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Abstract

Biological invasions are one of the main drivers of biodiversity loss. Certain
effects of invasive species are commonly overlooked and potentially compromise the
structure and function of ecosystems in unpredictable ways. This thesis takes advantage
of the vast knowledge of the invasive Argentine ant, Linepithema humile, to focus on
subtle and indirect effects on the recipient ecosystems, specifically on native vertebrates
(amphibians, birds) in Dofiana National Park (southern Spain). This tiny intruder is
notorious for displacing the native ant community in ecosystems it has successfully
invaded. Therefore, this thesis assesses whether the effects of potential prey depletion
scale to higher trophic levels. Although the Argentine ant lacks recognized weapons, it
is well known for its aggressiveness when outcompeting native ants. I evaluated
whether native vertebrates at their most vulnerable stages are susceptible to being
attacked or disturbed by the invasive ant and if they suffer from lethal or sublethal
effects that hamper their development. These issues were addressed through field
sampling and monitoring, field and laboratory experiments, and analyses of chemical,
isotopic, histological, physiological, and behavioral parameters. My results reveal the
Argentine ant invasion has negative impacts on native vertebrates in Dofiana at different
levels. For example, the native amphibians studied here have altered their diet, by
shifting to non-ant preys in infested areas. Additionally, vertebrates in their early stages
of development showed poor body condition under experimental (juvenile amphibians)
and field (chicks) conditions when they were fed a diet supplemented with Argentine
ants or raised in invaded areas. Furthermore, both myrmecophagous species, such as the
natterjack toad, Epidalea calamita, and non-ant predators, such as the great tit, Parus
major, modified their habitat use in invaded compared to uninvaded areas, although for
different reasons (foraging and breeding, respectively). Finally, I demonstrate, for the
first time in the literature, that the invasive Argentine ant has a powerful venom—
iridomyrmecin—that is able to paralyze and kill native vertebrates, specifically juvenile
amphibians. This unexpected finding deserves special attention, as it may play a key
role in the previously demonstrated negative effects/invasiveness of this species.
Overall, this thesis reveals overlooked indirect and subtle effects of an invasive species
at different ecosystem levels, but also yields novel information about the mechanisms

underlying these effects.






Resumen

Una de las principales causas de la pérdida de biodiversidad son las invasiones
bioldgicas. A pesar de los avances en esta disciplina, ain se ignoran muchos de los
impactos de estas especies, los cuales podrian vulnerar la estructura y funcion de los
ecosistemas de un modo impredecible. Esta tesis aprovecha el amplio conocimiento que
existe sobre la hormiga argentina, Linepithema humile, una de las peores especies
invasoras conocidas, para centrarse en los efectos sutiles e indirectos que ocasiona en
los ecosistemas nativos que invade, tomando como modelos anfibios y aves en el
Parque Nacional de Donana (sur de Espafia). Esta diminuta intrusa es bien conocida por
desplazar la practica totalidad de las hormigas nativas en los ecosistemas donde invade
de manera exitosa. Por ello, mi tesis analiza si la disminucidn potencial de presas afecta
a niveles troficos superiores. Aunque la hormiga argentina no cuenta con armas de
defensa reconocidas, se sabe de su gran agresividad cuando se trata de eliminar a las
especies de hormigas nativas. Mi tesis estudia si los vertebrados nativos, en sus estadios
mas vulnerables, son susceptibles de ser atacados o molestados por la hormiga invasora
en Dofiana y suftrir consecuencias letales o subletales en su desarrollo. Se abordan estas
cuestiones mediante muestreos y seguimientos en campo, experimentos tanto en campo
como en laboratorio, asi como analisis de parametros quimicos, isotopicos, histoldgicos,
fisiologicos y comportamentales. Los resultados ponen de manifiesto que la invasion de
la hormiga argentina afecta negativamente a vertebrados nativos, y lo hace a diferentes
niveles. Por un lado, la comunidad de anfibios nativos estudiados altera su dieta,
reduciendo la cantidad relativa de hormigas que ingieren en las zonas infestadas de
hormiga argentina y sustituyendo las hormigas por otros artrépodos. Por otro lado,
vertebrados en sus estadios mdas vulnerables ven disminuido su desarrollo tanto en
condiciones de laboratorio (juveniles de anfibios) como en el campo (pollos), al criarse
en una dieta suplementada con hormiga argentina o en zonas invadidas. Ademas, tanto
depredadores especialistas en hormigas —sapo corredor—, como especies no
mirmeco6fagas —carbonero comun—, ven alterado el uso del hébitat en zonas invadidas,
tanto con el fin de forrajear o para reproducirse. Por ultimo, he demostrado, por primera
vez en la literatura, que la hormiga argentina cuenta con un veneno—iridomyrmecina—
capaz de paralizar y matar vertebrados, concretamente juveniles de anfibios. Este
inesperado hallazgo merece especial atencion, ya que podria jugar un papel clave en los
efectos negativos/poder de invasion ya demostrados en esta especie. Esta tesis revela
impactos sutiles e inadvertidos de una especie invasora, a diferentes niveles en el

ecosistema, ademas de profundizar en los mecanismos que los ocasionan.
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INTRODUCTION

General introduction

Growing awareness of biodiversity loss

Human’s footprint in the Globe has led to propose the terms “Anthrocene” (by
Andrew Revkin in 1992) and “Anthropocene” (by Eugene Stoermer in the 1980s and
popularized by Paul Crutzen in 2000) to coin the new geologic Era we are living after
Holocene (Rull 2018; Wilson 2016). No other species but humans had ever modified
the Earth in such a manner to cause the extremely high biodiversity loss in so little time
(geological time). It is difficult to quantify extinction rate of the last century but it has
been estimated between 10.000 and 50.000 species per year (27.000 by Edward O.
Wilson, Delibes 2005), which equals a minimum of 27 species lost per day and one per
hour. This rate is more than comparable to previous mass extinctions (Ceballos et al.
2015). We are not only on the side that suffer the consequences of such extinctions but
on the side that originates them, emulating M. Delibes, we are the meteorite driving the

planet to a sixth mass extinction (Delibes 2005).

From the mid-20th century, this concern was global in scope and materialized in
international organizations devoted to preserve biodiversity by promoting legal
instruments and specific research targets (Convention on Biological Diversity CBD;
International Union for Conservation of Nature /UCN; Strategic Plan 2020-Aichi
targets). From the 1970s, studies on global change drivers have also intensified, offering
a broad perspective of human impacts on nature and revealing there is much to be done
(Schlesinger 2006). In spite of all scientific efforts, biodiversity is declining at a faster
rate than we are able to fully understand the mechanisms underlying their causes and
consequences. This reason leads Edward O. Wilson, who promoted the term
biodiversity, to suggest the protection of half-Earth as the real solution to prevent most

of the species from extinction (Wilson 2016).

In fact, habitat destruction (human land use/land cover change) is one of the
most important causes of biodiversity loss, together with climate change,
overexploitation, and biological invasions, including pathogens (Sala et al. 2000;
Tylianakis et al. 2008; Vitousek 1994; Wilson 2016). Drivers of biodiversity loss are
not only diverse but also interconnected, increasing the variability of ecosystem
responses and complicating the predictions of each driver’s effect (Bradley et al. 2010;
Brook et al. 2008; Didham et al. 2007; Gonzalez-Varo et al. 2013; Sala et al. 2000).



INTRODUCTION

Biological invasions as drivers of global change

Box 1. Personal considerations

In this thesis I use indistinctly the terms alien, exotic, introduced, nonindigenous and
non-native species.

Because there is an ongoing debate on the definition of invasive species (Ricciardi et al.
2013), I specify here I refer to any nonnative organism that enters a novel environment
with human assistance, establishes a self-sustaining population, and spreads rapidly as
an invasive species.

Regarding the impact of invasive species, I would focus on the ecological impact and
consider it as any measurable and significant change on the properties or processes of
an ecosystem by a non-native species, regardless of perceived value to humans
(unifying previous definitions given by Ricciardi ef al. 2013 and Simberloff et al.
2013). I also use the terms impact and effect with the same purpose.

Biological invasions originate in the worldwide travels, which allow
transportation of species to remote places that would never be reached without human
help. Species translocation started to be significant at the end of the 18th century with
the European world colonization and became a serious threat with the globalization and
the international trade at the end of the 20th century. Human traveling is likely to
involve more than one species, both intentionally and accidentally. Attractiveness for
exotic and rare species, together with desire of possession have likely encouraged
transportation (Courchamp et al. 2006; Hulme et al. 2008; Pierce et al. 2003). For
example, exotic species serve as ornaments (e.g. Rosaceae, PySek 1998), pets (e.g.
Psittacidae, Lockwood 1999), and prey on sport hunting or fishing (e.g. red swamp
crayfish, Clavero 2016). Besides, exotic species can also become valuable resources
previously unavailable (Pejchar and Mooney 2009; Shackleton et al. 2018). Although
introduction of exotic species may have benefits for some stakeholders, it has been
amply demonstrated to have an impact in both short and long term in the novel
ecosystems with devastating consequences (Clavero and Garcia-Berthou 2005; Crooks
2002; Jeschke et al. 2014; Mack et al. 2000; Vila et al. 2011). Biological invasions alter
native ecosystems by direct predation, niche displacement, competitive exclusion,
hybridization and introgression, and parasitism, on native species (Kenis et al. 2009;
Mack et al. 2000; Mooney and Cleland 2001). But the effects on native species can also
be indirect by modifying environmental characteristics, inducing behavioral changes or

producing long-term cascading effects (Blackburn et al. 2014; David et al. 2017; Kenis
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et al. 2009; Mack et al. 2000). As major international concern, prevention, control and
eradication of the most harmful invasive species constitutes the 9th Aichi Biodiversity
Target within the Strategic Plan for 2020 of the CBD (Strategic Plan 2020-Aichi targets,
target 9).

Invasion Ecology: from the origins to the gaps

The study of biological invasions is not a new phenomenon. Charles Elton in his
famous volume The Ecology of invasions by animals and plants (1958), the most cited
source in the field (Richardson and Pysek 2008), already predicted the discipline and set
out concern on the consequences of biological invasions (Simberloff 2011). Invasion
ecology has grown in the last decades into a consolidated multi-disciplinary ecology
field. On one hand, species introduction are unplanned experiments that allow
addressing ecological questions on species’ natural history, interactions and evolution
(Meyerson and Mooney 2007). On the other hand, biological invasions are one of the
main drivers of global change and biotic homogenization, and their causes and
consequences on ecosystems should be studied (Bellard ez al. 2016; Hobbs and Mooney
2000; Holway and Suarez 2006; Mack et al. 2000; McKinney and Lockwood 1999;
Ricciardi 2007; Vitousek et al. 1996).

Albeit of the progress, the mechanisms and consequences of biological invasions
remain largely unknown (Kumschick et al. 2015; PySek et al. 2008; Ricciardi et al.
2013; Richardson 2011; Simberloff ef al. 2013). This is partially due to the difficulty in
assessing the impact on native ecosystems, especially when subtle, unsuspected and/or
delayed (Blackburn et al. 2014; Crooks 2005; Simberloff et al. 2013). Such overlooked
effects are common and potentially impinge structure and function of ecosystems in
unpredictable ways (Crooks 2002; Gozlan et al. 2005; Mack and D'Antonio 1998;
Rowles and O’Dowd 2009; Simberloff 2011). To fill these gaps, a broader scope is
needed. For example, switching to a more holistic approach by considering ecological
impacts as a continuous response rather than dichotomous, or by considering not only
invading species traits but also those of the recipient community and their interactions
(Catford et al. 2009; Pysek et al. 2012; Ricciardi et al. 2013). Once impacts at
community level on one taxa are recognized, it becomes essential to explore potential
effects on other different taxa at the ecosystem level. Far from one-sided, effects of

invasive species should be also looked at multiple sides (Pintor and Byers 2015;
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Ricciardi et al. 2013). Introduced species necessarily generate new ecological
relationships. Impact on native species has been mainly addressed by considering
invasive species as a predator (top-down) (Blackburn et al. 2004; Courchamp et al.
2000; David et al. 2017; Mollot et al. 2017; Salo et al. 2007). However, the opposite
perspective, by considering invasive species as prey, has received much less attention
(bottom-up effects) (David et al. 2017; Pintor and Byers 2015). Finally, there are other
biases in the study of invasion ecology, such as taxonomic and geographical (McKinney
and Lockwood 1999; Pysek et al. 2008). Expanding the already gathered knowledge to
the understudied taxa and areas would likely improve generalizations and provide new
insights on the invasion ecology. Nevertheless, taking advantage of the vast knowledge

of the most studied invasive species may help to unravel unexpected and subtle effects.

The role of ants in biological invasions

Ants constitute a suitable model to approach invasion ecology due to the variety
of interactions they establish and the functions they play in the ecosystems, together
with their broad geographical distribution in most terrestrial habitats. Ants are one of
the most diversified animal taxa, with more than 16,100 described species so far
(AntWeb). Ants are soil engineers and favor soil turnover but also act as predators,
herbivores, granivores, scavengers and detritivores (Holldobler and Wilson 1990). They
also establish a wide array of relationships, including mutualisms with plants and other
insects, contributing to seed dispersal and pollination (Ness et al. 2010). Besides, ants
serve as prey of specialist predators including amphibians (Berazategui et al. 2007),
reptiles (Pianka and Parker 1975), mammals (Naples 1999), birds (Wiebe and Gow
2013), and other invertebrates (Gotelli 1996), and are also host of many parasitoid
species (Feener and Brown 1997; Lachaud and Pérez-Lachaud 2012). Because of their
pervasiveness and ecological functionality, it is not surprising that they have been
considered good indicators of ecosystem change and recently suggested to help in the
restoration of degraded areas (Andersen and Majer 2004; Majer and Nichols 1998;
Moranz et al. 2013). However, many aspects remain to be studied, from taxonomic to
physiological, behavioral and ecological diversity (Frank et al. 2017; LeBrun et al.
2014; Shorter and Rueppell 2012)

12
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Ants' worst enemies are other ants

In addition to abiotic factors, several biotic determinants influence ant species
distribution and abundance such as the effect of other ant species within the same
community, so that each species abundance may be regulated by the ant species’
assemblage itself (Cerda et al. 2013). Invasive ants often disrupt native ant communities
and reduce their diversity with obvious implications on other organisms. There are at
least 147 introduced ant species (with established populations) (McGlynn 1999), 19 of
which are included in the Global Invasive Species Database (GISD). Besides,
Bertelsmeier et al. (2017) identified nine other ant species as potential invaders based
on their traits. Furthermore, from 17 invertebrate species in the list of “100 of the
world’s worst invaders”, five are ants (GISD; Lowe et al. 2000). Three of them belong
to the ant subfamiliy Myrmicinae, the red imported fire ant (Solenopsis invicta), the big-
headed ant (Pheidole megacephala) and the little fire ant (Wasmannia auropunctata);
the yellow crazy ant (Anoplolepis gracilipes) is a Formicine and the Argentine ant

(Linepithema humile) is a Dolichoderine.

In addition to the common traits shared with other invasive species such as being
generalist and easily dispersed by humans (McKinney and Lockwood 1999), invasive
ants are generally polygynous, small in size, highly aggressive, propagated by budding
and able to thrive in disturbed areas (peripatetic) (Holldobler and Wilson 1990; Holway
et al. 2002; Passera 1994). Besides, the key success of (most) invasive ants is their
cooperative behavior among workers from different nests (Holldobler and Wilson 1990;
Holway et al. 2002; Passera 1994). This social structure is known as unicoloniality and
results into numeric dominance and superior competitive abilities over native ant
species, which has been mainly studied with the Argentine ant as model species
(Carpintero and Reyes-Lopez 2008; Holway 1999; Morrison 2000; Rowles and
O’Dowd 2007; Walters and Mackay 2005).

Due to the mentioned ecological functionality of ants, invasive ants do not only
alter the native ant community but also negatively affect other organisms both directly
and indirectly, from individual to ecosystem levels, eventually inducing important
cascading effects with catastrophic consequences (see reviews in Holway et al. 2002;
Lach and Hooper-Bui 2010). Besides, once established, although there have been

recently some successful cases, eradication of invasive ants in natural areas without
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impact on non-target species is almost impossible due to the use of toxicants, many of
which were made for agricultural or urban scenarios (Hoffmann et al. 2016; Hoffmann
et al. 2010; Oi and Drees 2009; Spring et al. 2017, but see Diaz et al. 2013 for manual

removal of nests in a certain season).

The Argentine ant as study model

The Argentine ant, Linepithema humile (Mayr 1868), formerly Iridomyrmex
humilis, is one of the worst invasive species (Lowe et al. 2000; Luque ef al. 2013) and
also one of the most studied (the second after the zebra mussel, Pysek ef al. 2008). It
has been used to examine a variety of ecological issues across different continents
(Pysek et al. 2008). It is native from the Parand and Uruguay river basins in South
America, which include the countries of Brazil, Argentina, Uruguay and Paraguay, and
it has been introduced unintentionally in Mediterranean ecosystems all over the world
where it has striking success (Espadaler and Gémez 2003; Giraud et al. 2002; Suarez et
al. 2001; Van Wilgenburg et al. 2010; Vogel et al. 2010; Wetterer et al. 2009; Wild
2004).

Fig. 1. Worldwide distribution of the Argentine ant (native range in blue) (see 2.10 in Material and
Methods for further details).

14
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In Europe, the Argentine ant was detected for first time in the mid-19th century
in Madeira island, center of commerce between South America and Portugal, and at the
end of the century it was found in continental Europe (Portugal, Martins 1907; Schmitz
1897; Wetterer and Wetterer 2006). Over the course of the 20th century the Argentine
ant has spread mainly along the Mediterranean (but also Atlantic) coast. In Spain, it was

first detected in Valencia in the 1920s (Font-de-Mora 1923; Garcia-Mercet 1923).

Fig. 2. Argentine ants are barely 4 mm and lack a functional stinger. Due to their numerical superiority
and aggressiveness they are able to subdue native ants of much larger size, such as this harvester ant of
the genus Pogonomyrmex (Photo credits: @alexanderwild.com).

Where it is successful, the Argentine ant holds high-density colonies of
polygynous nests that lack intraspecific competition (unicoloniality, Helanterd et al.
2009; Suarez et al. 2008). Their abundance, together with their aggressiveness and
foraging efficiency contribute to disrupt the native ant community by means of
interference and exploitative competition (Abril and Gémez Lopez 2009; Angulo et al.
2011; Carpintero et al. 2007; Gordon and Heller 2014; Holway 1999; Sanders et al.
2003; Suarez et al. 1998; Tillberg et al. 2007, Fig. 2). Negative effects of the Argentine
ant on ant communities have been studied in great detail in California and Europe (e.g.,
Carpintero et al. 2005; Gordon and Heller 2014). Once the Argentine ant has
established successfully, it displaces almost all native ant species (Angulo et al. 2011;
Carpintero et al. 2005; Holway and Suarez 2006; Suarez et al. 1998). Despite their
small size, they also attack in mass nests of larger native ants that do not neccesarily

share the same food resources, such as Cataglyphis floricola, Messor lusitanicus,
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Pogonomyrmex subnitidus, P. californicus, P. rugosus, and Veromessor andrei (Angulo
et al. 2007; Zee and Holway 2006, S. Castro-Cobo and J. M. Vidal-Cordero pers.
comm.). Although the Argentine ant is omnivorous, it has a strong preference for sweet
substances that gets from farming mealybugs in shrubs and trees, especially in the
introduced range, the reason why is known as sugar ant (Holway et al. 2002; Newell
and Barber 1913; Tillberg et al. 2007). Therefore, it replaces native ants not only on the
ground but also on the trees (Angulo ef al. 2011; Carpintero et al. 2005; Wetterer et al.
2001).

The consequences of modifying the native ant communities have been largely
demonstrated, from agricultural ecosystems (i.e. orange orchards) where they constitute
a pest due to the mutualism with honeydew-secreting insects, to natural ecosystems
where they displace other invertebrates impinging on ecosystem processes such as
scavenging, plant pollination, and seed dispersion (see reviews in Holway et al. 2002;
Lach and Hooper-Bui 2010, and also Angulo et al. 2011). However, contrary to other
invasive ants (e.g., Solenopsis invicta), negative impacts have focused mainly on the
native ant community or other invertebrates, but studies about negative impacts on

vertebrates are relatively scarce (Table 1).

Table 1. Reported effects of invasive Argentine ants (Linepithema humile) on native vertebrate
species. We provide: location of the study (Location), study date (Date), whether comparisons between
invaded and uninvaded areas or treatments were done (Vs, yes/no), whether negative effects were
reported (Effect, yes/no), whether predation to the Argentine ant was attributed (Pred, yes/no). We
briefly describe the reported effect and observations when necessary. References are sorted by
publication year.

Species Location  Date Vs Effect Pred Reported effect Observations Ref
AMPHIBIANS & REPTILES
Japanese Hiroshima 2001 no no no None Argentine ants are the Ito et al. 2009
treefrog, Hyla Japan most abundant ant in the
Jjaponica stomachs of juveniles in
invaded areas
Gecko Doiiana, no yes yes Killandpreysome Field observation Delibes 2005
Spain small gecko
California, 1995- yes no no Lower abundance in Field sampling Fisher et al.
Coastal horned USA 1998 invaded areas 2002
lizard, California, 1999 yes no no Lower growth rate Diet lab experiment Suarez and
Phrynosoma  USA of hatchlings on a L. Case 2002
coronatum humile diet
blainvillei California, 1996- yes yes no Predator shifts to Scat-analyses. Low Suarez et al.
USA 1997 non-ant prey in preference for Argentine 2000
invaded areas ant in the lab
Several California, 1997 no yes yes Observations of Tropical captive animals Lemm 1997
reptilesand ~ USA reptiles swarmed and in collections; some
amphibian eaten by Argentine  individuals died days

ants after contact with ants
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Table 1. (Continued)

Species Location  Date Vs Effect Pred Reported effect Observations Ref
BIRDS
RapaNui, 2016 no no no Argentine ants Field experiment of Varela et al.
Pacific recruited to pipped ~ Argentine ant recruitment 2018
Island eggs to domestic hen eggs
Various California, 2014 yes yes no Birds avoid feeding  Field observations and Rankin et al.
humming- USA on nectar with aviary experiment. Taste 2018
birds species Argentine ants and odour cues.
Interference competition.
Bulwer’s Madeira, 2006- no yes yes Sporadic predation  Recent decrease in Boieiro et al.
petrels, Portugal 2017 of Argentine ants on Bulwer’s petrel breeding 2018
Bulweria hatchlings but no success coincident with
bulwerii effect on breeding the introduction of the
success Argentine ant.
Red-tailed RapaNui, 2014- no yes yes Disturbed adults and Direct observations. Flores et al.
tropicbirds, Pacific 2015 a chick partially Argentine ants were 2017
Phaethon Island predated by ants present in all nests
rubricauda
Tropicbird, P. Bermuda, 2013- no yes yes Five casesof Attributed predation to Mejias et al.
lepturus UK 2015 nestlings mortality ~ Argentine ants when ants 2017
catesbyi (one in 2014, four in were found over dead
2015) nestlings
Blue tit, Cataluiia,  2005- yes no no No effect on Resource competition Estany-
Cyanistes Spain 2007 breeding and (for caterpillar, Estany- Tigerstrom et
caeruleus offspring quality Tigerstrom et al. 2010) al. 2013
Insectivorous  Catalufia,  2005- yes no no Nodirecteffecton  Resource competition Pons et al.
birds Spain 2007 bird abundance 2010
Barn swallow, Dofiana, no yes yes Killand preytwo Field observation Delibes 2005
Hirundo Spain chicks on their nest
rustica
Hawaiian Hawaii, no yes yes Recruitheavily to This paper is a review Krushelnycky
goose, Branta USA pipped eggs and and referred to this data et al. 2005
sandvicensis attack emerging by F. Duvall pers. comm.
chicks
Dark-eyed California, 1998- no yes yes Killandresponsible Attributed predation if Suarez et al.
junko, Junco USA 2000 * for <2% of failed ants were over nestlings 2005
hyemalis nests. Argentine ants that were still living or
recruit to were eating nestlings that
experimental pipped were alive the previous
eggs visit
California California, 1989- no yes yes Attack and kill Field observation along a Hooper-Bui et
least tern, USA 1994 chicks study about southern fire  al. 2004
Sterna ant effects, Solenopsis
antillarum xyloni
browni
Least bell's California, 2000 no yes yes Prey upon hatchlings Video. Ants recruited Peterson et al.
vireo, Vireo  USA in a nest and caused  during hatching. 2004
bellii pusillus another to fledge 1- Nestlings were bitten
2 days early repeatedly.
Hawaiian Hawaii, 1994 yes no no No effect in nesting  Cold temperatures within ~ Krushelnycky
dark-rumped USA success between the petrel burrows et al. 2001
petrel, invaded and discourage heavy ant
Pterodroma uninvaded areas foraging to the nest
phaeopygia chambers
sandwichensis
California California, 1994- no yes yes 1.2% chicks Two nests with many Sockman 1997
gnatcatcher,  USA 1995 predation Argentine ants were
Polioptila considered to have been
melanura depredated
MAMALS
Shrews, California, 1995- yes yes no Negative effect on Field sampling. Cold soil Laakkonen et
Notiosorex USA 1999 N. crewfordi and no  temperatures inhibit ant ~ al. 2001
crawfordi, effect on S. ornatus  foraging into the deeper

Sorex ornatus

abundance.

parts of the burrows

* Comparison was made to assess recruitment of ants to experimental eggs but there was no comparison

in the chicks monitoring.
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Goals

This thesis explores the effect of the invasive Argentine ant on native
vertebrates. The main goal is to increase the understanding of the mechanisms
underlying the biodiversity loss, trying to fill some of the current gaps in invasion
ecology above-mentioned. On one side, I focus on bottom-up effects of invasive
species, which have received low attention (Section 1, Section 3). On the other side, |
focus on unexpected, subtle, overlooked impacts to understand their causes and
consequences (Section 2, Section 4). I use different empirical and experimental
approaches to obtain data from the field and laboratory conditions, measuring diverse
chemical, physiological, behavioral and ecological parameters. Finally, I address the
effects of the Argentine ant at different levels of organization, including individual
(Section 3), population (Section 4) and community (Section 1) levels. I focus on native
vertebrates that live in the invaded ecosystems, using amphibians and birds as study
models. My work is developed from two perspectives: First, from the vertebrates’ point
of view, as being native predators that will likely suffer from the prey depletion
associated to the Argentine ant invasion or directly exploit it as prey; Second,
considering native vertebrates during their most vulnerable stages (reproduction or early
developmental stages), as being susceptible to lethal or sub-lethal effects from the

invasive ant.
This general objective has been addressed through the following specific goals:

1) Impact of an invasive prey on native predators (Section 1):

i. To propose a theoretical framework that explains the effect of an
invasive prey on native predators, by expanding current hypotheses that
focus on the success or failure of an introduced prey in relation to native
predators.

ii.  To evaluate the bottom-up effect of the invasive prey on an amphibian
community, considering the degree of ant specialization of the native
predators.

2) The study of the Argentine ant venom (Section 2):
1. To assess the differential effect of the invasive ant on three species of

newly emerged amphibians.
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ii.  To identify and characterize the mechanism of attack the Argentine ant
use towards vertebrates comparing to its “sibling” native ant.

iii.  To quantify the potential global impacts on amphibian species, which
distribution ranges potentially overlap with those of the Argentine ant.

3) Effects on growth and survival:
1. To evaluate the effects of feeding on Argentine ants on the growth and

survival of metamorphosed amphibians (Section 3).

ii.  To assess the effects of breeding by native avian species on Argentine

ant invaded sites (Section 4).

In the subsequent sections, I describe the framework, justification, and specific

hypotheses and predictions of these goals.
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Section 1: Native predators living in invaded
areas: responses of terrestrial amphibian species
to an Argentine ant invasion

The vulnerability of native communities to invasions of nonnative species
depends on their ecological resistance, which is mainly defined by the presence of
native competitors and predators (Ricciardi et al. 2013). Predators can promote
resistance through a variety of mechanisms, including their abundance, their recognition
and consumption of invasive prey, their functional response to invasive prey, and their
ability to respond over time (Carlsson et al. 2009; Carthey and Banks 2014; Catford et
al. 2009; Twardochleb et al. 2012).

