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ABSTRACT -

The Argentine ant (Linepithema humile) is an invasive species that has
spread in Mediterranean-climate areas of the world. Once established in a
new environment, the Argentine ant displaces the native ant community
almost entirely, occupying the space very densely. However, although it has
been described as a very successful invasive species, there are also examples

of invasion failure.

In this dissertation I focus on these unsuccessful invasions, when the
Argentine ant is not able to displace the native ant community and its
abundance is not high. [ focused on both the abiotic components of the
environment, which can prevent or facilitate Argentine ant invasion of new
localities, and the biotic factors that can influence the invader’s performance

or potentiate the effect of the abiotic components to prevent its success.

[ used observational studies at a local scale (Dofiana National Park, Spain;
Dawson Los Monos Canyon, USA) and regional scales (coasts of Iberian
Peninsula and Mediterranean islands), behavioral experiments (Dawson),
long-term surveys (Dofiana and Mediterranean islands), and data from

literature of species co-occurring with the Argentine ant.

My results revealed that unsuccessful invasions are common and are not
time-dependent, as the Argentine ant has been present in these localities for
decades. This situation did not seem to be caused only by the lack of suitable
abiotic conditions for the invader. Although the native ant community may
not present biotic resistance in terms of species richness, species diversity,
or community structure, | suggest that native ants with some life-history
traits related to interspecific competition could be altering the invasion
outcome when abiotic conditions are unsuitable for the invader. Field
experiments showed that native species with these traits reduced foraging
performance of the Argentine ant at baits, and I observed that these species
co-occurred with the Argentine ant at a high frequency. Abiotic factors
affected the spread of the Argentine ant at both regional and local scales.
Besides human transportation, I found evidence that this invader might be
using scavenger raptors to disperse at the local scale. At the regional scale

probability of invasion was positively related to human presence and

12
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proximity to already-invaded areas. Finally, on the coasts of Mediterranean
islands, the Main supercolony expanded more than the Catalonian and

Corsica supercolonies, which seems to be a result of arrival priority.

My dissertation highlights the importance of studying both biotic and
abiotic factors in native ecosystems, as well as their interaction, in the long-

term to modulate the success of the Argentine ant invasion.
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RESUMEN -

La hormiga argentina (Linepithema humile) es una especie invasora que
se ha expandido por todo el mundo en zonas con clima mediterraneo. Una
vez establecida en nuevo entorno, la hormiga argentina desplaza casi por
completo a la comunidad nativa de hormigas, ocupando la zona a altas
densidades. Sin embargo, a pesar de que ha sido descrita como una especie

invasora muy exitosa, no siempre es el caso.

Esta tesis se centra en estas invasiones no exitosas, cuando la hormiga
argentina no es capaz de desplazar completamente a la comunidad nativa de
hormigas y su abundancia/densidad no es tan elevada. Para ello me he
centrado tanto en los factores abioéticos del medio, los cuales pueden
prevenir o facilitar el éxito de la hormiga argentina para invadir nuevas
localidades, como en los biéticos, que pueden influir en su rendimiento o

potenciar el efecto de los factores abiéticos para prevenir su éxito.

Para ello, he usado estudios observacionales a escala local (Parque
Nacional de Dofiana, Espafia; Dawson Los Monos Canyon, EEUU) y regional
(las costas de la Peninsula Ibérica e islas Mediterraneas), experimentos
comportamentales (Dawson), muestreos a lo largo de varias décadas
(Dofiana y las islas del Mediterraneo) y datos extraidos de la bibliografia

sobre especies que co-ocurren con la hormiga argentina.

Mis resultados revelaron que las invasiones no exitosas de la hormiga
Argentina son frecuentes y que no dependen del tiempo que lleve la zona
invadida, ya que la hormiga argentina ha estado presente en estas zonas
durante décadas. Este hecho no parece que sea debido solamente a la falta
de condiciones abidticas adecuadas para la especie invasora. A pesar de que
la comunidad nativa de hormigas no presenta resistencia bidtica en
términos de riqueza, diversidad o estructura de la comunidad nativa de
especies, sugiero que aquellas hormigas nativas que poseen rasgos de vida
relacionados con la competencia interespecifica podrian estar afectando al
éxito de la invasidn, especialmente cuando las condiciones abiéticas no son
adecuadas para la invasora. Experimentalmente, las especies nativas con
estos rasgos redujeron la eficacia de forrajeo de la hormiga argentina en los

cebos, y observé como estas especies co-ocurren frecuentemente con la

14
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argentina en zonas invadidas de todo el mundo. Los factores abidticos
afectaron a la expansion de la hormiga argentina tanto a escala local como
regional. Ademas del transporte mediado por el hombre, encontré
evidencias de que esta invasora puede estar usando rapaces carrofieras para
dispersarse a escala local. A escala regional, la actividad humana y la
distancia a zonas previamente invadidas, resultaron ser factores
importantes en la invasién de nuevas zonas. Finalmente, en las costas de las
islas del Mediterraneo, parece que la supercolonia europea se ha
beneficiado de ser la primera en llegar para expandirse mas que las

supercolonias catalana o corsa.

En mi tesis subrayo la importancia de estudiar de forma paralela los
factores bidticos y abioticos de los ecosistemas nativos y su interaccion a lo
largo del tiempo, ya que parece que modulan el éxito de la invasion de la

hormiga argentina.
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GENERAL INTRODUCTION
AND GOALS
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1. GENERAL INTRODUCTION

1.1. Biological invasions

Human development has progressed very quickly in recent centuries, making
life more comfortable for our species and achieving goals never considered
before. However, this progress has brought with it severe consequences for the
environment, such as anthropogenic changes in ecosystems to develop cities,
exploitation of resources, changes in land management for agriculture, waste in
the ocean... One of the main consequences of human development has been the
widespread introduction of non-native species all over the world (Seebens et al.
2017; Seebens et al. 2018). Introduction pathways have been diverse and can be
unintentional, as in the case of numerous insect species that have ‘hitchhiked’ via
human transportation systems (Rabitsch 2011). Over the past decades species
have been more frequently introduced with a specific purpose for our own
benefit, and in large numbers (Catford et al. 2018). Hunting, for example, has
motivated the introduction of multiple game species of fishes, mammals and birds
(Jeschke & Strayer 2006). Human preference for pets such as cats has made a
great impact on biodiversity (Liberg 1984). Usage of ornamental plants has been
described as the major cause of worldwide plant invasion (Wilson et al. 2012).
Independent of the cause of their introduction, invasive species are one of the
main reasons for biodiversity loss (Cox 1999; Simberloff et al. 2013; Bellard et al.
2016; Blackburn et al. 2019) as well as socio-economic impacts (Williamson
1996; Mack et al. 2000; Jeschke et al. 2014; Emiljanowicz 2017). Studies that help
to understand how the process of invasion works are of great importance for

future prevention and management of alien species.

1.2. The process of invasion and the success of the invader

A species must overcome several barriers in order to become invasive in a new
environment (Blackburn et al. 2011; Fig. 1), and factors affecting success against
these barriers may be different according to the stage of invasion (Leung et al.
2012). The first barrier is geographic, due to the need of a species to be
transported to a new environment. In the case of intentional introductions, an
additional captivity/cultivation barrier must be overcome. Once physical

establishment has occurred, next stage’s barriers are survival and reproduction,
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Figure 1. Stages and barriers that an alien species has to overcome in order to become invasive in a new

environment, and the terminology for the species at each stage (modified from Blackburn et al. 2011).

to be able to establish in the ecosystem. The alien species, which until this stage
was considered only introduced, becomes naturalized in the recipient ecosystem.
At this point, dispersal represents the final barrier to a species becoming invasive.
This barrier sets limits to the potential distribution range of the alien species,
according to the characteristics of recipient ecosystems. It is in this framework,
proposed by Blackburn et al. (2011), that my dissertation is structured. My
purpose is to analyze what factors act as barriers to prevent spread of an invasive

species.

Considering the high number of introduced species all over the world (more
than 13 000 species; Ross N. Cuthbert, Pers. Comm.), it may seem a relatively easy
process to succeed in invading a new ecosystem. But according to the Tens Rule,
only 1 out of 10 introduced species becomes naturalized and only 1 out of 10
naturalized species becomes invasive (Williamson & Fitter 1996). The majority of
studies about biological invasions focus on those that have succeeded (Maclsaac

etal. 2011), but without an understanding of the mechanisms that make invasions
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fail we will never completely comprehend them (Nufiez & Medley 2011;
Rodriguez-Cabal et al. 2013). Invasion failure can occur at any stage of the process,
but early failures before the species have naturalized are more difficult to detect
than failures in populations already established (Phillips et al. 2010). As Zenni &
Nufiez (2013) proposed, long-term monitoring studies of populations are a good
method to identify invasion failures, and this is one of the approaches that I follow
in my dissertation. This approach allows observation of population dynamics
(Lester & Gruber 2016) or the extent of the impacts of the invader (Jeschke et al.
2014), and has been used by several authors to analyze dynamics of invasive
species (e. g. Nufiez & Medley 2011; Morris et al. 2013; Dyer et al. 2017; Ramirez
et al. 2018). Tracking introductions through time would allow us to see
differences between those environments where the invasion succeeded
completely and those where the invader remains naturalized or even where
invasion collapses. Thus, we will be able to measure how invaders are affected by
both abiotic conditions and interactions with native species. Strayer et al. (2006)
emphasized the importance of long-term monitoring studies because the impact
of invaders can fluctuate and change over time. They illustrated their point with
an example of how the red imported fire ant, Solenopsis invicta, invaded a region
of Texas, decreasing arthropod diversity. However, when the area was re-sampled
12 years later, insect diversity had surpassed the pre-invasion level. If we observe
only the early stage of the invasion we would conclude that S. invicta negatively
impacts insect communities, while if we focus on the second sampling we would
deduce that the presence of the invader favors native species. Solenopsis invicta
was still the most abundant ant species in the second sampling, but not as
abundant as it was during the initial phase of the invasion (Morrison 2002). Thus,
monitoring invasive populations is an essential tool to determine not only the

impact but also the expansion and success of the invaders.

The success of an invasive species may be estimated by monitoring the
expansion rate of its distribution. However, there is an important bias in the data
due to the lack of reported naturalizations/invasion failures (Diez et al. 2009;
Rodriguez-Cabal et al. 2013). Nufiez and Medley (2011) studied the success of
Pinus populations worldwide and stated that if they had not analyzed the failed
invasions they would have overlooked the importance of biotic interactions in the

recipient environment as a barrier to Pinus invasion. If we could analyze not only
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positive data but also the negative (failures at some point of the invasion process),
we could have a more accurate measurement of the success of an invader. This

approach requires tracking invasive populations through time.

1.3. Factors affecting successful invasions

Among the most common factors preventing the establishment or spread of
introduced species are biotic and abiotic resistances (e.g. Zenni & Nuiiez 2013).
Depending on the species of interest, variability in abiotic factors like soil type
(Wang et al. 2017), temperature (Penk et al. 2016), disturbance (Kneitel &
Perrault 2006), and humidity (Menke & Holway 2006) can influence the success
or failure of the introduced species. Although species vary in their abiotic
tolerance ranges (Zhan et al. 2015), establishment in a foreign environment often
requires climate matching to the native range of the invader (Nufiez & Medley
2011). Global climate change is going to alter invasive species distributions in
addition to their performance and impacts on native communities (Dukes &
Mooney 1999; Bradley et al. 2010; Medina-Villar et al. 2020) Although
distributions may be reduced for certain invasive taxa such as amphibians or birds
(Corn 2005; D’Amen et al. 2011), arthropods should benefit from this increase in
temperatures and broadly expand their range of invasions (Ward & Masters 2007;
Bellard et al. 2013). Although matching climate conditions are very relevant, alien
species can survive in suboptimal conditions, where their populations may be
limited in size or performance (Ricciardi et al. 2013). Thus, invasive species
coping with unfavorable abiotic conditions may be more vulnerable to pressure

by other factors, such as the biotic resistance of the recipient ecosystem.

The biotic resistance hypothesis states that native ecosystems that are richer in
species can resist invasion through factors like predation, competition,
aggression, disease or parasitism (Elton 1958). These factors could be acting in
different ways and at different grades depending on the stage of the invasion
process. In their meta-analysis on plant invasions, Levine et al. (2004) showed
how most studies of biotic resistance are based on populations that have already
passed the naturalization period. Even knowing this bias, Levine et al. (2004)
showed that biotic resistance limited the abundance of an established invader.
Biotic resistance from native ecosystems can manifest in several ways,

corresponding to specific hypotheses (Catford et al. 2009; Riccciardi et al. 2013).
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The empty niche hypothesis states that higher species richness results in fewer
available niches in the community, reducing the likelihood of invasion.
(Stachowicz et al. 1999; Naeem et al. 2000; Hierro et al. 2005; Bufford et al. 2016;
Liew etal. 2016; Beauri et al. 2020). Another hypothesis linked to biotic resistance
is the generalist-specialist hypothesis, which states that if predators in a recipient
ecosystem are generalists, then invaders are less likely to succeed due to the
probability of being consumed (Catford et al. 2009, Sax et al. 2007). This is closely
related to the exotic prey naiveté hypothesis and the increased susceptibility
hypothesis, which postulate that new invaders experience higher levels of
predation from predators unknown to them (Colautti et al. 2004; Catford et al.
2009; Li etal. 2011; Wanger et al. 2011). Thus, invasions are more likely to fail in
communities with high species richness and/or a predominance of generalist
predators.

Biotic resistance could also depend on the identity of the native species of the
recipient community, or on specific life-history traits they may possess. According
to the limiting similarity theory, native species that possess traits that overlap
with those of the invader will be more capable of competing with it for key
resources, jeopardizing the invader's establishment (Funk et al. 2008) or at least
reducing the degree of its success. But, what is the degree of effectiveness of each
trait to face invasive species? Most studies about biological invasions focus on the
traits of invasive species (Sans et al. 2004; Lloret et al. 2005; Jeschke & Strayer
2006; Wittenborn & Jeschke 2011; Allen et al. 2017; Swart et al. 2018) to
understand the mechanisms that make them successful invaders. However,
predicting the vulnerability of specific native ecosystems will also require an

understanding of the traits that enable native species to repel the invasion.

Trait overlap with native species could also end up in modification of specific
traits of the invader to avoid competition, for example with trait plasticity (Funk
et al. 2008). Rapid adaptation through epigenetic changes confers advantages to
invasive species under the pressure of novel conditions (Ricciardi et al. 2017).
Several studies have shown how invaders can adjust to the conditions they face in
new environments. Introduced wasps like Vespula vulgaris or V. pensylvanica can
outcompete native species through behavioral plasticity (Wilson et al. 2009;
Grangier & Lester 2015). Traits of invasive Acer species related to germination

and leaf durability show variation according to the moisture availability of the
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environment they are invading (Zenni et al. 2014). Females of invasive
populations of round goby Neogobius melanostomus modify several reproductive
and morphological traits during colonization in order to succeed (Horkova &
Kovac 2014). Therefore, traits of invasive species should not be studied through
snapshots, because they may express plasticity to adapt to diverse conditions in
space and time. By identifying which traits of native species provide a basis for
competitive biotic resistance, we may predict which traits of the invader are under

selection for plasticity.

1.4. The Argentine ant as an invader

[ focus my dissertation on the invasive Argentine ant (Linepithema humile), a
very harmful invader that has spread all over the world in areas with
Mediterranean-like climate (Suarez et al. 2001). As the second-most studied
invasive species, after the zebra mussel (PySek et al. 2008), numerous studies are
available to understand its biology, life-history traits, and mechanisms of invasion.
Native to Argentina, Brazil, Uruguay and Paraguay, the Argentine ant was
unintentionally spread through commerce routes in 19th century Europe
(Martins 1907; Wetterer et al. 2009). It has been included as one of the 100
world’s worst invaders by Lowe et al. (2000), due to its great impact on the
ecosystems it invades. Once installed in a new environment, the Argentine ant is
able to displace the native ant community almost entirely, with the possible
exception of some very small, cryptic and/or evasive species like Plagiolepis
pygmaea (Abril & Gomez 2009). Ants are not the only taxonomic group affected by
the invasion. Arthropod communities in general suffer important alterations in
the presence of the Argentine ant, as demonstrated in Northern California, Hawaii,
and Australia (Holway 1998; Rowles & O'Dowd 2009a; Krushelnycky & Gillespie
2010). Small vertebrates can be also threatened by this invasive species, including
amphibians (Alvarez-Blanco et al. 2017; in press b), reptiles (Suarez & Case 2002)
and birds (Boieiro et al. 2018; Alvarez-Blanco et al. in press a). By affecting all
these species, the Argentine ant's invasion provokes indirect alterations such as
lost seed dispersal (Rowles & O'Dowd 2009b) or reduced plant growth and
pollination derived of tending honeydew-producing hemipterans (LeVan &
Holway 2005; Nygard et al. 2008).

The Argentine ant’s invasion success is a product of several life-history traits,
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common to the most invasive ant species, which make them superior competitors
(Passera 1994). The presence of multiple queens in the same nest (polygyny),
together with the workers' relatively small size, promotes the transport of small
propagules (without humans noticing) it or its dispersal by budding. A generalist
diet also facilitates its establishment in a wide range of environments. Probably
the most important trait for invasion success is a special type of social
organization called unicoloniality. This consists of the ability to form large
colonies of workers (supercolonies) lacking intraspecific aggression, moving
freely among nests that can be even thousands of kilometers apart (Giraud et al.
2002). This behavior facilitates invasion, enabling workers to collaborate against
native species instead of competing with neighboring nests of other Argentine
ants. At least 15 different supercolonies have been described worldwide (Vogel et
al. 2010), the largest of which is known as the Main European. This supercolony,
while present on all continents, occurs along more than 6 000 km in Southeastern
Europe alone (Giraud et al. 2002), forming the largest cooperative unit ever

documented (van Wilgenburg et al. 2010).

Although the Argentine ant is usually reported as a very successful species, it is
not always as successful as expected (Way et al. 1997; Thomas & Holway 2005;
Wetterer et al. 2006). These unsuccessful invasions can persist over time
(Mothapo & Wossler 2014) and can provide very interesting information about
the characteristics of the recipient ecosystems that may be preventing the invader
from succeeding completely. Although the term ‘successful invasion’ could be
interpreted in different ways according to the invasive species we are studying
and the degree of success we want to imply. In this dissertation I consider the
Argentine ant fully successful when it has displaced the native ant community.
According to this, I categorized an area as successfully invaded if the Argentine ant
was present in very large numbers and native ant species were displaced, or if a
maximum of three cryptic subordinate species were coexisting with the Argentine
ant by avoidance. When the Argentine ant was present in lower numbers and was
part of the ant community among the rest of native ant species, I categorized those

areas as unsuccessfully invaded.
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2. GOALS

This dissertation studies the invasibility of the native communities and their
vulnerability to invasion by the Argentine ant, analyzing what factors influence
the spread and success of this invader. [ focused on the abiotic components of the
environment, which can prevent or facilitate Argentine ant success at invading
some localities, and the biotic factors that can influence invader’s performance or
potentiate the effect of the abiotic components. I tested the biotic resistance and
empty niche hypotheses, combining field samplings and experiments at local or
regional scales with literature review on native species’ life history traits. I tested
the potential behavioral plasticity of the invader using lab experiments. Finally, |
explored the effect of abiotic factors using historical and geographic data. Specific

goals for each chapter are described below.

Chapter I: Long-term spread of Argentine ant European
supercolonies in three Mediterranean islands

The main goal in this chapter was to analyze environmental and spatial factors
that may be affecting the spread and success of the Argentine ant along the coasts
of Corsica, Ibiza and Formentera. All three known supercolonies in Europe are
present in these three islands. By implementing two rounds of sampling 9-12
years apart, we are able to study the temporal progression of the Argentine ant
invasion in this region. Specifically, I study the Main, the Corsican and the

Catalonian supercolonies. The specific goals were:

(a) Analyze what environmental and spatial factors could be affecting
the likelihood of invasion by the Argentine ant and its success. | compared
the characteristics of invaded vs. uninvaded beaches, and within the
invaded beaches I compared those successfully invaded with those

unsuccessfully invaded.

(b) Test whether the differential spread of the three supercolonies is
caused by differences in their response to the environmental or spatial

factors or to the history of invasion.
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Chapter II: Humans and scavenging raptors facilitate Argentine
ant invasion in Dofiana National Park: no counter-effect of biotic
resistance

| aimed to assess the relative roles of abiotic factors (environmental and
spatial) and biotic resistance of the native community in the spread of the
Argentine ant at Dofiana National Park (Spain). As in the previous chapter, [ have
a temporal scale (data from 1992, 2000, 2016) that allows me to study the
progress of the invasion, but in this case at a local scale. The goals for this chapter

are:

(a) Testthe effect of biotic resistance, specifically whether native species
richness, proportion of native dominant species, and native ant
community structure at uninvaded plots in 1992 could be limiting future

invasion by the Argentine ant.

(b) Test what environmental and spatial factors drive the local spread of
the Argentine ant in a matrix of favorable and unfavorable habitats,
including the role of humans (roads or paths) and scavenger raptors

(breeding sites) as dispersal vectors of Argentine ant propagules.

Chapter III: Can the success of the invasion be determined by
biotic resistance and presence of empty niches in native
communities?

The main objective in this chapter is to analyze whether the biotic resistance
hypothesis and/or the empty niche hypothesis explain unsuccessful invasions by
the Argentine ant. [ focus specifically on successfully and unsuccessfully invaded
areas of the Iberian Peninsula and Balearic islands. [ used a paired design with
invaded and uninvaded control plots following a space-for time-substitution
approach. The specific goals were:

(a) Test the biotic resistance hypothesis: whether high richness, diversity,
relative proportion of dominant native ant species, or a different native
community structure could prevent the Argentine ant from successfully

invading.

(b) Test the empty niche hypothesis: whether the presence of empty

niches could be facilitating the success of the invasion.
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(c¢) Study how behavioral plasticity in aggressiveness may influence
success of the invasion by the Argentine ant. That is, test whether changes
in intraspecific abilities of the Argentine ant could be causing the failure

of invasion.

Chapter IV: Competitive interactions between native species and
the invasive Argentine ant according to behavioral dominance
and foraging strategy

In this chapter, [ studied the role of two life history traits of native species in
reducing foraging ability of the Argentine ant. | performed a field experiment in
Dawson Los Monos Canyon Reserve in San Diego County (USA) where the
Argentine ant co-occurs with native species (very likely because of dry
conditions). Experiments at this local scale were complemented by a literature
review on other native species co-occurring with the Argentine ant. Two specific

objectives for this section are:

(a) Test whether Argentine ant foraging activity could be reduced by
competition with native ant species presenting none, one, or both of the
life-history traits selected (recruitment at foraging and behavioral
dominance). I performed a reciprocal short-term removal experiment

using baits, and characterized bait monopolization by all species.

(b) Quantify whether the frequency of two life history traits (mass
recruitment at foraging and behavioral dominance, related to exploitative
and interference competition) were associated with the co-occurrence of

the Argentine ant with native species (as a measure for unsuccessful

invasions).
28
AMBITO- PREFIJO Csv FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
S

08744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362



https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

REFERENCES

Abril S, Gomez C (2009) Ascertaining key factors behind the coexistence of the native ant species
Plagiolepis pygmaea with the invasive Argentine ant Linepithema humile (Hymenoptera:
Formicidae). Sociobiology 53: 559-568

Allen W, Street S, Capellini [ (2017) Fast life history traits promote invasion success in amphibians
and reptiles. Ecology Letters 20: 222-230

Alvarez-Blanco P, Broggi ], Gonzalez-Jarri O, Cerda X, Angulo E (In Press a) Breeding consequences
for a songbird nesting in Argentine ant invaded land. Biological Invasions

Alvarez-Blanco P, Caut S, Cerda X, Angulo E (2017) Native predators living in invaded areas:
responses of terrestrial amphibian species to an Argentine ant invasion. Oecologia 85 (1): 95-
106

Alvarez-Blanco P, Cerda X, Hefetz A, Boulay R, Bert6-Moran A, Diaz-Paniagua C, Lenoir A, Billen, ],
Liedtke C, Chauhan K, Bhagavathy, G, Angulo (In Press b) Effects of the Argentine ant venom on
terrestrial amphibians. Conservation Biology

Beauri EM, Finn JT, Corbin ]D, Barr V, Bradley BA (2020) Biotic resistance to invasion is ubiquitous
across ecosystems of the United States. Ecology Letters 23: 476-482

Bellard C, Cassey P, Blackburn T (2016) Alien species as a driver of recent extinctions. Biology
Letters 12: 20150623

Bellard C, Thuiller W, Leroy B, Genovesi P, Bakkenes M, Courchamp F (2013) Will climate change
promote future invasions? Global Change Biology 19: 3740-3748

Blackburn T, Bellard C, Ricciardi T (2019) Alien versus native species as drivers of recent
extinctions. Frontiers in Ecology & Environment 17 (4): 203-207

Blackburn T, PySek P, Bacher S, Carlton ] T, Duncan RP, Jarosik V, Wilson JRU, Richardson DM (2011)
A proposed unified framework for biological invasions. Trends in Ecology and Evolution 26 (7):
333-339

Boieiro M, Catry P, Jardim CS, Menezes D, Silva I, Coelho N, Oliveira P, Gatt MC, Pedro P, Granadeiro
JP (2018) Invasive Argentine ants prey on Bulwer's petrels nestlings on the Desertas Islands
(Madeira) but do not depress seabird breeding success. Journal for Nature Conservation 43:
35-38

Bradley BA, Wilcove DS, Oppenheimer M (2010) Climate change increases risk of plant invasion in
the Eastern United States. Biological Invasions 12: 1855-1872

Bufford JL, Lurie MH, Daehler CC (2016) Biotic resistance to tropical ornamental invasion. Journal
of Ecology 104: 518-530

Catford ], Bode M, Tilman D (2018) Introduced species that overcome life history tradeoffs can
cause native extinctions. Nature communications 9: 2131

Catford ], Jansson R, Nilsson C (2009) Reducing redundancy in invasion ecology by integrating
hypotheses into a single theoretical framework. Diversity and Distributions 15: 22-40

Colautti RI, Ricciardi A, Grigorovich 1A, Maclsaac HJ (2004) Is invasion success explained by the

29
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
S|

8744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362



https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

enemy release hypothesis? Ecology Letters 7: 721-733

Corn PS (2005) Climate change and amphibians. In Animal Biodiversity and Conservation 28 (1):
59-67

Cox GW (1999) Alien species in North America and Hawaii: Impacts on natural ecosystems. Island
Press Washington DC

D’Amen M et al. (2011) Will climate change reduce the efficacy of protected areas for amphibian
conservation in Italy? Biological Conservation 144 (3): 989-997

Diez ], Williams PA, Randall RP, Sullivan JJ, Hulme PE, Duncan RP (2009) Learning from failures:
Testing broad taxonomic hypotheses about plant naturalization. Ecology Letters 12: 1174-
1183

Dukes ]S, Mooney HA (1999) Does global change increase the success of biological invaders?
Trends Ecol. Evol. 14: 135-13

Dyer EE, Cassey P, Redding DW, Collen B, Franks V, Gaston K], Jones KE, Kark S, Orme CDL,
Blackburn TM (2017) The Global Distribution and Drivers of Alien Bird Species Richness. PLoS
Biology 12: 1-25

Elton CS (1958) The Ecology of Invasions by Animals and Plants. Methuen, London

Emiljanowicz L, Hager HA, Newman JA (2017) Traits related to biological invasion: A note on the
applicability of risk assessment tools across taxa. NeoBiota 32: 31- 64

Funk JL, Cleland EE, Suding KN, Zavaleta ES (2008) Restoration through reassembly: plant traits
and invasion resistance. Trends in Ecology and Evolution 23 (12): 695-703

Giraud T, Pedersen JS, Keller L (2002) Evolution of supercolonies: The Argentine ants of southern
Europe. Proceedings of the National Academy of Sciences 99 (9): 6075-6079

Grangier ], Leter P] (2015) Behavioral plasticity mediates asymmetric competition between
invasive wasps and native ants. Communicative & Integrative Biology 5 (2): 127-129

Hierro JL, Maron, JL, Callaway RM (2005) A biogeographical approach to plant invasions: the
importance of studying exotics in their introduced and native range. Journal of Ecology 93: 5-
15

Holway DA (1998) Effect of Argentine ant invasion on ground dwelling arthropods in northern
California riparian woodlands. Oecologia 116: 252-258

Horkova K, Kovac V (2014) Different life-histories of native and invasive Neogobius melanostomus
and the possible role of phenotypic plasticity in the species' invasion success. Knowledge and
Management of Aquatic Ecosystems 412: 1-11

Jeschke JM et al. (2014) Defining the impact of non-native species. Conservation Biology 28 (5):
1188-119

Jeschke JM, Strayer DL (2006) Determinants of vertebrate invasion success in Europe and North
America. Global Change Biology 12: 1608-1619

Kneitel JM, Perrault D (2006) Disturbance-induced changes in community composition increase
species invasion success. Community Ecology 7 (2): 245-252

30
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
S|

8744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362



https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

Krushelnycky PD, Gillespie RG (2010) Correlates of vulnerability among arthropod species
threatened by invasive ants. Biodiversity and Conservation 19: 1971-1988

Lester P, Gruber M (2016) Booms, busts and population collapses in invasive ants. Biol Invasions
18:3091-3101

Leung B, Roura-Pascual N, Bacher S, Heikkila ], Brotons L, Burgman MA, Dehnen-Schmutz K, Essl F,
Hulme PE, Richardson DM, Sol D, Vila M (2012) TEASIng apart alien species risk assessments:
A framework for best practices. Ecology Letters 15: 1475-1493

LeVan KE, Holway DA (2015) Ant-aphid interactions increase ant floral visitation and reduce plant
reproduction via decreased pollinator visitation. Ecology 96: 1620-1630

Levine JM, Adler P, Yelenik SG (2004) A meta-analysis of biotic resistance to exotic plant invasions.
Ecology Letters 7: 975-989

LiY, Ke Z, Wang S, Smith GR, Liu X (2011) An exotic species is the favorite prey of a native enemy:.
PLoS ONE 6:e24299-1-10

Liberg O (1984) Food habits and prey impact by feral and house-based domestic cats in a rural
area in Southern Sweden. Journal of Mammalogy 65 (3): 424-432

Liew JH, Carrasco LR, Tan HH, Yeo DCJ (2016) Native richness and species level trophic traits
predict establishment of alien freshwater fishes. Biological Invasions 18: 3495-3512

Lloret F, Médail F, Brundu G, Camarda I, Moragues E, Rita ], Lambdon P, Hulme PE (2005) Species
attributes and invasion success by alien plants on Mediterranean islands. Journal of Ecology 93:
512-520

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of the World’s Worst Invasive Alien
Species A selection from the Global Invasive Species Database. Published by The Invasive
Species Specialist Group (ISSG) a specialist group of the Species Survival Commission (SSC) of
the World Conservation Union (IUCN), 12pp. First published as special lift-out in Aliens 12,
December 2000. Updated and reprinted version: November 2004

Maclsaac HJ, Tedla RA, Riccardi A (2011) Patterns and rate of growth of studies in invasion ecology.
In: Richardson DM (ed.), Fifty years of invasion ecology: the legacy of Charles Elton. Wiley pp:
51-60

Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA (2000) Biotic invasions: causes,
epidemiology, global consequences, and control. Ecol. Applic. 10: 689-710

Martins M (1907) Une fourmi terrible envahissent I'Europe (Iridomyrmex humilis). Brotéria Series
Zoologica 6: 101-102

Medina-Villar S, Uscola M, Perez-Corona ME, Jacobs DF (2020) Environmental stress under climate
change reduces plant performance, yet increases allelopathic potential of an invasive shrub.
Biological Invasions DOI: 10.1007/s10530-020-02286-6

Menke S, Holway D (2006) Abiotic factors control invasion by Argentine ants at the community
scale. Journal of Animal Ecology 75: 368-376

Morris C, Morris LR, Leffler A], Holifield Collins CD, Forman AD, Weltz MA, Kitchen SG (2013) Using
long-term datasets to study exotic plant invasions on rangelands in the western United States.

