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vamos conquistando tierras enemigas
invisible silenciosa y simultanea

toda la invasion es subterranea [...]
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Doctoral Thesis structure:

Each of the four chapters constituting this thésis been redacted with the following

scheme: introduction, material and methods, resuits conclusions, with the purpose

of being published in journals of the Scientifictaion Index. For this reason some

contents, such as study areas or issues relatie tArgentine ant, have been repeated
throughout the thesis.
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SUMMARY

The Argentine antl.inepithema humiléMayr, 1868), is a well-known invasive ant spediest has
been introduced globally into areas with Meditee@mtype climate due to human commercial activities
Argentine ant colony social behaviour is based wicaloniality (large number of interconnected ngsts
polygyny (many queens per nest), and seasonal @alydThis ant species moves its nests in respanse t
shifts in biotic (e.g., food resources) and abi¢éiq., temperature, soil moisture) factors, depgndn
the specific colony requirements in each momentold seasons the spatial range of the colony aotstr
to create large formations and nests are combméarin the so-called “winter nests”. These wintests
are usually located in similar sites every year gl thought they are the clue to the speciespéision
power and the invasion of new habitats. In contrdisting hot and dry seasons, the spatial rangaeof
colony is more disperse and distributed at randosmaller nests that are interconnected with loaidst
that cover a large foraging areas. Efforts to eatéi established.. humile populations without
eliminating the queens, which constitute the repobtiste power of the colony, have had little success
Methods employed have generally used wide-spectchemicals, which are not allowed in some
protected natural areas. Thus, we propose thaposgble method suitable for slowing the invasiate r
on a local scale or in small recently invaded amikout chemical procedures could be the manual
removal of large numbers of queens and their broodfe edge of the invasion during winter.

The aims of this thesis include: (1) determining thost preferred places for this sped@build its
winter nests; (2) determining the colony’s enemyestment in queens; (3) knowing when and where we
can better act to manage the invasion in natunsddad areas; and (4) the study of the relationships
established betwedh pygmaeaa native ant species commonly associated wittumile and the latter.

In order to know whether these ecological and lgicial strategies are intrinsic or were acquired
when it became an invasive species, we measureghysical characteristics, temperature, and water
content of the winter nests; and we analyzed quleesities per litre of nest soil, fat content irequs,
and the queen/worker thorax volume ratios in n&ets the native range (Natural Reserve of Otamendi
(RNO), Argentina) and two invasion areas (invadeoi and invaded-centre) of the introduced range
(Gavarres and Cadiretes massifs, Spain). Additipnale characterized the Argentine ant population i
the RNO by determining the number, distributiond agensity of distinct supercolonies present.
Furthermore, in the introduced range we monitohedArgentine ant nest site fidelity every two manth
and we compare the queen oviposition rates betweeimvaded-front and the invaded-centre in order t
determine whether there were differences in thepraductive capabilities. Once we know where to
locate winter nests and which biological strategies Argentine ant follows to assure a successul n
colony founding, we can initiate methods to contha invasion based in the elimination of queems. F
this purpose, first we determine the spatial dymanaf the Argentine ant nests during one year, and
second, we assessed the previously proposed conétblod during two consecutives winters, and we
analyzed the effects of this management over thg term. Finally, in order to better understand the
interaction betweeR. pygmaeand the Argentine ant, we determined which fagpoosnote the nesting
site exchange, and we ascertained whefhgrygmaeacould take advantage of the invasion in terms of
resource competition. To this end, we examinedsgaial dynamic of both species nests in termsest n
density, worker abundance, and nest exchange. ¥éechlaracterized the abiotic components (physical
characteristics, temperature, and water availgpitif the nests of the two species.

Results found suggested that the Argentine antepef winter nesting sites that were mostly
influenced by soil moisture and temperature, as agfactors regulating them. The closeness ts toee
shrubs that provide some cover, southern oriemstign both native and introduced areas), and the
shelter of rocks (in the introduced range) helpyoid high levels of soil moisture and protect tioéony
from extreme temperatures while maintaining optieratironmental conditions both inside the nests and
for colony activity during the winter. We also confed that in the introduced range the Argentine an
has a certain fidelity to its winter nesting sitesturning to the same places year after year. bae
native supercolonies also seem to follow a yeaalyepn of fusion-fission of nests ahd humilenesting
behaviour in winter is comparable to it operatesnivaded areas, locating their winter nests indbrg
similar (though no identical) sites. On the othandh, we found biological differences between natind
introduced ranges in terms of the Argentine antggnavestment in queens. Colonies in the nativeyea
have a greater number of queens, and they areesriraltize than in both invaded zones. They als@ ha
the highest fat content, and the largest workeddoiies from the invaded-front, however, also have
greater number of queens, and they are largerithtire invaded-centre, but with the same fat reserv
and worker size. Thus, the Argentine ant queenshé native range could be physiologically and
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morphologically adapted to an independent modeotufny founding, while those in the introduced areas
seem to occupy a halfway point between independadt dependent, as morphologically queens are
qualified to carry out independent colony foundihgt physiologically they are not. In regard to the
spatial dynamic of nests, during the first yearLalhumilecolonies tended to follow an annual cycle of
contraction and dispersion, with a decrease imtimaber of nests as we approach to the invaded-front
The extirpations conducted only had an effect atsgbcated in the invaded-front, and promoted Emal
less lasting and aggregated nests, as well asraadecin the abundance of workers. However, nests a
workers experienced a decrease during the twovirgers but a recovery in the third.

Against this background, we suggest that the winésting behaviour of the Argentine ant seems to
be intrinsic, and that the success of the Argendineas an invasive species does not rely on &ishif
social organization, nor on a shift in its modenebting associated with the introduction to newithéd
Furthermore, differences in energy investment fomngueens seem to respond to the different eccabgi
contexts between the three zones studied (nathwaded-front and invaded-centre). Thus, it could
represent a shift in the colony’s biological stgi¢s to become an invasive species in the intratluce
range. In such scenario, we suggest to better filmisnanagement of the invasion by means of manual
removal of nests in winter, at the edge of thetfrand do it yearly. This practice could help uathieve
significant results and to keep the number of nestd thus the expansion of the Argentine ant,laiva
rate.

Finally, as to the relationship established betwieepygmaeandL. humile,the results suggest that
P. pygmaeaeems to be affected by the presence. dfumilein the invaded-front, reducing its presence
in these areas. However, the plasticity in nesbabaviour and colony activity permits this tiny aot
coexist in these invaded-front areas where the rnge ant is present. On the contrary, in the imead
centreP. pygmaeaseems to take advantage of the presence of thenfing ant. The former increases its
presence in these areas thanks to the factLlthd&tumile reduces the competitive pressure on it by
retracting other native ants, and also becauskeoéxistence of a certain degree of habituationwden
these two species.
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RESUMEN

La hormiga argentinal.inepithema humile(Mayr, 1868), es una de las especies invasoras de
hormigas introducidas a nivel mundial en zonas limac mediterraneo debido a las actividades
comerciales humanas. El comportamiento social decelonias se basa en la unicolonialidad (muchos
nidos interconectados), la poliginia (muchas reipas nido) y la polidomia estacional. Esta especie
mueve sus nidos en respuesta a cambios en diferéatdtores bidticos (gj., recursos alimenticios) y
abiéticos (ej., temperatura, humedad del sueldurcién de las necesidades especificas de lasiaslon
en cada momento. Durante las estaciones friagngorespacial de la colonia se contrae en grandes
formaciones y los nidos se combinan para formarlllmeados "nidos de invierno". Estos nidos de
invierno estan generalmente ubicados bajo piedrasitios similares cada afio y se cree que sdava c
para la dispersion de la especie y la invasiénudvas habitats. Por el contrario, durante las estas
calidas y secas, el rango espacial de la colonim&s disperso y esta distribuido al azar en peguefio
nidos interconectados mediante largas pistas gheecwgrandes areas de forrajeo. Los esfuerzos por
erradicar las poblaciones establecidasLdehumile sin eliminar las reinas, quienes tienen el poder
reproductivo de la colonia, han tenido poco éxltos métodos que se emplean generalmente son
productos quimicos de amplio espectro que no geamitidos en areas naturales protegidas. Por eso,
sugerimos que un posible método de control, sindesquimicos y adecuado para ralentizar el ritmo de
invasion a escala local o en pequefas areas regiente invadidas, podria ser la extirpacion madeal
reinas y su progenie en el frente de la invasigarde el invierno.

Los objetivos de esta tesis son: (1) la determimadie los lugares preferidos por esta especie para
construir sus nidos de invierno; (2) la determidadle la inversidn energética en reinas de las@sp
(3) saber cuando y donde actuar para poder mdpigastion de la invasion en areas naturales; @) y
estudio de las relaciones establecidas eRtr@ygmaeauna de las especies de hormiga nativa mas
frecuentemente relacionada darhumile y ésta Ultima.

Con el fin de saber si las estrategias ecolégidaislggicas tomadas pdr. humileson intrinsecas, o
se han adquirido con el paso a especie invasomnaizaron las caracteristicas fisicas, la tentpery
la humedad de los nidos de invierno, asi como éasidades de reinas por litro de nido, el conteritlo
grasas de las reinas y la relacién del volumertdtak reina/obrera en los nidos de la zona nativiae
Reserva Natural de Otamendi (RNO), Argentina y @nzbnas invadidas (frente y centro de la invasion)
de los macizos de las Gavarres y Cadiretes, Espgaf@anas, se caracterizé la poblacién de hormiga
argentina en la RNO determinando el nimero, laillistion y la densidad de las distintas supercal®ni
presentes. En la zona invadida también se reafizéeguimiento de la fidelidad de los nidos cada dos
meses y se compararon las tasas de ovoposiciéesdeihas entre el frente y el centro de la invasio
para determinar si existen diferencias en sus @igdes reproductivas. Una vez que sabemos donde
ubicar los nidos de invierno y qué estrategiasolgichs siguen las colonias para garantizar el @eto
nuevas fundaciones, podemos iniciar métodos parargtol de la invasion basados en la eliminacién d
las reinas. Para ello, en primer lugar, se deteri@irdinamica espacial de los nidoslddumiledurante
un afio, y en segundo lugar, se evalué el métodaodérol propuesto anteriormente durante dos
inviernos consecutivos y se analizaron los efedéossta gestion a largo plazo. Por dltimo, parenetar
mejor la interaccidon entrd. pygmaeay la hormiga argentina, se determinaron los fastoque
promueven el intercambio de nidos entre estas dpecees, y sP. pygmaeapodria aprovechar la
invasion de la hormiga argentina en lo refererlie@mpetencia por los recursos. Para ello, sézénal
dindmica espacial de los nidos de ambas especi¢ér@inos de densidad de nidos, abundancia de
obreras e intercambio de nidos. También se caizaten los factores abioticos (caracteristicacdisi
temperatura y humedad) de los nidos de las dosiespe

Los resultados encontrados sugirieron que losssfifeferidos por la hormiga argentina para anidar
en invierno estan principalmente influenciados lpdnumedad y la temperatura del suelo, asi como por
factores que pueden regularlas. La cercania aeglmwlarbustos que les proporcionan cierta cobertura
vegetal, orientaciones hacia el sur (en ambas zastas e invadida) y el refugio que proporcionas |
piedras (en la zona invadida), ayudan a evitasativeles de humedad en el suelo y a proteger a la
colonia de temperaturas extremas, manteniendo ecoraiciones ambientales 6ptimas en el interior de
los nidos para la actividad de la colonia duranténeéierno. También, se confirmé que la hormiga
argentina en la zona invadida tiene una ciertdifidé por sus nidos de invierno volviendo al mismo
lugar afio tras afio. Por otra parte, las superadamativas también parecen seguir un patrén areuk d
fusién-fision de los nidos teniendo un comportartitiede anidacion en invierno similar a las areas
invadidas y localizando los nidos de invierno etiosidel mismo tipo. Por otro lado, se encontraron
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diferencias bioldgicas entre la zona nativa e ifdedon respecto a la inversién energética en selres
colonias en la zona nativa contenian un mayor ndiemreinas y de menor tamafio que en ambas zonas
invadidas (frente y centro de la invasion). El emido en grasas de las reinas en la zona natiaiédam

era mayor, y ademas tenian unas obreras mas grqudemn las dos zonas invadidas. Mientras que las
colonias del frente de la invasién contenian masasey eran mas grandes que las del centro de la
invasion, pero con las mismas reservas de grasbsigmo tamafio de obreras. Por lo tanto, las sena

la zona nativa podrian estar fisiologica y morfaddgnente adaptadas a un modo de fundacién
independiente de la colonia, mientras que en laazmvadidas podrian encontrarse en un punto medio
entre fundacion independiente y dependiente, ydapieeinas estan morfoldgicamente cualificadaa par
llevar a cabo una fundacion de la colonia indepmrtdi pero fisiolégicamente no. En lo que respadta
dindmica espacial de nidos, todas las colonids demiledurante el primer afio tendian a seguir un ciclo
anual de contraccion-dispersion con una disminua@dnel niamero de nidos a medida que nos
acercabamos al frente de la invasion. Las extiopes realizadas sélo tuvieron efecto en las parcela
ubicadas en el frente de la invasién, y promovianglos mas pequefios, menos duraderos y agregados,
asi como una disminucién en la abundancia de lasat Aunque los nidos y las obreras experimentaro
un descenso durante los dos primeros inviernashservo una pronta recuperacion en el tercer inoier

Bajo este contexto, se podria decir que el compietato de anidamiento en invierno de la hormiga
argentina parece ser intrinseco y el éxito comce@spinvasora no se basa en un cambio en la
organizacioén social ni en un cambio en su modo rddaaion asociado a la introduccion en nuevos
habitats. Por otra parte, las diferencias en indemsnergética en reinas parecen responder afreulies
contextos ecoldgicos de las tres zonas estudiaddivd, frente y centro de la invasién). Por Iotda
podria haber un cambio en las estrategias biolsgite la colonia para convertirse en una especie
invasora. Ante tal situacion, se sugiere centragdstion de la invasion por medio de la extirpacion
manual de los nidos, en invierno, en el borde dgité de la invasién y ademas hacerla cada afa. Est
practica nos puede ayudar a tener resultados nguyfisativos y a mantener el nimero de nidos, y en
consecuencia la tasa de expansion de esta esgmgji@saniveles.

Por dltimo, en cuanto a la relacién establecideedht pygmaegy L. humile los resultados sugieren
que la presencia de la hormiga argengmael frente de la invasién parece perjudicd. gpygmaea
disminuyendo su presencia en estas areas. Sin goHlarplasticidad de esta pequefa hormiga en el
comportamiento de anidacion y en la actividad deolania, le permiten convivir cobh. humileen el
frente de la invasion. Contrariamente, en el ced&da invasion la presencia de la hormiga argantin
parece beneficiar B. pygmaea.Esta Ultima aumenta su presencia en estas zondagyeaqué.. humile
disminuye la presion de la competencia sobre @teayendo a las otras hormigas nativas, y a la
existencia de un cierto grado de habituacién ertreas especies.
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GENERAL INTRODUCTION

1. What is a biological invasion?

The result of the “globalization” process that wavé been experiencing since the
mid-twentieth century as a consequence of the fusfanarkets, societies and cultures,
is that we live in a world almost without boundari@he human capacity to eliminate
geographical barriers has accelerated exponentiadyintroduction of exotic species,

whether intentionally or accidentally, during recdacades (Mack et al. 2000).

In such a scenario, few if any areas remain slegltdrom the immigration of
different exotic species, which can become invasivhen they finish their

naturalization and expansion process far from tinéioduction focus (Vila et al. 2008).

A biological invasion is the result of differenteps through which these types of
species have to pass, from the moment they arediunted out of their natural
environment until their complete establishment axgansion in new geographical
areas (Williamson & Fitter 1996, Mack et al. 2000plar & Lodge 2001). The
percentage of non-native species in a particulanitg as a proportion of the total
fauna and flora may comprise from a few percenimimre than 20% of the total
(Vitousek et al. 1996). Fortunately, however, islieen estimated that only one in a

thousand introduced species becomes invasive AmMilon & Fitter 1996).

This free movement of potentially invasive species several ecological and
economic consequences within ecosystems in whehéktablish themselves (Mack et
al. 2000, Pimentel et al. 2000). They cause biadityeloss, which changes ecosystem
functionality and alters the composition and suetof the invaded community
(Clavero & Brotons 2010). These species homogethigeecosystem they invade as a

result of the replacement of local biota. They gisomote the loss of endemic local
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species, loss of harvest and domestic animal ptmohyjcas well as produce several
types of infrastructural damage (McKinney & Lockwibob999). These species can have
either a direct or indirect negative impact on puhbkalth, and consequently, on society
in general. Moreover, they produce innumerable ecoa losses due to the cost of the

effective target management of the eradicatiomefihvasive species.

Invasive species are represented by numerous tExono groups

(www.issg.org/database/welcomeOne of the groups more easily introduced

accidentally via human activity is the phylum Adpoda (Vitousek et al. 1996).
Among them, there is a great diversity of invasane species considered to be plagues.
In the Iberian Peninsula twelve non-native ant gsehave been detected. Two of
these,Lasius neglectugvVan Loon, Boomsma & Andrasfalvy 1990) ahohepithema
humile (Mayr 1868), are invasive and pose a potentigahfor native animal and plant
communities in affected areas (Espadaler & Collioga 2000). The latter, known as

the Argentine ant, is the main object of studyhi thesis.

2. The Argentine ant

The Argentine ant, Linepithema humile (Hymenoptera: Formicidae:
Dolichoderinae), is an invasive ant species. In idednean and/or subtropical-type
climates it is considered to be one of the urbgnicaltural and natural environmental
plagues with the greatest worldwide expansion (M0oG11999). This “modest” ant has
been catalogued as one of the 100 worst invasieeiep in the world by the ISSG

(Invasive Species Specialist Growpyw.issg.org/database/welcom@ahis species is a

small brown monomorphic (without caste division hait workers) ant. Workers

measure about 2-3 mm and queens about 4-6 mmVgitg) 2004) (Figure 1).
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Figure 1. Argentine ant worker in frontal, lateral and dors@w (source:www.antweb.org

pictures: April Nobile and Eli M. Sarnat).

2.1 How did it arrive and where we can find it?

Native to South America, in its natural habitat #hegentine ant is distributed
along the basin of the Parana River (Tsutsui e2@01, Wild 2004), from the south of
Brazil, through Paraguay and Uruguay to the noghe& Argentina. This ant species
has been introduced globally due to human commem#vities, and with the
exception of Antarctica only, is now present on eatinents and on several oceanic
islands such as Japan, New Zealand, and Hawaildgtider & Wilson 1990, Passera
1994, Suarez et al. 1998, Suarez et al. 2001, Reasaual et al. 2010Figure 2). This
ant is often associated with human disturbgScmrez et al. 1998); however, it has the
ability to invade undisturbed natural areas witlow level of anthropization (Holway

1998a, Gomez et al. 2003).
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Figure 2. Argentine ant global-scale distribution (soufReura-Pascual et al. 2010).

The presence of the Argentine ant in the Iberiamrideila was first detected in 1907
in Portugal (Martins 1907) and in Spain, on theevialan coast, probably in 1919
(Garcia-Mercet 1921, Font de Mora 1923). NowadhgsArgentine ant is present along
the entire coastal band of the Iberian Peninsulahe Balearic Islands and the Canaries
Archipelago(Figure 3). Its distribution seems to be limited to temperabel humid
climates (Holway et al. 2002a) as it is heavilyluehced by temperature and water
availability, factors which have a strong influenme some of the species’ biological
traits, e.g., queen oviposition rate (Benois 1943l et al. 2008a), brood development
rate (Newell & Barber 1913, Benois 1973, Abril et @008a), and foraging
effectiveness (Markin 1970, Human & Gordon 1999t\WiGiliomee 1999, Holway et
al. 2002a, Abril et al. 2007, Jumbam et al. 2008grefore, its sporadic presence on the
Cantabrian coast, where the climate is colder aacerhumid, and in the centre of the
Iberian Peninsula, where the climate is very degnss to be because in these locations
the Argentine ant is associated with urban areassehmodified local climatic

conditions may be suitable for the species’ sutiizapadaler & Gémez 2003).



GENERAL INTRODUCTION 29

Figure 3. Argentine ant distribution in the Iberian Peniasand Balearic Islands (source:

Roura-Pascual et al. 2010).

2.2 What gives it its invasive power?

There are several biological and behavioural cheratics which have been key to
the success of the Argentine ant as an invasivensm. One of these characteristics is
the social behaviour of colonies, which is basedinigoloniality (Passera 1994). This
type of social organization is present in bothveand introduced ranges (Vogel et al.
2009), and is characterized by the formation afdacolonies with a large number of
interconnected nests, with workers and queens rgdueely among them (Heller 2004,
Heller & Gordon 2006). These large formations, knaag "supercolonies”, display no
intercolonial aggression as a result of a low gendifferentiation within colonies
(Heller et al. 2008a). In the introduced range tlaisk of intercolonial aggression
provides the Argentine ant with many advantagesofitributes greatly to the increase
in its population density, and is responsible fter dispersal success as an invader
(Heller 2004). Its numerical dominance improvescibsnpetitiveness both in terms of
resource exploitation (exploitation competitionyjdathe level of competition with

native ant species (interference competition) (@te2004).
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On the other hand, Argentine ant colonies in thieoduced range are highly
polygynous (they contain a large number of queé¢Ks)ler 1995) and reproduce by
budding. This kind of reproduction consists of #i'mndonment of the original colony
by a fraction of its population—containing some keys and one or more queens—which
moves through the soil surface over short distatwdmid new sites, and results in the
gradual dispersion of the colony. Queens are insat@d prior to dispersal and they are
not involved in a mating flight out of the nest é8ez et al. 1998). In the case of both
global and regional introduced distributions, tlstablishment of new Argentine ant
foci depends on long-distance jump-dispersal evimtaigh human-mediated transport
(Suarez et al 2001), but once settled into a nea,axpansion occurs mainly by

budding.

Other features that enhance its invasive sucaesstioduced areas are its
omnivorous diet, which includes nectar, insectgedse carrion, honeydew secreted by
hemipterans (Markin 1970, Suarez et al. 1998), #med lack of natural predators,
parasites and other native ant competitors (Oal.e2001, Tsutsui et al. 2001, Holway
et al. 2002b, Reuter et al. 2005). In additian,humileis known to have a lack of
hibernation period in areas under invasion (Berd®ig3, Holway 1998a, Abril et al.
2007), allowing it to profit from the absence ofiaity in other native ant species that
could be competing with it for nesting sites or dogsources. In winter, due to the
warm local microclimate of invaded Mediterraneapeyclimate areas, and with an
optimal range of temperature for foraging activityring daytime hours (Abril et al.
2007, Brightwell et al. 2010), this ant speciesapable of colonizing new areas and

forcing the native species in physiological stopetiveat.

Thus, the only difference between colonies in batiges is their size, which is

much smaller in the native range (Vogel et al. 300®gel et al. (2009) also suggested
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that the success of the Argentine ant as an ingasecies is therefore not the result of
a shift in social organization associated withintsoduction into new habitats, rather it
iIs more likely explained by the characteristicdatelops in its native range, combined
with the ecological release from predators, pagasibnd competitors that follows
introduction into a new habitat (Orr et al. 200kuBSui et al. 2001, Holway et al.

2002b, Reuter et al. 2005, Vogel et al. 2009).

2.3 Spatial dynamic of the Argentine ant nests

Due to its unicolonial structure, Argentine antaroes present a seasonal polydomy
(Heller et al. 2008a). This means that the nedbielgaviour of Argentine ants changes
according to biotic factors (e.g., surrounding plamuctures, canopy cover, etc.) and
abiotic factors (e.g., temperature, soil water enhtetc.) and differs from summer to
winter (Heller et al. 2006). These factors are kbg to its establishment in new areas
(Roura-Pascual et al. 2004, 2006, Jumbam et aB)20Me Argentine ant is heavily
influenced by temperature and water availabilitg &nhas significantly higher rates of
water loss and cuticular water permeability thativeaant species adapted to hot and
dry Mediterranean environments (Schilman et al.720 fact, Argentine ant nests are
usually built in the top 35 cm of the soil and afea basic structure (Newell & Barber
1913, Markin 1970, Heller 2004, Heller & Gordon BPOAs a consequence of being so
shallow, abiotic factors inside the nest can bélgigariable. Therefore, the Argentine
ant moves its nest in response to seasonal shifemvironmental conditions or food
availability, depending on the specific colony regments at that moment (Heller et al.
2006). During the cold season in Mediterranean-tjpeate areas the spatial range of
the colony contracts and nests are combined to fibven so-called “winter nests”
(Newell & Barber 1913). In contrast, during the lod dry season the spatial range of

the colony is more dispersed and distributed atloanin smaller nests which are
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interconnected with long trails that cover largeafpng areagFigure 4). In addition,
these seasonal shifts produce a fluctuating inmadiont, and consequently a
fluctuating impact on native species from theseesoffHeller et al. 2006, M.L.

