origin impact**
Acromyrmex | leaf- South defoliates trees and plants, mainly fruit crops Unknown suitable regions ?
octospinosus | cutting ant| America and monoculture plots of mahogany as well as
tree ferns in primary fores
Anoplolepis | Yellow Asia or displacement of endemic species, disruption|@entral and South America, +
gracilipes crazy ant | Africa ecosystem processes, agricultural damagesWest Africa, Madagascar, USA, a
spraying of irritatini formic acid New Zealanc
Linepithema | Argentine | South displacement of native ants and other arthropp@ntral Africa, Madagascar, -+
humile ant America disruption of ecosystem processes (pollinatiaiGhina, Eastern Europe, Great b|c
seed dispers: Britain, Scandinavi
Lasius Invasive | Asia Minor | displacement of native ants, negativpasts | USA, Canada, China, Japan =
neglectus garden ant on invertebrate communities, house infestation,
damage to electric dees
Monomorium | Destroyer | India damage to electric devices and property,fpkirNo entirely new regions ++
destructor ani sting, transmission of disea
Monomorium | Flower ant| Asia negative impacts on native antgellies, coco-| Madagascar =
floricola nuts, silkworm
Monomorium | Pharao ant Africa house infestation, disease tresséons New Zealand, Mediterranear +
pharaonis
Myrmica European | Europe, displacement of native ants, negative impactsSouth America, Southeast Asja, =
rubra fire ant Central Asia| invertebrate communities, nuisance to humaAsistralia, New Zealand, East
and pets, painful stii of North Americ:
Nylanderia Caribbean| Carribean | nuisance to humans, pets and livest@ssich- Unknown suitable regions ?
pubens crazy ant tion of grassland, electrical equipment damage,
likely effect on biodiversit
Pachycondyla| Asian East Asia displacement of native ants, disrupticencant- | Unknown suitable regions ++
chinensis needle ar plant seed dispersal mutuali d
Paratrechina | Crazy ant | Asia or displacement of native ants, negative impactsiew Zealand
longicornis Africa invertebrate communities, house infestation, di-
sease transmissic
Pheidole Big- Africa displacement of native ants, negative impaxt| India, Egypt, New Zealand, --
megacephala | headed an invertebrates and vertebrates, agricultural darBast of North America
ages, damages to electric devi
Solenopsis Tropical | Central negative impacts on animal and plant commuhiew Zealand ++
geminata fire ant America ties, damages to electric devices, painful sting,
house infestation, damages to agriculture, di+
sease transmissic
Solenopsis Red South negative impacts on many native plants, inver@arribeans, Africa, Madagascar,++ +
invicta imported | America brates and vertebrates, painful sting (anaphysoutheast Asia, India, Japan e
fire ant axis may lead to death), high economic damagestralia, Indonesia, Mediter-
damages to agricultt ranear
Solenopsis Papuan | South displacement of native invertebrates, in particnknown suitable regions ?
papuani thief an Pacific lar spider
Solenopsis Black South painful sting (anaphylaxis may lead to death Eardyustralia, New Zealand -
richteri imported | America
fire an
Technomyrmex White- Indo-Pacific| house infestation, disease transmissions Northtr&leand South Ame: --
albipes footed ant rica, Carribeans, Central and
North Africa, Middle East, New
Zealan
Tapinoma me; Ghost ant | Asia or house infestation, disease transmissions, skin iew Zealand =
lanocephalur Africa tatior
Wasmannia |Electric South displacement of native invertebrates and vert&urope, Madagascar, India, --
auropunctata | ant America brates, damages to agriculture, painful sting Southeast Asia, New Zealand
(anaphylaxis), disease transmiss
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Fig. 4: Average predicted proportion of climatigadluit-

able landmass on each continent for 15 invasive (@et
Tab. 1) studied in BRTELSMEIER& al. (2015) (blue pie
chart) and predicted change following climate cleargd
percentage indicates an increase in range, graerige
age indicates a decrease).

considered these future climatic conditions inrtpe¢dic-
tions (see references in Tab. 1). This is espgcsallbe-
cause climate change is widely recognized as arrfage
tor determining species' distributions in the fat(lROURA-
PASCUAL & SUAREZ 2008, ROURA-PASCUAL & al., 2011).
SDM studies that have explicitly included the efffet
climate change on projected range sizes have peedic
positive effect of climate change on the globatriisi-
tion of the yellow crazy anfnoplolepis gracilipegsee
CHEN 2008); the destroyer arijonomorium destructor
(see BERTELSMEIER& al. 2015); the pharaoh ar¥lono-
morium pharaonigsee ERTELSMEIER& al. 2015); the
long horn crazy anRaratrechina longicornigsee ER-
TELSMEIER & al. 2015); the tropical fire an§olenopsis
geminata(see ERTELSMEIER & al. 2015); the red im-
ported fire antSolenopsis invictdgsee MORRISON & al.
2005, BERTELSMEIER& al. 2015); and the Asian needle ant,
Brachyponera chinensisee BERTELSMEIER& al. 2013a)
(Tab. 1).Brachyponera chinensis a fairly new invader

habitat quality and, thus, of its likelihood of asishment
(BERTELSMEIER& al. 2013b).