31
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
S|

8744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362



https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

Journal of Arid Environments 95: 65e74

Morrison LW (2002) Long-term impacts of an arthropod-community invasion by the imported fire
ant, Solenopsis invicta. Ecology 83 (8): 2337-2345

Mothapo N & Wossler T (2014) Resource competition assays between the African big-headed ant,
Pheidole megacephala (Fabricius) and the invasive Argentine ant, Linepithema humile (Mayr):
Mechanisms of inter-specific displacement. Ecological Entomology 39 (4): 501-51

Naeem S, Knops JMH, Tilman D, Howe KM, Kennedy T, Gale S (2000) Plant diversity increases
resistance to invasion in the absence of covarying extrinsic factors. Oikos 91: 97-108

Nufiez M, Medley K (2011) Pine invasions: Climate predicts invasion success; something else
predicts failure. Diversity and Distributions 17: 703-713

Nygard JP, Sanders NJ, Connor EF (2008) The effects of the invasive Argentine ant (Linepithema
humile) and the native ant Prenolepis imparis on the structure of insect herbivore communities
on willow trees (Salix lasiolepis). Ecological Entomology 33 (6): 789-795

Passera L (1994) Characteristics of tramp species. In: Williams DF (ed.) Exotic ants: biology,
impact, and control of introduced species. Westview Press, Boulder, pp 23-43

Penk MR, Jeschke JM, Minchin D, Donohue I (2016) Warming can enhance invasion success
through asymmetries in energetic performance. Journal of Animal Ecology 85: 419-426

Phillips ML, Murray BR, Leishman MR, Ingram R (2010) The naturalization to invasion transition:
are there introduction-history correlates of invasiveness in exotic plants of Australia? Austral
Ecology 35: 695-703

PySek P, Richardson DM, Pergl ], Jarosik V, Sixtova Z, Weber E (2008) Geographical and taxonomic
biases in invasion ecology. Trends in Ecology and Evolution 23 (5): 237-244

Rabitsch W (2011) The hitchhiker's guide to alien ant invasions. BioControl 56: 551-572

Ramirez A, Gutiérrez-Fonseca PE, Kelly SP, Engman AC, Wagner K, Rosas KG, Rodriguez N (2018)
Drought facilitates species invasions in an urban stream: Results from a long-term study of
tropical island fish assemblage structure. Frontiers in Ecology and Evolution 6: 115

Ricciardi A et al. (2013) Invasion Science: A Horizon Scan of Emerging Challenges and
Opportunities. Trends in Ecology and Evolution 32 (6): 464-474

Ricciardi A, Hoopes MF, Marchetti MP, Lockwood JL (2013) Progress toward understanding the
ecological impacts of nonnative species. Ecological Monographs 83 (3): 263-282

Rodriguez-Cabal MA, Williamson M, Simberloff D (2013) Overestimation of establishment success
of non-native birds in Hawaii and Britain. Biological Invasions 15: 249-252

Rowles AD, O’'Dowd D] (2009a) Impacts of the invasive Argentine ant on native ants and other
invertebrates in coastal scrub in south-eastern Australia. Austral Ecology 34: 239-248

Rowles AD, O’Dowd D] (2009b) New mutualism for old: indirect disruption and direct facilitation
of seed dispersal following Argentine ant invasion. Oecologia 158 (4): 709-716

Sans FX, Garcia-Serrano H, Afan I (2004) Life-history traits of alien and native senecio species in the
Mediterranean region. Acta Oecologica 26: 167-178

32
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
S|

8744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362



https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

Sax DF et al. (2007) Ecological and evolutionary insights from species invasions. Trends Ecol Evol
22 (9): 465-471
Seebens H et al. (2017) No saturation in the accumulation of alien species worldwide. Nature

communications 8 (1): 1-9

Seebens H et al. (2018) Global rise in emerging alien species results from increased accessibility of
new source pools. Proceedings of the National Academy of Sciences 115 (10): E2264-E2273

Simberloff D et al. (2013) Impacts of biological invasions - what’s what and the way forward.
Trends Ecol Evol 28: 58-66

Stachowicz JJ, Whitlatch RB, Osman RW (1999) Species diversity and invasion resistance in a
marine ecosystem. Science 286: 1577-1579

Strayer DL, Eviner VT, Jeschke JM, PaceML (2006) Understanding the long-term effects of species
invasions. Trends in Ecology and Evolution 21 (11): 645-651

Suarez AV, Case T] (2002) Bottom-up effects on persistence of a specialist predator: ant invasions
and horned lizards. Ecological Applications 12 (1): 291-298

Suarez AV, Holway DA, Case TJ] (2001) Patterns of spread in biological invasions dominated by
long-distance jump dispersal: insights from Argentine ants. Proceedings of the National
Academy of Sciences 98 (3): 1095-1100

Swart C, Visser V, Robinson TB (2018) Patterns and traits associated with invasions by predatory
marine crabs. NeoBiota 39: 79-102

Thomas ML, Holway DA (2005) Condition-specific competition between invasive Argentine ants
and Australian Iridomyrmex. Journal of Animal Ecology 74 (3): 532-542

Van Wilgenburg E, Torres CW, Tsutsui ND (2010) The global expansion of a single ant
supercolony. Evolutionary Applications 3 (2): 136-143

Vogel V Pedersen S, Giraud T, Krieger M]B, Keller L (2010) The worldwide expansion of the
Argentine ant. Divers and Distributions 16: 170-186

Wang T, Hu |, Chunhua L, Yu D (2017) Soil type can determine invasion success of Eichhornia
crassipes. Hydrobiologia 788: 281-291

Wanger TC, Wielgoss AC, Motzke I, Clough Y, Brook BW, Sodhi NS, Tscharntke T (2011) Endemic
predators, invasive prey and native diversity. Proc Biol Sci 278: 690-694

Ward NL, Masters G] (2007) Linking climate change and species invasion: An illustration using
insect herbivores. Global Change Biology 13: 1605-1615

Way M], Cammell ME, Paiva MR, Collingwood CA (1997) Distribution and dynamics of the
Argentine ant Linepithema (Iridomyrmex) humile (Mayr) in relation to vegetation, soil
conditions, topography and native competitor ants in Portugal. Insectes Sociaux 44: 415-433

Wetterer JK et al. (2006) Long-term impact of exotic ants on the native ants of Madeira. Ecological
Entomology 31 (4): 358-368

Wetterer JK, Wild AL, Suarez AV, Roura-Pascual N, Espadaler X (2009) Worldwide spread of the
Argentine ant, Linepithema humile (Hymenoptera: Formicidae) Myrmecological News 12: 187-

33
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
S|

8744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362



https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

194
Williamson M (1996) Biological Invasions. Chapman & Hall, London
Williamson M, Fitter A (1996) The varying success of invaders. Ecology 77 (6): 1661-1666

Wilson EE, Mullen ML, Holway DA (2009) Life history plasticity magnifies the ecological effects of
a social wasp invasion. PNAS 106 (3): 12809-12813

Wilson SB (2012) Characterizing the Invasive Potential of Ornamental Plants

Wittenborn D, Jeschke JM (2011) Characteristics of exotic ants in North America. NeoBiota 10: 47-
64

Zenni RD, Lamy ]B, Lamarque L], Porté AJ (2014) Adaptive evolution and phenotypic plasticity
during naturalization and spread of invasive species: Implications for tree invasion biology.
Biological Invasions 16: 635-644

Zenni RD, Nufiez M (2013) The elephant in the room: The role of failed invasions in understanding
invasion biology. Oikos 122: 801-815

Zhan A, Briski E, Bock DG, Ghabooli S, Maclsaac H] (2015) Ascidians as models for studying
invasion success. Marine Biology 162: 2449-2470

34
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
008744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

AMBITO- PREFIJO

GEISER
N° registro

8744200004

Ccsv
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362
DIRECCION DE VALIDACION

S

0522 https://sede.adminis one
GEISER -b3a2-e

traci

7

publicas.gob.es/
733-4486-8dal-b42f

d

-c876

FECHA'Y HORA DEL DOCUMENTO

09/09/2020 09:19:17 Horario peninsular

valida
€8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

AMBITO- PREFIJO

GEISER
N° registro

8744200004

Ccsv
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362
DIRECCION DE VALIDACION

S

0522 https://sede.adminis one
GEISER -b3a2-e

traci

7

publicas.gob.es/
733-4486-8dal-b42f

d

-c876

FECHA'Y HORA DEL DOCUMENTO

09/09/2020 09:19:17 Horario peninsular

valida
€8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

AMBITO- PREFIJO

GEISER
N° registro

8744200004

Ccsv
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362
DIRECCION DE VALIDACION

S

0522 https://sede.adminis one
GEISER -b3a2-e

traci

7

publicas.gob.es/
733-4486-8dal-b42f

d

-c876

FECHA'Y HORA DEL DOCUMENTO

09/09/2020 09:19:17 Horario peninsular

valida
€8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

AMBITO- PREFIJO

GEISER
N° registro

8744200004

Ccsv
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362
DIRECCION DE VALIDACION

S

0522 https://sede.adminis one
GEISER -b3a2-e

traci

7

publicas.gob.es/
733-4486-8dal-b42f

d

-c876

FECHA'Y HORA DEL DOCUMENTO

09/09/2020 09:19:17 Horario peninsular

valida
€8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

Long-term spread of Argentine ant European
supercolonies in three Mediterranean islands
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2Avignon Université, Aix Marseille université, IMBE, UMR CNRS IRD, Avignon, France
3 CREAF, Universitat Autonoma de Barcelona, 08193 Cerdanyola del Valles, Spain

ABSTRACT

The Argentine ant is an invasive species that has spread all over the world,
and is organized in several known different supercolonies. However, while
there are many studies about factors promoting the expansion of the species,
little is known about the factors affecting the differential expansion and
success of the different supercolonies. We study what environmental and
spatial variables were affecting the invasion of the Argentine ant in three
islands of the Mediterranean Sea (Corsica, Ibiza and Formentera) and in the
three European supercolonies that inhabit them (Main European, Corsican,
and Catalonian). For that, we used data from two samplings spaced 9 years in
the case of Corsica and 12 in the case of Ibiza and Formentera, and historical
data of first detection dates and locations in islands of Southwestern Europe.
Along the coast of the three islands, we sampled each beach to detect
presence of the Argentine ant and we identified the supercolony. The
Argentine ant expanded in the three islands. Although the three
supercolonies maintained the invasion in the same locations and expanded to
new locations, the highest expansion was for the Main supercolony in Ibiza
and Formentera (even if the Catalonian was the first detected in Formentera)
but for the Corsican supercolony in Corsica (even if the main supercolony
seemed to have the first detected in Corsica). Interestingly, the invasions were
not always successful: the Argentine ant co-occurred during 12 years with
native species in one third of the beaches of Ibiza and Formentera. Human
presence affected the likeliness of a beach to be invaded in Ibiza and
Formentera. In Corsica, beaches that were invaded, or got invaded during our
study, were the ones with lower distance to already invaded beaches,
suggesting the importance of secondary introductions in the local expansion
of the Argentine ant. Our findings help to understand the dynamics of
invasions of the Argentine ant and its different supercolonies. Because the
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expansion of the Argentine ant in Europe is a fact, long-term studies at many
invaded sites are of great importance in order to obtain general patterns of
the spread of this global invader.

KEY WORDS

Linepithema humile, biological invasions, supercolonies, biotic resistance,
invasion pathways

1. INTRODUCTION

Biological invasions are one of the major threats to native communities, leading
to a loss of biodiversity (Cox 1999; Simberloff et al. 2013; Bellard et al. 2016;
Blackburn et al. 2019). Humans have facilitated the entrance of new species in
areas where geographical barriers prevented it, like the case of islands
(Williamson 1996). Islands are characterized by low species richness and less
complex food webs but at the same time, due to their isolation, they have higher
rates of endemism (Pimm 1996; Naughton et al. 2019). These characteristics
make them very vulnerable to invasions (Bellard et al. 2017, according to the
Eltonian theory of biotic resistance, Elton 1958), with the loss of species, even
before they have been discovered (Lees & Pimm 2005). Native communities in
islands are shaped by the theory of island biogeography (MacArthur & Wilson
1967), where isolation and island size are crucial for richness and diversity.
Although these two factors could reduce the probability of invasive species
reaching the island, human movements such as international trade industry or
tourism activity, facilitates their arrival (Courchamp et al. 2017; Seebens et al.
2017). So, knowing what other factors can influence this expansion of alien
species in islands and their successful establishment is vital to work on the

preservation of these fragile and valuable ecosystems.

Several ant species are considered among the world worst alien species (Lowe
2000; Invasive Species Specialist Group’s Global Invasive Species Database,
http://www.iucngisd.org/gisd). This is the case of the Argentine ant (Linepithema
humile) whose success is due to a series of life-history traits that make it a very

efficient invader. One of the most important ones is the unicoloniality, that is a
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kind of social organization where nestmates do not show aggression among nests
that could be thousands of kilometers apart (Giraud et al. 2002). This confers an
ecological advantage to the Argentine ant because intraspecific aggression is
changed into collaboration among nests for the success of the supercolony. This
way, the species is able to locally eradicate native ant species from the ecosystems
they invade. Unicoloniality in the Argentine ant leads to the appearance of
different supercolonies in the world, with workers showing inter-specific
aggression among supercolonies (Vogel et al. 2010). Vogel et al. (2010) described
at least 15 supercolonies around the world. The largest supercolony is the so-
called, European Main supercolony (hereafter, Main supercolony), which ranges
over 6 000 km in Southwestern Europe (Giraud et al. 2002) and spreads all over
the world, forming the largest cooperative unit ever recorded (van Wilgenburg et
al. 2010). In Europe, three different mutually aggressive supercolonies are
established. Besides the Main supercolony, the Catalonian supercolony spreads
mainly over the East coast of the Iberian Peninsula and the Balearic Islands
(Gomez & Espadaler 2005) although it seems to have been recently detected in
North France and Southwest Spain (Charrier et al. 2020 cited it in the city of
Nantes France) , and personal observations for a citation at Coria del Rio, Spain);
while the Corsican supercolony is present in Corsica and the South coast of France
(Blight et al. 2010b, 2012; Berville et al. 2013).

The Argentine ant has successfully spread across many zones of the globe with
Mediterranean and sub-tropical climates, through the intensification of human
activities (Suarez et al 2001). It has preference for habitats with mild
temperatures and moist, with dense or patchy vegetation to help to provide these
conditions (Hartley et al. 2006; Angulo et al. 2011; Roura-Pascual et al. 2011;
Castro-Cobo et al. 2019). As most invasive ants, its nesting sites plasticity allows
them to invade easily human constructions (Lee 2002), like settlements or boats
docks (Carpintero et al. 2003, Rizali et al. 2010) where it can find very stable
climate and a constant source of food and water to establish populations. These
abiotic requirements, together with ports of entries as the main invasion pathway
(Corin et al. 2007; Bertelsmeier et al. 2017), shape its distribution and expansion
along coastal areas in Southwestern Europe (Espadaler & Gomez 2003; Gomez &
Espadaler 2006; Blight et al 2009; Wetterer et al. 2009).

As it has small size workers and high number of queens at nests, small
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propagules can be transport by humans unnoticed. Thus, in places with high rates
of human frequency, like very touristic areas such as islands, the Argentine ant can
be easily transported and established if it finds suitable conditions. More locally,
the Argentine ant has been able to spread with the help of other dispersal
strategies. Argentine ant populations are able to progress 150 m/year the
invasion front just by budding (Suarez et al. 2001). Human paths and corpses of
raptors’ prey dispersal to cross unsuitable places have been also described as

local dispersal modes for this invader (Castro-Cobo et al. 2019).

Looking at the expansion of the Argentine ant in the world, it is clear that the
spread of the Main supercolony is broader and faster than the spread of the other
ones (Vogel et al. 2010; van Wilgenburg et al 2010), so there may be some factors
favoring this uneven expansion. However, there is no information about which
factors could cause the differential expansion of the Main supercolony. It could be
related to the history of the invasion of the Argentine ant (Wetterer et al. 2009). If
the first arrivals to the invasive range pertained to the Main supercolony,
secondary introductions, which are common in invasive ants (Bertelesmeier et al.
2017, 2018), could have fueled this supercolony against the others. However, it
could be also that some other factors, more related to the suitability of the

environment could explain the differences.

In this study, we aim to analyze the factors affecting the spread and the success
of the Argentine ant invasion, specifically differentiating between the three
different supercolonies present along the Southwestern Mediterranean coast. We
selected three islands: Corsica, where the Corsican and Main supercolonies are
present, and Ibiza and Formentera (the Pityusic Islands), where the Catalonian
and the Main supercolonies are present. We used a temporal approach, recording
the spread of the invasion with a lag of 9 and 12 years: we compared the invasion
status along islands’ coast in Corsica between 1999 and 2007 and in the Pityusic
Islands between 2004 and 2016. First, all the beaches along the coast were visited
in order to record presence and relative abundance of the Argentine ant. Then, we
obtained spatial factors related to human-driven dispersal and environmental
factors related to habitat characteristics, in order to test whether these factors
affected to the invasion process in terms of (i) presence of the Argentine ant
(current distribution of invaded beaches), (ii) success of the invasion, (iii)

progress of the invasion (i.e. the invasion of new beaches) through time and (iv)
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differences among the three supercolonies. We hypothesized first, that locations
highly disturbed by humans, with more availability of dense vegetation (due to its
preference for habitats with mild temperatures and moist; Hartley et al. 2006;
Menke et al. 2007), closer to other already invaded areas, and/or more accessible
for humans would be the ones with more probability of being invaded by the
Argentine ant, and also the invasion to be more successful. Second, we would not
expect that any of the environmental variables could be facilitating more the
spread of the Main supercolony over the other two smaller ones, but that the
higher expansion of the Main supercolony would respond more likely to the
invasion history. We tested this last prediction using historical data on first
detection dates and locations of the Argentine ant invasion for 19 islands in

Southwestern Europe.

2. MATERIAL AND METHODS

2.1. Study area

Fieldwork was carried in three Mediterranean islands: Corsica, Ibiza and
Formentera (Fig. 1). Ibiza and Formentera are two Spanish islands that belong to
the Balearic archipelago, located to the East of the Iberian Peninsula. Corsica is a

French island located halfway between the Italian and the French coast.

They are characterized by Mediterranean-like climate, with mean annual
temperature in these islands are around 15-172C (Morey & Ruiz-Perez 2008;
Mouillot et al. 2008). Ibiza and Formentera consist in a mixture of arid areas with
woodlands of Pinus halepensis and Juniperus phoenicea or mixed formations of
both (Morey & Ruiz-Perez 2008). Corsica’s coastal vegetation consist in Erica
arborea as main native species with introduced Quercus ilex and Pinus halepensis
(Reille 1992). Human population considerably increases in summer due to the
high pressure of tourism in the three islands. The daily number of tourists in
august in Corsica can reach more than 430 000 individuals which the double of
inhabitants. The total number of tourists per year is around 7.7 million, it reached
8.2 million in 2017 (Genovese-Bolleyn et al 2018). In 2018 the number of tourists

in Ibiza and Formentera was more than 3 million tourists (AETIB 2018).
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Chapter I F T
Figure 1. Invasion of the Argentine ant in the three Mediterranean Islands. Invasion status of sampled
beaches in Ibiza and Formentera in 2004 (a) and 2016 (b), and in Corsica in 1992 (c) and 2007 (d).
Argentine ant supercolonies are shown in Ibiza and Formentera in 2016 (e) and in Corsica in 2007 (f).
44
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2.2. Sampling Argentine ant populations and supercolonies

The three supercolonies of Argentine ant are present in these islands: the
Catalonian (in Ibiza and Formentera), the Corsican (in Corsica) and the Main (in
the three of them). Ibiza and Formentera were first sampled in 2004 by Gomez &
Espadaler (2005), when all the accessible coast of the islands was examined to
locate populations of Argentine ant. The ants were sampled by searching for them
by eye during at least 30 minutes in the suitable parts of the beach, such as car
parks, streets or avenues, vegetation (natural or artificial), buildings or other
human constructions. When the invader was found, they performed one-on-one
aggression tests with workers from both the Main and the Catalonian
supercolonies to determine the identity of the local population. Five replicates for
each of the two combinations were carried out. When no aggression was
recorded, the local population was assigned to the supercolony of its opponent
(Gomez & Espadaler 2005).

In year 2016, we repeated the sampling to check the expansion of the invasion
of the two supercolonies. A total of 56 beaches were surveyed. In this case, besides
recording the presence or absence of the Argentine ant, we also recorded the
native ant species that we observed during the prospection, in order to have an

index of invasion success as explained below.

Corsica was sampled in 2007 and 2008 by Blight et al. (2009). Due to the size
of the island, which is considerably larger than the other two, it was not possible
to conduct a comprehensive sampling of the coast. A total of 59 beaches were
surveyed. At each site, ground was inspected, searching under stones or dead
woods during 20 minutes scan. During the scan several observations were made,
separated by at least 5m, and we recorded not only the number of observations
with Argentine ant but also the number of observations with native ants, in order
to obtain an index of invasion success as explained below. Information about the
identity of the supercolony was extracted from Blight et al. 2012 for some of the
sites. A previous sampling was made by Casevitz-Weulersse & Brun in 1999,
although it was not as exhaustive as the one performed by Blight et al. (2009) in
2007-08, but we extracted the information from the sampling points of this article

for some of the analysis.
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2.3. Categorization of the beaches

From the surveys in these three islands, we considered first the invasion of the
beach: if the beach had presence of Argentine ant when last sampled (2016 for
Ibiza and Formentera, 2007-08 for Corsica) we categorized it as invaded; it was
categorized as uninvaded if there was no presence of the Argentine ant (Fig. 1).

Second, each beach that was invaded was categorized by the success of the
Argentine ant invasion. The success was estimated by the presence or absence of
native ants together with the Argentine ant abundance. In general, a successful
invasion was defined when the Argentine ant was the only species of the invaded
community and was at high abundance, and an unsuccessful invasion was when
the Argentine ant was co-occurring with native ant species, at low, similar
abundance than the native ants. Because the sampling on Balearic Islands was
slightly different from the sampling in Corsica, the categorization was also
different. In the Balearic Islands a successful invasion was assigned when the
Argentine ant was the unique species found in the beach and in large numbers, or
with a maximum of three native species in very low numbers. Unsuccessful
invasion was assigned when the Argentine ant co-occurred with more than 3
native species and it was present in low numbers. Thus, we established a binary

variable for successful vs. unsuccessful invasion (Fig. 1).

In Corsica, we estimated the percentage of sampled points at each beach in
which the Argentina ant was present. That is, when a site was scored as invaded,
we calculated an invasion success index that was the ratio between the number of
Argentine ant observations that were separated by at least 5 m and the total
number of observations. Although a successful invasion could be considered
when there were more than 70% of points with presence of Argentine ant, we
preferred to use the percentage itself, a continuous variable, as a proxy for the
success of invasion (Fig. 1).

Third, we had information of where the three supercolonies were located (Fig.
1). In the Balearic Islands, we were able to assess the supercolony to which the
Argentine ant belonged in both samplings (2004 and 2016). In Corsica, as we did
not have information from aggression test to identify the supercolony at each
invaded site, we extracted the information from literature. Blight et al. (2012)

studied the supercolonies at Corsica and 10 of their study sites coincided with
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ours, so we could extract the information for these localities.

Finally, we had information about how new invaded beaches appeared in each
island in the second survey (Fig. 1). Thus, we could analyze what factors could
affect the invasion of new beaches along time. In Ibiza and Formentera, using the
beaches that were uninvaded in 2004, we compared the ones that remained
uninvaded in 2004 with the ones that changed their status to invaded in 2016. In
Corsica, we recurred to literature again. Casewitz-Weulersse & Brun (1999)
surveyed the island and published a list of the beaches that were invaded. We used
this information to determine if the beaches invaded in 2008 were new invasions

or if they were already invaded in 1999.

2.4. Environmental and spatial variables affecting the invasion

In order to study what factors can affect to the expansion of the invasion in
these islands, its success in invaded locations and the differences between

supercolonies, we measured the following environmental and spatial variables:

For the spatial variables we measured the distance to the nearest invaded
beach, as a potential invasion source, and to the closest building. We used the tool
“Ruler” in Google Earth Pro (version 7.3.2.5776, Google Earth Pro 2019) to
calculate distances, taking the middle point of the beach coast as reference. For
the distance to the nearest invaded beach, in the cases when we knew the identity
of the supercolonies, we measured the distance to the nearest beach invaded in
the first sampling that belonged to the same supercolony. Details of which analysis
used the variable ‘distance to the nearest invaded beach of the same supercolony’
are in Table SM_1. We also measured the length of the beach with the tool “Add
path” in Google Earth Pro (version 7.3.2.5776, Google Earth Pro 2019), at 3 km of

eye view, to calculate the total length of the coastline.

For the environmental variables, we wanted to obtain information about two
main factors that could affect the Argentine ant invasion: vegetation types (as a
proxy for soil moisture and temperature, Angulo et al. 2011; Menke et al. 2007),
and human constructions. Using geographic information system (ArcGIS, version
10.5) we create a grid over each sampled point of 210 m?, formed by pixels of
30x30 m?, using the tool Create Fishnet. Thus, we obtained a square of 7x7 pixels

per sample point that we exported to kml to work on Google Earth Pro (version
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7.3.2.5776, Google Earth Pro 2019). We counted the number of pixels of sea,
beach, scarce vegetation, dense vegetation, human construction and naked soil we
had, to get a description of the surrounding habitat of the sampled areas (Fig. 2).
As sea pixels do not provided us any valuable information, we removed them from
the final count and recalculate the other environmental variables proportionally
to the removal of sea pixels. We also considered other factors that could be related
to the Argentine ant survival (when first locally introduced into a beach) or to
human intensity (number of visitors to the beach), such as the presence of a bar, a
pier/port, the type of trail that leads to the area (road/path), or the main material

forming the coast (sand/rocks).

LEGEND

] Seah
| Dense vegetation
[ Scarce vegetation
Human construction
[ Naked soil
Beach

Figure 2. Example of environmental variables measurements of a beach in Ibiza (Cala Pada). The red grid

used as well as the different categories each grid could be assigned to are shown.

2.5. Data analysis

All the analyses in this study were conducted in R (R Studio version 1.0.136,
RStudio Team 2016). Because dependent variables analyzed were different for
each analysis described below, sampling size was also different in each analysis
(Table 1).

To reduce the number of environmental variables we conducted a Principal

Component Analysis using the princomp function (stats package, R Core Team
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Table 1. Number of beaches per island used in each of the analyses performed. Analyses represent
invasion status (invaded vs. uninvaded), invasion success (successful vs. unsuccessful invasion),
differences between supercolonies (Main vs. Catalonian or Corsican) and change of status (change from
uninvaded to invaded vs. no change). Categories marked in bold are the ones modeled (models with

binomial link distribution).

Invasion Success Supercolony Change of status

Yes No Yes No Main Cat/Cor Yes No
Ibiza-Form. 28 28 16 12 23 5 19 28
Corsica 19 40 14 5 2 8 14 40

2017). We selected the principal components (herein, dimensions) that explained
>10 % of the variance (Table 2). We obtained the contributions of the
environmental variables to each dimension (Table 2), and finally we extracted the
values of each selected dimension to each sampled location, and included them in

the analysis as independent variables.

In order to analyze what factors affected to the invasion of the Argentine ant,
we performed four different generalized lineal models using the gim function
(package stats, R Core Team 2015) for each of the islands data sets: Ibiza and
Formentera together, and Corsica. Dependent variables of the four models were:
(i) the status of the invasion (if the beaches were invaded when last sampled or
not); (ii) the success of those ones invaded (successful or unsuccessful invasion);
(iii) which supercolony is the one present in the invasion (Main or Catalonian for
Ibiza and Formentera, and Main and Corsican for Corsica); and (iv) the change of
invasion status over time (the beach remained uninvaded or it changed its status

to invaded).

The four models had a binomial link distribution, and each model comprised as
independent variables the previous spatial parameters and the selected
components from the PCA (in Table 2). For each model, the category that was
modeled by the binomial distribution is marked with bold in Table 1. The
complete model was evaluated, except in the case of the analysis between
supercolonies in Corsica. In this case, because the subset analyzed had a low

sample size (Table 1), we used a forward stepwise regression.
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Table 2. Contribution of the variables included in the PCA to each one of the dimensions (D.1, D.2 and D.3)
selected for each analysis in (a) Ibiza and Formentera and (b) Corsica. Contribution is represented by a
percentage and the sign represents the direction of the relationship of each variable with the given
dimension. White cells represent values lower than 1%. Lighter grey are for values between 1 and 30%.
Darkest grey we represented values higher that 30%. Percentage of explained variance for each PC is

given in the last row (% Variance).

(a) Invasion Success Supercolony Change of status

IBI-FORM D.1 D.2 D3 D.1 D.2 D.1 D.2 D.1 D.2 D.3

Bar
Access
Material
Dock
Beach

Dense veg.

Scarce veg.
Naked soil
Construction

% Variance

(b) Invasion Success Supercolony Change of status

CORSICA D.1 D.2 D.3 D.1 D.2 D.3 D.1 D.2 D.3 D.1 D.2 D.3

e

Access

Material
Dock
Beach

Dense veg.
Scarce veg.

Naked soil

Construction

% Variance

2.1. Historical analysis of supercolonies at first detection locations

We wanted to know whether the Main supercolony could have benefited from
an historical advantage over the Catalonian and Corsican supercolonies, due to its
first introduction. Thus, we examined which supercolony is present in the
locations where the Argentine ant was first detected in each island. To know

locations and dates of the first detection of the invasion of the Argentine ant in
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each island we used available information in the literature and our own
knowledge. To know which supercolonies could have been introduced at these
sites, we used data from our own sampling or from the sampling of our colleagues.
We got information for 19 islands including Corsica and all Balearic Islands; we
also included some Atlantic Islands such as the Canary Islands, Madeira and
Azores as information was available. We examined which supercolonies inhabit in
our days the locations (or the nearest locations) where the Argentine ant was first
detected in those islands, or the supercolony inhabiting the whole island when the

exact location was not provided.

As information for Corsica was complete and extensive, we re-constructed the

history of invasion of the Argentine ant in this island since the first detection date.

3. RESULTS

In Ibiza and Formentera, the number of invaded zones tripled in 12 years, while
in Corsica it quadrupled in 9 years. We do not have record of the identity of the
supercolonies from last survey in Corsica, but in Ibiza and Formentera, the Main
supercolony has been the one that expanded the most. This was especially
noticeable in Formentera: in 2004 there was only one location invaded and it was
with the Catalonian supercolony, while in 2016 the number of beaches with the
Main supercolony was higher than the number of beaches with the Catalonian
supercolony (Fig. 1). Furthermore, from 12 beaches invaded unsuccessfully in
Ibiza and Formentera in 2016, four of them were already invaded in 2004,
meaning that in 14 years the Argentine ant has not been able to displace
completely the native ant community. Finally, we also observed that none of the

invaded locations have become uninvaded through time.

3.1 Factors affecting the invasion (invaded vs. uninvaded)

For Ibiza and Formentera, we obtained three principal components that
represented the environmental variables (Table 2a). The first dimension (70 %
variance explained) accounted mostly for the amount of dense vegetation (with
negative relationship) and, to a lesser extent, it was positively related with the
percentage of surface with human construction. Human construction was mostly
represented in the second dimension (with negative relationship) and to a lesser

extent it was positively related with the amount of scarce vegetation and
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negatively with dense vegetation. Finally, the third dimension was represented
mostly the amount of scarce vegetation (with a positive relationship) and, at in a
lesser extent, it was positively related with the surface of human construction and

negatively with the surface of beach.

When we used these three environmental components, together with the
spatial variables, to model the invasion status of the beaches in Ibiza and
Formentera, we found that the unique significant variable was the first dimension
of the PCA (X2 =4.32,p=0.037,N =56, Table 3a). This means that invaded beaches
had a lower relative amount of dense vegetation than the uninvaded beaches, but

a higher relative amount of human construction surface (Fig. 3a).

In Corsica, we obtained also three principal components that accounted for the

environmental variables (Table 2b). The first dimension (50% variance

Table 3. Effect of the environmental and spatial variables on different aspects of the Argentine ant’s
invasion process in (a) Ibiza and Formentera Islands and (b) Corsica. Environmental variables are
represented by the selected dimensions in each PCA (Dim. 1, Dim. 2, Dim. 3) together with the length of
the beach (Length), and the minimum distance to the closest invasion beach or building (Close inv. and
Close buil. respectively). Analyses of the invasion process represent invasion status (invaded vs.
uninvaded), invasion success (successful vs. unsuccessful invasion), differences between supercolonies
(main vs. Catalonian or Corsican) and change of status (change from uninvaded to invaded vs. no change).

s indicates the sign of the relationship.

(a) Invasion Success Supercolony Change Status
IBI-FORM X2 p s X2 p s X2 p s X2 p s
Dim. 1 432 0.037 + 350 0061 + 147 0226 + 3.34 0.068 -
Dim. 2 0.01 0941 - 195 0163 - 065 0422 - 0.01 0.923 -
Dim. 3 138 0241 - 1.02 0314  +
Length 017 0680 +  11.54 <0.001 - 0.765 0382 + 0.29 0.591 -
Closeinv. 192 0165 - 125 0264 + 2479 0115 + 0.08 0776  +
Closebuil. 008 0774 - 002 0898 - 0315 0575 - 0.19 0661  +
(b) Invasion Success Supercolony Change Status
CORSICA X’ p s X p s X p s X p s
Dim. 1 014 0712 - 037 0544 + - - 0.82 0.365 -
Dim. 2 026 0613 - 025 0617 + - - - 0.15 0.697 -
Dim. 3 238 0123 + 014 0711 - - - - 0.02 0900  +
Length 0.05 0816 - 002 0875 + - - 0.10 0755  +
Close inv. 1(;'1 0.002 - 031 0577 + - - 1195 <0.001 -
Closebuil. 002 090 - 000 0957 + 440 0.036 -- 0.03 0.868 -
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explained) represented the relative amount of human construction (with a
positive relationship) and the relative amount of scarce vegetation (with a
negative relationship). The second dimension accounted mostly for the relative
amount of human constructions (positively related). The third dimension
accounted mostly for the relative amount of dense vegetation (positively related)

and in a lesser extent for the amount of scarce vegetation (negatively related).

When we modeled the invasion status of the beaches in Corsica, we found that
the distance to the closest invaded area was the only variable that increased
significantly the likeliness of a beach to get invaded (x*=10.11,p = 0.002, N = 59,
Table 3b). Thus, invaded beaches had significantly less distance to the nearest

invaded beach in the previous survey (Fig. 3b).

3.2 Factors affecting the success of invasion

In Ibiza and Formentera, we obtained two principal components that
represented the environmental variables (Table 2a). There were quite similar to
the first two dimensions of the precedent analysis. The first dimension (63%
variance explained) accounted mostly for the relative amount of dense vegetation
(with a negative relationship) and, to a lesser extent, it was positively related with
the relative amount of human construction. Second component was represented
mostly by the relative amount of human construction (negatively related), and in
a lesser extent it was positively related with the relative amount of dense

vegetation.

When modeling the success of the invasion in Ibiza and Formentera adding
these two environmental dimensions and the spatial variables, we found that
invasion success was influenced significantly and negatively by only one variable:
the length of the beach (x* = 11.56, p < 0.001, N = 56). In short beaches the

likelihood of a successful invasion is greater than in large beaches (Fig. 3¢).

In Corsica we found three principal components representing the
environmental variables (Table 2b). The first dimension (53% variance
explained) was mainly represented by the relative amount of surface with scarce
vegetation, with a negative relationship. The relative amount of human
constructions and naked soil were represented to a lesser extent, with a positive

relationship. The second dimension accounted mostly for the relative amount of
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Figure 3. Characteristics of beaches (average * SE) in relation to Argentine ant invasion. (a)
Environmental dimension 1 for invaded (red circles) or uninvaded (light blue diamonds) beaches in Ibiza
and Formentera; in the Y axes appear the two variables that explain this dimension, their direction in the
dimension, and the percentage of variance explained in the dimension. (b) Minimum distance (m) to the
closest invaded beach in the past (9 years before) for invaded (red circles) or uninvaded (light blue
diamonds) beaches in Corsica. (c) Length of the beach (m) for successful (red circles) and unsuccessful
(red circles) invaded beaches. (d) Minimum distance (m) to the closest building among supercolonies in
Corsica. (e) Minimum distance (m) to the closest invaded beach in the past for beaches that remained

uninvaded (light blue diamonds) or that changed to invaded (red circles) in the second survey in Corsica.

dense vegetation (positively related), and in a lesser extent with the relative
amount of beach (negatively related). The relative amount of human
constructions was the main variable represented in the third dimension (and with
a positive relationship), but in a lesser extent the relative amount of beach and
dense vegetation surface (negatively related) and the relative amount of scarce

vegetation (positively related) were also represented (Table 2b).

None of these components or the spatial variables seemed to be relevant for the

success of the invasion in Corsica (Table 3b).

3.3 Factors affecting the spread of the three supercolonies

For Ibiza and Formentera, two principal components were selected to
represent the environmental variables (Table 2a). The first dimension (63% of the
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variance explained) was represented by the relative amount of dense vegetation
in the beach (negatively related) and to a lesser extent, by the relative amount of
human constructions (positively related). The second dimension explained the

same two variables, but both with a positive relationship.

Although the Main supercolony has expanded broader in Ibiza and Formentera
(from 2 to 5 beaches for the Catalonian supercolony and from 8 to 23 for the Main
supercolony, Fig. 1), there were no factors favoring differently their expansion
(Table 3a).

For Corsica, there were three the principal components that accounted for the
environmental variables (Table 2b). The first dimension (56% variance
explained) accounted mostly for the relative amount of scarce vegetation (with a
negative relationship) and of human construction (with a positive relationship),
and to a lesser extent, with the relative amount of dense vegetation (negatively
related). The relative amount of dense vegetation was the main variable
explaining the second dimension, with a positive relationship. The third
dimension accounted mostly for the relative amount of beach and naked soil, both
with negative relationships, and in a lesser extent for the relative amount of

human constructions (negatively) related.