For example, the well-known enemy release hypothesis (as well as its variants,
such as the enemy reduction hypothesis and the enemy inversion hypothesis; Catford et
al. 2009) states that exotic species can become invasive because they lack coevolved
enemies in their introduced ranges (Colautti et al. 2004; Keane and Crawley 2002; Sih
et al. 2010). In such situations, native predators do not limit the invasion, because
predation does not occur or only occurs at low levels. In contrast, the more recently
published exotic prey naiveté hypothesis and the increased susceptibility hypothesis
posit that the naiveté of introduced prey species means they experience higher predation
pressures than do native prey species (Catford et al. 2009; Colautti et al. 2004; Li et al.
2011; Wanger et al. 2011). In this case, native predators should be able to control the
invasion by predating upon the introduced prey species, acting as a form of biotic
resistance. The specialist-generalist hypothesis states that invasion success should be
minimized when predators are generalists because they would, thus, be able to consume
introduced prey (Catford et al. 2009; Sax et al. 2007). Although dietary specialization
actually exists along a gradient, Catford et al. (2009) distinguish two extremes: the
absolute generalist, which interacts with any and all species, and the absolute specialist,
which preys upon a single species. However, if the invasive prey species can defend
itself chemically (e.g., with toxins), then it could escape even predation by generalists.
Such a situation is described by the novel weapons hypothesis—the competitive ability
of invasive prey would, therefore, be enhanced (Callaway and Ridenour 2004; Carlsson

et al. 2009; Ricciardi et al. 2013).
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These hypotheses are rather one-sided in that they largely focus on the success
of the introduced prey species without addressing effects on native predators (but see
Pintor and Byers 2015). By considering the effects on predators in each of these
scenarios, we can establish a theoretical framework for understanding how invasive
prey affects native predators. Here, we have expanded the hypotheses described above
to address the effects of introduced prey on predators with different degrees of dietary
specialization. According to the exotic prey naiveté and the increased susceptibility
hypotheses, predators may benefit from the large availability of naive prey because they
can consume them (Cabrera-Guzmaén et al. 2012; Glenn and Holway 2008; Monz6 et al.
2013; Wanger et al. 2011). Based on the specialist-generalist hypothesis, generalist
may benefit more than specialist predators (Catford et al. 2009; Maerz et al. 2005; Sax
et al. 2007). And based on the enemy release hypothesis native predators would benefit
more if the introduced prey species were relatively similar to native prey species
(Carlsson et al. 2009; Robbins et al. 2013). Finally, according to the novel weapons
hypothesis, predators will not benefit if the invasive prey releases toxins. Although
native predators could develop ways for dealing with toxins, this process is expected to
occur over the long term (Carlsson et al. 2009). Different degrees of naiveté have been
observed in prey (Banks and Dickman 2007) and may also exist in native predators. In
this sense, Bytheway ef al. (2016) have shown how behavioral flexibility on the part of
invasive predators can enable invaders to respond rapidly to novel situations. However,
such behavioral flexibility should be less common in native predators (Carlsson et al.
2009): the predator may not recognize a new prey species; it may recognize an invasive
species as prey but fail to capture it; or it may capture it without consuming it. Taken
together, these hypotheses suggest that native predators are more likely to be negatively
impacted under the following conditions: they have a more specialized diet; the invasive
prey species differs from the native prey species included in their diets; or the invasive

prey species releases toxins.

Ants play crucial ecological roles within ecosystems (Lach et al. 2010) and,
consequently, the negative effects of invasive ants can scale up to higher trophic levels
(Holway et al. 2002). The effects of the Argentine ant on non-ant species, including ant
specialist predators, have been studied in California and Japan (e.g., Suarez and Case
2002; Touyama et al. 2008). Unlike other invasive ants (e.g., Solenopsis invicta,

Wasmania auropunctata), which have a venomous stinger, the Argentine ant does not
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possess a functional stinger that it could use to defend itself from predators or to subdue
vertebrate prey (Holway ef al. 2002). Although the Argentine ant can prey on nestlings
of some bird species, it has not been considered to be a serious threat (Estany-
Tigerstrom et al. 2013; Estany-Tigerstrom et al. 2010; Hooper-Bui et al. 2004;
Sockman 1997; Suarez et al. 2005). When it comes to native predators in general,
negative effects related to prey displacement have been observed for the ant-eating
specialist Phrynosoma coronatum, the coastal horned lizard (Suarez and Case 2002;
Suarez et al. 2000); conversely, some ant-eating invertebrates appear to benefit from the
presence of this invasive ant (Glenn and Holway 2008; Touyama et al. 2008). These
contrasting results suggest that dietary specialization is not the only factor driving the

impacts of the Argentine ant on predators.

In this study, we examined the threat posed by the Argentine ant to a native
amphibian community. Amphibians are the world’s most vulnerable group of
vertebrates (accounting for ~41% of endangered species; Hoffmann et al. 2010).
Terrestrial amphibians are known to consume large quantities of ants (Table 2) and are,
thus, potentially vulnerable to Argentine ant invasions. We aimed to answer three key
questions. First, is amphibian abundance different in invaded areas because it is
dependent on dietary specialization? We predicted that the greater a species’ dietary
specialization on ants, the more its abundance would decrease in invaded areas. Second,
is ant availability similar in invaded and uninvaded areas, and do predators with
different dietary specializations track ant availability differently? We predicted that ant
consumption would track ant availability for generalist predators but would decrease for
the most specialized predators. Because no other ant species are available in invaded
areas, predators could compensate by consuming prey of other taxa (i.e., by excluding
ants from their diets). Then, if a dietary shift was to occur, the predators’ nitrogen
isotopic values would be expected to differ because the nitrogen isotopic value of a
predator reflects that of its prey (Post 2002). Third, do amphibian ant specialists prefer
native ants to Argentine ants? Is this preference affected by ant morphology or by prior
exposure to the Argentine ant? We predicted that the consumption of Argentine ants by
amphibian ant specialists would depend on the degree of similarity between the
Argentine ant and the native ant species consumed by the specialist. We also predicted
that prior exposure to the invader could alter consumption patterns in one of two ways:

(a) consumption could increase relative to a naive individual if the encounter resulted in
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the amphibian learning to recognize the Argentine ant as prey or (b) consumption could
decrease relative to a naive individual if the prior exposure resulted in a negative

experience and the amphibian learned to avoid eating Argentine ants.

Fig. 3. The natterjack toad, Epidalea calamita, is an active-search hunter highly myrmecophagous.
({llustration: Dailos Herndndez-Brito).
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Table 2. Percentage of Formicidae in the diet of four Mediterranean amphibian species in Spain. The
percentage provided is the mean (+ SE, when available); N is the number of individuals analyzed.
Locations are specified, as are the relevant references. When the data came from this study, they are
coded as INV for invaded areas and UNI for uninvaded areas.

Species Formicidae (%) N Location Reference
64.22 8 Almeria Valverde 1967
0 2 Dofiana Valverde 1967
72 62 Southern Spain  Lopez Jurado 1982

§ S 25.49 2 Salamanca Lizana et al. 1986

73 § High abundance - Salamanca Lizana & Pérez-

S Mellado 1990
19.50 10 Catalufia Bea et al. 1994
43.16 £4.44 27 Dofiana - INV  This study-Sectionl
4791 +5.09 35 Dofiana - UNI  This study-Section 1
58 105 Canarias Cott 1934

% Greatest abundance 5 Almeria Valverde 1967
E?\ g 21.75 77 Granada Hodar 1991
§ 32.64 £24.78 3 Dofiana - INV  This study-Section 1

33.30+11.10 6 Dofiana - UNI  This study-Section 1

2 16.71%* 43 Salamanca Lizana et al. 1986

28 1008 80  Visma, Galicia Vazquez 1999

%0% 12.6* 12 Isla de Salvora  Galan 2003

5 * 15.97 £ 8.63 6 Dofana - INV  This study-Section 1
2 12 Dofiana Valverde 1967

*§ .g 4.35 18 Dofiana Diaz-Paniagua 2005

§ % 0.42+0.42 16 Dofiana - INV  This study-Section 1
24.32 £15.93 8 Dofiana - UNI  This study-Section 1

*While all hymenopterans were counted, it was noted that most belonged to Formicidae.
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Section 2: Are amphibians threatened by a global
invasive ant?

Biological invasions have major impacts on ecosystem functioning and are
among the main cause of biodiversity loss worldwide. Recently, invasive species have
been categorized based on their impacts (Blackburn et al. 2014), and strategies for
recognizing high-impact species have been proposed (Kumschick et al. 2015).
However, three main issues hamper our ability to accurately predict a given species’
impact. First, some of the pervasive effects of invaders are unexpected and not readily
detected (Simberloff ef al. 2013). Second, research on the impact of invaders is highly
skewed toward certain taxa or certain biological traits (Bellard and Jeschke 2016;
Kumschick et al. 2015; PySek et al. 2008; Seebens et al. 2018). Third, a lack of
mechanistic information on how an invader interacts with native taxa may lead to a
species being placed in a lower impact category than might otherwise be the case

(Blackburn et al. 2014).

Five ant species are among the worst invaders (Lowe et al. 2000) and, broadly
speaking, the mechanistic underpinning for their impacts is competition (exploitative
and/or interference) with native species within ant communities, which results in whole-
ecosystem changes. Three of these top invasive ants also have negative consequences
due to opportunistic predation, poisoning, or toxicity; they are the red imported fire ant,
Solenopsis invicta, the little fire ant, Wasmannia auropunctata, and the yellow crazy
ant, Anoplolepis gracilipes (GISD; Holway et al. 2002). The impacts of the Argentine
ant also ripple up to higher trophic levels—by affecting ant predators, mainly through
dietary shifts driven by changes in the ant community (Alvarez-Blanco et al. 2017 =
Section 1; Suarez and Case 2002). While the invasive ant S. invicta preys on vertebrates
(Allen et al. 2004), only a few studies suggest that Linepithema humile may
occasionally prey on nestlings of ground-nesting birds (Boieiro et al. 2018; Flores et al.
2017; Hooper-Bui et al. 2004; Sockman 1997; Suarez et al. 2005). Unlike L. humile, S.
invicta has a stinger and injects venom in its prey (Langkilde 2009). L. humile lacks
visible weapons (e.g., a functional stinger or large mandibles), but a recent study
established that it nonetheless deploys defensive compounds against native ants (Welzel

et al. 2018).
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Here, we show how the use of toxic chemicals by L. humile can be lethal to
juvenile terrestrial amphibians of three species, a group that includes the ant’s main
potential predators. To characterize the magnitude of L. humile’s impacts, we estimated
levels of ant aggression directed at amphibians, the composition and quantities of the
toxin used, and the mechanisms of toxicity in juvenile amphibians. To determine the
potential scope of the threat faced by amphibians, we employed global databases to
estimate the number of terrestrial amphibian species whose ranges and habitats
overlapped with those of the Argentine ant. We then looked at the [UCN Red List status
of those species. Extrapolating from the toxicity results and the amphibian distribution
analysis, there is strong evidence suggesting that this ant could cause major ecosystem
impacts at higher trophic levels via toxicity-mediated predation, a previously

unsuspected mechanism with serious implications for amphibian conservation.

Fig. 4. Dolichoderine ants have a highly developed pygidial gland. Iridomyrmecin is released from the
gland reservoirs of the Argentine ant in droplets (/lustration: Maria Leon).
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Section 3: Survival and growth of native toadlets
feeding on an invasive ant prey

Biological invasions disrupt trophic relationships, causing negative effects on
native ecosystems. Because predator-prey interactions are major drivers of ecosystem
dynamics (Sergio et al. 2006), they also represent an essential aspect of invasions.
Invasive species frequently alter existing predator-prey interactions, which may have
unexpected effects on the ecosystem (Carlsson et al. 2009; Caut et al. 2008). The most
harmful effect of invasive species, causing local species extinction, is through direct
predation (David ef al. 2017). Thus, a great deal of theoretical work has focused on the
impacts of invasive predators on native preys (Ricciardi et al. 2013). In contrast, less
work has examined the effects of invasive prey species on native predators. Pintor and
Bayes (2015) performed a meta-analysis to quantify the global effects of the non-native
preys on the native predator abundance as well as on predator fitness parameters, such
as their survival and growth rate. While they found that the abundance of predators
generally increased following prey invasion, a less clear pattern appeared when

examining fitness parameters.

Several scenarios are possible regarding the effect of invasive prey on fitness of
native predators, resulting in either positive or negative outcomes for predators.
Invasive prey can thus benefit native predators if these can learn or adapt to exploit it as
a suitable resource (Carlsson et al. 2009; Pintor and Byers 2015). Some predators
benefit from the higher abundance of invasive prey, like the native purple martin
(Progne subis), which increases its foraging efficiency by feeding on the red imported
fire ant (Solenopsis invicta) during their mating flights (Helms ef al. 2016). Similarly,
the native woodland salamander (Plethodon cinereus) experienced higher growth in the
presence of the invasive earthworm (Lumbricus terrestris), considered a suitable prey
item (Ransom 2012). Other predators showed higher developmental rates when feeding
on invasive prey rather than on native ones. Such is the case of the pit-building antlion
(Myrmeleon), which experiences higher growth rates and develops longer mandibles
when feeding on the Argentine ant (Linepithema humile) compared to native ants
(Glenn and Holway 2008). Net increases in native predator abundance can also occur in
the presence of invasive prey, as in the case of the jumping spider Siler cupreus in the

presence of invasive Argentine ants (Touyama et al. 2008).
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Alternatively, the presence of invasive prey can be detrimental to native
predators. For example, the population of the specialist coastal horned lizard
(Phrynosoma coronatum blainvillei) was shown to decline when feeding on the
invasive Argentine ant (Suarez and Case 2002; Suarez et al. 2000). Some predators
have also been found to be less abundant in invaded areas, as is the case for natterjack
toads (Epidalea calamita) inhabiting areas invaded by the Argentine ant (Alvarez-
Blanco et al. 2017 = Section 1). Recently, Langkilde et al. (2017) reviewed the costs
that native predators suffer as a consequence of native prey being replaced by invasive
species. These include reduced reproductive input, increased energy expenditure and
exposure to unknown toxins or venoms from the invasive prey. Pintor and Bayes (2015)
suggested that one of the key determinants of negative impacts of invasive prey on
native predators consists in the prey having a low nutritious value. But it could also be
the case that invasive prey has toxins or venoms (Callaway and Ridenour 2004;
Carlsson et al. 2009; Ricciardi et al. 2013), which constitute a chemical defense in their
native range (Berenbaum 1995; Uemura et al. 2017). Toxic invasive prey can thus take
advantage of their chemical defenses in the invasive range, benefiting from the lack of
coevolution with native predators and the resulting predator naivety to the prey
chemicals (Hagman et al. 2009; Sih et al. 2010). This is the case of the invasive cane
toad (Rhinella marina), introduced in Australia as pest control, and exhibits lethal
toxicity to many native predators including snakes (Jolly et al. 2016), frogs (Crossland
2000), and crocodiles (Letnic ef al. 2008). A second example is the red imported fire
ant, which acts as both predator and prey to native eastern fence lizards (Sceloporus
undulatus). When eaten, these ants sting lizards in their mouths with potentially fatal
results (Langkilde and Freidenfelds 2010). In both cases, native predators have evolved
or learned morphological or behavioral mechanisms to avoid envenomation
(Freidenfelds et al. 2012; Langkilde 2009; Long et al. 2015; Robbins and Langkilde
2012). Such defensive mechanisms may incur in indirect costs such as increased energy
expenditure (Ligon ef al. 2012; Long et al. 2015) or increased predation risk from other
predators (Orrock and Danielson 2004).

The Argentine ant is the main ant available for predators in invaded areas
(Alvarez-Blanco et al. 2017 = Section 1; Angulo et al. 2011; Carpintero et al. 2007;
Holway et al. 2002). It has recently been shown that the Argentine ant possesses

chemical compounds to repel other ant species (Welzel et al. 2018). Moreover, these
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chemical compounds are also used to kill newly emerged toadlets in invaded areas
(Section 2). The venom is released over the toadlets, who absorb it through their
permeable skin, reaching vital organs and causing irreversible damages (Section 2).
Although various amphibian species are known to prey on Argentine ants (Alvarez-
Blanco ef al. 2017 = Section 1; Beard 2007; Ito et al. 2009; Wallis et al. 2016), the
toxicity of their consumption has never been explored, and could very likely

compromise their fitness.

Here, we experimentally measured the survival and growth rates of two
terrestrial amphibian species when fed on either the invasive Argentine ant or a native
ant, Tapinoma cf. nigerrimum. We chose two amphibians that are known to consume
Argentine ants with different degrees of diet specialization, natterjack toads (Epidalea
calamita) and western spadefoot toads (Pelobates cultripes). We focus on newly
metamorphosed toadlets because size variation at metamorphosis is the variable that
best predicts juvenile survival to adulthood (Cabrera-Guzman et al. 2013; Gomez-
Mestre and Tejedo 2003) and is likely to be the life stage at greater risk from
detrimental interactions with invasive ants. Because of the lack of coevolution among
native predators and invasive prey, we expected that feeding and coexisting with the
Argentine ant could reduce predators’ survivorship and/or growth rate, due to higher
energy consumption required to detect, capture and digest the new prey, envenomation

through the skin, internal damage to vital organs, or a combination of these.

Fig. 5. Newly metamorphosed Epidalea calamita are specially vulnerable and their development is
crucial in this early terrestrial stage (/llustration : Maria Ledn).
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Section 4: The physiological consequences of
growing in Argentine ant invaded areas

Despite the ubiquity of birds and ants, their ecological relevance and the effort
devoted in studying independently several aspects of their biology, the nature of the
interactions between both taxa remains poorly understood. Direct interactions such as
predation-prey relationships are potentially reciprocal (Ridlehuber 1982; Stake and
Cimprich 2003; Stoddard 1931; Strong 2000; Wiebe and Gow 2013). However,
evidence on ant species actively preying upon alive birds is scarce, and has proven
difficult to detect than vice versa. Despite the differences in size, competition for
resources between birds and ants has also been reported through both, exploitative and
interference competition (Aho et al. 1997, 1999; Haemig 1996; Lambrechts and Schatz
2014; Philpott et al. 2005). From these studies, ants seem to win in both types of
competition, partially supporting Persson’s hypothesis (1985). Persson’s hypothesis
states that smaller animals should be superior than larger ones in exploitative
competition, especially when resources are scarce, but the opposite should be expected
in interference competition. Facilitative interactions between birds and ants have also
been reported (Haemig 2001), for example when ants take advantage of bird nests
because of microclimatic conditions and available food resources (nestling food remains
and nest-dwelling fauna) (Mitrus et al. 2016). Likewise, birds may follow ant trails (i.e.
army ants) to forage on insects flushed by the ant swarm (Di Giacomo and Di Giacomo
2006), or seek ant-protection from other predators by choosing nesting locations
selectively (Gilardi and von Kugelgen 1991; Grimes 1973; Janzen 1969; Young et al.
1990). Furthermore, interactions may not be mutually exclusive, and be context-
dependent by changing from competitive or even predatory to facilitative (Haemig
1999, 2001). Additionally, the intensity of the interactions is time-dependent and varies
with different life history stages of the taxa involved (Allen ef al. 2004; Boieiro et al.
2018; Drees 1994; Lambrechts et al. 2008). However, although a wide range of
interactions between ants and birds have been studied, proximate causes and

consequences of most observed interactions remain unclear.

Ant invasions are known to disrupt native ant community and modify the

established interactions with other taxa such as birds. There have been several studies
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on the effect of invasive ants on native birds, particularly during reproduction, which is
a sensitive period of their life-history, especially for developing chicks. Most studies
report negative effects on both behavior and breeding performance (see reviews in
Allen et al. 2004; Holway et al. 2002; Lach and Hooper-Bui 2010; Suarez et al. 2005).
Invasive ants have been reported to reduce productivity and induce behavioral shifts by
direct attacks or even predation events (eggs, nestlings, adults) (Allen et al. 2004; Davis
et al. 2008; Matsui et al. 2009; Plentovich et al. 2009; Plentovich et al. 2018). Most of
these studies concern the red imported fire ant (Solenopsis invicta) and also other
invasive ants known by their powerful venoms (i.e. Anoplolepis gracilipes, Solenopsis
geminata) (Lach and Hooper-Bui 2010). The invasive Argentine ant is known to
compete with native birds over food resources (Estany-Tigerstrom et al. 2010; Rankin
et al. 2018). However, in most cases the effects on reproduction have been negligible,
and seldom compared with the effects of other native ant species (Table 1). Argentine
ants’ mechanisms of interference with bird reproduction are unknown, and the effects

might be subtle and with lagged consequences.

Here, we explored the effects of breeding in Argentine ants’ invaded sites in a
passerine bird species at its distribution margin, where it is exposed to suboptimal
conditions and thus can be particularly sensitive to environmental challenges. The great
tit (Parus major) is a widely distributed passerine bird species (Gosler 1993). Despite
the extensive knowledge on the specie's central population dynamics, information on
the demography at the distribution margin is largely incomplete (e.g., Clobert et al.
1988; Dhondt et al. 1990; Karvonen et al. 2012). The limiting conditions of the great tit
populations at the distribution margins in southern Europe (i.e. harsh climatic
conditions and limited food resources) may bring to light the effects of the Argentine
ant on their reproduction, which may be counteracted at optimal condition sites as

suggested by Estany-Tigerstrom et al. (2013).

We assessed the nest-site selection and the breeding success of a great tit’s
population in invaded and uninvaded areas over five years. Moreover, we evaluated the
consequences of growing in an area invaded by the Argentine ant by analyzing
biometric and several blood parameters related to the oxidative balance and nutritional
condition, in both nestlings and adults. We hypothesize that Argentine ants will affect
great tit nests and negatively affect their reproduction. To test the Argentine ant’s

willingness to forage in breeding nests, we performed a field experiment in the study
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area with artificial nests and eggs. This experiment also allowed us to compare the

efficiency in finding different nest contents by invasive and native ants.

Fig. 6. The great tit, Parus major (/llustration: Maria Ledn).
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Study area

Dofiana National Park is located on the southwest coast of Spain, on the right
bank of the mouth of the Guadalquivir river (Huelva and Seville, 37° 2'33.24"N,
6°26'4.12"W, from 37°08'32"N, 6°33'46"W to 36°47'41"N, 6°15'07"W, see Fig. 7a).
Climate is Mediterranean sub-humid with oceanic influence, and alternates a mild and
rainy period in autumn and winter with a hot and dry period in summer. It is a refuge of
fauna and flora of 54,252 ha, unique for biodiversity conservation (UNESCO Biosphere
Reserve in 1980, Ramsar Wetland of International Importance in 1982, UNESCO
World Heritage site in 1994). Dofiana wetlands are a key stop on the migratory route of
birds, in addition to being a breeding and wintering area. Soils of aeolian origin,
together with the proximity of the water-table to the surface, lead to a unique system of
more than 3,000 temporary ponds during wet years (Diaz-Paniagua et al. 2010; Diaz-
Paniagua et al. 2016). Dofiana ponds and wetlands are home to 11 of the 13 amphibian
species present in the southwest of Spain, five of which are Iberian-endemic (Diaz-
Paniagua et al. 2016; Diaz-Paniagua et al. 2005). With respect to ants, more than
40 species live in Donana, including both Iberian- and local-endemics, which represent
14% of the known species in the Iberian Peninsula (Carpintero 2001; Sanchez-Garcia

etal 2017).

The field work in this thesis was carried out at Dofana Biological Reserve
(hereafter RBD, 36°59'29"N, 6°27'W, see Fig. 7), which is contained within the
National Park. RBD comprises both marshland and a matrix of dry and wet
Mediterranean scrublands (Fig. 7a,d). The transitional area between the marshland and
the scrubland matrix is called "La Vera". Dry scrublands, or "monte blanco", are
characterized by an abundance of Halimium halimifolium and rock rose (Cistus
salvifolius, C. libanotis), and in the drier areas, topped lavender (Lavandula stoechas),
rosemary (Rosmarinus officinalis), and thyme (Thymus mastichina), alternating with
grassland patches. Wet scrublands, or "monte negro", are thicker and grow on very
humid soils. The dominant species are heathers (Erica ciliaris, E. scoparia,
E. umbellata, Calluna vulgaris) mixed with common myrtle (Myrtus communis), gorse

(Ulex minor), wild blackberry (Rubus ulmifolius), and bracken (Pteridium aquilinum),

35



MATERIALS and METHODS

among others. "La Vera" is an ecotone strip of eutrophic grassland and phreatophytic
scrub vegetation (including Juncus spp., Ulex sp., and Rubus spp.), cork oaks, ash
(Fraxinus angustifolia), and poplar trees (Populus alba, P. nigra). Scrublands contain
isolated cork oak trees (Quercus suber) and scattered pine plantations (Pinus pinea).
The cork oak is a keystone species because it shelters many species against the region’s
hot, dry summers—the tree’s canopy provides shade and the root system keeps
shallower soil humid (Kurz-Besson et al. 2006)—and its location near temporary ponds
results in a clear environmental gradient under the tree canopy (wetter conditions closer

to the pond side and drier conditions on the opposite side of the tree) (Fig. 7b,c).
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Fig. 7. Study area at Dofiana National Park. Location and boundaries of the National Park and the
Biological Reserve (a). Argentine ant invasion (red) in the study area (d). Temporal pond (b) and
centenarian cork oak tree (c). (Photo credits: Paloma Alvarez-Blanco (b), Fernando Amor (c)).
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Study species

Native ants

Three native ant species, all omnivorous and commonly found in RBD, were
used to carry out comparisons with the invasive Argentine ant: Tapinoma cf.
nigerrimum (Nylander, 1856), Aphaenogaster senilis Mayr, 1853 and Crematogaster
scutellaris (Olivier, 1792) (Fig. 8).

Fig. 8. Native ants Tapinoma cf. nigerrimum (a), Aphaenogaster senilis (b), and Crematogaster
scutellaris (c) (Photo credits: Fernando Amor).

In the study area, Tapinoma is the only native genus in the subfamily
Dolichoderine, which also includes the invasive Linepithema (Carpintero 2001). Thus,
T. cf. nigerrimum is taxonomically related to the Argentine ant, with which it also
shares many life-history traits, including polygyny (more than one queen per colony),
polydomy (more than one nest per colony), and their main food resource, the honeydew
of scale insects and aphids (Arnan et al. 2012). T. cf. nigerrimum is a black
polymorphic ant that measures 4 mm on average, and is famous for its peculiar odor of
butyric acid (similar to butter). A. senilis is an Iberian endemic (Angulo et al. 2011,
Collingwood and Yarrow 1969) and one of the most abundant scrubland species in the
study area (Angulo et al 2011; Carpintero 2001). It is black, monogynous,
monomorphic, and three times larger than the Argentine ant (Arnan et al. 2012).
Finally, C. scutellaris is an arboreal two-toned (black and red) ant, also monogynous
and monomorphic, and the most abundant species in Donana’s cork oaks, where they

live in the tree trunks (Angulo et al. 2011; Carpintero et al. 2005).
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Amphibians

Three of the most abundant terrestrial species in Dofiana were selected to
perform experimental approaches to evaluate the impact of the invasive Argentine ant
on native amphibians (Sections 1-3): the natterjack toad, Epidalea calamita (Laurenti,
1768) (= Bufo calamita), the western spadefoot toad, Pelobates cultripes (Cuvier, 1829)
and the Mediterranean tree frog, Hyla meridionalis (Boettger 1874) (Diaz-Paniagua
et al. 2006).

Fig. 9. Adults (a-c) and juveniles (d-f) of the natterjack toad (Epidalea calamita), the spadefoot toad
(Pelobates cultripes) and the Mediterranean tree frog (Hyla meridionalis) (Photo credits: Francisco J.
Gomez-Chicano (a), Eduardo Rodriguez-Exposito (b,c), Paloma Alvarez-Blanco (d,e), Carmen Diaz-Panigua (f)).

The natterjack toad, E. calamita, is an active-search hunter and has been
commonly observed feeding on ants directly from the entrance of the nest (Gonzélez de
la Vega 1988). It breeds in small, shallow ponds (short hydroperiod in temporary ponds
at Dofiana) and has a short larval development period (Diaz-Paniagua et al. 2010).
Newly metamorphosed individuals are very small, and spend about one month feeding

in the vicinity of the ponds before dispersing (Diaz-Paniagua et al. 2005).

The spadefoot toad, P. cultripes, is a more generalist predator, as demonstrated
by its “sit-and-wait” foraging strategy (Garcia-Paris 1990). It is highly terrestrial, except
in the breeding season, and lives in sandy substrates which it can excavate easily using
the characteristic coriaceous spades on its hind limbs (Diaz-Paniagua et al. 2005;
Recuero 2014). It breeds in deep ponds (long hydroperiod in temporary ponds at

Dofiana) and has a long larval development period (Diaz-Paniagua et al. 2010). Newly
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metamorphosed individuals may vary greatly in size, but are always much larger than

those of E. calamita.

The Mediterranean tree frog, H. meridionalis, is mainly arboreal and displays an
intermediate degree of ant-specialization between E. calamita and P. cultripes. It breeds
in medium to deep ponds (medium and long hydroperiod at temporary ponds at
Dofiana), and is especially found in ponds next to cork oak trees (Diaz-Paniagua et al.
2005). Newly metamorphosed individuals are intermediate in size between E. calamita

and P. cultripes.

The great tit

The great tit, Parus major (Linnaeus, 1758), is a widely distributed passerine
that occupies a varied range of habitats, from dense deciduous and conifer forests to
areas with dispersed trees (Clobert et al. 1988). It reaches the southern end of its
European distribution in the study region (Shirihai and Svensson 2018). Great tits
become territorial during the breeding season, usually keep their mates for life, and
breed in the same area in subsequent years (Clobert et al. 1988). Great tits nest in tree
cavities, which make this species suited to living in artificial nest boxes in which its

reproduction can be monitored (Clobert et al. 1988).

Fig. 10. Reproductive cycle of the great tit, Parus major (Photo credits: Paloma Alvarez-Blanco).
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The great tit demonstrates sexual dimorphism as well as task division among the
sexes. Males defend the territory while females build the nest and incubate the eggs, and
both sexes feed the chicks (Clobert et al. 1988). Females lay between four to twelve
eggs per clutch and start to incubate when the clutch is complete (Clobert et al. 1988).
Chicks are altricial: they hatch blind, naked, and unable to regulate their body
temperature. Parental care in great tits is essential, including brooding, feeding,
protection, and nest-sanitation. Adults and offspring have different diet requirements.
Adults are mainly insectivorous in spring and summer, and feed on a wide range of
seeds in fall and winter, when insect availability decreases (Clobert ef al. 1988). Chicks
demand large amounts of protein per day, with Lepidoptera larvae (caterpillars) as their
main food resource (Clobert et al. 1988). Chicks fledge after 19-21 days in the nest
(Clobert et al. 1988). Great tit was used as study model in Section 4.