However, not all invasive ants will benefit froninchte
change (Tab. 1). At a global scdlénepithema humil&as
been projected to decrease in potential ranget¢-115%,
according to the climate change scenario), retmgdit
tropical regions but expanding at the same tintegiter-
latitude areas by 2050 (RRA-PASCUAL & al. 2004). This
contrasts with the projections byoOLING & al. (2012),
who predicted an increase at a local scale (Nevazdj
Similarly, Anoplolepis gracilipedas been projected to de-
crease at a global scalegBreLSMEIER& al. 2015), con-
trary to the projections made by1eN (2008). Another
highly invasive species, the big-headed Bhgidole mega-
cephala has been predicted to decrease in range size and
suitability on all continents and across all tim&ikhons
considered (2020 - 2080). The loss in suitable alpa
2080 is highest in the Oceania region (-28%), fedd by
North America (-27%), South America (-18.8%), Afric
(-18.8%), Europe (-13.7%), and Asia (-9.2%EBELS
MEIER & al. 2013c). Four further species are predicted t
suffer from climate change: the black imported furg,
Solenopsis richterthe ghost anfTapinoma melanocepha-
lum; the white-footed anffechnomyrmex albipeand the
electric antWasmannia auropunctafgee EERTELSMEIER
& al. 2015) Finally, three species are predicted to remain
stable: the invasive garden alndsius neglectyghe flow-
er ant,Monomorium floricola and the European fire ant,
Myrmica rubra(see BERTELSMEIER& al. 2015).

The reason some invasive ant species are predated
increase with climate change while some others Ishou
decrease might be due in part to the methodologiisal
parities. Overall, the predictions of differentdits are not
easily comparable because they use a variety fardiit
model inputs. They vary in the number of climatariv
able types considered, the spatial extent of theystthe
spatial resolution, C£scenarios, Global Circulation Mod-
els (GCMs) and the modelling methods used. However,
recent study has used a single methodological frarie
to project the impact of climate change on 15 iiweaant

and has been added to the ISSG database only kecentspecies and found that there was no homogeneaus tre

(IUCN SSCINVASIVE SPECIESSPECIALIST GROUP 2012).
Its population has shown especially large increas&sir-
ope, Oceania and North AmericagBreLSMEIER & al.
2013a). It is possible that some of the invasivecsss
benefitting most from climate change will not bertpaf
the "usual suspects” of currently highly invasivsabut
may be some emergent invaders that have not yethead
opportunity to invade under current climatic coiudis.
Invasive ants can benefit from climate change ndt o
by increasing their total suitable range but algdnisreas-
ing the relative suitability within their potentiednge (or
"habitat quality"). A case study with two invasiaats
estimated the invasion potential of the destroyer(do-
nomorium destructyrand the European fire aflyrmica
rubra) on a global scale currently and by 2080 with cli-
mate change (BRTELSMEIER& al. 2013b). Both ant spe-
cies were predicted to benefit from climate charge,in
different ways. The size of the potential distribatin-
creased by 35.8% faW. destructor Meanwhile, the total
area of potential distribution remained the samreMo
rubra (> 0.05%), but the level of climatic suitabilityithin
this range increased greatly and led to an imprevenm

across species and regionE@ELSMEIER & al. 2015).
There was a considerable heterogeneity in responstis
mate change across all continents (Fig. 4), witkersé spe-
cies increasing and many species decreasing. Wuder
rent climatic conditions, suitable areas for thesp&cies
considered clustered into large potential "invadhot-
spots”, mostly in tropical and subtropical regionwkjch
coincided well with the current biodiversity hotspe- re-
gions of exceptional species richness and a highl lef
vulnerability (MTTERMEIER & al. 2012). Following climate
change, the models predicted that the proportiosudf
able areas within the biodiversity hotspots woulctéase
even further for five speciedonomorium destructor
(+ 19.7%),Solenopsis invicté+ 16.3%),Paratrechina lon-
gicornis (+ 8.5%), Solenopsis geminatg- 7.4%), and
Monomorium pharaoni¢+ 3.7%) (BERTELSMEIER& al.
2015). The disparities in the effect of climate s, both
globally and in the hotspots, are apparent despitem-
mon methodological framework and should therefatiear
reflect differences in the species ecophysiology.
Overall, invasive ants are likely to remain an imigot
threat, and it is important to prioritize areas apécies
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for surveillance efforts. One study chose Franca emdel
system to demonstrate how different départemenen¢h
administrative units) and ports of entry (maritipwts and
airports) can be ranked according to the suitalieatic
conditions they present for different species urterent
and future climatic conditions ERTELSMEIER& COUR-
cHAmMP 2014). This follows current calls by the scieutifi
community to apply species distribution modelsdon-
crete recommendations ASON & al. 2011, GLLSON &
al. 2012, SMMERS & al. 2012, KUJALA & al. 2013).
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that corresponds to the climatic conditions undeictvthe
species can thrive may also be present in a snaatieunt
of landmass. Further, it is possible that the flitarea
increases and shifts in space at the same timehirgpa
geographic barrier (e.g., the ocean). When thalgeiarea
continues to shift in that direction, this leadsatoet de-
crease in suitable landmass and, therefore, ad'terer-