As the sampling size for this analysis was low (n = 10), we performed a forward
stepwise regression. Distance to building was the only variable showing
significant differences between the Main and the Corsican supercolonies (x* =
4.40, p = 0.036, N = 59; Table 3b). The negative sign in this case means that
locations with building very close to the shore where more likely to be invaded by

the Main supercolony than by the Corsican supercolony (Fig. 3d).

3.4 Factors affecting the change of status from uninvaded to
invaded (change vs. no change)

As none of the locations invaded in the past appeared uninvaded when we
sampled them posteriorly, the data used here only corresponded to beaches that
were uninvaded in the first sampling (Table 1). In Ibiza and Formentera, we
obtained three principal components to represent the environmental variables
(Table 2a). The first dimension (47% variance explained) represented the relative
amount of dense vegetation (with a positive relationship) and to a lesser extent,

the relative amount of human construction (with a negatively relationship). The
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relative amount of human construction was the main variable represented in the
second dimension (positively related), and in a lower extent the relative amount
of dense and scarce vegetation (positively and negatively related, respectively).
Finally, the third dimension was represented mostly by the relative amount of
scarce vegetation (with a positive relationship) and, at a lesser extent, it was
positively related with the relative amount of human construction and negatively

with the relative amount of beach.

When modeling the change of status in Ibiza and Formentera adding these
environmental dimensions and the spatial variables, we found that none of the

variables seemed to affect to this process (Table 3a).

For Corsica, we obtained also three principal components that accounted for
the environmental variables (Table 2b). The first dimension (49% variance
explained) accounted mostly for the relative amount of human construction (with
a positive relationship) and scarce vegetation (negatively related). The second
dimension was explained by the relative amount of beach (negatively related), and
to a lesser extent by the relative amount of scarce vegetation and human
constructions (positively related). The last dimension was represented mainly by
the relative amount of dense vegetation (with a positive relationship), and in a
lesser extent, by the relative amount of scarce vegetation (with a negative

relationship).

The model with these environmental dimensions and the spatial variables
revealed that distance to an invaded beach in the past affected negatively the
probability of suffering a change of status (x* = 11.95, p < 0.001, N = 59; Table 3B).
Uninvaded beaches that were closer to invaded beaches were more likely to be
invaded (Fig. 3e).

3.5 Supercolonies at first detection locations

Knowing the locations where the Argentine ant was first detected at each
island, we assigned to these locations the supercolonies inhabiting in our days. We
could assign a supercolony for most of the studied islands, including all Balearic
[slands and Corsica (Table 4). First assessments of supercolonies for each island
were made between 2002 for the assessments done in Madeira and Azores, to

2013 in Mallorca. First detection dates of Argentine ant in these islands ranged
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from before <1858 in Madeira to 2004 in Formentera. Assuming supercolonies do
not change temporally in a given location, as we have shown with the data of Ibiza
and Formentera, we suggest that the Main supercolony was probably the first
introduced in all these groups of islands, except in Formentera (Table 4).

In Corsica the first detected location with Argentine ant was Calvi in 1959
(Bernard 1959), and the supercolony that was present in Calvi in 2007-2008 was
the main supercolony. The first location with the Corsican supercolony (assessed
in 2007-2008) could correspond to Propriano, when the Argentine ant was first
detected in 1976 (Casevitz-Weulersse 1989). Since 1959 to the last sampling in
2007-2008 in Corsica (48 years), the Corsican supercolony seems to have
expanded to more locations than the Main supercolony (Fig. 4).

]
2}

L .

(a) 1959 (b) 1971 (9 1976 (d) 1986 (e) 1995_ (f) 2007

20

16

12

Invaded localities
[0e]

1959 1971 1976 1986 1999 2007

Years

Figure 4. Expansion of the Argentine ant in Corsica since its first detection, and supercolonies that are
presentin our days: (a) 1959, (b) 1971, (c) 1976, (d) 1986, (e) 1999, and (f) 2007-2008. Data for (a) come
from Bernard (1959); data for (b, c and d) come from Casevitz-Weulersse (1989); data for (e) come from

Casevitz-Weulersse et al. (1999); and data for (f) come from Blight et al. (2009).
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Table 4: First detection dates (FDD) for the Argentine ant, locations, and supercolonies that have been
observed in the nearest locations, for some islands archipelagos in South Western Europe. Supercolonies
abbreviations are M for the Main, Ca for the Catalonian, and Co for the Corsican supercolonies. The
nearest supercolony to the earliest record is in the column “Near”, while other supercolonies of each

island are in the column “Other” with the number of locations in brackets (N).

Archipelago Location FDD Ref  Supercolonies Supercolony
Island assessment
Near  Other (N) Date Author
Balearic Islands
Mallorca Soller Port 1956 2 M M(44),Ca(4) 08/2013 AT (XE)
Menorca Mao Port 1976 4 M M (14) 10/ 2004 KG
Ibiza Ibiza city 1976 5 M M(8),Ca(3) 09/2004 KG&XE
M (20),Ca (3) 09/2016 ScC
Formentera La Savina Port 2004 9 Ca Ca (1) 09 /2004 KG&XE
M(3),Ca(2) 09/2016 ScC
Corsica Calvi 1959 2 M M (2),Co(8) 2007-8 OB
Canary Islands 1909 15
El Hierro Valverde 1950 12 M M (2) 12 /2003 7
Lanzarote Ye 1988 M M (3) 08 /2005 VB
Fuerteventura Betancuria 1992
Gomera - 1927 15 M M (2) 08 /2004 XE
Teneriffe La Orotava 1909 10 M M (1) 04 /2006 XE
Gran Canaria Multiple2 1927 15 M M (2) 12 /2005 XE
Palma Los Llanos, 1927 15 M M (2) 04 /2006 XE
San Andrés
Madeira
Madeira Funchal <1858 12 M M (6) 2002 14
Porto Santo Multipleb 2002 13 M M (1) 2002 14
Deserta 2003 13
Grande
Azores
no locality <1921
Terceira Angra de Heroismo 1930 6 M M (2) 2002 14
Sao Miguel Punta Delgada, Furnas 1930 6 M M (3) 2002 14
Flores Calheta, Ribeira do Salto 1938 11
Sao Jorge -- 1929 6
Pico Baia Cachorro 1987
Santa Maria Fonte do Mourato 1957 16

Ref: refences for the earliest records in each island: ‘Ashmole et al. (1996), 2Bernard (1956), *Chopard (1921), *Comin (1977),
SComin & Espadaler (1984), *Donisthorpe (1936), ’Espadaler (2007), ®Espadaler & Bernal (2003), °Gomez & Espadaler (2006),
10Stitz (1917), “"Wellenius (1949), *Wellenius (1955), *Wetterer et al (2007), “Wetterer & Wetterer (2006), *Wheeler (1927),
Yarrow (1967).

DA, AA: date of assessment of supercolony identity; and authors or publications of the assessment: AT: A. Tucci; KG: K. Gémez; SCC:
S. Castro-Cobo; VB: V. Bernal; XE: X. Espadaler.

Multiple locations: *Puerto de la Luz, Las Palmas, Telde, Teror, San Lorenzo, Arucas, Galdar; ®Airport, Cabega da Ponta, Camacha,

Campo de Baixo, Pico do Castelo, Ponto, Ponta da Conveira, Serra de Dentro, Serra de Fora, Vereda da Terra, Vila Baleira.
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4. DISCUSSION

We followed the invasion of the three Argentine ant European supercolonies in
three Mediterranean islands for 9 years, in the case of Corsica, and 12 years in the
case of Ibiza and Formentera. Our study showed how the Argentine ant is
constantly expanding in the three islands, especially the Main supercolony that
expanded more than the Catalonian in Ibiza and Formentera (82%), but less than
the Corsican in Corsica (20%). We observed that all beaches that were invaded in
the first sampling remained invaded. Moreover, more than half of the beaches that
were invaded unsuccessfully in the first sampling still remained unsuccessfully
invaded 12 years later, meaning that the Argentine ant invasion is not always
successful, even many years after invasion. Environmental and spatial variables
helped us to corroborate the importance of human presence for the invasion of
the Argentine ant: the likeliness of a beach to be invaded in Ibiza and Formentera
was negatively related with the amount of dense vegetation but positively related
with the amount of human constructions in the area. Moreover, the Main
supercolony was found more likely invading beaches when there was a building
close by than the Corsican supercolony. Finally, in Corsica, beaches that were
invaded or got invaded during our study were the ones closer to invaded beaches,
what suggest the importance of secondary introductions in the expansion of the

Argentine ant.

4.1 Human-linked dispersion patterns

Biological invasion in islands are very linked to human dispersal. Several
studies have proven how humans have been introducing species through
commerce or tourism over centuries (e.g. Courchamp et al. 2017). This is
especially the case of invertebrates, such as beetles or ants (Marini et al. 2011;
Bertelsmeier et al. 2018). Remote and inhabited islands with presence of docks
have higher rates of exotic species because they facilitate boat traffic and
therefore, the entrance of new species (Rizali et al. 2010; Inoue et al. 2013;
Moriguchi et al. 2015). We have not found association between the presence of
docks at the beaches and Argentine ant invasion. The most likely explanation is
that our study islands have some main ports, which are the ones that more likely
have the main commercial and touristic maritime traffic. Then, small docks at

beaches, even if used by tourists using boats, seems to be unrelated with the
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Argentine ant invasion in the studied islands.

Secondary introductions of invasive ants from the main port entries have been
showed to be very frequent in another countries, such as the USA and New
Zealand (Berstelmeier et al. 2018). Following these authors, the percentage of
secondary introductions for the Argentine ant in these countries was almost
100%. Our results showed that this seems to be the case also in Corsica, the
largest of the three studied islands where both, existing invaded beaches and
newly invaded beaches, were the ones that were closer to already invaded ones.
The history of the Argentine ant invasion in Japan also showed that secondary
introductions by human-mediated jump dispersals linked locations with similar
supercolonies (Inoue et al. 2013). In Japan the cause of some of these jumps was
permanent ship routes among ports or commercial exchanges between locations
(Inoue etal. 2013).

The presence of human settlements, as the presence of irrigated parks and
gardens nearby, are suitable habitats for the Argentine ant (Heterick et al. 2000;
Gomez & Espadaler 2006). In Ibiza and Formentera, invaded beaches seemed to
have less amount of relative dense vegetation but higher amount of human
constructions than uninvaded beaches. Argentine ant can spread to natural areas
(Holway et al. 2002; Menke & Holway 2006; Angulo et al. 2011), but its success is
closely related to the distance to the nearest urban area (Moriguchi et al. 2015;
Vonshak & Gordon 2015).

4.2 Argentine ant invasion invasions: not always successful

Although the Argentine ant is considered a very successful invader, our survey
showed that, interestingly, its invasion it is not always as successful as expected.
In almost half of the invaded beaches in Ibiza and Formentera, and in one third in
Corsica, the Argentine ant co-occurred with native species (Table1). Beaches that
were unsuccessfully invaded were only characterized by a longer shoreline than
beaches successfully invaded, while distance to the closest invaded beach was
similar between beaches successfully or unsuccessfully invaded. Moreover, during
12 years, the Argentine ant has been co-occurring with the native community in
four beaches (of the 12 that were initially invaded unsuccessfully), without been
able to displace native species as it usually does when it invades successfully
(Holway et al. 2002). This lack of success could be produced by the lack of suitable
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abiotic conditions, such as high/low temperature or moist (Holway et al. 2002;
Menke & Holway 2006). However, although we don’t have specific measures of
temperature and moisture for these beaches, we know that first, the shorelines of
the islands seem to be very suitable habitats for the Argentine ant (Giraud et al.
2002; Gomez & Espadaler 2004); second, these beaches with unsuccessful
invasions are interspersed among beaches with successful invasions (See Fig. 1);
and third, distance to successfully invaded beaches is not higher than distance
among other invaded beaches. We thus suggest that abiotic factors, such as
temperature or humidity, are not the cause of the prolonged situation of
coexistence of the Argentine ant with native species in these locations, although

data is needed in order to corroborate this suggestion.

Biotic resistance could be another factor explaining the duration of
unsuccessful invasions: richness of native ant community (Marraffini & Geller
2015; Howeth 2017) or the presence of certain species (Hobbs & Huenneke 1992;
Wardle 2001; Kennedy et al. 2002; Henriksson et al. 2015) could prevent the
success of the invasion. However, this hypothesis should need further sampling.
The lack of success in the invasion process might be given not by the number of
the species in the area but by the presence of species with certain traits. It has
been proved how native species can slow down the spread of the Argentine ant,
such as species from the Tapinoma nigerrimum group in Corsica (Blight et al.
2010a), and that traits like behavioral dominance or mass recruitment can be
important in biotic resistance through competition for resources (Chapter IV).
Several dominant species that mass recruit have been able to resist the Argentine
ant such as Crematogaster scutellaeris, Lasius grandis, Pheidole megachepala, P
pallidula, Tetramorium forte or Tapinoma sp (Way et al. 1997; Paiva et al. 1998;
Walters & Mackay 2005; Wetterer et al. 2006; Mothapo & Wossler 2014; Blight et
al. 2010). More exhaustive studies are needed to know whether some kind of
biotic resistance could explain the long-term coexistence between the Argentine

ant and native ants in these islands.

Our results show that the Argentine ant remained in all the invaded beaches
along the sampling period (12 years), even in locations that were unsuccessfully
invaded. Although natural Argentine ant collapses have been observed in some
other regions, like in New Zealand, California and Madeira (Lester & Gruver

2016), as it has occurred with other invasive ants (e.g. is Anoplolepis gracilipes in
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Australia, Cooling & Hoffmann 2015; or Lasius neglectus in several European
countries, Tartally et al. 2016), Argentine ant collapses or disappearance from an

earlier invaded location were not observed in our study sites.

4.3 Differential expansion of supercolonies

Although we did not expect to find differences between the supercolonies in
terms of environmental factors that affected its presence, we found that in Corsica
the Main supercolony was linked to the beaches with closer buildings to the
shoreline. However, sample size was small to infer a general pattern. Similar to
other invaded areas maintaining several different supercolonies, we observed
that supercolonies in the three islands seem to be excluding each other (Thomas
et al. 2006; Sunamura et al. 2009). It has been seen that ants from the Corsican
and the Main supercolonies can tolerate each other in a border zone, with no
aggression between them (Berville et al. 2013). This may be given by differences
in personality traits that are correlated to ecological success of different
supercolonies (Blight et al. 2017).

The higher expansion of the Main supercolony is not well explained by the
history of invasion in our case. In Corsica, the Corsican supercolony expanded
more than the Main supercolony since the introduction of the Argentine ant in
Calvi in 1959 (Bernard 1959). This occurred in spite that in Calvi the Main
supercolony occurs, suggesting that it could be the first introduced supercolony in
the island. Conversely, the Main supercolony expanded more than the Catalonian
supercolony in the two Balearic Islands studied. In Ibiza Island, the first detection
was in Ibiza city (Comin & Espadaler 1984), where the Main supercolony is
located now. However, the Catalonian supercolony was the first detected in
Formentera Island in 2004 in La Savina (Gomez & Espadaler 2006). Although this
location remains with the Catalonian supercolony, the Main supercolony has
occupied four more locations in Formentera while the Catalonian supercolony has
not expanded in this island. Thus, except Formentera, the Main supercolony
seemed to be the first introduced in the rest of Mediterranean and Atlantic Islands
examined. With the exception of Corsica, the higher expansion of the Main
supercolony could respond to the invasion history of first and secondary

introductions.

Supercolonies are a subject that arises a lot of interest in evolutionary ecology
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that are still unsolved, because of their origin and their incompatibility with kin
selection theory (Tsutsui et al. 2000; Helantera et al. 2009). Track of the
relationships between supercolonies through time, as our study, can contribute
meaningfully to the understanding of this paradox. Argentine ant’s expansion is a
fact, even more considering that other factors of global change can speed up the
process, like climatic change, habitat loss or globalization (Bertelsmeier et al.
2015,2017,2018). As we showed here, Argentine ant’s spread is influenced by the
presence of human activity, directly offering a suitable habitat or indirectly,
through jump-events. We claim that long-term monitoring is needed together
with broad networks of researchers working with this global invader in order to
obtain general patterns for the invasion of the Argentine ant supercolonies at the

global scale.
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SUPPLEMENTARY MATERIAL

Table S1. Description of the variable ‘Distance to the closest invaded beach’. For those analysis that we
knew the identity of the supercolonies, we measured the distance to the nearest beach that was
invaded in the past with the same supercolony, showed in the table with an X’ For those analysis that
we could not extract that information, we measured the distance to the closest invaded beach in the

past, without considering supercolonies, showed in the table with a ‘0’,

Ibiza/Formentera Corsica

Invasion X 0

Success X 0

Supercolony X X

Change Status X 0

69
AMBITO- PREFIJO Ccsv FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
8744200004 Ci p

tracionespublicas.gob.es/
6-b3 86-8dal-b42f

-c876-b3a2-e733-4486-

0522 https://sede.adminis valida
GEISER €8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

AMBITO- PREFIJO

GEISER
N° registro

8744200004

Ccsv
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362
DIRECCION DE VALIDACION

S

0522 https://sede.adminis one
GEISER -b3a2-e

traci

7

publicas.gob.es/
733-4486-8dal-b42f

d

-c876

FECHA'Y HORA DEL DOCUMENTO

09/09/2020 09:19:17 Horario peninsular

valida
€8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

AMBITO- PREFIJO

GEISER
N° registro

8744200004

Ccsv
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362
DIRECCION DE VALIDACION

S

0522 https://sede.adminis one
GEISER -b3a2-e

traci

7

publicas.gob.es/
733-4486-8dal-b42f

d

-c876

FECHA'Y HORA DEL DOCUMENTO

09/09/2020 09:19:17 Horario peninsular

valida
€8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

AMBITO- PREFIJO

GEISER
N° registro

8744200004

Ccsv
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362
DIRECCION DE VALIDACION

S

0522 https://sede.adminis one
GEISER -b3a2-e

traci

7

publicas.gob.es/
733-4486-8dal-b42f

d

-c876

FECHA'Y HORA DEL DOCUMENTO

09/09/2020 09:19:17 Horario peninsular

valida
€8d5-7362


https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

Humans and scavenging raptors facilitate
Argentine ant invasion in Doilana National Park:
no counter-effect of biotic resistance

Sara Castro-Cobo!, Soledad Carpintero-Ortega?, Joaquin L.
Reyes-Lopez?, Fabrizio Sergio'! & Elena Angulo’

! Estacion Bioldgica de Dofiana, CSIC, Avda. Americo Vespucio 26, 41092 Sevilla, Spain

2Area de Ecologia, Campus de Rabanales, Universidad de Cérdoba, 14071 Cérdoba, Spain

ABSTRACT

Biotic resistance by native communities could have a role in the spread of
invasive species. This seems to be the case in the invasion of the Argentine
ant, Linepithema humile, but only when the environment is unfavorable for
the survival of the invader. We studied the progress of Argentine ant invasion
through favorable and unfavorable habitats of Dofiana National Park across
three temporal snapshots covering three decades (1992, 2000, 2016). We
assessed biotic resistance of the native community using species richness, as
well as dominance and community structure. We also explored the role of
abiotic factors (quality of surrounding habitat and spatial variables) and of
potential vectors of Argentine ant dispersal across unfavorable areas. We
found no evidence of biotic resistance after examining native ant species
richness, proportion of native dominant ants, or community structure. On the
contrary, invasion proceeded from trees with higher ant species richness,
probably because those trees are larger and provide more resources and
better protection from aridity. Furthermore, we found evidence that the
invasion of new trees across a matrix of unfavorable habitat could be
influenced not only by humans, but also by scavenging avian predators, which
could act as vectors of ant dispersal through transport of carrion also
exploited by the ants. Such leapfrog expansion through mobile predators
could represent an overlooked mechanism that would enrich our
understanding of invasion dynamics and provide potential opportunities for
management of invasive species.

KEY WORDS

Biotic resistance; dominance hierarchies; community structure; dispersal
by mobile predators; Linepithema humile; raptors
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1. INTRODUCTION

Biological invasions are a well-known worldwide threat to biodiversity,
reducing or even replacing native species (Sax & Gaines 2003; Simberloff et al.
2013; Kumschick et al. 2015; Li et al. 2016). Different hypotheses can explain the
success, spread, and impact of invaders, like propagule pressure, enemy release,
biotic resistance or invasion meltdown hypothesis, among others (Catford et al.
2009; Ricciardi et al. 2013; Heger & Jeschke 2014; Jeschke 2014). Ecosystems can
be more resistant to invaders due to either abiotic factors, like environmental
tolerance to temperature or moisture (Shea & Chesson 2002; Blackburn et al.
2011), or biotic factors, like food resources or natural predators and competitors
(Shea & Chesson 2002; Kumschick et al. 2015). According to biotic resistance
theory (Elton 1958), native communities with higher species richness should be
less susceptible to invasion by exotic species than ecosystems with fewer
component species. In this context, interspecific interactions can act as biotic
barriers and prevent a new species from persisting in a highly competitive
environment (Holway 1999; Parr 2008; Blight et al. 2014).

Ant communities are good models for testing the relative roles of biotic
resistance in the spread of invasive species. Competition in ant communities is
important in shaping community structure (Parr 2008; Arnan et al. 2012; Cerda
et al. 2013). Moreover, ants’ unique life history traits (e.g. social structure, colony
foundation, worker polymorphism) make the study of their movements, invasion
dynamics and interactions with the native community interesting (Bertelsmeier
et al. 2015, 2017). In addition, invasive ants are among the worst world invaders
(Lowe et al. 2000), so understanding the role of biotic resistance is important for
future management and prevention of its spread. In 1990, Hélldobler and Wilson
defined two main types of competition in ants. Exploitative competition refers to
the ability of ants to rapidly detect a food resource and recruit a large amount of
individuals to exploit it. Interference competition refers to the ability of ants to
dominate a food resource through aggression. On the basis of these interactions,
ant species have been classified mainly as dominant or subordinate (Vepsalainen
& Pisarski 1982; Savolainen et al. 1989; Arnan et al. 2012; 2017). Dominant
species typically shape the species composition of ant assemblages (Cerda et al.
2013), while subordinate species avoid contact with other species (Arnan et al.

2011). The latter strategy of avoidance allows subordinate species to coexist
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(Calcaterra et al. 2016). As a result, high rates of dominant species are not

inversely proportional to species richness (Arnan et al. 2011).

The Argentine ant, Linepithema humile, is an example of a highly dominant ant
(Human & Gordon 1996). It is also a highly invasive species, native to South
America, which has successfully established around the globe (Lowe et al. 2000;
Suarez et al. 2001). This ant possesses life history traits that make it an
exceptionally good invader (Table 1; Arnan et al. 2012; 2017). It is unicolonial
(individuals move freely among physically separate nests without showing any
kind of intraspecific aggression; Holway et al. 1998; Giraud et al. 2002); its
colonies are polygynous (elevated number of reproductive females; Holldobler &

Wilson 1977; Passera 1994) and polydomous (single colonies are divided in

Table 1. Ant species present in the cork oak trees of the study area in 1992 and their life-history traits.
Species are sorted by their percentage occurrence (%) in the sampled trees in 1992 (N = 37 trees). Ant
species in 2016 and their percentage of occurrence is also showed (N =19 trees). Four life history traits
related to competition in ant communities are given, following Arnan et al. (2012, 2017). Behavioral
dominance (Dom): dominant (1) and subordinate (0). Number of queens (Queen): polygyny (1),
monogyny (0) or both (0.5). Number of nests (Nest): polydomy (1), monodomy (0) or both (0.5). Foraging
strategy (Forage): mass recruitment (1), group recruitment (0.5), individual foraging (0). Diet: liquid food

(0), seeds (0.5) or insects (1). The Argentine ant is added as a comparison for these traits.

% Life history traits

Species 1992 2016 Dom Queen Nest Forage Diet
Linepithema humile - - 1 1 1 1 0,1
Crematogaster scutellaris 76 84 1 0.5 0.5 1 0,1
Camponotus lateralis 65 42 0 0 0 0.5 0
Colobopsis truncata 57 84 0 0 0 0 0
Lasius lasioides 49 11 1 0 0 0 0,1
Camponotus cruentatus 41 0 1 0 0 0.5 0,1
Cataglyphis spp.* 24 0 0 0 0 0 1
Temnothorax racovitzai 16 0 0 0 0 0.5 0,1
Tapinoma cf. nigerrimum 11 5 1 1 1 1 0
Iberoformica subrufa 5 0 0 0 0 0.5 0,1
Tetramorium forte 5 0 1 0 0 1 1,0.5
Cardiocondyla batesii 3 0 0 0 0 0.5 0,1
Plagiolepis schmitzii 3 0 0 1 0.5 0.5 0
Camponotus fallax 0 37 0 0 0 0.5 0
Lasius grandis 0 21 1 0 0 1 0,1
Formica cunicularia 0 5 0 0 0.5 0.5 0,1
Tapinoma erraticum 0 5 1 1 1 1 0

* Cataglyphis spp. corresponds to two species C. floricola and C. tartessica, the latter was described in 2014 and

formerly was considered the orange form of C. floricola (Amor & Ortega, 2014).
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multiple physical nests; Pedersen et al. 2006; Heller et al. 2008); and it is highly
aggressive toward other ant species through both physical and chemical attacks
(Suarez et al. 1999; Welzel et al. 2018). When it colonizes a new area, the
Argentine ant usually displaces the native ant community and produces a cascade
of negative impacts on other taxa including arthropods, small vertebrates, and
plants (Holway et al. 2002; Sanders et al. 2003; Rowles & O’'Dowd 2009; Alvarez-
Blanco et al. 2017). L. humile has an overall generalized diet including insects,
carrion or nectar (Holway et al. 2002, Angulo et al. 2011), and it has been shown
that carbohydrate-rich diets provided by aphids favor its success (Rowles &
Silverman 2009). The only aspect of this species’ natural history that may
constrain its colonization potential is the lack of winged queens, which can
prevent dispersal across patches of unfavorable habitat (Way et al. 1997; Holway
1998).

Previous work has demonstrated that native ant communities do not show
biotic resistance against Argentine ant invasion when abiotic conditions are
favorable for the Argentine ant (Way et al. 1997; Holway 1998; Menke et al. 2007;
Rowles & O'Dowd 2007; Roura-Pascual et al. 2011). On the other hand, some
dominant native species are capable of resisting the invader Argentine ant. For
example, species like Lasius grandis, Tapinoma nigerrimum or Iridomyrmex
rufoniger can repel the invader when its propagule size is not adequate (Way et al.
1997; Walters & Mackay 2005; Wetterer al. 2006; Blight et al. 2010), while some
other species like Crematogaster scutellaris, Pheidole pallidula and Tetramorium
forte can prevent its spread in habitats that are suboptimal for the Argentine ant
(Way et al. 1997).

The Argentine ant expansion has mainly affected areas with a Mediterranean
climate but can also be limited by abiotic factors, especially temperature and
moisture (Carpintero & Reyes-Lopez 2008; Roura-Pascual et al. 2009, 2011).

Although localized resistance offered by dominant species could be effective
under certain environmental conditions, spread across abiotic obstacles could be
favored by accidental facilitation, such as, human-driven jumps. For example, it
has been shown that, at the global scale, long-distance Argentine ant dispersal is
typically mediated by unintentional human transport (Suarez et al. 2001).
Humans can also enable more local, short-distance jumps (Carpintero et al. 2005;
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Angulo et al. 2011), which are otherwise unlikely because of the wingless queens.

In this study, we aim to assess the relative roles of different factors affecting the
spread of the Argentine ant at a local scale in a Mediterranean ecosystem with
favorable habitats (cork oak trees) interspersed within an unfavorable scrubland
matrix. We used a temporal approach, comparing snapshot-annual data of ant
communities collected through three different decades (in 1992, 2000 and 2016)
during the spread of the Argentine ant in the area. First, we tested whether the
native species richness or the proportion of dominant ants in uninvaded cork oak
trees in 1992 could be limiting the future invasion by Argentine ants. We
hypothesized that trees with low ant species richness or low proportion of
dominant ants would be invaded first, following the biotic resistance hypothesis.
In order to further explore this hypothesis, we analyzed whether the community
composition was related to the process of the invasion. We hypothesized that
trees that were invaded first would have a different species composition
compared to the ones that were not invaded. Alternatively, we explored the
possibility that spread to new trees is facilitated by other factors. In the study
area, transport of L. humile by humans and by scavenger raptors, which may take
ant-infested carrion items to their nests, has been qualitatively suggested to
influence the invasion of new trees (Carpintero et al. 2005; Angulo et al. 2011). In
these cases, we would expect that the Argentine ant spread would be linked to

roads and paths, or to the breeding sites of scavenging raptors.

2. MATERIAL AND METHODS

2.1. Study area

Sampling was conducted in Dofiana Biological Reserve of Dofiana National Park
(37°T'N, 6°33'W), situated on the Southwest coast of Spain, in an open
Mediterranean scrubland containing scattered pine forests (Pinus pinea) and
isolated cork oak trees (Quercus suber) (Fig. 1). The study area is inhabited by
more than 30 ant species, and the Argentine ant is the only invasive species
(Carpintero et al. 2003). The first invasion focal point was the building of El
Palacio de Dofiana, the Reserve’s field-research station with year-round human
presence of some 3-50 people, where the Argentine ant was first detected in 1970
(Angulo et al. 2011). Due to its low tolerance of high temperatures and dry
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Figure 1. Study area: the main focal points for the invasion of the Argentine ant, El Palacio and El Jauldn,
are marked. The study area consists of a matrix of unfavorable dry Mediterranean scrubland containing
scattered cork oak trees, which act as favorable habitat patches. Trees that were invaded in 1992 are
marked by black squares, trees that were invaded in 2000 are marked by red circles, and trees that were
still not invaded in 2000 are marked by light blue diamonds. The only tree invaded between 2000-2016

is marked by a yellow triangle.

habitats, its range in natural habitats is mainly restricted to individual cork oaks
or pine forests (Angulo et al. 2011). The first time the Argentine ant was seen in a
natural area of Dofiana National Park was in the 1980’s in a cork oak in El Jaulon
(Carpintero et al. 2005), a human construction that very likely constituted a
second invasion focal point (Fig. 1). Thus, in our study, isolated cork oak trees
constitute our sampling units in order to follow the invasion progress of the
Argentine ant.

2.2. Sampling the ant community

In June 2016 we repeated, using the same protocol, the sampling that
Carpintero et al. (2005) performed in 1992 and 2000. They sampled the ant
community at all the cork oaks within 1.5 km of the invasion focal point, El Palacio.

At each tree, during 10 minutes, we looked for the different ant species, native or
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invasive, patrolling trunk and branches from 0.5 to 2 m high. We considered a tree
invaded if the Argentine ant was present on it. In general, when the Argentine ant
successfully invades a tree, it replaces all other native ant species, so its detection
is very likely (Angulo etal. 2011). Samples of native ant species were collected and
keptin 70% alcohol for subsequent identification by the authors in the laboratory.

From the 182 trees Carpintero et al. (2005) sampled, we excluded the ones that
were not alive in 2016, and three trees that had two trunks one beside the other
were considered only one tree. Thus, we get an initial sample size of 105 trees in
1992, of which only 38 were uninvaded at that time. Of these 38 trees, 18 had been
invaded by 2000 and only a single additional tree had been invaded by 2016 (Fig.
1). Therefore, because expansion virtually halted after 2000 in the sampled area,
here we focus on the process of invasion that occurred between 1992-2000, which
covers a significant invasion expansion. Trees were categorized by their invasion
status as “uninvaded” if they remained uninvaded in 2000 (N = 19) or “invaded” if
they were invaded in 2000 (N = 18; Fig. 1), with a total number of 37 cork oaks.

2.3. Ant community structure

A matrix of presence-absence of each native ant species found in the 1992
survey was constructed for the 37 trees selected for the analysis. We compared
the native ant community between trees that were subsequently invaded in 2000
or remained uninvaded by this year (invasion status). We performed a
permutational multivariate analysis of variance (PERMANOVA) using the adonis
function (package Vegan, Oksanen et al. 2016) in R (R Studio version 1.0.136,
RStudio Team 2016).

To graphically represent differences in community structure by invasion status,
we performed a non-metric multidimensional scaling test (NMDS), using the
metaMSD function with 1000 iterations (package Vegan, Oksanen et al. 2016) in R
(RStudio Team 2016). This analysis represents the original position of each
community in multidimensional space. We chose the appropriate number of
dimensions by examining the stress value (correct below 0.1). Trees were
differentiated by their invasion status using the ggplot function (package ggplot2,
Wickham 2009), which draws 95% confidence interval ellipses.

We were interested in whether the ant community of uninvaded trees had
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changed. We performed a second PERMANOVA and NMDS (as described before)
to compare ant communities in 1992 and in 2016, using only trees that remained
uninvaded in 2016 (N=19).

2.4. Anthropogenic, biotic and abiotic variables affecting the inva-
sion of new trees

In order to know which parameters affected the invasion of new trees since
1992, we performed a generalized lineal model using the gim function (package
stats, R Core Team 2015). The dependent variable was the status of invasion
(invaded or uninvaded in 2000) and we modeled it with a quasibinomial link
distribution. We estimated the following parameters that we fitted to the model as

independent variables:

(a) Ant species richness: number of native ant species for each cork oak
tree in 1992. Species richness was added to the model in order to test the
biotic resistance hypothesis, under the prediction that less species-rich

trees would be liable to invasion.

(b) Behavioral dominance of native species: we separated the native
species found in 1992 in each cork oak tree by their position in the
behavioral dominance hierarchy, classing each as dominant or
subordinate, following Arnan et al. (2012, 2017) (Table 1). We estimated
the percentage of dominant species from the total number of native
species present. Our prediction was that a lower proportion of dominant

species would increase the likelihood of invasion.

(c) Spatial variables: The geographic coordinates (latitude and longitude)
of each tree were added to the model to take into account the spatial
arrangement of trees. We used a geographic information system (QGIS,
version 2.18.14, QGIS 2009) to calculate distances from each sampled
tree to three potential invasion sources: El Palacio, El Jaulén, and the
nearest invaded cork oak, with the tool “measure line”. We only used the
minimum of these distances, to take into account the proximity of each
tree to the closest potential invasion source.

(d) Surrounding habitat quality: Argentine ant expansion is limited by

dryness and high temperatures of the scrubland matrix around cork oak
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trees (Angulo et al. 2011). The normalized difference vegetation index
(NDVI) measures, through satellite imagery, visible and near infrared
light reflected by plants, and is an estimate of the density and quality of
the vegetation of a certain area (Karkauskaite et al. 2017). NDVI was
measured in a circle of 100 m of radius around the trunk of the tree by
accessing Landsat images of 30x30 pixels, using the function create buffer
in QGIS 2.18.14 (QGIS 2009). For each tree we calculated yearly measures
as the average of monthly measures (0-3 measures per month were
available) and then used the average of the yearly measures from 1992 to
2000. Higher NDVI means more productivity and more vegetation cover,
implying lower aridity and thus a better habitat quality for the Argentine

ant.

We also measured the perimeter of each trunk (cm) at 1.5 m height,
because bigger trees provide more vegetation cover, humidity and lower

temperatures than smaller trees (Angulo et al. 2011).

(e) Dispersal by humans: we calculated the minimum distance from each
sampled tree to the nearest path. Because humans may inadvertently
transport ant queens in their cars or with their belongings, lower
distances to paths would mean higher probability of ant queen transport
to cork oaks. We used the same tool as in (c) to calculate the minimum

distance.