Enriquez, S. Abril, M. Diaz & C. Gomeanpubl.).
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Figure 4. Schematic illustration of the seasonal distrimutdof nests at one sampled plot. Red
spots represent nests; the size of the spot reyisetiee nest size. Black lines indicate trails.

Black squares represent pitfall traps within eaoh p

2.4 What are the ecological effects of its introduion?

The aggressive behavior (Carpintero & Reyes 2008)the numerical dominance
of the Argentine ant in introduced areas has atheganpact on native ant species,
arthropod communities (Human & Gordon 1996, Holvi®®8b, Suarez et al. 1998,
Oliveras et al. 2005), ant-vertebrate interacti(Bisarez et al. 2000, Estany-Tigerstrom
et al. 2010), and ant-plant relationships (Bond agsby 1984, Visser et al. 1996,
GOmez & Oliveras 2003, Gomez et al. 2003, BlantafolGomez 2005, Rodriguez-

Cabal et al. 2009), thereby causing a drastic dsere the biodiversity of the invaded
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areas. In fact, in Mediterranean ecosystems thexemany plants whose seeds are
dispersed by native ants, and the presence of tigenfine ant contributes to the
disappearance of both native ants and plant speaesconsequently to the disruption
of this mutual dispersioFigure 5a) (Gomez & Oliveras 2003, Gémez et al. 2003,
Blancafort & Gomez 2005, Rodriguez-Cabal et al.@0Moreover, the presence of the
Argentine ant may also influence the reductionertain vertebrate populations, as has
occurred with the California horned lizard, whiakefls mainly on granivorous ants
(Suarez et al. 2000), or with the canopy-foragimlgabe-gleaning birds in the northeast
Iberian Peninsula, whose young have diminishedvaded areas due to the decrease of
available caterpillars extracted by this ant speisstany-Tigerstrom et al. 2010). Thus,
the Argentine ant may have a negative impact onrtghic web through its effects on

the availability of arthropod prey for insectivosowvertebrateg~igure 5b and 5c)

This species can also cause important indirect danmta crops, as it tends
honeydew-excreting hemipterans and can disruptttieity of their natural enemies
(Figure 5d). It has been reported that in vineyards the Aigentant alters the
biological control of hemipteran plagues, interfigriaggressively against parasites and

predators that feed on them (Daane et al. 2007).
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Figure 5. (a) Mutualism betweekuphorbia characiad.. and Camponotus cruentatug-orel
1890) (source: Acideformik.com, picture: Cekiki)p)(Coast horned lizard Phrynosoma
coronatum(Blainville 1835), source: CalPhotos project, BSCpicture: Aaron Schusteff), (c)
Phylloscopus bonell{Vieillot 1819) (source: IBC, picturegtuan Lacruz Martin) and (d) workers
of the Argentine ant tending scale insects on ange tree (source: myrmecos.net, picture: Alex

Wild).

In its native range the Argentine ant is actualtt able to dominate the natural
communities found there due to the additional pnes®f intraspecific competition,
natural predators, and parasites (Tsutsui et &12Blolway et al. 2002b). Henck,
humile coexists with a diverse community of ants (Suaeal. 1999); approximately

51 ant species (Cabrera 2009) compete againstiie ®f which are highly dominant.

However, in the invaded natural areas of the naghéberian Peninsula we were
able to find some species coexisting witthumile(M.L. Enriquez, S. Abril, M. Diaz &
C. Gémezunpubl.). One of the species present which hasbaen displaced by the
Argentine ant isPlagiolepis pygmaedLatreille 1798) (Oliveras et al. 2005, Abril &

Gomez 2009). It seems that the abilityPofPygmaedo avoid confrontation and the use
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of extremely submissive behaviour to appease oppsneromotes the lack of
aggression from the Argentine ant towards it, whiolntributes to the coexistence of

the two ant species (Abril & Gomez 2009).

Plagiolepis pygmaeaHymenoptera: Formicidae: Formicinae), is a tingrikd
coloured monomorphic (without caste division withuorkers) ant; workers measure

<3 mm Figure 6).

Figure 6. Plagiolepis pygmaeaworker in frontal, lateral and dorsal view (source

www.antweb.orgpictures: April Nobile).

We were able to find this ant species distributkxh@ the south of Europe, from

Spain to Austria, and usually in arid areas witttelivegetation.

P. pygmaeahas an omnivorous dietary regime, but it has &peace for sugary
liquids, which means that workers feed on nectad dmoneydew secreted by

hemipterans (Bernard 1968, Suay-Cano et al. 2002an also be found to prey on
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other insects (Serrano et al. 1987), and has bé&ed as a constituent of the
sarcosaprophagous community of Mediterranean emragsin Murcia (Martinez et al.

2002).

This ant species is polygynous (several queensgst). Mercier et al. (1985) found
an average of 17 queens per nest and suggestetti¢hiatividual productivity of each
gueen weight varies according to its appeal to exland the number of individuals in
the colony. Additionally, P. pygmaeapractices convenience polyandry (multiple
mating) in order to increase the probability of theemination of queens and assure
colony survival (Trontti et al. 2006). Reproductiohthis species occurs by budding
(intranidal mating), though the queens of the cgplare also able to found an
independent colony by taking reproductive individuautside the range of related

colonies (Passera 1969, Trontti et al. 2006).

On the other hand®. pygmaeaonstitutes polydomous colonies without aggression
These are comprised of many interconnected nesttsebn which queens, workers and
brood are exchanged (Passera 1963). Additiondlly, tumber of nests per colony
varies seasonally, and they change nest locatitinshifts in environmental conditions.
In spring colonies split into numerous nests, reng in close proximity to one
another, and in late summer nests are fused witlerotolony subunits in large
formations known as “winter nests”, thus reducirge tlevel of polydomy for

overwintering (Passera et al. 2001).

3. How can we prevent and control the invasion?
The best way to reduce the impact.ohumilein natural ecosystems is to avoid its

introduction in new non-invaded areas. For thigppse, protocols need to be in place to
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minimise the chances of transporting them to kegseovation areas, and an early

warning monitoring scheme established in areadiftshas high risk (Harris 2002).

When prevention protocols do not work or are overepas has occurred in many
places around the whole world, there is a rangeomtions available or under
development to contrdl. humile although most of them do not have the ability to
eradicate entire established populations in invadetural areas. Moreover, the
probability of success in eradicating an invaspecses decreases with an increase in its
distribution range (Myers et al. 2000). For thiagen the eradication of the Argentine
ant in natural habitats over hundreds of hectasepractically impossible. In such
places, the most sensible way to control the irass to slow the rate of spread in
order to limit its establishment in non-invadedaaeand thus its negative impact on the

ecosystem.

The most common control method used is toxic b@tsishelnycky & Reimer
1998a, 1998b). This method reduces worker populatiut seems to fail at killing the
queens, which hold the reproductive power of theorop In consequence, colony
foraging activity rates recover rapidly after thephkcation of the treatment
(Krushelnycky & Reimer 1998a, 1998b). Bait with sage and boric acid has also been
assessed and has shown to be effective in theot@itqueens in the laboratory when
the bait was continuously available (Hooper-Bui &sR 2000, Klotz et al. 2000),
though there is no information on its effect in urat areas. However, the use of
chemicals is not allowed in some natural areaspetial interest as they are wide-

spectrum products and can have a negative impaathen arthropods.

Against this background, several authors trieceddiit ways to disrupt the dynamics

of the Argentine ant colonies using biological mderes. These methods may be able
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to be used as a way to conttolhumileinvasions in the future. Some have attempted to
disrupt the foraging activity of workers with a ¢lyetic pheromone (Suckling et al.
2008, Nishisue et al. 2010, Suckling et al. 20Mjch seems to suppress worker
recruitment in the short term (Tanaka et al. 2009},the long-term effect is very weak
when the density of the target pest is high (C&:@#0, Nishisue et al. 2010). Nishisue
et al. (2010) concluded that the combination ofddyaits and pheromones, along with
native ant competitors, could be an effective waysuippress resource acquisition by
Argentine ants. Additionally, Liang and Silvermaantbnstrated that the Argentine ant
displays an intracolony aggression when differeolorry fragments are reared on
different diets (Liang & Silverman 2000). Diet disgation seems to change cuticular
hydrocarbon profiles, altering prevailing nest-meognition cues in the Argentine ant

and effectively creating separate colonies (Siharr& Liang 2001).

We suggest another possible method of control basedhe extirpation of the
Argentine ant winter nests. The manual removalofé numbers of queens and their
broods in the advancing invasion front in wintehe(tperiod of maximum queen
densities, Abril et al. 2008b) could be a way talen its expansion without the use of
chemical procedures. The systemic elimination @fems during this period might offer
a degree of resistance to the invasion, and hénds, expansion into non-invaded areas

on a local scale or in small and recently invadeds of natural interest.

OBJECTIVES

As efforts to eradicate. humilehave had little success and the use of chemisals i
not allowed in some natural areas of special isteparticularly wide-spectrum
products that could have a negative impact ovegradinthropods), the most reasonable
way to control the invasion is to slow the spreatk rand to limit its establishment in

other non-invaded areas and the consequent negatp@&ct on the ecosystem. One
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possible method of control could be the manual rexhof large numbers of queens and
their broods on the edge of the invasion duringtevinvhich is the period of maximum
gueen density inside nests (Abril et al. 2008b)isTimethod could be suitable for
slowing the invasion rate on a local scale or imkrand recently invaded areas of

natural interest.

With this in mind, the correct location of Argergiant winter nests is an important
key in effective invasion management based onxhaaion and elimination of queens
and their brood in the advancing front. GHAPTER 1 we determine the nesting
preferences of.. humilein winter in both introduced and native rangesdiscover
whether this winter nesting behaviour is intrinsic acquired through becoming an
invasive species. Thus, we hope to make the mtati these potential nesting places
more accessible, and to permit a more efficieet sianagement to be carried out based

on the elimination of queens and their brood irasled areas of natural interest.

On the other hand, in order to better understamdintiasion process in natural
environments and to know whether the energy investraf the colony has changed in
the process of becoming an invasive species, wenpttto compare different traits of
the biology and physiology of the queens in nestst®d in the native range and in the
introduced range, at the forefront of expansion ¢ontact with the native ant
population), and in the invaded zone (where theeAtige ant is almost the only ant
present). For this purpose, @GHAPTER 2 we examine differences in Argentine ant
queen densities, in the fat content of queens,imritde queen/worker thorax volume
ratio in nests from the native range and the tweasrof the introduced range.
Additionally, we compare queen oviposition ratesmaen invasion sites (contact and
invaded zones) in order to determine whether thezaifferences in their reproductive

capabilities.
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Once we had characterized the winter nest anditechthe possible areas in which
the Argentine ant tends to nest during that penasl conducted a systemic elimination
of nests in the hope that it might offer a degreeesistance to the invasion, and hence,
to its expansion into non-invaded areas. This iatwie assess BHAPTER 3. From
here, we attempt to discover how the spatial dynami the Argentine ant nests change
seasonally in an invaded natural area, and con#iweeffect of the manual extirpation
of winter nests on this nests dynamics, on the doce of their individuals, and on the

dispersal capacity af. humileover the long term

We hope that the information provided @HAPTERS 1, 2,and3 on ecological
colonization and biological strategies will help tosbetter understand and thus better

manage the Argentine ant’s expansion in invadedrabareas.

Finally, in CHAPTER 1 we observe that in studies conduct&d, pygmaeaa
submissive ant species which coexists with the Atige ant in invaded areas—seemed
to occupy the latter’s abandoned winter nestsrimgsummer. As there are similarities
in colony structure and the continuous movemeintod species’ nests, we believe that
like the Argentine antP. pygmaegprobably makes little effort to build up its nests
(Newell & Barber 1913, Markin 1970, Heller 2004, llde & Gordon 2006), leaving it
to take advantage of the abandoned Argentine amewnests in spring-summer, and
vice versa. Taking this into account, and bearmgnind that little is known about the
exchange of nests betwefn pygmaeaandL. humile we conducted a study on nest
exchange between these two species, which we euti@HAPTER 4. The purpose of
this study was to identify the physical and envmemtal factors that promote this
exchange of nesting sites between the ArgentineaadtP. pygmaeaand ascertain
whether the latter could take advantage in termsesburce competition from the

invasion. To this end, for both species we examtheddynamic populations of nests in
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terms of nest density, worker abundance, and ne$iaage. We also characterized the
abiotic components (physical characteristics, teatpee, and water availability) of

nests for both.

STUDY AREAS

1. Gavarres and Cadiretes massifs, NE of the IbemaPeninsula, Spain.

The study area of the invaded zone is located ennttrthern boundary of the
Catalan Coastal Range. Although this area hasoagtiuman presence and is located
near a substantially altered coastline, it offenseatensive forest landscape and has

been included in the Plan of Areas of Natural kes€fPEIN in Catalan) since 1992.

We conducted the field sampling in three areas:located at the southern edge of
the Gavarres massif, in the area of Santa CristiAeo (CA, 41° 48’ 51.71”N; 3° 01’
50.57”E) and two in the Cadiretes massif, in tiheaa of Pedralta (PD, 41° 47’ 31.53"
N; 2° 58 52.79”E) and Puntabrava (PB, 41°46'13\§13°00'17.93"E)Figure 7). The
three areas were at least 7 km apart from each,otlith all three displaying similar
physical, environmental, and ecological charadiessn both invaded and non-invaded

Zones.
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Figure 7. Location of the three study areas (CA: Santa @asti’Aro, PD: Pedralta and PB: Puntabrava)

in the Gavarres and Cadiretes massifs, Spain.depGoog|é" earth 2012)

These areas have a typical Mediterranean coagaldiymate, characterized by the
coincidence of the warmest period of the year Wit driest and mild winters. The
mean annual temperature is 15.5°C; with a maximusanmtemperature in July and
August of 20.5°C and a minimum mean temperatudamuary of 10°C. The rainfall is
regular in spring and autumn, with a mean annuab3ff mm (source: Database of
Automatic Meteorological Stations (EMA in Catalao) the Catalan Government,

http://www.meteo.ca}/

The soil in the study areas and in most of these nvassifs is silicic in nature,
which has allowed the cork oak as to establishraidant community Quercetum ilicis
galloprovinciale suberetosuniFigure 8). However, as a result of great anthropogenic
pressure the original cork oak forests have bednced in this area, and there are
currently many secondary cork oak fores@ué€rcus subel.) accompanied by the
presence of pine®{nus pined..). The undergrowth consists mainly of severaktypf
shrub, such a&rica sp.pl., Cistus sppl. or Arbutus unedd.., forming the Cista-

Sarothamnetum catalaunisubassociation.
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Figure 8. Natural area of the open cork oak secondary fofeisture: F. Fata)
2. Reserva Natural Otamendi (RNO), Buenos Aires, Ayentina.

The study area of the native zone is located innbetheast of the province of
Buenos Aires, near the Parana River, 7 km frontityeof Campana and approximately

50 km from Buenos Aires C.F. (34°08"S 58°5310"wW) (Figure 9).
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Figure 9. Native studied area in the northeast of BuenagsiiArgentina. Figure on the left
represents the geographical province of BuenossAttes red circle indicates the location of the
Natural Reserve of Otamendi (RNO in Spanish). Fgur the right represents the RNO (source:

http://www.ambiente.gov.ar/?idarticulo=534%lark blue line indicates the 2 km section of the

area sampled on the Islas Malvinas road.
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We conducted the field sampling in Pampean wetlaaldag 2 km of the Islas
Malvinas road, in an approximately 4 m wide stripsregetation between the road and
the two canals running parallel to it. This patingothe railway station Ingeniero R.
Otamendi to the Parand River. We chose the RNOukecaeveral authors have
confirmed the presence of nativehumilecolonies in this area (Wild 2004, Pedersen et

al. 2006, Vogel et al. 2009).

The climate is temperate, with a mean annual teatpex of 16.3°C, a maximum
mean temperature of 22 to 25°C in summer (Deceffableruary) and a minimum mean
temperature of 7 to 10°C in winter (June-August)e Tainfall is regularly distributed
throughout the year, although it is more intensenduthe warmer season, with a mean
annual of 1021 mm (source: Natural Parks Administina (PNA in Spanish),

Department of Environment, Government of de Argeajti

Pampean wetlands are subject to continuous floodsghey occur over alluvial
lime soils. The presence of an almost superficiatew table that produces a slow
permeability, together with the high annual raihfadhe Parana River, and canal
overflows, favours rain accumulation (Chichizola93® Due to the constant human
perturbation of this specific area along the roeel found a mosaic of vegetation typical
of secondary hackberry forests, riverside foresid Bampean wetland&igure 10).
Thus, the vegetation present in this area is domsti byCeltis tala(Gillet ex Planch),
Populus nigral., and various Poaceae species associated witr vaich a®eyeuxia

viridiflavescengPoir.) Kunth (Goveto et al. 2008).
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Figure 10. (a) General view of the Malvinas road with thefefiént ecotypes: (b) secondary

hackberry forest, (c) spots of riverside forests @) Pampean wetlands. (picture: F. Fatl)
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Where to move when it gets cold: winter nesting 8t attractive to the
Argentine ant (Hymenoptera: Formicidae) in their introduced and

native ranges

1. INTRODUCTION

The Argentine antLinepithema humile(Mayr 1868), is a worldwide invasive
species introduced into Mediterranean-type climateas as a result of commercial
activity (Holldobler & Wilson 1990, Passera 1994jagz et al. 1998, 2001, Roura-
Pascual & al. 2011). Its aggressive behaviour (Gt & Reyes 2008) and its
numerical dominance has a negative impact on natwé species, arthropod
communities (Human & Gordon 1996, Holway 1998, $naet al. 1998, Oliveras et al.
2005), ant-vertebrate interactions (Suarez et @02 Estany-Tigerstrom et al. 2010),
and ant-plant relationships (Bond & Slingsby 1984sser et al. 1996, GoOmez &
Oliveras 2003, Gomez et al. 2003, Blancafort & Gpra805, Rodriguez-Cabal et al.

2009), thereby causing a drastic decrease in tvarsity of the invaded areas.

The Argentine ant is heavily influenced by tempamatand water availability. These
two factors, along with others (e.g., surroundiegetation, available food sources), are
the keys to its establishment in new areas (Roasziral et al. 2004, 2006, Jumbam et
al. 2008). Temperature has a strong influence anesof the species’ reproductive
traits, such as the queen’s oviposition rate (Berd®73, Abril et al. 2008a), brood
development rate (Newell & Barber 1913, Benois 1H&tley & Lester 2003, Abril et
al. 2008a), and foraging effectiveness (Markin 1990man & Gordon 1999, Witt &
Giliomee 1999, Holway et al. 2002a, Abril et al.0Z0 Jumbam et al. 2008). Water
availability determines the abundance and distidloutof the Argentine ant in

Mediterranean-type systems (Human & Gordon 1998y&uet al. 2001, Holway et al.
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2002a, Jumbam et al. 2008) and plays an importaatin its colony survival. It has
been reported that the Argentine ant has signifigamgher rates of water loss and
cuticular water permeability than native ant speciadapted to dry and hot
Mediterranean environments (Schilman et al. 200%)s is likely the reason why in
low humidity environments its foraging activity megatively affected by the influence
of high air temperatures (Human & Gordon 1999, Hojlvet al. 2002a, Abril et al.
2007) and why low soil moisture limits its expamsidiolway et al. 2002a, Menke &

Holway 2006, Menke et al. 2007).

In invaded natural areas, the Argentine ant changgsnesting preferences
seasonally according to food availability (Hellar a&. 2006) and its physiological
temperature and humidity requirements (Newell &#ar1913, Markin 1970, Benois
1973, Heller & Gordon 2006, Abril et al. 2008b). Winter, the spatial range of the
colony contracts into large aggregations calledchten nests” (Newell & Barber 1913),
characterized by a large number of workers and riud@bril et al. 2008b). Ants
usually show preferences for nesting sites (Fer@&fitscudero et al. 1993) and in
temperate zones they build their nests mostly uraeks (Holldobler & Wilson 1990)
which protect them from predators and extreme teatpees, providing them with
optimal thermal regimes (Fernandez-Escudero & TinB209, Tinaut et al. 1999,
Thomas 2002, Robinson 2008, McCaffrey & Galen 20The Argentine ant is also
known to build its nests generally under rocks gGatlal. 1992, Ingram 2002a) and in a
very similar location in winter year after year (lde & Gordon 2006), which means
that this species shows a certain fidelity to trema where winter nests are located. The
nests are usually built in the top 35 cm of the @od are of a basic structure (Newell &
Barber 1913, Markin 1970, Heller 2004, Heller & @on 2006). As a consequence of

being so shallow, abiotic factors inside the nest be highly variable. The seasonal
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location of nests therefore depends on severaligdlyand environmental factors that
may influence temperature and humidity conditioasgd hence determine the most

suitable areas to nest.

Attempts to eradicate established populations @feAtine ants in invaded natural
areas have had little success (Silverman & Bright2@08). The use of toxic baits has
reduced worker populations but seems to have fadezkterminate the queens, which
control the reproductive potential of the colonyr§Bhelnycky & Reimer 1998a,
1998Db). In areas where the invasion is well-essablil the most effective way of control
Is to slow its rate of spread, and limit its estbhent in other non-invaded areas. As
the use of wide-spectrum chemicals is not alloweslome areas of natural interest, one
possible method of control could be the removadjwéens during winter, which is the
period of maximum queen densities inside nestsi{&bal. 2008b). This method could
be suitable for slowing the invasion rate on a llas@ale or in small and recently
invaded areas. With this in mind, the correct lmrabf Argentine ant winter nests is an
important key for an effective management of theagion, based on the extraction and
elimination of queens in the advancing front. Tima af the present study is therefore
to: (1) determine the distinct supercolonies presethe native range, as well as their
number, distribution and density of nests; (2) deiee the nesting preferences of this
invasive species in winter, in both introduced arative ranges; and (3) discover
whether the winter nesting behavior of the Argemtamt is intrinsic or was acquired

when it became an invasive species.

This information on ecological colonisation stragsgin native and introduced
ranges could help us to better understand, and thusetter manage its expansion in

natural invaded areas.
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2. MATERIAL AND METHODS

2.1 Study areas

2.1.1 Introduced range

The study in the introduced range was conducteédaninvaded localities of open
cork oak secondary forests on the southern ed¢fgecBavarres Massif, in the areas of
Santa Cristina d'Aro (CA, 41°48'51.71"N 3°01'50B)" and Pedralta (PD,
41°47'31.53"N 2°58'52.79"E), in the north east (N#)the Iberian Peninsula. This
region has a Mediterranean climate with 690 mm emannual rainfall and a mean
temperature of 15.5°C (Database of Automatic Melegical Stations (EMA) of the
Catalan Government)Figure 1). During the two years of the survey, winters
2008/2009 and 2009/2010 presented the followingptature and rainfall values:
Maximum temperature: 23.3°C / 19.4°C, Minimum terapege: -1.5°C / -3.6°C and
Rainfall: 72.4 mm / 55.10 mm, respectively (Databa$ Automatic Meteorological

Stations (EMA) of the Catalan Government).

Winter nests were sought following the main humathpf each zone sampled.
We entered on both sides of the path to where dhesf was accessible and until we
found all needed nests for each sampling (i.e. @dewnests). Each of the winter nests
were searched lifting every single rock, brancpiece of debris, and gently moving the
leaf litter with the help of a shovel at the basédrees. Previous observations in the
study area confirmed that the Argentine ant nesteewot greatly disturbed by this

sampling method, and that nests remained in pltteeseveral weeks.