sal". These findings illustrate the importance atkng

forecasts for several time horizons in the futor@entify

this type of pattern, a strong conservation mestagaoes

However, conservation actions taking climate changewell beyond invasive ant species.

projections into account can be based on diffetiem
horizons in the future. A study using the sameri&i
sive ant species has tested the influence of thieelof the
time horizon on projections by forecasting potdrdia-
tributions in 2020, 2050 and 2080HBTELSMEIER & al.
2013d). Surprisingly, 6 of 15 species showed "tresd
versals", i.e., an initial increase of suitableaaréllowed
by a decrease, or vice versa (Fig. 5). These trevetrsals
are unlikely to be due to "noise" in the projectipto cer-
tain future climatic scenarios or to the choiceagfarticu-
lar classification threshold. A possible explanati® that
the same area can first be suitable and then afdaitor
the species because a parameter optimum (e.g.etamp
ture) has been reached and then exceeded. Thaitetal
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A general hypothesis made by all SDMs is that the
species is in equilibrium with its environment (i#hat the
current distribution reflects its ideal climaticrzbtions).
However, when trying to predict invasions undemelie
change, one makes a double extrapolation, in timeira
space. For many invasive species, models camsatik as
a good approximation @TPIERRE& al. 2012), but there
are examples where the current distribution migitem-
tirely reflect the species' potential to invade rereas. For
example, the invasive populations might adapt te ee-
vironmental conditions (i.e., display a "niche shifThe
ability of Wasmannia auropunctata withstand the harsh
conditions may have been selected at the rangeimsarg
of its native distribution, before the introductitma new



habitat, enabling the speciessarvive under colder tem-
peratures and less rainfallHR & al. 2012). It is also pos-
sible that invasive species have a high phenotyiaisti-
city, allowing them to acclimate better to the it in
the introduced range. A laboratory study has shtwen
upper and lower lethal temperatured wfepithema humile
workers to vary by several degrees after a perfddwr
different acclimation temperatures){(dBam & al. 2008).

of 3900 alates needed to ensure a given colonypdepr
tion success (BRZUKHIN & al. 2001). A minimal preci-
pitation condition was added to the temperaturedaso-
jection by superposing a map with sufficient raihfar
colony survival (MORRISON & al. 2004). The resulting
global map of potential habitat identified manyasren
Europe, Asia, Africa, Australia, and numerous idkas
being currently at risk 08. invictainvasions. Applying

SDMs can also be used to test the niche equivalencthis model to a scenario of climate change yielae@sti-

of native and invasive populations or to compafteint
invasion scenarios. This has been done using oeeippro-
jections (i.e., a model calibrated on the nativaridiution
and projected on the invaded range and vice vessa),
gesting that the red-imported fire aBhlenopsis invicta
from a peripheral native population, probably elishied
itself in environments similar to its native randpeit it

subsequently invaded harsher environmentzfATRICK

& al. 2007). On the other hantinepithema humildas
been shown to display general niche conservatisspité
different geographic and community context®(RA-

PAscuAL & al. 2014).

If the objective of a study is the prediction ofuéure
range, it is currently best practice to includewcence
points from both native and invaded regions in ortde
include the full set of environmental conditionslenwhich
the species can thrive EBUMONT & al. 2009, RODDER &
LOTTERS2009, Lu & al. 2011), but this method does not
preclude the possibility that the species' nichghtnévolve
in the future.

M echanistic models: Unlike correlative SDMs, mech-
anistic models use the realized niche, i.e., the gfathe
fundamental niche that an organism occupies asudtre
of limiting factors or biotic interactions in itsabitat, to
make inferences about the optimal climatic condgifor
the species. Mechanistic models derive the respanses
directly from physiological data (i.e., the fundara niche)
to make projections. Mechanistic models aim toease
biological realism by basing spatial projectionsphysio-
logical, genetic or demographic data that helpres# the
ideal climatic conditions for a species. For exanphRrT-
LEY & LESTER(2003) developed a model fbinepithema

mated range increase in the eastern United St&#%% o0
by 2050 and of more than 21% by the end of theurgnt
(MORRISON& al. 2005). Another study used the mecha-
nistic CLIMEX model to link colony growth and stees
responses i%. invictato temperature and moisture, and it
identified areas along the west coast of the Un@tates
that might be invaded in the futurel(S1ERST& MAY -
WALD 2005).