(f) Dispersal by raptors: Black and Red kites (Milvus migrans and M.
milvus, respectively) breed in large numbers in the study area, mainly
using cork oaks and pine trees as support for their nest (Sergio et al.
2005). Both species are wide-ranging facultative scavengers, very adept
at finding animal carcasses, even very small ones, such as meat items
from human refuse (e.g. Kumar et al. 2018). During the breeding season,
prey items are usually transported to the nest or to feeding perches,
typically located within 10-50 m from the nest. We used historical data
from kite surveys conducted between 1992 and 2000 (details in Sergio et
al. 2005) to obtain: (1) the total number of kite nests situated in a 50 m
radius centered on the trunk of each cork oak, and (2) the total number of
nestlings that were raised in those nests each year. Because both
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variables were correlated (R2 = 0.88, p < 0.001, N = 37), we chose to
include in the model only the number of nests. We assumed that more
nests would lead to higher probabilities of accidentally transporting
queen ants that were feeding on the carrion item when this was picked up

and taken to the nest area by a kite, thus dispersing the ants.

Statistical differences for each of the above independent variables were
obtained with the function drop1 and the F statistic (package stats, R Core Team
2015). We used a backward stepwise procedure in order to obtain a final model

that only included statistically significant variables (Table 2).

3. RESULTS

Of the total 105 cork oaks that survived the three decades of study, 67 were
already invaded in 1992, 18 were invaded from 1992 to 2000 and just one more
had been invaded by 2016 (Fig 1). We also observed trees that were invaded but
were found devoid of Argentine ants in subsequent years. This occurred in eight
trees: six were invaded in 1992, of which three had native ants in 2000 and the
other three had native ants in 2016; two trees that were invaded in 2000 had
native ants in 2016.

Table 2. Effects of anthropogenic, biotic and abiotic variables in the invasion of new trees. Statistics for
the complete (initial) model and the final model, obtained by a backward stepwise procedure, are

provided (N= 37). For the final model the sign of the relationship has been added.

Complete model Final model
F p F p Sign
Species richness 2.53 0.124 1732 <0.001 (+)
Dominant species (%) 0.54 0.741 - - -
Distance to an invasion source 1843 <0.001 56.73 <0.001 ()
NDVI 0.03 0.869 - - -
Tree perimeter 2.10 0.159 - - -
Distance to a path 20.52 <0.001 3484 <0.001 ()
Number of nests 3.01 0.094 6.68 0.015 (+)
Latitude 0.62 0.440 2612 <0.001 (+)
Longitude 1.29 0.266 39.10 <0.001 (¥
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3.1 Differences in ant community structure between invaded and
uninvaded trees.

The community analysis did not show significant differences in the native ant
community (PERMANOVA, F =1.63,p=0.141, N = 37) between the trees that were
invaded or uninvaded in 2000. We ran NMDS with two dimensions and had a fair
stress value of 0.05. As shown in Fig. 2a, the ant community structure of invaded
and uninvaded trees was very similar, the only difference being a wider ant
community in uninvaded trees, suggesting that ant communities of the invaded

trees could be a subgroup of the ant communities of uninvaded trees.

The ant community of uninvaded trees significantly changed between 1992
and 2016 (PERMANOVA, F = 6.23 p = 0.001, N = 19, Fig. 2b). While the ant
community in 1992 contains more species than in 2016, the two communities are
largely overlapping, differing in some species that have been substituted for

others with similar ecological functions (Table 1).

3.2 Anthropogenic, biotic and abiotic variables affecting the inva-
sion of new trees.

When testing the biotic resistance hypothesis, we found that species richness
was selected as an important variable in the final regression model (F =17.32,p <
0.001, N = 37, Fig 3a, Table 2). However, the sign of the relationship implied no
biotic resistance to invasion by the native community. Indeed, we found the
opposite result: trees with higher native ant richness were more likely to be
invaded. The behavioral dominance hypothesis was also not supported: the
percentage of dominant species in each cork oak was not selected as a significant

variable in the final model.

Geographic effects were important for the invasion process: the invasion of
new trees depended on the distance to the nearest source of invasion (F = 56.73,
p < 0.001, N = 37, Fig 3b, Table 2). Latitude and longitude also had a significant
effect, showing an invasion pattern that moved preferentially to the north and
west (F =39.10 and F = 26.12 respectively; p < 0.001, N = 37 in both cases, Table
2).

In relation to the tree quality and its environment, neither the perimeter of tree
trunk in 1992 nor the NDVI index were selected as important variables in the final

83
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
08744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362



https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

(a)1.5 r
R ) Uninvaded
1.0 ¢ ° @ Invaded
05 °
N
8
S 00+
Z
05
1.0F
5.0
(b)
1 | -
N
%)
S
z O
A
A+

NMDS 1

Figure 2. Ordination of ant community similarity (NMDS) for (a) trees that were invaded by Argentine
ants (red circles) or that were still devoid of the invading species by 2000 (light blue diamonds); (b) ant
communities in uninvaded trees in 1992 (white squares) and in 2016 (black triangles). The ellipses

represent the 95% confidence interval for each group.

model (Fig. ESM_1, Table 2). Finally, anthropogenic and raptor facilitation were
supported by our results: the likelihood of invasion increased with the proximity
to a path (F=34.84,p < 0.001, N = 37; Fig 3¢, Table 2) and with the number of kite
nests in the immediate surroundings (F = 6.68, p = 0.015, N = 37, Fig 3d, Table 2).

4. DISCUSSION

We followed the invasion of L. humile at a local scale during three different
decades (1992, 2000 and 2016), studying different biotic and abiotic factors that
can influence the process, in a protected area with favorable habitats interspersed
with unfavorable ones. We found that the invasion moved from main focal
invasion points towards the closest trees and that the likelihood of invasion

increased with the proximity to a path. The native ant community did not offer
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resistance to the invasion, neither in terms of species richness, nor in proportion
of dominant species or community structure. However, our results suggest that
raptors facilitate ant dispersal towards areas that would not be accessible to the

Argentine ant by itself.

Most of the literature dealing with biotic resistance against the Argentine ant
shows that native ants are not able to resist the invasion when abiotic conditions
are adequate for the invader. Exceptions found in the bibliography include
communities that contain dominant native species, such as Tapinoma nigerrimum
in Corsica, which can limit the spread and establishment of this invader (Blight et
al. 2010). Although T cf. nigerrimum was found in 11% of the cork oak trees we
studied, its presence did not seem to prevent invasion. T simrothi, another

dominant species that is ecologically similar to T cf. nigerrimum, was shown by
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Figure 3. Characteristics of trees invaded (red circles) or uninvaded (light blue diamonds) by the
Argentine ant. (a) Average (+ SE) of native ant species richness in 1992; (b) Average (+ SE) of the
minimum distance to an invaded source (invaded tree or invasion focal point); (c) Average (+ SE) of the
minimum distance to a path; (d) Average (+ SE) of total number of nests of scavenger raptors in invaded
trees or in trees that remained uninvaded by 2000. Raptor nests include those of Milvus milvus and M.

migrans in a 50 m circle around the tree for the period 1992-2000.
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Way et al. (1997) to be displaced by the Argentine ant as well. Dominant species
also have a role in the first steps of invasion: a higher propagule size (e.g. a larger
Argentine ant colony size) is needed for successful invasion in the presence of
dominant species such as Iridomyrmex rufoniger in Australia (Walters & Mackay
2005), Pheidole megacephala in South Africa (Mothapo & Wossler, 2014) or

Monomorium antarcticum in New Zealand (Sagata & Lester 2009).

Given the local juxtaposition of habitat conditions, the invasion of new trees in
our study area could be accomplished by diffusion (e.g. “budding”, where a group
of workers and queens colonize new areas on foot) or by leapfrog advances,
depending on whether trees are separated by favorable or unfavorable habitat
(Suarez et al. 2001). Such jumps would consist of a small propagule size, and thus
the effects of dominant species could have a role in preventing such new
invasions. Among the five dominant species in our study area, the one that was
more frequent in the trees before invasion was the native arboreal ant C.
scutellaris (located in more than 75% of the trees). This species is aggressive and
territorial, but does not always display polygyny and polydomy (two
characteristics that if present could make their arboreal nests less vulnerable to
Argentine ants); that may be the reason why it was systematically displaced
during the invasion (Way et al. 1997; Angulo et al. 2011). When abiotic conditions
are unfavorable for the invasion, native species can coexist and compete with
Argentine ants for resources, thus slowing down the invasion (Menke et al. 2007).
Examples include Solenopsis molesta, Leptothorax andrei and Prenolepis imparis in
Southern California (Suarez et al. 2007).

Despite the above, neither the proportion of dominant species nor species
richness prevented the spread of the invader in our system. Studies in other
Mediterranean climates such as the chaparral of Southern California (Menke et al.
2007) and the coastal scrub of Australia (Rowles & O'Dowd 2007) have also
shown a lack of biotic resistance by native ants when abiotic conditions were
favorable for the invasion. However, biotic resistance has been reported to be
more effective in natural than in urban habitats (Helford et al. 2012). Although
Dofiana is a natural area, the invasion is for the moment concentrated in the
surroundings of a small, permanent human settlement, which could help the

Argentine ant to persist against natives.
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The analysis of ant community structure suggested that trees that resisted the
invasion had a wider community structure than the trees that were invaded. This
does not mean that they were simply composed of more species, but rather that
they were organized differently, suggesting the possibility that the key to biotic
resistance against invasion may not be the number of species or percentage of
dominants, but rather a certain combination of species. Moreover, natural ant
communities change over time, especially in isolated trees (Gove et al. 2009;
Donoso 2017). In our case, ant communities of uninvaded trees differed between
1992 and 2016. The changes did not seem a result of Argentine ant invasion, but
rather consisted of substitution between ecologically similar native ant species.

More research should be done in order to assess this effect.

However, contrary to the biotic resistance hypothesis, our results showed that
cork oaks with higher ant species richness were invaded first. Holway (1998)
found that, although invasion rate was independent of native ant richness, it
increased with native ant abundance. In fact, larger trees are the ones that have
resources capable of maintaining more species (Kurz-Benson et al. 2006).
Although in our analyses the perimeter of the tree was not a significant variable
for the invasion, we also observed that larger trees had more ant species (see Fig.
ESM_2a). Larger trees also support higher abundances of aphids (Ward et al.
1998), which may facilitate invasion because aphid honeydew is one of the main
food sources for the Argentine ant (Shik & Silverman 2013). Both the native ant C.
scutellaris, and the invasive Argentine ant use honeydew resources in cork oaks
(Abril et al. 2007). And in our study area, ant abundance in trails on the tree trunk
was correlated with the size of the tree (see Fig. ESM_2b), suggesting that bigger
trees sustain bigger colonies, probably because of the greatest availability of
resources, such as aphids. In addition, larger tree crowns provide more shade,
which is likely to result in temperatures conducive to Argentine ant survival.
Holway (2005) and Angulo et al. (2011) found that Argentine ants were more
abundant in habitats with more vegetation cover and moisture, while in the
scrubland they were less abundant and more likely to coexist with native species
(Way et al. 1997; Holway 2005; Menke et al. 2007; Rowles & O'Dowd 2007; Roura-
Pascual et al. 2011).

The presence of unfavorable dry scrubland areas separating the favorable

habitat constituted by the cork oak trees has very likely slowed the expansion of
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the Argentine ant during these past decades. According to the review of Suarez et
al. (2001), the maximum annual rate of spread of the Argentine ant invasion is 154
+ 21 m (range 15 - 275 m), which means that in Dofiana it could have spread as far
as 3.7 km (range 360 m - 6.6 km) between 1992 and 2016. However, since 1992
only 19 of the 37 uninvaded trees in the study area were colonized, and since 2000
only one new tree was colonized, while 18 trees remain uninvaded. This occurred
within a sampling area of 1.5 km radius from the main invasion focal point, where
the maximum distance from the main invasion focal point to an invaded tree was
509 m in 1992. Thus, the local Argentine ant population does not seem capable of
saturating its already colonized range. Moreover, we detected eight invaded trees
that were subsequently devoid of Argentine ants and which were colonized again
by native ants (six of these trees were already invaded in 1992 and two were
invaded in 2000). This is not a rare situation. Menke et al. (2018) also found
evidence of invasion retreat in Northern California, probably caused by the severe
drought that the State had suffered during four consecutive years. Cooling et al.
(2011) found a population collapse of the Argentine ant in New Zealand that
allowed the native populations to recover, perhaps due to abiotic conditions like

high rainfall or to inbreeding depression.

Although trees that were closer to the invasion source were invaded earlier, the
Argentine ant has reached areas that are surrounded by unfavorable and
uninvaded habitats. It is widely known that humans are dispersal vectors of the
Argentine ant (Suarez et al. 2001; Ward et al. 2005; Boser et al. 2017), and
proximity to paths frequently used by humans was previously suggested as a
factor contributing to spread across unfavorable areas in Dofiana National Park
(Carpintero etal. 2005). Our results add quantitative support to this idea, showing

that trees that were closer to a path were invaded earlier.

Moreover, Carpintero et al. (2005) proposed that, among vertebrates,
scavenging raptors could facilitate the invasion of new trees across unfavorable
habitat, and our results lend quantitative support to this hypothesis. The invasion
of a tree was related to the abundance of kite nests in the surrounding habitat.
Because the Argentine ant is a scavenger species (Angulo etal. 2011), it is possible
to find it feeding on animal carcasses or meat refuse from humans. Queens are
also sometimes present on such food items (authors’ pers. obs.). When ant-

infested food items are picked up and transported by kites to their nest areas,
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there is a chance that the propagule could be transported to an area inaccessible
to the Argentine ants alone. This scenario could explain the leapfrog invasion of
some isolated trees in the north of our sampling area (see Fig. 1). Although this
mode of spread may be of relatively minor importance compared with the large-
scale, sometimes inter-continental, human-mediated jump dispersal, it could be
of importance in natural areas where large avian predators are common, where
human presence is less pervasive, or where management actions have been
attempted to reduce human-mediated ant dispersal. For example, at our study
site, measures to prevent the inadvertent transport of Argentine ant propagules
by humans have been established since 2004. These measures include
substituting concrete for wood in fencing, directives for secure transport of food,
garbage and other human materials from houses to the rest of the protected area,
and adequate transport and conservation of organic materials used in
experiments or for scientific collections. Additional routes of human-related
dispersal should be taken in account when studying invasion patterns: soil
movements (used for path restoration and other infrastructures), translocations
of plant specimens grown in invaded areas, or constructions of underground
infrastructures (which ants could use as refugia or dispersion routes to new
areas). Transport by raptors cannot be prevented, especially by wide-ranging
raptors such as kites that may forage in rubbish dumps tens of kilometers outside
of the protected area (Heredia et al. 1991).

Independently of the local situation, the possibility that mobile vertebrate
predators, such as avian facultative scavengers, can act as vectors of invasive
species is relatively new in invasion ecology and adds a new dimension to invasion
management and prevention. Note that some avian facultative scavengers are
opportunistic-adaptable species that can be locally common in both urban and
natural areas. For example, black kites are extremely abundant within urban
environments of Africa and southern Asia, where they subsist almost entirely on
human subsidies and refuse, reaching the highest raptor densities ever recorded
(Kumar et al. 2018). Their potential as vectors of ant dispersal in these
environments, or their synergy with human dispersal, would be even greater than
portrayed here. In conclusion, our study lends support to previous ones
suggesting that biotic resistance per se is unlikely to halt Argentine ant invasion,

even in environments with an overall unfavourable matrix. Furthermore,
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colonization maintenance and spread may be supported not only by humans but
also by mobile predators, whose dispersal capabilities should be considered when

planning the management of invasive species.
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SUPPLEMENTARY MATERIAL

B Invaded in 1992
@ Invaded in 2000
A Invaded in 2016
< Uninvaded

Figure S1. Mean NDVI values (1992-2000) in the study area. Data is provided for 30x30 pixels. Higher
values represent higher density and quality of the vegetation (see Methods). In our case higher values
corresponded to trees, mainly cork oak trees, pine trees, and poplars, and to the wet scrubland, which is
constituted mainly by Erica spp., Ulex spp. and Rubus ulmifolius. The lowest values corresponded to
paths, marshlands and ponds. Intermediate values corresponded to the dry scrubland constituted

mainly by Halimium spp., Ulex spp., Cistus spp., Lavandula stoechas and Thymus mastichina.
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Figure S2. Relationships between the size of the cork oak tree with ant species richness (a) and ant
abundance (b). In (a) trunk perimeter and ant richness correspond to the year 1992 when all these trees
were uninvaded (but they have been distinguished by their invasion status in 2000). In (b) trunk
perimeter and ant abundance correspond to the year 2016. Ant abundance was estimated as the
number of ants per minute, counted in the thickest vertical ant trail of each tree. Data comes from
invaded (red circles) and uninvaded (light blue diamonds) trees; in (b) data corresponds to the
abundance of Argentine ants and native ants, respectively. Native ants measured were Crematogaster
scutellaris and Lasius grandis (N = 16 and N=2 respectively). We show the statistics for the correlation

tests performed, which were done with the cor.test function, in the 'stats’ package of R (Core Team 2015).
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Can the success of Argentine ant invasion be de-
termined by biotic resistance and presence of
empty niches in native communities?

Sara Castro-Cobo', Joaquin Reyes-Lopez?, Luis Santamaria’,
Elena Angulo?!

!Estacion Biologica de Dofana, CSIC, Avda. Americo Vespucio 26, 41092, Sevilla, Spain

2Area de Ecologia, Campus de Rabanales, Universidad de Cérdoba, 14071, Cérdoba, Spain

ABSTRACT

The Argentine ant is a highly invasive species spread over the globe, but in
some locations it is unable to succeed completely in the invasion process,
coexisting among native species without displacing them. In this study, we
assess whether differences in the invasion success of Argentine ant across
peninsular and insular Spain are related to differences in the invasibility
(availability of empty niches) and/or the vulnerability (lack of biotic
resistance) of native recipient ecosystems. We also tested whether variation
in interspecific aggressiveness among Argentine ant colonies was correlated
with invasion success, i.e. whether less aggressive colonies failed to displace
the native ant community in unsuccessfully invaded areas. For this purpose,
we compared 22 pairs of plots in locations hosting successful or unsuccessful
Argentine ant invasions. At each location we sampled with pitfall traps ant
communities from invaded and uninvaded (control) plots with a paired
design, following a space-for-time substitution approach in which control
plots were taken to represent native communities before the invasion. We did
not find evidence of biotic resistance: native ant communities from control
plots showed comparable richness, diversity, structure and proportion of
dominant species was comparable within each pair of successfully and
unsuccessfully invaded localities. We did not find evidence of the empty niche
hypothesis either: removal rates of experimental baits (diluted honey and
insect carcasses) of native ant communities from control plots was
comparable within each pair of successfully and unsuccessfully invaded
localities, indicating that the invasion was not facilitated by the existence of
empty niches. However, we detected differences in the composition and
structure of ant communities of successfully and unsuccessfully invaded
locations: in the former, invaded plots showed larger decreases in species
richness and diversity (as compared to control plots) than in the later. Finally,
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the aggressiveness of Argentine ants was larger at unsuccessfully invaded
locations (as compared to successfully invaded ones), indicating that
interspecific abilities were not causing invasion failure. This study
contributes to the knowledge of what factors can be contributing to the
success of Argentine ant invasion, showing the importance of comparisons
between successfully and unsuccessfully invaded ant communities.

KEY WORDS

Linepithema humile, biotic resistance, aggressiveness, vacant niche,
behavioral dominance, mass recruitment.

1. INTRODUCTION

The Argentine ant (Linepithema humile) is a global invader in ecosystems with
Mediterranean-like climates (Suarez et al. 2001). Like in other invasive species, its
success is based on certain life history traits. The small body size and high number
of queens per nest facilitates transport by humans, increasing the likelihood of a
fast geographic expansion (Bertelsmeier et al. 2017). The high number of workers
per nest and generalist diet facilitates resource capture, increasing local
dominance (Passera 1994; Walters & Mackay 2005). The lack of intraspecific
aggression between colonies that are physically separated (‘unicoloniality’;
Silverman & Brightwell 2008) favors inter-colony cooperation and invasion
spread (Vogel et al. 2010). Finally, the highly inter-specific aggressivity usually
results in the complete displacement of native species from the recipient

environments (Inoue & Goka 2009).

The Argentine ant is generally considered as a highly successful invader whose
impacts are always severe. But a detailed examination of all its invasion areas
show that they don’t necessary abide by this description (e.g. Wetterer et al.
2006). In some areas, Argentine ant has been present for decades without
displacing native species (Mothapo & Wosler 2014; Chapter I) or spreading to
neighboring areas (Wetterer et al. 2006). This suggests that, despite its worldwide
spread, there are factors that may limit its invasion success. Knowledge of these

factors may be of key importance in preventing future invasions or managing
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ongoing ones.

For each given invasive species, a combination of suitable abiotic and biotic
conditions is required to ensure ecosystem invasibility. For Argentine ant,
extreme (high and low) temperatures and low moisture compromise its
performance (Holway et al. 2002; Krushelnycky et al. 2005; Menke & Holway
2006; Menke et al. 2007), restricting its invasion potential to certain climatic
regions (e.g. Roura-Pascual et al. 2011). Within such regions, small-scale variation
in temperature, moisture, soil or microhabitat further determines its invasion
success (Way et al. 1997; Thomas & Holway 2005; Menke et al. 2007). But, even
under suitable abiotic conditions, biotic components could act by themselves,
facilitating (‘biotic facilitation’) or hampering (‘biotic resistance’) the invasion
process (e.g. Rowles & O’'Dowd 2009; Blight et al. 2010). Understanding how
native species contribute to invasion success or failure could greatly enhance the

current predictions of the potential of invasion by the Argentine ant.

Biotic resistance against Argentine ant invasion may arise from interspecific
competition, a process known to shape ant communities across the globe
(Holldobler & Wilson 1990), making native ant community composition a key
determinant of its invasion success. Indeed, resistance against Argentine ant
invasion has been reported to vary broadly among recipient ecosystems, from
those showing no evidence of it (e.g. coastal scrubland in Dofiana, south-west
Spain, Castro-Cobo et al. 2019; riparian woodlands in California, USA, Holway
1998; coastal southeastern Australia, Rowles & O’'Dowd 2007) to others where the
dominant native species delayed its expansion (e.g. Tapinoma nigerrimum group
in Corsica, Blight et al. 2010; Iridomyrmex genus in Australia, Thomas & Holway
2005, Walters & Mackay 2005, but see Rowles & 0’'Dowd 2007). In yet another
cases, biotic resistance was provided by a previously established invader (e.g.
Pheidole megacephala in South Africa, Mothapo & Wossler 2014). Ant species
known to provide biotic resistance seems to be ecologically dominant (Chapter
[V), with stronger competitive abilities such as mass recruitment (species that
recruit large number of nestmates to exploit a resource, in comparison with group
recruiters or solitary foragers; Lanan 2014) or behavioral dominance (species
that monopolize resources, initiate attacks or trigger avoidance behavior in other
species; Cerda et al. 1997; Lach et al. 2009; Arnan et al. 2012). Identifying the

species whose presence in native ant communities confers biotic resistance may
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therefore help explain the observed variation in Argentine ant invasion success.

Argentine ant, however, are not passive respondents to biotic resistance. Like
many other invasive species, it can modify its competitive behavior in face of some
species due to phenotypic plasticity. Argentine ants colonies have been reported
to modify its behavior depending on relative competitor abundance, being more
evasive when they are outnumbered (avoidance or escape strategy) and being
more aggressive when they are more abundant (Carpintero & Reyes-Lopez 2008;
Sagata & Lester 2009). This behavioral plasticity in response to the number of
competitors is also known as the ‘bourgeois strategy’ (Maynard Smith 1982) and

allows the invasive species to deal with other numerically dominant species.

As described above, interspecific competition works through a combination of
direct displacement (aggression, interference competition) and indirect
competition (monopolization of trophic resources by natives or invaders,
exploitation competition; Holldobler & Wilson 1990). An extreme case of the
latter, which takes places in communities impoverished in species (e.g. islands,
mountain tops) is the availability of empty niches: deserted whose resources are
readily available for the (generalist) invasive species to exploit (Herbold & Moyle
1986; Mack et al. 2000; Ricciardi et al. 2013). Some of the most exploited food
resources by the Argentine ant are carcasses of dead insects (Angulo et al. 2011)
and honeydew produced by hemipterans (e.g. aphids, scale insects, mealybugs)
(LeVan & Holway 2015). Incipient invasions of the Argentine ant need high
protein levels to succeed in their invasion, while they tend to rely on a honeydew
based diet once the colony is well established (Tillberg et al. 2007). While the
presence of aphids is known to facilitate Argentine ant’s invasion success (Grover
et al. 2007), there is less information on whether competition by natives
exploiting this resource modulates such effect. As for carcasses availability and

removal, no study to date evaluates its impact on Argentine ant invasion success.

The aim of this study was to assess whether differences in the invasion success
of the Argentine ant are caused by differences in the invasibility (availability of
key resources, particularly in empty niches) and vulnerability (lack of biotic
resistance) of native recipient ecosystems; or to a decreased aggression capacity
of certain Argentine ant colonies due to behavioral differences among
populations. For this purpose, we compared 22 pairs of plots in 10 locations
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hosting successful or unsuccessful Argentine ant invasions (where this species
became abundant and displaced other ant species or remain less abundant and
co-exist with other ants). At each location we sampled invaded and uninvaded
(control) plots with a paired design, following a space-for-time substitution
approach in which control plots were taken to represent native communities

before the invasion.

First, we evaluated how the composition and the structure of the native ant
community affected to the likelihood of invasion success (or failure), by
comparing data from the control plots of successfully and unsuccessfully invaded
locations. Following biotic resistance hypothesis, our hypothesis was that
communities that in origin were richer, more diverse, or had higher proportion of
dominant or mass-recruiter species, would have a higher chance of remaining
unsuccessfully invaded. Second, we estimated the impact of invasion success on
community structure, by comparing data from invaded plots of successfully and
unsuccessfully invaded locations. We expected unsuccessfully invaded locations
to maintain a community structure more similar to the original, native
community. Third, we tested the empty niche hypothesis, by comparing the
removal rate of insect carcasses and diluted honey in the control plots of
successfully and unsuccessfully invaded locations. We expected a lower rate of
bait removal by native species in control plots of successfully invaded locations.
We also hypothesized that, in plots where there were more behaviorally dominant
and mass recruiter native species feeding on these elements, Argentine ant
invasion would be less successful. Fourth, we tested whether Argentine ants from
unsuccessfully invaded plots, where they coexist with native species, were more
or less aggressive than those from successfully invaded ones. Two alternative
hypotheses could be possible: decreased aggressiveness in unsuccessfully plots
could explain invasion failure, while increased aggressiveness in unsuccessfully

plots could be a response to the constant competition with native ants.

2. MATERIAL AND METHODS

2.1. Study areas

We searched Argentine ants in different locations across peninsular and insular

Spain where we were aware of Argentine ant invasion (Fig. 1a,b). We sampled
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locations where invasion was already reported, to prevent sampling sites with
invasions in the first stages of the process (Table S1). We looked for sites with
similar environmental characteristics, suitable for Argentine ant invasions: semi
natural areas with dense pine forest but close to human settlements. Within each
site, we selected localities with presence of Argentine ant and we made sure that

EQ Successfully invaded

g ] Unsuccessfully invaded
A .

= Successfully invaded
8 © Unsuccessfully invaded

Capdepera

@ Successful
© Unsuccessful
O Mix of both

Figure 1. Map of the localities where the paired plots were situated in a) the Iberian Peninsula and b) the
Balearic [slands. Two examples, one of each area, are showed in (c) where the paired design is showed by
encircling paired invaded and uninvaded plots. In (a) and (b) areas with successfully invaded paired-plots
are shown in red circles, unsuccessfully invaded appear in turquoise circles, and localities with a mix of
successfully and unsuccessfully paired-plots are shown in yellow circles. Number of successful (s) and

unsuccessful (u) paired-plots at each locality are marked.
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the Argentine ant belonged to the Main supercolony through aggression test (for
protocol, see Gomez & Espadaler 2005 and Chapter I). At each locality, we selected
two sampling plots: one within an invaded area (invaded plot) and another in a
nearby, ecologically similar, uninvaded area (control plot, Fig. 1c). Each pair of
invaded-uninvaded plots (hereafter referred to as paired plots) followed a space-
for-time substitution approach, whereby control (uninvaded) plots are intended
to represent the original, native ant community of their paired invaded plot. Study
areas were set in the following locations of the Spanish Peninsula (9 locations)
and Balearic Islands (13 locations; number in parenthesis indicate the number of
pairs of invaded-uninvaded plots set at each location; Fig. 1): Alicante (1), Calvia
(2), Capdepera (2), Dofiana (3), Dragonera (3), Murcia (1), Sanldcar de Barrameda
(2), Santa Eularia des Riu (3), Sant Josep de Sa Talaia (3) and Vigo (2). We aimed
at using three locations (i.e., three pairs of plots) per sampling site, but owing to
logistic and availability constrains, we only achieved this goal in 4 of the 10 sites

surveyed.

2.2. Sampling native ant communities

To sample the ant community at each location, we set a series of 20 pitfall traps
at each paired plot, in two transects of 100 m: one transect with 10 traps at the
invaded plot and another at the uninvaded plot. Traps consisted in plastic
recipients (7.5 cm diameter, 8 cm depth) filled with water and soap (to break
surface tension). After 48 hours, trap contents were collected and preserved,
separately for each trap, in 70% alcohol for their posterior identification in the
laboratory. Individuals of each species were counted, to characterize the
composition and structure of ant communities. Invaded plots where Argentine
ants were observed abundantly in situ and had displaced most native species (<3
native species present) were categorized as ‘successfully invaded plots’ Plots
where Argentine ants was less numerous and co-existed with more native species
were considered ‘unsuccessfully invaded plots’. Successful and unsuccessful
invasions were easy to detect when visiting locations, as signs were conspicuously
visible, allowing us to obtain a similar sample size of both types of invasions.
Nevertheless, we corroborated our classification a posteriori with data obtained
in pitfall traps (Fig. S1).
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2.3. Biotic facilitation and empty niche

To test the biotic facilitation hypothesis, we compared carcasses and honey bait
removal by the Argentine ant and the native species. To estimate carcasses
removal we set, at each paired plot, one transect of 10 points separated by 1 m
intervals, where we placed (at 10 cm from each other) dead crickets of three
different sizes: small ones (<5 mm), easily carried by a single ant; medium (11-15
mm), for ant species with group recruitment; and large (>21 mm), for ant species
with mass recruitment. This represented a total of 30 crickets per plot and 60
crickets per paired plot. To estimate the removal rate of sugary liquid baits we set,
at each paired plot, one transect of 10 points separated by 1 m intervals, where we
placed one plastic spoon with diluted honey. Both types of baits (crickets
carcasses and honey) were set in the morning (at approx. 8:30 am UTC +2,
timeframe of high ant activity) and inspected four times: 30, 60, 120 and 180
minutes after setting the baits. At each observation, ant species identity, number
of ant individuals per species and interference by other no-ant species were
recorded. Samples of ant species were collected and kept in 70% alcohol for
subsequent confirmation of the identification in the laboratory.

2.4. Ant aggressiveness

To characterize Argentine ant aggressiveness, we collected Argentine ant
individuals from invaded plots and native species from uninvaded plots at all
locations (i.e. for paired plots of both successfully and unsuccessfully invaded
locations). For the tests, we selected 10 intact individuals (no visible physical
damaged or odd behavior) of both the target native ant species and the Argentine
ant. If the native species was polymorphic, we set 9 minor and 1 major workers.
Individuals of both species were set at the same time in a vial tube (38 mm
diameter x 65 mm long, with Fluon on the walls to avoid escaping) and they were
observed continuously for 5 minutes, recording all aggressions from one species
to the other. After five minutes, ants were let unobserved (still together at the
same dish) for 55 minutes and then inspected to register the number of
individuals dead, alive or injured (if one of the limbs was missed or the individual

acted erratically) per species.
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Table 1. Number of transects analyzed at each data analysis section.

Location Unsuccessful Successful

Plot Uninvaded Invaded Uninvaded Invaded
Native ant community 10 10 12 12
Cricket baits 8 8 11 11
Honey baits 4 5 7 6
Aggression test - 5 - 7

2.5. Data analysis

All data were analyzed with R (R Studio version 1.0.136, RStudio Team 2016).
The number of paired plots used at each analysis varied according to the localities
sampled for it (Table 1).

To characterize native ant community composition, we calculated species
richness (S) and diversity values (Shannon index) for each transect, using the
diversity function from vegan package (Oksanen et al. 2016). After that, we
compared if invaded and uninvaded plots differed in richness, diversity or the
proportion of behavioral dominant species or mass recruiters. For this purpose,
we fitted two separate generalized linear mixed models (GLMMs) using the
glmmadmb function (package glmmADMB, Fournier et al. 2012), type of plot
(invaded vs. control) as a dependent, categorical variable, a binomial error
distribution and a logit link function. In the first model, the independent variables
were diversity and richness. In the second model the independent variables were
the proportion of behaviorally dominant species and the proportion of mass
recruiters. In both models, locality was included as a random factor to take into
account the covariance of paired plots. The same procedure was followed to
compare successfully vs. unsuccessfully invaded plots and separately, their

control plots.

For the analysis of native ant community structure, we constructed a matrix of
species abundance. We examined differences in ant community structure
between: i) invaded vs. uninvaded plots, ii) invaded plots of successfully vs.
unsuccessfully invaded localities, and iii) control plots of successfully vs.
unsuccessfully invaded localities. We performed a permutational multivariate
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analysis of variance (PERMANOVA) using the adonis function (package Vegan,
Oksanen et al. 2016). To observe the differences graphically, we performed a non-
metric multidimensional scaling test (NMDS), using the metaMSD function
(package vegan, Oksanen et al. 2016). We chose the appropriate number of

dimensions by examining the stress value (correct below 0.15).

In order to test the empty niche hypothesis, we compared the removal rate of
cricket carcasses between i) invaded vs. uninvaded plots, ii) invaded plots of
successfully and unsuccessfully invaded localities, and iii) control plots of
successfully vs. unsuccessfully invaded localities, by fitting three separated Cox
regression model using the coxme function (coxme package, Therneau 2019) and
we tested the significance of results with using the Anova function (car package,
Fox & Weisberg 2011).

We also compared the discovery time of carcasses and the type of ants that
discovered them by fitting three different models with structures as described
above: invaded vs. uninvaded plots, invaded plots of successfully vs. unsuccessful
invasions, and control plots of successful vs. unsuccessful invasions. The
independent variables were discovery time and a variable that represented the
degree of dominance of the ant species discovering the carcasses, with the
following codes: 4 for behaviorally dominant ants that mass recruit, 3 for
behaviorally dominant ants that do not mass recruit, 2 for behaviorally
subordinate ants that are group recruiters, and 1 for behaviorally subordinate ant
that are solitary foragers. We performed generalized mixed-effect models using
glmmadbm function (package glmmADMB, Fournier et al. 2012) with a binomial
error distribution and a logit link function. Transects were included as a random

factor.