Argentine ant nest monitoring and the measuremeht environmental
characteristics of winter nests were carried oartnfmid-December 2008 to mid-March

2010. Nest site fidelity was monitored every twonting throughout 2009 and again in
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winter 2009/2010. In winter 2009/2010 control peintere included in the study to
compare the effects of physical and environmeitetiofs inside and outside the winter

nests.

Figure 1. Introduced studied area in the NE of the IbeRaninsula. Black circles indicate each locality
sampled: CA (Santa Cristina d’Aro) and PD (PedjaRécture on the right represents the natural area

sampled of the open cork oak secondary forestiuj@cF.Fatu)

2.1.2 Native range
The study in the native range was carried out enabstral winter of 2011 (July
and August) in the Natural Reserve of Otamendi 1343'S 58°5310"0),
approximately 50 km north of Buenos Aires, Argeatiit was conducted in Pampean
wetlands along the first 2 km of the Islas Malvimaad that joins the railway station
Ingeniero R. Otamendi with the Paran& River (Wil)2, Pedersen et al. 2006, Vogel
et al. 2009). This region also has a Mediterraratiamate with a mean annual rainfall of

1021 mm and a mean temperature of 16(8iGure 2).

Winter nests were sought on both sides of the romadpproximately 4 m wide

strips of vegetation between the road and the sanahing parallel to itFigure 2).
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Figure 2. Native studied area in the north of Buenos Airegehtina. Figure on the bottom left
represents the geographical province of BuenossAtte red circle indicates the location of the
Natural Reserve of Otamendi (RNO in Spanish). Fegur the right represents the RNO (source:

http://www.ambiente.gov.ar/?idarticulo=534%lark blue line indicates the 2 km section of the

area sampled on the Islas Malvinas road and pi¢EurEat) on the top left represents the native

area sampled of these 2 km section.

2.2 Supercolonies in the native range: number, disbution and density of nests

In order to characterize the Argentine ant popafain the RNO, we followed the
same procedure as Vogel et al. (2009). We condwstéetiard aggression tests between
pair of workers from adjacent nests (Holway et )98, Giraud et al. 2002) to
determine the number of distinct supercoloniesemealong the first 2 km of the Islas
Malvinas road, from the railway station to the RPa@raRiver. We considered a
“supercolony” to be each group of nests linked watltomplete lack of aggression
between each other, but with a very high aggresaioong supercolonies (Holway et
al. 1998, Giraud et al. 2002, Vogel et al. 2009y. this purpose, we randomly selected
a single worker from each adjacent nest and pldoem together in a neutral arena (2.5
cm diameter vial with fluon-coated sides). Theddstgan with the first interaction and

continued for five minutes. The level of aggressias scored as Vogel et al. (2009): 0
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= ignore, physical contact in which neither antvgdd any interest; 1 = antennation,
repeated tapping of the antennae somewhere onthiee ant; 2 = avoidance, one or
both ants retreating in opposite directions aftertact; 3 = dorsal flexion, gaster raised
to vertical position as escalation to chemical dsé 4 = aggression, biting, pulling of
extremities and/or head, or deposition of venonat &r= fight, prolonged aggression,
often involving locking the mandibles onto a bodyrtpof the other ant or carrying it.

Levels O to 2 are referred to as non-aggressivawehand levels 3 to 5 are referred to
as aggressive behavior. Different workers were usetthe three trials conducted for

each pair of adjacent nests.

Colony distribution and their density index wersessed recording the presences or

absences of nests each meter along the samplegdtghogel et al. 2009).

2.3 Physical factors

To determine the physical characteristics of wimests, we randomly chose a total
of 90 nests (50 in CA and 40 in PD forests) in ititeoduced range and a total of 44
nests in the native range. We registered the fatigwariables for each of them in both
native and introduced ranges: canopy cover abogenést (%), orientation (i.e., the
main direction towards which the nest was facirignig into account the direction of
the nest slope), and distance to the nearest ngsarfd to the nearest tree (m). We
recorded the location of each nest using a GarmmexeLegend® HCx GPS with an
accuracy of 3 m, as well as orientation and distancthe nearest nest (calculating the
Euclidean distances with Mapsource v6.13.7 ExtréaiS software). Finally, we
measured the canopy cover with digital photographhe coverage at each site. We
analyzed the pictures with GapLightAnalyzer v2 wafie, which estimates the
percentage of canopy openness. The canopy covewé¥)calculated then as: 100 -

canopy openness (%)
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In addition, in the introduced range, we also rggmbithe distance to the nearest
human-made path (i.e. walking track (m)) usingghme method as for distance to the
nearest tree. When the nest was located underka wecalso measured its surface in
cn? (maximum x minimum diameter), and its colour. Theloar of the rock was
categorised as follows: (1) light-coloured and d@jk-coloured or colonised by lichens

or mosses, taking a colour standard as showiciire 1.

Picture 1. Photographs showing the gradual scale of roouro[picture: M. Diaz)

We also sampled 90 control points (50 in CA andmBD forests) and 44 control
points (in RNO), free of Argentine ant nests. Eatthese control points was located in
a random direction 2 m away from each sampled @zstopy cover was also measured

for the control points using the same method asvinter nests.

2.4 Temperature and water content

We measured the soil temperature (°C) and soilwettic water content (VWC, %)
of winter nests and their respective control pointboth introduced and native ranges.
We took temperature measurements for winter nesiscantrol points by means of

HOBO ® H8 Pro Series data loggers from 9 a.m. tp.rfA. the day of the survey,
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placing the external sensor of the data logger Helow the surface of the soil. At each
of the winter nests/control points we also meastitedsoil VWC three times on the day
of survey (at 9 a.m., 12 p.m. and 3 p.m.), usingiedd Scout TDR 100/200 sensor

which measured the VWC across the surface andlépthn of up to 12 cm in the soil.

2.5 Monitoring and nest site fidelity in the introduced range

To determine the Argentine ant nesting preferenees,evaluated the nest site
fidelity throughout the year 2009 and again in @in2009/2010 by carrying out a
monitoring every two months of the maintenanceb@maonment of the 90 winter nests
previously found in winter 2008/2009. To check npstsence, we lifted every rock

carefully to disturb the nest as little as possible

2.6 Data analysis

We conducted descriptive analyses of the nestsato gn overall view of the
characteristics of each native supercolony (numibistribution and nest density), and
of the physical characteristics of winter nestsdusg Argentine ants in each range. We
compared the canopy cover, temperature, and watdermt of nests and control points
in both ranges using generalised linear mixed nso@eLMMs). In the case of canopy
and VWC we used a Poisson error distribution ahagdink function, and in the case
of temperature a Gaussian error distribution andidamtity link function. Sample

identity was used as a random factor and sampke(tygst or control) as a fixed factor.

To assess whether the physical and environmengéahcteristics of winter nests are
intrinsic or have changed as the ants have becamevasive species, we performed
generalised linear models (GLMs). We compared tlstance to the nearest tree,

distance to the nearest nest, and temperatureg assaussian error distribution with an
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identity link function, and for orientation we ram multinomial logistic regression

(MLR).

In the introduced range, we also compared the atlg variables between
abandoned and non-abandoned nests with data fratenid008/2009: (1) orientation,
(2) distance to the nearest nest, (3) distandectméarest tree, (4) distance to the nearest
human-made path, (5) rock surface, and (6) rockuwolFor comparisons we used
GLMMs with a binomial error distribution and a ldigk function, using locality as a
random factor and variables (1 to 6) as fixed fesctdo evaluate the environmental
factors that may influence the occupation of wirtests in the introduced range, we
performed GLMs. We compared temperature and wateteat using a Gaussian error
distribution with an identity link function in thease of temperature, or a Poisson error
distribution with a log link function in the casd water content between winters
2008/2009 and 2009/2010, and a Binomial error iBigion with a log link function
between abandoned and reoccupied nests. We alddinsal regressions to evaluate
the relationship between all physical and enviromi@evariables of nests in both the

introduced range (winter 2009/2010) and the natwge (austral winter 2011).

All statistics were calculated using the R 2.12dr Windows package (R
Development Core Team 2010) with a confidence le¥&5% and a significance &f
< 0.05. Temperature and VWC were log-transformed! @anopy cover was squared-
transformed to achieve normality in lineal regressi from the introduced range.
Temperature was log-transformed to achieve norynalitlineal regressions from the

native range.

3. RESULTS

3.1 Supercolonies in the native range: number, disbution and density of nests
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We found six supercolonies along the first 2 km pslaeh on both sides of the road
from the railway station to the Parana Ri{Eigure 3). The mean level of aggression
value for workers from the same supercolony way \@w, 1 £ 0.07 (SE), compared
with the high level of aggression between pairsugfercolonies, 4.31 + 0.24 (SE). The

characteristics of each of the six supercoloniegyaren inFigure 3 andTable 1
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S382 sS4
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Figure 3. Localisation of the Argentine ant nests samptethée native range and nest density along the 2
km transect. The circles and their colour indigast location and their assignment to supercolqidés
S2, S3, S4, S5 and S6) on the basis of behavidatal Data at the top of the figure are nests emignt-

hand side of the Islas Malvinas road and dataeabdiitom of the figure are nests on the left-hade.s

The mean length of each supercolony was very Varidl®7.67 + 103.22 m (SE),

from 1 m for the smallest supercolony and 667 mtli@r largest oné€Table 1). The
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distance between supercolonies was also varialileavmean 112.57 + 65.85 m (SE)

and a range from 16 to 506 m. Mean nest densityOnE® + 0.01 nest/m (SHEligure

3).

Table 1 Characteristics of the Argentine ant supercobmaiethe Natural Reserve of Otamendi.
Number of nests refers to the number of adjacestsnof each supercolony sampled for

aggression tests.

Supercolony Number Supercolony  Nest density

ID of nests  length (m) (No.nests/m)

S1 9 84 0.11

S2 5 297 0.07

53 1 1 0.05

S4 2 21 0.05

S5 14 667 0.07

S6 13 116 0.16

Overall 44 197.67 £ 103.22 0.10+0.01
(SE) (SE)

Comparisons of physical factors between the sbemagbonies found in the native
range only were significant in terms of distancéhi® nearest nest (GLNE = 3.27,P =
0.02), indicating that larger supercolonies presgénong distances to the nearest nest
(r*=0.16,P = 0.015). In regard to temperature and VWC allssigercolonies were the

same (GLM, temperaturé& = 2.3,P = 0.08; VWC:P (>};’) = 0.10).

3.2 Physical factors
We compared the winter nests in the native rangle thibse in the introduced one.
We found differences in all variables except foreotation. Comparisons between

physical factors in native and introduced rangesgaren inTable 2
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Table 2. Characteristics of the winter nests atN@atural Reserve of Otamendi (RNO) and the

Gavarres massif (GVR) (mean + SB)valuein bold italic is a significant valud®(< 0.05).

RNO GVR P-value

Orientation (%) 80.5 southern 04 .45 southern 0.98
Nearest tree (m) 448 £1.25 0.51 £0.04 <0.001
Nearest path (m) 2.71£0.16 5.02+0.29 <0.001
Nearest nest (m) 19.69 + 3.87 11.8+1.04 0.04
Rock surface (cm?) 20545+ 17.18
Rock color (%)

light 58.23

dark 41.77
Canopy (%) 25.52+5.12 60.77 +£2.35 <0.001

On the one hand, winter nests in the introducedjgaiaced mainly a southern
direction. A total of 87.78% (79/90) of these nestye located under rocks, and the
rest of nests (11/90) were located in the basesees or shrubs. The mean distance
from a nest to the nearest tree indicated that rmbghhe nests were located near the
bases of trees or shrubs, at most 2 m away frorara ptructure, regardless of the
distance to the nearest human-made path or ano#s¢r There was a great variation
between these two latter distances: from 0.1 tonl&nd from 2 to 39 m respectively,
and the mean rock surface: from 12 to 1176°.cMean canopy cover (%) was
significantly higher in winter nests (60.77 = 2.3p%ian in control points (51.25 +
2.71%) (GLMM: P (>l|) < 0.001)Figure 4). GLMMs performed between abandoned
and reoccupied winters nests in 2008/2009 weresigatficant for all of these variables

(Table 3).
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Table 3. Physical characteristics of the abandaaradi reoccupied winter nests in 2008/2009
(mean £ SE). GLMMs (Generalised Linear Mixed M&)dP-valuein bold italic is a significant

value P < 0.05).

Abandoned nests Reoccupied nests GLMMs

P-value

Orientation (%) 95.45 southern 91.16 southern 0.66
Nearest tree (m) 0.67+0.14 0.50 + 0.08 0.29
Nearest path (m) 4.71+0.78 5.05+0.48 0.72
Nearest nest (m) 12.00 £ 1.94 13.19+ 1.89 0.73
Rock surface (cm?) 203.32 +49.83 202.99 +£27.47 0.99
Rock color (%)

light 63.63 56.15

dark 36.37 43.85 0.32
Canopy (%) 61.56 +£4.94 60.51 +£2.68 0.84

On the other hand, winter nests in the native rdaged also a southern direction in
most of the cases. The mean distance to the neagsst likewise in the introduced
range presented a wide ranger values: from 1.3tm5This variation may be due to
the ecological context of the native study ared®ampean wetland with patches of
riverside trees along both sides of the road. Meamopy cover was also higher at
winter nests (25.52 = 5.12%) than at control poff&63 + 3.86%) (GLMMP (>|X2|) <

0.001)(Figure 4).
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Figure 4. Canopy cover (%) (mean = SE) of winter nests emtrol points at the Gavarres

massif (filled dots, n=90) and the Natural Resex/®tamendi (open dots, n=44).

3.3 Temperature and water content
We compared temperature and VWC between the wirgsts in the native range
with those found in the introduced one. We founfledences for VWC, but not for

temperaturéTable 4).



64

CHAPTER 1. Argentine ant winter nests in native andntroduced ranges

Table 4. Winter nests temperature (mean + SE) &) VWC (%) (mean + SE) at the Natural
Reserve of Otamendi (RNO) and the Gavarres m@3§iR), winters 2008/2009 and 2009/2010.

GLMs (Generalised Linear Model$)-valuein bold italic is a significant valud®(< 0.05).

temperature VWC (%)

(°C)

RNO 16.58 £0.78 37.71 £ 1.59

2008/2009 21.01 £ 1.01 8.94 + 0.64
GVR

2009/2010 16.86 +0.75 6.52+0.44
GLMs P-value P-value
RNO vs. GVR 0.83 <0.001
GVR: 2008/2009 vs. 2009/2010 0.001 <0.001

In the introduced range, the environmental charaties of nests changed from
winter 2008/2009 to winter 2009/2010. Mean nestperature and soil water content in

the first winter were significantly higher thanthre second on@lable 4).

Mean soil temperatures = SE of winter nests (1&8&675°C) and control points
(15.8 £ 0.69°C) in winter 2009/2010 were not siguaifitly different from each other
(GLMM: F = 3.37,P = 0.07). However, the mean soil water content wgber at
control points (7.54 + 0.52%) than at winter néét§2 + 0.44%) (GLMM:P (>)?]) =
0.01) (Figure 5). The range of temperatures from winter nests undét bnd dark-
coloured rocks was 2.46 to 43.42°C (16.71 = 0.83%@) -1.06 to 50.11°C (18.71 *
1.46°C), respectively. A total of 26.67% (8/30) dérk-coloured rocks reached
superficial nest soil temperatures up to 40 to 45%le light rocks only once reached

superficial nest soil temperatures up to 4(Rigure 6).

In the native range, mean soil temperatures + Stwinfer nests (16.58 + 0.78°C)

and control points (16.59 £ 0.77°C) did not diftmtween each other (GLMM: =
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0.0005,P = 0.98). But the mean soil water content was higheontrol points (48.87

2.12%) than in winter nests (37.71 + 1.59%) (GLM®>[y?|) < 0.001)(Figure 5).
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Figure 5. Volumetric water content (VWC, %) (mean + SEfiter nests and control points at

the Gavarres massif (filled dots, n=90) and theuNdtReserve of Otamendi (open dots, n=44).
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Figure 6. Histograms of the maximum temperature (°C) redah&der (a) light-coloured rocks (n=46)

and (b) dark-coloured rocks (n=33) in the introdlicange.

Linear regressions showed a slight relationshipyéen winter nest soil water
content and nest temperature in both ranges (imtexi ranger? = 0.11,P < 0.01;
native ranger? = 0.077,P = 0.021) Moreover, in the introduced range winter nest

water content also depended on the canopy coveeahem (= 0.07,P < 0.001).

3.4 Monitoring and nest site fidelity in the introduced range

Colonies remained the whole year in the same me$b6i6% (14/90) of the cases.
During 2009, the degree of nest site fidelity dasesl gradually throughout the year
(51.1% in spring, 38.9% in summer and 27.8% in mumu In winter 2009/2010, the
Argentine ant returned to most of the monitoreds)esoncretely to 75.56% (68/90) of
them. In spring-summer, some of the abandoned n&sts colonized and used by other
native species, such aSrematogaster scutellarigOlivier 1792) and mainly by

Plagiolepis pygmae@ atreille 1798).
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Comparison of the environmental and physical charestics of the 22 abandoned
and the 68 reoccupied nests from winter 2008/200&inter 2009/2010 suggests that
the reoccupation of nests is related to their teatpee and soil moistur@able 5). The
mean temperature of nests occupied in winter 2Q0&'Dut abandoned the next winter,
was higher than that of those that remained ocdupigvinter 2009/2010. Additionally,
the mean temperature of nests occupied in wint€@9/2010 and those nests not
abandoned in 2008/2009 remained the same in batfs ¢leigure 7a). On the other
hand, soil water content remained constant in a&t$1 within the same winter
(2008/2009 or 2009/2010) and decreased in occugasts from the first (2008/2009) to

the second (2009/2010) wintgfigure 7b).

Table 5. Temperature (°C) (mean + SE) and VWC (f@an = SE) of the abandoned and
occupied nests in winters 2008/2009 and 2009/20&0MMs (Generalised Linear Mixed

Models)P-valuein bold italic is a significant valud>(<0.05).

temperature VWC (%)
0
Abandoned 23.67+1.99 8.11+0.90
2008/2009 .
Occupied 20.14 £ 1.17 8.99+0.77
Abandoned 1581 +1.19 6.22+0.73
2009/2010 _
Occupied 17.21:£0.91 6.61 +0.54
GLMMs P-value P-value
2008/09: Abandoned vs. Occupied 0.033 0.53
2009/10: Abandoned vs. Occupied 0.42 0.69
Abandoned: 2008/09 vs. 2009/10 <0.001 0.045

Occupied: 2008/09 vs. 2009/10 0.12 0.007
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Figure 7. (a) Temperature (°C) (mean = SE) and (b) VWC (#gan + SE) of abandoned and reoccupied
winter nests in 2008/2009 (open bars) and 2009/20i€y bars). Sample sizes are shown inside bars.
Letters indicate significant differences or simitias between abandoned or reoccupied nests among

years.

4. DISCUSSION

Vogel et al. (2009) suggested that native supentesocould be considered to be
homologous to the introduced supercolonies, and tthe only differences between
zones are their respective sizes. Furthermoregdins that native supercolonies are
smaller because they are additionally submittedh® pressure from other closer
supercolonies, native competitors and parasitegéVet al. 2009). These ecological
features do not allow supercolonies in the nataregge to grow and expand as much as

they do in introduced areas where this ant spesievasive (Suarez et al. 2001).

On the other hand, Heller (2004) suggested thavenaupercolonies are able to

grow and expand their spatial size by several rmeteery year. However, we observed
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that the spatial distribution of supercolonies ustsal winter 2011 in the RNO was
similar that which Vogel et al. (2009) found in ithstudy. Native supercolonies in the
firstly 2 km of the Islas Malvinas road were almtds same with regards to number,
length and distance between each other as thosel floy Vogel et al. (2009) in this
area. On the other hand, different results in theamm nest density of native
supercolonies within studies could be a consequehdke different sampling period
chosen. While we assessed nests in austral wisugr-August), they took the samples
during austral spring (October-November). In falots could be the reason why mean
nest density found by Vogel et al. (2009) were mben doubled those we found in
winter, suggesting that they found more but propaphaller nests due to the fission
period of the year. Taking this into account, itulcb be suggested that as in the
introduced range, it seems that nests within sgb@nes in the RNO follow the typical
cycle of fusion in winter and fission in spring (ke & Gordon 2006). In fact, if we
consider native supercolonies to be homologousttoduced supercolonies (Vogel et
al. 2009), in winter, nests will be aggregated tnaspatial range of these supercolonies
will be retracted (Enriquez ML, Abril S, Diaz M a@bmez C, unpubl.), thus becoming
further from each other. Moreover, later in spnvagive supercolonies may expand their
boundaries and the distance between their terriiorglers could be reduced. This could
well be likely the reason why we found the sameajllerand almost the same distance
between supercolonies but with a lower nest densityinter two years later (austral

winter 2011).

On the other hand, physical and environmental ciratics were similar for each
supercolony and for each studied area (native rindduced), as their individual winter

nests were located in sites of the same kind.
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Thus, the Argentine ant prefers to nest in winteirfg south and in places near
some plant structure, which provides them a closel fresource and a canopy cover
above the site. Additionally, it also prefers tshm areas where temperature and soil
moisture are moderate, rather than in areas witter@e climate conditions (Menke et
al. 2007). Moreover, in invaded areas winter nale were found mostly under rocks.
Its nesting behaviour (Newell & Barber 1913, Markif70, Heller 2004, Heller &
Gordon 2006) and its physiological characteristidslway 1998a) limit its activity and
its distribution range within these areas. We fouhdt the most important factors
driving nesting location in winter were those thalp to maintain optimal conditions
inside the nest for winter activity. They mainlycinde soil moisture, temperature,
factors related to the vegetation around the mest, orientation in both ranges, as well

as rocks in the introduced one.

However, Roura-Pascual et al. (2011) suggesteddioaal warming and human
activity is supposed to promote changes in the atiemranges of this ant species, as
they are main drivers of invasion by the Argentarg on a global scale. Moreover,
Roura-Pascual et al. (2004) also predicted an esxparof ant species to higher latitude
areas in the future. Against this background, wg heve to take into account the data
found on the Argentine ant abiotic preferencesfsting to predict which zones, where
this ant species is not yet present because lowpdratures, may be susceptible to
invasion in the future due to increasing tempeestwyith climate change. We therefore
expect that Argentine ant preferred nesting locatiwill be the same in these future

potential invaded zones as those found in our stmel.

Winter nests were located in places with a mealy daist soil temperature of 15.81
to 17.37°C during mid-winter in Otamendi. Thesepernatures do not differ from those

found in the natural invaded areas of the Gavaares Cadiretes massifs (16.11 to
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17.61°C), but both were slightly higher than thosgorted by Heller & Gordon (2006)
in California (13.1 + 0.4°C SD). However, the gexterend was similar, with the
Argentine ants more likely to nest in moderatelyrmwasites, which suggests that nest
soil temperature influences nest location. Addaityy these results also fit within the
range of temperatures found by Brightwell et aD1@) for foraging activity during
winter in northern California. This suggests tHa¢ tnid-winter nest soil temperatures
found in both ranges could also permit foragingvagt during this winter and thus,

they would explain the one observed during thietlmg Abril et al. (2007).

Winter nest temperature is closely related to rsest water content acting as a
regulator of soil moisture, sometimes diminishingtev content through evaporation
and at other time maintaining it at low levels asebiding desiccation. Nest soil
temperature is in turn controlled by other physieaitors of the nesting site, such as
orientation in both ranges (native and introducedhd rocks in the introduced one.
Canopy cover above winter nests may be relatetidadistance these nests are from
plant structures, which at the same time providamttwith a food resource near the
nesting site. This would explain why the Argentewat prefers to establish its nests
closer to trees and shrubs in both ranges, as rH&ll&ordon (2006) found in
California. Additionally, although canopy cover seenot to be a clue factor for nesting
site selection, it could have a two-side role, mgjdo avoid extreme temperatures and
also to avoid high levels of soil moisture insidssts. Retana & Cerda (2000) suggested
that canopy cover determines the percentage of esgbsed to the sun and the
proportion of ground surface subjected to low aghhtemperatures. In addition, it
seems that dominant species in Mediterranean emaeats usually have lower thermal
tolerance (Cerda et al. 1998, Retana & Cerda 206Qhat sense, the Argentine ant,

which is a well-known dominant species in this naltunvaded areas (Holway et al.
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2002a), could avoid reaching extreme temperaturgisle nests locating them in sites
protected by the vegetation. At the same timectropy cover in the introduced range
could be acting as a protection against precipitaiind optimizing moisture levels for
the nest. In fact, this is what seemed to happetmencontrol points, where the soil
water content was much higher than that of wintsts1 Although soil moisture in the
native range was also higher in control points timawinter nests, it seems that canopy
cover is not as important in preventing sudden saisture fluctuations in this area as

it is in the introduced range. This is becauséefflooding dynamics in Otamendi.