Ethical issues

Experimental procedures were approved by the CSIC Ethics Committee and
complied with Spanish legislation regarding the protection of wildlife used for scientific
purposes (CEBA-EBD 11/36 [Sections 1, 2, 4]; CEBA-EBD 11/36b [Section 2]; CEBA-
EBD 529/2016). The regional government of Andalucia approved the necessary field
work (DGPAG 17/01/2018/004 [Section 3]; 1043/MDCG/mect [Sections 1 — 4]; 2014-
1073-00000613-FOH/MDCG/mect ~ [Sections 2, 4];  2015-1073-00001494-
FOH/MDCG/mect, and 2015-1073-00003362-JPCD/MDCG/mes  [Section 4]).
Alejandro Berto-Moran was the veterinarian in charge of animal health and welfare for
the Donana Biological Station (EBD — CSIC) and RBD experimental facilities. Personal
authorization to carry out animal experimentation was given by the Spanish
MAGRAMA (CAP-T-0220-15 and EXP-000261 to Paloma Alvarez-Blanco, and CAP-
T-0224-15 to Elena Angulo).
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Distribution of the Argentine ant in Dofiana

The Argentine ant is the only introduced ant species in Dofiana (Angulo et al.
2007; Angulo et al. 2016; Carpintero 2001) and virtually the only ant species in the
invaded areas (Angulo et al. 2007; Angulo et al. 2011; Carpintero et al. 2007;
Carpintero and Reyes-Lopez 2008; Carpintero et al. 2003).

In the 1970s, the Argentine ant, Linepithema humile, was unintentionally
introduced to the RBD in the reserve’s field station (Angulo et al. 2011). It has spread
to nearby natural habitats that have suitable microclimatic conditions (Angulo et al.
2011; Carpintero et al. 2003, Fig. 7d). Given that queens are wingless and workers
travel only short distances (Heller et al. 2008), the invasion of natural areas relies on
inadvertent and sporadic transport by humans, predators, or scavengers (Carpintero
et al. 2005, Castro-Cobo et al. In prep.). Harsh climatic conditions during summer are
the main factor that limits the spread of the invasive ant throughout the area. Thus, dry
scrubland presents more of a challenge to the Argentine ant, to the benefit of the more-
adapted native ant species (Angulo et al. 2011). However, centenarian cork oak trees in
Dofiana are a perfect microhabitat: they maintain humidity even during summer drought
due to their deep roots (Kurz-Besson et al. 2006), and Argentine ants take advantage of
this. Under the cork oak canopies, a dense network of interconnected nests can be
found, and ants also forage in the tree trunk and branches (Carpintero et al. 2005). Some
pines (Pinus pinea) in the northern part of "El pinar de San Agustin", and the poplar
trees (Populus sp.) nearby the marshland are also invaded (Angulo ef al. 2011). Invaded
and uninvaded trees are quite interspersed. In fact, the Argentine ant is patchily
distributed in the study area, which allows a comparison of invaded and uninvaded

areas with similar environmental conditions (Fig. 7d).

41



MATERIALS and METHODS

Section 1: Native predators living in invaded
areas: responses of terrestrial amphibian species
to an Argentine ant invasion

1.1. Field study

One week of sampling was conducted at RBD during the summer and fall of
2009 and the winter and spring of 2010. Sampling took place in and under ten
centenarian cork oaks (hereafter, tree areas), five of which had been invaded and five of
which remained uninvaded by the Argentine ant. Each tree area was treated as an
independent replicate. To be more certain that the amphibians studied were not
experiencing both invaded and uninvaded areas, no invaded tree area was closer than
250 m to any uninvaded tree area. Within groups (invaded or uninvaded), tree areas
were separated by at least 40 m. This distance guaranteed independence in ground and
tree arthropod sampling (Angulo et al. 2007; Gove et al. 2009). We were only able to
sample a limited number of trees because the National Park restricted amphibian
trapping and the access to some invaded trees (because of waterbird conservation

concerns) and because the Argentine ant invasion pattern is patchy (Fig. 7d).

Sampling the abundance of amphibian predators

Amphibians were captured using three pitfall trap lines composed of three
bucket traps each (30 x 40 cm) and a barrier of 3 m x 50 c¢cm to guide individuals into
the buckets (Fig. 11). Traps were deployed for 7 days during each season and checked
every 3 h. Most of the individuals captured were euthanized to examine their gut
contents and to collect tissue samples for the stable isotope analyses. Samples were kept

in 70% alcohol until further analyses could take place in the laboratory.

Sampling the availability of invertebrate prey

Invertebrates were sampled using seven pitfall traps (200-ml PVC cups 2/3 full
of soapy water) and two white traps (for flying arthropods; 25 x 50 x 10 cm trays
partially filled with soapy water) placed on the ground under the tree canopy (Fig. 11).
Another seven pitfall traps were attached to the tree’s branches and trunk. Traps were

deployed for 3 days per sampling period and the invertebrates, collected every day,

42



MATERIALS and METHODS

were kept in 70% alcohol. All invertebrates were identified to the lowest taxonomic
level possible. The total number of individuals was then calculated for each taxonomic
group caught for each sampling day, tree area, and sampling season. This number was
used to estimate biomass: the number of individuals was multiplied by the mean mass
for each taxonomic group, which was obtained by measuring the dry mass of 10-30

individuals.

CORK OAK TREE I

|:| 2 ftraps for winged invertebrates

I:=:I 3 amphibian pitfall trap lines
(3 buckets+ 1 3-m barrier)

O 14 invertebrate pitfall traps

d tree trunk

' Canopy shade

Fig. 11. (a) A picture of a cork oak (Quercus suber) and (b) schematic of the trapping protocol for a given
tree. The pitfall traps shown inside the tree trunk were attached to the trunk and branches (Photo credits:
Xim Cerdd).

Stomach content analyses

Predator stomach fullness (i.e., whether the stomach contained food or was
empty) was determined, and the stomach contents were removed and preserved in
alcohol (70%) until the prey species could be identified to the lowest taxonomic level
possible using the invertebrates obtained in the pitfall traps as references. The relative
importance of each prey item in a predator’s diet was assessed in two ways: (1) using
prey biomass: the percentage of total biomass attributable to each prey item
(100 x [biomass of a specific prey item/total biomass of all prey items]) and (2) prey

frequency: the percentage of each prey item across all non-empty stomachs
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(100 x [number of stomachs containing a specific prey item/total number of stomachs
containing prey]). To limit bias due to digestion in the biomass calculations, the mass of
the whole body of one individual was used, which was determined using the individuals

obtained via pitfall trapping.

A cumulative prey curve was constructed to assess whether an adequate number
of stomachs had been sampled. The order of the stomachs was randomized ten times,
and the mean (£ SE) of singleton prey items was plotted to minimize the possible bias
resulting from sampling order. The point at which the prey curve approached an
asymptote revealed the number of stomachs needed to accurately characterize the diet

(Fig. 14).

Isotopic analyses

Stable isotope methods are currently among the most powerful tools used in the
study of trophic relationships and animal diets. However, it is difficult to obtain exact
estimates of isotopic values, as they can be affected by a number of factors (Caut et al.
2009; Post 2002; Vanderklift and Ponsard 2003). To reduce variability when comparing
the isotopic values of amphibians captured in different areas and on different dates, it is
necessary to obtain an isotopic baseline (Lorrain et al. 2015). Isotopic baselines are
known to vary across time and space and can influence the range of nitrogen isotopic
values within a given food chain at a given time. To estimate the nitrogen isotopic
baseline, samples of the most abundant plant species found in the shade cast by the
canopy of each tree were collected during each season and identified. The mean of their
isotopic values was used as the baseline. To estimate the nitrogen isotopic values for the
amphibians, liver samples were collected. Both sample types (plants and amphibian
livers) were dried at 60 °C for 48 h, ground to a fine powder, weighed in tin capsules,
and stored in a desiccator until isotopic analyses took place. The analyses were
performed using a continuous flow isotope ratio mass spectrometry system that
consisted of a Flash HT Plus elemental analyzer coupled to a Delta-V Advantage
isotope ratio mass spectrometer via a CONFLO IV interface (Thermo Fisher Scientific,
Bremen, Germany). The system was located in the Stable Isotope Laboratory at the
Dofiana Biological Station (LIE-EBD; http://www.ebd.csic.es/lie/Home.html). Isotopic
ratios are presented as O values (%o); they are relative to atmospheric nitrogen and

expressed as d BN = [(Rsampie/Rstandara) — 1] % 1000, where R is ISN/™N. The reference
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material was IAEA-N1 (+ 0.4%0). Replicates of internal laboratory standards (which
had been previously calibrated with international standards such as TAEA-N1) were
regularly included in the sampling sequence and indicated that analytical measurement

errors never exceeded = 0.2%eo.

1.2. Laboratory preference experiment

Fourteen adult natterjack toads (E. calamita) were captured in the field in spring
2013. Eight came from uninvaded areas, and six came from invaded areas. All the
adults collected in uninvaded areas were captured 1.5 km away from invaded areas. It is
highly unlikely that they had previous contact with the Argentine ant. In the laboratory,
they were individually housed and fed mealworms, pillbugs, and small crickets
ad libitum. The day before each preference trial, the toads were not fed. In addition,
several hundred workers were collected from colonies of the Argentine ant and from
colonies of three native ant species: Tapinoma cf. nigerrimum, Aphaenogaster senilis,

and Crematogaster scutellaris.

Two kinds of preference tests were performed. In the first test, five workers of
each ant species (for a total of 20 ants) were simultaneously added to a terrarium.
A toad was then placed in the center of the terrarium, and the time at which it ate each
of the ants over a 30-min period was recorded. Each toad was tested five times (N = 70
trials; 14 individuals; 1,400 ants tested); trials took place at least 3 h apart. In the second
test, which also lasted 30 min, 20 ants of the same species were placed in a terrarium,
and the time at which the toad ate the ants was recorded. Each toad was tested four
times, with each of the four ant species (N = 56 trials; 14 individuals; 1,200 ants tested).
The order in which they experienced the species was random, and trials were separated
by at least 18 h. Both types of tests were performed because, in the field, L. humile
rarely co-occurs with native ants. As a consequence, amphibians will rarely have to
choose between native and invasive species. However, it is nonetheless informative to

quantify preferences and consumption rates under both sets of conditions.
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1.3. Statistical analyses

General linear models were used to compare

(a) The number of individuals (dependent variable) of different amphibian
species found in invaded versus uninvaded areas across different seasons (independent
variables). When juveniles were also found, adults and juveniles were placed in two
distinct categories in the “species” variable. This differentiation between adults and
juveniles reflects an important spatial constraint related to amphibian biology. Juveniles
are unable to choose the ponds from which they emerge, while adults can choose where
they forage and breed. The model examining overall amphibian abundance included
tree area (five levels), invasion status (invaded vs. uninvaded), season (four levels), and
amphibian species [six levels: E. calamita (adults and juveniles), P. cultripes,
H. meridionalis, and D. galganoi (adults and juveniles)]. We carried out separate
analyses for each amphibian species (by specifying the “by” option in PROC
GENMOD, SAS Institute Inc. 2008).

(b) Total available biomass and the percentage of available ant biomass
(dependent variables) in invaded versus uninvaded areas across seasons (independent
variables); the invasion-by-season interaction was also included. The models included
tree area (five levels), invasion status (invaded vs. uninvaded), season (four levels), and
sampling day (three levels). Thus, the totals used were for each day of each season and

for each of the invaded and uninvaded tree areas.

(c) Total biomass in stomach contents and the percentage of ant biomass in
stomach contents (dependent variables) for different amphibian species in invaded
versus uninvaded areas across seasons (independent variables) (note: D. galganoi was
excluded from these analyses because of its small sample size). In this case, the sample
size was the number of individual amphibians for which stomach contents could be
analyzed and were not empty (N = 95, Table 3a). The model included amphibian
species (four levels), tree area (five levels), invasion status (invaded vs. uninvaded), and
season (four levels). Thus, the totals used were for each amphibian species, for each

season, and for each of the invaded and uninvaded tree areas.

(d) The nitrogen isotopic baseline (8'°Ntree = mean 8"°N of plants; dependent
variable) for the different tree areas across seasons (independent variables). The model
examining the baseline isotopic values included tree area (five levels) and season (four

levels).
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(¢) The nitrogen isotopic values of amphibians (8'°N of liver tissue; dependent
variable) of different species in invaded versus uninvaded areas across seasons
(independent variables). To standardize the comparisons, amphibian tissue 8'°N values
were corrected using the isotopic baseline of each tree during each sampling period
(8" Ncor = 8" Niver — 8"”Nrger). In this case, the sample size was the number of
individual amphibians for which we obtained isotopic values (N = 106, Table 3a). The
model included amphibian species (six levels), invasion status (invaded vs. uninvaded),

the invasion-status-by-season interaction, and season (four levels).

As necessary, tree area identity was included as a repeated measures factor
(“repeated subject” command in PROC GENMOD, SAS Institute Inc. 2008). Models of
the total stomach content biomass also included the sex of the animal as a fixed effect.
The normality of all the dependent variables was tested before models were fitted.
A Poisson distribution and a log-link function were used for the models of available
biomass and stomach content biomass (except in the case of the total biomass of
stomach contents, for which a gamma distribution with a log-link function was used);
model deviance was, thus, minimized. Because one of the invaded trees was flooded

during the winter and the spring, the number of invaded trees was reduced to four.

The data from the preference experiments were analyzed using survival
analyses, which estimated the probability of ants being eaten as a function of time.
Mixed effects Cox models were used so that random factors could be included; we
employed the R package coxme (Therneau 2015, R Core Team 2016). For the first test,
the model included (a) ant species, to evaluate toad preference for different prey
species; (b) the invasion status of the areas where the amphibians were captured to test
for differences in amphibian naiveté to the Argentine ant; (c) the trial order for a given
individual, to test whether learning occurred following exposure to the ants; and (d) the
ant-species-by-trial-order interaction to test for differences in amphibian learning
among ant species. Because learning was ant-species dependent, trial order was also
tested for each ant species separately. Individual amphibian identity and trial number
were included as random factors. For the second test, the model included only ant
species and individual amphibian identity (as a random factor). The significance of each
variable was tested using a 2 test that compared the likelihood of the full model with
that of the full model minus the variable of interest. In the latter model, the interaction
between two variables was also removed when the significance of only one of the two
variables was being tested. When significant, the model with the highest likelihood

value (or the simplest model in case this value was equal) was considered the best.
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Section 2: Are amphibians threatened by a global
invasive ant?

2.1. Spatial and temporal overlap in ant and juvenile amphibian activity at the

local scale

We characterized the activity of ants and newly metamorphosed juvenile
amphibians in the field at RBD. In the spring of 2013, during the period when newly
metamorphosed E. calamita were emerging from ponds, we established two plots that
were separated by 400 m. One encompassed two invaded ponds (~15 and 25 m long,
respectively), and the other comprised one uninvaded pond (53 m long). For two
consecutive days in April and May, we set out baits to characterize ant activity (a 35-m
transect with water-diluted honey and cookie baits placed on 10 pairs of plastic spoons),
and we conducted amphibian surveys (1-m-wide, 50-m-long transect) throughout the
day (at 9:00, 12:30, 16:00, 19:30, and 23:00). The baiting and surveys were carried out
at the same locations to assess spatial overlap between ants (native or invasive) and
amphibians. We recorded the number and species of ants and toadlets during each

sampling session.

In May and June 2013, 2014, and 2018, which is the emergence period of
juvenile amphibians, particularly H. meridionalis and P. cultripes, we counted the
number of dead juveniles found along 40 m of L. humile ant trails. We searched in a
band of 40 cm from the trail. A number of trails were used. They are relatively
permanent, have been active for many years, and are located near a pond and a

laboratory building. Counts were carried out over four days during each period.

2.2. Housing of experimental animals

Juvenile amphibians were assigned to four different experiments: the ant-trail-
exposure experiment (2.3), carried out in the field at RBD; the foraging-arena-exposure
experiment (2.4), carried out in experimental facilities at RBD, where temperature and
photoperiod conditions were similar to those in the field; and the iridomyrmecin-
exposure experiment (2.5) and the dose-response experiment (2.6), both carried out in

experimental facilities at EBD under controlled conditions (23 °C, 12:12 photoperiod,
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60% humidity). In the first two experiments, juveniles were released near their ponds of
origin 48 h after the tests. In the last two experiments, juveniles were euthanized using
an overdose of anesthetic (5-min bath in tricaine methasulfonate [MS-222], 10 g/L
dissolved in Ringer’s lactate solution). In the iridomyrmecin-exposure experiment,
euthanasia occurred 48 h after the test. In the dose-response experiment, it occurred
approximately 10 min after dose application, right after the clinical evaluation (because

these individuals were used for histological and chemical analysis).

We collected juvenile amphibians in the field near ponds shortly after
emergence. We also collected tadpoles that were raised until they reached
metamorphosis. They were kept in an experimental facility, either at RBD (raised in
55 L tanks, fed common aquatic plants, ambient temperature and photoperiod) or EBD
(raised in 5 L plastic containers, fed rabbit chow ad libitum, 23 °C, 12:12 photoperiod).
Juveniles were housed in groups (up to 10 individuals from the same pond of origin) in
20 x 30 x 20 cm terrariums (with sandy substrate, cork pieces as shelter, and a water
container [in the case of H. meridionalis]) that were cleaned weekly. Every two days,
we checked on the juveniles, misted the terrariums with water, and gave individuals
ad libitum mealworms, Drosophila flies, and small crickets dusted with a calcium
supplement. During the experimental trials, juveniles were maintained individually in

smaller containers.

Each individual was only used once. Sampling/capture order determined the
allocation of individuals to experimental groups: each new individual was assigned to a
treatment on a rotating basis (i.e., treatments were alternated). Individuals or individual
samples (such as tissues) were identified with a code; researchers were thus blind to
treatment assignments when conducting analyses (e.g., histological or chemical
analyses). Because these experiments were being carried out for the first time, we had
no estimates of variation for the dependent variables (i.e., the effect of the Argentine ant
on juvenile amphibians), which prevented us from using power analysis to calculate a
minimum sample size. Consequently, sample size was chosen as follows to comply with
ethical guidelines—we sought to limit the number of individuals used while ensuring
that we had adequate statistical power given the numbers and types of variables in each
planned analysis. In some cases, sample sizes were unbalanced because the availability
of amphibian species in the field varied. The total number of individuals used was as

follows: 185 P. cultripes (30 for the ant-trail-exposure experiment, 94 for the foraging-
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arena-exposure experiment, 42 for the iridomyrmecin-exposure experiment, and 19 for
the dose-response experiment); 137 H. meridionalis (27 for the ant-trail-exposure
experiment, 75 for the foraging-arena-exposure experiment, and 35 for the dose-
response experiment); and 152 E. calamita (125 for the foraging-arena-exposure

experiment and 27 for the dose-response experiment).

Two native ant species, Tapinoma cf. nigerrimum and Aphaenogaster senilis,
were collected at RBD and used to carry out comparisons with L. humile. Five
fragments of L. humile, T. cf. nigerrimum, and A. senilis colonies were maintained at
RBD for the foraging-arena-exposure experiment (2.4). They were housed in dark,
enclosed nesting areas (10 cm in diameter; height of 10 cm for A. senilis and 5 cm for
T. cf. nigerrimum and L. humile). These nesting areas were connected to open foraging
arenas (30 x 10 x 10 cm), where ants were fed using a small Petri dish permanently
located in the arena. Another five fragments of L. humile and T. cf. nigerrimum colonies
were maintained at EBD. They were housed in open containers (30 x 10 x 10 cm) with a
dark-colored tube acting as a nest. These fragments were used for the dose-response
experiment (2.6) and to carry out histological and chemical comparisons between the
ant species (2.8). All ants were fed ad libitum fresh fruit, mealworms, and diluted

honey.

2.3. Ant-trail-exposure experiment

In the field, we searched for ant trails belonging to L. humile, A. senilis, and
T cf. nigerrimum. Although the two native ants do not set up permanent trails, they can
use trails as a foraging strategy (Cerda et al. 2009; van Oudenhove et al. 2012). We
carefully positioned 10 P. cultripes and 10 H. meridionalis juveniles 3 cm away from
trails of the three ant species. Each amphibian was kept in place using an inverted
plastic Petri dish (5.5 cm in diameter, 1.4 cm in height). The sides of the dish were
perforated with eight to ten holes large enough to allow ants to enter. The amphibian
could move and turn around but not escape. Because the native ant A. senilis is larger,
tests with this species used a cage (8 x 8.5 x 3 cm, with a mesh width of 5 x 5 mm). The
dish or cage was held in place by hand, avoiding any disturbance of the ant trail. Ants
took time to discover the amphibians. After the first contact with the ants, the

amphibians were kept in place for 2 additional minutes and then released (the dish/cage
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was carefully removed). They were followed for 10 min or until they moved at least 1 m

away from the trail (considered as if they would have escaped), whichever came first.

After the experiment, all individuals were kept under observation for 48 h at
RBD experimental facilities to evaluate treatment effects. Individuals were classified as
follows: dead, if they died during the 48-h observation period; paralyzed, if they showed
signs of paralysis by the end of the observation period; alive, if they neither died nor
showed signs of paralysis by the end of the observation period. If an individual was first

paralyzed but then died, it was classified as “dead”.

Statistical analyses: For each ant-amphibian species pair, we determined whether
observed frequencies of alive, paralyzed, and dead juveniles were different from the
expected frequencies (all individuals alive, none paralyzed, and none dead) using a non-

parametric x2 test (StatSoft Inc 2002).

2.4. Foraging-arena-exposure experiment

In the laboratory, juveniles of P. cultripes, E. calamita, and H. meridionalis
were introduced in the foraging arenas of laboratory colonies (see 2.2 for ant colony
details) of the three ant species, L. humile, T. cf. nigerrimum, and A. senilis. A single
amphibian was placed in the colony’s foraging arena for a maximum of 10 min. We
measured the time to amphibian discovery and the maximum number of ants on
amphibians over the course of a 10-min period. Trials were stopped earlier for ethical
reasons, including the possibility that an amphibian would suffer irreversible harm.
Such situations included amphibians remaining immobile/paralyzed for a minute or
being dragged off by ants, risking serious ant-induced injury. No amphibians died
during the 10-min trials. After 48 h of observation, individuals were classified as alive,

paralyzed, or dead, as in the previous experiment.

Statistical analyses: We evaluated differences in how L. humile, A. senilis, and
T. cf. nigerrimum behaved towards juvenile amphibians placed in their foraging arenas.
The data (time to amphibian discovery and the maximum number of ants on
amphibians) were analyzed using generalized linear models employing a gamma
distribution and a Poisson distribution, respectively, and a logit link function (PROC

GENMOD, SAS Institute Inc. 2008). Ant species and amphibian species were fixed
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independent variables; the number of ants in the foraging arena at the beginning of the
trial and amphibian mass were covariates (the latter was only used in the model where
the maximum number of ants on the amphibian was the dependent variable). When the
results were significant, we performed post-hoc comparisons among ant species (using

the “contrast” command in PROC GENMOD, SAS Institute Inc. 2008).

As for the previous experiment, we used a non-parametric y2 test to compare

observed and expected frequencies for each ant-amphibian species pair.

2.5. Iridomyrmecin-exposure experiment

Toadlets of P. cultripes were assigned to one of four groups: the control group
or one of the three treatment groups, which experienced different doses of
iridomyrmecin. There were 10 individuals in each treatment group. In all four groups,
the solutions (pure hexane or hexane + iridomyrmecin) were applied to cavity slides,
and the solvent was allowed to evaporate. The toadlets were then rubbed on the back
with the slides. Hexane solvent was used for the control group. In the treatment groups,
different doses of iridomyrmecin, dissolved in hexane, were used: 0.1 mg per toadlet;
1 mg per toadlet; and 5 mg per toadlet. After 48 h of observation, individuals were

classified as alive, paralyzed, or dead, as in the previous experiments.

Statistical analyses: Because no individuals died in this experiment, we analyzed
the proportion of those who remained alive versus paralyzed using a generalized linear
model employing a binomial distribution and a logit link function (PROC GENMOD,
SAS Institute Inc. 2008). When there was a significant treatment effect, we performed
planned post-hoc comparisons (using the “contrast” command in PROC GENMOD,
SAS Institute Inc. 2008), which compared the control group to each of the treatment

groups.

2.6. Dose-response experiment

To assess the number of ants necessary to elicit an effect, we constructed dose-
response curves for each ant species and each amphibian species. Each amphibian
received a single dose and was clinically evaluated 10 min later. Depending on the

effect (and on the effects observed in previously tested individuals), a higher or lower
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dose was applied to the next individual. The mass of each individual was known before
the test, and the ant dose (number of ants/g of juvenile) was calculated in order to fill in
the gaps in the dose-response curve. Each dose was obtained from a given number of
mashed ants (L. humile or T cf. nigerrimum workers) and was prepared in a ceramic
bowl using 0.2 ml of dechlorinated water. We used whole mashed ants instead of
pygidial gland contents to avoid the loss of iridomyrmecin, which is highly volatile,
during gland dissection. The mash was then immediately applied to the back of an
amphibian. Then, the individual was placed back in its box for 10 minutes. After this
time, all individuals were gently bathed in dechlorinated water to remove the mash, and

we then conducted the clinical evaluation.

For ethical reasons, minimal numbers of amphibians were used, and ant dosage
levels were limited to what was necessary to obtain adequate dose-response curves
(11 and 16 E. calamita, 14 and 5 P. cultripes, and 21 and 14 H. meridionalis for the
L. humile and the T. cf. nigerrimum curve, respectively). In the clinical evaluation, we
categorized each amphibian as affected or unaffected based on neurological damage.
We examined several parameters reflective of the functioning of different parts of the
neurological system (Kahn 2005). We evaluated (1) a motor response (we extended and
released a leg and noted whether retraction occurred) and the nociception response
(presence/absence of reaction to pain, determined by the reaction to pressing a toe with
tweezers), which reflected effects on the spinal cord; (2) photopupillary reflexes
(presence/absence of response to light changes) which reflected the midbrain response
(i.e., in the ocular [II] cranial nerve); and (3) palpebral reflexes (whether the eyelid
closed when we touched the medial and lateral canthus of the eye), which reflected the
response of the medulla oblongata and the pontine nucleus (i.e., in the trigeminal [V]
and facial [VII] cranial nerves). An individual was considered to be affected if any

abnormal reaction was displayed.

Statistical analyses: The effect on amphibians (affected vs. unaffected) was
analyzed using generalized linear models employing a binomial distribution and a logit
link function (glm function in the R package stats, R Core Team 2016). Ant number
(corrected for amphibian mass) was the independent variable of interest. Ant species
and amphibian species were also included as independent variables. Dose-response
curves were obtained from models on each ant-amphibian species pair. The toxic dose

represented the number of ants per gramme of amphibian expected to elicit a toxic
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effect (affected). It was calculated using the function dose.p in the R package MASS

(Venables and Ripley 2002) from the dose-response curves.

2.7. Physiological effects on juvenile amphibians

To elucidate the venom’s modus operandi and confirm that the damage was
caused by iridomyrmecin, we euthanized the amphibians used in the previous
experiment after the clinical evaluation (see 2.6). Half the amphibians were used to
quantify iridomyrmecin levels in tissues: animals were dissected to remove their brains,
livers, and kidneys, which were then individually embedded in hexane (hexane
extraction, GC-FID, similar to iridomyrmecin quantification in ants, see 2.8). The other
half were used in histological analyses: individuals were fixed in formalin and dissected
to obtain their livers and kidneys. Tissue samples were embedded in paraffin wax,
sectioned at a thickness of 6 um using a Leica RM 2155 microtome, and mounted on
glass slides. For hematoxylin/eosin staining, sections were previously dewaxed through
a series of xylene and ethanol washes (from 100% solution to 100% H2O), stained and
rehydrated through a series of ethanol washes (from 70% to 100% solution to 100%
xylene), and mounted with cover slides using DPX. Acute lesions found in the liver and
kidney tissues, which could be due to a toxin, were evaluated under a microscope (Axio
Imager, Al, Zeiss; objective EC Plan-NEOFLUAR 20x/0.5, ©0/0.17), focusing on
sensitive areas such as the periportal spaces in both the liver and the renal tubules as

well as the glomeruli in the kidneys.

Statistical analyses: First, we analyzed whether the clinical response (affected
vs. unaffected) was related to the concentration of iridomyrmecin (ug.g-1 of juvenile) in
the brain using a generalized linear model employing a binomial distribution and a logit
function (glm function in the R package stats, R Core Team 2016); the model took
amphibian species into account. Second, we examined the relationship (Im function in
the R package stats) between the concentrations of iridomyrmecin (ug.g-1 of juvenile;
log transformed) in each tissue and the quantity of iridomyrmecin (ug.g-1 of juvenile)
applied to each juvenile, which was estimated based on the species-specific
iridomyrmecin contents. Finally, we tested whether higher doses (ug.g-1 of juvenile;

log transformed) corresponded to the presence of lesions in amphibian tissues (liver and
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kidney); a general linear model (PROC GENMOD, SAS Institute Inc. 2008) was used

for each tissue in which the identity of the amphibian species was taken into account.

2.8. Histological and chemical differences between the invasive and native

Dolichoderinae ants

Species-specific mean fresh mass for L. humile and T. cf. nigerrimum was
obtained by weighing 50 live ants per species in groups of 10. To measure species-
specific mean dry mass, ants were preserved in alcohol and dried for 48 h at 60 °C; then,

10 groups of 10 ants were weighed per species.

We used histological analysis to examine the abdominal glands of the two
species. Ant gasters were fixed in 2% glutaraldehyde (buffer: 0.05 M Na-cacodylate and
0.15 M saccharose), postfixed in 2% osmium tetroxide, and embedded in Araldite.
Semithin sections (thickness of 1 pm) were created with a Leica EM UC6
ultramicrotome and stained with methylene blue and thionin. These sections were then
viewed and photographed with an Olympus BX-51 microscope to check for/examine

the abdominal glands.