Although mechanistic models are useful to iderttiy
relevance of fine-scale heterogeneity, it remamsvgor-
tant challenge to scale-up to link the relevantaldes to
broad-scale climate. In this context, a study reesdpast
records of the progression of the invasion frontHale-
akala National Park, which was linked to microcltina
data and population dynamicsARIrLEY & al. 2010). The
rate of population expansion showed a linear m@tatiip
with the number of degree-days.

The main limitation of mechanistic models is thayt
need a large amount of data to yield biologicadigvant
predictions. Furthermore, the effect of climaticiables
can differ at different life stages, and by measynari-
ables such as oviposition temperaturei\ & al. 2008),
foraging at different temperaturesgHER & GORDON
2006) and upper lethal thermal limitegBam & al. 2008),
different predictions are obtained. In additiore ttele-
vant limiting factor that determines the distriloutiof the
species may be missed. Because of the higher data r
quirements for mechanistic models, it is very difft to
envision a comparative approach that assessesl|#ire
invasion risk of many ant species, which are palgity in-
teresting in non-equilibrium situations (e.g., @i change,
invasions) (KKARNEY & PORTER 2009). However, these

humilebased on developmental rates at different tempemodels have the potential to yield more accuratelior

ratures using an experimentally characterised toles
temperature of colony growth. The resulting cumniuéat

tions.
Both SDMs and mechanistic models predict suitable

"degree-day model" estimates the number of dayseabo areas for a given species. However, neither takesaic-

that threshold needed to complete the colony Kee
This model also takes into account faster ratetewélop-
ment at higher temperatures, up to a certain libhéing
maps of soil temperatures in New Zealand, sitetsfti@
the minimum temperature requirements on an anrasib
could then be identified. The model has been testech
independent site, in Haleakala National Park (Hgvaaid
has been shown to predict well the suitable sibed f
humileinvasion over a period of 30 yearsRIKSHELNYCKY
& al. 2005). However, it has been argued thatdieigree-
day model overestimates the potential range ofgpat
cies and that another mechanistic model, basedandb
survival and oviposition rates at different temperaes,
yields more precise predictionsgRAIL & al. 2009).

count dispersal potential and limitations or thegoession
of the invasion.

Spatially explicit spread models: Spread modelpre-
dict invasion dynamics from a point of entry, basedlif-
ferent modes of dispersal: colony budding, nugligits,
and long-distance dispersal during human-mediateg|
transportation. The latter is two to five orderswdgni-
tude greater than local dispersalimsius neglectuésee
ESPADALER & al. 2007). Accordingly, global spread models
can comprise two different linked models, one sating
local dispersal and the other long-distance tramdpces-
timate the rate of invasion and to pinpoint areiagaa-
ticular risk (ANLAN & V ANDERWOUDE 2006, PrT & al.
2009, £HMIDT & al. 2010). The spread model can be ca-

Another mechanistic model used minimum and maxi-librated with the observed historic spread of thecges.

mum daily temperatures to predict the productiosenfu-
als inSolenopsis invictésee MORRISON& al. 2004), based
on an earlier study that had estimated a minimumbar

Dynamics at the invasion front have been simulated
using reaction-diffusion models §8vock & al. 2008).
It has been suggested that known dose-respondsisista
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ment curves that estimate the propagule presswdede
for the species to colonize a new area should ¢ fror-
ated in spread models (MHEYEV & al. 2008).

Spread models estimating a probability of presexice
a particular location could be used to direct sillarece
efforts at areas particularly at risk. Considerthg eradi-
cation programme dbolenopsis invictaround Brisbane,
Australia, it was calculated that more than twisevany
fire ant nests could have been found using thisaspmodel
compared to random searches. This might significémt
prove the chances of eradicating the speciesN®T &
al. 2010).

& al. 2008). Both species are present in differegions
of China, andA. gracilipesmight limit the future spread
of S. invictaif they compete for the same food resources
in the field. Two invasive species that co-occuthiair
native habitatLinepithema humilandsS. invicta display
an invasive syndrome in their native range. Hetreng
interspecific competition is likely to be an impaont limit-
ing factor (LEBRUN & al. 2007). It is important to test in-
terspecific competition among the worst invasivespecies
to couple the future range predictions of theseispawith
the effect of competition at a local scale. Regerth ex-
perimental approach has been used to establisimé& do

Spread models can be a complementary approach teance hierarchy among seven of the worst invasine a