We also analyzed differences in the ants present in the carcasses between: i)
plots invaded vs. uninvaded, ii) plots invaded successfully and unsuccessfully, and
iii) their control plots (successfully and unsuccessfully). The independent
variables were ant occurrence (number of carcasses occupied by ant per
transect), the average number of ants at carcasses per transect and the proportion
of species with behavioral dominance and with mass recruitment. We performed
a generalized mixed-effect model using the glmmadbm function (package
glmmADMB, Fournier et al. 2012) with a binomial link distribution and paired
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plots as random factors.

In the case of honey baits, we analyzed first whether the number of ants
consuming the bait (accumulated through time) was affected by the type of plot
(invaded vs. uninvaded) and the success of the invasion (successful or
unsuccessful), including also time as a covariate (four times: 30 minutes, 1hour, 2
hours and 3 hours after the baits were set up). We included in the model all the
interactions between the three independent variables and localities as a random
factor. Because the dependent variable did not follow a normal distribution, we
performed a generalized mixed-effect model using the gimmadmb function
(package glmmADMB, Fournier et al. 2012). Second, we analyzed whether the
maximum number of ants per bait present at each transect and the final number
of ants present at each bait at the end of the survey were affected by the invasion
status (invaded/uninvaded), the success of the invasion (successful/
unsuccessful) or their interaction. We modeled these variables as in the previous

case, but in this case the random factor was the paired plot.

For the aggression tests, we analyzed three different dependent variables for
both either native species or the Argentine ant (6 variables in total): the number
of attacks to the opponent species during the first 5 minutes of the experiment,
the number of dead individuals at the end of the trial, and the number of alive
individuals at the end of the trial. As none of these variables followed a normal
distribution, we performed generalized mixed-effect model using the glmmadmb
function (package glmmADMB, Fournier et al. 2012) to analyze how the success of
the invasion (successful/unsuccessful) of the area the Argentine ant came from,
and the behavioral dominance of the native species facing it (dominant/
subordinate) affected the dependent variables tested. To consider covariance
between species, they were included as a random factor in the models. We
performed the same procedure but using only trials between the Argentine ant
and the native Crematogaster scutellaris, a behaviorally dominant species (Arnan
etal. 2014). In C. scutellaris’ models, location was included as random factor (only
10 of the 12 localities were included, because this species was not present in 2 of

the localities sampled for these trials: Sanlicar de Barrameda and Vigo).

When the model residuals did not follow a gaussian distribution, as in the case
of honey baits and aggression tests analyses, we chose the error distribution for
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count data that best fitted the observed residuals’ distribution and optimized the
model’s fit - choosing among the Poisson, negative binomial and quasipoisson
distributions. We fitted all the models with each one of the previous distributions
and selected the one with best residuals’ structure and the lowest AIC value,
obtained with AICtab function (package bbmle, Bolker et al. 2017). In all cases,
quasipoisson provided the best fit and ensured lack of residuals’ overdispersion.
Statistical differences for all generalized mixed-effect models described above

were obtained with the function Anova (package car, Fox & Weisberg 2011).

3. RESULTS

Thirteen of the 22 localities sampled hosted invaded successful Argentine ant
invasions, whereas in the remaining 10 the invasion was not successful: the
Argentine ant coexisted with the native community. We found 44 native ant
species in total in the pitfall traps (Table S2), with 1.62+0.40 (mean * SE,
hereafter) native species per plot for successfully invaded areas and 4.10+0.57
species for unsuccessfully invaded areas (Fig. S1). Abundance of the Argentine ant
in the invaded plots was higher in successfully invaded localities, as compared to
unsuccessfully invaded ones (173.39+98.12 vs. 12.33+3.63 individuals/plot,

Control - Unsuccessfully invaded

"I A Control - Successfully invaded |
) Unsuccessfully invaded | ’ |

‘ Successfully invaded

[#a

Native ant richness

=

0.50 075 1.00 25 1.50 1.75

Native ant diversity

Figure 2. Diversity (X-axis) and species richness (Y-axis) of plots successfully invaded (red diamonds),
their control plots (dark blue triangles), unsuccessfully invaded (orange squares) and their control plots

(light blue circles)
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Table 2. Effects of invasion status and success of the invasion according to (a) diversity and richness of
the ant community; (b) Percentage of behaviorally dominant species and percentage of mass recruiters;
and (c) ant community structure (Adonis). We present statistics (x* values, p values and sample size, N)
for the differences between invaded and uninvaded plots; in control plots between successfully invaded
plots and unsuccessfully invaded plots, and in invaded plots between successfully invaded plots and

unsuccessfully invaded plots.

Invaded/Uninvaded Control Invaded zones
Successful/Unsuccessful Successful/Unsuccessful

(a) X2 p N X2 p N X p N
Richness 0.15 0.703 43 0.11 0.737 21 0.03 0.870 22
Diversity 5.05 0.025 43 0.17 0677 21 226 0133 22
(b)

Beh. dominance 390 0.048 43 0.30 0.584 21 0.77  0.380 22
Mass recruitment 4.65 0.031 43 0.01 0947 21 0.07 0.792 22
()

Adonis 8.76 0.001 44 0.77 0.726 22 3.76  0.008 22

respectively, Fig. S1). The abundance of native ants in the uninvaded, control plots
was, in contrast, comparable between unsuccessfully and successfully invaded
localities (7.09+£0.90 vs. 4.83+£5.94 individuals/plot).

3.1 Native ant community composition and structure

Native species richness did not differ significantly between invaded and
uninvaded plots, but diversity (as measured by the Shannon index) was
significantly lower at invaded plots (Table 2a; Fig. 2). Species richness and
diversity did not differ significantly between successfully or unsuccessfully
invaded localities, neither for invaded nor for uninvaded plots (Table 2a; Fig. 2).
Invaded plots had significantly less proportion of behaviorally dominant species
and mass recruiters than uninvaded plots (Table 2b), but these variables did not
differ significantly between successfully and unsuccessfully invaded localities

(neither for invaded nor for uninvaded plots; Table 2b).

Community structure differed significantly between invaded and uninvaded
plots, as well as between the invaded plots of successfully and unsuccessfully
invaded locations, but not between the control plots of both location types
(PERMANOVA, Table 2c). The NMDS test with three dimensions resulted in fair
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stress values (of 0.09, 0.15 and 0.08 respectively) in all three cases. In the NMDS
plots, ant community structures were clearly differentiated between invaded and
uninvaded plots (Fig. 3a) and overlapped between successfully vs. unsuccessfully
invaded locations (Fig. 3b-c) - although, for the invaded plots, it showed a reduced
spread for successfully invaded locations, as compared to unsuccessfully invaded
ones (Fig. 3c).

(a)

‘}- Invaded

No
@ VYes

(b)

Control zones

i “ Unsuccessful
i s ’ . A Successful

Invaded zones

Unsuccessful
@ Successful

Figure 3. Ordination of ant community similarity (NMDS) for (a) invaded (red diamonds) and uninvaded,
control (turquoise circles) plots, placed using a paired design within localities hosting Argentine ant
invasions; (b) control plots within either successfully invaded (dark blue triangles) or unsuccessfully
invaded (turquoise circles) locations; and (c) invaded plots within either successfully invaded (red
diamonds) or unsuccessfully invaded (orange squares) locations. Ellipses represent 95% confidence

intervals for each group.
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Table 3. Effects of invasion status and success of the invasion on foraging activity of ant communities at

experimental death crickets. (a) Removal rate of crickets along time; (b) Discovery time of the crickets by

ants, and dominance type of the ant that discovered the cricket (combining the behaviorally dominance

and the ability to mass recruit); (c) Number of crickets occupied by ants per transect (occurrence),

proportion of behaviorally dominant ant species, proportion of mass recruiters and average number of

ants in the crickets per transect (model of areas invaded successfully vs. unsuccessfully did not converge).

We present statistics (x* values, p values and sample size, N) for the differences between invaded and

uninvaded plots; in control plots between successfully invaded plots and unsuccessfully invaded plots,

and in invaded plots between successfully invaded plots and unsuccessfully invaded plots.

Invaded Control successful Invaded successful
Uninvaded Control unsuccessful Invaded unsuccessful
(a) X p N X p N X2 p N
Removal rate 0.00 0.952 1118 0.02 0.880 559 134 0.247 559
(b)
Discovery time 001 0946 279 0.01 0942 130 001 0918 149
Dominance type 0.14 0.709 279 0.01 0907 130 0.00 0977 149
(©
Occurrence 3.77 <0.001 31 0.04 0.843 15
Prop. beh. dom. 1.03 <0.001 31 0.00 0.967 15
Prop. massrecruit. 2.94 <0.001 31 0.00 0.967 15
Number of ants 6.51 0.799 31 0.01 00916 15

3.2 Empty niches: carcasses and honey consumption

Neither carcasses removal rate nor discovery time nor dominance type (of the

ant species that discovered the bait) differed significantly between invaded and

uninvaded plots, or between successfully and unsuccessfully invaded localities
(for both invaded and control plots; Table 3a, Fig. 4).

Invaded plots had significantly more carcasses occupied by ants, mostly

Argentine ants. In those carcasses with native species, they included more mass

recruiters but less behaviorally dominant species (Table 3c). All other

comparisons were not significant or could not be tested because models failed to

converge.

None of the three variables measuring ant foraging at sugary baits was

significantly affected by plot type (invaded vs. control), locality type (successfully

vs. unsuccessfully invaded) or their interaction (Table 4, Fig 5).
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Table 4. Effects of invasion status and success of the invasion on foraging activity of ant communities at
experimental honey baits through time. Foraging activity is measured using: (a) the accumulated number
of ants at each honey bait along time, (b) the final number of ants at honey baits per transect, and (c) the

maximum number of ants at honey bait per transect. We present statistics (x* values, p values and sample

size, N).
(a) Accumulated (b) Final (c) Maximum
number of ants number of ants number of ants
N X p X p X p
Time 88 9.72  0.002 - - - -
Invasion 88 0.22 0.636 0.17  0.685 0.16  0.686
Success 88 0.20 0.654 039 0.532 2.64 0.104
Time*invasion 88 0.12 0.733 - - - -
Time*success 88 0.01 0.923 - - - -
Invasion*success 88 0.63 0.429 0.18 0.668 0.04 0.844
Time*invasion*success 88 1.06 0.304 - - - -
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Figure 4. Removal rates of cricket carcasses during 180-minutes trials at: (a) uninvaded, control plots
situated within either successfully invaded locations (dark blue) or unsuccessfully invaded locations
(light blue); and (b) invaded plots situated within either successfully invaded locations (red) or

unsuccessfully invaded locations (orange).
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3.3 Aggression tests

Invasion success (at the locality of origin of the Argentine ant used in each
aggression test) had a significant effect on all but one of the variables measuring
the outcomes of the aggression tests (Table 5), while the behavioral dominance of
the native species used in the test had a significant effect on none of them (Table

5). Argentine ants from successfully invaded performed significantly more.

Aggressions than those from unsuccessfully invaded plots and, probably as a
consequence, had less individuals alive at the end of the trials (Fig. 6¢,d).

Similarly, in the aggression tests using C. scutellaris, those facing Argentine ants
from unsuccessfully invaded plots performed significantly more aggressions but
showed a lower survival at the end of the trial (Fig. 6e, f; Table 5).

140
@0 Successfully invaded
120 g Unsuccessfully invaded
100 %A Successfully invaded
80 8@ Unsuccessfully invaded
60 /
40 -
0
30 60 120 180

Figure 5. Accumulated number of ants foraging at honey baits during 180-minutes trials, in invaded and

uninvaded control plots situated within either successfully invaded or unsuccessfully invaded locations.
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Table 5. Differences in the outcomes and aggressions in confrontations between the Argentine ants

versus all native species, or the Argentine ant versus Crematogaster scutellaris specifically, a behavioral

dominant species very common in our study areas. Outcomes are represented by the number of dead and

alive workers of Argentine ant or native species (or C. scutellaris) at the end of the trial (1h); aggressions

are represented by the number of attacks realized by each of the species during the firsts 5 minutes of the

trial (Arg -> Nat, attacks performed by the Argentine ant; Nat -> Arg, attacks performed by native ants). S

indicates the sign of the relationship; we modeled the probability of success.

Behavioral dominance Success Success (C. scutellaris)
F p N S F p N S F p N S
Nargalive 1h 040 0.527 279 - 4.64 0.031 279 + 1.46 0226 95 +
Nargdead 1 h 0.67 0414 279 + 8.06 0.005 279 - 0.55 0461 95 -
N natalive 1 h 315 0.076 279 - 12.74 <0.001 279 + 12.56 <0.001 95 +

Nnatdead 1h 352 0.061 279 +
Arg->Nat(5min) 0.17 0.683 279 +
Nat->Arg (5min) 042 0.520 279 +

0.18 0.670 279
12.60 <0.001 279
798  0.004 279

+ 191 0167 95 -
- 2.80 0.094 95 -
- 520 0.023 95 -

Figure 6. Outcomes and
aggressions when confronting 10

Argentine ants and 10 individuals

of a native species from either Outcomes - Agression
[ £5 1] S
successfully invaded (red g o (a) + 22 | (b)
= 40r (A7)
3 [=1y)
diamond) or  unsuccessfully 2 Z2 st
. . T 35r s §
invaded (orange square) locations: g £g .,
£ 28 1l
- T n
(a) number of Argentine ants alive; §n 30 = E +
1)
(b) number of attacks of Argentine < "
ants to native ants; (c) number of [ 8 w |
:12) 68 (C) E E 8.5,(d)
native ants alive; (d) number of « RN
2 % E 5 o
attacks of native ants to Argentine © ° &
]
> 64r L g st
ants; (e) number of Crematogaster & g<
Z 6.2 - < 70 F
scutellaris ants alive, and (f) il
. &
number of attacks of C. scutellaris - “ -
) vs (e 5ue r(f
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3 S £
standard errors. Number of ants Se | E 6 |
@ 2 <
was counted at the end of the 1h- © ; § ; +
L 2 L
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counted during the first 5 minutes
of the trial. Data of (a) to (d) come
from separate trials with 12
different native species pooled).
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4. DISCUSSION

We studied invasibility and vulnerability of native recipient ecosystems to the
invasion of the Argentine ant through different approaches, using a space-for-time
substitution approach at 22 different localities of Spain (Peninsula and Balearic
[slands), with the main aim of finding differences between successful invasions as
opposed to unsuccessful invasions where the invader failed to become dominant.
We did not found evidence in support of the hypothesis of biotic resistance - i.e.,
neither the species richness, diversity and structure of the native ant community
in uninvaded plots (assumed to represent the ant community before the invasion),
nor the proportion of behaviorally dominant and mass recruiting species in such
communities, were significantly correlated with the probability of a successful
invasion by Argentine ant. We did not find either evidence in support of the empty
niche hypothesis - i.e., in the absence of Argentine ants (control, uninvaded plots
assumed to represent the pre-invasion stage), native species from successfully
and unsuccessfully invaded locations were equally good at exploiting insect
carcasses and diluted honey. In contrast, we found a significant correlation
between invasion success and Argentine aggressiveness, which was higher in
unsuccessfully invaded locations than in successfully invaded ones. Such higher
aggressiveness was associated with a higher mortality during the aggression
trials, in both the native and the invasive species. Further work is required to
explore the causality behind this relationship, which may either reflect a higher
likelihood of success when the initial invaders were more aggressive and thus
increasing their likelihood of success or a posterior strategy to cope with constant

competition with native species in unsuccessfully invaded areas.

Argentine ant invasion had a severe impact on native ant communities, which
(as expected) was stronger in successful invasions - with unsuccessfully invaded
locations showing intermediate values of diversity and community composition.
This gradient in community changes suggests that, in unsuccessfully invaded
localities, the Argentine ant could be integrated as part of the ant community
(Chapter I, Chapter IV). Functional parameters of the community, such as
carcasses and bait removal, were seemingly unaffected. Several studies have
described how the Argentine ant displaced native species at invaded areas,
reducing ant richness drastically (Ward 1987; Cammell et al. 1996; Suarez et al.
1998; Sanders et al. 2003; Touyama et al. 2003). But, as we show here, this is not
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always the case: the Argentine ant was not able to invade successfully at almost
half of the sampled localities, even after decades of reported presence through the
coast of the Iberian Peninsula (Table S1). Moreover, we decided to sample these
22 original locations where the Argentine ant was reported without knowing a
priori if there were successful or unsuccessful invasions, resulting in almost half

of the locations with unsuccessful invasions.

In previous literature, situations in which the Argentine ant coexisted with
native species were generally influenced by abiotic factors (e. g. Holway et al.
2002; Carpintero et al. 2003). Temperature has been seen to affect coexistence of
native species with the Argentine ant in two different ways. Low temperatures
allow species with higher cold tolerance, such as Prenolepis imparis or
Pachycondyla chinensis, to segregate their seasonal and/or daily activity peaks,
facilitating co-existence with the Argentine ant (Fitzgerald & Gordon 2012; Spicer
Rice & Silverman 2013). Conversely, high temperatures (especially if combined
with low moisture) can favor thermophilic native species, allowing them to
outcompete Argentine ants (Menke et al. 2007; Angulo et al. 2011; Thomas &
Holway 2005) or to coexist through the use of non-overlapping activity patterns
(Angulo et al. 2007). In addition, certain soil types, like sandy and clay loam, can
prevent spread of the Argentine ant in agricultural systems, allowing other
dominant species to co-occur with it (Way et al. 1997). Some of these factors may

have played a role in the (lack of) success at the invaded locations sampled.

The Argentine ant shows high aggressiveness against native species (Ward
1987; Holway 1999; Human & Gordon 1999). Specifically, it is very aggressive
towards species that are ecologically similar to it, i.e. mass recruiters, behaviorally
dominants and generalists (Carpintero et al. 2007; Abril & Gomez 2009).
Interestingly, these ecologically-similar species are often those excluding the
Argentine ant spread at some regions, like P pallidula, C. scutellaris and T
nigerrimum in Portugal (Way et al. 1997), Lasius grandis in Madeira (Wetterer et
al. 2006), and T. nigerrimum in Corsica (Blight et al. 2010). In our aggression tests,
we did not find evidence that the Argentine ant was more aggressive to dominant
native species than to subordinate ones, but interestingly we found differences in
aggressions according to the success of the invasion. These results contrast with
those reported by Abril and Gomez (2009), who did not find differences in terms
of aggressiveness of Argentine ants confronting the behaviorally subordinate
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native Plagiolepis pygmaea from areas where species were in contact and not, but
are in agreement with Sagata and Lester (2009), who suggested that behavioral

plasticity could have a role in Argentine ant success.

The availability of food resources rich in carbohydrates, like honeydew, has
been shown to promote both the aggressiveness of invasive ants (such as
Argentine ant; Grover et al. 2007) and the likeliness of a successful invasion
(Helms & Vinson 2002; Abbot & Green 2007; Brightwell & Silverman 2011).
Specifically, the availability of these food resources helps Argentine ants to
displace native species (Rowles & Silverman 2009; Kay et al. 2010) and to survive
out of its suitable niche (Brightwell & Silverman 2011). At pine forests, like our
study areas, aphids constitute an important food resource for ant species that
attend them for their honeydew, or predate on them or on their predators
(Mooney & Tillberg 2005). Contrary to our expectation, native species in control
areas of unsuccessfully and successfully invaded plots proved to be as good as the
Argentine ant at removing these resources. Therefore, our results suggested that
the invasion success was not related to the empty niche hypothesis, at least for the

food resources we examined here.

Using a broad survey of 22 pairs of invaded-uninvaded plots across insular and
peninsular Spain this is the first study that compares successful and unsuccessful
invaded ant communities by the Argentine ant. We show that neither biotic
resistance nor empty trophic niches were likely to mediate invasion success of
Argentine ants in the western Mediterranean. Behavioral variation, on the other
hand, may have mediated such success, by adjusting aggression levels to the
presence of native competitors. Long-term monitoring of invaded ecosystems is
essential to discern the combination of factors that allow recipient communities

to prevent or favor the spread of invasive species.
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Figure S1. Mean (SE) of Argentine ant abundance (a) and number of native species (b) in plots
successfully and unsuccessfully invaded. Differences in abundance and in the presence of native ant

corroborate visual classification of successfully and unsuccessfully invaded areas.
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Table S1. List of locations and plots, success of the invasion, sampling date and date from which
Argentine ant invasion is known for each location (First det.) and references. Some references
correspond to members of the Iberian Association of Myrmecology (AIM). Coordinates of each plot

(Coord) and the success of the Argentine ant invasion (Success) are marked.

Coord Success  # Paired
Location Date References*
(1at, long) plots
Sampled First det.
42.150716°
1. Vigo U,S 2 07/2017 2003 Gerardo Fernandez, AIM
-8.838701°
36.990456°
2. Dofiana U, S 3 07/2015 1980’s Carpintero etal. 2003
-6.4509
3. Sanlucar de 36.847345°
S 2 09/2017
Barrameda -6.316010°
37.600639°
3. Murcia U 1 07/2016 2010 Chema Catarineu, AIM
-1.035931°
38.206721°
4. Alicante U 1 07/2016 2011 Javier Arcos, AIM
-0.510340°
39.703700°
5. Capdepera S 2 07/2015 1988 Espadaler & Gémez 2003
3.456098°
39.533268°
6. Calvia U 2 06/2015 1988 Espadaler & Gémez 2003
2.585938°
39.588911°
7. Dragonera S 3 07/2015 2003 Espadaler & Gomez 2003
2.329054°
8. Santa 38.977155°
U, S 3 07/2015 2004 Espadaler & Gémez 2003
Eularia 1.530700°
38.950188°
9. Sant Joseph U 3 07/2015 2004 Gomez & Espadaler 2005
1.228687°

* References:

1. Carpintero S, Reyes-Lopez ], de Reyna L (2003) Impact of human dwellings on the distribution of the exotic Argentine
ant: A case study in the Dofiana National Park, Spain. Biological Conservation 115: 279-289

2.Espadaler X, Gomez K (2003) The argentine ant, Linepithema humile, in the Iberian Peninsula. Sociobiology, 42 (1): 187-
192

3. Gomez K, Espadaler X (2005) La Hormiga Argentina. Estado del conocimiento e implicaciones de la invasién para las
Islas Baleares. Listado preliminar de las Hormigas de las Islas Baleares, Documentos Técnicos de Conservacidn, Il época,
13. Conselleria de Medi Ambient, 88 p
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Table S2. List of the species found in the pitfall traps. The range of distribution is categorized in
Iberian (I) or Andalousian (A) endemisms, or invasive species (V). Abundance corresponds to the
number of plots with presence of each species from a total of 22 paired plots (44 plots in total), and in

brackets is the total number of ants. Location numbers correspond to locations in Fig. 1.

Species Range Abundance Locations
Aphaenogaster gibbosa 2(11) 1
Aphaenogaster senilis 7 (152) 3
Aphaenogaster iberica I 2 (16) 1
Camponotus lateralis 6 (24) 4
Camponotus ruber 5(49) 4
Cardiocondyla mauritanica \% 1(1) 1
Cataglyphis Horicola A 2 (50) 1
Cataglyphis iberica I 1(1) 1
Cataglyphis tartessica A 1 (313) 1
Colobopsis truncatus 1(3) 1
Crematogaster auberti 3 (50) 3
Crematogaster laestrygon 3(403) 2
Crematogaster scutellaris 18 (287) 8
Crematogaster sordidula 2 (54) 1
Formica fusca 2 (57) 1
Hypoponera eduardi 2(2) 1
Iberoformica subrufa [ 1(201) 1
Lasius grandis 2 (66) 1
Lasius niger 2(3) 1
Linepithema humile \Y% 32 (2685) 10
Messor bouvieri 6 (80) 3
Messor lusitanicus 1(76) 1
Monomorium subopacum 1(4) 1
Myrmica aloba 2 (65) 2
Myrmica ruginodis 2 (92) 1
Myrmica scabrinodis 2 (98) 1
Pheidole pallidula 12 (147) 7
Plagiolepis pygmaea 18 (92) 8
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Plagiolepis schmitzii 10 (36) 5
Ponera sp 1(1) 1
Solenopsis spp 7 (22) 4
Tapinoma erraticum 1(1) 1
Tapinoma madeirense 4 (20) 3
Tapinoma nigerrimun cfr 3(12) 2
Temnothorax angustulus 1(3) 1
Temnothorax lichtensteini 1(1) 1
Temnothorax nylanderi 1(1) 1
Temnothorax pardoi 3(20) 2
Temnothorax racovitzai 12 (138) 4
Temnothorax recedens 19 (291) 6
Temnothorax specularis 4(8) 3
Temnothorax tyndalei 3(5) 2
Tetramorium caespitum cfr 3 (151) 3
Tetramorium forte 1(5) 1
Tetramorium semilaeve 12 (320) 5
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Competitive interactions between native species
and the invasive Argentine ant according to
behavioral dominance and foraging strategy

Sara Castro-Cobo’, Annika S. Nelson?, David A. Holway?, Kailen A.
Mooney?, Elena Angulo’.

! Estacion Bioldgica de Dofiana, CSIC, Avda. Americo Vespucio 26, 41092, Sevilla, Spain

2 Department of Ecology and Evolutionary Biology, University of California Irvine, 321 Steinhaus Hall, Irvine, CA, 92797-
2525 USA

3 Division of Biological Sciences, MC 0116, University of California San Diego, CA, 92093-0116 USA

ABSTRACT

Invasion success depends on biotic and abiotic characteristics of the
recipient ecosystem. The Argentine ant, Linepithema humile, is very harmful
invader, but its success can be compromised when competing against native
ant communities in stressful abiotic environments, and traits of native
species related to competitive performance could help to determine the
outcome of these interactions. We analyzed the competitive abilities of the
Argentine ant and four native species that locally co-occur in a relatively arid
environment for the invader. Native species differed in their combinations of
two traits: behavioral dominance and ability to recruit. We assessed
competitive performance using bait monopolization observations and short-
term removal experiments. We also surveyed literature to determine how
other species that co-occur with the Argentine ant in other locations
expressed these traits. Foraging performance of all our studied native species
was reduced when competing with the Argentine ant, being the most affected
the behaviorally dominant ones. Argentine ant foraging activity was
compromised the most by species that mass recruited, although competition
with behaviorally dominant species was also important. Although our
findings were based in a small number of species, the literature review
supported them. 56% of ant species reported to co-occur with the Argentine
ant were mass recruiters and behaviorally dominant. Our results showed that
in interspecific competition, the Argentine ant affected and was affected by
species holding specific life history traits, and the degree of the effect could
depend on these traits. These results deepen our understanding of the
mechanisms involved in competitive interactions between native and
invasive ants.

KEY WORDS

Interspecific competition, foraging activity, Linepithema humile, behavioral
dominance, mass recruitment, Solenopsis xyloni.
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1. INTRODUCTION

The Argentine ant (Linepithema humile (Mayr 1868)) is an invasive species that
has successfully invaded areas with Mediterranean-like climate around the globe
(Suarez et al. 2001). By displacing native ant species, it disrupts native
communities (Holway et al. 2002a; Sanders et al. 2003), with cascading effects in
the ecosystem such as seed dispersal lost (Rowles & O'Dowd 2009); plant growth
and pollination reduction by tending honeydew-producing hemipterans more
effectively than native ants (LeVan & Holway 2005; Nygard et al. 2008); decrease
in diversity and abundance of other invertebrates (Krushelnycky et al. 2008); or
declines and spatial shifts of small vertebrates including amphibians (Alvarez-
Blanco et al. 2017), reptiles (Suarez & Case 2002) and birds (Boieiro et al. 2018).

Traits that contribute to the Argentine ant to invade new environments include
the ability to form supercolonies, aggressive behavior, polygyny, large colony size,
and being able to establish successfully with relatively small propagules (Passera
1994; Hee et al. 2000). Moreover, the physical environment limits where the
Argentine ant can invade (Holway et al. 2002b; Menke & Holway 2006; Menke et
al. 2007). However, less is known about the biotic factors that mediate invasion of
novel ecosystems (Zenni & Nufiez 2013), limiting our ability to prevent future
invasions or identify riskier ecosystems. Although native ant richness does not
repel the invasion (Holway 1998, Sanders et al. 2003), abiotic and biotic factors
may interact enhancing the ability of native ants to interfere with the invasion
(Holway et al. 2002; Thomas & Holway 2005; Wetterer et al. 2006; Menke et al
2007). In particular, our understanding of whether or not native ant species with
different traits and competitive abilities can curb Argentine ant invasion is
limited. Currently, predictions of the potential for Argentine ant invasion are
primarily based on the effects of the abiotic environment alone (Holway et al.
2002b; Roura-Pascual et al. 2010), thus ignoring the potentially important role of
interactions with native species (but see Menke et al. 2007).

Traits involved in competition among ants would be likely some of the most
related in the co-occurrence of native species with the Argentine ant. Behavioral
dominance often manifests itself in differences in food collection strategies and
aggressiveness (Cerda et al. 2013). Behaviorally dominant ant species tend to

aggressively defend food resources, whereas behaviorally subordinate species

134
AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
S|

08744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362



https://sede.administracionespublicas.gob.es/valida

Caodigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccion : https://sede.administracionespublicas.gob.es/valida

avoid confrontation (Arnan et al. 2012; Cerda et al. 1997; Lach et al. 2009).
Competitive ability also depends on ant foraging strategies, with species varying
from solitary foragers to those that exhibit group recruitment (e.g., up to some
dozens of workers) or mass recruitment (e.g., large numbers of workers at baits)
(Cerda et al. 2013; Arnan 2014). Behavioral dominance, together with mass
recruitment, allows ant species to forage more efficiently at resources (Cerda et al.
1997, 1998; Arnan et al. 2012). This could be of great importance at locations
where abiotic conditions are not completely suitable for the Argentine ant. In
these conditions, native species could provide higher competition to the invader
and thus make more difficult its spread (Holway et al. 2002b). However, it is
unknown how precisely these traits could play a role in the invasion of the

Argentine ant.

In this study, we compared the foraging ability and competitive interactions
between the Argentine ant and four native ant species selected to vary in
behavioral dominance and mass recruiting behavior. First, we characterized bait
monopolization of Argentine ant and the native ant species where they interact
across a moisture gradient with the dry end of this gradient serving as a refuge for
native ants (Holway 2005; Menke & Holway 2006). We then conducted reciprocal,
short-term removal experiments to test how foraging activity of the Argentine ant
is compromised in the presence of native competitors and how competition with
the Argentine ant reduces the foraging activity of those species. We hypothesized
that, under these environmental conditions, native species opposing more
resistance to the Argentine ant would be the ones that mass recruit and are
behaviorally dominant. For that, we used four native ant species that differed in
these traits. We interpret our results with respect to the native ant species’
behavioral dominance and capacity to recruit. Finally, we performed a literature
review aimed at quantifying the frequency at which behavioral dominance and

mass recruiting were associated with native and invasive Argentine ant co-

occurrences.
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2. MATERIALS AND METHODS

2.1. Study area

This study was conducted in Dawson Los Monos Canyon Reserve in San Diego
County (33° 9' 3.39" N, 117° 14' 54.94" W; California, USA). Fieldwork was
performed from July to September 2017 in the northern part of the reserve (Fig.
1). This study site encompassed an expanse of shrub habitat adjacent to a riparian
woodland (primarily supporting Quercus agrifolia and Platanus racemosa). The
Argentine ant occurs abundantly in the riparian area (“invaded area” in Fig. 1) but
decreases in abundance away from it (“uninvaded area” in Fig 1). Native ants
overlap with the Argentine ant in the scrub zone (“area of overlap” in Fig. 1), and
this area of contact between native ants and the Argentine ant has been present

Figure 1. Map of the study area, showing the front of invasion where the sampling points for each native
species were located, as well as the invaded and the uninvaded areas. DI: Dorymyrmex insanus, FM:

Formica moki, PV: Pheidole vistana, SX: Solenopsis xyloni.
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for over a decade (Menke & Holway 2006). All the experiments of this study were

performed in the area of overlap.

2.2. Species selection

We assessed the competitive abilities of four native ant species: Dorymyrmex
insanus Buckley, 1866; Formica moki Wheeler, 1906, Pheidole vistana Forel, 1914;
and Solenopsis xyloni McCook, 1879. These species occur commonly in chaparral
and coastal sage scrub ecosystems in San Diego Co. CA. We categorized the
behavioral dominance and recruitment strategy of each species based on personal
observations and reports in the literature (Table 1): Solenopsis xyloni is
behaviorally dominant (Menke et al. 2010) and mass recruits (personal

Table 1. Life history traits of ant species considered in this study. Information was derived from literature,
the AntProfiler database () (http://www.antprofiler.org), and personal observations (?). LH: Linepithema
humile, SX: Solenopsis xyloni, PV: Pheidole vistana, FM: Formica moki, DI: Dorymyrmex insanus. Literature
cited correspond to: 3Arnan et al. 2012, *Holway et al. 2002b, *Lanan 2014, *Menke et al. 2010, Schilman

etal 2007, and ®Wittman et al. 2010. Question marks represent traits for which we have doubts.

A DomB Recruit ws P CS Nnest NQ Diet Def Attack Unic

LH D23 123 2.862 123 33 p3 P3 H/IB 23 PC3 13
SX D26 12 3.05/3.41/5.40% 327 3 F3 P H/I6 23 PC? 02
PV S? 12 3.05/5.142 32 2t p2 pt 2 12 P2 02

FM D28 02 - 2227 P2 P?ZH/IZ 22 PC? 02
2

DI S? 0245 3.322 12 1t 2 pt B 12 P? 02

B

DomB Behavioral dominance: D: dominant, S: subordinate

Recruit Type of foraging strategy: 1: mass recruiter, 0: other kind or foraging

WS Mean worker length (mm)
P 1: monomorphism, 2: low polymorphism, 3: high polymorphism
CS Colony size: 1: hundreds, 2: thousands, 3: tens of thousands.

Nnest  Number of nests per colony: P: polydomy, M: monodomy, F: facultative

NQ Queens per colony: P, polygyny, M: monogyny
Diet Main food resource: H: Honey, I: Insects, S: Seeds
Def Defense of resources: 1: none, 2: food and/or territory.

Attack  P: physical attack, C: chemical attack, PC: both

Unic Unicoloniality: 0: no, 1: yes
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observations). Pheidole vistana is behaviorally subordinate and mass recruits
(personal observations). Formica moki is behaviorally dominant (Wittman et al.
2010) and does not mass recruit; although it can recruit nestmates to food
resources (Holway 1999), in our experiments it behaved as solitary forager.
Dorymyrmex insanus is behaviorally subordinate and can recruit in high numbers
(Holway 1999) or not (Lanan 2014), as is the case at our study area (personal

observations).

2.3. Bait monopolization

We used baits to observe patterns of bait monopolization and foraging
behavior of each of the five ant species included in this study. The use of baits in
the field can provide insight into intraspecific and interspecific competitive

interactions among ants (Cerda et al. 1997; Cerda et al. 2013).