We investigated chemical differences in pygidial gland composition between
L. humile and T. cf. nigerrimum. We sampled 15 ants from each colony. We dissected
the pygidial glands of five freeze-killed ants immediately after death (ant was gently
deposited in an iced glass Petri dish); the other 10 ants were kept whole. All the samples
were then placed in hexane. We identified the different chemical compounds present in
the pygidial glands of both species via gas chromatography coupled with mass
spectrometry (GC-MS), using an HP-5MS capillary column that was programmed to
increase in temperature from 60 °C (1 min hold) to 320 °C at a rate of 10 °C.min-1.
Then, the whole ants were used to determine the amount of iridomyrmecin per ant; we
did not use the pygidial glands because of the risk of content leakage during dissection.
Iridomyrmecin levels were analyzed using gas chromatography (GC-FID - Shimadzu
2010 equipped with a 30 m x 0.25 mm i.d.-BPX5, 0.25 mm capillary column). Helium
was used as the carrier gas (flow rate of 35.1 ml.min-1). The injection port and detector
temperatures were set to 280 °C and 310 °C, respectively. The GC oven was
programmed to heat at a rate of 10°C.min-1 from 60 °C to 300 °C, with a 1-min initial
hold and a 20-min final hold. Decyl-alcohol (99%) was used as the internal standard,

and the calibration curve for quantifying iridomyrmecin concentrations in the samples
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was constructed using synthetic iridomyrmecin (Chauhan and Schmidt 2014). The
amount of iridomyrmecin was then quantified by calculating the area under the peak
relative to the internal standard for the different samples and was corrected by the

calibration curve.

Statistical analyses: We performed a general linear mixed-effects model to test
for differences in iridomyrmecin quantities (square root transformed) between L. humile
and T. cf. nigerimum; covariance within colonies was included as a random factor. The

model was fitted using the function Imer in the R package Ime4 (Bates et al. 2015).

2.9. Literature review on the functional ecology of iridomyrmecin

We searched the ISI Web of Science for the word “iridomyrmec*” to obtain
published articles about iridomyrmecin (accessed 15th November 2018). The search
returned 61 articles. We increased this total by finding additional articles cited therein.
In each publication, at the first mention of iridomyrmecin, we noted the function of
iridomyrmecin as assessed by the authors. We established the following categories for
these functions: defense, insecticide, antibiotic, alarm, antibacterial, trail pheromone,
cat-attracting chemical, necrophoresis, or no function specified. Publications could fall
into more than one category. We also categorized each article with respect to its main
subject: synthesis of iridomyrmecin, iridomyrmecin in other species, chemical
composition of exocrine secretions, chemical structure, insecticide, trail pheromone,
defensive compound, pharmacological research, antibiotic, necrophoresis, or alarm
pheromones (Appendix 1). Finally, we analyzed the relative importance of each
described function of iridomyrmecin in the literature, and which other species have and

use iridomyrmecin and for what purpose.

2.10. Potential global effects on amphibians

Information on Argentine ant locations was obtained from the Global
Biodiversity Information Facility (GBIF), AntWeb (AntWeb) and The Global Ants
Database (GLAD; Gibb et al. 2017) websites; we gathered a total of 1,407 geographic
records. Amphibian ranges and IUCN status were obtained from the IUCN Red List
(IUCN v.2017-3). We used the function gContains in the R package rgeos (Bivand and

Rundel 2017) to extract amphibian species whose distribution polygons overlapped with
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the ranges of any given ant population. We then filtered this list of species using [IUCN
habitat categories to exclude amphibian species that did not use similar macrohabitats to

L. humile (Appendix in Digital CSIC: http://hdl.handle.net/10261/173421).

Ants and amphibians may further be segregated by differences in microhabitat
use. We used the eight categories of microhabitat, described in Moen and Wiens (2017),
that adult use outside of the breeding period and included species from our dataset,
employing habitat descriptions from the IUCN Red List and the AmphibiaWeb database
(AmphibiaWeb). We then utilized microhabitat as a filter: we excluded any amphibian
species that only occur in aquatic, semi-aquatic, or torrential microhabitats, where
L. humile would not likely occur (see Appendix in Digital CSIC:
http://hdl.handle.net/10261/173421).

Juvenile amphibians are likely to use slightly different microhabitats from adults
(Duellman and Trueb 1994; Wells 2010). We therefore considered the full dataset to be
the maximum number of possible amphibian species overlapping spatially with the ants
and the microhabitat-filtered list to be the minimum. We acknowledge that we are likely
overestimating risk, which is not solely determined by spatial overlap. Additionally, the
ant’s impact will depend on the amphibian species’ biological traits, such as anatomy,

behavior, or physiology.

From the full dataset, we determined amphibian species richness per ant locality.
Then, using both the full and microhabitat-filtered datasets, we calculated cumulative
species richness for amphibians co-occurring with ant populations in the following
regions (categorized as “regions” based on the continent—or section of continent—
associated with the Argentine ant locations): the Argentine ant’s native range, the rest of
South America (i.e., outside of the Argentine ant’s native range), North America (plus
one locality in Japan), Europe (including European island colonies in North Africa),
Sub-Saharan Africa, and Oceania. The Argentine ant’s native range is conservatively
delimited by the Parand river basin. Finally, for each of these regions and for both
datasets, we assessed the proportion of amphibian species in the five different [IUCN

Red List risk categories.
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Section 3: Survival and growth of native toadlets
feeding on an invasive ant prey

Tadpoles of natterjack toad (E. calamita) and western spadefoot toad
(P. cultripes) were collected at RBD through dip-netting and brought to climatic
chambers at EBD, where they were kept in tap water dechlorinated through activated
carbon filters. The climatic chambers (Aralab, Fitoclima 5000) were set at a 12:12h L:D
cycle, 24 + 1 °C, and 60 + 10% RH. To avoid the potential effects of microclines in
temperature in the chambers, toadlets’ containers were rotated every two or three days
within and among shelves. Tadpoles were raised individually in either 1 L (E. calamita)
or 3 L (P. cultripes) plastic buckets and fed rabbit chow ad libitum. Water was changed

twice a week.

As tadpoles completed tail resorption (Gosner developmental stage 46, Gosner
1960), toadlets were weighed to the nearest mg for E. calamita (Scales Sartorious
CPA225D) and to the nearest 0.01 g for P. cultripes (Acculab ALC-2100) and kept in
lidded square plastic containers (E. calamita: 250 mL; P. cultripes: 750 mL). To allow
the toadlets to bury and to offer a high visual contrast to distinguish the ants, the
containers were filled with a layer of white sand. To ensure animal hygiene, the
substrate was cleaned of fecal pellets and prey corpses, moistened, mixed and flattened
three times per week and renewed every two weeks. Toadlets were provided with UV-B
lighting to enable synthesis of calcitriol (Antwis and Browne 2009). Toadlets were fed
pinhead crickets (Acheta domesticus, hereafter crickets) ad libitum dusted with vitamin
complex until the experiments began. Crickets were smaller, in their first instar, for

E. calamita than for P. cultripes (4 vs. 37 mg dry mean weight respectively).

The effects of consuming the invasive Argentine ant (Linepithema humile) were
compared to those of consuming a phylogenetically close native ant, Tapinoma cf.
nigerrimum. Both ants possess iridomyrmecin, a lethal venom when spread over the
skin of amphibian toadlets (Section 2). However, only the invasive ant causes the death
of the toadlets, because its stock of iridomyrmecin is far greater than in the native ant
(Section 2). To feed the toadlets with living ants, fractions of ant colonies of the two
species were collected at RBD, brought to the laboratory, and fed ad libitum along the

experiment with mealworms, small crickets and sugar solution.
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3.1. Experiment 1: Raising metamorphic toadlets on invasive or native ants

96 E. calamita and 52 P. cultripes toadlets were randomly assigned to either one
of two treatments: being raised feeding on the invasive Argentine ant or on the native
ant 7. cf. nigerrimum. Toadlets’ main diet during the experiment was based on an
increasing amount of crickets dusted with a vitamin complex every other day
(3 times/week). The experimental treatments consisted in weekly supplementation of
the main diet of each toadlet with six ants, either the invasive or the native species. Only
two living ants were provided simultaneously at any given time to prevent risks of
injuries resulting from the ant venom (Section 2). Additional ants were provided as
toadlets consumed them up to six. Both crickets and ants were provided alive, and

toadlets had to detect and capture them.

Survival and growth

The experiment lasted for 62 days and toadlets were surveyed daily for survival,
and weighed at the beginning of the experiment and weekly afterwards to monitor their

growth. Food intake was recorded as the proportion of eaten crickets and ants per week.

Foraging efficiency trial

The foraging efficiency of the toadlets was evaluated as a proxy for their general
condition by the end of the experiment (following Gémez-Mestre and Tejedo 2005).
Once the foraging experiment was over, toadlets were starved for 3 days and the trial
was performed on the fourth day (P. cultripes at night; E. calamita in the afternoon).
Trials were performed in the same container where the toadlets were housed to
minimize handling. Right before the trial, the substrate was cleaned and flattened to
keep the prey from hiding. Toadlets were acclimatized for two minutes prior to the trial.
Each individual was offered the same amount and size of crickets as they used to have
in the meals from the previous week (E. calamita: 15 small crickets in their first instar;
P. cultripes: 5 medium sized crickets). Trials were filmed during 5 min from the time
crickets were added to the arena. For E. calamita toadlets the experiment was repeated
two weeks later with the same individuals to test results consistence over time due to the
high mortality experienced and consequent low sample size. To test the foraging

efficiency, we used three variables: time to prey discovery, the number of attempts to
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prey (motivation), and prey capture success (accuracy). Attempts to capture prey were
easy to recognize because P. cultripes toadlets jump towards the prey to capture it and
E. calamita toadlets project and retract the tongue in a noticeable way (Gomez-Mestre

and Tejedo 2005).

3.2. Experiment 2: Feeding on invasive or native ants

Because mortality of E. calamita toadlets was high in the presence of live ants,
we isolated ant consumption with a feeding experiment. We used E. calamita toadlets at
two months after metamorphosis to assess whether toadlet growth rate was affected by
consumption of the Argentine ant. We randomly assigned five E. calamita toadlets to
each of the three following treatments: feeding on the invasive Argentine ant, feeding
on the native ant 7. cf. nigerrimum, and feeding on small crickets in their first instar to
control for handling stress. Toadlets were fed ten ants (either invasive or native ants) or
eight crickets twice a week for one month. Each feeding day prey items were placed
directly on the toadlets’ tongue four times to introduce prey items in groups of ants
(3+3+3+1) or crickets (2+2+2+2) and we checked that all items were swallowed. We
recorded E. calamita growth rate weighing the toadlets weekly. Toadlets were fed

ad libitum with live crickets.

Histology

To assess whether the ingestion of invasive Argentine ants caused internal
damages to the organs, we conducted histological analyses of their digestive system.
Toadlets were euthanized at the end of the feeding experiment with an overdose of MS-
222, and dissected to obtain their stomach and representative parts of their gut
(proximal and distal, ileocecal valve). Tissue samples were preserved in 4%
formaldehyde, embedded in paraffin wax, sectioned at a thickness of 6 um using a
Leica RM 2155 microtome and mounted on glass slides (longitudinal and transversal
sections for stomach and gut, respectively). For hematoxylin/eosin staining, sections
were previously dewaxed through a series of xylene and ethanol washes (from 100% to
H20), stained and rehydrated through a series of ethanol washes (from 70% to 100% to
xylene), and mounted with cover slides using DPX. Medium-term lesions found in the

stomach and gut tissues, which could be due to a toxin, were evaluated under a
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microscope (Axio Imager, Al, Zeiss. Objective EC Plan-NEOFLUAR 20x/0.5,
oo /0.17). We quantified these lesions as the presence or absence of pathological
aggregated lymphoid infiltrates in the mucosa and submucosa layers including both,
focal and diffuse lesions. We also measured the nodule area when focal lesions were

found with Image J software to the nearest um (Schneider et al. 2012).

3.3. Statistical analyses

Analyses were performed separately for both toadlet species due to biological
differences in their development. All analyses were performed in R version 3.3.3
(R Core Team 2017). Linear mixed models and generalized linear mixed models were
fit using the functions Imer and glmer, respectively (package lme4, Bates et al. 2015).
Linear models and generalized linear models were fit using the funcitons Im and glm,
respectively. The significance of the variables to the model was tested using the
function dropl. This function compared the model including and excluding the
variables based on the likelihood-ratio test statistics (option test = “Chi”) except in the
linear model, in which it performed a type I ANOVA (option test = “F”). Plots were
performed with the package ggplot2 (Wickham 2009).

Experiment 1

Amphibian survival differences among treatments (diet supplemented with
invasive or native ants) were analyzed with a Cox proportional hazards regression
model using the function coxph in the R package survival (Therneau 2015). In a
preliminary analysis we tested the significance of the interaction between toadlet weight
at the beginning of the experiment and the treatment. For both species, the interaction
was not significant (Xz =0.37,p=0.541, N = 52; and x2 =0.05, p = 0.820, N = 96, for
P. cultripes and E. calamita respectively), indicating that although initial weight
influences survival odds, its effect was homogeneous between treatments. Survival

analysis was then carried out with treatment as the unique independent factor.

Amphibian growth differences between diet supplemented with invasive ants or
native ants were analyzed with a linear mixed model. Toadlet weight (dependent
variable) was transformed to satisfy parametric assumptions (log transformation in

P cultripes and inverse in E. calamita). Independent variables were treatment (invasive
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vs. native ant diet), time (days from the beginning of the experiment) and their
interaction. A significant interaction would indicate a difference in growth between
treatments, and was therefore the focus of the analysis. Repeated measures were
accounted for by including the individual as a random factor. Toadlet weight at the
beginning of the experiment was included as a covariate. We only analyzed individuals
that survived until the end of the experiment (N = 49 and N = 16 for P. cultripes and

E. calamita, respectively).

Food intake was controlled to know whether the number of eaten prey differed
between treatments, which could have affected toadlet growth. Only data corresponding
to an entire week was considered. Toadlets were fed an increasing amount of crickets
throughout the experiment. Cricket intake per week in relation to the number of crickets
offered was analyzed using a binomial distribution. We used a generalized linear mixed
model with repeated measures by including the individual as random factor. We
included as independent variables treatment, time, and their interaction. Toadlet weight
at the beginning of the experiment was included as covariate (the log or the inverse of
the weight was used in order to obtain model convergence for P. cultripes and

E. calamita, respectively).

Ant intake was also controlled to know if it explained toadlet growth. A fixed
amount of ants, two each time, six per week, were available for each toadlet throughout
the experiment. Weekly ant intake was analyzed with a Poisson distribution. We used a
generalized linear mixed model with repeated measures by including the individual as
random factor. The treatment, the time and their interaction were considered the main
independent variables; if the interaction was not significant it was excluded from the
model. Toadlet weight at the beginning of the experiment was included as covariate.
Time was transformed (log) in order to obtain model convergence, as well as toadlet

weight (inverse) only in E. calamita models.

Experiment 2

We evaluated E. calamita growth among treatments (after being fed manually a
supplement of invasive ants, native ants or no ants but crickets, for one month) with a
linear mixed model. The dependent variable was toadlet weight. As independent

variables we included treatment, time (days from the beginning of the experiment) and
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the interaction between treatment and time, which was the variable of interest since it
represents the differences in growth among treatments. Toadlet weight at the beginning
of the experiment was included as covariate and toadlet individual as random factor to
account for repeated measures. When the interaction between treatment and time was
significant in the model, we further tested for differences in the slopes among the three
treatments with a post-hoc Tukey test, using the function Istrends in the R package

Ismeans (Lenth 2016).

To evaluate if the intake of the invasive Argentine ant caused lesions in the
digestive system of E. calamita toadlets, we analyzed two variables. First, the presence or
absence of lesions in the stomach and gut was analyzed with a generalized linear mixed
model with binomial error distribution, where the individual was included as random
factor. Second, the estimated area of nodules was analyzed with a linear model. Focal
lesions were only found in the stomach and consequently the nodules area was only
analyzed in this organ. In both analyses, treatment was the fixed factor (with three

levels: invasive ant, native ant, and no ants).
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Section 4: The physiological consequences of
growing in Argentine ant invaded areas

4.1. The Argentine ant attraction to artificial avian nests

To assess the Argentine ant willingness to forage in breeding nests and their use
of bird remains, we performed an experiment in June and July 2014 at RBD. The use of
artificial nests to evaluate the degree of nest predation has been extensively used in
ecological studies. Despite the evidence suggesting that care must be taken when
comparing predation on artificial vs. natural nests, still remains as a valid method
(Moore and Robinson 2004). We placed artificial nests hanging from a nylon thread tied
around the trunk of 10 cork oak trees and 10 pine trees at 1.5 m high. Five of the trees
of each species had been invaded and five remained uninvaded by the Argentine ant.

Invaded and uninvaded trees were interspersed.

Artificial nests were placed in the North side of the trunk, in order to avoid
direct sun exposure and related high temperatures (Ardia et al. 2006). Nest structures
consisted of a commercial plastic nest in the shape of a grid bowl covered with a
commercial cotton layer in which the treatment was added. We used white structures to

be able to distinguish properly the number of ants in the nests.

Every three days we alternated randomly one of the five following treatments in
each artificial nest: empty, untouched eggs, pierced eggs, feces, and pierced eggs plus
feces. In the empty treatment no remains were added. In the untouched eggs treatment
we added three quail eggs. Pierced eggs were the same type and number of untouched
eggs with three holes (~4 mm diameter) simulating a chick piping the egg-shell during
hatching. We used chicken feces (~5 g) added to the cotton layer. Both treatments,
empty and untouched eggs were considered control treatments, without interest for the
ants living in the study area, since they were not able to break the eggs’ shell. Quail

eggs were obtained commercially, and poultry feces were obtained from a farmer.

We placed each treatment in the artificial nest structure in the early morning
along with a new cotton layer and leaved it for 24 hours. To avoid the bias by track
recognition—between treatments, we interspersed a rest period of 24-hour between

treatments, that is, a day without any treatment, when the artificial nest was removed
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and cleaned with alcohol. Nests were visited thrice, 3, 8, and 24 hours after setting the
treatments to evaluate ant presence. During the visit we recorded the following
variables: the temperature in the nests (Extech 42500: Mini IR Thermometer, max
resolution 1 °C), the number of ants in the nest, the ant recruitment to the nest, that is,
ant trails to access the bird remains, the total number of vertical trails in the trunk at
nest-high, and the activity (ants/min) of the vertical trails within 50 cm of the artificial

nest (in 100 cm of the trunk perimeter).

4.2. Breeding data and sample collection

During the fall 2012 we installed a total of 75 wooden nest boxes for passerine
birds at RBD (entrance diameter 27 mm; inner dimensions: base 15 x 9 cm, height
24 cm). Nest boxes were attached to the trunk or branches of trees at 1.5 m or higher to
avoid disturbance by grazing ungulates. In 2013, there were 75 nest boxes (33 invaded,
42 uninvaded) attached to 25 cork oak trees (11 invaded, 14 uninvaded). Trees were
separated by at least 50 m from each other and 2 m from the pathway. Each tree had one
nest box hanging from the trunk and two from the branches. Due to the low occupation
rate (35%), from 2014 onwards the study area was expanded from 25 to 49 trees
(25 invaded, 24 uninvaded), incorporating pines and poplar trees (Populus sp.). Thus,
one third of the nest boxes (22: 12 invaded, 10 uninvaded) were relocated from one of
the branches to the trunk of another tree. Besides, from 2014 nest boxes were protected
from predators by attaching a PVC pipe to lengthen 10 cm the entrance (diameter
50 mm, thickness 3 mm), which was coated on the inside at the bottom with an anti-slip

layer made by a mixture of sand and glue.

Tree selection was limited by the invasion of the Argentine ant and tree trunks
were visited before setting the nest boxes to verify its presence. Invaded trees were
considered when the invasive species was the only ant species observed in the tree
trunk, which is the normal state when the Argentine ant invades this area (Angulo et al.
2011; Carpintero et al. 2005). To reduce bias derived from the nest box location
(e.g. habitat, food resource proximity), invaded and uninvaded trees were interspersed

(Fig. 28).

We monitored with routine checks the occupation of nest boxes by great tits and

their breeding from 2013 to 2017. We compiled data for each nest box on location
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(latitude, longitude), laying date, clutch size, brood size, productivity (i.e. number of
fledglings), hatching success, fledgling success, and breeding success (see Box 2).
Laying and hatching dates were estimated when no directly recorded, by assuming one
egg laid per day, 13 complete days of incubation starting when the last egg was laid,
synchrony of hatchlings on day 13th, and fledglings abandoned the nest approximately
when 17 days old. Only the first broods were considered, and those occupied first by co-
occurring bird species were excluded, i.e. Cyanistes caeruleus (three in invaded trees,
three in uninvaded trees) and Passer domesticus (one in an invaded tree, one in an
uninvaded tree). Due to National Park restrictions (forbidden access to breeding areas of
certain protected bird species), some of the nest boxes could not be monitored as
planned. Unsuccessful breeding events caused by circumstances other than the
Argentine ant were excluded from the analyses (12 predation events, a human

disturbance event, and a nest box found on the ground by unknown causes).

Box 2. Glossary — Breeding variables

Occupied nest: nest with at least one laid egg.

Incubated nest: occupied nest with complete clutches that were warm to the touch on
subsequent days.

Hatched nest: incubated nest with at least one hatched egg.

Successful nest: occupied nest with at least one fledgling leaving the nest.

Failed nest: occupied nest that failed by causes different from predation or disturbance
events different from the Argentine ant. The sum of all unsuccessful nesting
attempts (predated, disturbed, and failed) is equal to the difference between
occupied and successful nests.

Laying date: the date the first egg was laid, taking the 1st of March as day 1 in each
breeding season (to allow for comparison among years).

Clutch size: number of laid eggs from a complete clutch.

Brood size: number of hatchlings from hatched nests.

Fledgling size (productivity): number of nestlings that fledge and leave success fully
the nest (from nest boxes with fledglings).

Occupation success: percentage of occupied nest boxes (excluding those occupied by
other species).

Hatching success: percentage of hatchlings to eggs laid (clutch size).

Fledgling success: percentage of fledglings to hatchlings (brood size).

Breeding success: percentage of fledglings to eggs laid (clutch size).

Nest weight: dry weight of the successful nests (subsequent to Berlese).

During the breeding season 2014 nestbox monitoring was intensified during
hatching and fledging to record data on chicks and adults. Chicks were banded,
measured, and sampled for blood following standard procedures at 10 days of age, so

body mass and biometry (wing and tarsus length) could be compared. However, since
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not all chicks could be sampled for blood at this age, blood sampling was postponed in
nests with small siblings, and afterwards days since hatching was incorporated in the
models to control for any potential bias. Adults were also captured to band, weight, and
take morphometric measurements and blood samples. Blood samples were taken from
the jugular vein using a heparinized syringe (< 1% mass) and kept cool (~ 4 °C) until
they were centrifuged (4,000 rpm, 20 min, 20 °C). Blood plasma was separated from the
cellular fraction and both were stored at -80 °C until analyses. Besides, nest weight was
obtained as a proxy of female quality (Broggi and Senar 2009). Successful nests were
collected, dried at 60 °C for 7 days, and weighted to the nearest 0.1 g (Acculab ALC-
2100).

Blood samples were analyzed to study the nutritional state and oxidative balance
of both, chicks and adults. A total of ten parameters, including antioxidant metabolites
and enzymes, were obtained from blood plasma and cell package: triglycerides (TGR),
cholesterol (CHOL), total proteins (TP), uric acid (UA), total antioxidant capacity
(TEAC), thiobarbituric acid reactive substances (TBARS), catalase (CAT), superoxide
dismutase (SOD), glutathione reductase (GR), and glutathione peroxidase (GPX). All
plasma metabolites (TGR, CHOL, TP, and UA) were measured according to standard
methods implemented on a Cobas INTEGRA 400 plus Chemistry autoanalyzer (Roche
Diagnostics Ltd. Burgess Hill, West Sussex, UK).

Total antioxidant capacity (TEAC) (mM/]) is a measure of the capacity of plasma
to neutralize reactive oxygen species, and was measured following Erel (2004). Recent
studies point out that TEAC is mostly representative of the water-soluble components of
the antioxidative system (Cohen et al. 2009). However, it is commonly agreed that
measurement of TEAC in combination with other fat-soluble antioxidants may provide
a more complete image of the antioxidant system than TEAC alone (Monaghan et al.
2009). Thiobarbituric acid reactive substances (TBARS) (nmol MDA /ml) are a by-
product of lipid peroxidation and have been measured as described in Buege and Aust
(1978). We further determined the activity of four antioxidant enzymes in the cell
package. Catalase (CAT) (U/mg protein), which catalyzes the decomposition of
hydrogen peroxide to water and oxygen and has been measured indirectly through its
catalytic activity following Cohen et al. (1969). Superoxide dismutase (SOD) (U/mg
protein) is an antioxidant defense, which catalyzes the dismutation of the superoxide

radical into oxygen or hydrogen peroxide and has been measured as described in
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McCord and Fridovich (1969). Glutathione peroxidase (GPX) (mU/mg protein) is an
enzyme family that reduce lipid hydroperoxides to alcohols and hydrogen peroxide to
water and has been measured as described in Carmagnol et al. (1983). Glutathione
reductase (GR) (U/mg protein) is an enzyme that catalyzes the reduction of glutathion
disulfide (GSSG) to the suthydryl for glutathione (GSH), which is a critical molecule in

resisting oxidative stress and has been measured as described in Cribb ef al. (1989).

Sample analyses were performed at the Ecophysiology Laboratory at the Dofiana
Biological Station — CSIC (LEF-EBD; http://ebd.csic.es/lef/web/english/index_e.php)
certified to ISO9001:2015 and ISO14001:2015 quality and environmental management

systems, respectively.

4.3. Statistical analyses

The Argentine ant attraction to artificial avian nests

We first looked at the normal activity of the ants focusing only on the control
treatments, empty nests and nests with untouched eggs. We quantified differences
between invaded and uninvaded areas, between oaks and pines, at different times during
the survey, and the effect of the temperature and trunk perimeter. We used as dependent
variables three estimations of ant activity in the trees (not in the artificial nests): the
total number of vertical trails in the trunk relative to the trunk perimeter (trails/m), the
ant activity in all vertical trails in 100 cm of the trunk perimeter (ants/min) and the ant
activity of the trail having the maximum ant activity (ants/min). We performed three
independent generalized linear mixed models for each dependent variable with a
Poisson distribution and logit error. The main independent variables were the invasion
status (invaded or uninvaded), the type of tree (pine or cork oak), the time of the survey
(3, 8 or 24 hours after the set-in), the temperature, and the trunk perimeter. We added

the tree as a random factor.

Then, we analyzed differences in attraction to the artificial nest treatments. First,
the dependent variable was the relative number of ants in the artificial nest (with respect
to the maximum number of ants found in any artificial nest in invaded — 350 ants — and
in uninvaded — 190 ants — areas), and it was analyzed with a linear mixed model. The
main independent variables were the treatment (five categories), the invasion status

(invaded or uninvaded) and the type of tree (pine or cork oak) and second order

68



MATERIALS and METHODS

interactions among these. Differences among categories of the treatment were tested
with planned comparisons (“contrast” command, PROC GENMOD, SAS Institute Inc.
2011). Temperature in the nest, trunk perimeter, and the number of ant trails in the trunk
relative to the perimeter were included as covariates. We also added tree identity as a
random factor. Second, we explored the cases in which there was ant recruitment to any
nest remains, analyzing recruitment frequency for each treatment in invaded and
uninvaded areas through a generalized linear model with a binomial distribution and
logit error. The dependent variable was the number of recruitments seen for each
artificial nest from the total survey times (three). We included as independent variables
the treatment, the invasion status and the type of tree, and the mean temperature and the
trunk perimeter as covariates. Differences between categories of the treatment were
tested with planned comparisons (“contrast” command, PROC GENMOD, SAS
Institute Inc. 2011).

Breeding performance

Breeding parameters were analyzed with generalized linear mixed models to test
the effects of the Argentine ant invasion status (invaded vs. uninvaded) on a set of
dependent variables inherent to each nest box (see Box 2 for variables description).
Dichotomous variables and proportions were analyzed with binomial distribution:
occupation, success, hatching success, fledgling success, and breeding success. Discrete
variables were analyzed with Poisson distribution: laying date, clutch size, brood size,
and fledgling size (productivity). Nest weight of successful nests was analyzed with a
linear model because only data on 2014 was recorded. All models included the invasion
status as fixed factor and nest box latitude and longitude as covariates to account for
nest box and tree location. Latitude and longitude were rescaled by subtracting the
minimum value and multiplied by a thousand to avoid convergence failure in the
models. Year was included as random factor in the generalized linear mixed models to
account for year-to-year variation in climatic or other uncontrolled factors. Although
nest box location was taken into consideration, all analyses were repeated excluding the

first year of observations due to nest box relocation (see 4.2).

Individual biometric, biochemical, and oxidative stress parameters

We studied the correlation among individual measurements of mass, biometry,
biochemistry, and oxidative stress parameters. In order to summarize biometric and

blood parameters into single independent factors we performed a principal component
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analyses. Although we found correlation among some of the variables (Table 8a),
cumulative explained variance by two factors was low (0.48, Table 8b), and did not
improve sufficiently by increasing the number of factors (up to four, cumulative
proportion < 0.75). Since individual variables were not explained with a multivariate

analysis, we analyzed each parameter independently by performing univariate analyses.

We tested the effect of the Argentine ant invasion status (invaded vs. uninvaded)
on the following parameters of fledglings: mass, ratio wing/tarsus length, TRG, CHOL,
TP, UA, TEAC, TBARS, CAT, SOD, GR, and GPX (see 4.2 for variables description).
Since all parameters could not be measured from all blood samples due to variation in
volume of extracted blood, sample sizes changed slightly. We ran several independent
linear mixed models on each parameter in order to find which factors and covariates
better explained the variance observed, including the number of fledglings (NF), the
laying date (LD), and the geographical coordinates (latitude and longitude). All models
included the invasion status as fixed factor, the age of the chick as covariate to control
for different age at the time of sampling, and the nest box as random factor to account
for non-independence of data on siblings. Besides, a null model was performed to each
measured variable (no variables, only the random factor). Final models were chosen
following the Akaike Information Criterion (AAIC =< 2) (Table 9). Response variables
were transformed to follow model assumptions (TRG, CHOL, TEAC, TBARS, and GR
were log-transformed and wing/tarsus ratio, SOD and GPX were square root-
transformed). Only data on fledglings from successful nest boxes was analyzed. Lack of

autocorrelation was tested for every model.