Soil water content in winter nests is much loweanthin control points in both
ranges, and it was higher in the native range thahe introduced one. These great
differences may be due to the ecological contexheftwo studied areas. In the native
range, Pampean wetlands are subject to contindoogifig. A mean annual rainfall of
1021 mm, the Parana River, canals floods and theepce of an almost superficial
water table that produces a slow permeability, favain accumulation. Contrarily, in
the invaded areas of Mediterranean cork oak fotbstsnean annual rainfall is 690 mm
and the geological characteristics of the areaeromthigher permeability, as well as a
much lower flood risk. These soil moisture condifoneed to be regulated by
temperature and orientation in the native rangd,k@nthese two factors along with the

help of canopy cover above winter nests in theothiced one.

Furthermore, it seems to be that orientation inhbnges and rocks in the
introduced range may also help to protect the fiest these extreme temperatures, as
well as capture sunlight to provide an additionahthsource to regulate nest soil
moisture and therefore maintain optimal environrakenonditions inside winter nests.
The main reason the Argentine ant nest faces smuitieast is that nests get more

hours of sunlight, making them warmer during winfénis could help to protect the
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colony from critically low temperatures that resultthe failure of the colony (< 5°C
longer than 9 days, Brightwell et al. 2010), aslwaslregulate high percentages of soil
water content inside nests. In the native rangeithan important issue, as in Otamendi
the Argentine ant is submitted to continuous owerfl from the Parana River and the
two canals alongside the road. In addition, thigl¢also help to maintain some ant
activity inside the nests or even to facilitateafging when the ambient temperature is
below the minimum foraging threshold for humileduring winter (Abril et al. 2007,
Brightwell et al. 2010). On the other hand, sevatdhors have suggested that rocks can
have thermoregulatory properties, which could efice the soil temperature around
them (Holldobler & Wilson 1990, Nobel et al. 199@)ptect the colony against extreme
temperatures, and provide a supplementary sourbeaif(Holldobler & Wilson 1990,
Tinaut et al. 1999, Ferndndez-Escudero & Tinaut919%omas 2002, Robinson 2008,
McCaffrey & Galen 2011). Other ant species, such Rasformica longiseta
(Collingwood 1978)Rhytidoponera metallic€mith1858), and-ormica neorufibarbis
(Emery 1893),have preferences for a specific sun exposure, thokness, rock
dimension and rock type (Tinaut et al. 1999, FedearEscudero & Tinaut 1999,
Robinson 2008, McCaffrey & Galen 2011). Thus, we saggest that the Argentine ant
may also have preference for a specific nest gpge in the introduced range, as its
winter nests were built more often under rockshéiligh the rock colour seems not to
be a key factor in nesting site selection, thereevé®mewhat more light-coloured than
dark-coloured rocks. Light-coloured rocks probablgip to regulate critically high
temperatures (> 40 to 44°C, Jumbam et al. 2008)ramydprevent the heating effect that
may cause the dark-coloured rocks. In fact, theatéel temperatures that some of the
abandoned dark-coloured nests reached (up to 4880l be a reason why those nests

were left behind. This suggests that the abandohoféhese nests during this period in
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the introduced range was due in part to these metreemperatures, which forced
colonies to relocate to other nests in order td ftooler and somewhat more humid

locations.

In addition, we found that the Argentine ant tetalaest under a wide range of rock
dimensions, from 12 to 1176 énirhis seems to indicate that the Argentine arthen
introduced range may take advantage of all rockslae for nesting regardless of
their size, suggesting that they do not have atgrgaeference for any particular rock
size when funding their nests. However, other peti®es such aBroformica longiseta
(Collingwood 1798)referred larger rocks for nesting, but rock siagies because of
rock size availability, taking into account the essary range for nesting (50-250%m
These results suggested that there was not a oekl selection regarding to rock
dimensions, and th&. longisetaseemed to choose suitable rocks on the basis iof the
thermal properties (Tinaut et al. 1999). In fabistis what seems to happen with the
Argentine ant, which was found nesting as well uradeiide-range of rock dimensions
suggesting that nest selection would be done alposterioribased on whether the

properties of the rock were suitable or not fortimgsin winter.

In the introduced range during the survey perad;ironmental changes occurred
in the study region. The first winter (2008/09) whe hottest and driest in the ten last
years, and the second winter (2009/10) was theesbloh the last two decades, but
driest then the previous winter (Database of Autietrideteorological Stations (EMA)
of the Catalan Government). It is known that somitespecies change their nesting sites
according to the environmental conditions arounel mlest (Tinaut et al. 1999). The
Argentine ant is one of those ants which shiftsésting behaviour depending on the
requirements of the moment (Newell & Barber 1913ykih 1970, Benois 1973, Heller

& Gordon 2006, Heller et al. 2006, Abril et al. 3i). The higher temperatures and
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dryness during the first winter could have triggetlee shift of nest locations to more
humid places to avoid desiccation, which couldheereason why we found higher soil
moisture inside nests during in winter 2008/09. d&bwver, these harsh conditions could
be one of the reasons why the Argentine ant abatteome of the winter nests of
2008/09 and looked for more suitable sites to nlestfollowing winter. However,
bimonthly monitoring confirmed that in a high pentage of cases (75.56%) the
Argentine ant returns to the same winter nestirgelear after year. A total of 15.6%
of the 90 monitored nests were active the whole.y@ae explanation for winter nest
activity throughout the year may be that nests reraative due to their size and the
high density of individuals inside them, indicatithgg existence of mature nests that act
as mother nests, as suggested by Heller et al.8800rhese mother nests may
constitute a major source of queens for the coldrmna of new non-invaded areas in the
expansion period of the species. Although we ditdfimal any relation between rock
surface and nesting site fidelity in the presenidgt we found a nest size-fidelity
relation in CHAPTER 3. In this section, larger nests in invaded areamaneed
inhabited longer, or even for a whole year, comghace smaller nests supporting the
assumption that the winter nests found active tifinout the entire 2009 and in winter

2009/10 inCHAPTER 3 were probably mother nests.

In summary, as Vogel et al. (2009) suggested, @asupercolonies could be
compared with and considered to be homologousttodaced supercolonies in all but
size. First, it seems that they also follow a ye@dttern of fusion-fission of nests and
second, their nesting behaviour in winter is simitathat in invaded areas. The location
of Argentine ant winter nests is influenced mostysoil moisture and temperature, as
well as factors regulating them. Therefore, a neatlistance to the nearest tree and

southern orientations in both ranges, and canopgrcand the shelter of rocks in the
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introduced range help to avoid high levels of sodisture. These characteristics also
protect the colony from extreme temperatures, amht@in optimal environmental
conditions both for inside nests, and for colonyivity during winter. Against this
background, we conclude that winter nesting sitessamilar in both introduced and
native ranges. Differences observed in some ofdb®rs studied here are due to the
contrasting ecological contexts of the Natural Resef Otamendi and the Gavarres
and Cadiretes Massifs. Thus, as Vogel et al. (26Q@)gested, the success of the
Argentine ant as an invasive species does noimelyshift in social organisation nor on
a shift in its mode of nesting associated withititieoduction to new habitats. Moreover,
the winter nesting behaviour of the Argentine antthe invaded areas seems to be
intrinsic and it needs only to make minor behawbwadjustments to allow it to take
advantage of all the available resources in themiht ecological contexts in which it is

nesting.

This information helps to improve the knowledge Afgentine ant’s nesting
behaviour in winter in its native and introducedges, as well as information about the
spatial range of winter nests and native superioesorHowever, further data about
queen biology and physiology in both ranges aredegeto better understand the
expansion, and thus, to initiate control methodsetaon the reduction of queens inside

winter nests in invaded natural areas.
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Shifts in energy investment in queens of the Argemte ant in response

to different ecological contexts

1. INTRODUCTION

The Argentine antLinepithema humileMayr 1868) is a well-known invasive
species (Lowe et al. 2000). Native to South Americhas spread worldwide through
commercial activities (Suarez et al. 2001) to anedk Mediterranean-type climates
associated, usually, with human-altered habitatgan& et al. 1998). However, its
ability to invade natural areas with low levels aithropogenic disturbance is also
widely recognised (Holway 1998a, Gomez et al. 2008}hese areas, its effects on the
ecosystem are extremely harmful since it negatiiralyacts native ant faunas (Human
& Gordon 1996, 1997, Holway 1998b, Suarez et aD120and causes changes to
important ecological processes such as seed ddg&snd & Slingsby 1984, Gomez
& Oliveras 2003) and pollination (Visser et al. 898lancafort & Gomez 2005), which

in turn produce significant disruptions in ecosystessemblages.

Attempts to eradicate the invasion from affectetlrad areas without eliminating
the queens, which constitute the reproductive paf¢he colony, have met with little
success (Krushelnycky & Reimer 1998a, 1998b). Meeeothese methods have
employed chemical procedures that are banned i swotected natural areas, making

the invasion still more difficult to deal with.

As the probability of success in eradicating arnasive species decreases with an
increase in its distribution range (Myers et alD@)) the eradication of the Argentine ant
in natural habitats over hundreds of hectares astwally impossible. In such places,
slowing its rate of spread by making the eliminatod queens the main objective of any

control method applied may be the best way to marnhg invasion. This is no easy
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matter due to the species’ highly polygynous naftine presence of more than one
gueen in each nest) (Keller 1995) and its unicaliotyi (Passera 1994), where a lack of
territorial boundaries allows it to create a langetwork of interconnected nests.
Successfully eliminating Argentine ant queens iturad invaded environments in a

more efficient way requires detailed informatioroabtheir invasive process related to
its physiological and ecological traits. In thanse, we wonder if colonies in the

invaded-front of the introduced range may use naffieient colonising strategies to

increase their invasive potential than those initlkaded zone and additionally if these
strategies have changed in reference to colonid®ein native range. If that is the case,
the application of control methods to eliminate epuein the invaded-front may be more
effective than their application in the invaded eoiihe differences between the two
ranges studied could help us to better understatietse are an adaptation to improve

invasiveness processes in natural areas.

Until now there have been few studies of the dywanoif Argentine ant queens in
natural environments that could help us answerethgisestions. Ingram (2002b)
observed that nests in the invaded-centre of aasiom contained more queens than
those in the invaded-front. Keller et al. (1989a)edted an annual execution of queens
carried out by their own workers in May, and Alailal. (2008b) observed that, due to
this and nest aggregation in winter and nest sgittn summer, Argentine ant queen
densities in nests vary seasonally, being highevimter through the creation of the so-
called “winter colonies”, and lower in spring angivemer, through the creation of the
“summer colonies”, characterized by their smalesand lower density of workers and
queens (Newell & Barber 1913, Markin 1970, Bend§'3, Heller & Gordon 2006,

Abril et al. 2008Db).
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Unfortunately, there is still a lack of informatisagarding Argentine ant invasion
strategies in relation to the queens. This studnisttempt to compare different traits
of the biology and physiology of the queens in sis#uated in the native range and in
the introduced range, at the forefront of expangiomaded-front, in contact with the
native ant population) and in the totally invadeshe (invaded-centre, where the
Argentine ant is almost the only ant present). Tigld help us to better understand the
invasion process in natural environments and kndwther the energy investment of
the colony has changed in the process to becommimgvasive species. Specifically, we
want to (1) examine for differences in Argenting gueen densities in nests from the
native range and the two areas (invaded-front amndded-centre) of the introduced
range, (2) examine for differences in the fat contef queens, (3) examine for
differences in the queen/worker thorax volume ratd (4) compare queen oviposition
rates between invasion sites. All these parameterggood estimators of the invasive
capabilities of the colonies, as they are direatjated to dispersion speed and
successfully colony foundation (Hélldobler & Wilsd®77, Keller & Passera 1989,
Stille 1996, Bruna et al. 2011). According to seVvstudies, the native range and the
invaded-front may offer more available nest sitesl fod resources (Suarez et al.
1998, Ingram 2002b, Tillberg et al. 2007). In castr there is a greater competition
pressure for these available resources as a i&stlile native ant community resisting
the invasion, and the additional pressure fromrtio@in intraespecific competition
(Heller 2004), natural predators and parasitesheir tnative range (Orr et al. 2001,
Tsutsui et al. 2001, Holway et al. 2002b, Reuternlet2005, Vogel et al. 2009). In
addition, it seems that increasing queen numbers nest is a colony’'s way to fill
empty niches quickly when the environment has @&ngtr competitive pressure

(Holldobler & Wilson 1977). On the other hand, tfa content of queens and the
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queen/worker thorax volume ratio seem to be relatgtth a successful colony

foundation (Keller & Passera 1989, Stille 1996)higher fat content of queens could
be an Argentine ant skill to increase their surviaad, hence, achieve a successful
colony foundation in highly competitive areas. Hglndexes of queen/worker thorax
volume ratio seem to indicate queens with biggerakes (Stille 1996), and thus,

higher long-range dispersals (Bruna et al. 2011yaiAst this background, we

hypothesised that the number and fat content okmgieand queen/worker thorax
volume ratio should be following a gradual gradigmough the three studied areas,
from higher to lower values as follows: native renmvaded-front, and invaded-centre.
The oviposition rate is closely linked to the numbé queens per nest, therefore we
expected a higher oviposition rate in queens fromitvaded-front than in queens from

the invaded-centre.

2. MATERIAL AND METHODS

2.1 Study areas

The dynamic in Argentine ant colonies vary seasdpn@&ewell & Barber 1913,
Markin 1970, Benois 1973, Heller & Gordon 2006, et al. 2008b) in both native
and introduced ranges (Vogel et al. 2009). In wimests contain a greater density of
queens and individuals as a result of a regroupmgess, and in spring they split into
smaller nests, with a lower density of queens andkers, as a result of a dispersion
process. These are the winter nests that contarclties to the species’ dispersion
power in spring and the invasion of new habitatst this reason all the samples

obtained in the present study were taken from wimésts.
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2.1.1 Introduced range

The samples were taken from three different Argentant invasion limits
(referred to as fronts of invasion) in invaded codk secondary forests: two located at
the southern edge of the Gavarres massif, in th@sasf Santa Cristina d’Aro (CA, 41°
48 51.71"N; 3° 01’ 50.57”E), and Pedralta (PD1%447’ 31.53” N; 2° 58’ 52.79” E),
and one in the Cadiretes massif, in the area oftaPuawva (PB, 41°46'13.51"N,
3°00'17.93"E) in the northeast (NE) of the IbefR@EminsulgFigure 1). The three zones
were at least 7 km apart from each other. Thisoregas a Mediterranean climate with

690 mm of mean annual rainfall and a mean temperatul5.5°C.

We defined the invaded-front as where both Argenéints and native ants are in
contact, and the invaded-centre as where we foumdraabundance of Argentine ants
and a low presence of native ants. The contactthaedinvaded zones of all three
localities were in close proximity=(.5 km apart) and had similar environmental
characteristics, which meant that possible diffeesnn terms of nest density would not

be related to abiotic differences between the tarmes.

Figure 1. Location of the three study areas of the invadede (CA: Santa Cristina d’Aro front,

PD: Pedralta front and PB: Puntabrava front), @p@ource: Googl&' earth 2012)
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2.1.2 Native range

The study in the native range was carried out engbstral winter of 2011 (July
and August) in the Natural Reserve of Otamendi (RI8@°1403"'S 58°5310"0),
approximately 50 km north of Buenos Aires, Argeatiift was conducted in Pampean
wetlands along the first 2 km of the Islas Malvimaad that joins the railway station
Ingeniero R. Otamendi to the Parana River (Wild&@edersen et al. 2006, Vogel et
al. 2009). Winter nests were searched in both sifieke road, at approximately 4-m-
wide strip of vegetation between the road and #Hreals running parallel to (Figure
2). This region has a Mediterranean climate with a maamual rainfall of 1021 mm

and a mean temperature of 16.3°C.

58°54'0"W 58°48'0"W
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Figure 2. Native studied area in the north of Buenos Airegjefstina. Figure on the bottom left
represents the geographical province of BuenossAtte red circle indicates the location of the
Natural Reserve of Otamendi (RNO in Spanish). Fgur the right represents the RNO (source:

http://www.ambiente.gov.ar/?idarticulo=534%lark blue line indicates the 2 km section of the

area sampled on the Islas Malvinas road and pi¢EurEatd) on the top left represents the native

area sampled of these 2 km section.
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2.2 Supercolonies in the native range

In order to characterize the Argentine ant popalatin the Natural Reserve of
Otamendi, we followed the same procedure as Vogell.e(2009). We conducted
aggression tests between pair of workers from adfagests to determine the number of
distinct supercolonies present along the first 2d€rithe road sampled from the railway
station to the Parana RiveaEIAPTER 1). Like Vogel et al. (2009), we considered a
“supercolony” to be each group of nests linked vatltcomplete lack of aggression
between each other, but with a very high aggresaimong supercolonies. Number,
distribution and density of supercolonies in thdivearange were assessed as in
CHAPTER 1, section 2.2 We evaluated queen density, queen/worker thocdmne

ratio and fat content in queens between each solpescfound.

2.3 Queen density in native and introduced ranges

We estimated Argentine ant queen density per tifraest soil, taking samples of
two litres of soil from 24 nests in each locality the native (Otamendi) and the
introduced ranges (Santa Cristina d’Aro, Pedrahd &untabrava). In the invaded
localities 12 of these nests were from the invackatre, and the other 12 were from the

invaded-front.

In total, we sampled 72 litres of soil from 36 drént nests in each zone of the
introduced range (invaded-front and invaded-centme) 48 litres of soil from 24
different nests in the native range. Nests in thie®duce range were taken in the boreal
winter of 2010 (January to March) and nests inntive range were taken in the austral
winter of 2011 (July to August). Once in the laliorg, we manually extracted the

gueens present in each sample.
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2.4 Queen/worker thorax volume ratio in native andntroduced ranges

We collected a total of 300 queens and 300 workers eight different nests in the
invaded-front and 290 queens and 290 workers fr8rdifferent nests in the invaded-
centre of the introduced range, and 90 queens amnkkevs from 17 different nests in the
native range. We made a dried collection of thggeimnens and then we estimated the
worker and queen thorax volumes (length x widtheight) in order to determine the

queen/worker thorax volume ratio, as in Stille @P9

2.5 Fat content of queens in native and introducedhnges

We collected queens from nests situated in the@asinge and in the invaded-front
and the invaded-centre. We collected a total ofjddens from 10 different nests in the
native range and 161 queens from 15 different rastis131 queens from 10 nests in
the invaded-front and invaded-centre, respectivle. killed them with ethyl acetate
vapor in the laboratory and then followed the sgmecedure as Keller & Passera
(1989) based on Peakin (1972). We first determitied individual fresh weight of
gueens, and then dried them at 70°C for 24 houtsr #at, we determined their dry
weight and extracted the fat with petroleum eth@iling point 40-60°C) and a Soxhlet
apparatus over 24 hours. The queens were then dgaah at 70°C for 24 hours and
weighed. All weights were determined to the neat€Stg. Fat content was expressed

as a percentage of dry weight.

2.6 Daily oviposition rate of queens in the introdoed range

In order to asses if there were differences betweerviposition rates of queens in
nests in the contact and the invaded zones, weatetl in both Santa Cristina d’Aro
and Pedralta a total of 24 queens from six differasts in each zone (four queens per
nest). In the laboratory, we created six artifipalygynous nests with four queens for

both the contact and invaded zon&ach nest had the same ratio of workers to
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gueens—approximately 200 workers per queen (800kevsr per nest). All the
gueens/workers in the artificial nests came frommgame nest in the field. The artificial
nests were made up of a regular plastic box (180xdh5 mm and 35 mm high) fitted
with a layer of dry plaster of Paris connectedrkdtg to a smaller box (75 mm x 50 mm
and 25 mm high) by a cotton-wool wick permanentlycontact with a piece of cotton
soaked in water. To prevent escape, the inner sidge coated with liquid PTFE
(Fluon ®). The ants were fed daily with a variamttiee artificial diet described by
Keller et al. (1989b), reported in Abril et al. (38a), which allowed a healthy
production of workers and sexuals and high fecyniitqueens (Abril et al. 2008Db,
2010). The nests were incubated at 28°C, the optengerature for queen oviposition
in the Argentine ant (Abril et al. 2008a). Aftereoweek of incubation in the laboratory,
the queens were subjected to an oviposition testftilowed the same procedure as in
Abril et al. (2008a). In brief, this consisted @blating the queens individually and
some of their workers (3-5 workers) in test-tubstador 24 hours. After this period we
counted the eggs laid by each queen. The testrieikts were plastic tubes that used the
same mechanics as the nests described above tmedowmidity to the individuals.
They were 70 mm long x 10 mm in diameter, withaspt top covered on its inner side
by a layer of dry plaster of Paris connected byickwf cotton wool to a small chamber
filled with water. In order to be able to identiach queen throughout study, we
marked them with Uni Paint marker pens (MitsubiBbencil Co., LTD.) on the dorsal
surface of their thorax. The oviposition rate otleaueen was measured every four
days, for a total of six times. The duration of #tedy was one month, from March to
April 2009, comprising the period when the ovipwmsit of the queens was at its

maximum (Benois 1973).
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2.7 Data analysis

We made all the comparisons between queens fromaine range and the contact
and invaded zones of the introduced range and eetaepercolonies, using generalised
linear mixed models (GLMMs).

Comparisons between queen densities per litre ibf fab content of queens and
oviposition rate was assessed using GLMMs with iadéo error distribution and a log
link function. In the case of queen densities e lof soil, the area (Santa Cristina,
Pedralta, Puntabrava or Otamendi) was used asdamafactor and the zone (native,
invaded-front or invaded-centre) as a fixed factorthe case of fat content of queens
and the oviposition rate we used as a random fabmrnest and the zone (native,
invaded-front or invaded-centre) as a fixed fac@wmparisons between queen/worker
thorax volume ratio and supercolonies in the natiaege were performed using
GLMMs with a Gaussian error distribution and annitity link function. In the case of
fat content and queen/worker thorax volume rahe, riest was used as a random factor
and the zone (native, invaded-front or invaded+e@rdas a fixed factor. In the case of
supercolonies we used as a random factor the ndsha supercolony as a fixed factor.

We also used lineal regressions to evaluate thatigekhip between the
characteristics of each supercolony and queen tye@@W thorax volume ratio, thorax
volume of queens and workers, and fat content sfsnia the native range. All statistics
were calculated using the R 2.12.1 for Windows pgek(R Development Core Team
2010) for all analyses. Queen density was log-foanged to achieve normality in lineal

regressions.
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3. RESULTS

3.1 Supercolonies in the native range

We found six supercolonies, whose location wouldchawith those found by
Vogel et al. (2009), along the first 2 km sampledtioe two sides of the road from the
railway station to the Parana River. The charagties of each of the six supercolonies
are given inFigure 3 andTable 1 of CHAPTER 1. Energy investment in queens of

each supercolony present in the native range wasnswised infable 1

Table 1 Energy investment in queens of the Argentinesapercolonies at the Natural Reserve of
Otamendi (n=No. nests, refers to the number ofrdishests of each supercolony) (mean = SE). GLMMs
(Generalised Linear Mixed Models) showing differendetween native supercoloniBsvaluein bold

italic is a significant valueH < 0.05.