On two occasions during the first two weeks of July, we set out 35 baits (cookies
containing carbohydrates, fats and proteins that are attractive to all species in this
study as we observed; Pecan Sandies, Kellog Inc, Battle Creek MI). From 7 am to 8
pm, baits were placed every 5-10 m along four parallel transects separated by 10
m, resulting in a 60 x 80 m grid. We recorded the number and identity of ants
foraging at each bait four times per day: twice in the morning and twice in the
evening. The morning and the evening were considered separate events of bait
occupation, as baits had to be recolonized in the evening due to the high
temperatures in the middle of the day, when no ants of any species were observed
foraging. All the species included in the study were actively foraging during these
periods of time the baits were set. Soil temperatures surrounding each bait were
recorded during every observation. We considered a species to have monopolized
a bait when it was the only species present during the final observation (of the
morning or evening). We calculated bait monopolization for each species as the

number of baits the species successfully monopolized, using all the observations.

2.4. Short-term removal experiment

Short-term removal experiments at baits provide a means to study interspecific
competitive interactions (Holway 1999; Thomas & Holway 2005; LeBrun et al.
2007). Here we use this approach to compare the ability of two species to capture

food in each other’s presence (control; neither species removed) with their ability
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to recruit to food when one of the competitors was excluded (removal treatment)
(LeBrun et al. 2007). Foraging performance was estimated using three different
parameters: time to discover the bait, time to recruit a group of workers, and
maximum number of ants recruited in the bait. Discovery time and recruitment
time are parameters related to exploitative ability (e.g., the ability of species to
find and use resources before others (Cerda et al. 2013). The recruitment
response (e.g., the maximum number of ants at a bait) can be associated with the
ability of a species to defend that bait from other species. We explored how the
presence of the Argentine ant affected the foraging performance of each native

species and vice versa.

Based on the patterns of bait monopolization, we selected areas where foraging
activity of Argentine ants and the native species overlapped. These areas
(hereafter referred to as plots, Fig. 1) were selected for each of the four native
species in our study as follow: (i) when we found that the Argentine ant was
foraging within 0.5 m of the native species, and (ii) the plot was at least 1 m away
from a nest entrance of any species. We selected five plots for each native species,
with the exception of E moki for which there were four due to the difficulty in

locating this species’ nests.

Based on temperature and activity patterns that we recorded during the bait
monopolization observations, we performed the short-term removal experiments
in late afternoon, because all focal species were typically more active during this
time. In each plot we placed a cookie bait (same type as in the bait monopolization
observations). Individual cookies were only used for one day and then discarded.
The short-term removal experiment consisted of three treatments that were
performed for each pair of species over three consecutive days: treatment one,
where all individuals of a particular native species were removed (through
aspiration) before they could enter the plot, allowing only Argentine ant workers
to forage on the bait; treatment two, where all individuals of the Argentine ant
were removed, allowing only the native species that we were studying at that plot
to forage on the bait; and treatment three as a control, with no removal, so
individuals of both species were allowed to compete for the bait. The order of

species, plots, and treatments and control was randomly selected.

The experiment ran for three hours starting with the moment that the bait was
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set. During the experiment, we registered the discovery time, the recruitment
time (time to recruit 10 workers), and the number of ants at the bait every 15
minutes. Soil temperature was taken at the beginning of the experiment and also
every 15 minutes until the end of the experiment, when the bait was first
discovered, and when the focal species recruited 10 workers. Ants were also

collected from baits to confirm their identity in the laboratory.

2.5. Data Analysis

All analyses were conducted in R (R Studio version 1.0.136, RStudio Team
2016). In bait monopolization analyses, we first ran a Chi square test with the
chisq.test function (package stats, R Core Team 2017) to test whether the five ant
species in our study monopolized different numbers of baits. Second, to test if
species differed with respect to the number of baits they monopolized, we tested
the null hypothesis that all species were the same (i.e., each monopolize 20% of
the baits). Given that we expected to reject this null hypothesis, we used an exact
test of goodness-of-fit per species with the binom.test function to assess whether
not each species was above or below the null expectation (package stats, R Core
Team 2017). Finally, we performed pair-wise post-hoc comparisons between
species with the pairwiseNominallndependence function and using Bonferroni

corrections (package rcompanion, Mangiafico 2019).

To assess what parameters affected the ability of each species to monopolize
baits, we ran separate generalized linear models with binomial distributions (0 =
did not monopolize a bait, 1 = monopolized a bait) for each species using the gim
function (stats package, R Core Team 2017). Formica moki was the only species we
did not analyze because it only monopolized one bait. Some factors like
temperature at which the bait was monopolized, time of day that the sampling
was performed (morning or evening), or what day it was carried out (the 1st day
of the trial or the 2nd one) could also affect monopolization. We thus included
these factors in the models as independent variables to test how they influence
monopolization. We used Chi square statistics to test for the significance of each
factor with the Anova function (car package, Fox & Weisberg 2011).

In the analysis of the short-term removal experiment data we considered four
different dependent variables: discovery time (the time required for a species to

locate a bait), recruitment time (the time required for 10 workers to be recruited
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to a bait), the maximum number of workers present at the bait during the trial,
and the difference over time in the accumulated number of workers (as described
below). We analyzed this experiment following two approaches in order to
examine separately the effects of competition (removal) on native ants and the
Argentine ant: (i) the variation in the Argentine ant’s foraging performance in
response to the removal of native species, and (2) the variation in native species’
foraging performance in response to the removal of the Argentine ant. To test
these two approaches, we analyzed the dataset of the four native species together
and, separately, the dataset of the Argentine ant.

Thus, to analyze what factors affected the dependent variables, discovery and
recruitment time and maximum number of ants in the bait, we used Generalized
Linear Mixed-Effects Models with the glimmadmb function (package glmmADMB,
Fournier et al. 2012). We included in the analysis two main independent variables
and the interaction between them: removal of the rival species (two categories,
distinguishing whether the species was foraging alone as a consequence of the
removal or whether competition occurred) and the native species for which the
plot was selected (four categories: one for each native species; see Fig. 1). We
added plot identity as a random factor to take into account covariance of measures
of the same plot. For each dependent variable, we included a soil temperature
covariate as follows: temperature at which bait discovery occurred (for discovery
time models), when the first recruitment occurred (for recruitment time models)
and mean temperature at which the maximum number of workers occurred (for
the maximum number of workers models). We ran three models (one model per
dependent variable) for the Argentine ant and three models for the native species
together, totaling six models. Statistical differences for each model were obtained
with the function Anova (package car, Fox & Weisberg 2011). Because none of the
dependent variables followed a normal distribution, we constructed multiple
possible Generalized Linear Mixed-Effects Models based on different distributions
(Poisson, negative binomial or quasipoisson) for each dependent variable and
selected best-fitting models by comparing AIC values using the AICtab function
(package bbmle, Bolker et al. 2017). In all cases, the best-fitting models were
those with the negative binomial distribution, except for the difference in the
accumulated number of workers for which a quasipoisson distribution was used.

None of the models with the best-fitting distribution were overdispersed, so those
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were the distributions used (Table S1).

Additionally, we examined how bait occupancy changed over 180 min in the
presence of the competitor. We first calculated the number of accumulated
workers at the bait across the 15 min observation intervals, by summing the
number of workers recorded during the entire 180 min. We then calculated the
difference between the accumulated numbers of workers at the bait every 15 min
when the species was competing minus the accumulated number of workers
when the species was alone. This difference reflects how the presence of a
heterospecific affects recruitment by a focal species. Negative values indicate that
the species performed worse in the presence of a competitor than it did by itself,
and vice versa for positive values. To test this effect statistically, we performed two
Generalized Linear Mixed-Effects Models with the glimmadmb function (package
glmmADMB, Fournier et al. 2012). Similar to the previous analyses, we analyzed
the data of the four native species together and, separately, the data of Argentine
ant. The dependent variable for these two models was the difference in the
accumulated number of workers, described above. The main independent
variable was the native species for which the plot was selected (four categories:
one for each native species). We added the plot identity as a random factor. Time
was included as a covariate, and we were interested in the ‘time*species’
interaction, which revealed if species differed with respect to how recruitment
responses changed over time. Statistical differences for each model were obtained

with the function Anova (package car, Fox & Weisberg 2011).

For those dependent variables that differed across species or species
interaction with removal (for discovery and recruitment time or maximum
number of ants) or time (for the difference in the accumulated number of ants
through time), we performed planned post hoc comparisons. Two planned
comparisons were performed in order to test whether differences among species
were associated with species that differed in their behavioral dominance or in
their ability to recruit. First, grouping species by behavioral dominance (the
subordinates D. insanus and P, vistana vs. the dominants E moki and S. xyloni).
Second, grouping species by recruitment type (the mass recruiters P, vistana and
S. xyloni vs. the ones that did not mass recruit D. insanus and FE moki). We used
Ismeans function when the independent significant variable was the species

(Ismeans package, Lenth 2016); and Anova function when the independent
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significant variable was the interaction of species with removal or species with
time, using a factor grouping species by behavioral dominance, and a factor

grouping species by recruitment type (package car, Fox & Weisberg 2011).

2.6. Literature review

We performed a literature review to determine the frequency that behavioral
dominance and recruitment types were associated with ant species co-occurring
with the Argentine ant. We identified ant species that differed in their
susceptibility to be displaced by the Argentine ant, and had available information

of the targeted traits.

We used three search strategies. First, we performed a bibliographic search at
the FORMIS database (http://www.ars.usda.gov/saa/cmave/ifahi/formis), using
the words “Linepithema humile” and “biotic resistance” as key terms. Second, we
used the Global Ant Database (globalants.org, Gibb et al. 2017) to search ant
species that co-occurred in the same ant community with the Argentine ant.
Third, additional relevant materials were found as cited by the analyzed
documents. To ensure this search was not biased by the lack of species not co-
occurring with the Argentine ant, we searched in the associated paper, or in others

from the same authors, specific species lost due to the invasion.

To get the life history traits for the focal species we used the database ANT
PROFILER (Fournier et al. 2019), searched information in the literature, and
required information from experts (provided them with the definition of our

traits as stated in the introduction section).

3. RESULTS

3.1 Bait monopolization

From a sample size of 148 baits (32 + 42 baits, twice a day), 21 were not
recruited to by any species and 10 were occupied by more than one species,
resulting in a total of 117 baits that were monopolized by one of the five species.
Presence of the species at baits was registered as follows: D. insanus was present

in 66 baits, F moki in 5, P vistana in 57, S. xyloni in 70, and the Argentine ant in 90.

Solenopsis xyloni monopolized the greatest number of baits (40 baits), followed
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by the Argentine ant (39 baits), P. vistana (26 baits), D. insanus (11 baits), and E
moki (1 bait), respectively. Thus, the Argentine ant and S. xyloni, the two ant
species that were behaviorally dominant and mass recruiters, significantly
monopolized higher numbers of baits (Proportion of success = 0.333, p < 0.001
and Proportion of success = 0.342, p < 0.001 respectively), while D. insanus and E
moki, had significantly lower activity in monopolizing baits, and both lack mass
recruitment, (Proportion of success = 0.094, p = 0.003 and Proportion of success
= 0.009, p < 0.001 respectively). Pheidole vistana, which is behaviorally
subordinate but also mass recruits, was the only species that colonized the

percentage of baits that was not different from the null expectation (Proportion of
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Figure 2. Number of baits monopolized by each species, (a) during the bait monopolization observations,
and (b) in the short-term removal experiment. In (a) bars with different letters are significantly different
(Table S2); the percentage of monopolized baits and the p-value from the exact test of goodness-of-fit is
showed above. Total number of baits was 117 in (a) and 5 replicas in (b) except for Formica moki that was

4. DI: Dorymyrmex insanus, FM: Formica moki, PV: Pheidole vistana, SX: Solenopsis xyloni, LH: Linepithema

humile.
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success = 0.222, p = 0.563). The number of baits monopolized significantly
differed across ant species (x* = 63.10, p < 0.001, N = 5; Fig 2a). Pair-wise
comparison indicated that differences in monopolization among the Argentine
ant, S. xyloni and P, vistana, were not significant (p > 0.05 for all the cases, Table
S2), all mass recruiters. A similar result occurred for D. insanus and E moki, both
no mass recruiters (p = 0.076). Differences between species with different
recruitment strategies were palliated by P, vistana, which at the same time was not
significantly different in its level of bait monopolization from D. insanus; these two
species were behavioral subordinates but differ in their recruitment type (p =
0.121, Fig 2a, Table S2).

Temperature at bait, day, and time of day (morning or evening) had different
effects on bait monopolization of each species (Table S3). Temperature effect on L.
humile and D. insanus was in opposite directions: monopolization was higher for
D. insanus when temperature increased (x* = 10.00, p = 0.002, N = 117), while
monopolization was higher for L. humile when temperature decreased (x* = 13.45,
p < 0.001, N = 117). Time of the day was significant for P, vistana (x* = 7.96, p =
0.005, N = 117), with bait monopolization being lower in the morning than in the
afternoon. The day that the sampling was done significantly affected the number
of baits monopolized by L. humile (x* = 20.36, p < 0.001, N = 117), P, vistana (x* =
5.62, p = 0.018, N = 117) and S. xyloni (x* = 30.21, p < 0.001, N = 117). The
Argentine ant monopolized more baits on the first day, and P, vistana and S. xyloni

monopolized more baits on the second day.

3.2 Short-term removal experiment

We paired the four native species with the Argentine ant and observed the
pairs either interacting at baits or each species foraging alone (when removing
one of the opponents). When native species interacted with the Argentine ant, L.
humile occupied the bait more successfully at the end of the 180 min trial,
defeating the native species it was competing with (Fig. 2b). The only exception
was S. xyloni, which was able to control the bait against the invader in three out of
five trials (Fig. 2b). Throughout the baiting we obtained data on foraging activity
(discovery and recruitment time, maximum number of workers at bait and
accumulated number of workers at bait) for the five species and the three
treatments (Figs. 3 and 4).

AMBITO- PREFIJO CSV FECHA Y HORA DEL DOCUMENTO
GEISER GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 09/09/2020 09:19:17 Horario peninsular
Ne registro DIRECCION DE VALIDACION
08744e2000040522 https://sede.administracionespublicas.gob.es/valida
GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362

145



https://sede.administracionespublicas.gob.es/valida

Cadigo seguro de Verificacion : GEISER-c876-b3a2-e733-4486-8dal-b42f-e8d5-7362 | Puede verificar la integridad de este documento en la siguiente direccién : https://sede.administracionespublicas.gob.es/valida

OO Behavioral dominant DI ©
AO Behavioral subordinate FM [l
— Mass recruitment PV A
— No mass recruitment X @

(a)g  Argentine ant (b)Y  Native species
o 200f F
E
s 150t -
Fay
2 100t -
S ’
2 50r I A
a ¢ o
(©)8 @)V
(V] [ C
.§200
§150 . I *
o ()
E100 s
'S
g 50 + + C) {
o
(e)$ (fs§ .
@ 400 :
& 300 !
©
« 200 i
Q
o]
€ 100 -
2 7 * . A
A C A C A C A C A C A C A C A C

LH-DI LH-FM LH-PV LH-XS DI-LH FM-LH PV-LH SX-LH

Removal (Alone or Competing)

Figure 3. Foraging activity of the Argentine ant (left 4 columns) and native species (right 4 columns).
Colored bars indicate the native species involved in the short-term removal experiments. Symbols inside
the bars show the mean * SE for the Argentine ant (left columns) or for each native species (right
columns) when the species is foraging alone versus when they are competing (A and C, respectively, along
the X-axis). Foraging activity at bait is represented with the discovery time (min), the recruitment time
(min), the maximum number of ants in the bait and the number of accumulated ant at the bait through
time. In the recruitment time only those trials with more than 10 workers are included. Variables with a
significant interaction between the ant species and the presence of a competitor are marked with the
symbol ‘§’, while variables with a significant effect of the presence of a competitor are marked with ‘¥,
Significant differences for species when competing vs. foraging alone are marked with an asterisk (see
also Table S4). DI: Dorymyrmex insanus, FM: Formica moki, PV: Pheidole vistana, SX: Solenopsis xyloni, LH:

Linepithema humile.
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Discovery time

Discovery time by the Argentine ant was significantly affected by the
interaction between the ant species and the removal (Table 2A), indicating that
the effects of native ants differed across species. Mean discovery time increased
more when the Argentine ant was in competition with D. insanus and S. xyloni (41
min and 14 min of increase, respectively) than when in competition with F moki
and P vistana (1 min and 4 min of increase, respectively; Fig. 3a). Planned
comparisons among species grouped by their level of behavioral dominance or
recruitment type did not show significant differences (p = 0.878; p > 0.726
respectively). Increasing temperature significantly decreased discovery time of
the Argentine ant (Table 2A).

In the case of native ants, discovery time significantly increased in the presence
of the Argentine ant; but there were no differences among species or in the
interaction between species and removal (Table 2A, Fig. 3a). Discovery time by
native ant species also decreased with temperature (Table 2A). The species that,
in the absence of the Argentine ant, had a shorter discovery time was D. insanus;
the Argentine ant had intermediate values, and the species that took more time to

discover the bait when foraging alone was S. xyloni (Table 3, Fig. 3a,b).
Recruitment time

Recruitment time by the Argentine ant was significantly affected by the
presence of other species and the interaction with the removal (Table 2B). When
we performed post hoc planned comparisons to assess whether or not these
differences were associated with the traits of the native ants, we found no
significant differences when grouping species by their behavioral dominance (p =
0.126), and a marginal effect when grouping species by mass recruitment type (p
=0.078). This finding may have been influenced by S. xyloni, which most increased
the Argentine ant’s recruitment time (from 14.20 + 7.70 min to 114.20 = 90.26)
(Fig. 3c, Table S4).

In the case of native species, recruitment time did not significantly differ among
species (Table 2B). However, heterospecific removal significantly decreased
recruitment time of all native species (Fig. 3d). Recruitment time also increased

significantly with decreasing temperature (Table 2B). The species that, in the
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absence of the Argentine ant, had a shorter recruitment time was S. xyloni (Table

3, Fig. 3d).

Maximum number of ants in the bait

The maximum number of Argentine ants at the bait was significantly affected

by both the presence of the heterospecific and its interaction with removal (Table

2C). Mean maximum number of ants decreased when the Argentine ant interacted

Table 2: Effects of native species on foraging parameters of the Argentine ant and native species: (a)

discovery time, (b) recruitment time and (c) the maximum number of ants in the bait and (d) number of

accumulated ants through time. Interactions of species with removal treatment (for (a), (b) and (c)) and

time (for (d)) are shown.

Argentine Natives

X’ p X’ p
A. Discovery time
1. Species 2.15 0.542 0.46 0.927
2. Removal 3.76 0.053 4.56 0.033
3. Temperature 35.06 <0.001 59.86 <0.001
4. Removal*Species 10.57 0.014 1.55 0.671
B. Recruitment time
1. Species 3.30 <0.001 2.85 0.416
2. Removal 2.63 0.105 5.34 0.021
3. Temperature 3.30 0.069 4.70 0.030
4. Removal*Species 11.26 0.010 3.77 0.288
C. Number of ants
1. Species 14.16 0.003 10.29 0.016
2. Removal 1.47 0.226 1.89 0.169
3. Temperature 21.46 <0.001 0.02 0.886
4. Removal*Species 9.08 0.028 2.82 0.420
D. Accumulated ants
1. Time 1.72 0.190 16.33 <0.001
2. Species 2.11 0.549 0.55 0.908
3. Time*Species 29.51 <0.001 19.22 <0.001
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Table 3. Main characteristics of the ant species when foraging at baits alone, without a competitor. Nw/
bait: mean maximum number of workers per bait registered. Discovery/recruitment times: mean
discovery/recruitment times (minutes) for each species + SE. Foraging behavior relates to the one

observed in our experiments: mass recruitment, group recruitment or solitary foraging.

Nw/bait Discovery time Foragingbehavior = Recruitment time

LH 216 36.52 +£31.88 Mass recruitment 19.16 £ 18.17
SX 162 54.60 + 42.54 Mass recruitment 15.00 + 15.95
PV 150 42.60 £+ 30.65 Mass recruitment 45.80 £ 75.16
FM 1 33.75 £ 33.18 Solitary foraging 180*

DI 29 9.20 £ 6.80 Group recruitment 47.80 + 15.24

* Formica moki did not recruit, so the time assigned is the total duration of the experiment, 180 min.

with P vistana (from 364 to 304 ants) and S. xyloni (from 170 to 36), while it
increased in the presence of F moki (from 144 to 265) and remained relatively
stable in the presence of D. insanus (from 172 to 154; Fig. 3e). Moreover, the
increase in the presence of F moki and the decrease in the presence of S. xyloni
were both significant (Fig. 3e, Table S4). However, planned post hoc comparisons
among groups of species, grouping them by behavioral dominance or recruitment
type, did not show significant differences (p = 0.979 and p = 0.278, respectively).
Increasing temperature significantly depressed the maximum number of ants in
the bait.

For the focal native species, the maximum number of workers present at baits
differed across species (Table 2C). Higher numbers of workers were observed for
mass recruiting species than for species that did not recruit in large numbers (Fig.
3f). In fact, planned post hoc comparisons revealed a significant effect when
grouping species by their recruitment time (p = 0.008), but no effect when
grouping them by their behavioral dominance (p = 0.994). Although the maximum
number of ants at baits was reduced in the presence of the Argentine ant (23%
less for S. xyloni, 50% for D. insanus, and 90% for P. vistana; Fig. 3f), the effects of
removal or its interaction with species were not significant (Table 2C).

Accumulated number of ants through time

As seen in Fig. 4, both the Argentine ant and the native species recruited fewer
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Figure 4. Difference (mean * SE) in the number of ants in the bait due to competition (competing - alone
treatments). In (a) differences are shown for the Argentine ant with each native species. In (b) differences

are shown for each native species’ number of workers.
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workers to baits in the presence of a heterospecific than alone, and this effect was
stronger for native species than for the Argentine ant (Fig. 4a vs. Fig. 4b). The
numbers of Argentine ant workers at baits over time differed with respect to the
native species in question (Table 2D). Planned post hoc comparisons showed that
mass recruiting species depressed Argentine ant recruitment over time (p <
0.001); no significant effect was found when native species were grouped by their
behavioral dominance (p = 0.096). The presence of the Argentine ant also
depressed native ant recruitment over time with native ant species varying in the
extent to which recruitment was depressed (Table 2D). In contrast to the pattern
for the Argentine ant, planned post hoc comparisons were significant when
grouping species by their behavioral dominance (p < 0.001), but not when

grouping species by their mass recruitment type (p = 0.181).

3.3 Literature review

We found information for a total of 55 species, 35 that co-occurred with the
Argentine ant, and 20 that were susceptible to displacement by it. For most ant
species, we obtained information about the two traits in our study, behavioral
dominance and recruitment type (Table S5). We calculated the percentage of
species that co-occurred with the Argentine ant or were sensitive to be displaced

by it, and we related this information with the two life history traits (Fig 5).

Behavioral dominant species tended to co-occur in slightly higher proportion
to the Argentine ant than subordinate species, while behaviorally subordinate
species tended slightly more to be displaced (Fig. 5a). Mass recruiters usually co-
occurred with the Argentine ant in higher proportion than ants with other
recruitment strategies (63% vs. 50%, Fig. 5b). Species lacking mass recruitment
tended to be displaced (50% vs. 35%, Fig. 5b).

Finally, when we combined ants with both traits, we saw that the highest
percentage of ants co-occurring with the Argentine ant were mass recruiters with
behavioral dominance (56% of species); while behaviorally subordinate ants that
did not recruit had relatively high values of displacement by the Argentine ant
(41%; Fig 5¢).
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4. DISCUSSION

We assessed the role of different native species in modifying the foraging ability
of the Argentine ant when interacting at baits. In an area where native ants co-
occur with the Argentine ant, we showed that the foraging performance of the
Argentine ant was affected in different ways when interacting with these species.
S. xyloni, species that mass recruited and was behaviorally dominant, decreased
the number of Argentine ant workers at baits to a greater degree than when the
invader interacted with the other species. Meanwhile, the presence of the
Argentine ant negatively affected foraging activity of native species, although the
activity of P vistana, species that mass recruited and was behaviorally
subordinate, decreased the most. Finally, the literature review showed how a high
proportion of the species reported to co-occur with the Argentine ant were

behaviorally dominant that mass recruited.

The outcomes of interspecific competition between invaders or with native
species are influenced by life history traits of the species they are competing with
(Hogg & Danee 2011; Perdereau et al. 2011; Gidoin et al. 2015). For example, in
California vineyards different hunting modes and lower body size of native
spiders resulted in lower competition of the native community against the
introduced Cheiracanthum mildei Koch, 1839 (Hogg & Danee 2011). Competition
for resources among wasps in Megastigmus genus can result in co-occurrence due
to divergences in some life history traits (Gidoin et al. 2015). We discuss below
how differences in competition-related traits in native ant assemblages could
influence the outcome of competitive interactions of native species against the

Argentine ant.

Mass recruitment and behavioral dominance have been cited as important
traits that allow invasive ants to outcompete native species (Abbott et al. 2007;
Rowles & O’'Dowd 2007; Menke et al. 2018). But these same mechanisms could
allow native species to defend their nests or food resources against the invasive
ants, preventing the spread of the invasion. For example, S. xyloni in our study is a
mass recruiter and behaviorally dominant species. Although it is widely
outcompeted when abiotic conditions are more suitable for the Argentine ant, it
also can occupy arid environments that are unsuitable for this invader (Menke et

al. 2007). When S. xyloni competed against the Argentine ant in our experiments,
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the Argentine ant significantly lost foraging activity while S. xyloni was less
affected. Our literature review showed how in other regions, ecologically similar
species such as Iridomyrmex rufoniger (Lowne, 1865) in Australia, also competes
effectively against the Argentine ant (Walters & Mackay 2005) while in Corsica
Tapinoma nigerrimum (Nylander, 1856), which possess these two traits, seems to
be limiting Argentine ant’s expansion (Blight et al. 2010). However, we found also
that P megacephala (Fabricius, 1793) in Africa is sensitive to displacement by the
Argentine ant (Mothapo & Wossler 2014), while in California another behaviorally
dominant mass recruiter native species, the winter ant Prenolepis imparis (Say,
1836), using a powerful chemical defense is able to fight back effectively
confrontations against the Argentine ant (Sorrels et al. 2011). But in this last case,
Prenolepis imparis takes advantage on its high tolerance to cold conditions,
beginning its activity and increasing its numbers before the Argentine ant starts
its activity. As in our study place, stressful conditions allow some native ants to

compete successfully against the Argentine ant.

According to our bait monopolization results P, vistana and S. xyloni, native
species that mass recruited, had more success monopolizing baits, even if they
were behaviorally subordinate species, like P. vistana. One explanation for this
apparent importance of mass recruitment over behavioral dominance could be
that behaviorally subordinate species that mass recruit usually arrive first at the
bait and recruit in high numbers (Cerda, personal communications). If the
number of individuals of the subordinate species is too large, when behaviorally
dominant species arrive they may not start a confrontation and the bait would
remain monopolized by this species (Fellers 1987; Cerda et al. 2013). In other
regions, species with similar characteristics (behaviorally subordinate but with
mass recruitment) have been observed co-occurring with the Argentine ant. This
is the case of Monomorium genus, species that even if they are not behaviorally
dominant, possess potent venom that use in encounters with other ant species
and may dissuade them from attacks (Andersen et al. 1991). For example, M.
sydneyense Forel, 1902 in Australia (Rowles & 0’Dowd 2009), or M. ergatogyna
Wheeler 1904, in Northern California (Holway et al. 2002a).

It is common to find behaviorally subordinate without mass recruitment
species co-occurring with the Argentine ant, as we showed in the literature

review. Some of them can use a marked submissive behavior in face of the
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Argentine ant, like Plagiolepis pygmaea (Latreille, 1798) (Gomez & Espadaler
2006; Abril & Gémez 2009). Other behaviorally subordinate species that do not
mass recruit might also co-occur with the Argentine ant given its low tolerance to
extreme temperatures, like Cataglyphis floricola Tinaut, 1993 and its sister
species C. tartessica Amor & Ortega, 2014, or Aphaenogaster senilis Mayr, 1853 in
Spain (Angulo et al. 2007, 2011; Amor & Ortega 2014). In the case of D. insanus in
our experiment, its activity at bait monopolization was higher than the
behaviorally dominant E moki, and could be due to their differences at recruiting;
although both are not mass recruiters, D. insanus showed group recruitment while
E moki did not.

In other arthropods, the differential role of life history traits in competitive
interactions among invaders or with native species can predict their co-
occurrence or invasion success (Hogg & Danee 2011; Perderau et al. 2011; Gidoin
et al. 2015). Our results showed how native species could offer less or more
competition to the Argentine ant in harsh abiotic conditions, and we suggested
that the Argentine ant's activity at baits was most strongly reduced when
interacting with the native species that exhibited mass recruitment. In order to
predict the competitive ability of native species against the Argentine ant, further
studies are needed that focus on native species' behavioral traits and that use
larger numbers of native species. The study of behavioral traits may allow us then
to predict the likelihood of native ant communities interfering in the invasion of
the Argentine ant in areas where the invader could arrive but abiotic conditions

are not optimal for its invasion.
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SUPPLEMENTARY MATERIAL

List of Supporting Information items:

Table S1. Selection of the dependent variables’ distribution models in the short-term removal experiment.

Distribution
model Argentine Natives
AIC df AIC df
A Discovery time
Poisson NC NC NC NC
Negative Binomial 0.0 11 0.0 9
Quasipoisson 2.6 11 12.1
B Recruitment time
Poisson 153.3 11 NC NC
Negative binomial 0.0 11 0.0 11
Quasipoisson 22.6 11 11.8 11
C Max ants
Poisson NC NC 498.2 11
Negative binomial 0.0 11 0.0 11
Quasipoisson 21.4 11 3.7 11
Accumulated  #
D ants
Poisson NC NC NC NC
Negative binomial 69.8 10 63.4 10
Quasipoisson 0.0 10 0.0 10

Table S2. Results of the pair-wise post-hoc comparisons with Bonferroni corrections to analyze if there were

differences among the number of baits monopolized per species.

Pair of species

Adjusted x2 p-value

159

SX-LH 1.000
SX-PV 0.590
SX-DI <0.001
SX-FM <0.001
LH-PV 0.799
LH - DI <0.001
LH - FM <0.001
PV - DI 0.121
PV - FM <0.001
DI - FM 0.076
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Table S3. Effects of different parameters on bait monopolization.

Species Day Time of day Temperature

X’ p N X’ p N X p N

L. humile 2036 <0.001 117 2.24 0135 117 13.45 <0.001 117
D. insanus 1.50 0.224 117 0.02 0.886 117 10.00 0.002 117
P. vistana 5.62 0.018 117 7.96 0.005 117 0.92 0.338 117

S. xyloni 30.21 <0.001 117 1.24 0.266 117 0.99 0.320 117

Table S4. Results of the ANOVA tests to analyze differences when competing vs. when foraging alone for each

species for the foraging activity parameters.

Recruitment Max. number of
Discovery time
time ants
F p N F p N F p N
LH vs. SX 0.14 0.719 10 6.09 0.039 10 10.49 0.012 10
LHvs. PV 0.09 0.770 10 1.57 0.245 10 0.20 0.664 10
LH vs. FM 0.01 0920 8 1.54 0.262 8 15.52 0.008 8
LH vs. DI 1.40 0.271 10 0.44 0528 10 0.06 0814 10
SXvs.LH 1.82 0.214 10 291 0.126 10 2.80 0.133 10
PVvs.LH 3.09 0.117 10 466 0.063 10 395 0.082 10
FM vs. LH 487 0.069 8 -2.31 1 8 8.00 0.030 8
DIvs.LH 244 0.157 10 6.15 0.038 10 391 0.083 10
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Table S5. Co-occurrence of native ant species with the invasive Argentine ant. Species could co-occur with the
Argentine ant or be sensitive to displacement by the Argentine ant (Y, N in the “Co.occ” column respectively),
based in the references in the column “Ref1” listed below. Life history traits were obtained from references in
the column “Ref2” listed below, for behavioral dominance (dominant or subordinate ants, dom or sub in the
column “Behav” respectively) and recruitment types (mass recruiters, group recruiters or solitary foragers,
1, 0.5 or 0 in the column “Recruit” respectively). Note that in the rest of the article, group recruiters and
solitary foragers are considered as no mass recruiters. In the “Origin” column indicates the searching method
(For, Gant or Biblio, for FORMIS, the Global Ant Database and the literature, see methods). The location and
continent were the information was obtained is described in the columns “Location” and “Cont” respectively.
Potential reasons for co-occurrence are showed in column “Reas” when are known. They include thermal
niche, T; small worker body size, B; hypogeic, H; competitive superiority, C; submissive or inconspicuous

behavior, S; or unknown, ?.