Data on adults was analyzed separately by sexes. We tested the invasion status
(invaded vs. uninvaded) with an independent linear model for each variable: mass, wing
and tarsus length, TRG, CHOL, TP, UA, TEAC, TBARS, CAT, SOD, GR, and GPX.
Variables were transformed to fulfil model assumptions. Only data on adults from

successful nest boxes was analyzed.

Data on breeding performance and individual parameters were analyzed under R
version 3.3.3 (R Core Team 2017). Linear models were analyzed using the function Im,
and linear mixed models and generalized linear mixed models with functions Imer and
glmer, respectively (package Imed, Bates ef al. 2015). Variables correlation was
calculated using function rcorr (package Hmisc, Harrell and Dupont 2017) and principal

component analyses with function rda (package Hmisc, Oksanen et al. 2017).
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RESULTS and DISCUSSION

Section 1: Native predators living in invaded
areas: responses of terrestrial amphibian species
to an Argentine ant invasion

Results

Amphibian abundance in invaded and uninvaded areas

Over a total of 342 trap nights, 174 amphibians of 4 different species were
caught: 124 natterjack toads (E. calamita), 27 western spadefoot toads (P. cultripes),
15 stripeless tree frogs (H. meridionalis), and 8 Iberian painted frogs (D. galganoi)
(Fig. 12a). All were adults, except for most of the E. calamita captured in the spring
(90 juveniles and 5 adults) and most of the D. galganoi (6 juveniles) (Table 3a,
Fig. 12a).
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Fig. 12. (a) Number of amphibians captured (mean + SE) and (b) the ' °N¢or values of amphibian livers
(mean = SE) for invaded and uninvaded areas (INV in red and UNI in white, respectively) across
different seasons (SU summer, FA fall, WI winter, SP spring). Data for adults and juveniles are separated
(juveniles are specified with “juv.”). Only seasons for which abundance was greater than zero in at least
one tree are represented.
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Table 3. Nitrogen isotopic values of the amphibians captured and the plant species sampled
(used as baseline). Nitrogen isotopic values (mean and standard error: 8'°N [SE]) of (a) the amphibian
species and (b) the plant species collected in the tree areas in invaded versus uninvaded areas (INV:
yes [Y] or no [N], respectively) for each season. The means and standard errors of amphibian total
length (mm) and mass (g) are provided; n is the sample size for the isotopic analyses, while the
numbers of amphibians captured (NTr), stomachs studied (NSt), and empty stomachs (NEm) are also
provided. FOR indicates the percentage of non-empty stomachs that contains Formicidae.

Species Season Inv n 3"°N (SE)
(a) Length Mass
E. calamita 46.4(0.8) 11.3(0.6) FALL N 9 422 (0.44)
Y 1 4.53 -
WINTER N 16 2.73  (0.54)
Y 2 4.66 (4.16)
SPRING N 5 2.98 (0.89)
E. calamita (juv) 16.3(0.4) 0.6(0.1) SPRING N 6 5.18  (0.35)
Y 24 594  (0.17)
P. cultripes 39.1(1.7) 9.2(1.5) FALL Y 16 526 (0.18)
N 2 4.46 (0.03)
WINTER Y 2 2.69 (3.31)
N 5 0.99  (0.77)
D. galgonoi 39.3 8.1 FALL N 1 6.53 -
42.5 9.6 WINTER Y 1 7.40 -
D. galgonoi (juv)  20.2(0.4) 0.6 (0.1) SPRING Y 6 7.21 (0.48)
H. meridionalis 22.4(0.7) 0.9(0.1) SUMMER Y 3 7.82  (0.08)
N 5 6.57 (0.62)
FALL N 2 8.23  (0.59)
(b)
Plants found under
Q. suber canopy SUMMER Y 44 1.39 (0.19)
N 46 241  (0.28)
FALL Y 44 2.70  (0.22)
N 52 1.05 (0.28)
WINTER Y 37 1.25 (0.26)
N 50 0.30 (0.29)
SPRING Y 38 2.03  (0.27)
N 51 1.63  (0.23)

In the case of D. galganoi and H. meridionalis, the numbers of adults captured
did not differ based on invasion status or season, nor was the interaction between
variables significant (D. galganoi yi> = 0.03, p = 0.860; y3* = 2.05, p = 0.561; and
v3>=2.05, p = 0.561, respectively; H. meridionalis y;> = 1.05, p = 0.306; x> = 5.05,
p=0.080; and x> = 3.11, p = 0.374, respectively). D. galganoi and E. calamita
juveniles occurred in higher numbers in invaded areas, but neither season nor the
invasion-by-season interaction was significant (D. galganoi x> = 4.11, p = 0.043;

' =4.19, p = 0.123; y* = 4.19, p = 0.123, respectively; E. calamita y,> = 3.92,
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p=0.048; v,° = 5.99, p = 0.050; %> = 3.99, p = 0.136, respectively). In the case of
P. cultripes adults, invasion status and season were marginally significant, but their
interaction was not significant (x> = 3.70, p = 0.054; y3* = 7.70, p = 0.053; and
v3> = 6.83, p = 0.078, respectively). P. cultripes was more abundant in invaded areas
than in uninvaded areas and in the fall than in the winter (Fig. 12a). In the case of
E. calamita adults, invasion status was significant, while season and the invasion-by-
season interaction were not significant (y,* = 5.67, p = 0.017; x3° = 6.99, p = 0.072; and
va* = 5.92, p = 0.116, respectively). Fewer adults of E. calamita were observed in

invaded areas (Fig. 12a).

Prey availability

A total of 5,319 non-ant invertebrates and 22,386 ants (mostly Argentine ants)
were captured in invaded areas. In uninvaded areas, 6,545 non-ant invertebrates and
4,614 native ants were captured; no Argentine ants were present. Beetles and millipedes
accounted for more than 40% of the available biomass across all seasons, except in the
winter, when flies were more abundant than millipedes (Fig. 13a). Total available
biomass was nearly significantly different across seasons but was not affected by
invasion status or the invasion- by-season interaction (x> = 7.48, p = 0.058; y.* = 3.32,

p=0.068; y3> = 6.26, p = 0.100, respectively; N = 114).

A total of 27,000 ants were captured, of which 22,381 were Argentine ants
(Table 4a). In uninvaded areas, 14 ant species were found in and under trees (Fig. 13b).
Only Argentine ants were found in invaded areas (except for Temnothorax sp., which
appeared in the summer in two invaded areas), and only native ants were found in
uninvaded areas. The percentage of available ant biomass differed significantly between
invaded and uninvaded areas and across seasons, but the interaction between the two
factors was not significant (y,* = 6.35, p = 0.012; y3° = 8.34, p = 0.040; and y3° = 6.62,
p = 0.085, respectively; N = 114). Ant biomass was greater in invaded versus uninvaded

arcas (Table 4a).
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Table 4. Ant species environmental availability and presence in stomach contents (biomass and abundance) Percentage (mean + SE) of ant species biomass
(a) available in the environment versus (b) in amphibian stomach contents across the four seasons in invaded and uninvaded areas (INV column, Y or N
respectively). N is the number of stomachs that contained ants. BiomassTOT is the total biomass available in the environment (in a) or consumed (in b), and
BiomassANT is the total ant biomass (g, mean + SE). Ntot is the total number of ants, and BIOid is the mean biomass of one ant (g). Ant species abbreviations are
as follows: Linepithema humile (L. hum), Aphaenogaster senilis (A. sen), Camponotus aethiops (C. aet), Camponotus lateralis (C. lat), Camponotus piceus (C.pic),
Camponotus pilicornis (C. pil), Cataglyphis tartessica (C. tar), Crematogaster scutellaris (C. scu), Crematogaster sordidula (C. sor), Camponotus truncatus (C.
tru), Formica subrufa (F. sub), Hypoponera eduardi (H. edu), Lasius grandis (L. gra), Temnothorax sp

Plagiolepis schmitzii (P. sch), and Tetramorium sp. (Tet. sp).

. (Tem. sp), Messor sp. (M. sp), Myrmica aloba (M. alo),

SPECIES SEASON INV N BiomassTOT BiomassANT L.hum A.sen C.aet C.tru C.lat C.pic C.tar C.scu F.sub H.edu L.gra Tem.sp. M.alo P.sch Tet.sp. C.pil M.sp. C.sor
BIOid  0.08 135 0.57 0.4 0.59 0.67 0.55 0.59 1.24 0.15 0.28 0.1 0.7 0,06 0,06 0,67 0,05 0,59
(a)
Q. suber SUMMER Y 5 1955(58.7) 66.4 (19.4) 100 - <0.1
285.8 (72.8) 64.8

Q. suber SUMMER N 5 S 99 (24.1) <0.1 02(0.1) 1.4(03) 6.5(L5) - 6.4(3.1) 7.2(53) - (241)  02(0.1) 12.2(6.4) <0.1 <0.1
Q. suber FALL Y 5 115.8 (45.4) 44.7 (16.4) 100 - - - - - - - - R R N

116(28) 40.8 29.5
Q. suber FALL N 5 A 5.4 (1.3) 1.8(1.7) 9.4(26) 42(3.1) 42(2.6) (19.4)  32(3.1) 05(04) 58(13) 03(0.2) (20.6) <0.1 0.3(0.1)
Q. suber WINTER Y 4 2.3(0.4) 0.9(0.1) 100 - - - - - - - - - - - -

4.1(1.1) 828
Q. suber WINTER N 5 1.4 (0.4) 58(3.4)  (25.4) 103 (6.7)
Q. suber SPRING Y 4 7.3(2.1) 3(0.8) 100 - - - - - - - - - -

105(3.2) 37.3 14.1
Q. suber SPRING N 5 T 4(1.1) 6.8 (6.8) 93(4) 9.9(33) 16(1) 157(6.9) 4.1(4.1) (11.4) (11.4) <0.1 1(0.5)

Ntot 22,381 5 4 84 198 5 2 237 105 2 3,614 33 310 6 14
(b)
E. calamita FALL N 8 98 (37.9) 9.3(3) - 33(16) 11(11) - 36 (17) - <1 2(2) - 1(1) - 5(3) 10 (10)
E. calamita WINTER N 14 159.1(28.7) 5.1(1.6) 9(6) 8(7) - - 26 (11) - 44 (10) 1(1) - 1(1) 6(4) 5(3) 1(1)
E. calamita WINTER Y 2 37.2(22.4) 0.6 (0.52) 100 - - - - - - - - - - - - -
E. calamita SPRING N 5 142.4 (24.4) 30.7 (17.4) 21(9) 3(3) 2(2) - 15(10) - 7(4) 1(1) - - - 7(7) 24 (18) 21(13)
E. calamita (juv) SPRING N 5 10(2.7) 2.6(0.5) - - - - - 7(7) - 10 (10) 7(7) 18 (18) 21(20) 38(20) - -
E. calamita (juv) SPRING Y 24 11.6 (1.4) 1.2(0.2) 88(5) - - - - - - 11(5) 1(1) 1(1)
P. cultripes FALL Y 1 182.5 1.35 100 - - - - - - - - - -
P. cultripes FALL N 1 69.2 30.9 - 73 4 1 4 12 6
P. cultripes WINTER N 1 0.84 0.83 19 - 48 - - - 33 - -
D. galgonoi FALL N 1 47.23 31.88 46 - 44 - 3 1 2 - 4
H. meridionalis SUMMER N 2 5.3(0.6) 1.2 (0.4) - - - 100 - -
H. meridionalis SUMMER Y 2 6(0.9) 0.6 (0.5) 100 - - - - - -
H. meridionalis FALL N 2 24.3(4.7) 5.2(2.1) - - 5 - - 86 - 9 - -
Ntot 360 19 0 62 23 0 0 146 0 0 183 41 4 41 29 14 246 38
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Amphibian diet in invaded and uninvaded areas

Stomach contents were obtained from 112 amphibians (9.8% had empty
stomachs, Table 3a). However, isotopic samples were obtained from 106 individuals
because the liver samples from six individuals had deteriorated. The cumulative prey
curve for the two major amphibian species, E. calamita (adults and juveniles) and
P. cultripes, reached a well-defined asymptote, indicating that the sample size was
sufficient to adequately describe the amphibians’ diets (Fig. 14). For H. meridionalis
and D. galganoi, sample sizes were lower, but the results are nonetheless provided for

the sake of comparison.
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Fig. 14. Cumulative prey curve. Randomized cumulative prey curves for E. calamita (adults and
juveniles) and P. cultripes. Mean values for 10 randomized trials are presented (+ SE).

Based on their stomach contents, the amphibians had varied diets; they
consumed nine different taxonomic groups (Fig. 13a). In terms of total biomass,
Coleoptera was by far the amphibians’ most frequent prey (Fig. 13a); they made up 16-
84% of their diets (except in the case of D. galganoi). Indeed, Formicidae was the
second or third most frequently consumed group (up to 37% of dietary biomass). Total
consumed biomass did not differ based on invasion status, species, or season (> = 0.01,

p=0.933; 33> =2.09, p = 0.555; and y3” = 5.23, p = 0.156, respectively; N = 95).

Ants were found in almost all the stomachs of E. calamita adults and juveniles
and H. meridionalis adults (32/34, 30/30, and 9/12, respectively; Table 3a). Formicidae
was less common in P. cultripes stomachs (both in terms of biomass and frequency).
Ant frequency, mean percentage of consumed ant biomass, and the number of ant

species consumed were greater for E. calamita (adults and juveniles) than for other
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species (Fig. 13a, Table 4b). Thus, of the amphibians studied, E. calamita showed the
greatest degree of ant specialization. Thirteen species of Formicidae were observed in
the stomach contents: 12 native species and the Argentine ant (Table 4b). Except in one
individual, Argentine ants were the only ant species found in adult amphibians from
invaded areas. Conversely, except in one individual, Argentine ants were completely
absent from the stomachs of amphibians from uninvaded areas (Fig. 13b). Invasion
status did have a significant effect on the percentage of ant biomass consumed
(x> =5.04, p = 0.025, N = 95). Significantly more ant biomass was consumed in
uninvaded areas than in invaded areas (8.15 £ 2.3 versus 0.86 + 0.2 g, respectively).
Season and species did not have an effect (x5 = 1.87, p = 0.600, and y;* = 1.98,
p =0.577, respectively; N = 95).

The nitrogen isotopic baseline was significantly different across seasons and
individual tree areas (y;> = 25.43, p < 0.001 and x> = 18.11, p = 0.034, respectively;
N = 362, Table 3b). This finding meant that the amphibians’ nitrogen isotopic values
needed to be corrected. Amphibian nitrogen isotopic ratios did not differ between
invaded and uninvaded areas, among species, or across seasons (invasion status
vi>=3.10, p = 0.078; amphibian species ys° = 7.52, p = 0.185; season y3° = 4.44,
p=0.218; N = 106); the interaction between invasion status and species was not
significant (x> = 3.05, p = 0.549, N = 106) (Fig. 12b). The values were highly variable,

which probably explains why no effect of invasion status was found.

Preference tests

Similar results were obtained from the two types of preference tests (providing
the adult toad with four ant species simultaneously or each ant species separately).
E. calamita adults ate both native ants and Argentine ants. However, they ate native ants
(Crematogaster scutellaris, Aphaenogaster senilis and Tapinoma cf. nigerrimum) faster
and in greater quantities (Fig. 15a). When the amphibians were simultaneously offered
the four ant species, there were ant-species-specific differences in consumption
(x3° = 406.34, p < 0.0001, N = 1,400). Fewer Argentine ants were eaten: at 30 min,
around 50% of Argentine ants were left versus fewer than 30% of native ants (Fig. 15a).
When we compared survivorship, the Argentine ant survived longer than the native
ants: 2.03 times longer than C. scutellaris, 5.17 times longer than 4. senilis, and 5.42

times longer than 7. cf. nigerrimum. When the amphibians were offered one ant species
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at a time, there were again ant-species-specific differences in consumption (y3°= 146.72,
p <0.0001, N = 1,120): 30% of Argentine ants remained at 30 min versus less than 20%
of native ants. Once again, the Argentine ant survived longer than the native ants: 2.31
times longer than C. scutellaris, 2.59 times longer than 7. cf. nigerrimum, and 2.78
times longer than 4. senilis. Furthermore, in the second test, no ants were eaten in six of
the trials; the percentage of trials in which no ants were eaten was 21.4% for the
Argentine ant (3 trials), 14.3% for T. cf. nigerrimum (2 trials), 7.1% for C. scutellaris
(1 trial), and 0% for A. senilis.
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Fig. 15. Ant preferences demonstrated by Epidalea calamita. Consumption of live ants over the course
of the first trial (simultaneous exposure to four ant species): (a) by each ant species; (b) for Argentine
ants exposed to E. calamita adults from invaded versus uninvaded areas; and (c) by trial order (1st to
5th; all ants). Shaded areas represent 95% CI.
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Amphibians from invaded versus uninvaded areas did not differ in their rates of
Argentine ant consumption (x> = 6e—04, p = 0.981, N = 1,400 observations, Fig. 15b).
Both trial order and the ant-species-by-trial-order interaction were significant, meaning
that there was a learning process and a significant difference among ant species in the
relative degree of learning (y,° = 37.81, p < 0.0001; x> = 12.831, p = 0.005,
respectively, N = 1,400 observations). Toads fed on each ant species faster in
subsequent trials (L. humile y,° = 22.94, p < 0.001, Fig. 15c; A. senilis x> = 34.06,
p<0.001; T. cf. nigerrimum y*> = 20.10, p < 0.001; C. scutellaris y,° = 28.82,
p <0.001; N = 350).

Discussion

Although none of the terrestrial amphibians at RBD exclusively consume ants,
ants do constitute a significant percentage of their diets. Indeed, when we considered the
relative representation of ants in amphibian diets, as compared to other invertebrate
taxa, we found that amphibians in invaded areas consumed less ant biomass than
amphibians in uninvaded areas, even though more ant biomass was available in invaded
areas (but comprised only Argentine ants). These differences in consumption could be
the result of a preference for native ants over Argentine ants (even post exposure).
Because levels of available and consumed invertebrate biomass were similar between
invaded and uninvaded areas and amphibians in invaded areas consumed less ant
biomass, amphibians shifted to non-ant prey in invaded areas. The Argentine ant
invasion also seems to have differentially affected the abundances of adult amphibians.
While H. meridionalis and D. galganoi appeared to be unaffected, P. cultripes was
more common in invaded areas, although this difference was less pronounced in the
winter than in the fall. In contrast, E. calamita, the greatest ant specialist in the

amphibian community, seemed to avoid invaded areas.

Effects on the amphibian community

The Argentine ant is already established in some suitable habitats in Dofiana,
where it has replaced most native ant species by competition (Angulo et al. 2011;
Carpintero et al. 2007; Carpintero et al. 2005). According to the best known hypotheses

that examine the potential relationships between invasive prey and native predators
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(Callaway and Ridenour 2004; Carlsson et al. 2009; Catford et al. 2009; Ricciardi et al.
2013; Sax et al. 2007), native predators are more likely to be negatively impacted if
they display greater dietary specialization. Our stable isotopic analyses confirm that
Dofiana’s terrestrial amphibian community displayed less dietary specialization than
expected: 8'°N liver tissue values were highly variable even though the nitrogen isotopic
baseline was relatively stable (Post 2002; Vanderklift and Ponsard 2003). However, ants
may nonetheless make up a significant percentage of their diets (the percentage of

consumed ant biomass was much greater than the percentage of available ant biomass).

To date, Argentine ant invasions had only been found to reduce predator
abundance in the case of the coastal horned lizard, Phrynosoma coronatum, a highly
specialized predator of ants (Fisher et al. 2002; Suarez et al. 2000). In contrast, other ant
specialists seem to have benefitted from the abundant food that stems from Argentine
ant invasions (Glenn and Holway 2008; Touyama et al. 2008). In this study, we found
differential effects of the invasion on adult amphibian abundance, which could be
related to the species’ degree of dietary specialization. The amphibian that consumed
the smallest percentage of ants, P. cultripes, has the highest abundance of adults in
invaded areas. However, there were no differences in adult abundance between invaded
and uninvaded areas for H. meridionalis and D. galganoi, species that consumed
intermediate percentages of ants. In contrast, we discovered that E. calamita adults were
less abundant in invaded areas. This finding makes sense, given that E. calamita (as
well as other bufonids; Isacch and Barg 2002) is the greatest ant specialist of the four
amphibian species studied. Furthermore, in our study, the number of ants consumed, the
mean percentage of ant biomass consumed, and the number of ant species consumed
were greatest for E. calamita. However, E. calamita juveniles occurred in higher
numbers in invaded areas than in uninvaded areas. Similar results were seen for
D. galganoi juveniles. This contrast between adults and juveniles could be explained by
the fact that juveniles are unable to choose the ponds from which they emerge, while
adults can choose where they forage and breed. The greater abundance of P. cultripes
adults in invaded areas was counterintuitive. It might be that they were attracted by the
greater ant biomass in those areas or by a lower degree of interspecific competition, as
other amphibian species seemed to avoid these areas (i.e., E. calamita adults). Although
these results should be interpreted with caution because of our low amphibian sample

sizes and given the difficulties associated with estimating amphibian abundance
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(i.e., terrestrial amphibians strongly respond to fluctuations in precipitation), we
propose that Argentine ant invasions may have an effect on the most ant-specialized

amphibian species.

Dietary shifts in the presence of the Argentine ant

Predators may not consume invasive prey if they are naive, if they are absolute
specialists (as per Catford et al. 2009), or if invasive prey release toxins. As a
consequence, dietary shifts and reductions in prey availability occur, which are some of
the mechanisms that explain the negative effects invasive prey species have on
predators (Caut et al. 2008; Suarez and Case 2002; Suarez et al. 2000). In less extreme
scenarios, predators should consume large quantities of the invasive prey, at least
according to the exotic prey naiveté or increased susceptibility hypotheses; such may
also be the case if the predator is an absolute generalist (Catford et al. 2009; Colautti et
al. 2004; Li et al. 2011; Wanger et al. 2011). The amphibian community we studied
here seems to provide an example of a less extreme scenario, as Argentine ants were
consumed to some degree. However, the diets of Dofiana amphibians clearly reflect the
previously described (Angulo et al. 2011) negative effects of the Argentine ant on
native ant communities: amphibians from uninvaded areas consumed a greater diversity
of native ants, which largely corresponded to species availability. In contrast, the
Argentine ant was almost the only ant species found in the stomach contents of
amphibians from invaded areas, which also corresponded to species availability. Even if
certain amphibians, such as E. calamita adults, seemed to avoid invaded areas,
individuals may remain in them long enough to consume an entire meal of Argentine
ants. Adult amphibians can have large foraging areas (Miaud et al. 2000), but we only
observed two cases in which individuals ate ants that did not correspond to the area in

which they were captured.

Previous work at our study site has suggested that myrmecophagous amphibians
may include the Argentine ant in their diets (Diaz-Paniagua et al. 2005). Indeed, the
Argentine ant appears to be consumed by most ant predators, including amphibians (Ito
et al. 2009), jumping spiders (Touyama et al. 2008), and pit-building antlions (Glenn
and Holway 2008). In nature, the coastal horned lizard does not consume the Argentine
ant and compensates for the elimination of its main prey species (native ants) by

consuming greater quantities of other invertebrates (Suarez and Case 2002; Suarez ef al.
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2000). In our study, we found that amphibians consumed significantly smaller
percentages of ant biomass in invaded areas than in uninvaded areas. Clearly,
amphibians do not completely replace native ants by Argentine ants, even when levels
of Argentine ant biomass are higher than those of native ants. Dofiana amphibians
compensated for the lack of native ants by shifting their diet to include other
invertebrates: the total biomass consumed was similar in invaded and uninvaded areas.
Because the percentage of ants consumed was lower in invaded areas, the percentage of

other invertebrates consumed should be higher.

Amphibian prey preferences

When native predators are faced with novel prey, they may fail to recognize or
capture the introduced prey species or may be unable to consume it because it is
unpalatable or contains toxins. We found that E. calamita adults recognized Argentine
ants as prey, capturing and consuming them, albeit at markedly lower rates than for
native ants. This result could stem from lower detection probabilities or lesser
palatability resulting from the Argentine ant’s small size or color, as seen in the case of
the coastal horned lizard (Suarez et al. 2000). Of the ants tested in the laboratory, the
Argentine ant was the smallest, followed by 7. cf. nigerrimum and C. scutellaris;
A. senilis was the largest. 4. senilis and T. cf. nigerrimum are black, C. scutellaris is
two-toned (black and red), and the Argentine ant is sand colored. Thus, although the
Argentine ant is most similar to 7. cf. nigerrimum, their survivorship patterns in the
preference tests differed dramatically. The Argentine ant’s marked dissimilarity in size
and color might explain its higher survival rates in the laboratory experiment. In the
field, of the 12 native ant species consumed by Dofiana amphibians, only one
(Plagiolepis schmitzii) is smaller than the Argentine ant (Arnan et al. 2017). Although
prey movement is required to trigger feeding responses in some anurans (Oliver 1955),
Dofiana amphibians consumed native ants that moved faster (4. senilis) and slower
(C. scutellaris and Temnothorax sp.) than the Argentine ant, which suggests that
movement does not play a significant role to explain our results. The preference for
native ants could be explained by the Argentine ant having a lower energetic value.
However, Pekar and Mayntz (2014) recently showed that differences in the nutritional
composition of European ants cannot fully explain the preferences of predators. Finally,

even if the Argentine ant has antipredatory defenses, such as aggressive behavior or
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noxious chemicals (Glenn and Holway 2008; Robbins et al. 2013; Suarez and Case
2002), they did not alter the response of E. calamita toads, which increased their
feeding response with greater exposure. It could be that learning is occurring. Robbins
et al. (2013) also showed that fence lizards learned to eat invasive ants over successive
feeding trials. However, in our study, adults of E. calamita from invaded and uninvaded
areas consumed Argentine ants at similar rates, indicating that prior exposure neither

positively nor negatively influenced consumption.

In conclusion, when it comes to interactions between native predators and
invasive prey, it is essential to consider both the direct and indirect effects of invaders
on the native predator community, which means examining predator diets, prey
availability, and predator feeding capacities (e.g., prey preferences, ability to learn).
Although many generalist predators include ants in their diets, detailed studies on how
predators are affected by Argentine ant invasions are very limited. Research on such
bottom—up effects is important if we are to understand the impact of ecologically

important invaders at higher trophic levels.
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Section 2: Are amphibians threatened by a global
invasive ant?

Results

Linepithema humile and juvenile amphibians overlap at the local scale

When newly metamorphosed E. calamita toadlets were emerging from the
temporary ponds, we found that different species of native ants overlapped with toadlets
from the uninvaded ponds during the day (Figure 16a). Toadlets coming from the
invaded ponds only overlapped with L. humile, which was the sole ant species present
and was much more abundant than native ants were in uninvaded ponds. Moreover,

L. humile was also present during the day and part of the night (Figure 16a,b).
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Fig. 16. Linepithema humile ants overlap temporally and spatially with amphibians. Relative
abundances over time of Epidalea calamita toadlets emerging from temporary ponds and (a) native
ants or (b) L. humile ants. Values represent the mean number (+ SE) of toadlets per transect or ants per
bait. Note the differences in axis scale between (a) and (b) regarding ants. (¢) Mean (£ SE) number of
dead amphibians found along L. humile trails during the juvenile amphibian emergence period over
three different seasons. (d-f) Examples of different phases of ant predation on amphibians: (d) ants
attack Pelobates cultripes toadlet; (e) freshly killed Hyla meridionalis covered by L. humile, around
two hours after an attack; (f) skeleton of an H. meridionalis froglet, fewer than 12 h after an attack
(Photo credits: Fernando Amor (d) and Elena Angulo (e,f)).

86



RESULTS and DISCUSSION

Linepithema humile preys on and kills juvenile amphibians

We observed dead juvenile amphibians along relatively permanent L. humile
trails during three different breeding seasons, when newly metamorphosed amphibians
of different species were emerging (Figure 16c¢.d.e.f). All the dead toadlets were found
less than 10 cm from the trails (i.e., no other dead toadlets were discovered further
away). During the 4 sampling days per season, along 40 m of ant trails, we observed a
total of 46 dead H. meridionalis frogs (12 in 2013, 34 in 2014); 6 dead P. cultripes
toadlets (3 in 2013, 3 in 2018); 2 dead Iberian painted frogs (Discoglossus galganoi;
2018); and 1 dead Iberian parsley frog (Pelodytes ibericus; 2018). We also observed a
healthy P. cultripes toadlet that began to cross an Argentine ant trail but that could not
continue once it came in contact with the ants. The ants were preying on the
amphibians, which ranged from having recently died to being entirely eaten (skeletons)

(Figure 16e.f).

Linepithema humile aggressiveness in the ant-trail-exposure experiment

In the field, P. cultripes and H. meridionalis juveniles were held next to ant
trails for two minutes to allow physical contact with the ants. The juveniles were then
set free, and we observed whether they escaped from the trails or remained on them; we
also determined their fate during the subsequent 48-h period. None of the observed
frequencies (alive, paralyzed, and dead) differed significantly from the expected
frequencies (p > 0.05 in all cases, Fig. 17a). However, only 60% of the P. cultripes
toadlets escaped L. humile (by jumping away from the trails); 20% died, and another
20% were paralyzed but recovered after approximately 10 min (N = 10; Fig. 17a).
H.meridionalis froglets always escaped (N = 10; Fig. 17a). None of the juveniles
exposed to the two native ant species (4. senilis and T cf. nigerrimum) showed signs of

paralysis; they were all alive at the end of the experiment (Fig. 17a).