Supercolony ID  Number of Q/W thorax queen thorax worker thorax ~ Fat content
(n=No.nests) queens per nest  volume ratio  volume (mm?)  volume (mm?®)  in queens (%)

ST (n=9) 7.00 +2.55 2047 +£1.92 2.11+£0.13 0.11+£0.02

S2 (n=5) 35332279 17.70 £ 0.76 1.96 £ 0.05 0.11=0.00 49.81 +3.05
S3 (n=1) 5.00+0.00 22.13+£0.90 2.09+0.06 0.09+0.00

S4 (n=2) 5.50+0.00 16.04 £ 1.07 1.93+0.06 0.12+0.01 52.06+9.21
S5 (n=14) 1991 +£4.33 17.20 +0.49 1.93 £0.02 0.12+0.00 37.73+5.40
S6 (n=13) 363+1.18 17.95 £ 0.69 1.98 +0.03 0.11 +0.00 34.16+3.32
GLMMs

P-value <0.001 0.59 0.14 0.20 <0.001

The mean queen density per litre of nest soil fanneach supercolony of the native
range was very variable: from 1.00 to 79.50 quéeasd differed within each other, as
well as fat content in queens. Moreover, supergefortontaining more nests, and
therefore larger ones, had a higher queen densityitpe of nest soilrf = 0.187,P =

0.035) and invested less in queen fat reservés (0.15, P = 0.008). The mean
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gueen/worker thorax (Q/W) volume ratio and meanequand worker thorax volumes

in the native range did not differ among superc@sn

3.2 Queen density in native and introduced ranges

Queen density per litre of nest soil for each & three sampling areas (native,

invaded-front and invaded-centre) are summaris@abie 2

Table 2.Values for energy investment in queens in termguefen density, Q/W thorax volume ratio,
queen and worker thorax volume (Mmand fat content in queens (%) (mean * SE). GLMMs
(Generalised Linear Mixed Models) showing the ddfices between each sampling zdezaluein

bold italic is a significant valué’(< 0.09. Inv-front: invaded-front, Inv-centre: invadedntee.

Number of Q/Wthorax  queen thorax worker thorax ~ Fat content
queens pernest  volumeratio  volume (mm?)  volume (mm*)  in queens (%)

Native 15.75+£3.74 17.62 £0.35 1.95+0.14 0.11+£0.02 40.18 £2.59
Inv-front 12.76 £ 2.24 30.20 £ 4.25 2.63+0.20 0.08 +0.01 36.00+ 1.95
Inv-centre 4.47+0098 28.00+ 0.20 241+£0.20 0.08+0.01 31.50 + 1.66
GLMMs P-value P-value P-value P-value P-value
Native vs. Inv-front 0.51 <0.001 <0.001 <0.001 0.26
Native vs. Inv-centre 0.02 <0.001 <0.001 <0.001 0.006
Inv-front vs. Inv-centre <0.001 <0.001 <0.001 0.22 0.19

Queen density per litre of nest soil in the nataege did not differ from that of the
invaded-front, but was much higher than that of itheaded-centre. Moreover, queen
densities per litre of nest soil were higher in itheaded-front than in the invaded-centre
(Figure 3). Additionally, the number of workers per litre 8bil in nests with more
queens as in the native range and the invaded-&isot seemed considerably higher
than the ones in the invaded-centre with low numiifequeens per nest (personal

observation).
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Figure 3. Queen density (mean + SE) measured as numbeuesng per litre of soil in the
native range (n=24) and the two zones (invadetfeord invaded-centre, both n=36) of the

introduced range. Contact: invaded-front, Invadedaded-centre.

3.3 Queen/worker thorax volume ratio in native andntroduced ranges
There were significant differences between the glrearker (Q/W) thorax volume

ratios in the native range and the two zones oirttreduced onéTable 2).

The mean Q/W thorax volume ratio in the native eamgs lower than in the invaded-
front and in the invaded-centre. Moreover, the QA&tax volume ratio was higher in

the invaded-front than in the invaded-cerfigure 4).

These results were due to differences in thorammek in queen@able 2). Queens
in the native range were smaller than those inrtiaded-front and the invaded-centre

of the introduced range
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Figure 4. Q/W volume ratio (mean * SE) in the native raf@eB89) and in the
two zones (invaded-front, n=300 and invaded-egmt= 290) of the introduced range.

Contact: invaded-front, Invaded: invaded-centre.

Additionally, queens in the invaded-front were lagdhan those in the invaded-
centre(Figure 5a). However, the thorax volumes of workers were thaeséor the two
zones of the introduced range, while they both venaller than in the native range

(Figure 5b).
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Figure 5. Volume measurements (mean + SE) of (a) Argentireegs and (b) Argentine workers in the
native range (n=89) and the two zones (invadedifrorn300 and invaded-centre, n=290) of the

introduced range. Contact: invaded-front, Invadedaded-centre.

3.4 Fat content of queens in native and introducedhnges

The mean fat content in queens’ results shows diggraof fat reserves investment
from the native to the most invaded zqf@ble 2). The percentage of fat content in
queens in the native range was the same as imtaded-front, but it was much higher
than in the invaded-centre. However, colonies @&f ithvaded-front and the invaded-

centre of the introduced range invested the samaeen fat reservggigure 6).
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Figure 6.Fat content in queens (mean + SE) of the natingegdn=44) and the two
zones (invaded-front, n=131 and invaded-centr&6f) of the introduced range.

Contact: invaded-front, Invaded: invaded-centre.

3.5 Daily oviposition rate of queens in the introdued range

The daily oviposition rates of queens from bothesoof the introduced range were

not significantly different (GLMMP (|>¢?) = 0.57)(Figure 7).
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Figure 7. Daily oviposition rate of queens (mean + SE) othbzones (invaded-front,
n=144 and invaded-centre, n=137) of the introduedade. Contact: invaded-front,

Invaded: invaded-centre.

We also calculated the individual contribution atk queen to the daily oviposition
of the whole artificial nest, and observed thaslincases it was always the same queen

that contributed mogFigure 8).
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Figure 8. Individual contribution to the oviposition of tteolony (%) from (a) nests situated in the
contact zone (invaded-front) of the invasion andn@sts situated in the invaded zone (invaded-egofr
the invasion. Each colour of each stack represbetproportion of eggs laid by one of the four queef

the artificial nest (colony) in relation to theabbf eggs laid by the four queens in 24 hours.

4. DISCUSSION

According to Keller & Passera (1988), colony invesit in gynes can be altered by
changing the energy content of each gyne and/ochianging the number of gynes
produced. The findings of this study suggest thaeAtine ant colonies situated in the
native range and the invaded-front of a naturad aneke the same investment of energy
in gynes in terms of number of queens. These cedohave more queens than colonies
situated in the invaded-centre. It seems that gigken numbers can be considered as a
colony’s way of adapting to the need to fill empighes quickly (Holldobler & Wilson
1977). Thus, these differences in queen densitasha an adaptation to the ecological

differences between these zones. The native andntleled-front may offer more
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available nest sites and food resources than tiueased habitat of the invaded-centre
(Ingram 2002b). In addition, the well-structuredrsounity of ants in the native and the
invaded-front force the Argentine ant to competefémd resources and nesting sites
with other native ant species. In their native ergpproximately 51 ant species
(Cabrera 2009) compete against the Argentine amesof which are highly dominant.

The same occurs in colonies of the invaded-frohigne they have to compete with the
native ant species resisting the invasion (Cas20&sgl), consisting of approximately 17
species (M.L. Enriquez, S. Abril, M. Diaz & C. Gémenpubl.), some of which are

also highly dominant (Cerda et al. 1997). On theti@oy, in the invaded-centre there is
less pressure on colonies to compete for food astng sites. This is because the only
ant species remaining in the invaded-centre thalbusiadant enough to compete with the
Argentine ant isPlagiolepis pygmaeaLatrielle 1869) (Oliveras et al. 2005), a
subordinate species (Cerda et al. 1997) which stexvith the invader in apparent
equilibrium (Abril & Gomez 2009). Under these cdimhs, colonies in their native

range and the invaded-front may increment theirequéensities in order to increase
their chances of success in colonising new areasieMer, we expected to find a higher
number of queens in the native range than in thaded-front, as the Argentine ant in
the former is additionally submitted to the presswf intraespecific competition,

natural predators and parasites (Orr et al. 208atsti et al. 2001, Holway et al. 2002b,
Reuter et al. 2005, Vogel et al. 2009). So, a dnigilumber of queens per nest could
increase their survival and achieve a successfidngofoundation in this highly

competitive area. Nevertheless, another possihiaeration for the increased number
of queens in the native and the invaded-front ctxgdhat interspecific competition for

nesting sites left less suitable places to nestimer, forcing the Argentine ant to fuse
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more summer nests, thus, a greater number of qaeehworkers, in a small number of

winter nests.

Our results in regard to queen densities in thedhiced range do not agree with
those obtained by Ingram (2002b) in an invadedrabfairea of the Haleakala National
Park in Hawaii. This may be due to the samplinggaerWhile we took samples in
winter to coincide with the period of higher quesgnsities in the nests (Abril et al.
2008b), Ingram (2002b) collected the nests lat&glyf sampling summer colonies,
which are smaller and have a lower density of gsdéril et al. 2008b). This could
explain why she found mainly monogynous nests endbntact zone of the invasion,
probably because they had recently been foundegubgns who had abandoned their
mother nests. Differences between the two studieddcalso be a consequence of
different ecological contexts in the respectivetaohzones of the invasion. Unicolonial
species such as the Argentine ant form coloniesasfy small nests with few queens in
areas where there is little competition or predatizvhereas in more competitive
environments, larger nests are built because tlfiley more protection from colony
mortality (Hee et al. 2000). The Haleakala Natioiark is characterised by its
relatively few competitive constraints, since traive ant population coexisting with
the invader is formed by only two species, andhegits particularly aggressive (Ingram
2002b). This could explain why in this area nestthe contact zone of the invasion had

fewer queens and were mainly monogynous.

On the other hand, it seems that in social indbetsize of reproductive individuals
is associated with dispersal capabilities. Thugydasized queens are associated with
long-range dispersal and vice versa (Bruna et @L1P Taking this into account,
colonies in Otamendi and in the invaded-front o thtroduced range, which have a

high competition pressure from other native anes,sapposed to invest more energy in
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creating larger queens so as to ensure new colaiiliese established more quickly in
these areas following dispersal from the mothertsnes spring. Although this
assumption could fit with colonies in the invadedat, queens in the native range were
smaller than those in both zones of the introdumed. This may be due to that the
common intraspecific aggression in the native ramgakes them reduce their
interspecific competitive ability. As a result dfig, the Argentine ant should coexist
with numerous species of ants in their native raage® not be as numerically dominant
as they are in the introduced one (Holway et aD22). Moreover, they may even not
need such a long-range dispersal as the invasleayof the introduced range. But this
is only an assumption, and further research orrdlation between bigger queens and
longer dispersal on foot among Argentine ant quesngeeded to contrast this idea.
Another possible and non-excluding explanationhelse differences in the abundance
and size of gynes could be related to the redudfdx-rich protein sources in the areas
situated behind the front of invasion and in thegtive range, affecting the production

of queens through the reduction of their protetake (Tillberg et al. 2007).

On the other hand, as suggested by Keller & Pag$888) in the case of dependent
mode of colony founding, reproduction investment pelony not only depends on
reproductive units, but also on the amount of wigkehich leave the nest with the
queen(s). They also suggest that larger species pfoduce lower numbers of workers
than smaller ones during colony founding (KelleP&ssera 1989). We found that in its
native range the Argentine ant produces smalleemgi@and larger workers than in both
zones of the introduced range. One explanationtHisr could be that colonies from
invaded areas produce smaller workers, as theyease costly energetically. So the
species could reproduce more and faster, creatimgheer number of workers in these

areas (Holway et al. 2002a), which give them a éighvasiveness potential (Heller et
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al. 2008b). Another possibly explanation could battcolonies in the native range
invests more resources to rear the workers thatlatér follow the queen when she
leaves the mother nest than in gynes. But moreestabout morphology in workers are
needed to answer whether differences in worker lsgte/een both the native and the
introduced range could be a strategy to increaseess in invasiveness processes in
introduced areas or/and a strategy to increaseessaghen they found new colonies in

the native range.

Data on the fat content of mature Argentine antegyreveal that although values in
the introduced range are relatively high for a aeleat colony founding queen, they
fall within the range of data for ants of this kinghile queens in the native range go
above the dependent colony founding threshold sigdeby Keller & Passera (1989).
This high variability in fat content of mature qusen the Argentine ant could be due
to different second adaptations to nest establisbirategies in each range. Keller &
Passera (1989) proposed that large queens may loeed amount of energy in
proportion to their weight for their own metabolisAdditionally, larger queens often
produce lower number of workers than smaller onesngd colony founding, and
therefore need less fat reserves to rear themdKé&llPassera 1989). Considering this,
larger and less fatty queens in the invaded zomelldhproduce a lower number of
workers than those smaller and fattier queens tl@mative area. Instead of it, workers
in the introduced range are smaller and maybe momeerous (personal observation)
than those workers in the native range. Given this Argentine ant could be producing
larger queens in the introduced range which, acegrit Keller & Passera (1989), need
less fat reserves for their own, and thus, partheke queen fat reserves could be
invested in producing smaller workers but a gresmhiper of those. Therefore, it seems

that the Argentine ant may be doing potential shiftsome of its biological strategies
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(i.e. size of queens and workers, and fat contequieens) linked to the increasing of its
invasiveness in the introduced range. Additionathg Argentine ants’ thorax volume
ratio in both zones of the introduced range isejhigh, indicating that although they
have a dependent mode of colony founding (Hee. &08I0), their queens’ morphology
is best fitted to one of independent colony fougd{Btille 1996). This suggests that
queens in both the invaded-front and the invadedreeof the introduced range are
morphologically well adapted to carrying out indegent colony founding (as their
queen/worker thorax volume ratios indicate), butyspblogically they are not,

indicating there is a halfway point between indejsm and dependent colony
founding. Curiously, similar results were found the invasive antasius neglectus

(Van Loon, Boomsma & Andrasfalvy 1990). This spstieolony founding mode is

dependent, but it is morphologically qualified trny out independent colony founding

(Espadaler & Rey 2001).

However, the Argentine ant in its native range dobke physiologically and
morphologically well adapted to carrying out indegent colony founding (as
gueen/worker thorax volume ratios and percentagatafontent indicate). As there are
no studies reporting the mode of colony foundingnafive colonies of the Argentine
ant, could these differences between ranges besult ref shifts in the colony’s
strategies to become an invasive species in tihedimted range? And moreover, could
the coincidence in results with neglectusbe the result of the invasion processes of
these species in each of their introduced ranges3hEd light on these questions,
further research on the mode of colony foundinghete two species.(humileandL.

neglectuyin their natural ranges is needed.

There are no differences between the ovipositidesraf queens from nests in the

two zones of the introduced range. It seems thatnarease in their reproduction
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capabilities is not a decisive factor in the qurclalonisation of new habitats.
Moreover, there is always a single queen that dmrt's most to the oviposition of the
colony irrespective of the zone. A previous studytbe fecundity of Argentine ant
gueens proved that in polygynous nests there waayal a queen that contributed
proportionately more to egg laying than the otl{étsil et al. 2008a), but the study did
not answer the question of whether or not this queas always the same queen. We
have resolved that question in this study, buhfrrresearch is necessary to understand

the mechanisms that make that particular queen fedike than the others.

To sum up, the ecological and morphological diffiees found in the present study
regarding the Argentine ant queens seems to redpahe different ecological contexts
between the three zones studied (native, invaded;frand invaded-center). The
different strategies adopted in each zone wouldigeothe colonies with different skills
to compete for available resources and to asswseceessful new colony founding.
These skills are, a higher intra- and interspecifimpetitive ability in the native range,
and a higher invasiveness potential in the invddeaal- of the introduced range. Those
skills give to colonies the capability to competa fempty niches and available

resources in each of these zones.
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Assessment of the Argentine ant invasion managemeloy means of

manual removal of winter nests in mixed cork oak ad pine forests

1. INTRODUCTION

Native to South America, the Argentine ahingpithema humileMayr 1868) has
been introduced worldwide into areas with Mediteean-type climates due to human
commercial activities (Holldobler & Wilson 1990, $3&ra 1994, Suarez et al. 1998,
Suarez et al. 2001, Roura-Pascual et al. 2011). dtiee keys to the success of this
invasive ant is the social behaviour of its colgniased on unicoloniality (Passera
1994). Unicolonial ant species are characterized bgrge number of nests typically
containing many queens and workers coexisting, evivatividuals from different nests
are mixed and intraspecific aggression is infregquetdlidobler & Wilson 1977), in
contrast to multicolonial, in which each colony lzasingle nest and ants are aggressive
against non nest-mates. Their aggressive behay@arpintero & Reyes 2008) and
their numerical dominance over native ants inflgertbe outcome of competitive
interactions among this unicolonial invasive spe@ead the native species they retract
(Heller et al. 2008b), and cause several negatiygacts on arthropod communities
(Human & Gordon 1997, Holway 1998, Suarez et a@8)9ant-vertebrate interactions
(Suarez et al. 2000, Estany et al. 2010) and amtpklationships (Bond & Slingsby
1984, Visser et al. 1996, Gomez & Oliveras 2003anBhfort & Gomez 2005,
Rodriguez-Cabal et. al 2009), with a drastic de@ehe biodiversity of the affected
areas. Because of this unicolonial structure, Atigenant colonies are spatially,
behaviourally and genetically diffuse (Heller et 2008a). They are characterized by
the formation of “expansive supercolonies” withegullar pattern of organization and a

seasonal polydomy (Heller et al. 2008a).
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The nesting behaviour of Argentine ants changesrdoty to biotic factors (e.qg.,
surrounding plant structures, canopy cover, etad) abiotic factors (e.g., temperature
and soil water content) and differs from summemdater (Heller et al. 2006). The
Argentine ant moves its nests in response to sahsmfts in the environmental
conditions or available food depending on the djmecolony requirements in that
moment (Heller et al. 2006). During the cold seasbthe Mediterranean-type climate
areas, the spatial range of the colony is contdaatel nests are combined to form the
so-called “winter nests”. These nests are usualtgted mostly under rocks, near plant
structures and facing sout€JAPTER 1). These characteristics help to maintain a
range of temperature that permits soil moistureulegn inside the nest and allows
colony activity during winter GHAPTER 1). In contrast, during the hot and dry
season, the spatial range of the colony is mongeds® and distributed at random in
smaller nests that are interconnected with longsttaat cover large foraging areas.
These seasonal shifts in the local distributiomes$ts produce a fluctuating invasion
front, and consequently a fluctuating impact onveaspecies from these zones (Heller

et al. 2006, M.L. Enriquez, S. Abril, M. Diaz and@bmez, unpubl.).

Efforts to eradicate established populations iraded natural areas have had little
success (Silverman & Brightwell 2008). The most ommn control method used is toxic
baits (Krushelnycky & Reimer 1998a, 1998b). Thigme reduces worker populations
but seem to fail at killing the queens, which htild reproductive power of the colony.
In consequence, the colony has a rapid recoveris dbraging activity rates after the
application of the treatment (Krushelnycky & Reind®98a, 1998b). Bait with sucrose
and boric acid has also been assessed and shofeetvef control of queens in the
laboratory when the bait was continuously availgbleoper-Bui & Rust 2000, Klotz et

al. 2000), but there is no information on its effatnatural areas. Other studies have
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attempted to disrupt the foraging activity of warkewith a synthetic pheromone
(Suckling et al. 2008, Nishisue et al. 2010, Sumklet al. 2010), which seems to
suppress worker recruitment in the short term (Kanet al. 2009), but the long term
effect is very weak when the density of the taggst is high (Cardé 1990, Nishisue et
al. 2010). Nishisue et al. (2010) concluded tha& tombination of toxic baits and
pheromones, along with native ant competitors, &dd an effective way to suppress
resource acquisition by Argentine ants. Howevencesithe use of chemicals is not
allowed in some natural areas of special inteesgiecially wide-spectrum products that
could have a negative impact over other arthrog&lskling et al. 2008), the most
sensible way to control the invasion is to slow th&e it spreads and to limit its
establishment in other non-invaded areas and thesecpuent negative impact on the
ecosystem. The manual removal of a high numberueens and their broods in the
advancing invasion front could be weaken its exjpansvithout the use of chemical
procedures. The maximum queen densities in the ndirge ant nests are found in
winter, from January to March, (Abril et al. 2008bhe systemic elimination of queens
and workers during that period might offer a degréeesistance to the invasion, and
hence, to its expansion into non-invaded areas.alineof this study is to discover (a)
the seasonal changes and the spatial distributidheoArgentine ant nests during a
year, (b) the effect of manual extirpation of winmtests on the spatial dynamics of these
nests year by year and on the presence of thairdugls, and (c) the two-year effects

of winter nests extirpation on the dispersal cayatfithe Argentine ant

2. MATERIAL AND METHODS

2.1 Study Areas
We studied populations of the Argentine ant in @pthroughout two consecutive

winters, from December 2008 to December 2009, amol é&dditional months in
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February 2010 and December 2010, at three invadedtibns of open cork oak
secondary forests. Two were located on the soutdge of the Gavarres Massif: Santa
Cristina d'Aro (CA, 41°4851.71"N 3°01'50.57"E) amedralta (PD, 41°47'31.53"N
2°58'52.79"E) and one in the Cadiretes Massif: &batva (PB, 41°46'13.51"N
3°00'17.93"E) all within the NE of the Iberian Pesula(Figure 1). The three zones
were at least 7 km apart from each other. Thisorepas a Mediterranean climate with

690 mm of mean annual rainfall and 15.5°C of meamperature.

Figure 1. Invaded areas of the Argentine ant colonies NIt of the Iberian Peninsula. Black circles
indicate localities sampled (CA: Santa Cristina @dAPD: Pedralta and PB: Punta Brava). The map on
the right illustrates the front of the invasion {tehline) and set plots of CA: Control (black dots)d
extirpation (white dots) along contact (CN), invdd@dN) and fully invaded (FIN) plots. (source:

Googld" earth 2012)

We evaluated seasonal variation in nests durinditseyear of the survey (from
December 2008 to December 2009), and the effentasfual extirpation in both years
(from December 2008 to February 2010, and in Deezn2010), from the edge and
along the invasion front. We carried out samplingthe field by means of mapping

nests in a total of eighteen 12x12 m pi@igure 2).
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Figure 2. Picture on the left represents one sub-plot efdpen cork oak secondary forest sampled and
type of pitfalls used. Picture on the right représea schematic drawing of one 12x12 m plot, itaistg

the winter nests sampled area and pitfall situati@afack dots). (picture: M. Diaz)

Prior to designing the study, we identified theaswn fronts of each location with
bait sampling. For this purpose, tuna and marmataits were placed every 4 m along
random transects 100 m in length, and the invalsnoih was identified by the last bait
visited by the Argentine ants. After identifyingettront path in each locality, we
defined the three areas from the front (edge) efinlrasion to the most invaded area in
which pairs of plots were divided into two grougeerding to treatment (i.e. plot type):
control plots (CT) without treatment, and extirghiglots (EX) in which nests were
manually removed. CT and EX plots were always sdpdrby a human-path (i.e.
walking track), at a mean distance~d#10 m from each other. We divided each plot
type in three sub-plots along the front of the Biga (i.e. plot zone): contact (CN,
located at the invasion front at a mean distanc20ain from the edge, in contact with
the native ant species), invaded (IN, located & ittvaded area behind the edge at a
mean distance of 250 m from it, coexisting with somative ant species) and fully
invaded (FIN, located well behind the edge of theasion front at a mean distance of

450 m, coexisting with few native ant species, myostibmissive species such as
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Plagiolepis pygmaedLatreille 1798) orCamponotus lateraligOlivier 1792) (M.L.
Enriquez, S. Abril, M. Diaz and C. Gémez, unpublhus, in total, there were six
12x12m plots per locatiofFigure 1). Nest searching in each plot was carried out by
hand, lifting every single rock, branch or piecedebris, and gently moving the leaf
litter with the help of a shovel at the bases eé&: Previous observations in the study
area confirmed that the Argentine ant nests weteyreatly disturbed by this sampling
method, and that nests remained in place afteraleweeksWe marked active nests
by a different coloured paint spray for each sachgleriod. The plots were checked
exhaustively for nests every two months, and duaingprkday in each of the locations,
from December 2008 to February 2010, and one aaditimonitoring in the following
winter, December 2010. Nests were monitored from.rd. to 3 p.m., when the ant

activity is highest (Abril et al. 2007).

We categorized the locations by their Relative graéed Anthropization Index
(RIAI) (Martinez-Dueias 2004) to evaluate the dffafcthe level of anthropization on
the seasonal dynamics of the Argentine ant nestach of the three locations sampled.
We used the raster dataset showing land use dataswih in Catalonia 2002, 30x30 m,
from LANDSAT-TM from the Department of the Enviroemt (DMA), Government of

Catalonia, with Miramon 7.0 GIS & RS software (P@d4.1).