ANT SPECIES Co.occ Behav Recruit Origin Location Cont Refl Ref2 Reas
Aphaenogaster gemella N sub 0.5 Biblio  Balearicl, Spain Ey 15 33
Aphaenogaster senilis N sub 0.5 For/Bib DL, P Eu 2,10 ;’92‘
Anoplolepis custodiens N sub 0.5 Formis w. Flape, & Af 36 25
Africa
Bothriomyrmex Y  sub Biblio Eu 55 29,33 N
meridionalis* Portugal
Camponotus pilicornis N dom 0.5 Biblio  Dofiana, Spain gy 10 529
Camponotus semitestaceus N dom Biblio California, USA Am gg' 44 29
i ?
Cardiocondyla mauritanica Y sub 0.5 Biblio Spain/USA E:HA 15,54 2,29 °
Cardiocondyla nuda Y sub Gant Australia Oc 20,29 29,32 S
Cataglyphis Toricola Y sub 0 For/Bib Dofiana, Spain Eu 10 ;92 T
Crematogaster auberti N dom 0.5 Biblio LD 1L Eu 10 ;'92‘
Crematogaster californica Y dom 1 Biblio  California, USA Am 60 29 ?
Crematogaster peringueyi N dom 1 Biblio va;&a;pe' S' Af 33,34 12
Crematogaster scutellaris Y dom 1 For/Bib Portugal Eu 2’055’ 2,29 ¢
. . California, USA 34, 29,30, ?
Dorymyrmex insanus Y sub 0.5 Biblio Am 48,60 31
e ”
Forelius mccooki Y dom 1 Biblio California, USA Am 21 3’920’ '
. : 14,
Formica francoeuri N dom Gant 23,62 29
e ”
Formica moki Y dom O Biblio California, USA Am 43,60 g?’ 30, 2
Heteroponera imbellis Y sub Biblio  Australia Oc 42 B, H
Iridomyrmex bicknelli N sub 1 For/Ga  Victoria, oc 03 4617
nt Australia
, , .. Adelaide, C
Iridomyrmex rufoniger Y dom 1 For/Bib Australia Oc 52 26
Lasius grandis Y dom 1 For/Bib Portugal Eu 57 2,29 C
Lasius japonicus N dom 1 Biblio ey As 39,50 23
Japan
.. . .. W.Cape,S.
Lepisiota capensis N dom 1 For/Bib Africa Af 36,45 14
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W. Cape, S. S

Meranoplus peringueyi Y dom Biblio Af 28,36 10

Africa
Messor capensis N 0 Biblio w. Flape, S Af 45 7,11
Africa
Monomorium antarcticum Y 1 Formis New Zeland Oc 19 8
Monomorium antipodum Y sub Biblio  New Zeland Oc 56 27
, Y Australia/New 42, 11,17, C
Monomorium sydneyense sub 1 Gant Zeland Oc 58 61 29
. Y - W. Cape, S. T
Ocymyrmex barbiger 0.5 Biblio Africa Af 45 11
—_ " W. Cape, S. ?
Ocymyrmex cilliei Y sub Biblio Africa Af 28 28
Pachycondyla chinensis Y sub 0 Biblio North Carolina, Am 13,47 11,22, T
USA 29
Pheidole capensis N sub 0,5 For/Bib o 'Cape, = Af 36,45 14
Africa
Pheidole indica N dom 1 Biblio ~ [iroshima, o 18 4
Japan 39,51
Pheidole megacephala N dom 1 e Aus'tralla/ 5 Oc+Af 20,37 19,29 <
nt Africa
Pheidole noda N dom 1 Biblio  roshima, As 39,51 1223
Japan 29
Pheidole pallidula Y dom 1 Gant ~ Portugal/Spain o 46 55 ;'92' ¢
. ] For/Ga California, USA 30, 29,30, ?
Pheidole vistana Y sub 1 nt Am 3160 31
Spain 1,15, 12
Plagiolepis pygmaea Y sub 0.5 Gant Eu 16, 2'9 ’ S
38,40
Pogonomyrmex californicus N sub 0 Biblio California, USA Am }Lé' 60 8,29
Pogonomyrmex subnitidus N sub 1 Biblio Celtitamitep ! Am 2'948' 29
California, USA 12,
17,
22, T
25,
Prenolepis imparis Y dom 1 Gant Am 34, 21,29
43,
44,
46,
48,53
; S Hiroshima, 27, B
Prenolepis sakurae Y sub Biblio Japan As 35,50 23
Prolasius advenus Y 1 Formis New Zeland Oc 19 3,8 T
Rhytidoponera victoriae N sub Biblio  Australia Oc 42 18
Solenopsis invicta N dom 1 Gant 4,32 24,29
California, USA 14,
. 25, B, H
Solenopsis molesta Y dom 1 Gant Am 34 29
48,49
. . For/Ga California, USA 30, 29,30, ?
Solenopsis xyloni Y dom 1 nt Am 3160 31
Tapinoma nigerrimum Y dom 1 For/Bib U IR Eu 2'56' 1,2 ¢
California, USA 14,
24, H,B
Temnothorax andrei Y sub Biblio Am 25, 13,29
34,
48,49
Temnothorax aveli N sub 0.5 Biblio  Dofiana, Spain gy 10 2,29
Temnothorax wollastoni N sub 0 Biblio  portugal Eu 57 33
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Tetramorium caespitum Portugal C

forte Y dom 1 Biblio Eu 55 2
Tetramorium sericeiventre** sub 0.5 Biblio X\?rfczpe’ 2 Af 36,45 14 T
Tetramorium simillimum Y sub Gant Australia Oc 19 6,29 S
Veromessor andrei N sub 1 Biblio California, USA Am 25,60 32’ 30,
Wasmannia auropunctata Y dom 1 Gant New Caledonia Oc 3 12}’915' ¢

* Bothriomyrmex meridionalis / no valid: Tapinoma meridionalis /meridionale

** Tetramorium sericeiventre / no valid: T quadrispinosum

List of references or database where ant species have been seen to resist or not to the Argentine ant, or coexist with the

invader (“Refl” column).

1. Abril S, Gomez C (2009) Ascertaining Key Factors Behind the Coexistence of the Native Ant Species Plagiolepis pygmaea
with the Invasive Argentine Ant Linepithema humile (Hymenoptera: Formicidae.) Sociobiology 53 (2B): 559-569

2. Angulo E et al. (2011) Scavenging in Mediterranean ecosystems: effect of the invasive Argentine ant. Biological
Invasions 13 (5): 1183-1194

3. Bertelsmeier C et al. (2015) Worldwide ant invasions under climate change. Biodivers. Conserv. 24 (1): 117-128

4. Bertelsmeier C et al. (2016). Invasions of ants (Hymenoptera: Formicidae) in light of global climate change.

Myrmecological News 22: 25-42.

5. Berville L et al. (2016) Peuplement myrmécologique et évaluation de I'invasion de Linepithema humile sur les iles de
Marseille (Bouches-du-Rhone, France). Revue d’Ecologie-La Terre et la Vie 71(3): 278-287

6. Blight O et al. (2010) A native ant armed to limit the spread of the Argentine ant. Biological Invasions 12 (11): 3785-
3793

7. Cammell ME et al. (1996) Diversity and structure of ant communities associated with oak, pine, eucalyptus and arable
habitats in Portugal. Insectes Socieaux 43(1): 37-46

8. Castro-Cobo S et al. (2019). Humans and scavenging raptors facilitate Argentine ant invasion in Dofiana National Park:

no counter-effect of biotic resistance. Biological Invasions 21 (6): 2221-2232

9. Carney SE et al. (2003). Invasive Argentine ants (Linepithema humile) do not replace native ants as seed dispersers of

Dendromecon rigida (Papaveraceae) in California, USA. Oecologia 135 (4): 576-582

10. Carpintero S et al. (2007) Exploitative strategies of the invasive Argentine ant (Linepithema humile) and native ant
species in a southern Spanish pine forest. Environmental Entomology 36 (5): 1100-1111

11. Erickson JM (1972 (1971)) The displacement of native ant species by the introduced Argentine ant Iridomyrmex
humilis Mayr. Psyche 78: 257-266

12. Fitzgerald K, Gordon DM (2012) Effects of vegetation cover, presence of a native ant species, and human disturbance

on colonization by Argentine Ants. Conservational Biology 26 (3): 525-538

13. Gao Y, Reitz S (2017) Emerging Themes in Our Understanding of Species Displacements. Annual Review of
Entomology 62: 165-183

14. Glenn S, Holway DA (2008) Consumption of introduced prey by native predators: Argentine ants and pit-building ant
lions. Biological Invasions 10 (3): 273-280

15. Gomez K, Espadaler X (2006) Exotic ants ( Hymenoptera : Formicidae ) in the Balearic Islands. Mymecological News
8:225-233

16. Gomez K et al. (2003) Effects of the Argentine ant Linepithema humile on Seed Dispersal and Seedling. Ecography 26:
532-53

17. Gordon D, Heller N (2013) The invasive Argentine ant Linepithema humile (Hymenoptera: Fornicidae) in Northerrn

California reserves: from foraging behaviour to local spread. Myrmecological 19: 103-110
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18. Gulmahamad H (1999) Extirapation of one exotic ant species by another in southern California. Pan-Pacific
Entomologist 75: 227-229

19. Habtom HT (2012) Invasion impact and biotic resistance by invertebrate communities, PhD thesis, Victoria University
of Wellington, Wellington, NZ, xiv + 142 p.
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1. GENERAL DISCUSSION

Invasive species are a major threat to native ecosystems, but their
establishment and their success at spreading may be over-represented. There are
many studies focusing on the life history traits that make species successful
invaders, or on the impacts they have on the invaded ecosystems. For example, the
Argentine ant, L. humile, has spread all over the world in Mediterranean-climate
areas, and it is considered a successful invader due to its high rate of spread and
its displacement of most native ants. Here, we have explored the failure and
unsuccessful invasions of the invasive Argentine ant. We focus on what factors
could be affecting several aspects of the Argentine ant invasion: its spread,

success, and performance.

My results show that in some of the study areas the Argentine ant has spread
over the years, but in some other areas populations have not been able to
dominate the ant community, even after several decades of invasion. Environment
can play arole in the invasion process, but the abiotic conditions by themselves do
not seem to determine the success of the invasion in some areas. Native ant
communities of invaded ecosystems can have a role, and complement the effect of
environment and abiotic conditions, helping to determine the degree of success of
the invasion. Although richness, diversity or structure of native ant communities
may not be providing biotic resistance, there are traits related to interspecific
competition that could be altering the outcomes in certain situations, like when
abiotic conditions are not completely suitable for the invader. With respect to the
spread of the Argentine ant invasion, [ corroborate the importance of humans in
the spread at a regional scale (e.g. within Mediterranean islands) and also at local
scale, (i.e. at Dofiana National Park, Spain). I also show that transport by scavenger
raptors is possible at the local scale. To conclude, this dissertation highlights the
importance of studying which factors of native ecosystems can modulate the
degree of invasion, taking into account both biotic and abiotic factors and their

interaction in the long-term.

1.1. Invasion success and spread of the Argentine ant

The Tens Rule states that of all introduced species, only 10% become
established and that only another 10% of those become invasive (Williamson and

Fitter 1996). This rule is the result of several causes of invasion failure at different
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stages of the invasion process (transport, introduction, establishment, spread;
Blackburn et al. 2011). However, there are authors that disagree with this rule,
arguing that it underestimates the numbers of successful establishments for at
least certain taxa and diminishes perception of the threat invasive species
represent (Lapointe et al. 2012; Jaric & Cvijanovic 2012). It is difficult to estimate
the accuracy of successful establishments due to the lack of data on failed
invasions, (Zenni & Nufiez 2013) and thus filling these gaps is essential for

adequate management of invasive species.

In my dissertation, I explored failed invasions of the Argentine ant in terms of
not being able to succeed completely at invading. [ used published data of
invasion status both locally and regionally, but more importantly, I obtained
information for the long term by sampling invaded and uninvaded areas that were
studied decades ago. By studying localities in which [ knew the past invasion
status, I could observe the success of the Argentine ant in spreading and in
displacing native ant communities. Surprisingly, at the local scale in Dofiana
National Park (Spain), the Argentine ant has not only been incapable of expanding
to a larger number of cork oaks in the last 16 years, but neither was it able to
dominate in high numbers its already colonized range. Moreover, 8 of the 105
trees invaded in the past were recolonized by native ant species in 2016. This
retraction of the invasion has been observed before in other Mediterranean-
climate localities, such as Northern California, by Menke et al. (2018). Other
studies have shown temporary retraction of Argentine ant range during cooler
seasons, when they regroup the colonies looking for locations with suitable
temperature and humidity, to spread again during the summer (Heller & Gordon
2006; Abril et al. 2008; Heller et al. 2008; Diaz et al. 2013; Burford et al. 2018). For
both temporary and permanent retractions of Argentine ant populations, some
authors suggest that variations in relative abundance of the Argentine ant are
more likely caused by site-specific factors than by time since invasion, and I agree
this might be the case in Dofiana. In fact, invasion at Dofiana is patchy, with
Argentine ants occupying the humid and cool cork oaks while avoiding the dry
scrubland (Angulo etal. 2011). At unsuccessfully invaded plots within the invaded
area, or on the borders of this patchy invasion, the Argentine ant is in constant
competition with native ants; small changes in abiotic conditions, like a drier

season or a drier microhabitat, could provide native species with the advantage
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they need to recolonize terrain.

Similarly, at the local scale in the beaches of the studied Mediterranean islands,
the Argentine ant co-occurred with native species in almost half of the invaded
beaches in Ibiza and Formentera, and in one-third of the beaches in Corsica.
Moreover, in at least 4 of these beaches invader and native ants have been co-

occurring for over a decade.

According to Suarez et al. (2001), the maximum annual rate of spread of the
Argentine ant invasion is 154 +21 m (range 15 - 275 m). Taking into account that
the maximum length of these unsuccessfully invaded beaches was 1032 m, and in
Dofiana the maximum distance among invaded and uninvaded trees was 329 m in
2016, the Argentine ant could have been able to colonize the entire beaches and
the entire invaded area at Dofiana over these years. These spreads could have
occurred if both abiotic and biotic conditions had been suitable for the Argentine
ant invasion. The long-term temporal scale used in this dissertation has shown
that invasion by the Argentine ant is not always successful in the long-term and
that specific local factors, like biotic and abiotic conditions of the recipient

communities, are essential to understanding its success or long-term failure.

Some populations of invasive species oscillate substantially over time and end
up collapsing for no apparent reason (Simberloff & Gibbons 2004; Lester & Gruver
2016). The most noticeable case among ants is Anoplolepis gracilipes, a species
whose populations tend to fluctuate both spatially and temporally. In Australia its
populations have declined greatly over time or even disappeared completely
without human intervention (Cooling & Hoffmann 2015). This mechanism can
also operate on Argentine ant populations, as observed in New Zealand,
California, and Madeira (Lester & Gruver 2016). Many factors, both direct and
indirect, could be causing the decline of populations, but they are still unknown.
One of the causes that has been hypothesized to initiate populations' collapse is
over-exploitation of key resources (Lester & Gruver 2016). In those habitats
where the Argentine ant has not been able to completely succeed and is present at
lower abundance, high levels of competition with the native ant community for
these resources could trigger a decrease in Argentine ant abundance, resulting in
local extinction. This situation would be aggravated if populations are located in a
isolated site like an island, where the recovery would be more difficult and
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extinction more likely (Simberloff & Gibbons 2004). Continuous monitoring of
populations of the Argentine ant, especially those that are unsuccessful at
invading, are of extreme importance to the future management of this species. If
we do not keep track of populations we will not have accurate data on how long
the Argentine ant can maintain unsuccessful invasions, why they are unsuccessful,
how long it could take populations to collapse, how often collapses happen, and
what factors lead to collapse. According to Simberloff and Gibbons (2004) data
quantifying these decreases are very rare because researchers' interest in the
invasion is reduced once the decline has taken place. Here, I show that the
Argentine ant maintained unsuccessful invasions for decades (24 years for
Dofiana, 12 years for Ibiza and Formentera, and over a decade in Dawson Los
Monos Canyon, California, USA). A similar pattern has been observed in a regional
long-term study in California (USA), where the Argentine ant has been
maintaining populations for over three decades without being able to reach high
abundances nor displacing 40% of the native ant community (Menke et al. 2018).
Argentine ant invasion in Madeira (Portugal) has proved not to be successful
although the ant has been present in the area for more than a century and a half
(Wetterer et al. 2006). I draw attention to the need to fill these gaps in our
knowledge of biological invasions, in order to avoid bias and to help design

effective management.

1.2. The role of environment on Argentine ant spread

The successful spread of the Argentine ant over Ibiza, Formentera and Corsica,
the lack of success in some of the beaches of the Balearic Islands over time, and
the lack of expansion in Dofiana Biological Reserve or in the Natural Reserve of
Dawson in Southern California, could be modulated by differences in abiotic
conditions such as temperature or moisture. Previous studies have shown that
these abiotic factors can restrict Argentine ant abundance. For example,
abundance is higher in areas with higher vegetation cover than in scrublands
(Way et al. 1997; Holway 2005; Menke et al. 2007; Rowles & O'Dowd 2007; Angulo
et al. 2011; Roura-Pascual et al. 2011). Nevertheless, our results showed that this
generalization may not hold when accounting for site-specific conditions. For
example, larger trees in Dofiana, which provide favorable moisture and

temperature conditions, were not more likely to be invaded than smaller ones.
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The vegetation cover around the trees did not facilitate invasion either. This result
agreed with the study of Carpintero et al. (2005) on Dofiana cork oaks, which
found that the invasion was independent of tree size. Indeed, the invaded beaches
in Ibiza and Formentera were the ones with less dense vegetation. This seems to
indicate that abiotic conditions by themselves are not preventing the spread of the
Argentine ant (although they can shape its distribution), and that others factors
are determining the success of those invasions. Several studies agree with this
idea, emphasizing the importance of fine-scale changes in physical environment
to community invasibility, and the need to study the interactions between the
biotic and abiotic environment (Menke & Holway 2006; Menke et al. 2007;
Ricciardi et al. 2013; Gao & Reitz 2017).

1.1. The role of native ant communities in the success of the
Argentine ant

This dissertation corroborates previous studies that did not support the biotic
resistance hypothesis of the Argentine ant in terms of richness or diversity (e. g.
in Holway 1998; Rowles & O’'Dowd 2007). Although I did not find significant
results in ant community structure either, I observed a pattern in community
structure regarding likeliness of invasion and its success. In Chapter II at local
scale in Dofiana, native ant community structure of those trees that were invaded
was narrower than in trees that remained uninvaded. In Chapter III at regional
scale, this pattern was repeated, but the narrower structure belonged to the
control plots of unsuccessfully invaded localities relative to the control plots of
successfully invaded localities. Taken together, results at different scales seem to
support the hypothesis that the ability to resist invasion depends more heavily on
the structure of the native ant community than on number of species or the
diversity of the ant community (Crawley et al. 1999; Emery & Gross 2006;
Dzialowski 2010; Henriksson et al. 2015).

I explored this possibility by testing if the identity of resisting species
corresponds to specific traits related to interspecific competition, such as
behavioral dominance or recruitment strategy. Results in Chapter II at the local
scale in Doflana and Chapter III at the regional scale were in disagreement with
this hypothesis: higher presence of behaviorally dominant species or mass

recruiters in the original native community did not prevent the invasion of the
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Argentine ant, or did not influence the degree of its success. However, using
behavioral experiments in California (Chapter IV), I tested how Argentine ant
recruitment to baits was differentially affected by competition with species
holding different combination of these traits. Although statistical analysis did not
indicate that changes in Argentine ant recruitment were caused by these two
traits (this might be derived from the small number of species analyzed and
further experiments with more species are needed in order to draw stronger
conclusions), the literature review supported my hypothesis. I showed that ant
species that were described as co-occurring with the Argentine ant were in higher
proportion both behaviorally dominant and mass recruiters. This has been the
case with species like Crematogaster scutellaris, Lasius grandis, Pheidole pallidula,
Iridomyrmex rufoniger, or Tetramorium forte (Way et al. 1997; Paiva et al. 1998;
Walters & Mackay 2005; Wetterer et al. 2006). In Corsica, one of my study areas,
Tapinoma nigerrimum s.l. seems to be limiting the Argentine ant spread and
success (Blight et al. 2010a). When the Argentine ant arrives to a new
environment and establishes successfully, it usually displaces these ecologically
similar species first (Carpintero et al. 2003; Mothapo & Wossler 2014). However,
these same species can be the ones that, in combination with other factors like
stressful environments for the invader, present biotic resistance to the invasion
through competition. Menke et al. (2007) illustrated that the presence of native
ants can slow the invasion of Argentine ants under certain environmental
conditions. If abiotic conditions can help the native ant community slow down the

invasion, the presence of certain key species might prevent it completely.

The presence of species with higher competitive abilities would also
interfere with the ability of the Argentine ant to acquire the resources it needs for
a successful invasion. I hypothesized that the presence of an empty trophic niche
in certain areas could fuel the success of the invasion. In the successfully invaded
areas | explored in Chapter III there was no evidence that the success of invasion
was explained by niche availability; the native community exploited baits with
similar effectiveness in areas successfully and unsuccessfully invaded.
Nevertheless, Angulo et al. (2011) showed that the Argentine ant removes
carcasses in invaded habitats faster than native species do in uninvaded habitats,
so even if the niche is not available, the Argentine ant can get control of it and

exploit it more efficiently. To the best of my knowledge, this dissertation is the
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only study analyzing the effect of niche availability on the success of Argentine ant
invasion. However, several studies have analyzed the relationship between the
availability of different type of resources and invasion. The Argentine ant needs
high levels of protein in the establishment stage, but increased income of
carbohydrates increases its likelihood of establishment (Shik & Silverman 2013;
Shik et al. 2014) and its abundance (Rowles & Silverman 2009). However, Phair
(2004) suggested that at this stage it is very likely that colonies are too small to be
able to establish successful mutualistic interactions. In addition, previous results
on the Argentine ant have shown how it decreases its level of aggression when
sucrose is scarce (Grover et al. 2007). In pine forests like our study areas, aphids
constitute an important food resource for ant species (Mooney & Tillberg 2005),

so sugar would not be a scarce resource for Argentine ants there.

Differences in aggression could be due to other factors related to behavioral
plasticity. The Argentine ant is known to display behavioral plasticity in
interspecific confrontations. Blight et al. (2010a) observed that the Argentine ant
employed submissive behaviors like thanatopsis (death-feigning) in
confrontations against the behaviorally dominant species Tapinoma nigerrimum,
a strategy that is more commonly used by submissive species like Plagiolepis
pygmaea (Abril & Gomez 2009). This behavior may enable the invader to co-occur
with dominant species when it is not able to displace them. Abril and Gomez
(2009) also compared Argentine ant aggression between populations that either
co-occurred or did not co-occur with a native species. They did not find
differences in levels of aggressiveness of the Argentine ant according to its co-
occurrence with native species. This result suggested that co-occurrence is not
caused by an habituation process, and at the same time it supports the hypothesis
of the frequent co-occurrence between Argentine ants and P. pygmaea due to P
pygmaea’s submissive behavior. Menke et al. (2018) tested variation in
aggressiveness according to time since invasion, using historical data and
aggression tests, and they found that aggression levels of the Argentine ants were

time independent.

1.4. The expansion of the different supercolonies

The ability to form supercolonies is one of the most characteristic traits of the
Argentine ant, which facilitates its worldwide success (Passera 1994). Although
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uncommon, supercolonies have been found in contact with each other and with
no aggression between them in some cases. For example, in southeastern France
ants from the Corsican and the Main supercolonies tolerate each other in a border
zone (Berville et al. 2013). In our study of the three European supercolonies in
Mediterranean islands (Chapter I) we observed that supercolonies in the three
islands seem to be excluding each other, similar to other invaded areas
maintaining several different supercolonies (Thomas et al. 2006; Sunamura et al.
2009). This exclusion is derived from the high intra-specific aggression that
supercolonies display (Buczkowski et al. 2004; Jaquiéry et al. 2005; Thomas et al.
2006). According to this, it is likely that the expansion of different supercolonies
would be determined by the history of the invasion; the first supercolony that
arrives to a new place would likely exclude other supercolonies that arrive later.
This has been the case in Ibiza and Corsica in my study, where the Main European
supercolony was the first to establish and is the most widespread in the islands.
However, | found in Formentera that although the Catalonian supercolony arrived
first to the island, the Main supercolony colonized more sites one decade after.
This may be caused by differences among supercolonies in behavioral traits that
are correlated with ecological success; the Main supercolony was more active at
exploring new environments, and it is more aggressive and detects food resources
more quickly, which facilitates its spatial expansion over the Catalonian (Blight et
al. 2017). It would be interesting to track first introductions of the Argentine ant
worldwide in regions where several supercolonies occur, to test the hypothesis
that the first supercolony arriving is the one that spreads the most. Regions such
as California (Tsutsui et al. 2003) and Hawaii (van Wilgenburg et al. 2010) in USA,
southern France (Blight et al. 2010b), Japan (Sunamura et al. 2009), South Africa
(van Wilgenburg et al. 2010), and Spain (Giraud et al. 2002) could improve our
knowledge of this field.

1.5. Future perspectives

This dissertation focuses on the invasibility of ecosystems and whether and
how they can modulate Argentine ant invasion success. Across the four Chapters,
the variability in the results obtained for biotic, abiotic, and environmental factors
indicates that these factors cannot be studied independently and should be

considered altogether to understand how their interactions can affect the
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Argentine ant's invasion performance. This opens a door to several future lines of

inquiry in order to deepen our understanding of how these factors relate.

First of all, it is important to draw attention to the lack of information about
failed invasions. Analyzing only successful invasions provides a bias in
researchers' assumptions (Nufiez & Medley 2011; Rodriguez-Cabal et al. 2013;
Zenni & Nunez 2013). There is difficulty in reporting failed introductions.
However, with the Argentine ant [ was able to characterize invasion success
according to two characteristics: the invader abundance level, and its impacts on
the ant community (i.e. native ant species displacement). In my dissertation I have
not considered failed introductions of the Argentine ant, which would provide us
information about factors affecting the first steps of the invasion process of ant
propagules (transport, introduction, establishment; Blackburn et al. 2011), as
well as abiotic factors determining the Argentine ant's distribution outside its
native range. However, there is already a body of knowledge on the importance of
propagule size and the castes within this propagule (see e.g. Hee et al. 2000;
Sagata & Lester 2009; Luque et al. 2013; Angulo et al. 2018), as well as on the
abiotic factors that are required for Argentine ant invasion (Holway 1998; Human
et al. 1998; Suarez et al. 2001; Holway et al. 2002; Roura-Pascual et al. 2011).

The characterization of successful and unsuccessful Argentine ant invasions
allowed us to study what biotic or abiotic factors could prevent the spread stage
of the invasion once the barriers of transportation, introduction, and
establishment are overcome. However, in my dissertation abiotic factors were less
explored than the biotic ones, and it would be very interesting to extend this
inquiry in future projects. For example, climatic variables such as temperature
and moisture could have been measured or obtained to correlate with invasion
success at beaches of Mediterranean islands (Chapter I), at the local scale in
Dofiana (Chapter II), or at the regional scale (Chapter III).

To my knowledge, this is the first study that focuses on the unsuccessful
invasion of the Argentine ant. However, there are some reports of unsuccessful
invasions in different regions, such as in Australia (Thomas & Holway 2005) or
Madeira, Portugal (Wetterer et al. 2006). A way forward to understand what limits
the spread stage of the Argentine ant could be a global comparative analysis. For

example, long-term analyses to determine invasion success and experimental and
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observational methods could be used to measure abiotic and biotic factors in
paired plots (e.g. invaded and control plots, successful and unsuccessful plots).
This approach would allow a broader-scale exploration of my hypotheses, and
would complement my study by including a set of abiotic factors that could be

interacting with the biotic ones to interfere in the success of the invasion.

In this dissertation, I have analyzed the progress of invasion in different
localities at different spatial scales and over several decades. Continuous
monitoring of these populations is necessary to detect possible fluctuations,
retractions, and even collapse (e.g. Sanders et al. 2001; Cooling et al. 2012; Menke
et al. 2018). In my study, long-term monitoring has been essential to show that
Argentine ant invasions may be unsuccessful, and that these situations are more
frequent than we expected. I propose that worldwide long-term monitoring could
be complemented by periodic sampling of the native ant communities (for
example, with pitfall traps), and abiotic (local temperature and moisture) and
environmental variables (habitat, soil, vegetation cover). Thus, we could obtain a
database that could reflect not only how the Argentine ant invasion evolves in
each location over time, but also to understand how the variables sampled could

affect the invasion globally.

It is still unclear how native ant resistance against the Argentine ant depends
on traits related to interspecific competition. The result of my dissertation suggest
that these traits may be interacting with other (abiotic) factors to promote native
species co-occurrence with the Argentine ant, and thus providing biotic resistance
through interspecific competition. Having a better understanding of how native
species' traits may interfere with Argentine ant performance would allow
researchers to include this factor in predictive models of predictive models of
suitable habitat. Models predicting introduction of invasive species based on
climatic factors usually do not include biotic interactions (Nufiez & Medley 2011).
Previous studies have demonstrated the failure of models to predict spread of
alien species (Broennimann et al. 2007; Fitzpatrick et al. 2007). Designing
predictive models that encompass both climatic suitability for the Argentine ant
and the invasibility of these areas in terms of environmental and biotic factors

would allow us to more effectively manage vulnerable areas.

Altogether, my results indicate that Argentine ant invasion is not always
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successful and that invasion success relies on both biotic and abiotic factors of the
recipient ecosystem. These factors do not act independently and are not static in
time, producing variability in invasive species populations. Therefore, periodic
population tracking and long-term monitoring are necessary to understand the
complexity of the dynamics of biological invasions.

2. CONCLUSIONS

1) The Argentine ant (Linepithema humile) was not always successful at
invading. In areas unsuccessfully invaded, Argentine ant nests did not
completely saturate the invaded area, which allowed native species to co-
occur with it. Unsuccessful invasions can remain in this status for more
than a decade, suggesting that invasion success is not necessarily time-
dependent. Long-term monitoring of the Argentine ant populations
allows detection of unsuccessful invasions, and also reveals invasion
fluctuations and retractions, like the one observed in some cork oaks at

Dofiana National Park.

2) The biotic resistance hypothesis, in terms of native ant diversity,
richness, or community structure, did not apply alone to protect native
ant communities against the Argentine ant invasion, but could be acting
in combination with site-specific abiotic and environmental factors to
prevent the success of the Argentine ant. Success of the invasion was not

determined by the availability of an empty trophic niche.

3)  Traits involved in interspecific competition, such as foraging
recruitment strategy or behavioral dominance, may play a role in the
success of the invasion. The proportion of species possessing behavioral
dominance and a mass recruitment strategy did not influence the
likeliness of invasion or the success of invasion in our study sites.
However, species presenting such traits could have greater chances of
resisting the invasion through competition, as they co-occur more
frequently with the Argentine ant in unsuccessfully invaded areas of

different parts of the world, and are capable of reducing foraging
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performance of the Argentine ant in bait competition experiments.

4) The Argentine ant showed increased aggressiveness against native
ants in areas that were unsuccessfully invaded, where the Argentine ant
was in constant competition with native species, relative to areas

successfully invaded where no native species occur.

5) The natural local spread of the Argentine ant is by budding, but it
frequently uses vectors to colonize inaccessible areas. Beside humans,
which seemed to be the main vector at local (e.g. at Dofiana) and regional
(e.g. beaches in Mediterranean islands) scales, scavenger raptors can
transport Argentine ant propagules in carcasses at short and medium

distances.

6) The three supercolonies (Main, Catalonian and Corsican) expanded
along the past decades in the Balearic Islands and Corsica to beaches with
more human presence and that were near already invaded beaches. The
largest expansion was for the Main supercolony in Ibiza and Formentera.
Interestingly, although the Main supercolony seemed to have been
introduced first in most islands, this historical advantage did not result in
greater expansion in Corsica, where the Corsican supercolony had greater

expansion than the Main supercolony.
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Humans and scavenging raptors facilitate Argentine ant
invasion in Donana National Park: no counter-effect

of biotic resistance
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Abstract  Bidic resislance by nstive comimumitics
could have a rale in the spread of invasive spocices.
This seems o be the case in the invasion of e
Argentine aml. Lioepinsesir dumvile, but caly whena the
environment is unlaverakle for the survival of e
invader. We sislicd the progress of Argentine ant
invasion thiough favorable amd unfavorabie abitss of
[xofiana Mational Park scross three iemposal snapshoas
covering \hree decades (1992, (KR A0G) We
pssgsstd ol Pesistance of the nalive codnamanity
uslmg speches richness, a5 well as Sominance and
commumity structure, 'We also explored the mole of
abdtic Tactors (guality of serounding hahite sl
syt il varihles ) and of polemtial vectors of Arpentine
ant dispersal across unfaviorahle areas. 'We found no
evilence of biolic resistance after examining native
ant species richness, proportion of native dominani
ants, ar cCommunity sruciure, On the contrary, inva-
sim procesded fmom rees wilk higher ant species

Eloetromis capplementary material  The oslme verdgon of
tuis mrticke (hips sl erg 0 0TS IO MEDNBLHS7]-5) con
I, spplemeiiary malcnel, Shech v mlibe W dirhorized
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5. Caswn-Coho - F. Serpen - B Asgubn (5-1)

Estacidn Biol e de Doflemn. TSI, Avida. Amorios
Wimpuens 1, 41087 Eeovalle. Spain

-l an gl o s

5. Coapimiers - I L. RevesLiper
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Piilsl lslisd ool lme: IT Marck 2019

richnesa. probably because thise trecs are larger and
prowide mare resources amd Betler protoctsen [rom
aridity. Furthermere, we foand ovidence that the
invasion of mew trecs seross a matris of unlavorable
habital could be influeencod mo only by hamans. but
also by seavengng avian predators, whsch cosld e as
voctors ol ant dispersal irough ranspon of Carioa
also enplogied By the mnis. Sach beapiiog o3pansion
thoaigh moslbke predators could represesl an over-
looked mechansm thal would ennch our endersiamd-
ing of invasion dyvnamics and  provide  potential
appurianities for managemen of invasive species

Keywords  Biolic pesistance - Daominance
hiernirchies - Commumity stnociare - Dispersal by
mashile preditors - Linepinkeog bty - Fapbors

Lt ruscisctiom

Bedogeal invasions are o well-Enoen worldwicde
threar 1 biodiversay, mducing oF even replacing
malivee spinceis (Sax and Ceanes 2003 SamberkolT & al.
PR Kumscheck e al. 200 3; Ly el 20160 Ehilerent
hypoabeses can explaan the success, el and
impact af invaders, ke propagule pressure. enemy
felede, biotle ressanee of avasson  melidown
bypothesis, among  edhers (Catford @ &l 200k
Ricciardi et al, 200 5; Heger and Jeschke 2014 keschice
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8. Caninn-Colba @1 al.

2014), Boosystems can be more resistant 1o invsders
due 1o eiher abiodic factors, like emvimonmental
wlemnce 0 lemperamre o moidure (Shea and
Chesson XN, Blackbum et al, H001), or biotic
Factows, hilke Food mesownces or natural peedators and
competiiors (Shea and Chisson BN Kumschick
il al. M3 H[‘Hll.hﬂg v ol nesis s Il'ﬂ'l-r}'
{Ehon 1955, mative comameniiies stk kghir species
tichiness should e less suscepithbe o invasion by
anod specis than ecosysterns with fewer comporen)
spiciirs. In ihis comient, infemspecific meractions can
act as Iotic barriers and prevent a new specles fram
parstaing in a highly competitve evvironmint (Hol-
way 1900: Parr M08 ; Blight et al. 2004),

Apt commanities are gond mendels for testing the
relative rodes of biotic mecistamce i the spread of
imvasive species. Competitson in ant commusitics is
impartant in shaping community struchare |(Parr 208,
Arman et al, 007 Cerds et al, 200031, Moreowver, amis’
umigue life history radis (2.g. social soructene, colony
foundation, worker polymaonphism) make the study of
their movements, nvasion dynamics and interactions
with the native communaty imteresting ( Bertelsmeier
ctal. M5, 2017 Im addition, mvasive onts are among
the worst wordd imvoders (Lowe et al NN so
understanding the mile of biobic resistance is mmportant
for future mansgement and prevention of its spread.
Holkdobler amd 'Wilson { 1990 dietined two mamn types
of competition i onis. Exploftative competisn refers
to the ahility of anis o mpidly detect a Food resouros
and recruil a larpe amound of individuals b exploit o
Interfenenoe compaaon relens 1o the abibiny of ams o
dammiete & Food resoance throagh aggression. On the
basis of these inkvractions, am specics bave boen
¢lasslfied mainly as dominent or subondinste (Vepsi-
lamnen amd Pieaski 1982 Savoloinen e al 1989,
Arman f al, 20123, 200 7), Dominant species typleally
shape (e species compositon of anl assemblages
(Cerdd e al. 2003), while subondinse species pvaid
comtact with olhes spocies (Aman et al, 2001, The
latier sermtegy of avoidance allows subordinaic species
o coexist (Calcsterms et al. 2006). As o resull, high
rales of dominant species are nol inversely propor-
tiomal {0 specices richmess { Amman ef al, X0 1),

The Asgentine ant, fdnepithema feamlle, is an
example of a kighly dominant amt (Flusman and CGordon
1996 I is also o highly inwvasive species, native o
Sowih America, which has seccessfully estabdished
arand the globe (Lowe ot al. 2000 Suares cl al.