Linepithema humile aggressiveness in the foraging-arena-exposure experiment

In the laboratory, juveniles of P. cultripes, H. meridionalis, and E. calamita
were left in the foraging arenas of colonies of each ant species for 10 min. In these tests,
the native ant A. senilis was fastest to discover the toadlets, while the invasive ant

L.humile was the slowest (x> = 27.0, p < 0.001, N = 290; p < 0.001 for all contrasts with
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A. senilis). Moreover, juveniles were covered by significantly more ants when exposed
to the native ant 7. cf. nigerrimum than when exposed to the invasive ant L. humile
(mean + SE: 17.9 + 1.9 ants vs. 13.0 + 2.0 ants, respectively; x> = 177.22, p < 0.001,
N =284; p <0.018 for all contrasts with 7. cf. nigerrimum; Box 3).
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Fig. 17. Effects of ant contact and ant chemicals on juvenile amphibians. (a) Effects on juveniles of
two amphibian species that spent 2—-10 min in contact with ants on ant trails in the field; (b) Effects on
juveniles of three amphibian species that spent 10 min in contact with ants in the foraging arenas of
laboratory nests; (c) Effects on Pelobates cultripes toadlets whose backs were rubbed with three
different concentrations of iridomyrmecin (0.1, 1, or 5 mg/toadlet, which was equivalent to 8.15 +
1.13, 67.86 + 6.78, or 307.62 + 30.30 Linepithema humile workers/g of toadlet; mean + SE). Sample
size is indicated in the center of each pie chart.

However, while attacks by the native ants A. senilis and T. cf. nigerrimum had
no obvious effect, those by the invader L. humile ultimately resulted in paralysis and
death. For P. cultripes, 53% of toadlets were paralyzed during exposure to the invasive
ant L. humile, and all but one of these toadlets died within 48 h of the trials (N = 30;
Fig. 17b). For E. calamita, 38% of toadlets were paralyzed during exposure to the
invasive ant L. humile, but they recovered ~10 min later; only one died (N = 45;

Fig.17b). Finally, for H. meridionalis, only 8% of juveniles were paralyzed, and they
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recovered within 10 min (N = 25). None of the juveniles exposed to the native ants
A. senilis and T. cf. nigerrimum showed signs of paralysis; they were all alive at the end
of the experiment (Fig. 17b). Indeed, none of the observed frequencies (alive, paralyzed,
and dead) differed significantly from the expected frequencies (all individuals alive) for
any of the native ant-amphibian species pairs (p > 0.05 in all cases, Fig. 17b); this was
also true for the L. humile—H. meridionalis combination. However, there were
significant differences for L. humile—P. cultripes (x> = 8.53, p = 0.014) and L. humile—
E. calamita (x> = 6.42, p = 0.040).

Iridomyrmecin is the main compound in Linepithema humile ant venom

Histological examination of the abdominal glands of L. humile and T. cf.
nigerrimum workers confirmed that ants of both species have highly developed pygidial
glands (Fig. 18a,b). We identified the different chemical compounds present in these
pygidial glands via gas chromatography coupled with mass spectrometry (Fig. 18c,d).

Glands:

PyG, PyG-d: Pygidial gland and duct
PG,PG-r: Pavan gland and reservoir
VG, VGd: Venom gland and duct
DG: Dufour gland

Other structures:
GG: ganglion
HG: hindgut
OV: ovariole
VS: vestigial sting
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Fig. 18. Identification of Linepithema humile ant venom. Longitudinal section of the abdomen of (a)
L. humile and (b) T. cf. nigerrimum. Partial chromatograms showing the iridodial/dolichodial
iridomyrmecin complex of the pygidial glands of: (¢) L. humile workers and (d) T. cf. nigerrimum
workers. () List of compounds associated with the peaks in (¢) and (d). Iridomyrmecin and iridodials
with different numbers are isomers. Note that the hydrocarbons may have originated from the cuticular
intima lining the gland (Photo credits: Johan Billen).

Our results show that iridomyrmecin (isomer 1) is the main compound found in

L. humile pygidial glands (Fig. 18c,e). The major compounds found in the pygidial
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glands of Tapinoma species are isomers of iridodial, although iridomyrmecin is also
present (isomers 1 and 2; Fig. 18d,e). Although T. cf. nigerrimum workers are slightly
larger in body size than L. humile workers, L. humile contained five times more
iridomyrmecin than 7. cf. nigerrimum (mean + SE: 6.416 + 0.443 ug vs.
1.291 + 1.127 ug; F = 135.76, p < 0.0001, N = 100). Iridomyrmecin represents 1.4% of
worker fresh body mass in the invasive ant L. humile versus just 0.2% in the native ant

T. cf. nigerrimum.

The functional ecology of iridomyrmecin

Our literature review on iridomyrmecin functional ecology unearthed 116
articles published between 1948 and 2018. When iridomyrmecin was assigned a
function at its first mention in the text (N = 93), the two most frequently cited functions
were “defense” (32%) and “insecticide” (32%) (Appendix 1a). Most of the ant species
with iridomyrmecin belong to the Dolichoderine family and notably the genera
Iridomyrmex, Tapinoma, and Dolichoderus (Appendix 1c). However, not all species in
these genera have iridomyrmecin (e.g., 7. melanocephalum, Tomalski et al. 1987).
Iridomyrmecin has also been found in non-Dolichoderinae ants (i.e., Pheidole
biconstricta, Davidson et al. 2005), in non-ant insects, (i.e. parasitic wasps and
anthicide beetles, Appendix Ic) and in plants (Riddick et al. 2008). In all cases,
iridomyrmecin has been reported to be an effective repellent. However, while Pavan
and Ronchetti (1955) found that iridomyrmecin has insecticidal and antibiotic
properties, they did not show that this compound was toxic for vertebrates (i.e., tests

performed with dogs, rodents, and humans).

Iridomyrmecin-exposure experiments

To test iridomyrmecin’s toxicity, we synthesized and applied the compound to
the backs of P. cultripes toadlets (isomers 1 and 2, in a ratio of 1.5:1). Three different
doses were used: 0.1, 1, and 5 mg, which would correspond to an average dose + SE of
84 + 1.2, 69.7 £ 6.4, and 307.5 = 30.3 L. humile workers per gram of toadlet,
respectively. This calculation is based on the estimates described above and assumes
that ants release all their pygidial gland contents at once. We observed significant
differences among treatments (y* = 25.63, p < 0.001, N = 42). Seventy percent of the
toadlets exposed to the highest dose displayed paralysis, what was significantly
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different from what was seen with the control (p < 0.001). The results for the lower
doses were not significantly different from those for the control: all individuals

remained alive at the end of the experiment (p > 0.05; Fig. 17c¢).

Toxic iridomyrmecin doses estimated for juvenile amphibians

To quantify the number of ants necessary to affect amphibians, we applied
different numbers of mashed L. humile and T. cf. nigerrimum workers to juveniles of
the three amphibian species. Generally, juveniles were increasingly affected by greater
numbers of ants in a dose-dependent manner (x* = 26.69, p < 0.001, N = 81). However,
the magnitude of the effect differed depending on both amphibian species and ant
species (%° = 23.40, p < 0.001, N = 81 and % = 22.92, p < 0.001, N = 81, respectively;
Fig. 19a). Comparatively, smaller numbers of the invasive ant L. humile elicited more
dramatic consequences than did larger numbers of the native ant 7. cf. nigerrimum

(Fig.19b).
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Epidalea calamita (red), Pelobates cultripes (blue), and Hyla meridionalis (green). (a) Numbers of
amphibians who were affected (1) or unaffected (0) (normal or abnormal reaction observed during
clinical evaluation, see Methods) after spending 10 min in contact with a mash of different numbers of
ants of the invasive Linepithema humile (straight lines/circles) or the native Tapinoma cf. nigerrimum
(dashed lines/triangles). (b) Toxic dose, which was the mean number + SE of ants (and the equivalent
amount in mg + SE of iridomyrmecin) per g of juvenile amphibian that elicited an effect. SE are only
shown when meaningful. Equivalent amounts of iridomyrmecin were calculated using the species-
specific contents: 6.416 + 0.443 ug for L. humile and 1.291 + 1.127 ug for T. cf. nigerrimum.
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Box 3. Do toxic doses represent realistic numbers of ants relative to how many
were seen on toads in lab and field experiments?

The mean = SE of the maximum number of ants on the toad during the 10 min juveniles
expended in the foraging arenas were 13 =2 and 17 £ 1.9 ants for Linepithema humile
and Tapinoma cf. nigerrimum respectively, arriving in both cases to 100 ants. In the
field, juveniles were covered by 5 + 0.6 and 14 £+ 1.7 L. humile and T. cf. nigerrimum
coming from trails respectively. The activity of these trails, represented by the mean
number of ants crossing a point per minute, was of 118.7 + 14.5 and 125.8 + 16.4 for
L.humile and T. cf. nigerrimumrespectively.

The toxic dose of the two toadlets was 40 (for Epidalea calamita) and 91 (for
Pelobates cultripes) Argentine ants/g of juvenile, while the toxic dose of the froglet
(Hyla meridionalis) was higher, 368 ants/g of juvenile. The mean mass (= SE) after
metamorphosis in E. calamita was 0.45 = 0.05 g, meaning that fewer than 20 L. humile
workers could attack a toadlet and elicit an effect. Thus, the toxic doses for the
Argentine ant (Fig. 19b) appear realistic and could cause paralysis and death in juvenile
amphibians. Moreover, given the broad spatial extension of the L. humile nests,
emerging E. calamita would likely have very low chances to survive in invaded areas
(Fig 16D).

On the contrary, ant doses for the native ant T cf. nigerrimum (Fig. 19b) were too
high, especially for the more tolerant amphibian species; taking into account their low
abundance and the reduced spatial extension of their nest, their impact seems to be

limited.
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Maximum number of ants on the toad in the foraging arenas-exposure experiment and
in the ant trail-exposure experiment: Frequency histograms (a, b) and mean + SE,
maximum number in the range (¢, d). Ants per minute in the trails where the exposure was
performed are also given in d, as an estimation of the ant activity.
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Iridomyrmecin causes general paralysis and histological lesions

We observed that the venom of the invasive ant L. humile mainly had
neurological consequences, specifically in the medulla oblongata, pontine nucleus, and
midbrain. The principal signs were general paralysis (Fig. 20a), which could be
accompanied by the loss of photopupillary and palpebral reflexes and the loss of the
nociception response. We also observed severe damage to the skin of juveniles that

came in contact with L. humile and of juveniles treated with iridomyrmecin (Fig. 20b).

Individuals showing signs of neurological damage had higher levels of
iridomyrmecin in their brains than did unaffected individuals (x* = 10.19, p = 0.001,
N = 28). Moreover, concentrations of iridomyrmecin in brain, liver, and kidney tissue
were significantly correlated with the equivalent amounts of iridomyrmecin applied
(brain: F = 17.69, p < 0.001, N = 28; liver: F = 14.24, p < 0.001, N = 27; kidney:
F =8.29, p=0.008, N = 26; Fig. 20c).
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Fig. 20. Effects of iridomyrmecin on toadlets and toadlet tissues. Pelobates cultripes toadlet with (a)
an abnormal motor response (ataxia, paresis, and flaccidity) and with (b) skin ulcers (marked with an
arrow). (c) Relationship between the dose applied (equivalent amounts of iridomyrmecin estimated
from the number of Linepithema humile [in red] or Tapinoma cf. nigerrimum [in white] applied to
toadlets) and the concentration of iridomyrmecin measured in toadlet tissues after treatment. Model fit
was determined using the combined data for all the amphibian species and ant species. (d) Unaffected
liver. (e¢) Damaged liver with lymphoplasmocytic inflammatory infiltrates in the periportal space
(circled). (f) Unaffected kidney. (g) Damaged kidney with acute tubulo-interstitial nephritis (marked
with arrows) (Photo credits: Paloma Alvarez-Blanco and Alejandro Berté-Moran).
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The histological samples revealed liver and kidney damage had occurred,
indicating the toxin’s acute effects on these tissues. In the liver, we found inflammatory
cell infiltrates (heterophils) around the hepatic artery (Fig. 20d,e). These lesions were
observed in 16 cases (N = 33, all species combined). There was no significant
relationship between the quantity of iridomyrmecin per gram of amphibian and the
presence of lesions (X2 = 0.12, p = 0.727, N = 33), which could be due to the
individuals’ short exposure to the toxin (only 10 min; see Methods). In the kidney, we
found inflammatory cell infiltrates (lympho-plasmocitary cells) in the renal tubules,
which indicated tubulo-interstitial nephritis (Fig. 20f,g). We observed lesions in just
five cases (N = 32, all species combined). Range of doses administrated were 0.208 to
0.885 mg of iridomyrmecin per gram of amphibian for E. calamita; 0 to 0.796 mg for
P. cultripes and 0 to 3.766 mg for H. meridionalis. Lesions were found in individuals
who had received mean doses of 0.674, 0.665, and 1.167 mg of iridomyrmecin per gram

of amphibian for E. calamita, P. cultripes, and H. meridionalis, respectively.

Potential global impacts on amphibians

We examined the overlap across the globe between the distribution ranges of
amphibian species and the locations of 1,407 L. humile populations, 61 of which were
native, while the rest were invasive (Appendix in Digital CSIC:
http://hdl.handle.net/10261/173421). There were only 51 L. humile populations (all

invasive) that were not associated with any amphibians.

Using the full dataset, we determined that, worldwide, L. humile populations
potentailly co-occurred with a total of 813 amphibian species (based on the 6,513
terrestrial amphibian species with spatial data in the [IUCN Red List database), and only
9 of these amphibians exclusively co-occurred with native L. humile populations.
Outside of its native range, L. humile potentially co-occurs with a mean (= SE) of 11.06

(+ 0.23) amphibian species per locality (range: 1-86, N = 1295; Fig. 21).

After filtering the amphibian species based on microhabitat, we found that
L. humile populations potentially co-occurred with a total of 693 amphibian species.
Outside of its native range, L. humile potentially co-occurs with a mean (£SE) of 7.22
(= 0.20) amphibian species per locality (range: 1-78, N = 1287; Appendix in Digital
CSIC: http://hdl.handle.net/10261/173421).
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At the global scale, between 6.27% (full dataset) and 5.48% (microhabitat-
filtered dataset) of these amphibian species fell into one of the three IUCN Red List
categories for threatened species: 89 were critically endangered (CR), 10-16 were
endangered (EN), and 20-26 were vulnerable (VU), depending on the dataset used. In
contrast, between 91.39% (full dataset) and 92.21% (microhabitat-filtered dataset) of
the amphibian species were in the least threatened categories: 3442 were near
threatened (NT) and 701-605 were of least concern (LC). The remaining 2.34% (full
dataset; 19 species) and 2.31% (microhabitat-filtered dataset; 16 species) were listed as
data deficient (DD). At the regional scale, within the native range of the Argentine ant,
only 2.50-2.74% of these amphibian species are threatened (CR, EN, VU). In contrast,
in the rest of the world, these percentages are notably higher: 3.17-3.49% in the rest of
South America, 5.41-6.47% in North America, 7.69-8.57% in Europe, 5.07-5.73% in
Africa, and as high as 13.21-16.39% in Australia (Fig. 21). The impact of the Argentine
ant could be particularly serious in Sub-Saharan Africa, as this region has the largest

number of potentially affected critically endangered amphibian species (Fig. 21).
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Fig. 21. World map showing records of native and invasive Linepithema humile populations (native
range in light blue). Point color reflects the number of co-occurring amphibian species (1: green to 86:
red; 0: gray) based on spatial and macrohabitat overlap. The following regions were defined: the native
range of L. humile, the rest of South America, North America (plus Japan), Europe (including
European island colonies in North Africa), Sub-Saharan Africa, and Oceania. The pie charts show
regional species richness (range of cumulative number of species for the full dataset [top] and for the
microhabitat-filtered dataset [bottom]) and the proportion of species in non-threatened (black) and
threatened (gray) IUCN Red List categories (for the full dataset). The bar charts for each region show
the number of species that are vulnerable (VU), endangered (EN), and critically endangered (CR) for
both the full (hashed) and microhabitat-filtered (filled) datasets.
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Discussion

We discovered that iridomyrmecin can kill juveniles of terrestrial amphibians.
Understanding the mechanisms that underlie the impacts of invasive species helps
scientists assess the potential magnitude of those impacts, which is essential when
prioritizing and managing invasions, as made clear in the Aichi targets of the
Convention of Biological Diversity (Strategic Plan 2020-Aichi targets, target 9). In
contrast to previously described impacts of invasive species (Kumschick et al. 2015),
this newly discovered effect of L. humile is context independent: ants are a common
prey for anurans (Wells 2010), and L. humile is an invasive ant species worldwide that
displaces native ants and attains high population densities (Angulo et al. 2011; Holway
et al. 2002). Our results reveal that L. humile invasions may have global
consequences—the Argentine ant is a potential threat to populations of terrestrial
amphibians, an already endangered vertebrate taxon (Bosch ef al. 2018; Duarte et al.
2012; Hoffmann et al. 2010). A total of 813 amphibian species around the world
overlap in range and macrohabitat with the Argentine ant and could therefore be
affected by the species’ aggressive behavior and chemical weaponry. Of these species,
6.27% are classified as threatened by IUCN (i.e., critically endangered, endangered, or
vulnerable). At the regional level, this percentage is as high as 16.39% (in Australia).

The invasive ant L. humile has had striking success in Mediterranean ecosystems
across almost all continents (Suarez et al. 2001; Vogel et al. 2010). It excludes native
ant species from communities and forms colonies that spread over enormous areas
(Giraud et al. 2002), which are then completely saturated with groups of nests and
intertwined trails (Angulo et al. 2011; Heller et al. 2008). Native amphibians in Dofiana
were found to avoid favorable habitats that had been colonized by L. humile, likely
because the invasive ant was not desirable prey (Alvarez-Blanco ef al. 2017 = Section
1). A similar phenomenon might be responsible for the decline of another ant predator,
the coastal horned lizard in California (Suarez and Case 2002). However, in light of our
results, the decline of these native predators could be also due to reduced juvenile
survival in invaded areas. Attention should also be paid to other juvenile amphibians

known to consume Argentine ants in invaded areas (Beard 2007; Ito et al. 2009).

Pavan and Ronchetti (1955) concluded that iridomyrmecin toxicity was very low

for homoeothermic species but that the compound could be toxic for non-
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homoeothermic species. Here, we clearly demonstrate that iridomyrmecin is toxic for
amphibians when topically applied (its toxicity upon ingestion is still unknown).
However, given reports that L. humile also preys on birds (Hooper-Bui et al. 2004;
Sockman 1997; Suarez et al. 2005), Pavan and Ronchetti’s assertion seems to be
lacking. Given the venom’s toxicity together with the ecological dominance of
L. humile, it is very likely that iridomyrmecin has important ecological implications for
natural populations of amphibian species. However, more research is needed to explore
this subject and to examine the factors underlying venom toxicity in other taxa (e.g.,

skin permeability or life-history traits, such as developmental type or breeding strategy).

In its native range L. humile does not dominate ant communities (Holway and
Suarez 2004; Suarez et al. 1999) and its nests are several orders of magnitude smaller
than in its invasive range (Holway et al. 1998; Pedersen et al. 2006). Thus, in the native
range, even if the venom causes harm to co-occurring amphibians, the overall impacts

are likely limited by the species’ relative low ecological dominance.

Iridomyrmecin is not specific to L. humile (Hefetz and Lloyd 1983; Wheeler et
al. 1977). However, we demonstrated that its quantities in the native species
T. cf. nigerrimum are too low to affect native juvenile amphibians. Although
iridomyrmecin is also present in other ant species (e.g., Attygalle and Morgan 1984; see
Appendix 1), the information available do not allow us to establish a link between the
presence of iridomyrmecin and invasiveness; e.g. it is not present in another invasive
Dolichoderinae ant, 7. melanocephalum (GISD; Tomalski et al. 1987). However, the
convergent occurrence of this compound in different insect families and orders indicate
its effectiveness as a repellent. Moreover, the iridomyrmecin-exposure experiment
demonstrated that iridomyrmecin is the active substance. Other pygidial gland
compounds besides iridomyrmecin may also function as defensive compounds (e.g.,
dolichodial, Cavill ef al. 1976; Welzel et al. 2018) or help the venom to reach and stay
on the target (e.g., iridodials, Attygalle and Morgan 1984). Differences in such
compounds could explain the differences we found in the toxic dose of iridomyrmecin

for a given amphibian species when using L. humile versus T. cf nigerrimum (Fig. 19b).

Our results showed that the venom caused general paralysis, which occurred
rather quickly following initial contact, and indicated intra- and interspecific differences

in tolerance among amphibians. The most tolerant species, the frog H. meridionalis,
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could escape from ant trails in the field even after two minutes of contact, but more
subtle effects were observed when the species was confined for a longer time period.
These results suggest that jumping behavior could favor a quicker escape. In fact,
juveniles of H. japonica have been found to consume Argentine ants without seeming to
experience any negative impacts (although the researchers did not look for them; Ito et
al. 2009). The dose-response experiment confirmed lower tolerance for E. calamita and
P. cultripes toadlets, and indicated differences in the toxic doses of the invasive versus
the native ants. Taken together, these results explain why L. humile had a detrimental
effect on small toadlets, such as those of E. calamita. In this species, the mean mass
(= SE) after metamorphosis was 0.45 + 0.05 g, meaning that fewer than 20 L. humile
workers could attack a toadlet and elicit an effect; in contrast, more than 150 7. cf.
nigerrimum workers would be required (Fig. 19b). Although 7. cf. nigerrimum was
more efficient than L. humile in recruiting to the juveniles, the greater threat may come
from L. humile, given its greater toxicity and its high abundance around invaded ponds
(Figure 16a,b; Alvarez-Blanco et al. 2017 = Section 1; Angulo et al. 2011). Emerging
E. calamita would likely have slim chances of surviving in invaded areas. Further
research to accurately estimate how much iridomyrmecin ants release during attacks and
to characterize iridomyrmecin variability (e.g., over time and space) is necessary if we

wish to improve estimates of toxic doses for amphibian species.

Although L. humile is one of the best-studied invasive ant species (Sanders and
Suarez 2011), its use of the venom iridomyrmecin as a tool for preying on amphibians
has been overlooked. The red imported fire ant, S. invicta, impacts native herpetofauna,
birds, and mammals (Allen et al. 2017; Allen et al. 2004). Its venom accumulates in the
poison gland and consists of alkaloids and a small amount of proteins. Although it is
normally injected by stinging, it can also be sprayed (Liu ef al. 2017). The venom
induces anaphylaxis (causing cardiac and respiratory problems) or paralysis and death at
higher doses (Langkilde er al. 2017). In contrast, research on the little fire ant,
W. auropunctata, and the yellow crazy ant, 4. gracilipes, is scarcer (Sanders and Suarez
2011). Most reports on the impacts of W. auropunctata on vertebrates have been
anecdotal, with no evidence that predation is occurring (Jourdan et al. 2001; Wetterer
and Porter 2003). Like S. invicta, W. auropunctata has a painful stinger that induces
anaphylaxis. By comparison, 4. gracilipes sprays formic acid—an irritant located in the

poison gland—to subdue prey (Bertelsmeier et al. 2016); however, evidence that the ant
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preys on vertebrates remains sporadic (Davis et al. 2008; Matsui et al. 2009; Plentovich

et al. 2018).

The role of L. humile as a predator is not apparent, which is likely why it has
remained unstudied. First, the species does not possess a functional stinger. Second, the
venom does not appear to affect humans or mammals (Pavan and Ronchetti 1955).
Third, amphibians could not become immediately paralyzed but die later and thus there
is no obvious link tying the death to ants. Indeed, this species is mainly considered to be
a scavenger (Angulo et al. 2011) that consumes a carbohydrate-rich diet fueled by the
species’ mutualism with aphids (Rowles and Silverman 2009). Moreover, reports of
occasional predation (Table 1) have been crowded out by research focusing on
unicoloniality, a trait that has elicited substantial scientific attention (Giraud et al. 2002;

Vogel et al. 2010).

This study reveals that the invasive ant L. humile can prey on vertebrates.
Furthermore, it describes the proximate mechanisms (behavioral, chemical, and
histological) that cause amphibian mortality. Additionally, we underscore that this
invasive species may have global impacts, given its worldwide overlap with amphibian
species, many of which are already threatened by other factors (Bellard and Jeschke
2016; Murray et al. 2014). Invasion biology examines invasion causes and
consequences and specifically focuses on ecosystem-level impacts. The goal is to
provide adequate tools for eradicating, or at least mitigating, the impact of current
invasions (Blackburn et al. 2014; Kumschick et al. 2015). Our study stresses that the
continued acquisition of knowledge and the questioning of assumptions is crucial in this
task. We also highlight the need for new research to more fully clarify the impacts of
the most invasive species; for example, global networks may be key (Packer et al.

2017).
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Section 3: Survival and growth of native toadlets
feeding on an invasive ant prey

Results

Experiment 1. Raising metamorphic toadlets on invasive or native ants

Pelobates cultripes toadlets showed low mortality rates throughout the experiment, and
did not vary between those that received the native or the invasive ant prey (x° = 0.55,
p= 0.552, N = 52, Fig. 22a). By contrast, Epidalea calamita toadlets showed
significantly higher mortality rates when they were supplemented with the invasive ant

than with the native ant (x> = 4.32, p = 0.038, N = 96; Fig. 22b).
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Fig. 22. Survival of Pelobates cultripes (a) and Epidalea calamita (b) toadlets raised on a diet
supplemented with the invasive Argentine ant Linepithema humile (red) or the native ant Tapinoma cf.
nigerrimum (grey). Shaded areas represent 95 CI.
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Toadlets’ weight increased considerably over the experiment irrespective of
treatment (Fig. 23a,b). The increase was from 780 + 13 to 1,853 + 45 mg (mean % SE,
N = 49) for P. cultripes, an average 2.38 — fold increase, whereas it was changed from
77 £3 to 161 £ 8 (mean = SE, N = 16) for E. calamita, an average 2.09 — fold increase.
In both species, the interaction of treatment with time was significant (LRT = 26.63,
p <0.0001, N =49 and LRT =4.24, p = 0.039, N = 16, for P. cultripes and E. calamita
respectively) indicating that growth rate differed between treatments. Toadlets in the

invasive ant treatment grew significantly less along the experiment (Fig. 23a,b).
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Fig. 23. Growth of Pelobates cultripes (a) and Epidalea calamita (b) toadlets raised on a diet

supplemented with the invasive Argentine ant Linepithema humile (red) or the native ant Tapinoma cf.
nigerrimum (black).
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Regarding food intake, the proportion of crickets consumed increased over time
(Fig. 24a,b) and varied significantly between treatments (LRT = 7.44, p = 0.006,
N =49, and LRT = 4.62, p = 0.032, N = 16, for P. cultripes and E. calamita
respectively). More importantly, the interaction between time and treatment was
significant, meaning that the proportion of crickets toadlets ingested throughout the
experiment increased less in the invasive ant treatment than in the treatment with the
native ant (LRT = 30.89, p < 0.001, N =49, and LRT = 19.757, p < 0.001, N = 16, for

P. cultripes and E. calamita respectively).
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supplemented with the invasive Argentine ant Linepithema humile (red) or the native ant Tapinoma cf.

nigerrimum (black). a,b: Crickets consumed ; c,d: Ants consumed. To avoid over plotting, points are
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Ant intake did not vary significantly between treatments over time (LRT = 0.40,
p =0.530, N =49 and LRT = 0.44, p = 0.508, N = 16, for P. cultripes and E. calamita
respectively). Ant intake increased over time for P. cultripes but not for E. calamita
(Fig. 24c,d), even though the number of ants offered was constant throughout the
experiment. Moreover, there were significant differences between treatments for
E. calamita but not for P. cultripes (LRT = 8.04, p = 0.005, N = 16 and LRT = 0.24,
p =0.625, N = 49, respectively). Ant intake in E. calamita was lower in the invasive ant

treatment than in the native ant treatment (Fig. 24d).

Foraging efficiency of P. cultripes toadlets after the two-month experiment was
not significantly different between treatments (Table 5). Neither the mean time to prey
discovery, nor the motivation or the accuracy differed significantly between treatments
(F=0.004, p=0.950; LRT = 0.04, p = 0.845; and LRT = 0.693, p = 0.405, respectively,
N = 35, Table 5). Sample size for P. cultripes was reduced to 35 toadlets because
11 failed to recognize the prey (six in the invasive ant treatment and five in the native
ant treatment). Although time to prey discovery was not significantly different between
treatments for E. calamita toadlets (LRT = 0.91, p = 0.339, N = 16), motivation and
accuracy differed significantly between them (LRT = 7.50, p = 0.006, and LRT = 4.73,
p = 0.030, respectively, N = 16, Table 5). Motivation (the number of attempts) was
higher in the treatment with the native ant than in the invasive ant treatment, while the
accuracy (the success in prey capture) was higher in the invasive ant treatment than in
the native ant treatment. Sample size for E. calamita toadlets corresponds to 16

individuals that performed the first test, but four were missing in the second test.

Table 5. Foraging efficiency. Time to prey discovery (discovery), number of attempts to prey
(motivation), and prey capture success (accuracy) of toadlets fed during two months with a diet
supplemented with the invasive Argentine ant or a native ant species. The number of individuals for
Pelobates cultripes or the number of repetitions for Epidalea calamita is given in brackets. Significant
differences are marked in bold (**p<0.01, *p<0.05).