SDMs or mechanistic models by, for example, idgimtgf

probable points of entry within at-risk suitableas that
can be identified by a niche model. Ideally, botbets of
approaches can be linkeddBrA-PASCUAL & al. 2009a).
The SDM or mechanistic models provide a suitabitigp
for a focal species, and the coupled spread maaei-s
lates the progression of the invasion within thiadle

landscape at a local scale. Recently, severaletutive
combined habitat suitability (or climatic suitabjli with

a spread model. For instance, the spreddradpithema

species that could co-occur following climate chea(BgRr-
TELSMEIER & al. 2015). Importantly, it remains to be in-
vestigated how relative competitive abilities aredulated
by environmental variables (& & SILVERMAN 2013, B\R-
BIERI & al. 2015) to incorporate them in future foresast

A community model has been developed recentlyde pr
dict future coexistence in a well-studied nativatRéAm-
erican ant community, parameterized using thernchles,
food discovery rates and historical species cotere
(BEwICK & al. 2014). This model was then used to predict

humilehas been modelled with a grid-based invasion modhow the community will restructure in responselimate-

el, similar to a cellular automaton, combined wWidbitat
and climate variables in order to forecast the msem-
vasion in the Jasper Ridge Biological Reserve {@ailia)
over the next few decadesTEGERALD & al. 2012). These
models can be used to test hypotheses about theiamv
dynamics within a suitable area. Using historicatiadof
L. humilespread in New Zealand|t®? & al. (2012) have
shown that a uniform spread model was effectiverat
dicting populations early in the invasion procdss, later
on, a spatially explicit stochastic model was nageurate.
Although the coupling of SDM / mechanistic modeishw
spread models can yield a more precise predictian@
cal scale, it has not yet been applied to foredastdving
the impacts of climate change on future ant invasio

Developments of invasion forecasts

Current forecasts of ant invasions under futurmate
change can serve as an interesting baseline, bytstii-
fer from a range of limitations. In particular, bointer-
actions can ultimately modify the distribution af/asive
ants, and the community context can greatly infbeethne
species response to climate change. In additiom\be
oural mechanisms such as nest site selection agoph
logical plasticity can buffer against the impactsiomate
change. Further global changes can, in some cakses,
lead to synergistic effects on ant invasions. lis gec-
tion, we will discuss evidence for the impactshege po-
tential "moderating" factors that can lead to aiat&n of
the response from the projections based on cla&ids.
We will focus on methodological improvements ofaxi
ing methods and briefly introduce a new generaiim-
tegrative hybrid models.

Biotic interactions: Biotic interactions are very impor-
tant factors that should be taken into accountheg can
change under climate change. For example, intenasti
with other invasive ant species can be a factoddring
invasion success. Behavioural assays have showAriba
plolepis gracilipesattacks, kills and repels foragisgplen-
opsis invictaworkers at baits where they co-oCCUHERG
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related changes such as increased temperaturts ghif
species phenology, and altered resource availalititer-
estingly, the most heat-sensitive species weréhnse most
at risk of extinction (Bwick & al. 2014). Some species
traits (e.g., leg length) have been linked to reses to
climate change and changes in community composition
at a local scale in ant communities in Floridag$¢HER
& al. 2012). A different approach to multi-specpedic-
tions has been developed using generalized dissityil
models (GDMs), which model compositional dissimilar
ty, i.e., spatial turnover of species compositlzetween all
pairs of locations within the study area as a fiomcof
environmental differences between those locatiémz{
PATRICK & al. 2011). This spatial relationship between
species composition and environmental variablesbean
transposed in time in order to predict future comity
compositions under climate changeT@PATRICK & al.
2011). For community predictions, it can be vergfu
to calibrate the models based on past, observateban
ant community composition and relate them to chauige
climatic variables (RsAsco& al. 2014). The incorpora-
tion of the projections for focal invasive specigth pre-
dictions for impacts of climate change on the reaip
ant communities would be a great qualitative adeanc
this field. Such an integration, however, is nogightfor-
ward because biotic and abiotic factors limiting thstri-
bution of invasive species are scale-dependeniepsas
interacting in complex ways (BAKE & al. 2007).

In addition to competitive interaction with otherts,
it would be interesting to investigate how mutuabswill
respond to climate change. Facilitation, such asuijh
the association with honeydew-producing insectanather
important biotic interaction during invasionsa(tt 2005,
GROVER & al. 2007, HELMS & VINSON 2008, QIVER & al.
2008, FOWLES & SILVERMAN 2009, 3WVAGE & al. 2011,
WILDER & al. 2011, $iIK & SILVERMAN 2013). The avail-
ability of carbohydrate sources can favour ant dance
and spread (BWLES & SILVERMAN 2009) as well as col-
ony size (HLMS & VINSON 2008, WLDER & al. 2011). It



can also increase patrolling behaviour in workes @amd
lead to lower colony mortality and higher final @oy sizes