2.2 Sampling methods

Seasonal variation in nests. To analyse seasonal variations in nests, plote wer
checked for active nests every two months durirg fitst year of the survey, from
December 2008 to December 2009. To carry out thgsstal analysis, four periods

were considered corresponding to the four seasoihe year.
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Two-year extirpation effects. To analyse the effects of the two-year extirpative
assessed the effects of the manual removal of imasts, at the EX (extirpation) plots
of each study area, in the winters of 2008/20092:8/2010 - winter being the period
of the year with the highest concentration of qgeper nest (Abril et al. 2008b). We
removed Argentine ant winter nests in January 2849 January 2010, eliminating all
of them by hand, digging the nests out with a sham placing the soil removed into
25-litre plastic boxes previously smeared with Rethafluoroethylene on top to prevent
ants from escapin@Figure 3). Later in the laboratory we froze the boxes aPE2@
kill individuals. To carry out the statistical agsis of the effects of the extirpation, we
considered two periods of the year: pre-extirpapeniod (PRE, sampling before the
manual removal of nests, previous December) and-easpation period (POST,

sampling after the manual removal of nests, ndgtHa&bruary).

Figure 3. Picture of a 25-litre plastic box smeared withyRdrafluoroethylene and a shovel
both used for placing Argentine ant winter nestfréeze and to kill individuals at -20°C in the

laboratory.

2.2.1 Nest and worker abundance
Five pitfall traps(Figure 2) were placed in fixed points and opened every two

months for one week (from December 2008 to Febraadp, and in December 2010),
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in order to estimate the worker abundance from géath Pitfalls were 5.5 cm diameter
and 6.5 cm depth containing ethylene glycol (70&0kitl and to preserve individuals
trapped. Abundance of nests was calculated asutneo$ all nests found by plot each
sampling period (every two months, from Decembed&@€@ February 2010, and in

December 2010).

2.2.2 Nest size and total area of nests per plot

We estimated nest size, also every two months (lPe@xember 2008 to February
2010, and in December 2010), following Heller (200dividing the study plot maps
into 1 m grid squares and measuring the nest suréacthe length of the longest
diameter of the polygon multiplied by the lengthtloé diameter orthogonal to the first.

The total area of nests per plot was measured tiyn@all nests surfaces.

2.2.3 Spatial distribution of nests

We analysed the spatial distribution of nests ewexy months, from December
2008 to February 2010, and in December 2010, bypmgpeach of those found within
each sampled plot, and using the Clark & Evans4) 8fatistical test, R (ratio of the
observed mean nearest neighbour distance (MNNDhéoMNND expected for a
randomly distributed population), from which valuegual to 1 indicate random
distribution, values significantly below 1 indicaaggregation and values significantly
above 1 indicate overdispersion. We measured 8tardies between nearest neighbours
from the map created, assuming nests within 40 class to be the same nest, (Heller

2004).

2.2.4 Nest fidelity and nest lifetime
We evaluated changes in the number of active fi@seach plot by means of two

indexes: renewal index (RWI, the percentage of mmsts that had appeared in a
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sample) and remaining index (RMI, the percentageests remaining from the previous
sampling) (Cerda et al. 2002). The nest lifetimes wafined as the number of samples
that remained each nest from opening to closurevtide sampling period (Cerda et al.
2002, Heller & Gordon 2006), and was categorizethgus scale of representative
numbers: 1 - temporal (< 6 months); 2 - intermed{&< months < 12); 3 - annual (12
months) and 4 - permanent (whole sampling peridéh.compared nest size with nest

lifetime to find out whether larger nests remaiaetive for longer periods.

2.3 Statistical Analysis

To evaluate the seasonal variation in nests duhedfirst year, the effect of nest
removal on the nest spatial distribution, and @aest worker abundance over the years
sampled, we performed generalised linear mixed msq@&_MMs). We used a Poisson
error distribution with a log link function for neand worker abundance, and for the
persistence (RMI) and renewal of nests (RWI). Idigoh, we used a Gaussian error
distribution with an identity link function to te&tr differences in the nest total area per
plot, nest size and mean nearest neighbour disfAhe&D). In regard to the seasonal
variation of nests during the first year, nest ammtker abundance, and nest total area
per plot were evaluated using plot zone (contastaded or fully invaded) as fixed
factor and location (CA, PD and PB) as a randomofadersistence and renewal of
nests were evaluated using plot type (CT or EXpdsed factor and location as a
random factor. Nest size was evaluated using pfze {control or extirpation) and plot
zone as fixed factors, and location as a randotorfa€o see whether the time that nests
remained active depended on their size, we usddizesas fixed factor and location as

random factor.

With respect to the two-year extirpation effectghe invasion front, we evaluated

nest abundance and nest size using year (2008(00309/2010) and period (PRE or
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POST extirpation) as fixed factors, and locatiormaandom factor. On the other hand,
plot type (control or extirpation) and year weredigs fixed factors, and location as a
random factor to evaluate worker abundance. Thennmemrest neighbour distance
(MNND) were assessed with plot type and periodiesdf factors, and location as a
random factor, and renewal of nests with periodfieed factor, and location as a
random factor. Finally, we evaluated whether lamgsts remain active for a long time
using nest size as fixed factor, and location aaralom factor. We also used lineal
regressions to evaluate the relationship betweertiite that nests remain active (nest
lifetime) and their size, and a paired t-Studen¢\taluate nest size among seasons and

to assign the spatial distribution of nests with Bhindex (Clark & Evans 1954).

All statistics were calculated using the R 2.12dr Windows package (R
Development Core Team 2010) with a significancePok 0.05. Variables were

transformed in order to achieve normality in tmeér regressions performed.

3. RESULTS

The level of anthropization in each of the threeations sampled was represented
by the Relative Integrated Anthropization IndexARI The locations (Santa Cristina
d’Aro (CA), Pedralta (PD) and Puntabrava (PB)) pre#ed the following values:
RIAIca= 27.87, RIAbp= 25.67 and RIAdg= 3.77. The locations with the highest RIAI
were Santa Cristina d’Aro and Pedrakéich means that they have a higher level of

perturbation conducted by human presence than Brawvia

With respect to the two-year extirpation effectatpin the Invaded (IN) and fully
invaded (FIN) zones did not show differences in ahthe variables studied, suggesting
that nest removal was only effective at the edgéhefinvasion front, in the contact

(CN) zone, where the population structure of thgehtine ant is weaker and more
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vulnerable. Then, further analyses regarding totii@year extirpation effects were

focused only at the invasion front.

3.1 Nest and worker abundance

Seasonal variation in nests. Nest abundance was higher at locations with a high
Relative Integrated Anthropization Index (RIAI) (8IM: P (]>)) = 0.02). These
results suggest that nests in Santa Cristina d(fme location with the highest level of
anthropization) were more abundéhigure 4). In warmer seasons, when the biological
activity in this Mediterranean zone is higher, wenk of the Argentine ant were also

more present than they were in winter (GLMRI{|>¢?|) < 0.001).
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Figure 4. Nest abundance (mean + SE) at each location 8aAta Cristina d’Aro, PD: Pedralta
and PB: Puntabrava), and plot zone (i.e. distarm® the invasion front): Contact (open bars),
Invaded zone (light grey bars) and Fully invadedezdark grey bars). Sample sizes are shown
inside bars. Letters indicate significant differesor similarities between nest abundance among

plot zones.
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Two-year extirpation effects. The mean number of nests also followed an annual
fission-fusion cycle each year at control (CT) pJdieing higher in POST period than in
PRE period (GLMM:P (|>le) = 0.03). On the contrary, at EX (extirpationpts| the
mean number of nests remained similar in both derigtGLMM: P (|>X2|) = 0.43)
(Figure 5a). The number of workers trapped by pitfalls beforstrextirpation remained
the same in the two first winters, but decreasetthénthird (GLMM: P (|>%]) <0.001).
Although there were no significant differences e number of workers between CT
(control) and EX (extirpation) plots (GLMM® (|>¢%]) = 0.22), in the first year, the CT
(control) plots followed the annual cycle of cowtran-dispersion, and in the second
year the presence of workers were similar in bothigds. This result could be a
consequence of the increase of environmental teatperin the second year. In fact,
workers at EX (extirpation) plots were less abundae first year, and although the
second year worker abundance was similar for betfogs (Figure 5b), it tended to
decrease from PRE to POST extirpation periods. fidsalt means that extirpation may
have reduced the number of workers avoiding thepedsion in the period of nests

fission.
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Figure 5. (a) Nest abundance (mean = SE) and (b) workemagdmce (total of individuals/plot)
per plot (mean * SE) time series in control (filgats) and extirpation (open dots) plotsP

0.05, NS not significant. D: December (PRE-extiqa), F: February (POST-extirpation).

3.2 Nest size and total area of nests per plot

Seasonal variation in nests. Mean nest size depended on whether the plot was
extirpated, therefore nests were bigger in theeatéd control plots (GLMME = 8.35,
P = 0.005) but also in plots further from the invasiwont (GLMM: F = 7.18,P =
0.001), as well as the interaction between thefagtors (GLMM:F = 5.35,P = 0.007).
Nest size in untreated plots decreased as they choser to the edge of the invasion
front, while nests at treated plots remained thmesaegardless of the distance to the
invasion front(Figure 6a). Seasonal climate variation also had an effect est size.
We found larger nests in winter than in spring asummer (Paired t-Student
winter/spring:t = 2.92,P= 0.01; winter/summert = 3.87,P = 0.001). In addition, the

total area occupied by these nests per plot weteehiat locations with a high Relative
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Integrated Anthropization Index (RIAI) (GLMME = 5.18,P = 0.008), and at more
invaded plots, where the invasion was better astaedd (GLMM: F = 16.13,P <

0.001). (Figure 6b). These results suggest that nests were bigger ecupy a great
extension of soil surface in Santa Cristina d’Affee(location with the highest level of

anthropization), and in invaded (IN) and fully il (FIN) plots.
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Figure 6. (a) Nest size (f) (mean + SE) of control (CT) and extirpation (EXpts in Contact
(open bars), Invaded zone (light grey bars) andiyRoladed zone (dark grey bars). (b) Total
area of nests per plot (mean + SE) at each loc§@én Santa Cristina d’Aro, PD: Pedralta and
PB: Puntabrava), and plot zone, i.e., distance ftheninvasion front: Contact (open bars),
Invaded zone (light grey bars) and Fully invadedezdark grey bars). Sample sizes are shown
inside bars. Letters indicate significant differescor similarities between abandoned or

reoccupied nests among years.

Two-year extirpation effects. Nest size in extirpation plots (EX) remained simila
over the two years and periods (PRE and POST atitrp. In contrast, although there

were not differences in nest size (GLMM:= 0.01,P = 0.9) between treatments and
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periods, nest size in CT (control) plots tendeddexrease from winter to spring,

founding larger nests in winter PRE period thaR@ST period.

3.3 Spatial distribution of nests
Seasonal variation in nests. Spatial distribution of nests was aggregatediimey
at Santa Cristina d’Aro, the location with the leghRIAI. The rest of the seasons and

locations, nests were randomly distribu¢@dble 1).

Table 1. Statistics of the number of nests per plot (N) #relmean nearest neighbour distance
(MNND). R (coefficient Clark & Evans, 1954) sigrufint differences of R to 1 (random

distribution).P-valuein bold italic is a significant valué®(< 0.05.

N MNND R P-value
(mean = SE)

Winter 5.42 +0.69 242 0.83  0.007
& | Spring 8.50 £ 1.09 1.92  1.02  0.82
S | Summer 697+096 211 096 073
Autumn 7.44+1.12 3.45 1.27 0.08
2 | Sta. Cristina 10.06 £ 0.80 1.72 0.85 0.009
§ Pedralta 596073 310 122 0.10
— | Puntabrava 5.23+0.72 262 101 095

Two-year extirpation effects. The distribution of nests at non-treated plotsofekd
the typical annual cycle, while at treated plote tiests were aggregated during the
entire sampling. Statistics for mean nearest na&ghbdistance (MNND) are

summarised iTable 2
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Table 2 Two-year extirpation statistics of the numbeneéts per plot (N) and the mean nearest
neighbour distance (MNND). R (coefficient Clark &d&ns, 1954) significant differences of R to

1 (random distribution)?-valuein bold italic is a significant valué>(< 0.05).

N MNND R P-value

(mean £ SE)
- PRE extirpation 1.56 + 0.41 242 0.65 0.023
O | POST extirpation 3.17 £ 0.65 1.92  1.10 0.69
v PRE extirpation  6.22+1.15 1.72 0.65 0.005
= | POST extirpation 7.00+1.71 3.10  0.65 0.005

The differences in MNND for the two periods (GLMM:= 4.94,P = 0.042) and
among different plot types (GLMME = 5.21,P = 0.037) were significant, as was the
interaction between these two factors (GLMMs= 6.02,P = 0.026). The mean nearest
neighbour distance (MNND) rose at CT (control) plftom PRE to POST indicating
the dispersal of nests following the temporal seqaeof annual fission-fusion cycle,

while for the EX (extirpation) plots, it remaindtketsame in both perio@Bigure 7).
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Figure 7. Mean nearest neighbour distance (MNND) (mean + iBHPRE-extirpation (open
bars) and POST-extirpation (grey bars) periodspintrol (CT) and extirpation (EX) plots.P <

0.05, NS not significant. Sample sizes are showid@bars.

Moreover, the highest MNND values were observednduthe first year in POST
period at CT (control) plots (4.30 £ 1 m SE), congaawith the lowest values which
were observed the same year in PRE period at Qtr@d plots (0.35 + 0.35 m SE).
These results support the idea of a yearly seasyald of nest distribution, with nest

aggregation in winter and nest dispersal in spring.

3.4 Nest fidelity and nest lifetime

In total, in the three locations, we observed 58Stsy of which 81.2% remained
active for less than six months, 15.7% for betw@eamd 11 months, 2.6% for the whole
first year, and 0.5% during the whole sampling q@eriThe percentage of nests
remaining (RMI) during the first year depends onetifer the plot was extirpated

(GLMM: P (|>¢?]) < 0.001). Therefore, nests remained for longemca-treated plots



122

CHAPTER 3. Assessment of the Argentine ant invasiomanagement

than at treated ones (control/extirpation plots6=9% + 5.29% / 40.69 + 4.44%). It is
also what happened at the contact zone (CN) fotvtbeyear extirpation effects, where
the RMI (remaining index of nests) was higher at @dts with no removal of nests
than at extirpation plots (GLMMP (]>¢%]) = 0.03). However, the RWI (renewal index
of nests) in this contact zone at CT (control) plotere significantly different between
periods (GLMM:P (|>¢?|) = 0.002), where renewal of nests happened onlpring. At
the same time, in the EX (extirpation) plots the RWas not significantly different
(GLMM: P (|>¢) = 0.69), maintaining the same values for contractiad dispersion
periods. Additionally, although there were no sigaint differences between treatments
(GLMM: P (|>¢?]) = 0.32), the renewal of nests in the EX (extirpatiplots was 47%

higher than among the CT (control) plots.

In addition, the time that nests remained occugigakends on their size’€ 0.22,P
< 0.001). Thus, larger nests remained occupiedidnger time than smaller nests
(GLMM: P (|>¢?]) < 0.001), and the mean nest size + SE accotditfugir lifetime was:
temporal = 0.04 + 0.01 fintermediate = 0.29 + 0.06°mannual = 0.94 + 0.29 hand

permanent = 0.16 + 0.06°m

The nests in the CT (control) plots that were anaséd before extirpation (winter
nests) tended to remain occupied for longer (GLMM{>¢?|) = 0.002) because they
were bigger than those constructed after extirpatgpring-summer nests) (GLMMP.
(I>?]) = 0.026), while the nests in the EX (extirpationdtp were similar in size
between periods (GLMMP (J>¢?|) = 0.56), and in addition, a high percentage of them
remained occupied for less time than those in remtupbed plots. Nest size and nest
lifetime decreased from one year to the next foilmia temporal sequence during the

whole sampl€Figure 8).
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Figure 8. Nest size of nests @n(mean + SE) and nest lifetimes at extirpatiortsoleemporal
(black stacks), intermediate (dark grey stackshuah (light grey stacks) and permanent (open
stacks) in each PRE and POST sample period of 2008/ and 2009/2010. PRE: pre-

extirpation, POST: post-extirpation.

4. DISCUSSION

Results found on the seasonal variation in negtildigion support the idea of an
annual cycle of fission-fusion pattern due to seakolimate shown in previous studies
(Benois 1973, Heller 2004). In winter, we found tse®ining together to constitute
“winter nests” in order to maintain optimal condits for the Argentine ant activity. In
spring and fall nests were randomly distributedrdkie plots having a dispersing period
in spring and a contracting period in fall, wherisaare looking for suitable places to
nest in winter. Seasonal shifts in climate alsduericed the activity and presence of
workers. We found a higher abundance in warmerossascorresponding to their

dispersal period and increase in their foraging/eigt(Abril et al. 2007, 2008b), than in



124 CHAPTER 3. Assessment of the Argentine ant invasiomanagement

winter, when their foraging activity is limited ihe air temperature and limited to
daylight hours (Abril et al.2007, Brightwell et &010). In addition, our results agree
with those found by Heller & Gordon (2006) in Califia, where nest surface area and
abundance of nests in plots varied seasonally. algtunests observed in winter were
larger but low in number, and in spring and summhey were smaller but more

abundant.

Additionally, the interspecific competition exerets by native ants could have an
influence on the presence of nests, the nest sidetlae nest total area that those
occupied per plot. The Argentine ant may be hadowel level of interspecific
aggression at locations and plots where it wagbettablished and where there was a
high RIAI (Relative Integrated Anthropization Indesuch as in Santa Cristina d’Aro,
and in the IN (invaded) or FIN (fully invaded) ptotn fact, in these are&s humilehas
a stronger negative impact over the native antssing them to retract and therefore
allow the Argentine ant to become the most abundackt dominant species in the
community (Suarez et al. 2001, M.L. Enriquez, SrilAbM. Diaz & C. Gomez,
unpubl.). Consequently, the pressure the Argerdimeis subject to is low, allowing
their nests to increase in number and grow in ekben On the contrary, at contact plots
close to the edge of the invasion front, where tlagive ant community is more
structured, this invasive species is subject taghdr interspecific competition for new
nesting sites and food resources (Ingram 2002aje®suet al. 2003). In these plots the
Argentine ant nests are limited in number and sidso we could consider that this
gradual decreasing in nests abundance and neshgzet is due to the result from the
history of the Argentine ant colonies dispersiaonfdct, colonies closer to the invasion
front should be smaller than those found in theaded or fully invaded plots because

they result from recent dispersion of smaller poppes.
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On the other hand, manual removal of nests caoigdn January 2009 produced
changes in nest size. Due to the perturbation these subjected, nests in the EX
(extirpation) plots were smaller and of a similaesin each plot regardless of the
distance from the invasion front. In contrast, sestthe CT (control) plots were larger
and followed the typical seasonal cycle of contomctlispersal, and decreased the
closer they were to the edge of the invasion frAsta matter of fact, the closer we get
to the invasion front, the better structured thealoant community is, and thus
interspecific interactions occur more frequently,cing the Argentine ant to compete

more strongly for new nesting sites and resourcegdm 2002b) in these areas.

Like Heller & Gordon (2006) in California, we alsubserved that larger nests,
which were mostly found in winter, were more likdty persist throughout the cold
season than smaller nests, which were usually fouhate spring or summer. A 2.6%
of larger winter nests persisted the whole yeaggesting that, as proposed by Heller et
al. (2008a), they are mature nests that act asenatsts providing a source of queens
for the colonization of new non-invaded areas & éxpansion period of this species.
Moreover, these nests were found in each plot albegdge of the invasion front, but
mature old nests found in the invaded zones (INFIN] were bigger than those found
in the contact (CN) zone. Perhaps these biggemame persistent nests in the contact
zones were still forming as mother nests and hadhdoieved the maturity gained by
those nests in the invaded zone where they had & for much longer. However,
compared to the Heller & Gordon (2006) results, fmend a higher proportion of
temporal (80%) and smaller (70%) nests. Additionathey were more abundant (5%
more) in extirpation plots compared to control plofhe increase of temporal nests in
extirpated plots could be a consequence of thepaxibns done in January 2009 and

January 2010, which divided those mature nests made them unstable and less
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persistent, forcing them to move and find othetadle sites. Therefore, these nests
became similar to those found in summer, which odioremain in the same place for a

long time.

The two-year management by means of manual renaivaésts in winter would
appear to be effective only at the edge of thesiorafront where the Argentine ant
population is less structured, weaker and moreeralvle to disturbance. Extirpation at
the edge of the invasion front promotes changespatial distribution and the number
and size of nests, as well as in the time thatsnmesbain active over the sampling period
of this study, and also on the abundance of workéusnber and size of nests per plot
in the EX (extirpation) plots were similar and theynained aggregated in both periods,
before and after the removal of winter nests. Intiast, undisturbed plots followed the
typical cycle of larger, less abundant and congédctests in winter (PRE period), and
smaller, more abundant and dispersed nests in ganityg (POST period). Nests at CT
(control) plots increased an average of 57.8% fvanter to spring during the two first
years, while at treated plots nests remained irséme level of abundance. In total, at
non-extirpated plots nests rose a 16.7% from thgnbéeng of the experiment. This
would mean that without a management of the Argendint invasion, it would expand
its range each year. Therefore, the manual remamivagsts in winter may reduce the
expansion of the invasion during the early dispegygieriod of nests. An explanation for
this result could be that queen and worker elimbmaslows the dispersal capacity of
the colony, as the manual removal reduces the numbespreading gynes and
individuals. Another explanation could be that aftee extirpation the ants invest more
energy to reconstruct the original perturbed nastar than building up new nests, this

worker priority might delay the dispersal of thdaty. Moreover, the reduced presence
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of workers found at EX (extirpation) plots aftenteval of nests could be another factor

that affected the expansion.

The two first winters, plots disturbed by manuahowal experienced a decrease in
workers after the treatment. It was observed thatoatrol plots the number of ants
augmented from winter 2008/09 to spring 2009 bexaishe dispersion, while from
winter 2009/10 to spring 2010 the presence of wsrkléminished. This was probably a
consequence of the late snowfalls at the beginoingarch 2010, which did not allow
foraging activity by this species until late sprirajter we had taken spring samples.
Although over the two-year extirpation we still leano significant results yet, we have
seen a decreased tendency in the number of nedte@hkers observed at the treated
plots from winter to spring during the two yearseafirpation, but they recovered again

in December 2010.

Summarizing, during the first year (December 20@&&nber 2009) all variables
tended to follow an annual cycle of contraction alspersal. The number of nests
decreased the closer they were to the edge of masion front, possibly due to
competition with native ants. Extirpation decreaiesl size of nests and the time they

remained active during the sampling period.

The two-year extirpation promoted smaller and ag@gied nests and a decrease in
the number of workers per plot during the first @edond year of the study. Moreover,
although number of nests remained similar betweemnogs, there seemed to be a
tendency for this number to decrease between DemeRi®8 and December 2009, and
to recover in December 2010. This means that te kagnificant results and to keep the
number of nests, and in consequence the expansithre Argentine ant within a low

rate, a yearly extirpation will be required. Togatlwith extirpation other biological
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control methods could be integrated, like foragitgyuption (Nisishue et al. 2009) or
diet dissociation (Silverman & Liang 2001, Guerriet al. 2009) to decrease the

invasive power of this species at the edge ofriliagion front.
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Is the submissive anPlagiolepis pygmaea affected by the presence of

the Argentine ant in natural invaded areas?

1. INTRODUCTION

The Argentine antL{nepithema humileMayr 1868) is a well-known invader in
Mediterranean-type climates. In the Iberian Peradihis ant species is present along
the coastline, including areas of natural intef@stpadaler & Gomez 2003) such as
secondary open cork oak forests on the southera efighe Gavarres and Cadiretes
massifs. The numerical dominance of the Argentimeoaer native ants influences the
outcome of competitive interactions among them #ednative species (Heller et al.
2008b), and causes the displacement of the lattemén & Gordon 1997, Holway

1998b, Gomez & Oliveras 2003).