Pelobates cultripes Epidalea calamita
Argentine ant Native ant Argentine ant  Native ant
Discovery (s) 45+£11(17) 49+£15(18) 196 (7) 156 (21)
Motivation 3+1 (17) 3 (19) 31 (D**  10+£2 (2Q1)**

Accuracy (%)  62+9 (17) 71+6 (18) 63x14(7)* 395 Q21)*

103



RESULTS and DISCUSSION

All E. calamita toadlets in the invasive Argentine ant treatment (N = 4) had
visible ulcers on the skin at the end of the experiment (Fig. 25). Ulcers were detected in
none of the E. calamita toadlets in the native ant treatment (N = 12), neither on any

P. cultripes toadlets from any treatment (N = 49).

Fig. 25. Ulcers on the skin found on Epidalea calamita toadlets after exposure to invasive Argentine
ants (yellow arrows) (Photo credits: Paloma Alvarez-Blanco).

Experiment 2. Feeding on invasive or native ants

Weight of E. calamita toadlets increased considerably over the one-month
experiment, from 412 + 15 to 715 + 20 mg (mean + SE, N = 15, Fig. 26), an average
1.73 — fold increase. The interaction between time and treatment was significant
(LRT =10.00, p=0.007, N = 15), and differences were driven by a lower increase in
toadlet growth in the native ant treatment than in the treatment with no ants (t = 3.19,
p =0.007, Tukey test). Nevertheless, there were no significant differences in toadlet
growth between the invasive ant and the native ant treatments or between the invasive
ant treatment and the treatment without ants (Tukey test: t = 1.21, p = 0.453; t = 1.98,
p =0.127, respectively).

With respect to the digestive lesions in toadlets, there were no significant
differences among treatments, neither in the presence of middle term lesions, nor in

their size (LRT =0.29, p=0.863, N=15; F=1.17, p=0.351, N = 13, respectively).
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Fig. 26. Growth of Epidalea calamita toadlets on a diet of crickets but manually supplemented with
either the invasive Argentine ant Linepithema humile (red) or the native ant Tapinoma cf. nigerrimum
(black circles, black solid line). Control toadlets were also manually fed crickets (black asterisks, black
dashed line) to control for handling stress.

Discussion

Invasive prey species can affect predators within invaded ecosystems, reducing
their individual fitness, with potential consequences at the population level. We
predicted that survival and growth would decrease when amphibians consumed invasive
Argentine ants, and we found that to be the case, although the effects differed between
the amphibian species studied. Toadlets of E. calamita showed increased mortality and
decreased growth when feeding on the invasive Argentine ant compared to toadlets
feeding on the native ant species (Fig. 22b, 23b). In turn, P. cultripes toadlets fed on

Argentine ants survived well but showed decreased growth rates (Fig. 22a, 23a).

Most of our notion of the impact of the Argentine ant on other species focuses
on population effects, such as displacement of native ants, decrease in population
abundance of arthropods, or population declines in predators (Holway et al. 2002).
However, the mechanisms by which Argentine ants impact native predators have been
less studied. In the horned lizard, Suarez and Case (2002) showed a reduction in growth
when this lizard had a diet consisting of Argentine ants. Our results also confirm lower
growth rates for the newly metamorphosed toadlets of two amphibian species. Suarez
and Case (2002) explained that this reduction was a consequence of their lower
preference for the Argentine ant because of their smaller size, possible unpalatability
due to novel defensive compounds, and aggressive behavior (Suarez et al. 2000).

Alvarez-Blanco ef al. (2017 = Section 1) also showed lower preference for Argentine
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ants than for native ants in adults of E. calamita, probably due to the small size and
color of the ants. This is in agreement with the lower Argentine ant consumption
compared to native ants by E. calamita juveniles observed in this study. Alvarez-Blanco
et al. (2017 = Section 1) also showed that E. calamita toadlets captured in areas invaded
by the Argentine ant fed on a great amount of these ants . However, P. cultripes toadlets
in our experiment consumed both ant species equally, increasing their consumption as
the experiment progressed. Alvarez-Blanco et al. (2017 = Section 1) showed that adults
of E. calamita also increased the ant intake over trial repetition, with either native or

invasive ants, indicative of a learning process.

Robbins et al. (2013) suggested that the eastern fence lizard (Sceloporus
undulatus) learned to feed on the red imported fire ant (Solenopsis invicta) as a
mechanism to avoid higher external envenomation due to ant recruitment. However, in
order to get protection from the defensive compounds of the Argentine ant, toads have
the ability to bury in the sand, as we observed. Overall lower consumption of Argentine
ants by E. calamita toadlets in our experiment could also be interpreted as a strategy to
avoid external envenomation. The Argentine ant has been recently discovered to be able
to kill toadlets with their defensive compounds, a lethal venom that is absorbed through
the toadlets’ permeable skin (Section 2). Moreover, toadlets in the Argentine ant
treatment ate lower amounts of crickets, which was their main food source. This lower
cricket consumption could explain their reduced growth rate, and be due to prolonged
periods of time spent buried and consequently reduced foraging time in individuals
exposed to the Argentine ant. Behavioral alterations in the presence of invasive ants
have also been shown in southern toads (Anaxyrus terrestris), which increased the
number of movements in the presence of the red imported fire ant (Long et al. 2015).
The eastern fence lizard also altered their behavior in the presence of the red imported
fire ant (Langkilde 2009). Although such behavioral alterations may lessen the direct
effects via predation and injury, they have been suggested to increase energy
expenditure in order to support the movement itself or by losing feeding opportunities
(Langkilde et al. 2017).

Toadlets of E. calamita raised on invasive Argentine ants showed higher
mortality than those fed with the native ant (Fig. 22b). However, when we isolated ant
consumption from simple external contact in the second experiment, survival and

growth rates did not differ between toadlets consuming Argentine ants or native ants.
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This difference in survival indicated that the problem was not the ingestion of ants
per se but the presence of ants in the terraria, that implies the need to detect and capture
the ants to feed on them and allows their external physical contact with the toadlets.
Increased mortality could have been due to reduced ingestion of Argentine ant if these
were harder to detect being smaller and less shiny than the native one (Alvarez-Blanco
et al. 2017 = Section 1; Suarez et al. 2000). However, the main source of food for the
toadlets was crickets, so reduced ant ingestion should not have been a life-threatening
problem itself. Second, the presence of defensive chemical compounds and high
aggressiveness has been suggested as explanation for the lower preference for the
Argentine ant by predators (Suarez and Case 2002; Suarez ef al. 2000). In this sense, the
presence of ulcers on the skin of E. calamita toadlets surviving the invasive ant
treatment, suggested the Argentine ant attacked them chemically. Even though we took
into consideration offering only two ants at once to avoid topic envenomation, we were
not able to prevent it completely. Moreover, although E. calamita toadlets are capable
of burying when conditions are unfavorable (Gomez-Mestre and Tejedo 2005) we
frequently observed in our experiments that they were only partially covered in the hole
they dug, and we observed ants having access to them. These differences in the burying
behavior could also contribute to explain differences in survival rates between

amphibian species.

Moreover, the venom of the Argentine ant does not equally affect both species
(Section 2). When the toxic compounds of the Argentine ant were applied topically,
E.calamita toadlets showed envenomation at lower doses (40 ants/g of toadlet) than
P.cultripes toadlets (90 ants/g of toadlet) (Section 2). Both amphibian species also differ
in their life history, with E. calamita having a shorter larval period than P. cultripes,
which is translated into much smaller toadlets at metamorphosis. Epidalea calamita
toadlets were eleven-fold smaller than those of P. cultripes at the beginning of our
experiment (weight (mean = SD): 67 £ 12 mg (N = 96); 778 £ 91 mg (N = 52),
respectively). It is unknown whether the toxin could have an accumulated and
potentiated effect over time. If we translate the lethal ant dose (40 ants/g of toadlet) into
our experiment, E. calamita toadlets would have received the lethal dose after about
three weeks, but mortality was continuous from the beginning of the experiment. All
this information combines to indicate that the most likely reason for the decrease in
E.calamita survival when raised on Argentine ants is their use of their defensive

compounds against the predator.
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The surviving E. calamita toadlets from the Argentine ant treatment showed a
lower motivation (lower number of attempts) but a higher accuracy (higher prey capture
success) when they decided to capture a cricket, compared to those surviving the native
ant treatment. Native species that do not appropriately respond to invaders can adapt
over time, through differential survival of individuals showing the correct responses.
For example, fence lizards occupying invaded areas by the fire ant showed specific
behavioral strategies (e.g., increase in twitch and flee behavior following ant detection;
Freidenfelds et al. 2012; Langkilde 2009). In our case, toadlets of better foraging
efficiency were the ones that survived the Argentine ant treatment, probably because

better foraging efficiency in this case reduced the odds of topical envenomation.

Contrary to our predictions, we did not find evidence for lesions in the digestive
system (i.e. stomach and gut) caused by the venom of the Argentine ant in E. calamita
toadlets consuming them. Epidalea calamita is a common myrmecophagous species,
and this result raises the question of whether the venom present in the Argentine ant
(Pavan 1952d, Section 2) could have been neutralized during the digestion process in
this species. For example, the horned lizard is able to detoxify the venom when feeding
on a toxic native ant (Pogonomyrmex) (Schmidt et al. 1989). Although the venom of the
Argentine ant was novel for the native toadlets, amphibians are known to feed on
numerous prey items with a variety of toxic substances, and some have evolved
chemical defenses to neutralize those toxins and even capitalize on them to become
poisonous themselves (Caldwell 1996; Saporito et al. 2012). Up until now, the toxicity
of the Argentine ant has only been tested via topical route, when applied on the skin of
amphibians (Section 2). Here, we test for the first time the toxicity of the Argentine ant
via oral route and did not find any deleterious effect, suggesting that toads could be able

to detoxify iridomyrmecin in their digestive track.

The presence of the Argentine ant and feeding on it may reduce the survival and
slow down the development of native amphibians in their most vulnerable terrestrial
stages, when they are juveniles. The early stages of the life-cycle of an organism are
crucial and determine their future survival (Pechenik 2006; Wu et al. 2012). Our results
highlight a new danger imposed by an invasive species to already endangered taxa. The
negative bottom-up effects of the Argentine ant invasion to native predators need to be

incorporated to the list of previously reported ecosystem impacts.

108



RESULTS and DISCUSSION

Section 4: The physiological consequences of
growing in Argentine ant invaded areas

Results

Ant attraction to artificial avian nests

While in invaded areas only the Argentine ant was present at the artificial nests,
four native ants were found visiting the nests in uninvaded areas: Crematogaster
scutellaris, which was the most common, followed by Lasius grandis, Formica subrufa,
and Camponotus lateralis. The maximum number of ants visiting the artificial nests was
190 native ants in uninvaded areas and 350 Argentine ants in invaded areas.

Temperatures recorded ranged between 17 and 31 °C, typical of the season in the area.

Normal ant activity measured in control treatments (empty nest and the nest with
untouched eggs), and with three variables (the number of vertical trails in the trunk, the
ant activity in all the vertical trails in 100 cm of the trunk, and the ant activity in the trail
with the highest activity) was significantly higher in invaded areas than in uninvaded
(Table 6a). There were no differences between pines and oaks (Table 6a). Time since
the start of the experiment was nearly significant in only one variable, increasing trail
numbers with time (Table 6a). Temperature was also nearly significant in the same
variable, with fewer trails at high temperature (Table 6a). Finally, the size of the tree did

not affect the normal ant activity in the tree (Table 6a).

Relative abundance of ants in the artificial nest was significantly different
among treatments, among invasion status but not among tree types (Table 6b). The
relative abundance of ants nearly decreased with higher temperatures (Table 6b) and
ants visiting artificial nests were more abundant as the tree was bigger (Table 6b). Ants
visiting artificial nests were more abundant in invaded than in uninvaded areas. Ants
were significantly more abundant in the treatments with bird remains constituted by
pierced eggs (pier. eggs) and feces and pierced eggs than when only feces were present,
and significantly less abundant in both control treatments, the empty nest and the
untouched eggs (Table 6b). The interactions of the treatment with tree type or with the
invasion status were not significant (Table 6b). Finally, the interactions between the

treatment and the invasion status were also significant (Table 6b), so that although

109



RESULTS and DISCUSSION

relative ant abundance visiting the artificial nests was higher in invaded areas, the

response of each ant species to the bird remains was different (Fig. 27a).

Table 6. Artificial nests. (a) Ant activity in invaded and uninvaded areas measured as the number of
vertical trails in the trunk, the activity of all trails in 100 cm of the trunk, and the activity in the trail
with highest activity. (b) Effects of the bird remain treatments on the ant activity in artificial nests in
invaded and uninvaded areas. Significant effects are marked in bold.

a. Normal ant activity Number of trails Ant activity (ants/min)

(N=102) All trails Highest trail

(N=96) (N=101)
X2 P X2 P X2 P
Invasion status 6.58 0.010 9.55 0.002 10.04 0.001
Tree type 0.95 0.330 2.79 0.095 1.00 0.318
Time since start experiment 5.64 0.059 1.66 0.435 291 0.233
Temperature 3.69 0.055 0.11 0.745 0.48 0.489
Trunk perimeter (tree size) 0.24 0.621 0.30 0.583 0.14 0.704
b. Activity in artificial Ant abundance Post-hoc comparisons
nests (N =300) 1. Treatment
X2 P Categories p

1. Treatment 16.27 0.003 Empty nest vs entire eggs 0.551
2. Invasion status 10.52 0.001 Feces vs empty nest 0.030
3. Tree 3.23 0.072 Feces vs entire eggs 0.019
1*2 15.68 0.003 Feces vs pier. eggs <0.001
1*3 4.20 0.380 Feces vs pier. eggs+feces 0.002
2*3 0.36 0.550 Pier. eggs vs pier. eggst+feces  0.959
Temperature 3.60 0.058
Trunk perimeter (tree size) 4.58 0.032
c. Ant recruitment to (N =100)
artificial nests X2 P
1. Treatment 159.75 < 0.001
2. Invasion status 71.50 <0.001
Tree type 0.09 0.769
Temperature 10.39 0.001
Trunk perimeter (tree size) 13.94 <0.001

Native ants only recruited to the treatments containing pierced eggs, while the
Argentine ant also recruited when only feces were present (Fig. 27b). There was no
recruitment to untouched eggs or to empty nests, both considered as control treatments.
Thus, we observed significant differences in the recruitment rate among the treatment

levels and the invasion status (Table 6¢). The type of tree did not affect the recruitment
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rate (Table 6¢). Recruitment rate decreased with higher temperatures and was higher as

the tree was bigger (Table 6¢).

Treatment

Empty
Untouched Eggs

Faeces

5 @0 @®@0'@0

Pierced eggs

Pierced eggs + faeces Y
0 10 20
Ant abundance Ant recruitment (%)

Fig. 27. Ants visiting artificial nests with different treatments of bird remains in invaded (red) and
uninvaded (white) sites. The Argentine ant is the only ant visiting the artificial nests in invaded sites.
(a) Relative abundance of ants in the nest. Abundance was standardized by the maximum ant
abundance (350 and 190 ants in invaded and uninvaded sites, respectively). (b) Ant recruitment to the
nest (Photo credits: Paloma Alvarez-Blanco).

Breeding performance

We compiled data on a total of 355 nest boxes, 169 located in invaded trees and
186 in uninvaded trees over five years of study (2013 — 2017). Great tits occupied one
third of the available nest boxes in average of the five years of study (33% * 2, mean
+ SE, n =5, Fig. 28) and significantly less nest boxes in the invaded sites compared to
the uninvaded ones (LRT = 7.24, p = 0.007, n = 355, Table 7, Fig. 28). Breeding season
started from the 10th to the 17th of March along the five years (13.8 + 1.2, mean + SE,
n=1>5) with no differences in the laying date of each nest between invaded and
uninvaded sites (LRT = 0.09, p = 0.762, n = 113, Table 7). No differences among none
of the other breeding variables were found between invaded and uninvaded sites, no
matter if absolute variables: success, clutch size, brood size, number of fledglings, and
nest weight; or relative variables: hatching success, fledgling success, and breeding

success (Table 7). Results did not change when excluding the first year of observations

(Table 7).
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Fig. 28. Great tit occupation in invaded (red) and uninvaded (white) sites over the five years of
monitoring (2013 — 2017). (a) Relative nest box occupation. (b-f) Trees with at least one nest box
occupied (filled circles) or with no occupation (circles with a back dot). Each tree had three nest boxes
in 2013 and one or two nest boxes in 2014 - 2017.
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Table 7. Breeding variables measured in invaded and uninvaded areas (2013 — 2017). Nest box occupation (occupation) and success (success) are shown as
percentages, and the other variables are average values of the nest (Mean + SE). Sample size is referred to the number of nests and showed into brackets. Values are shown
by year in invaded and uninvaded sites (Inv column, 7 or U, respectively). Significance test of the invasion status are shown for both 2013-2017, and 2014-2017 periods:
LRT, p-value (p), and sample size (n). Nest weight was only measured in 2014 and F-value () is shown instead. Significant differences are marked in bold. See Box 2 for a
description of each variable.

Year Inv  Occupation (%) Success (%) Laying date Clutch size Brood size Fledgling size Hatching Fledgling Breeding success Nest weight*
success success (2)
2013 1 24 (33) 50 (6) 40+ 8 (6) 7.2+0.9(5) 55+1.5(2) 4(1) 62.5+31.5(3) 50+ 50(2) 33.3+£33.3(3)
U 43 (42) 36 (14) 44 +5(18) 8.4+0.3(8) 7.6 0.5 (7) 6.8 0.6 (5) 86.1 £ 6.7 (5) 64.3+£17.2(7) 422+18.1(5)
2014 1 20 (35) 67 (6) 36+9(7) 7.7+0.6 (7) 6.9+0.4(7) 6.8+0.9 (4) 90.1+2.9(7) 63.3 +£20.3 (6) 55.9+17.8 (6) 202+42(4)
U 3237) 64 (11) 42 +7(12) 8.8+0.4(12) 7.5+ 0.5 (10) 7.1+0.5(7) 75.0£8.5(11) 65.4+14.5 (10) 51.5+12.6 (11) 26.7+2.3(7)
2015 1 28(36) 100 (8) 44+7(8) 8.1+0.4(8) 7.3+£0.4(7) 7.3+0.4(6) 91.9+4.4(7) 100 (6) 90.5+4.9 (6)
U 36 (36) 85 (13) 36+5(13) 8.3+0.3(13) 8.1+0.3(13) 8.1+0.3(11) 97.2+1.5(13) 84.6 £10.4 (13) 82.8+10.3 (13)
2016 I 33 (33) 82 (11) 38+4(11) 8.3+0.3(10) 7.0+ 0.5 (8) 6.8+£0.5(8) 75.0+10.8 (9) 96.9 £3.1(8) 65.0+11.7 (10)
U 43 (35) 80 (15) 42 +5(15) 8.5+0.4(15) 6.5+0.5(15) 5.9+0.6(12) 76.4+5.6 (15) 77.0£10.7 (15) 57.1+£9.0 (15)
2017 1 22(32) 67 (6) 28 +3(6) 9.2+0.6 (5) 83+0.3(3) 8.5+0.5(2) 87.3+6.4(3) 100 (2) 90.9+9.1(2)
U 47 (36) 79 (14) 44 +6 (17) 8.1+0.3(15) 6.6+0.6(12) 6.7+0.6(11) 75.1+8.7(13) 90.5+8.3(12) 69.7 £10.3 (13)
LRT p LRT p LRT p n LRT p n LRT p LRT p n LRT p n LRT p n LRT p n F* p* n*
2013-2017  7.24 0.007 355  0.01 0926 104  0.09 0.762 113 0.35 0.556 98 0.09 0.770 84 0.01 0.941 67 0.26 0.608 86 0.84 0.359 81  0.0002 0.989 84
2014 -2017  4.29 0.038 280  0.09 0.767 84 0.02 0.882 89 0.10 0.750 85  0.8E-04 0.993 75 0.01 0.934 61 0.48 0.488 78 2.57 0.109 72 0.66 0.416 76  0.50 0.04 11

* Only data 2014
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Individuals’ parameters

Biometric variables (mass, tarsus and wing length) were all positively correlated
among each other and negatively correlated to TRI. Besides, mass and wing length were
positively correlated to CAT, mass was negatively correlated to GR, and wing length
positively to GPX. UA was negatively correlated to TRI, CHOL, and TP. CHOL was
positively correlated to TRI, TP and TBARS, and TRI and TBARS were also positively
correlated to each other. GPX was positively correlated with CAT and negatively to
TRI and SOD. Finally, GR was positively correlated with SOD (Table 8a). The
principal components extracted from the multivariate analyses showed very low
eigenvalues and first two factors only explained 48% of the variance (Table 8b). Results

on the univariate models are thus, described below for fledglings and adults separately.

Table 8. Correlation among biometric and blood parameters of birds captured. (a) Correlation
matrix with corresponding p-values. Significant correlations are marked in bold. (b) Scores for each
variable and cumulative proportion of explained variance (eigenvalues) for the first two factors of a
Principal Component Analyses. See Section 4.2 for a description of each variable. Data correspond to
all individuals captured having data on all variables (n = 52).

a. Mass Tarsus ~ Wing  TRI CHOL TP UA TEAC TBARS CAT SOD GR GPX
Mass 0.64 0.45 -0.28 -0.21 -0.02 0.16 0.00 -0.06 0.37 -0.22 -0.31 0.23
Tarsus p <.001 0.47 -0.38 -0.21 -0.10 0.20 0.12 0.03 0.15 0.05 -0.26 0.14
Wing p=.001 p=.001 -0.51 0.00 0.14 0.05 -0.13 -0.01 0.53 -0.25 -0.21 0.79
TRI p=.044 p=.006 p<.001 0.59 0.19 -0.34 -0.18 0.40 -0.40 0.17 0.12 -0.34
CHOL  p=.136 p=.126 p=.982 p<.001 064 035 028 034 020  -0.13 001 0.13
TP p=.894 p=495 p=2312 p=.186 p<.001 034 -030 019 001  -021  -003 020
UA p=249 p=.166 p=.703 p=.014 p=.010 p=.013 0.86 -0.09 0.11 021 -0.15  -0.04
TEAC p=975 p=.393 p=.362 p=.208 p=.041 p=.034 p<.001 -0.01 0.01 -0.03 -0.12 -0.16
TBARS p=.659 p=.814 p=.949 p=.003 p=.014 p=.171 p=.513 p=.931 0.07 0.22 0.05 -0.06
CAT p=.007 p=304 p<.01 p=.003 p=.154 p=.968 p=.437 p=.923 p=.644 021  -0.12 056
SOD p=.115 p=.708 p=.075 p=216 p=.341 p=.143 p=.145 p=.824 p=.115 p=.133 0.36 -0.31
GR p=.027 p=.068 p=.130 p=.380 p=.937 p=.832 p=.285 p=.391 p=.751 p=.380 p=.009 -0.09
GPX p=.103 p=324 p<.01 p=.013 p=364 p=.163 p=.763 p=.255 p=.661 p<.001 p=.027 p=.525
Mass Tarsus Wing TRI CHOL TP UA TEAC TBARS CAT SOD GR GPX FEigenvalue Clmulative

b. Proportion

FACTOR1 0,93 0,85 1,04 -1,09 -0,66 -0,27 0,65 0,38 -0,37 0,89 -0,52 -0,54 0,79 3,56 0,27

FACTOR 2 -021 0,01 -0,71 -0,24 -0,92 -0,99 0,87 0,95 -0,34  -0,39 0,37 0,12 -0,83 2,63 0,48

Fledglings

In 2014, there were 11 successful nest boxes, 4 in invaded and 7 in uninvaded
sites. One in the uninvaded sites was in a restricted area, so we got data on 10 nest
boxes. From the 12 variables analyzed, we found significant differences among the
invasion status in half of them (Fig. 29, Table 9). Chicks’ mass and ratio wing/tarsus

length (squared root-transformed) were significantly lower in invaded than uninvaded
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sites for all selected models (LRT =13.98, p < 0.001 and LRT = 10.08, p = 0.002 for
mass and LRT =9.53, p = 0.002 and LRT = 5.07, p = 0.024 for wing/tarsus ratio, n =69,
Table 9). Triglycerides (log-transformed) were significantly lower in invaded than
uninvaded sites in three out of four selected models (LRT = 5.24, p = 0.022; LRT=7.59,
p =0.006; and LRT =4.71, p = 0.03, n = 61, Table 9). Total proteins were significantly
lower in invaded than uninvaded sites in two out of four selected models (LRT = 8.20,
p=0.004 and LRT = 6,86, p = 0.009, n = 59, Table 9). TBARS (log-transformed) were
significantly lower in invaded than uninvaded sites in one out of three selected models
(LRT = 4.87, p = 0.027, n = 62, Table 9). GPX (squared root-transformed) was
significantly higher in invaded than uninvaded sites in two out of four selected models
(LRT =6.07, p=0.014 and LRT = 6.44, p = 0.011, n = 65, Table 9). No direct relation
to the invasion status was detected for the other variables: CHOL, TEAC, UA, CAT,
SOD, and GR (Table 9).

Then, focusing on the selected model with the lowest AIC value, chicks from
invaded areas presented lower mass, wing/tarsus ratio, triglycerides, total proteins, and

TBARS than those reared in uninvaded areas (Fig. 29, Table 9).
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Fig. 29. Fledgling variables of biometry, biochemistry, and oxidative stress in invaded (red) and
uninvaded (white) sites (mean * SE). Significant differences in the model with the lowest AIC value
are marked with asterisks (***p<0.001, **p<0.01, *p<0.05, see Table 9).
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Table 9. Significant models for fledglings in 2014 taking into account biometry, biochemistry,
and oxidative stress variables. Significance test of the invasion status (LRT, p-value) are marked in
bold, and their trend direction is showed as positive (+) when values are higher in invaded areas or
negative (-) when values are lower in invaded areas. Linear mixed models were selected by AIC
(AAIC < 2). All models included the nest box as random factor. Invasion status was considered as
fixed factor in all models except in null models. Explanatory variables are: nestling age (age), fledgling
size (FS), laying date (LD), longitude (x), and latitude (y). See Statistical Analyses section in the main
text for geographical coordinates transformation.

Adults

RESPONSE Model Explanatory variables Invasion status
VARIABLES AIC LRT p-value (+-)
Mass 255.35 age FS LD xy 1398 <0.001 ()
256.69 age FS LD 10.08  0.002 )
Wing/Tarsus 151.20 age FS LD 9.53  0.002 -)
(square) 153.19 age FS LD xy 507 0.024 )
Triglycerides 91.44 age LD x vy 524 0.022 -)
(log) 91.55 age LD 223 0.136 -
93.34 age FS x vy 7.59  0.006 (-)
93.44 age FS LD xy 471 0.030 (-
Cholesterol 11.14 age X y 1.10  0.295 -
(log) 11.17 age FS 322 0.073 -)
11.48 age FS x vy 1.27  0.261 -
11.83 age LD x vy 0.52  0.469 -
11.92 age LD 1.08  0.298 -
13.08 age FS LD 1.89  0.169 -
Total proteins 32.73 age FS 8.20  0.004 -)
33.88 age X Yy 1.35 0.245 -
33.92 age FS x vy 1.67 0.196 -
34.63 age FS LD 6.86 0.009 (-
Uric Acid 380.63 null model - - -
382.27 age LD 0.16 0.686 -
TEAC (log) 8.80 null model - - -
TBARS 8.62 age FS x vy 4.87 0.027 ()
(log) 9.06 null model - - -
9.07 age FS LD xy L71 0.191 -
Catalase 433.55 null model - - -
434.601 age 1.54  0.215 -
435.29 age X y 0.69  0.407 -
SOD (sqrt) 205.82 null model - - -
GR (log) -49.05 null model - - -
GPX 212.94 null model - - -
(sqrt) 213.56 age X |y 6.07 0.014 ()
214.40 age 1.29  0.256 -
214.92 age FS x vy 644 0.011 (1)

We obtained data on 64% of the females and 54% of the males that bred with

success in our study area in 2014. Due to the low occupation rate this is translated into a

low sample size. We found no differences between adults breeding in invaded and

uninvaded sites in any of the variables studied: mass, tarsus and wing length, TRG,

CHOL, TP, UA, TEAC, TBARS, CAT, SOD, GR, and GPX (see Table 10 for mean

values and test significance).
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Table 10. Statistical models for adults breeding in 2014 taking into account biometry, biochemistry and oxidative stress variables. Significance
test of the invasion status (F-value, p-value) by sex (female, male), and average values (mean + se (n)) by invasion status (invaded, uninvaded). See

Section 4.2 for a description of each variable.