Alternatively, or concomitantly, ants may respond t
climate change through behavioural mechanismsihat

(Kay & al. 2010). In fact, honeydew is such an impadrtan volve spatial flexibility.It is important to investigate how

food source that it can affect behaviour, leadngltered
competitive dominance relationships. Colonies ajefr-

invasive ants behave in a heterogeneous environameht
how they adjust their nesting location to differesmién mi-

tine ants became less aggressive and less actiee wh croclimatic conditions. Ants are known for thermguia-

they were reared on a diet of insect prey onlyrideg of

tion in their nests by selecting their nest sited apti-

honeydew (BOVER & al. 2007). It has been estimated that mizing their nest structures to permit passive ingatbr
honeydew produced by Homoptera in Texas suppligs hacooling. They are also known for behaviours suchraed

the daily energetic requirements oSalenopsis invicta
colony and that 70% of that comes from only oneciEse
of invasive mealybugAntonina graminigsee HLMS &

translocations to regions within a nest where teatpees
are the most favourableqdES & OLDROYD 2007). The
soil temperature experienced by the ants can bedier

VINSON 2002) Fire ants in the United States occupy a sig-ferent from the surface temperatureR(§sHELNYCKY &
nificantly lower trophic position compared with g®in  al. 2005). In deserts, for example, ants nesténctioler
the native range, ar®l invictashifts from protein resources soil belowground and survive even though the sumdang
(insects prey) in its native range to mutualistyided car- ~ temperature exceeds their lethal temperature. M@amro
bohydrates in its introduced range I(MER & al. 2011).  many invasive ants are noted for their ability éocate
Argentine ants depend strongly on carbohydratekeén their nests and alter foraging networks in a flexibay in
centre of the invaded range, while relying on aenmotein-  order to adjust temperature and humidity conditiges.-
enriched diet at the invasion fronti(MBERG & al. 2007).  LER & GORDON 2006). This temporal and spatial fluidity
An experimental temperature manipulation showed thain colony structure is thought to constitute on¢hef keys
warming reduced the abundance of aphids becaude-the of the invasion success in many ant speciesa\R8z &
cal tending ant species, the winter Bn¢nolepis imparis ~ TsuTsui2008). In addition, when assessing the invasive-
was less aggressive towards predatorsR{@N & | VES ness of a particular region, fine-scale variatiomiicro-
2014). In the same way, invasive ants might becefteby  climatic conditions should be taken into accountei
the indirect impacts of climate change on the mligma  when a large-scale SDM / mechanistic model prediots
with honeydew-producing aphids, which have beemvsho favourable climatic conditions, it is possible tiatasive
to be sensitive to climate changes(B & al. 2015). ants will find suitable microclimatic conditions lehang-
Behavioural mechanisms. Ant behaviour is, to some ing their nesting location. It remains to be inigetied to
degree, flexible, and it adjusts under changingrenv what extent such behavioural flexibility can bufégainst
mental conditions. It can thus buffer against ttieats of  the effects of climate change.
climate change, through either temporal or spé#albi- Phenological plasticity and evolutionary change: It
lity. Invasive ants may not experience the sanmatiic has been suggested that thermal variability playisvor-
conditions as native ants (which themselves expeei@ tant selective role in life-history trai{FOLGUERA & al.
variety of microclimatic conditions), even in th@nse ha-  2011). For insects, increased ambient temperalianes di-
bitat. In some cases, native and exotic ants hidfereht rect consequences for metabolic rates and develapine
temporal niches and switch dominance accordingte s rates (DLLON & al. 2010). In ants, temperature affects
sons (ERDA & al. 2013). On Okinawa Island, Japan, sea-both the survival of individuals and different coomgnts
sonal activity patterns were different between iexahd  of colony fitness, particularly reproductioni@™oOND &
native ants, the native species being dominantiorgpring  al. 2013). For instance, temperature can affedh bo®
and summer (SVABE & al. 2009). On a daily basis, the queen's oviposition rate gRIL & al. 2008) and the de-
dominance of invasive ants can change with temperat velopment time from egg to adult workerofRrer 1988,
as well (ERDA & al. 2013). In Western Australid,jn- ABRIL & al. 2010). The lifetime reproductive success of
epithema humilean only displace native ants from food ant colonies (i.e., the number of offspring colenpeo-
baits in the morning (foMAS & HoLwAY 2005). In ad-  duced) may also be affected by temperature. Indéed,
dition, the impacts of climate change on the farggates  production of sexuals (queens and males) is predic
of ant species can depend on body size, changtegin depend on colony size §CHINKEL 1993). Therefore, the
specific resource competitiong&ev & al. 2014). Within  faster a colony grows, the shorter the time to pecedhe
the same ant community, different ant species mahéir first sexual ants should be. Temperature may aifio-i
foraging rates in different ways to elevated terapee, ence the queen's lifetime and thus indirectly alernum-
with some species foraging more under higher teaiper ber of generations producedi@RAm & al. 2013). From
tures and others lessT@LE & al. 2013). The behavi- an ecological and evolutionary perspective, repctide
oural plasticity of habitat use is, therefore, dical as-  traits are important because additional brood pértime
pect of species' sensitivity to climate warming artteme  may increase colony growth, decrease the time te pr
events (BNDAY & al. 2014). These relative changes will duce sexual ants and accelerate adaptation. Aeresoting
be important in determining the impacts of climeltange;  and a prolongation of the favourable period mayeture
classical SDM or mechanistic models do not accéemt  ultimately increase colony fitness.
these behavioural changes of multiple species mvité However, the magnitude and the direction of the re-
same generally suitable climatic conditions. Sirtyileclas-  sponses to warming are species specific, with sgpae
sical SDMs do not account for adaptive differemtiat  cies expressing narrow phenotypic plasticity, lngdb a
among populations in response to different climatin-  decrease in their fithess, whereas other speceemare
ditions, and complementary methods have to be tsed plastic and able to cope with climate changes easing
explore differences among populationg{R: al. 2012). their long-term fitness @.INI & al. 2012). Changes in en-
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vironmental conditions could therefore select fogager
phenotypic plasticity. For instance, the abilityamfiony
founding queens to tolerate a wide range of oveenimg