The Argentine ant is heavily influenced by tempaematand water availability.
Temperature has a strong influence on some ofggbeies’ reproductive traits (Newell
& Barber 1913, Benois 1973, Abril et al. 2008a) amdforaging effectiveness (Markin
1970, Human & Gordon 1999, Witt & Giliomee 1999, IWay et al. 2002a, Abril et al.
2007, Jumbam et al. 2008). Additionally, water klality determines the abundance
and distribution of the species in Mediterranegretgystems (Human & Gordon 1999,
Suarez et al. 2001, Holway et al. 2002a, Jumbaal. &008) and plays an important
role in colony survival. It has been reported ttted Argentine ant has significantly
higher rates of water loss and cuticular water paftority than native ant species
adapted to hot and dry Mediterranean environme®thilman et al. 2007). This is
likely the reason why in low humidity environmernits foraging activity is negatively

affected by the influence of high air temperatutdgeaman & Gordon 1999, Holway et
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al. 2002a, Abril et al. 2007) and why low soil ntare limits its expansion (Holway et

al. 2002a, Menke & Holway 2006, Menke et al. 2007).

In these Mediterranean ecosystems, environmentari&ashow important seasonal
variations and the limited thermal tolerance of dwnt species towards subordinate
species could disrupt the expected transitive rsaras. Consequently, these variations
allow a more substantial presence of the suboreispécies in the ecosystem (Cerda et
al. 1997). One such subordinate species presetheinnvaded area that has been
frequently associated with the Argentine anPlagiolepis pygmaedLatrielle 1798)
(Oliveras et al. 2005, Gomez & Espadaler 2006, lAGomez 2009, Roura-Pascual et
al. 2010). It seems that the ability to avoid contation and the use of extremely
submissive behaviour to appease opponents prontiséestack of aggression of the
Argentine ant towards it, contributing to the catence of the two ant species (Abril &
Gbomez 2009). However, their coexistence cannobtmly explained as a result of a
habituation process (Abril & Gomez 2009), as waported in the case of the
coexistence betweeWwasmannia auropunctatand the nativeCyphomyrmex genus

French Guiana (Grangier et al. 2007).

In previous studiesQHAPTER 1), we observed an interesting fact: it seemed that
in spring-summerP. pygmaeahad occupied the abandoned winter nests of the
Argentine antP. pygmaeand the Argentine ant have a similar colony stmect Both
species are highly polygynous (several queens @eny) and form large polydomous
colonies comprising several nests between whichemmgieworkers, and brood are
exchanged (Passera 1963, Heller & Gordon 2006, Abal. 2008b). Additionally, the
number of nests per colony varies seasonally. fmggrolonies of both species split
into numerous nests, which remain in close proxinit one another (Passera et al.

2001, Heller et al. 2006R. pygmaean late summer and. humilein late fall fuse the
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nests with other colony subunits in large formatidmown as “winter nests”, thus
reducing the level of polydomy for overwinteringgiMell & Barber 1913, Passera et al.
2001). These similarities in colony structure ahd tontinuous movement of both
species’ nests lead us to believe that like theeAtige antP. pygmaearobably makes
little effort to build up its nests (Newell & Banbé&913, Markin 1970, Heller 2004,
Heller & Gordon 2006), leading the latter to takiwantage of the abandoned Argentine

ant winter nests in spring-summer and vice versa.

Nevertheless, little is known about the exchangeesits betweeR. pygmaeand
the Argentine ant. Taking this into account, theppse of this study is to determine the
factors that promote this exchange of nesting dietsveen the Argentine ant aid
pygmaeaand ascertain whether the latter could take adgenof the invasion in terms
of resource competition. To achieve this, for bgplecies we specifically (1) examined
the dynamic populations of nests in terms of nesisdy, worker abundance, and nest
exchange, and (2) characterized the abiotic compenéphysical characteristics,

temperature, and water availability) of nests.

2. MATERIALS AND METHODS

2.1 Study area

We studied nests of botRlagiolepis pygmaeaand the Argentine ant from
September 2010 to May 2011 at three invaded leesldf open cork oak secondary
forests. One locality was placed on the southege ed the Gavarres Massif in the area
of Santa Cristina d'Aro (CA, 41°48'51.71"N 3°01%0E), and two in the Cadiretes
massif in the areas of Pedralta (PD, 41°47'31.5858'52.79"E) and Puntabrava (PB,
41°46'13.51"N 3°00'17.93"E), in the northeast of therian PeninsuldFigure 1).

These three zones were at least 7 km apart frorh e#lter. This region has a
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Mediterranean climate with a mean annual rainfdlle®0 mm and a mean annual

temperature of 15.5°C.

2.2 Dynamic populations: Nest density, worker abunaince and nest exchange of
P. pygmaea and L. humile

From September 2010 to May 2011 we evaluated bwghspatial distribution of
nests and th®. pygmaeaand L. humile nest exchange dynamics. To estimate nest
density and nest exchange for both species, welrsshforP. pygmaeandL. humile
nests in two zones of each locality (CA, PD and:PRBjive zone (nests located in front
of the edge of the invasion at a mean of 130 nt) Wié presence of native ant species
only), and invaded-front (nests located behindetige of the invasion at a mean of 20

m, in contact with native ant speci€gjgure 1).

Figure 1. Areas invaded by the Argentine ant colonies i nbrtheast of the Iberian Peninsula. Black
circles indicate localities sampled (CA: Santa tdresd’Aro, PD: Pedralta and PB: Puntabrava). Tla@m
on the right illustrates the front of the invasifmhite line) and the two areas sampled (native and

invaded-front) of PB. (source: Goo{leearth 2012)

In order to determine changes in nest density hagxchange of nests between the

two species under study, we searched for nests pariod of three hours in each zone
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and locality, lifting every rock carefully to distuthe nest as little as possible. Nests
found belonging to both ants were marked with ded#int-coloured spray paint to
identify them as one or the other species. Neste wkecked every two weeks, and
monitored for activity. The presence of nBwpygmaeandL. humilenests discovered
within a radius of 2 m from the primary nests founds also recorded. Nests were
categorized as (1) active nests (nests with worngegsent on the top and/or registering
some visible activity), (2) non-active nests (nesithout the presence of workers in the
top and/or registering a lack of visible activityfB) renewed nests (nests from the
previous sampling reactivated with the presenosarkers in the top and/or registering
some activity inside after overwintering) and (€why built nests (new nest to appear
in a sampling). Additionally, we noted the numbdrnests that had registered an
exchange in their guest species. Nest density afaslated as the presence of nests of

each species per sampled area of each zone atitiyloca

We also included control points for eah pygmaeaandL. humile nests, free of
ants, to compare environmental factors (i.e. teatpee and soil water content) inside
and outside thd®. pygmaeaand L. humile nests. Each of these control points was

located in a random direction 2 m away from eached nest.

To estimate worker abundance for both species, seel data frorCHAPTER 3,
where the study of worker abundance ForpygmaeandL. humilewas estimated by
locating five pitfall traps (from August to June @ntotal of six 12x12 m plots) and
sampling a total of two plots by locality studi€dine plot was located in the native zone
and the second plot was located in the invaded-fiitfalls were 5.5 cm in diameter
and 6.5 cm deep, and contained ethylene glycol [7i@%rder to kill and preserve
individuals trapped. Pitfalls were placed at fixagdints along the study and opened

every two months for one weékigure 2, CHAPTER 3).
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2.3 Nesting site characterization: physical charaetistics, temperature and soil
water content

To determine the physical characteristics of BatlpygmaeandL. humilenests we
registered the following variables for each of theanopy cover above the nest (%),
orientation (i.e., the main direction towards whittite nest rock was facing), and
distance to the nearest tree (m). In addition, gistered the distance to the nearest
nest of the same species for bé&thpygmaeaandL. humile and the distance to the
nearest nest of the other species. We recordeld¢hdon of each nest using a Garmin
eTrex Legend® HCx GPS with an accuracy of 3 m, e &s orientation and distance
to the nearest nest (calculating the Euclideanadcgs with Mapsource v6.13.7
Extreme GPS software). Finally, we measured theomancover with digital
photographs of the coverage at each site. We athlythe pictures with
GapLightAnalyzer_v2 software, which estimates tlecpntage of canopy openness.

We used this to calculate the percentage of canopgr as: 100 - canopy openness %.

We also measured the soil temperature (°C) andvadilmetric water content
(VWC, %) of each nest and their respective conpoints. We took temperature
measurements by means of HOBO ® H8 Pro Serieslalggars from 9 a.m. to 3 p.m.
on the day of the survey, placing the external @eotthe data logger 5 cm below the
surface of the soil. At each nest and its respeatontrol point we also measured the
soil VWC three times on the day of the survey (@®., 12 p.m., and 3 p.m.) using a
sensor Field Scout TDR 100/200, which measured/WW€ across the surface and to a

depth of up to 12 cm in the soill.

2.4 Data analysis
We made all the comparisons between nest densitbykew abundance, nest

exchange, canopy cover, and water content fromergift zones, species, and nest
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activity using generalized linear mixed models (QUS) with a Poisson error
distribution and logit link function. Distance toet nearest tree, nearest nest of the same
species, nearest nest of a different species, ampdrature were assessed using
GLMMs with Gaussian error distribution and an idgnlink function. In comparisons
between zones we used locality (Santa Cristinaa’Aedralta, or Puntabrava) as a
random factor, and the zone (native or invadedtjrand the season as fixed factors. In
comparisons between species we used locality asdom factor, and the speciéx (
pygmaeaor L. humilg and the season as fixed factors. In comparisehsden active
and non-active nests . pygmaeave used nest activity and season as fixed factors,
and locality as a random factor. In the case @rdation between zones and species, we
ran a multinomial logistic regression (MLR) withetlseason and zone or species as
fixed factors. We also compared temperature and VMWE. pygmaeanests and their
respective control points using sample type (nestoatrol) as a fixed factor and nest
identity as a random factor. All statistics werdcakated using the R 2.12.1 for

Windows package (R Development Core Team 201lf@nalyses.

3. RESULTS

3.1 Dynamic populations: nest density, worker abunance and nest exchange of
P. pygmaea and L. humile

In the native zone nest densityRf pygmaedollowed the typical seasonal dynamic
found by Passera (1994). Worker abundance alsouoc@icwith the normal seasonal

polydomy shown by this speciésigure 3).

In the invaded-fronP. pygmaeadisplayed behaviour similar to that of the native
zone, with a period of declining activity in wintddowever, it seemed that in this

period of hibernationP. pygmaeastill had any visible activity inside nests in the
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invaded-front. On the other hand, humile also fit with the typical seasonal cycle,
reducing its activity in winter, but with the knowack of hibernation period for this
species (Newell & Barber 1913, Markin 1970, Benb®3, Heller & Gordon 2006,
Abril et al. 2008b)(Figure 3). Then,P. pygmaeanest density percentage and worker
abundance were significantly different between saared among seasons (GLMM, nest

density:P (|>?|) <0.001; worker abundande{|>?[) = 0.03)(Figure 3).
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Figure 3. (a) Nest density (%) (mean * SE)and (b) workamalance (total of individuals/plot)
of P. pygmaean the native zone (open squardd) pygmaean the invaded-front (fill dots) and

L. humilein the invaded-front (grey triangles).

On the other hand?. pygmaeactive nests, non-active nests, and renewed imests
spring in the native area are showrfigure 4a. P. pygmaeaenewed its nest in spring
in the same place in a mean of 26.3 + 4.9% (SE)cahazhized new nesting sites in a

mean of 18.15 + 1.35% of cases. The peak of maximactinity for P. pygmaean the
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native zone was in April, when the maximum renewfatests and the maximum newly

built nests were registered.

Additionally, active nests, non-active nests, aedts renewed for both species in
the invaded-front are shown Figure 4b and 4c P. pygmaeacolonized new nesting
sites more frequently (4.84 £ 0.92%) than it rengweeviously founded nests (26.43 £
4.39%) in spring. The peak of maximum activity f pygmaean the invaded-front
was in April, when the maximum renewal of nestsktptace, whereas May saw the
maximum newly built nests. Moreover, in Novemberd anntil late spring, the
Argentine ant began to occupy tiRe pygmaeawinter nests that had been without
activity. The Argentine ant occupied more nest® opygmaeawithout any activity in
winter (83.3 = 16.67%) than in spring (76 = 10.3%glditionally, nests oP. pygmaea
with activity were occupied by. humileonly in one case in winter, but in 24.07 +
10.3% of cases in spring. On the other hand, teWanter and in spring’. pygmaea
occupied some old abandoned nestk.diumile and in no instance would those nests

be subsequently occupied by the Argentine ant.
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Figure 4. Percentage of.fpygmaeaactive nests (dark grey stacks), non-active n@gien stacks) and
renewed nests (light grey stacks), and nesB. glygmaeaccupied by. humile(black stacks) (a) in the
native zone and (b) in the invaded-front; (c) Petage ofL. humileactive nests (dark grey stacks), non-
active nests (open stacks) and nest&.dfiumile occupied byP. pygmaeablack dotted stacks) in the

invaded-front.

The number ofP. pygmaeaactive nests and newly built nests were statigfica
different when compared across zones and seasdidMGactive nestsP (|>y?) <
0.001 and newly built neste: (|>?[) < 0.001), while the number of renewed nests were
significantly different for each zone (GLMNR (|>¢?]) < 0.001) and season (GLMN®:
(I>]) < 0.001) separately, but not for the interactioriwieen these two factors

(GLMM: P (>¢?)) = 0.6), indicating that only in spring there wagemewal ofP.
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pygmaeanests. Nest exchange activity was higher in thievena&zone in spring and

higher in the invaded-front in winter, when the @ps is inactive due to its hibernation

period(Figure 5).
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pygmaean the native (open squares) and in the invadentfffilled dots).

3.2 Nesting site characterization: physical charaetistics, temperature and soil

water content

Physical characteristics ¢f. pygmaeaand L. humile nests in the native and the

invaded-front are shown ihable 1 andFigure 6.
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Table 1 Characteristics dP. pygmaeandL. humilenests (mean * SE) in the native and the invaded-

front. P-valuein bold italic is a significant valué?(< 0.05. Inv-front: invaded-front, PpP. pygmaea

Lh: L. humile
NATIVE ZONE INVADED-FRONT P-value
Pp: Native vs.  Inv-front:

P. pygmaea P. pygmaea L. humile Inv-front Ppvs. Lh
Orientation (%) 71.4 southern 72.7 southern 76.1 northen 0.57 <0.001
Nearest tree (m) 0.30 £ 0.06 1.44 £0.11 1.03 +£0.11 0.07 0.053
Nearest neighbour 21.24 £ 13.61 4.31+£1.66 1.10+0.19 0.16 0.02
same species (m)
Nearest neighbour 1.58 £ 0.36 1.45+£0.10 0.18
different species(m)
Canopy cover (%) 70.34+4.78 42,47 £ 4,09 51.57+3.18 0.02 <0.001
Temperature (°C) 2277+ 1.55 2937+ 1.65 2423 +1.59 0.013 0.02
VWC (%) 8.08+1.23 8.55+1.04 7.33+0.76 0.75 0.08

Canopy cover abové®. pygmaeanests and distance to the nearest tree were
different between zones and seasons. However, tatiem and nearest nest distance
were the same in both zones and same seasons.gObencold season, nests were
mainly southerly facing and more aggregated, wihilevarm season nests were mainly
northerly facing and more dispersed. On the otlardh canopy cover was different
between species (humileandP. pygmaepand seasons in the invaded-front. In colder
seasons canopy cover was higherlfohumile,and in warmer seasons it was the same
for both species. Although distance to the nearest was not significantly different
between species, it was a little bit higher Forpygmaealuring spring. Distance to the
nearest nest of the same species was significdiitgrent betweerP. pygmaeandL.
humile being higher foP. pygmaean colder seasons, while in spring it was higluer f
L. humile The distance to the nearest nest of a differpaties was not significantly

different between both species and seasons.

In regard to orientation, both species faced diffieisides in colder seasons while in

warmer seasons they faced the same side. Ne§tspyfgmaeavere mainly southerly
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facing in fall and winter, while in spring they veenortherly facing. In contrast, nests of

L. humilewere mainly northerly facing in each season.
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Figure 6. Physical characteristics &. pygmaeanests (mean * SE) in the native (open squared)Pan
pygmaed(filled dots) and.. humilenests (grey triangles) in the invaded-front dutting sampled period.
Nest orientation was categorized as: North (blaekcks), East (dark grey stacks), South (light grey

stacks) and West (open stacks).

Comparisons in temperature Bf pygmaeaactive nests between the two zones

(native and invaded-front) were made during sponty, as nest activity in the native
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zone was null in winter. Temperatures in springyéwer, were significantly different
between zones, & pygmaean the invaded-front tended to nest in warmer sitban

in the native one. In contrast, the VWC was theesanboth zones.

On the other hand, temperature and VWC betweempygmaeanests and their
control points in both native and invaded-front evéne same (GLMM, alP > 0.05).
These variables only show differences over time, tushifts in environmental factors
during the sample period. However, active and raiv@P. pygmaeanests in both the
native and the invaded-front presented differemecésmperature, the active nests being

warmer than the non-active ondable 2, Figure 7aand7b).

Non-active nests were present mainly in winter, lavtim spring they were only
present in the invaded-front. Regarding VWC, actirests and non-active nests were
the same throughout the sample period in both zfredsle 2, Figure 7cand7d), and

the nests always remained within the same range.

Table 2 Temperature (°C) and VWC (%) (mean + SEPofpygmaeaactive and non-active
nests in both the native and the invaded-frohtM®ls (Generalised Linear Mixed Model&-

valuein bold italic is a significant valud’(< 0.05. Inv-front: invaded-front.

temperature VWC (%)
(°C)
Active 22.07+1.54 8.08 £ 1.22
NATIVE )
Non-active 12.88 £ 1.50 7.61 £1.08
Active 28.5+1.77 8.82+1.02
INV-FRONT .
Non-active 1443 +1.36 9.21 +0.56
GLMMs P-value P-value
Native: Active vs. Non-active 0.001 0.75

Inv-front: Active vs. Non-active

<0.001

0.65
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Figure 7. Temperature (°C) (mean + SE) (a) in the natiwe (@) in the invaded-front, and VWC
(%) (mean £ SE) (c) in the native and (d) in theathed-front ofP. pygmaeactive nests (filled

dots) and non-active nests (open dots).

Finally, temperatures of active nests between Ixghcies and seasons were
significantly different(Table 1). In winter the mean soil temperature was the stme
both species, while in sprirg. pygmaeactive nests had a higher temperature than

humile VWC did not differ between active nests of the tepecieqTable 1). Thus,
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although VWC was not significantly different, itesas that the Argentine ant tended to

nest in colder and therefore more humid locationsprring tharP. pygmaedFigure 8).

WINTER SPRING
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WINTER SPRING

Figure 8. (a) Temperature (°C) (mean = SE) and (b) VWC (f¢an + SE) of. pygmaea

(filled dots) and_. humile(grey triangles) active nests in the invaded-front
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4. DISCUSSION

According to Passera et al. (2001), the nesB. glygmaean this study followed an
annual fission-fusion cycle in both sampled zonestiye and invaded-front) due to
seasonal climate variations. Nests were active f&aptember to October, suffering a
great decrease of activity from one month to the netil it was null or almost null in
November. In fact, these months constitute theofugeriod of the cycle, wheR.
pygmaeduses the nests from other colony subunits toter@age formations known as
“winter nests”, and whose build-up reduces the ll@fepolydomy for overwintering
(Passera et al. 2001) from November to mid-Februanying this hibernation period it
seems to be no activity inside the nests. Thismagsan fits with colonies in the native
zone, where there was a total lack of activity dagrihis period, and nests actually did
not register any visible activity until the endfdbruary. However, in the invaded-front
P. pygmaeastill maintained some activity inside nests in 6618.18% of cases.
Additionally, in this zond.. humileis highly present and seems to take advantage of
this P. pygmaeahibernation period, expanding and colonizing neeaa suitable for
winter nesting. This increased humiledensity in winter in areas wheRe pygmaea
was present, could have been a consequence ofvhaer’'s search for suitable sites for
winter nesting. Some of theke humileants were perhaps just passing through until an
optimal site was found to build-up its definitiventer nest. However, in 38.9% of the
casesL. humile stayed inP. pygmaeanests during the whole winter. Most of tRe
pygmaeanests occupied by the Argentine ant were nestsowitactivity.L. humileis
known to have a decreased activity or even a latkb@rnation period in areas where it
Is invasive (Benois 1973, Holway 1998a, Abril et 2007) and it profits from the
absence of other native ant species activity thatldc be interacting with it in

competition for nesting sites or food resourcedelfall and winter seem to be the
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periods when the Argentine ant begins to form itetev nests in the invaded area
studied. With the warm winter microclimate of thvaded Mediterranean-type areas,
and the optimal temperature range for foragingvagtduring daytime hours (Abril et
al. 2007), it may be that these factors are englthis ant species to colonize new areas
and retracting the native species in physiologis@p. Thus, one reason wiH.
pygmaearegistered some activity inside the nests in thaaded-front during winter
may be the presence bf humileduring that periodP. pygmaeactive nests were only
occupied by the Argentine ant once, while in 83.8P4casesL. humile occupiedP.
pygmaeanests without activity inside them. One explarmawould be that maintaining
some activity inside the nests helps preventumiletaking advantage d®. pygmaea
nests and invading them, since in wintehumileseems to prefer to occupy nests that
don't resist its invasion. This may occur becauss a more vulnerable period of the
colony cycle, with a low movement speed at low terafures that might make workers

more susceptible to negative interactions with o#m species (Jumbam et al. 2008).

Until mid-FebruaryP. pygmaeanests raised and expanded again, searching for new
areas to colonize and food resources for the reougints of the colony in spring-
summer. In this period of the year, colonies siplib humerous nests that remain in
close proximity to one another (Passera et al. RO8though P. pygmaeamade the
same effort to build new nests in spring in botimexy nest density decreased in the
invaded-front zone. Perhaps this was due to tbiethatL. humilewas at the beginning
of its reproductive cycle, during which time workencreased their own activity to
carry out several tasks, such taking care of tedor feeding the queens (Abril et al.
2007). Thus, the Argentine ant occupied 24% nfdrgoygmaeaactive nests in this
period than in winter, most likely because the gneerease in individuals at this stage

of its biological cycle allowed it to be numerigadominant over the native ant species
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and to improve its invasive power. In additiéh,pygmaedended to renew its nests in
the native zone more than in the invaded-frontrduthis period of the year. Most of
these nests were not renewed in the invaded-fpassibly because they were occupied
by the Argentine ant, which profited from the hib&tion period oP. pygmaeaand in

any case the latter retrieved its old nests occulpyethe former.

Although abundance d®. pygmaeavorkers were in the same level in both zones,
the pressure of the Argentine ant expanding andnaohg new areas in the invaded-
front could influenced the abundanceRofpygmaeavorkers, as individuals decreased
by 50% in relation to the native zone while the émtine ant raised its presence. This
result concurs with those found by M.L. Enriquez,A®ril, M. Diaz & C. Gomez
(unpublished), the presence Bf pygmaeaworkers in the invaded-front being lower
than in the native one. Although one might surntise the presence of the Argentine
ant is the main reason for the decrease.ipygmaeavorkers, M.L. Enriquez, S. Abiril,
M. Diaz & C. Gomez (unpublished) also found thatinmaded zones located further
from the front of the invasion (i.e. invaded-centzenes at a mean distance of 450 m,
CHAPTER 3) , P. pygmaeaseemed to be less affected than other native peties
that suffered a greatly reduced presence or ewetababsence in the zones where the
Argentine ant was found. In fact, M.L. Enriquez, Abril, M. Diaz & C. GOmez
(unpublished) found thaP. pygmaeaincreased its presence while other native ants
decreased theirs in the invaded-centre, suchCrsnatogaster scutellarigOlivier
1792),Pheidole pallidula(Nylander 1849) oCamponotus cruentatysatrielle 1802),
whose numbers were heavily reduced by the presehdbe Argentine ant. One
possible explanation for this could be that thespnee of more native ant species in the
invaded-front than in the invaded-centre means Bhatygmaeahas more competition

pressure for resources, and as it is a submispeeies it is disfavoured as much by
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other species than by the Argentine ant. Moreowethe invaded-centr®. pygmaea
increased its presence because its competitors kmeited to L. humile, which had
already retracted other native ant species andnhefte suitable nesting sites with
increased available food resources Forpygmaedo colonize and take advantage of.
Additionally, although Abril & Gémez (2009) concled that the coexistence of the two
species cannot be totally explained as a resuwdtludbituation process (as other authors
found with other ant species), they observed thatprocess could also play some role
in increasing the®. pygmaegoresence in a higher number of invaded zonesadt f
they observed that the Argentine ant tends toat@tmore aggression when confronted
with P. pygmaean the front than when they meet in the centre¢hef invasion. This
could be explained by the fact that by the timeytheeet in the invaded-centre the
Argentine ant has reached a certain degree of dalnh, which appears to be an
additional factor underlying the coexistence betwdkese two ant species in the

invaded zones (Abril & Gémez 2009).