N0, Thas ant possesses life hisiony traits that make it
am excepionally good mvader (Table 1; Arman e al.
HEE2: J T, s umicolomial Gindividoals mose freely
amomy physically separate nesls wilhoul showing any
Kim of imtraspecific aggression; Holway e al 1998
Chraud et al. 203K s oodomdes ame polygymous
ielevated number of reproductive fermabes: Hidll dobber
arl Wilson 19T Passara 19941 anad polydomsous
sl coshimes wre dvendedl i enudieple phaysical niesoss
Pedersen e al, 206 Heller et al. 2008): asd W is
highly aggressive towand other am species theogh
hoth physscal snd chemses) sk | Suanir enal, | ¥R
Wlzal an al. M08 When it colonzes a mew area, thi
Argentine ant wsually displaces the native amt com-
mumniry and produces & cascade of negative impacts on
other taxn including anbhropods, snesll veriebrases, and
plants (Holwsy et al, 200} Sanders e al, 2003;
Rowles and O°'Dowd 260H; Alvarez-Blanco et al.
N7, Linepdrkesn bomeile has an overnll generalized
diet imcluding insects, camion or nectar {Hodway et ol
HHI2; Angubo et al 2011}, and it has been shown that
carbahydmte-rich diets provided by nphids favor s
sucoess (Howles and Silverman 2000 The omly
aspect of this species’ nataral history that may
constraim its colomization poiential is the lock of
winged queens, whach con prevent dispersal soross
patches of unfavorable hobitst (Way o ol 1997
Hiolwary 199E),

Previows waowrk has demoastmted that native ant
commanitics do not show biolic resistunce against
Arpgentine aml myvasion when abiobie conditions ane
favorable for the Arpemtine am (Woy et al. 1997,
Hobway  19%8; Meake o al. 2007; Rowlbes ond
O'Dovad 3007 Rowra-Pascaal en al. 20010 On the
allver hond, some donsnam nelive species are capable
af mesksing the invader Argentine anl. For example,
species Hbe Lo gromdis, Tapiien sipersinms of
Fridonnyrmer rifoniper can repel the invader when i1s
propagule size ls mol pdegquate (Way et ol 1997,
Woalters amd Masbay 2003, Wenerer ¢ al. 2006; Blight
et al. M0, while some other species. like Cremaan-
pater sentellas, Pheldole pellidals and Tetramo
s fore cun prevent its spread in hebitots that are
subnptimal For the Argeniine anl (Way o al, [997)

The Argentine ani expamsion has mainkly affecied
arcas willh o Meditenanean climate bt can also he
limited by abiodic faciors, especially temperatune and
maisture (Carpiniero and Reyes:Lipe: 208, Boura-
Pascmal el ol 3009, 20011). Albough localized
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peresnlige of aocamence s sl showed (N = |9 mes ) Fous lire Ristony i relasd 1o compeilEs in anl comimaiibes ae given,
folbowing Aman o al. (32 3007 Behavies) dominanoe (Do) dominast (1) sed subsedinme 07 Nambor of queens (Queom)
pedvgyey | 1L menogyny (00 or otk (005} Musber of nests (Mestle polydomy (L moacdemy 60 or both (050 Foraging strategy
(Forage): mass iecraimmenl | |1, group recnsimeal (0.5), individu feaging 0 Dict: Niguid a0 seeds (0.5 ) o imects (1) The

Arpentie anl v addid a8 3 compansen for e Craks

Crnphphis g, comespondds da two spesies. O forbrads sl O sarewsion, dhe lager was deserited s M4 s formady was

considerad the orange Kemn ol © Nortooks [Amer wsl Onepa 1140

resistance  offered by domdnamt species could be
eflective under certamn enveronmental  conchions,
spread across abwobic obstocles could be fovansd by
aceidenital Faalianon, such as. human-driven jumps.
For example, it has been shown thal, o the ghobal
scale, lomg-distance Argentine ant dispersal s -
cally medisted by usimtentional human tansport
{Suaree et al, 3001 Humans con alse enoble mane
local, shon-dstance jumps (Carpimera e al. 2005;
Anguls @ al. 3011), which are otherwise unlikely
hecawse of the wingless quecis,

I this study, we nim to assess the relmive roles of
diffieremt factors affecting the spread of the Argentine
ant it 4 bocal scabe in o Mediterrapean coosystem with
favowrshle huahitats (oork oak trees ) interspersed within
an unfovorahle scruhlond marrix. We wsed & temporal
approach. compasing snapshof-snnas] deta of anl
commumities collected throwgh three different decades

{in 1992, K} and 2016) duning the spread of the
Arpintine anl in the ared. Frst, we lested whether the
mative species mchness o the praportion of domimant
amts i uninvaded cork cal tees n 1992 could be
hmatmg the luure vassom by Angentine ants. Yo
hypothesized that wrees with kow anl species. nchness
ar bow proporiion of doenanant asts wold be invaded
firs, [ollowing the biote resitance bypotbesis. In
ander 10 farther explore this hypothesis, we analveed
whether the commumty compositon was relaied 1 the
process of the mvasion, We hypothesized thar wees
that were invaded first would have a different specics
composition compared 10 the ones that were pot
invaded. Abematively, we explored the possibility
that spremd to mew trees is facilitaed by oaler facsors.
I the study srea. transport of L, feaile by hamans ond
by scovenger mptors, which moy take ant-infesied
carmion ilems o their nests, has been quadinstively
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5. CastroColb 1 il

sugpesled 1o influence the invaion of new irees
(Campintero ef al. 2005 Angulo et al, 20010 In these
cases, we woukd expect thar the Arngentine amt spreid
winile] ber lmked 1o roads and paths, or o the breedmg
siles o scavenging rapions.

Materials and methods
Snadly ares

Samphing was condected in Dofana  Biclogical
Raserve of Dodana Matomal Park (371N, 8°33'W),
siested on the Southwes) coast of Spain in an apen
Mediterranean scrubland contgining scamered pine
foreate (Pimur pimeal and isolssed cork cak trees

{{herers swher) (Fig. 1), The sudy area is inhabaied
by mare than 30 and species, and the Angemting anl is
the omly imvisayve species (Carpintens ef al. Jid), The
first imovasaon focall poant was (ke builkding of El Palacio
dit Dofam. e Reserve's Deld-research stanon wiih
yiar-round human presence of s 3-50 people,
whene the Argentine am was first deteciad in 1970
dAngalo et al. 300 15 Duae o s bow iolerance of high
rempe e amd dry habiais, s mnge 0 oanal
habinais (s mainly resirscied o indinadal eork aalks o
pime Forsts {Angulo er al. 20015 The frss e thi
Argentime ant was seen imoa natural anea of Dofkana
Mational Park was | the 1986 in a cork ook | El
Jamlcin {Caspintern et al, 2005), 3 human construction
that very likely constitused & second invasion focal
point (Fig. 1), Thes, in our study, isolated cork pak

Fig. 1 Sowly arex the main focsl poinis for the invasion of the
Arpenting an, 1 Palacw and El Jaulin. are markesd. The sy
ams consisy of o mairin of usfavomble dry Mediemnesn
wrehlimd contmny walbened gorl aak rees, which =1
faveruble bl paiches. Teees tsn were invaded in 1990 we

£ Sprimger

marked by Mack spuares. irees Sl wene imvaded in 2000 are
marked by red corcles, amd trevs ihat were wiill mot invaded in
2000 are marked by Kighi hlus &amonds. The cally iree invaded
bprwgem N0 sl 2006 is markid by 3 yellow irmnple
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Humaes and scevenpeng repins [scilise Argesiae am

rees constitule our sampling units in onder 1o (olkw
the invasion progress of the Argentineg ant,

Sampling the anl communaly

In June 20016 we repeated, using the samse prodocol, e
sampling that Carpinern en al, (2005) perlommed in
| 99 arwl 00 They sampled the ant commminaty an |
the cork oaks within 1.3 km of 1he imvasson focal
pole, El Palacio, A1 each wee, dumng 10 mm, we
besnkeind fioor i ol fferamt and speeses, matlve or invasive,
pasrolling vrusk amd branches from 0.5 w 2 m high
W comsadered a troe invaded if the Argestine ant was
presemt o i In gemeral, when the Argestine ani
smccewafully invades o mee, i1 replaces all other nadve
ant species, s s deteciion is very likely {Angulo & al
10, Semples of netive am specics were callecied
and kept in T0% abeohal for subsequent identificstion
by the suthors in the Lnhomeory,

From the 1B} trecs Corpimdero et ol (20HS)
sampled, we excluded the omes that were not alive in
Milfs, snd three trees that hod cwo erunks one beside
the nther were comsidensd only one tree. Thus, we get
an initial sample size af 1S trees i 1992, of which
omly 34 were uninvoded a1 thet time. OF these 38 trees,
I& hsd been imvaded by HHO and omly & single
additional tree hod been invoded by 2006 (Fig. 1)
Therefore, becawse expansion virtoally halted after
2THHD an the samipled arew. bere we focus om the process
of mvasion that occunmed belwoen | 992-HHE), which
covers @ sipnificant invasion cxpumsion. Trees wen
calegorized by thar invasion saonss as “animvaded™ il
they memaiied univaded m 2000 (M = 19 o “in-
swadad™ 1 they wene invaded i 2000 (M = 18; Fig. 1),
with o total number of 37 cosk oaks,

AL colmmuRiy s

A omotiia of prescace-absence of cach native ant
specics Coend bn the 1992 servey wos constrocied fos
the 37 trees selected for the analysis. We compansd he
native ant communily between trees that were sahse-
guently invadad in 20 or remzined aninvadad by
this year (invasion staius). We performed a permutas
tiomal muliivariaie analysis of vanance (PERMA-
MOYA) using the adomls fumction ipackage Vegan,
CHesanes ef al. 20016} in B (R Siudio version 10,1 5.
RSiulio Team 2016k

Ty graphacally reprecent dilferences in communily
dneture by invason dahs, we performed o non-
metric mulisdmmensional scaling lest (NMDSL using
the maetaldS 0 lanciios widh 100 diewacions §pockaps
Viegan, Ckzanen o al. 2006) in B (R5dho Team
HFIh), This aralysis repricseals the oregimal posaism of
et commandy m mulidimensional space. We choss
the appropmaie number of dimessons by examining
the spress value (oormect Below 0.1), Teeses wene
differentlaned by thetr bnvasion stanes usimg the geplod
funciion ipackage gephoil, Wickham 2008, which
diaws 5% comfdines imerval ellipses.

Wi were interested i whether the ang conmwnaly
of wninvaded trees hod changed. We performed a
speond PERMANOVA and NMDS (ns desoribed
hefore) to compare ant commumities in 1902 and in
Hbh, wing only trees that remained uninvaded in
H6 (N = 1),

Anthropogemic, hiotic amd ahintic varishles
affecting the invasion of new troes

In order o know which pemmeters offecied the
invasion of new trees snce 19492, we performed &
generalized |necal medel wwsing the gim fanction
ipacknge stoats, B Core Teom HHS). The depemdent
varinble was the stetus of imvasion (imvaded or
mninvaded m 200HI} and we modeled 0 owath a
guosibinormaal link disribution. We estimated the
following paramcbers thal we fifted bo the mode] as
independent varables:

{a) #mi specics richness: nmumber of msfive ant
species for each cork pak tree in 1992, Species
richness. was ndded bo the model in oeder fo iost
the biotic mesistunce hypothesis, under the
prediction that less species-rich troes. would bo
hable o invasion

(bl Brhovioral dominance of native spocics: wo
separaiod tho native spocies found in 1982 in
cich cork ouk trew by thoir position i tho
behavioral domimance hieranchy. classing cach
as domimant or subordinate. lollowing Arn
et al. (2002, 30T (Takle 1) We estimated the
perceimtape of dominmi specses rom ihe toial
muimber of noiive species preseit, O prediciion
was that o lower propocten of domineni species
winukl incrense ibe lkeliboond of invasion
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8. Caninn-Colba @1 al.

1<

idp

leh

Spalkal varkables: The geographic coondinstes
{lavinode an kongioedeh ol cwch ree were added
o the masdel oo ke inte aecount the sparial
amangement of iress. Wi used a geographic
imfomeatbon  sysiemn QLS. versson LRI04,
QGIS 203 w0 calewlaie distances from each
"ill'l[lllt'd e oo three I'd'llﬂllﬁ-l [LILHES TR RS o
El Palacio, Bl Jauldn, and the neanest imvaded
eork ok, with the ool “measare line™ . We oaly
uzerd the minimum of these distances, bo fnke
imin accoumt the proximity of each tree oo the
closes polestial invasion source,

Samouncling habiini quality; Argeniine ani expan-
sion is limited by dryness and kigh tempemtures
of the scrubland matris around cork oak trees
{Angulo et al, N1 1) The nommalized difference
vegetatiom index  (NIMWI) mepsurmes, thromph
satellite imagery, visible and near infrared light
reflecied by plants, amd = oan estimale aof ke
densaty and qualaty of the vegetation of a cortam
ansm (Rarkmskanie et al A3KTh NIV was
masured im o circle of 100 m of radius arownd
thez brunk of the tree by scessing Landsal images
of 31 = 30 pinels, vang the funclion creme
dbgffer i QoGS 208 14 (QG1E 2003 For each
tree wio cileulated yearly msasures as the averape
ol monthly measures. (-3 messures per mumth
wore available) and then wsed the average of the
vearly measnses from 1993 s BNHL Highes
NIDV] mears more productivity and more vege-
tation cover, mmplying lower andity and this a
heter habita quality for the Arngentine ant

We also measured the perimeer of cach wunk
dcam ot 1.5 o b, becsis e big per tnoes provide
e 'l.-:;ﬂ.m'-rui cover, humidity asd lower
LR E T than simuller mecs :M_g,u'h i al.
001

DHspersal by Bumans: we colculated the mini-
mum distance from egach suompled tree to the
ncarest path. Becumse hemans oy insdver-
tently Ernnsport ant queens in their cars o with
themir belongings., lower distances b paths waould
mszan higher probabilily of ant guoen trensport
o oock oaks. We used the same iool as in {c) o
caleculale the minimum dislamce.

Dispersal by mptors: Black and Feod Kites
(M v migroay and M. milvies, rospectively)
beood in lange numbers in e sty arca, mainly
using cork onks i pine wrees as support for

thelr nest (Sergho ol al. 2K ). Both spedics ane
wikle-ranging faculative scavengers, very adept
al fmbang anineal carcasses, oven very small
ones, such a5 meal jems (romy human refuse
(g, Kamar et al. 20085 Duinng the beeeding
SESISEHL. IR NlCEs are muﬂlrlrwrhwd 1o thie
nesl oF o deeding rﬁi‘ht'h I}'Fh"-i-"}' baned
within 1030 m from the mest. We wsed hispor-
bcal dats from kise surveys conducied hetween
154F2E pnad HHO) i detnils in Sengio et ol HHER) (o
odbiain: ( 1) the totall mumber of kite nesis simaied
m & 5 m mdms centened on the ank of each
cork oak, and {2 the tota)l number of nestlings
that were mised in thowe necds each year,
Becouse  both  varinbles  were  comelated
(R = 088 p = 000, N = 375, we chose o
mchude im the mnded only the number of nests,
We assumed thet more nests would lead o
higher probabalities of acewdentally ransporting
gueen ants thil wene feeding on the carmon fem
when this was picked up and aken o the nest
area by a ke, thus dupersang the anis.

Stwtisticnl differences for esch of the sbove inde-
pendemt variables were ohtmined with the fanction
drapl and the F statistic { pocksge sinis, B Core Team
H5), We esed o backward siepwise procedure in
omer to obimn o finel model that ondy included
statistically mgmificant vanables (Table 2).

Hesulis

Of the total 105 cork oaks that sarvived the three
decades of stody, 67 wore already invaded in 1992, 18
were invuded from 1992 jo HNN and just one maone hod
e imvaded by 3006 (Fig. 1 We also observed mees
that were imvaded but weee fownd devosd of Argentine
amis in sahsequent vears, This occurred i cight trees
slx were ivaded in 1992, of which three had native
amis in 2000 and the other three hod native ants in
2006; rwo trees that were invaded in 2000 had native
amis in 206,

[Chifferences in ol commmniy siruciure
batween mvaded snd uninvaded irecs

The commumity snalysis did moi show sigmificant
differences  in  the mative ani  communily
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Humaes and scevenpeng repins [scilise Argesiae am

Tahle I Ffiecte nf
sl hropogenes, hisi and
abiote vanahiles @ ok

Cimrgsicle sunlel Fiiial smulel

F P F p Sign

InvEskm of Bew s

Specion e heewy

[hsmirane spocis (5 )

[Hsimee w an invesks seEo

MDY

Tree peiismcier
Dislatice i o pad
Musmby off pesis
Liati s

Lish pisde

Stastics for ihe complew
fmasinal i ool il i linsl
e, idaingd B o

bk ward anopraise
prcedure; e provided

IM = AT} For ihe fiaal
sl Hie siga of the
relatbonshap b been added

e L3} LNt 1732
54 74l
=45 = QN
aF kL] LR [
Ilo s
ms: o LI L B4
Kl LT LT
LT LE L i) M2
1.29 0 2y ¥, [

< L0 [}

7 < (L0 (=}

« LN [=}
s [+]
= (L [+
o (LI 4}

(FERMAMOVA, F=143, p=0idl, N=iT)
berwin the trees that were invaded or unisvaded in
MM W ean NMDS with tao dimensions and boed a
fair stress wabue of 0,05, As shown in Fig 2a, the ani
community sructene of isvaded snd eninvaded wecs
was very sinilar, the anly difference heing 2 wider ani
community in oninvaded twees, sugpesting that ant
communities of the imvaded rees could be & subgroup
of the it commamities of unigvaded mrees.

Thie amt comenumity of unisvnded trees significently
changed herween 1992 snd 2006 (PERMANOVA,
Fa62 pe0d0]l, N= 1% Fig. 2b). While the ant
commumity in 1992 contins more species than in
M1, the two communitics are lergely sverlopping.,
differing in somee species thel have been subsaaied for
others with similar eoslogicnl functions (Table 1).

Anthropogenic, biotic and aleotic variables
aflecting the mvasion of now brecs

When lesling the beotic rosislance hypothosn. we
found that specics nchness was scleciod as an
importanl variable in the lmal regressen maosdel
(F=1732. p< 0001, N =37, Fig. 3a, Tablc 2L
Howewer, the sipn ol the relstionship implied o
bt resastanee o avasion by the nalive commmniny
ndesd, we Found ihe apposiie resuli: irees with highes
fative al rachness wene more likely o be invadal
The behavioral deminance hypothesis was alsp mol
smpporied; the percemtuge of dommant specics in each
cork ook wos pol selecied as o sigrificant varable in
the: final model

Creographic effects were imporiant for ihe invasion
prowess: the invasion of new trees depended on ihe

¢ Lirmesded
» lnamind

s - -

ns

-] an ik ED
RO 1

HMTE 1

Fig. 2 Ordinsion of iml crmvmmunily amilarily (DS for
& irees thal weie irveled by Argestiae ants (red ciicles) or e
waere @il devald of the invading species by 2000 jlaght e
digmonds); b ast commurses in un-invaded wees in 1992
iwhile sguares) sad in JEE (Heck wrianghes), The cllipses
EepEress i 1 S conflenes nlenval Tor sach proap

disiance 1o the mearesi spurce of invasion (F = 36,73,
g 0], N =37 Fig. 3k Table 2} Latiiade and
iomgitude also had a significamt effect, showing an
invasion pattemn that moved preferentinlly to the north
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8. Caninn-Colba @1 al.

(a) N)  Slean
q 5 IE}“.

5 L i + %E"-

| na— |

() (d)

)
I
5

LR T

E
E

o

Urivaded  nsaded Umreaded Fradod

Fig. ¥ Chamcveristios of mees imvaded (red ciicbes) or wmin
vaded dlight blue diamands) by the Argentine ant. & Average
& SEpof native mil spocies fichacss in 1% baveraps i+ 5E)
ol e i e 1 b vaded soaeoe (invaded nee or
invaskm local poistl © average (£ S0 of te minima
distance w o path: d sverape 12 SE)off sotal mansher of sosts of
s imger npdors m mvalnd Inees or m s [l remaasid un-
ivaded by NN, Raplor nesls isclade those ol Mkl b
amd A el in 8 S0 m circke moand the wee For the peniond
192 - MKl

and west (F = 3900 and F= 26,12 mespectively:
P00, N = 37 in =l cases, Table Z).

I pelation 1o the ree guality amd is enviromment.
neilleer the perimeter of wee runk in 1992 mor (e
NIV index were sebooied s imporiant variables in
ithe fmal mxdel (Fig. ESM_1, Table 2). Finally.
anthropogenic and rapsor Tacllitaiion wene supponed
by our resulis: the likebihood of invasion mencased
with the proximiiy o a path (F = M8, p < 0051,
M= 37 Fig. 3¢ Table b amd with ihe mumiber of kite
nesis in the immedioie sumroundings (F = 668,
pe 005 W= 5T Fig W Tabie 2).

IHscmssion

‘We lollowed the imvision of L. by o a locil scale
duning three dilferen decacles (1993, AN and 2006,
studying cifferent baotic amd abiotic Gt thad can
mfuence the process, in & peotecied ares with
favorahle habitals imersperssd with unlavorable omes
We found thal the mvasion mivved from mean focal
imvaston podnis lowands the closess rees and than 1he
Hkihibwand of mvasion mereased with the proximiny W

a paith. The mative ant commumity did ol offer
resistance 0 the invassom, neither in erms of species
richness, nor in proporison of dominant species or
commanily simeciume. However, our results suggest
that raphors Tacalnare aml despsersal wowands aneis that
wirihl nod be aceessible b the Argentine ant by isell

Wit of the [meramare dealing with biotic ressiancs
aganiel thie Asgent s and shows thal anive ams are nob
ablie s resist the ainvasion when shiabe condwions ane
adequate for the myvader, Exceprions found in the
hibliography mebide commanmies that coniam dom-
anam ke q‘E[‘lE"-.ﬂl.l-l.'ha'-l 1. mige rrvrmaann i LUOrsca,
which can Hmin the spread and estaldishmint of this
invader (Blight e1 al 20000 Althowsgh T, cof. migervi-
munt wis found in 1% of the cork oak mees we
wiudied, 1w presence did not secm s prevent invasion,
T, smerochi, another dominam species that is ecolog-
ically similar i T of. nigervimum, was shown by Way
et &l (1997 1o be displeced by the Argentine snt os
well. Daminant specics also have & role in the frst
steps of invasion: o higher propagule sive (e.g., o brper
Arpentins amt colony size) is meeded for successful
invasion in the presence of domimsnt species such as [
nifamiger in Amstralia (Wolters and Mackmy 200G ),
Phetdvde megacephala in South Africa (Mothapo and
Wossler 24} or Momomarium anfarcticrean m New
Fealand (Sapnts and Lester 200U

Criven the bocal juxtaposition of habslat comditions,
the invasion of new brees inour study arca could be
accomiplished by diffusion {eg.. “buodding™, where a
group of workers and gqueens colomize new ancas on
oty o by leapirog advamces, deperding on whether
trew ane separaled by favosable or unfaverable habdua
(Smares ot al. 2001), Sech jumps would comsis of a
sl progagule siee, and thus e effects of dominant
species could have o role in prevesting such mew
invasions, Among the five dominant species in our
slwdy area, the one thal wos mone freguent in the wees
before invasion was (he notive srboreal amt O
scurellaris (located in more tham T5% of the wees).
This specics is aggressive and temitoniel, hut does nit
always display polvgyny and polydomy (two chirsc-
teristics thust il presemt could make their arboreal mesis
less vulnermhle b0 Argesiine anis); thai may be the
reason why it was sysiematically displaced during the
invasion (Way et al. 1997, Angub et al. 200 1. When
abiodic comdiline are anfavorshle for the invasion,
malive specis can coeist al compele with Argentine
amls for resowrces, s slowing down the invasion
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Humaes and scevenpeng repins [scilise Argesiae am

(Menke & al. AW0T) Examples include Solrmapris
mdertn, Leptothorerr andred and Fremadepi o iogsaerisin
Sowthem Californda (Suarez ef al. |Y58),

Despite (e abowe, neither the proportion of diome-

AN Epecies mor species rchiness preyenbed the spread
of the wmvader in oar sysiem. Stdies n ather
Madmerranean climates such as the chaparral of
Sowihemm California (Menke et &l HHT) and 1
coastal serub ol Australa (Rowles and 0 Doad 2007 )
have also shoemn a lack of botle fismsiano: By nanse
ants. whes atsotic conditions were favarable for the
imvasion, Howevir, baote nesistanss b boin mepomed
1o b maoe effective m naneral than in ehan habieas
{Hebford 2012p, Alchongh Dofans is a natoral anes, the
imvasion iz for the momest coacentraied in the
smoundimgs of & emall, permanest aman setilement,
which comld help the Argemtine ant oy persist aguinst
natives,
The analysis of on commumity stochune suggestod
thm trecs that resisted the invasion hsd & wider
commnunity strcture tham the troes that were invaded.
Thiis docs not micen that they wene simply composed of
mine species, bt rather that they were orgamized
datferently. sugpesting the possibility that the key 1o
baotic ressstamce agmimst invesion maoy mob be the
namhber of species or percenlage of domimants, but
rulber & certnin combimation of species. Maoneover,
naturnl ant comemunities chanpe over time, cxpecially
im 1=olaied trees (Gove of al. 39 Donoso 20071 In
omr case, anl communities of umnvaded troes differed
betwoen 1992 and 2006, The changes did nol scem a
resull of Angentine ant mvasicn, bl rather consisted of
smbatinition betweon ecologically similar native ant
specics, More research should be done 0 order 1o
asseas this offec.

Hewvger, contrary 10 the biotlc resistamcs hypoth-
esis, our pesulis ghowed that cork aaks with gk ant
spocics rchness were Invoded fies. Holway (1994)
Fouand (bt altbough invasion rse was indepesden of
native am richness, il increased with mstive anl
ahndance. In foct, larger trees are the ones that hase
resounces cupable of maintuining mone species (K-
Benson ef al. 20006 Although in owr snalyses the
perimseier of the iree was nol a significan) variable for
the nvasion, we also observed that larger trees had
e amd species (see Fig, ESM_2a). Larger trees also
sappawl higher abundances of aphicds (Wand @ al.
1998, which may facilitale invasion becawse apid
honcydew is ome of the main food sources for e

Arpentime ant (Shik and Silverman X001 3). Both the
mative and i souredlards, amd the invisive Argentineg
aml use homeydew resources m oork iks (Abnl et al.
NTTY, A anoour sy area, anl abundance i orals
an T e irank wis comelated wath the sope of the e
(s Fig. ESM_2h). wugpesiing them bigger mees
sugtinm  bogger oolomies, probably becase of e
greatest availabibity of resoupces, such as aphlds, 1s
addinion, larger iree crowns provide more shade,
which i hkely e resull in femperatunes comdesve (o
Arpentime ami survival. Holway (2005 and Angule
e al. (2001) found thar Argemiine amls wene mane
abmndant in habits with more vegeation cover and
maoiaure, whils in the worabland they were lews
abundsnt and more likely o coexist with nstive
wpecies (Way et al. 19497; Holway 305 ; Menke ot ol
HH1Y; Rowles and O Dowd 2007, Roura-Pascuad et al,
il ),

The presence of usfavomble dry senshlond sneas
separnting the favomble hobitat constivuted by the cork
opk trecs has very likely showed the expansion of the
Arpentine ant during these past decades. Acconding 1o
the meview of Svarez et ol (201, the moxemum
amnual] mte of spread of the Argentine ant invasion is
154 £ 2] m {ramge 15=275 m), which means that in
Doiiana it eould have sprend os far px 3.7 km {mange
166 km) between 19992 and 2006, However, simee
112 poly 19 of the 37 uninvaded trees m the sbudy
arca were codontoed. and simce 2000 only one new tree
was codomized. while 18 trees remaim unimvaded. This
ooourred wilhin o sampling arca of 1.5 km radius from
the main invasion focal poant, whers the maxmmum
distance fram the main invasson focal paimt o as
invaded wee was 309 m in 1992, Thas, the local
Arpentime aml populmbon docs nol sem capable of
slurating its abready coloalzed ruige, Moreover, we
detecied eight invaded rees thal were sabsequently
devond of Arpentine anls amd which were colonized
again by nalive ants isia ol these rees were alrendy
invaded in 1992 and two were ivaded in 20001 This
is il & rare sitestion. Menke o al, (2008) also found
evidence of invasion reirent in Morthem Californiz,
probably camsed by the severe drought that the State
had suffersl during lour consecutive yesrs, Cooling
ef al (2002 fousd o population collgee of the
Arpentine ant im Mew Zealand that alkiwacd the native
populations i recover, pevhaps due o abiotic condi-
tioms like high rainfall or & inbreading depression.
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8. Caninn-Colba @1 al.

Altbough trees that wene closer o the invason
source were mvaded esarlier, the Argenting ant has
resiched aness thal are surmunded by unfavorahle and
uminy aded habitas. [0 widely known that humars ane
daspersal veciors al the Angeniie anl (Suarer el al
JHH; Ward e al. 20NS: Boser et al XJO0T) amd
prosimaly 1o paths frequently used by humars wis
prevaaly sappesied a8 & factor contn bubing 1o sprosd
across mnfavorshle aneis in Dofana Maisoml Park
(Campiniero o al. HHS), Our sesulis add quanivianve
smprpori b0 thns ks, showing thar orees tha wirne closer
1o a path were invadid carlier,

Moreover, Carpiniero et al, (HKS) proposed thar,
amnag vereheales, scavenging rapiors eould facilime
the imvaskon of new wees acrss wnfavorshle hahivm,
and cur resulis kend gqesntimgive support bo this
hypothesis, The invasion of o tree was related 1o the
abundance of kite nests in the nwrousding hahiom.
Becmise the Argentineg amt is o scovenger specics
(Angudo coml. 001D, it is possibde 1o find # feeding on
aninual carcesses of mesl refuse from humase, Cueens
arc alsa sometimes present on such food #ems
{muthors” pers. obs.). When mnt-infested food  fterns
are picked wp and transported by kites o their mest
arcas, there is & chamce thet the propagule comld be
tramsparted &0 am area inaccessible o the Arnpentine
ants. alone. This scenario could explain the keaplbrog
imvasion of some isolaled trees im0 the sorth of our
sampling area (soe Fig. 1). Altbhowgh this mode of
spread may be of relatively mimor importance come
pared with the lorge-scale, sometimes inler-comtinen-
tal, heiman-mediated ump dsporsal. it could be of
mmpoitance i aaural arcas where large avian preda-
s are comimon, where hisman presence s bess
pervasive, of where manapensent actions have been
atermpled 10 reduce human-mediated ant dispersal.
For cxample, al our study sile, measures (o prevent the
inmdvenent transpod of Argentine aml propagules by
humans have beem established since 2004, These
measires include substitsing conerele for wood in
fencing, directives for secure tremspowt of  food,
garhage and other human musterials from houses 1o
the rest of the protecied sren, and sdoguale trenspor
and conservation of orgamic msterials wsed in expers
imemts or for sciemtific oollectioms. Additomal rosies
of humanerelated dispersal showkl be taken in aoomenl
when stwdying imvasion paflens: soil movements
{usesd Tor path restoration amld other infrastructures),
tramslocalsons. of plaml specinons grown in invaded

areas, or consinections of unclerground infracmaciums
{avhicth amts conlel use as refugti or dispersion routes 1o
mew apeas). Trangport by raplors canmd be prevenied,
especially by wide-ramging rapors such as kies that
may forage in mabbish dumps sens of kKilometers
autside af the prolected ares | Heredia @ al. 1991 )

Il epemident |y of tha |ocall <iouatson, the possilaliy
that mohibe veniehsabe predatans, ssch a8 avian facul-
WiV seavengers, cam acl a8 vestors of invasne
speches 18 relanvely sew m invason ecology and adds
a v BmEnsen W mvasis  mansgensent  and
prevention, Mote thal some avian feulutive seav-
engers e apporunisic-sdapiable epecies that can he
lncally comman in hoth urben snd matural aneas, For
example, Mack kises are extremely abundant within
mran environments of Africa amd southem Acis,
whene they swheiet almost entirely on human subsidics
amd refuse, reaching the highest rapeor demsities ever
recorded (Komar ot ol HiIE). Their potentinl os
vectors of ant dispersal in these environments, or thedr
symergy with human dispersal, would be even greater
than portmayed here. In comclusion, oar shady bends
support in previous ones suggesting that haotic resis-
tance per e is unlikely to kalt Arpestine ant imvasion,
even im environments with an overall unfovourable
mairis. Furthermoree, colomzation maoiniesance and
spread may be supporied not only by humans but also
by mobile predators. whose dispersal capabilitics
shomld ke considered when plasming the management
of mvasive specics

Aeknowlsdgemenis We thomks X, Cenla, &e ant coology
Ereisp | aal-coakg . oul, andd Liis Saislsiniis ke theid whienlific
wigil; U, Roses and the LAST-EBD foi #eir belp sk the
gpeoraphic location of wrees. MOV index and TS daga: O Nell,
M. Widal -Condero, mnd P, Alvaece-Blanoe. for iheir belp with
wiativtical iwmes; and 1 Rainbow for echiting the st
Feeldwink Mcilines weie paovaled by BCTS-HBL. Thie saly
was frounded by e Spanish Minisry of Foosomy  and
Competiivveness and FEDER (COEL200 3450600 o EA
COLI0N -SSP ws F.5 L ihe PhD. &ellowship program (o
S0, BES-I0446THIT) and the Bamwm y Cagad Program (1o
E.A, EYC-HElinsni),
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B Invaded in 1992
@ |nvaded in 2000
& Invaded in 2016
<& Uninvaded

Flgure ESM_1. Mean MOV values (1992-2000) in the study area. Data = provided for
3030 pixels. Higher values reprasant higher density and quality of the vegelation (ses
Methods), In our case higher values corresponded o lrees, mainly cork oak Inees, pine
trees, and poplars, and 1o the wet scrubland, which (s constituied mainly by Erica spp..
Lhex spp. and Rubus wimifolius, The lowest values comasponded 1o paths, marshlands

and ponds. Intermediate values coresponded o the dry scrubland constifuled mainly
by Halimiwm spp., Ulex spp, Clstus spp., Lavanduwle stoechas and Thymus mastiching.
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# =041, p=0.01, MN=37

Ant species richness
f=s

{b}]ﬁu L Un'II'IUEdEd
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"

r=033, p=004; N =136

Ant abundance
© a
= o

s
=]

O = » . N % [

100 200 300 400 500
Cork oak trunk perimeter

Figure ESM_2. Raelabonships Daétwian the size of the oork oak thed with anl spedias
richness (a) and ant abundance (b). In (&) trunk perimeter and ant nchness cormespond to
the year 1992 when all these irees were uninvaded (bul By have been disinguished by
their invasion status in 2000). In (b) trunk perimeter and anl abundance oorrespond bo the
year 2016 (we do not have ant abundanca for the previous years). Ant abundance was
esfimated as the number of ants per minule, cowntad in the thickes! verical ant trail of sach
tree. Data comes from invaded (red circles) and uninvaded (lighi blee diamonds) trees; in
(b) dala comesponds o the abundance of Argenting anls and nalive ants, respaciivaly.
Mative ants measuned were Cremalogasier scutelans and Lasis gramdis (M = 16 and N=2
respeciively). We show the fit and statistics for the comelation tests performed, which were
dona with the cortest funciion, , in the 'stais’ package of R (Core Team 2015)
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