also exert selective pressures over invasive spéBi-
CAUD & al. 2010). Although disturbance frequently appea
to be an important factor favouring ant invasismne ex-

temperature may explain the success of the garden aceptions have been recordedaQbERWOUDE & al. 2000,

Lasius neglectus1 urban areas (KhTANEN & al. 2015).
Invasive species that are able to cope with nevirenv
ments may take advantage of the ongoing climataggha
To date, most research effort has been devotedderu
standing the effects of temperature on foraginiyigcand
the survival of workers. However, these proxies afiect
the estimation of species distribution when calibgamod-
els with the optimal temperature for the workeuwsvival
rather than that for colony growth, which is lowEnA-
MOND & al. 2013). As recently stressed byaAROND &
al. (2013):"How warming impacts not only survival but
also other components of fithess, particularly edpction,
is an important, but open, question in many systems
ture efforts should be devoted to build models ithtagrate
different components of fitness, particularly reguoion.

Interactions of climate change with other compo-
nents of global change: In addition to climate change, bio-
diversity will be exposed to other drivers of spscex-
tinction, in particular land use changes. Globadits pro-
jecting the future of biological invasions havetsd taking
into account land use changes in parallel to cénchtainge
(BELLARD & al. 2013). However, forecasts of future ant
invasions under climate change have not includejepf
tions of habitat modifications thus far, possibbchuse
large-scale changes are less important for ants fitra
larger species (i.e., mammals or trees) becaugeciab-
lish themselves in micro-habitats. It has been shtwat
micro-climatic conditions are predictive of the thmal
tolerance of ants (BJDIER & al. in press). However, ant
invasions frequently take place in disturbed anchéi-
modified habitats. Agricultural practices can iefhce the
spread of invasive ants. For example, logging ahéro
forms of natural resource extraction have incredisedate
of spread oWasmannia auropunctatato inner Gabon
60-fold (WALSH & al. 2004). Monitoring of the ant com-
munity immediately after clear-cutting forest inuto Car-
olina revealed tha®olenopsis invictandPheidolessp.
invaded the newly disturbed sites very rapidl¢ZLER
& al. 2004). Anthropogenic habitat modificationchuas
tree management in agroecoforests, can also praimote
spread of invasive ants. For examp@lapplolepis gracili-
peswas frequently found in Indonesian cacao agroeeofo
ests, and its presence was associated with dedrimasst
ant species richness@B & al. 2008).

Disturbance may also indirectly promote ant invasio
A model of the evolution of dispersal strategiesdicts
that disturbance should favour budding as a digpstsat-
egy because disturbance is assumed to increasey colur-
tality (NAKAMARU & al. 2007). The alternative winged
dispersal would be disadvantageous because singkng
found their colony alone and have a very low praliigb
of successfully establishing a nest in a disturbakiitat
because they are aloneAhhMARU & al. 2007). By se-
lecting species that disperse by budding, disturdbandi-
rectly favours invasive species because budditttgipre-
dominant mode of colony foundation. Moreover, human
modified habitats may have selected for male anthfe
clonality in invasive populations &¥asmannia auropunc-
tata, illustrating that humans not only disperse spebigs
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ROURA-PASCUAL & al. 2010). For examplesolenopsis
invicta (see POWES & al. 2007, SUBLE & al. 2009),Lin-
epithema humil¢see HbLWAY 1995, 3NDERS & al. 2001,
KRUSHELNYCKY & al. 2005),Anoplolepis gracilipegsee
O'DowbD & al. 2003),P. megacephalésee DFFMANN &
al. 1999, \ANDERWOUDE & al. 2000),Brachyponera chin-
ensis(see WENARD & DUNN 2010) andW. auropunctata
(see CARK & al. 1982, WALKER 2006) have invaded many
natural habitats.