In regard to the physical characteristics of nediising the entire period sampléd
pygmaean the native zone was observed to nest closénets or shrubs providing a
close food resource and a high canopy cover alisveests, while in the invaded-front
nests were built further from trees, which therefoffered a low canopy cover. These
results could be explained by the fact that initheded-frontP. pygmaeahas more
competitive pressure due to the additional presefte humile,and thus less optimal
sites to nest in. The former locates its nestseasawhere there are still suitable nesting
sites to colonize that meet its requirements pids#rhation, during which period the
Argentine ant will have been gaining the advaniaggr the rest of the native ants, even
occupying some of th. pygmaeanon-active nests. In contrast, in the native aasR,

pygmaeastarts to spread almost at the same time as tilgenant competitors, it has
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more opportunities to choose a better nestingnataer to trees and shrubs that allow it
to forage with the minimum of effort and energy t#adn addition, it seems that these
P. pygmaean locations in the invaded-front raised the terapge inside nests. Those
found to be active in hottest locations registaatifference of 7°C of when compared
with active nests in the native zone. In contrastl moisture stayed within the same
range over the sampled period and zones. Morethefact that nest soil water content
is related to winter nest temperatur@< 0.21,P = 0.02) indicates that the latter acts,
along with other factors, as a regulator of soiishoe, decreasing high percentages of
water content and avoiding high soil water evaponat therefore preventing
desiccation. To prevent over exposure to sun dl@g¢e canopy gaps (Retana & Cerda
2000) in the invaded-front and to avoid criticdligh temperatures (> 40°C, Cerda et al.
1998), P. pygmaeatends to nest facing the side with less hoursumflight during
spring. This orientation helps them to achievertivge of optimal temperatures for the
colony activity found by Cerda et al. (1998) of 1® 36°C. However, the mean
temperature in the invaded-front (29.37 + 1.65°Q ®B&s higher than the maximum
activity of temperature foraging (MAT) of 22°C segted by Cerda et al. (1998), while
in the native zone (22.77 + 1.55°C SE) this tenmtpegaconcurred with the MAT range
for this species. This also could be an additiwtedtegy ofP. pygmaeai.e., that it
considers it advantageous to avoid intense intmfe¥ and confrontation with the
Argentine ant, as the former changes its foraginfivity in the invaded-front at

temperatures much closer to its critical thermiramce (Cerda et al. 1998).

On the other hand, we found Argentine ant active@sa winter at locations with
fewer hours of sunlight, further from plant struets; and with a higher canopy cover
thanP. pygmaeathough this canopy cover was lower than thosdomed for winter

nests as detailed IBHAPTER 1. This exposure to high canopy openness, with the
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possibility of reaching non-optimal soil temperatuanges in areas whdpPe pygmaea
was present in winter, forcdd humileto nest mostly facing northerly, and thus avoid
reaching critically high temperatures that endaegesolony survival (Jumbam et al.
2008). Perhaps these were transition nests umtitiéfinitive winter nest was located,
and this is the reason why we found differencesammopy cover, distance to the nearest
tree, and orientation betweenhumilewinter nests, as discussed in the opening chapter
of this work. These active nests in winter wereated in places with a mean
temperature of 15.49 +1.74°C, and this temperatorecurred with the mean daily
temperature during mid-winter of 16.11 to 17.61°€ntioned inCHAPTER 1. The
Argentine ant is more likely to nest in warm siteswinter due to the fact that winter
nest soil temperature influences nest locatiorhis period. Additionally, these results
fit within the range of temperatures found by Btgeéll et al. (2010) for foraging
activity during winter in northern California. Thisuggests that the mid-winter
temperatures found in our study area also permittextjing activity during this period
(Abril et al. 2007). In fact, we think this is timeain reason why the Argentine ant was
active during winter in our study area and it mepaxplain why it takes advantage of
P. pygmaeaon-active nests. Exactly 21.7% of the Argentinereests found in winter
were nests pre-built by the other species. ThiBumile strategy forces the retreat of
native ants in invaded natural areas, causing stidrdecrease in the biodiversity of

these zones.

We can conclude th&®. pygmaeas affected by the presence lof humilein the
invaded-front. In fact, nest density and workerratance seems to decrease while the
Argentine ant is gaining ground in this area. Ttdeal pressure caused by the presence
of other native ant species and the higher aggrestisplayed by.. humileagainstP.

pygmaeain the edge of the invasion could decimate thesgaree of the latter in this
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zone. Such a scenario forcBs pygmaeato exploit less optimal nesting sites and
resources closer to its critical thermal tolerarfCerda et al. 1998). However, in
invaded zones further from the edge of the invasin pygmaeaseems to take
advantage of the presence of the Argentine antheakatter removes all the other native
ant species and consequenfly pygmaeaexperiences a decrease in competitive
pressure. Additionally, the habituation possiblenMaen these species in invaded zones
permits them to coexist in apparent equilibrium (A& Gémez, 2009) and may be a

side factor contributing to the increase”ofpygmaegresence in these areas.
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GENERAL DISCUSSION

The research constituted by this thesis is theimgation of numerous studies
focused on the improvement of the future managermeditcontrol of the Argentine ant

invasion in natural areas of Mediterranean mixa#t cak and pine forests.

Previous authors observed that Argentine ant imeasilonies vary seasonally
(Newell & Barber 1913, Markin 1970, Benois 1973 lele& Gordon 2006, Abril et al.
2008b) and that the best time to attack the nesthese areas may be in winter
(January-March), the period containing a greatesilig of queens and individuals per
nest (Abril et al. 2008b). Taking this into accquntCHAPTER 1 we determine the
physical and environmental characteristics thadtan the location of winter nests in
native and invaded zones. The correct location witews nesting sites could be an

important issue in reducing the effort requiredn@anage the invasion.

Preferred winter nesting sites for the Argentiné @ mostly influenced by soil
moisture and temperature, as well as factors réggléhem. A close tree or shrub and
southern orientations (in both native and introducanges), and canopy cover and
rocks (in the introduced range) help to avoid higlels of soil moisture. These
characteristics also protect the colony from exge¢emperatures, and maintain optimal

environmental conditions both inside nests, ana¢&wony activity during winter.

On the other hand, Vogel et al. (2009) suggestatirthtive supercolonies could be
compared with the introduced ones in all aspecteixtheir size. The results found in
CHAPTER 1 indicated that Vogel et al. (2009) were rightheit assumption. First, we
observed that native supercolonies also seem ltonf@ yearly pattern of fusion-fission
of nests, as do introduced colonies. We obtaingdlasi results regarding the spatial

range and distribution of native supercoloniesceime found the same length and
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almost the same distance between them, thoughandtver nest density in winter than
that noted two years earlier by Vogel et al. (208gcond, its nesting behaviour in
winter is similar to that of invaded areas, adntlividual winter nests were located in
largely similar sites. Therefore, the success efAingentine ant as an invasive species
relies neither on a shift in social organizatiorr moa shift in their mode of nesting
associated with the introduction to new habitatsusl the winter nesting behaviour of
the Argentine ant seems to be intrinsic. Moreoddferences in size between native
and introduced supercolonies seem to rely on @iffeecological features (e.g., pressure
from other close supercolonies, native competitarg] parasites (Vogel et al. 2009))
that do not allow native supercolonies to grow a&xgand as much as they do in

introduced areas where the ant species is invéSivarez et al. 2001).

Additionally, Heller & Gordon (2006) suggested tlla@ Argentine ant has a certain
fidelity to its winter nesting sites year after yeln CHAPTER 1 we also confirmed
this assumption. In our study area the Argentirteretnrned to the same winter nesting
sites year after year. Furthermore GHAPTER 3 we observed that in invaded areas
larger nests remain inhabited longer, and in soase<x even remaining so during the
entire year. Thus, the main reason for these thestg) permanent may be their size, as
to move such a huge formation would require a gregffort than to move the satellite
nests, which are smaller expansions of those wirgsts. This lifetime-size relationship
suggested that the large permanent nests withhadagsity of individuals inside them
are most probably mother nests (Heller & Gordong2®€eller et al. 2008a), which may
work as a source of queens for the colonizationest non-invaded areas. With this in
mind, focusing management efforts on the elimimated these mother nests could

perhaps be an effective way to attack the plague.
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It is known that different traits in queen biologgueen density, fat content in
gueens, the queen/worker thorax volume ratio, drel dviposition rate) are good
estimators of the invasive capabilities of a coloag they are directly related to
dispersion speed and successful colony foundatidtidobler & Wilson 1977, Keller
& Passera 1989, Stille 1996, Bruna et al. 20113uécessful, more efficient elimination
of Argentine ant queens in invaded natural envirent® requires detailed information
about their invasive process and its relation tddgical traits. CHAPTER 2 set out to
identify these and to discover how the biologitedtegies adopted by the Argentine ant

change in response to different ecological contexts

The biological differences of the Argentine ant eue that are discussed in
CHAPTER 2 seem to respond to the different ecological cdstéound in the three
zones studied (native, invaded-front and invadedreg The different strategies
adopted in each zone would provide the colonies witferent skills to compete for
available resources and assure the founding ofcaesaful new colony. Therefore,
Argentine ant colonies in the native range haveeatgr number of queens, and they are
smaller in size than in both invaded zones. Thep &lave the highest fat content, as
well as the largest workers. Colonies from the degafront, however, have a greater
number of queens, and they are larger than innxdied-centre, but with the same fat

reserves and worker size.

Results found also indicate that the Argentine gu#ens in the native range are
physiologically and morphologically well adapted dn independent mode of colony
founding, while those in the introduced areas seewccupy a halfway point between
independent and dependent, as queens are morptalpggualified to carry out
independent colony founding, but not physiologicdKeller & Passera 1989, Stille

1996). The findings seem to suggest that this ig mark a shift in the Argentine ant
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colony strategy, which has allowed it to becomarsasive species in the introduced
range. Although it is well-known that the Argentiaet has a dependent mode of colony
founding in introduced areas (Hee et al. 2000)etlaee no studies addressing this issue

in the native range, and in this respect furthseaech is needed.

Ecological and biological strategies followed by tArgentine ant (observed in
CHAPTER 1 and 2 have provided new and valuable information aboaomv tthis
species could make adjustments to adapt itseliffiereint ecological contexts, and how
we can improve timing and efforts to manage theasion in areas of natural interest.
These changes were mainly focused on biologicakrathan on ecological strategies
(which experienced only minor behavioural variafces take advantage of all the

available resources in the different ecologicalterts in which they are nesting.

Once we know where to locate winter nests and wihichogical strategies the
Argentine ant colonies pursue to assure a sucdessfu colony founding, we can
initiate methods to control the invasion basedh@nelimination of queens and workers.
Additionally, however, we also need to know whem avhere it is better to act to
manage the invasion in invaded natural area€HAPTER 3 helps us to answer these

guestions.

For this purpose, first we determined the popufatignamics of the Argentine ant
during one year, and second we assessed a corgtiobdhbased on the manual removal
of winter nests in order to eliminate queens arerthrood during two consecutives

winters. We then analyzed the effects of this merent over the long term.

As for the population dynamics of the Argentine previous to the extirpation, we
confirmed the idea of an annual fission-fusion eyof invasive populations due to

seasonal climate (Benois 1973, Heller 2004) withressults of the seasonal variation in
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nest distribution found in our sampling area. Imter, nests were larger, low in
number, and aggregated (fusion period), and wonkere limited in number. On the
contrary, nests in spring were smaller, more aboth@nd randomly distributed (fission
period), and workers were high in numb&HAPTER 3). Nests were also larger and
more abundant at locations and plots where the ettiye pressure to which the
Argentine ant was subject to was low. In contrassts were smaller and less abundant
at the front of the invasion, where the native @mnmunity was better structured and

where it exercised a high competitive pressurehennvasive antGHAPTER 3).

On the other hand, the manual removal of wintetshpoduced changes mainly in
nest size. Nests at treated plots were small andasialong the invasion front, while
nests at non-treated plots followed the seasor@¢ ©f contraction-dispersion and were
smaller as we moved closer to the edge of the iomasont. We also observed that
larger nests persisted throughout the cold seasaven the whole year (Heller &
Gordon 2006), indicating that they act as mothstéHeller & Gordon 2006, Heller et
al. 2008a). Nevertheless, the diminished numbéhede longer lasting nests in treated
plots compared with control plots suggests that ékBrpation conducted could be
dividing mature old nests, making them less pasistTwo-year management would
appear to be effective only at the edge of thedimrafront, where the Argentine ant
population is less structured, weaker, and moreerable to disturbance. Extirpation at
the edge of the invasion front promotes changespatial distribution and the number
and size of nests, as well as the time nests reawdive over the sampling period, and
in the abundance of workers. Manual removal of @stwinter probably reduces the
number of spreading gynes and it changes workearipes, slowing the dispersal

capacity of the colony and delaying it.
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The first two winters the number of ants decreasiter the extirpation at treated
plots, but nests and workers recovered again irthting winter, indicating that to keep
the number of nests and consequently the expanéiiie Argentine ant at a low rate, a

yearly extirpation is required.

The effects on Argentine ant population dynamicseasts where extirpations were
conducted suggested that it would be best to ftlmesnanagement of the invasion in
winter at the edge of the front, and to do it peically. However, we think that due to
the observed high levels of invasion in our studyaathe manual removal of nests
should be accompanied by other alternatives methaod®rder to improve its
effectiveness. For example, the use of artificedta as traps (M.L. Enriquez, S. Abril,
M. Diaz & C. Gémezunpubl.), as well as the integration of other bgatal control
methods such as foraging disruption (Nishisue et28i10) or diet dissociation
(Silverman & Liang 2001, Guerrieri et al. 2009)9pring could be a way to enhance
winter nest extirpation, keep the front stationangl prevent the ant from invading new

sites.

As a consequence of the nest exchange observeedietive Argentine ant arivi
pygmaea,detailed iInCHAPTER 1), and as the coexistence of these two species in
invaded natural areas is well-known (Oliveras eR@D5, Abril & Gomez 2009), other
questions arose for uUCHAPTER 4 helps us to better understand the interaction
between these two ant species, determine whicloriagiromote this nesting site
exchange, and discern whether the submissiv® apygmaeas benefited or damaged

by the presence of the Argentine ant in invadedrabtreas.

Results found suggest that the different ecologsiaategies employed b#p.

pygmaeain the invaded-front in relation to nesting sisem to permit coexistence in
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areas where the Argentine ant is present. Firgtetlis the plasticity in its nesting
behaviour with regard to physical characteristitshe nesting site, and its having to
make do with the less optimal available nestingssieft by the Argentine ant. Second,
there is the plasticity in its colony activity, whi changes at temperatures much closer
to its critical thermal tolerance (Cerda et al. 8P# order to avoid intense interference

confrontation with the invasive species.

However, in invaded areas further from the edgthefinvasion frontP. pygmaea
seems to be relatively unaffected, increasingnésgnce while other native ant species
decrease theirs (M.L. Enriquez, S. Abril, M. Diaz& Gdmezunpubl.). The more
structured ant community offers greater competipuessure for resources, and tikus
pygmaeaseems to be disfavoured by the presence of sematale ants due to its
submissive nature. Nevertheless, in an unstructaed community this tiny ant
increases its presence due to increased availabte resources left by the native ant
species eliminated by the Argentine ant. Additibnah certain degree of habituation
betweenP. pygmaeaand L. humilein invaded zones also could play some role in

increasing the presence of the former (Abril & Gar@®09) in this invaded areas.

FUTURE RESEARCH

The information contained in this thesis relatingrhproving the timing and efforts
made to manage the Argentine ant invasion in indacural areas generates new
questions which could be answered with future mresedsiven the high invasion levels
found in our study area, we think that the manuahoval of nests should be
accompanied by other, alternative methods in otdeimprove its effectiveness. It
would be interesting to determine with more preridhe effect of integrated biological

control methods on queen populations in the edgehefinvasion front. For this
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purpose, we could evaluate queen population groatthand abundance after assessing
an integrated control based on a yearly extirpatiomests, complemented with targeted
artificial nests traps (M.L. Enriquez, S. Abril, iaz & C. Gémezunpubl.) in winter
together with diet dissociation (Silverman & LiaB01, Guerrieri et al. 2009) steps,
and foraging disruption (Nishisue et al. 2010) pnirsg. This integrated control would
help us attack the Argentine ant population in einhore effectively and in less time,
as well as destructure the population and alsoedserthe chances of an efficient intake
of available food resources in the front of theasion in spring. Taken together these
actions could contribute to diminishing the invaspower of this species at the edge of

the invasion front more quickly and successfullyd atop its expansion into new areas.

Second, it would also be interesting to determiveerhodes of colony founding in
the native range of this ant species. Until nowdl®ve been no studies addressing this
essential issue, knowledge of which could help awdbdtter understand the invasion
process in natural environments and truly discewtegther the energy investment of the
colony has changed in the process of becoming \aasive species. For this purpose,
different studies could be carried out based ontwdrequeens leave the nest alone or
accompanied by workers. If the Argentine ant ultehahas a dependent mode of
colony founding in its native range, how many waskieave the nest initially and how
many arrive at the new nesting site? Is this nunriferenced by intra- and interspecific
competition, increasing the mortality rate of waskéollowing the queens? And if this
is the case, how many workers are needed to sticlhgsstart a new colony in the

native range?

Third, as mother nests seem to be a source of gueerthe colonization of new
non-invaded areas in spring, and they are locatepermanent sites year after year,

future research on their dynamics could be intargsMoreover, focusing management
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efforts on the elimination of these mature old sesfy be another effective way to
attack the plague. For this purpose, we could fipalty determine just how and where
they are built, and why they are permanent. Addélly, we could also assess the
differences in number, density, and productivity qpfeens in comparison to non-

permanent nests.

Fourth, increased knowledge about how the exchahgesting sites between the
Argentine ant andP. pygmaeas promoted could be valuable to help better ustded
the migration processes and nesting requirementiseoArgentine ant. Moreover, this
information could be taken into account when comtidgcfuture control methods based

on targeted artificial nests traps.

Fifth, considering thatP. pygmaea also have be seen sharing nest sites (i.e.
sheltering rocks) with other native ant speciesCamponotus cruentatu@ atreille
1802) orAphaenogaster subterrandhatreille 1798), it would be interesting assessed
why and how this tiny ant could avoid confrontatiagainst some of these other ant

species and manages to remain on these sites.

Finally, another possibly study would address worke&e, as we found that
introduced colonies produce smaller workers thdive@nes. Taking this into account,
we could determine why worker size differs betwbeth ranges, and if it is related to
an increased interference competition capabilitytheir native range and/or to an

increased invasiveness potential in the areas whiexygpecies has been introduced.
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1. Winter nesting sites are mostly influenced by swdisture and temperature,
as well as factors which can regulate them, such rafative distance to the
nearest tree and orientation (in both native artdbdluiced ranges), and
canopy cover and rocks (in the introduced rangd)th®se characteristics
help to ensure best conditions inside the nestdtony activity and survival
in winter, maintaining temperature and thereforé swisture in optimal

ranges.

2. Winter nesting sites are similar in both introduaat native ranges and
differences observed in some of the factors studiege are due to the
contrasting ecological contexts of the native amcaded ranges. Thus, the
success of the Argentine ant as an invasive spdoies not rely on a shift in
social organization nor in a shift in the mode ekting associated with the
introduction to new habitats. Thus, winter nestaefpaviour of the Argentine
ant in the invaded areas seems to be intrinsicianéeds only to make
minor behavioural adjustments to allow it to tak#dvantage of all the
available resources in the different ecologicalterts in which they are

nesting.

3. The Argentine ant returns to the same nestingysigée after year, and may
even remain in the same place for the whole cyldhese permanent nests
are the largest ones and it seems that they anb#ser nests, which provide

a major source of queens for the colonization @f nen-invaded areas.

4. Biological differences also seem to respond to diféerent ecological

contexts of the studied zones. Native colonies hawgreater number of
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gueens and they are smaller in size than in thedied ones. They also have
the highest fat content and the largest worker¢or@es from the invaded—
front, however, have a greater number of queertsttzay are larger than in

the invaded-centre, but with the same fat reseamdsworker size.

. The Argentine ant queens in the native range cbalghysiologically and

morphologically well adapted to an independent mofleolony founding,
while those in the introduced areas seem to oceupgifway point between
independent and dependent, as queens are morptallpgjualified to carry
out independent colony founding, but not physiatadly. The findings seem
to suggest that this may mark a shift in the Argentnt colony strategy,

which has allowed it to become an invasive spdaid¢ise introduced range.

. Spatial dynamic of the nests of the Argentine aatiafluenced by seasonal

variations in local climate and interspecific conij@n exercised by native
ants. Nest abundance and nest size decrease fruter Wo spring and as we

get closer to the edge of the invasion front.

. Two-year management by means of manual removalestsnin winter

would appear to be effective only at the edge efittvasion front where the
Argentine ant population is less structured, weaed more vulnerable to
disturbance. Extirpation in these areas promoteangds in spatial
distribution, number and size of nests, as weihdke time that nests remain
active over the sampling period, and in the abuoéaf workers. Manual
removal of nests in winter probably reduces the lemof spreading gynes
and changes worker priorities, slowing the disdecagacity of the colony

and delaying it.
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8. During the two first winters the number of antscantrol plots augmented
typically from winter to spring, while treated pdogxperienced a decrease in
workers after extirpation. However, nests and wrkat treated plots
recovered again in the third winter, indicatingttiha@ achieve significant
results and to keep the number of nests and coas#yguhe expansion of

the Argentine ant at a low level rate, yearly gtron is required.

9. P. pygmaeas affected by the presence lof humilein the invaded-front.
Nest density and worker abundance seems to decrndakethe Argentine
ant is gaining ground in this zone. The high pressileriving from the
presence of other native ants and the greater sgjgreofL. humileagainst
P. pygmaeain the invaded-front can decimate the presencéheflatter
there, and force it to exploit less optimal nestsiigs and food resources

closer to its critical thermal tolerance.

10.P. pygmaeain invaded zones further from the edge of the siva (i.e.
invaded-centre) seems to take advantage of theempresof the Argentine
ant, as the latter retracts almost all the otheiiv@aant species and
consequently there is a decrease of competitivespre onP. pygmaea
Additionally, the habituation possible between thepecies in the invaded-
centre permits them to coexist in apparent equilibrand it may be a side

factor contributing to the increasef pygmaegresence in these zones.
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Publications derived from the Doctoral Thesis:

Here in, we detail the papers derived from the Di@ttThesis, and at which point of the
editorial process are each submitted manuscripiousid. The Impact Factor (IF)

corresponds to the latest update of 2011.

1. Diaz M, Abril S, Enriquez ML & Gomez C. Wherertmve when it gets cold: winter
nesting sites attractive to the Argentine ant (Hyoptera: Formicidae).

Myrmecological News 18:51-58.
IF: 2.644. Rank 5/86 (Q1) in Entomology.

2. Abril S, Diaz M, Enriquez ML, Gémez C. (2012) Maand bigger queens: a clue to
the invasive success of the Argentine ant in nhtuabitats. Myrmecological News
18:19-24.

IF: 2.644. Rank 5/86 (Q1) in Entomology.

3. Diaz M, Abril S, Enriquez ML & Gomez C. Colonyssrategies of the Argentine ant
in its native range: location of winter nestingesiand energy investment in queens. In

preparation for Myrmecological News.

4. Diaz M, Abril S, Enriquez ML, Gomez C. Assessingthe Argentine ant invasion
management by means of manual removal of wintetsniesmixed cork oak-pine

forests. Biological Invasions (second revision).
IF: 2.896. Rank 45/134 (Q2) in Ecology.

5. Diaz M, Enriquez ML, Abril S, Gomez C. Is theomissive anPlagiolepis pygmaea
affected by the presence of the Argentine ant tnrahinvaded areas? In preparation

for Myrmecological News.
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