Nevertheless, climate and human modification of-hab
tats have been shown to be the most important méeter
nants of the current distribution binepithema humilat
a global scale (BURA-PASCUAL & al. 2011), and the in-
teraction between habitat modification and the gmes of
the invasive species can lead to the highest spéaés
(SALYER & al. 2014).

New integrative tools: A new generation of models is
currently being developed that attempt to integcatape-
tition, demography and dispersal in a heterogen&ngs
scape (KITH & al. 2008). These so-called hybrid models,
or niche-population models (NPMs), are a recenande
linking SDMs (or mechanistic range predictionsatdis-
persal model and a population dynamics modeR@HAM
& al. 2013). As result, the dynamics of a metapapah
are simulated as a function of the suitabilityadfdl hab-
itat patches, dispersal among colonized patchegtand
local population's growth and death ratesRBHAM & al.
2013). In addition, in some cases, intra- and gmecific
competition has been added to model the metapamulat
dynamics. However, to calibrate and validate hybratiels,
it is necessary to have spatial abundance datasatine
species' range (not just occurrence data, as in Skt
els). These data are needed to establish the &thkden
habitat suitability and population-specific paraenst(for
example, maximal growth rate, carrying capacityhefen-
vironment) (QABRAL & SCHURR 2010), which are rarely
available. In addition to requiring more data, lglmodels
are much more difficult to parameterise than singié/s,
which potentially amplify uncertainty in model pretibns
(FORDHAM & al. 2013). In the future, it might be possible
to build hybrid models for invasive ants, given therent
research interest in many aspects of their bioltdgally,

a new generation of hybrid models should aim tegrdte
all steps of the invasion process framework (Fjgstart-
ing with modelling the potential locations of indections
via commercial routes, and then link them to moaéls
habitat suitability (SDMs), potential dispersal pptation
dynamics and metapopulations, with source-sink aycs
that can be modelled dynamically using a time seofe
future climate maps. However, even though hybride®
may be able to deliver more-accurate predictiorslatal
scale, they will not be easily applicable at a éasgale or
for a multi-species comparison (given the diffigest of
model calibration), two points where SDMs provideei-
esting results.

Conclusion

In this review, we have synthesized existing préshs of
the future of ant invasions under climate changklave



attempted to separate the overall trends from tigerre-
sulting from variable predictions. In particulare wave
shown that invasive ants will not systematicallyéfit
from climate change BRTELSMEIER& al. 2013d)respon-
ses are predicted to be heterogeneous acrosseuiesp
spatial and temporal scales, evaluation metricsnaodiel-
ling methods. Overall, despite an absence of @&satic
increase in ant invasions following climate chartige,num-
ber of invasive ants can increase locally, andrs¢¥égh-
ly invasive ants will gain access to new regions.

The question remains whether it is possible todase
ant invasions despite important model limitatioFise var-
iations among predictions partly stem from inhenamt
certainties (e.g., choice of modelling method, fatGQ,
emission scenarios) and partly from an incompletdeu-
standing of biological processes (e.g., behavioplesti-
city, species interactions). However, current medah still
serve as an interesting "baseline" approximatiogajlant
distributions and can be used to explore futur@ades.
Nevertheless, as with any model, they should neidweed
as "accurate" predictions. To some extent, futuoelers
could improve predictions by attempting to incorguer
more mechanistic variables, population dynamicscigs
interactions and dispersal data, but the predistigitl al-
ways be limited by a certain amount of inherent ehaoh-
certainty. Future perspectives on the study ofsiveaants
under climate change include extending existinghioes
to qualitatively improve range prediction; accoungtfor
the impacts of climate change on different stagebh®
invasion process that can indirectly influenceithasion
risk; studying how species interactions and comtpuam-
position will react to climate change; investiggtimehavi-
oural mechanisms that can buffer against or ampiiéy
impacts of changing environmental conditions; azebant-
ing for changes in land use and the degree ofrihiatice.
However, models will always face a classical traffése-
tween realism and generality. Some models will gty
fit the local dynamics of an invasive populatiort il
not be able to predict new invasions on a diffeamntti-
nent.

Current approaches to predicting ant invasionsadire
deliver useful approximations at a large spatialesand
might allow prioritizing species and areas for ngaraent
actions. In the future, ant invasions are likelygmain a
major problem, and it is possible that newly inwodd
invaders will benefit more from climate change tisame
of the species that are currently among the wokstders.
Therefore, it is not prudent to focus researchreffexclu-
sively on today's "worst" invasive ant species.
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