RESPONSE VARIABLES Invaded FEMl?zﬁzEaded F -test Invaded MAl?n]?nvaded F -test

Variable name  Units Mean =+ se (n) Mean =+ se (n) F p Mean =+ se (n) Mean =+ se (n) F p

Mass g 16.6 £ 0.9 (3) 17.1 + 03 (4) 0.25 0.637 16.5 + 0.5(3) 162 £ 0.2(3) 0.46 0.535
Wing length  mm 69 + 2(3) 68 (4) 1.00 0.363 71 £ 1(3) 74 + 1(3) 4.00 0.116
Tarsus length mm 19.23 + 0.43 (3) 19.17 + 0.19(4)  0.02 0.890 20.01 + 0.20 (3) 1936 + 041 (3) 2.07 0224
Triglycerides  mg/dl 136.68 £ 29.22(3) 17025 + 38.56(4) 0.42 0.545 140.21 + 7.76 (3) 150.11 + 27.47(2) 0.19 0.693
Cholesterol mg/dl 188.76 + 24.06 (3) 204.52 + 12.37(4) 0.40 0.555 203.77 + 8.46(3) 22755 + 14.09(2) 2.46 0.215
Total proteins g/dl 225 £ 024 (3) 227 £ 0.09(4) 0.01 0.944 1.90 + 0.21(3) 226 + 038(2) 0.83 0.430
Uric acid mg/dl 15.81 + 3.76 (3) 24.02 + 421 (4) 194 0.222 2147 + 3.58(3) 17.11 + 345(2)  0.68 0.470
TEAC mM/1 320 £ 0.93(3) 345 £ 0.59(3) 0.06 0.827 331 = 057(3) 3.05 £ 0.03(2) 0.12 0.749
TBARS nmol MDA/ml 11.62 £ 0.68 (3) 1242 + 037(4) 125 0315 11.31 £ 1.27(3) 17.07 = 2.50(3) 421 0.109
Catalase U/mg prot 35.05 £ 5.45(3) 39.70 £ 2.85(4) 0.67 0.450 36.53 + 2.24(3) 3221 + 1.80(3) 226 0.207
SOD U/mg prot 10.84 + 5.75(3) 1025 + 1.99(4) 0.01 0916 1348 + 1.78 (3) 20.54 £ 9.11(3)  0.58 0.489
GR uU/mg prot 140.00 = 1528 (3) 155.00 + 8.66(4)  0.84 0.402 170.00 £ 5.77(3) 136.67 + 12.02(3) 6.25 0.067
GPX mU/mg prot 17.62 + 18.09 (3) 12446 + 15.05(4) 0.09 0.781 123.85 + 20.53(3) 77.70 + 17.22(3) 2.97 0.160




RESULTS and DISCUSSION

Discussion

Great tits did not show differences in the breeding performance between sites
invaded and uninvaded by Argentine ants. However, significantly more nest boxes were
occupied in uninvaded areas. Besides, nestlings reared in invaded sites exhibited an
impoverished condition compared to those reared in uninvaded sites, indicated by lower
mass and size, and altered physiological parameters related to both their nutritional state
and their oxidative balance. Although other studies have examined the effects of the
Argentine ant invasion on bird reproductive performance (Estany-Tigerstrom et al.
2013; Krushelnycky et al. 2001), little is known about the physiological consequences
of breeding in Argentine ant invaded land. Here, we found negative effects of breeding
in areas invaded by Argentine ants that hamper development on early stages and likely

have lagged consequences.

Great tits in our study area occupied less frequently boxes placed in trees
invaded by the Argentine ant than those with native ants. Great tits, like other
insectivorous birds, chose their breeding site mainly by habitat structural cues of
resource availability (i.e., “structural-cues hypothesis” Marshall and Cooper 2004;
Smith and Shugart 1987). Estany-Tigerstrom et al. (2013) did not find differences in the
occupation rates of the blue tit (Cyanistes caeruleus) between plots invaded and
uninvaded by the Argentine ant; they suggested that invaded areas are ecological traps
for insectivorous birds because they suffer from prey depletion caused by the Argentine
ant, but habitat structural cues the birds rely on to chose nesting site remain similar in
invaded than in uninvaded areas (Estany-Tigerstrom et al. 2013; Pons et al. 2010). Our
experimental design allowed great tits to forage in both, invaded and uninvaded areas,
as the distance between boxes from invaded and uninvaded areas was small, in some
cases just a few meters. Parent great tits can travel much longer distances to obtain food
for their chicks (Naef-Daenzer 1994), so the hypothesis that the Argentine ant
influences negatively the surrounding areas of the nest, impinging on the food resource

availability is not supported in our study system.

Birds also select breeding sites regarding the microhabitat. For instances, the
selection of certain nest orientation is known to provide suitable microclimatic
conditions for reproduction (Ardia et al. 2006; Goodenough et al. 2008a; Goodenough

et al. 2008b) and the preference for higher nesting sites has been suggested as an
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adaptive behavior to avoid predation (Forstmeier and Weiss 2004; Nilsson 1984). Here,
we found great tits seemed to avoid breeding in nests placed in invaded sites, which
might be the consequence of previous negative encounters along the last decades since
invasion. Interference competition among birds and ants has been suggested to change
bird behavior, avoiding foraging in trees with ant activity (Aho et al. 1997; Haemig
1996; Philpott et al. 2005). Haemig (1996) suggested great tits evolved behaviors to
reduce exposure to ant toxins based on observations of ant aggressions to the birds. For
example, the anting behavior could have the dietary function of get rid of the noxious
substances prior ingestion rather than a fumigatory function (i.e., the “ant toxin

avoidance hypothesis”, Eisner and Aneshansley 2008; Judson and Bennett 1992).

The Argentine ant is known by its aggressiveness and some studies have
attributed bird nesting failure to the attacks of this invasive ant (Table 1). Unlike other
invasive ants. (i.e., Solenopsis invicta, S. xyloni, Hooper-Bui et al. 2004; Seymour
2007), the Argentine ant has never been reported to break the egg’s shell (see Hooper-
Bui et al. 2004; Suarez et al. 2005), in line with our results. Some of the above-
mentioned studies attributed nest failure to the invasive ant if they observed nests
infested by ants and feeding on chicks’ corpses (Mejias et al. 2017; Sockman 1997;
Suarez et al. 2005) while most of the studies referred the observation of a unique nest
where the Argentine ant was suggested to be responsible for the chicks’ death (Delibes
2005; Flores et al. 2017; Hooper-Bui et al. 2004; Peterson et al. 2004). Recently, Flores
et al. (2017) reported observations of several disturbed adults covered with Argentine
ants, a single chick was found agonizing and partially predated by ants, which were
found in the necropsy in rectum and nostrils. We found Argentine ants were more
abundant and recruited more frequently than native ants in pierced eggs in artificial nest
(Fig. 27). Suarez et al. (2005) presented similar results when studying the effect of the
Argentine ant on ground-nesting birds and recently, Varela et al. (2018) showed how
quickly Argentine ants overwhelmed a simulated pierced egg (75% of probability to be
attacked after Smin of exposure). Boieiro ef al. (2018) graphically showed two cases
where the invasive ants were recruiting in large numbers and fed on the egg contents
while the nestlings were hatching. Although both, native and invasive ants were
attracted to the pierced eggs in our artificial nest experiment, the Argentine ant was the
most abundant and recruited more frequently to the resource. Throughout the breeding

season we observed ants, both invasive and native, feeding on chick corpses (see native
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Box 4. Interactions between ants and chicks observed during monitoring

Native ants, such as Lasius grandis (left) and Crematogaster scutellaris (right), were
observed feeding on chicks’ corpses.

The invasive Argentine ant (Linepithema humile) was observed feeding on chick’s
corpses, but also attacking alive chicks.

Argentine ants were observed biting
two chicks approximately two days old.

A female breeding in an invasive site
was observed to have an uncommon
behaviour. It was found huddled under
two seven-days-old chicks in a messy
nest full of Argentine ants coming from
an active trail in the trunk. Those chicks
were found dead in the following
revision, three days later, one was
already dry and the other recently death.
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ants in Box 4). However, only in two situations the Argentine ant was found to disturb
live chicks and the nests failed, while we did not observe any similar case with native
ants (Box 4). Lambrechts et al. (2008) did reported observations of the native ant,
Crematogaster scutellaris, (which is the main native ant in the uninvaded areas)

disturbing live chicks or predating on death chicks of passerine species.

Despite attributions of nest failure to the Argentine ant (Table 1), it is generally
considered that the Argentine ant has a low impact in bird reproductive success (see
reviews in Lach and Hooper-Bui 2010; Suarez et al. 2005; Table 1). In agreement with
previous studies (Estany-Tigerstrom et al. 2013; Krushelnycky et al. 2001), we did not
find any difference in the breeding success between sites invaded and uninvaded by the
Argentine ant. To explain the lack of differences, Krushelnycky et al. (2001) suggested
that the low temperatures in the nest of burrowing birds could limit the Argentine ant
abundance; while Estany-Tigerstrom et al. (2013) suggested that parental extra effort
might compensate the loss of food resources due to the Argentine ant invasion.
However, none of the above explanations are likely to apply here because first,
temperature in the great tit nests is thought to be a thermal gain benefit for ants rather
than a constraint (Mitrus et al. 2016); and second, food resource is scarce but equally
available in our invaded and uninvaded sites. Therefore, one could think the Argentine

ant is not affecting great tits reproduction in our study area.

However, we did find differences in the physiological status and growth of the
progeny. Great tits nesting in invaded sites reared poorer quality offspring. Fledglings in
invaded areas were lighter and exhibited lower wing:tarsus ratio. Although Estany-
Tigerstrom et al. (2013) did not find any relation between the Argentine ant invasion
and blue tit nestling’s conditions (body mass, tarsus length, and carotenoid-based
plumage coloration), birds nesting in areas infested by other invasive ants such as the
red imported fire ant and the invasive European fire ants (Myrmica rubra) were
adversely associated to chick growth rates or body condition (DeFisher and Bonter
2013; Ligon ef al. 2012). RIFA may impinge directly chicks by stinging and/or altering
their behavioral pattern (Giuliano et al. 1996; Pedersen et al. 1996) or indirectly by
increasing the foraging distances of their parents (Ligon et al. 2012). The European fire
ants also increase the erratic breeding behavior of adults, which may hinder embryonic
development (DeFisher and Bonter 2013). Effects on the offspring have been also
reported with the native ants Formica rufa-group, which abundance was adversely

associated to body mass, tarsus length, and subcutaneous fat index of treecreeper
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offspring (Certhia familiaris) (Jantti et al. 2007). Our results seem to be in line with
these previous studies, and the Argentine ants may also affect negatively chicks by
disturbance. Although the Argentine ant does not have a functional stinger such as the
fire ants or formic acid arsenal such as Formicinae ants, it is known to be aggressive and
more abundant than native ants in the invaded trees (Table 6, Fig. 27). Besides, it has a
powerful venom that has recently been shown to kill amphibians (Section 2), and its
effect on bird has not been tested yet. Therefore, its abundance, aggressiveness, and

venom may hamper chicks by direct disturbance.

Moreover, we found nutritional parameters to be reduced in chicks grown in
invaded sites. Lipids constitute one of the primary physiological fuel used in starvation
(McCue 2010) and proteins have functional or structural role. Although oxidative
balance is very complex and interpretation of isolated parameters should be taken with
cautious, our results indicate it is altered in invaded areas. Conditions during early
development can have long-term consequences in the adulthood (Costantini 2014;
Lindstrom 1999; Monaghan 2008). For example, it has been showed how poor
condition of chicks diminishes post-fledging survival (Naef - Daenzer et al. 2001;
Rodriguez et al. 2016), fecundity (Clarke 1995) and blood parasite resistance
(Stjernman et al. 2008). Unlike genetic factors, environmental factors operating during
early development can affect the whole cohort simultaneously (Lindstrom 1999),

causing negative effects at the population level.

Parents might be able to compensate any potentially negative effect nestlings
could suffer from invasive ants by increasing their foraging effort (Estany-Tigerstrom et
al. 2013; Ligon et al. 2012). Foraging areas in these studies differ between invaded and
uninvaded areas. Although we cannot obviate the role parents play on offspring quality,
including both, gens and parental care, in our study site invaded and uninvaded areas
shared foraging areas. In agreement with that, we did not find differences in adults
breeding in invaded or uninvaded sites in the body size or physiological parameters

analyzed (Table 10), although we should be cautious due to the low sample size.

Here, we found a passerine bird was negatively affected when breeding on areas
invaded by Argentine ants. It is probable that the suboptimal conditions experienced at
the southern margin of the distribution have allowed detecting the impacts of the
Argentine ant. Thus, our results suggest that the subtle impacts of invasive species

might act in synergy with other global change drivers, such as climate.
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GENERAL DISCUSSION

Invasive species are necessarily obligated to interact with native species of the
recipient ecosystem, regardless of whether the consequences are direct or indirect,
positive or negative, more obvious or subtle. This thesis focuses on the often
overlooked indirect and subtle effects of invasive species on ecosystems by exploring
the interactions of the invasive Argentine ant with native vertebrates. My results show
that the Argentine ant invasion exerts ecological impacts on vertebrates through indirect
and previously unsuspected means which vary in magnitude. Native vertebrates in early
stages of development showed reduced survival, growth, and altered physiological
parameters when they developed in the presence of Argentine ants and/or in invaded
areas. Vertebrate adults also modified their habitat use (i.e. for breeding or foraging) in
invaded areas, although responses differed among species. In addition, native predators
shifted to non-ant prey in invaded areas, probably due to the displacement of suitable
ant prey in these areas. Surprisingly, however, the Argentine ant was found to prey upon
newly emerged amphibians, changing its role from prey to predator. The unexpected
lethality of its venom is described for the first time as the mechanism used to subdue
vertebrate fauna. Furthermore, sublethal effects of the venom likely contribute to the
previously mentioned indirect impacts. This thesis highlights the importance of taking
into account the bottom-up effects, exploring the proximate effects, and describing the
specific mechanisms responsible when assessing the effects of invasive species on

native ecosystems.

Bottom-up effects: effects of the invasive prey on native predators

This thesis corroborates previous findings that the Argentine ant displaces the
native ant community to become virtually the only ant species both on the ground and
in the trees (Angulo et al. 2011; Carpintero et al. 2005). Section 1 of this thesis shows
how native ants’ displacement scales up to higher trophic levels: in the studied area of
Dofiana, the native amphibian community shifted its diet to non-ant preys in invaded
areas. Using the existing theoretical framework that describes potential relationships
between native predators and invasive preys, | examine some well-known hypotheses
that largely focus on the success of the introduced prey, such as the enemy release
hypothesis, the exotic prey naiveté hypothesis, the specialist-generalist hypothesis, or
the evolution of increased competitive ability of the invasive prey (Callaway and

Ridenour 2004; Carlsson et al. 2009; Catford et al. 2009; Ricciardi et al. 2013; Sax
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et al. 2007). By considering the effects on predators in each of these scenarios, I expand
these hypotheses in order to understand how invasive prey affects native predators. My
results show that native predators with greater dietary specialization are more likely to
be negatively affected by prey displacement (Pintor and Byers 2015). Although the
studied native amphibians were less ant-specialized than expected (as revealed by
isotopic analyses), all diets included ants to some extent. The degree of ant-
specialization of the native predator seemed to be negatively related to their abundance
in invaded areas, but not in uninvaded areas. The most myrmecophagous species,
Epidalea calamita, seemed to avoid invaded areas, while the species that was the least
ant-specialized, Pelobates cultripes, showed the opposite trend. In this, my results were
similar to those found for the coastal horned lizard, Phrynosoma coronatum, a highly
specialized ant-predator whose populations are in decline in areas invaded by Argentine
ants (Suarez and Case 2002; Suarez et al. 2000). However, unlike P. coronatum,
E. calamita do consume Argentine ants and even increased their consumption in
subsequent trials, although they demonstrated a preference for native ants. To date, with
the exception of the coastal horned lizard, threats of Argentine ant invasion to other
vertebrate predators have not been evaluated, even though other amphibian species are
known to feed on Argentine ants in invaded areas (e.g., Ito et al. 2009). However,
myrmecophagic invertebrates seem to benefit from the Argentine ant invasion,
including pit-building antlions (Glenn and Holway 2008) and spiders (Takahashi et al.
2018; Touyama et al. 2008). Therefore, beyond the issue of dietary specialization we
should also consider the manner in which native predators might use the novel prey as a
resource, including their ability to detect, capture, and consume it (Glenn and Holway
2008; Monzd et al. 2013; Suarez and Case 2002; Suarez et al. 2000). Novel traits of
invasive species (i.e. behavior, toxins) and their associated indirect costs (i.e. reduced
survival and development) may also affect native species in a different manner, as

discussed below.

Top-down effects: when the invasive prey becomes a predator

The Argentine ant is prey, but also may act as a predator of native vertebrates.
Although previous studies have attributed avian nest failure to attacks of this invasive
ant, all evidence was anecdotal (Table 1). In Section 2, I reveal for the first time in the

literature the Argentine ant’s mechanism of predation on newly metamorphosed
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amphibians. I show how the ant uses iridomyrmecin, its main defensive compound, to
penetrate toadlets’ skin to the inner tissues, causing lack of coordination, paralysis, and
death. Similar signs have been reported from evaluations of the toxic effects of
iridomyrmecin on several insects, including the Argentine ant (Hemp and Dettner 1997;
Pavan 1952a; Welzel et al. 2018). Thus, in spite of the physiological differences
between vertebrates and invertebrates, Argentine ant venom is effective on both taxa.
The Argentine ant’s role as a predator is not obvious, and this has likely contributed to
the underestimation of its impact on vertebrates. Indeed, although the Argentine ant is
omnivorous, it has been shown to display a strong preference for carbohydrates in
introduced areas (Abril et al. 2007; Angulo et al. 2011; Newell and Barber 1913;
Rowles and Silverman 2009; Tillberg et al. 2007). Furthermore, unlike the red imported
fire ant (Solenopsis invicta), the Argentine ant lacks a functional stinger, ant its
defensive compounds were not previously documented as toxic for vertebrates after
testing in humans, dogs, and rodents (Pavan and Ronchetti 1955). Therefore, this thesis
brings to light a mechanism of vertebrate predation by an invasive species that has been

previously neglected.

This thesis demonstrates that the toxicity of the Argentine ant is dose-dependent
when applied topically to the skin of juveniles of the three amphibian species tested:
natterjack toadlets (E. calamita), western spadefoot toadlets (Pelobates cultripes), and
Mediterranean tree froglets (Hyla meridionalis). Because of this, newly metamorphosed
amphibians are expected to be more sensitive than juveniles, who are themselves more
sensitive than adults. Similar dose-dependent responses have been found for the venom
of other ants (e.g., red imported fire ants on endangered Houston toads, Bufo
houstonensis, and on eastern fenced lizards, Sceloporus undulatus, Freed and Neitman
1988; Read et al. 1978; Robbins and Langkilde 2012, and for the venom of
Pachycondyla ants on crickets, Orivel and Dejean 2001).

This thesis also demonstrates that the toxicity of Argentine ant venom is species-
specific. This is very likely due to differences in physiology and anatomy (e.g.,
absorption, metabolism) among amphibians. In addition, my results suggest that the risk
of envenomation (which encompasses more than just toxicity) likely differs among
species depending on their behavior when confronted with an ant attack. Although I did
not specifically address the defensive responses of the amphibian species, 1 observed

different behaviors: the stripeless tree froglet, with long legs and large adhesive discs,
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jumped to escape Argentine ants; the natterjack toadlets buried themselves using their
digging spades; and the western spadefoot toadlets excreted toxins from their parotoid
glands. Such species-specific differences have also been described in previous
publications. For example, vulnerability to the toxic invasive cane toad, Rhinella
marina, has been shown to differ among native species (Cabrera-Guzman et al. 2015;
Crossland and Alford 1998; Shine 2010, 2014), and both morphological and behavioral
traits play an important role in avoiding lethal attacks of the red imported fire ant
(Langkilde 2009; Long et al. 2015). Therefore, these results reveal that lethal and
sublethal effects of the Argentine ant invasion on young vertebrates are species-specific,
which supports the idea that the effects of invasive species depend greatly on features of
the recipient ecosystem (Catford et al. 2009; Kumschick et al. 2015; Pysek et al. 2012;
Ricciardi et al. 2013). Even with the species-specific and dose-dependent effects in
mind, though, it seems that the toxicity of this venom is likely context-independent.
That is, the venom seems to be toxic for most native terrestrial amphibians (as it is for
arthropods). This means that we need much more research to assess not only the
venom’s toxicity but also the defensive responses of amphibian species in ecosystem

worldwide that have been successfully invaded by the Argentine ant.

From direct to indirect effects and from individual to population level

One of the important results of this thesis is that invasive species cause sublethal
effects on native species that can potentially carry delayed consequences. Reduced body
condition was demonstrated in both amphibians (when raised on a diet supplemented by
with Argentine ants; Section 3) and birds (avian offspring reared in invaded versus
uninvaded sites; Section 4). Other invasive species that are well known for their
toxicity, such as the red imported fire ant and the cane toad, also incur sublethal effects
on native species (Allen et al. 1997; Langkilde and Freidenfelds 2010; Llewelyn et al.
2009; Long et al. 2015; Myers et al. 2014). It has been assumed that reduced
development in the early stages of life decreases the individuals’ fitness (Lindstrom
1999; Monaghan 2008), which might have consequences at a population level. Indeed,
this thesis provides evidence for changes in habitat use in invaded areas by the
terrestrial amphibian community (foraging, Section 1) and by the great tit population
(reproduction, Section 4). Similar changes in habitat use have been previously described

for the horned lizard, a recognized ant-specialist, and attributed to the effect of prey
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displacement by Argentine ants (Fisher ef al. 2002). Moreover, other vertebrates that do
not feed on ants, such as shrews and insectivorous birds, also change their habitat use in
areas invaded by Argentine ants (Laakkonen et al. 2001; Pons et al. 2010). This thesis
casts light on unexpected and subtle effects of the Argentine ant invasion on vertebrates,
such as lethal and sublethal impacts on early developmental stages of different taxa,
which might induce long-term effects that scale to the population and community level.
Long-term studies are encouraged in order to fill the gaps between the effects found on

young vertebrates and changes at population and community levels.

Iridomyrmecin: Argentine ant venom and proposed future lines of

study

Venoms help to modulate predator-prey relationships by serving as mechanisms
of defense and prey capture, and occasionally both functions simultaneously (i.e.
Solenopsis invicta, Blum 1996; Pasteels et al. 1983; Schmidt 2009). Despite advances
in microanalytical techniques in the last century and increased collaboration among
chemists and ecologists, the ecological function of most arthropod venoms remains
understudied. In the case of iridomyrmecin, I benefited from the entomological,
chemical, and pharmaceutical research of Mario Pavan in the mid-twentieth century,
who isolated this compound from the Argentine ant (formerly Iridomyrmex humilis),
named it, and described it as an insecticide and antibacterial (Pavan 1950, 1951,
1952a,b,c,d; Pavan and Nascimbene 1948a,b; Pavan and Ronchetti 1955). Although
iridomyrmecin in the Argentine ant has been viewed as an important volatile compound
in trail and alarm pheromones, its potential for use as venom has been overlooked from
Pavan’s work onwards, and has always been limited to insects and bacteria (review in
Appendix 1). This thesis takes the novel step of demonstrating lethal and sublethal

impacts of Argentine ant venom on invaded ecosystems.

The fact that the effect of this venom has been overlooked in such a successful
invasive species open avenues for exploring several questions that, in my opinion,
deserve further study. The following sections discuss the implications of the venom for
other taxa, the venom’s effects in the ant’s native range, the role of the venom in the

success of the Argentine ant, and the phylogenetic history of the venom.
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Effects of venom on vertebrates in the invaded range

The toxicity of iridomyrmecin for vertebrates has only been previously tested on
mammals, which showed very low or no toxicity even at high doses, suggesting it is
innocuous to homeothermic species (i.e. rats, dogs, and humans, Pavan and Ronchetti
1955). Here, for the first time, I tested and verified its toxicity on amphibians when
applied topically, but it remains unknown if this venom would act effectively against

other vertebrate taxa.

As an example, if the venom affects reptiles in a similar manner, it may have
played a role in the decline of the coast horned lizard in areas invaded by the Argentine
ant (Suarez and Case 2002; Suarez et al. 2000). In fact, the results presented in this
thesis bear similarity to those demonstrated on horned lizards: lower densities in
invaded areas (Fisher et al. 2002, Section 1), lower growth and survival when feeding
on the invasive ant (Suarez and Case 2002, Section 3), lower preference for the
Argentine ant compared to native ants (Suarez et al. 2000, Section 1), and prey shift in
invaded areas (Suarez et al. 2000, Section 1). Besides the small size and aggressive
behavior of the Argentine ant, unpalatability has been suggested as the reason the ant is
an unsuitable prey for the coast horned lizard (Suarez et al. 2000). Although this thesis
failed to show toxicity of the Argentine ant via oral consumption, higher ant doses,
simulating those potentially found in highly myrmecophagous predators such as horned
lizards, might show oral toxicity. If external toxicity on horned lizards does occur, the
Argentine ant might also cause sublethal or lethal effects that have not yet been
detected. Unlike amphibians, reptiles have a stronger barrier to prevent external
envenomation—their skin is not as permeable and their scales act as armor, hindering
the absorption of the Argentine ant’s venom. However, the red imported fire ant
bypasses the external barrier of native fenced lizards by raising a scale and injecting
venom into the underlying soft flesh (Langkilde et al. 2017). Non-stinging ants or those
whose stinger is not functional are known to bite to bypass external defensive barriers (a
predator’s skin) and deploy the venom in the wound to enable absorption (Cavill and
Clark 1971; Schmidt et al. 1989). Thus, it is possible that the Argentine ant bites and

deploys its venom in a similar manner on lizards.

Might birds and mammals be vulnerable to Argentine ant venom? Some studies

have pointed to the Argentine ant as the factor responsible for the death of chicks
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(Table 1) and here I found that chicks were smaller in invaded sites, and with altered
physiological parameters, compared to those reared in uninvaded sites (Section 4).
Likewise, the abundance and distribution of Crawford’s grey shrew (Notiosorex
crawfordi) has been negatively correlated to the presence of Argentine ants (Laakkonen
et al. 2001). Beyond this publication and those metioned in the previous paragraph,
though, few studies have addressed the impacts of the Argentine ant on vertebrates and
none have considered its toxicity (with the exception of Pavan and Ronchetti 1955).
Although Pavan and Ronchetti (1955) reported only low toxicity of iridomyrmecin for
mammals in terms of mortality, sublethal doses may still hamper the growth and
development of mammals’ offspring. In addition, Pavan and Ronchetti’s results differed
depending on the solvent used, but there is currently no information on whether there is
an effect of the real biological solvent, the minor compounds that the ant deploy
together with iridomyrmecin. Indeed, other pygidial compounds may also function as
defensive products (e.g. dolichodial, Cavill et al. 1976; Welzel et al. 2018) or help the
venom to reach and stay on the target (e.g. iridodials, Attygalle and Morgan 1984).
Therefore, further research is needed before toxicity for homeothermic species can be
discounted. Taking together, our results clearly demonstrate that iridomyrmecin is toxic

for amphibians and suggest that it could also be toxic for other vertebrates.

Effects of venom on vertebrates in the native range

To the best of my knowledge, the interaction of the Argentine ant with
vertebrates in its native range has not yet been assessed. The study of invasive species’
relationships in their native ecosystems may help to elucidate the causes and
consequences of their invasion (Hierro et al. 2005; Mack et al. 2000; Pedersen et al.
2006; Vogel et al. 2009). Particularly, it may clarify whether the lethal and sublethal
impacts of the Argentine ant on amphibians that are described in this thesis are due to
predator naiveté, a lack of coevolution with the invasive species, or both. Chemical
defenses play an important role in predator-prey interactions (Berenbaum 1995; Jackson
et al. 2016; Phillips and Shine 2007; Schmidt 2009; Uemura et al. 2017) and some
invasive species may expand into native ecosystems with the aid of novel toxins (novel
weapons hypothesis, e.g., ants Sih et al. 2010, amphibians Hagman et al. 2009, and
plants Callaway and Ridenour 2004). Amphibians from the native range may have

evolved defense mechanisms (behavioral, anatomical, and/or physiological) that allow
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them to coexist with and/or feed on the Argentine ant. For instance, some amphibians
are known to inhabit ant nests without suffering damage, which has been attributed to
chemical deterrents in their skin or substances that mimic those of the ants (Dejean and
Amiet 1992; Rodel and Braun 1999; Schliiter and Regds 1996). For one amphibian
(Phrynomantis microps), the adoption of submissive behavior while being examined by
African ants (Pachycondyla tarsatus) is thought to help it to estivate in their nest (Rodel
and Braun 1999). The evolution of a chemical arms race has also lead some species to
develop mechanisms for the detoxification of ant venom, such as specialist predators
(Schmidt et al. 1989; Sherbrooke and Schwenk 2008) or competitor ants (LeBrun et al.
2014).

In its native range, the Argentine ant colonies are much smaller than in the
introduced range and, far from being almost the only ant species, L. humile is but one
member in a larger ant community (Heller 2004; LeBrun et al. 2007; Pedersen et al.
2006; Tsutsui et al. 2000). In fact, it coexists with other dominant species such as
Solenopsis sp. and Pheidole sp. (Fernandez 2003; Heller 2004; Wilson 2003), which are
also the main prey of myrmecophagous amphibians (Berazategui et al. 2007).
Therefore, in its native range, the Argentine ant might not exert sufficient selective
pressure on amphibians when compared to other native ant species. However, the
relationships between the Argentine ant and amphibians in the native range have not yet
been explored, and at least 73 amphibian species share their distribution range and
microhabitats with populations of native Argentine ants (see Fig. 21 in Section 2). If
amphibians in the native range show low susceptibility to iridomyrmecin, this would
point to the existence of an adaptation (i.e. they have been subjected to strong selective
pressure) and would suggest that a lack of coevolution between the invasive ant and
amphibians from the invaded range is responsible for the latter group’s vulnerability.
Instead, if amphibians in the native range are similarly affected by the venom as those
in the invasive range are, it would signify a lack of selective pressure from the
Argentine ant’s venom (at least at a physiological level). This would suggest that the
impact of the venom in invaded areas could arise more from the colony structure of the
Argentine ant than from the physiological consequences of the venom itself. In order to
test these hypotheses, the following questions should be addressed: Is the Argentine ant

less aggressive toward amphibians in its native range than in the invasive range? Is the
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Argentine ant’s venom similarly toxic to native amphibians in both ranges? Is there a

species-specific response also in the native range?

Could the venom help to explain the success of the Argentine ant?

Throughout this thesis I have focused on the consequences of invasion.
However, my findings may also be applied to elucidate the causes of the Argentine ant’s
success. The Argentine ant is the second most-studied invasive species in the world
(Pysek et al. 2008) and one of the main reasons for its success is thought to be the
formation of large supercolonies in the introduced range (unicoloniality) (Helanterd et
al. 2009; Holway et al. 2002; Holway et al. 1998; Pedersen et al. 2006; Suarez et al.
2008). In fact, though, other invasive ants have been documented or inferred to present
unicoloniality (Solenopsis invicta, Pheidole megacephala, Wasmannia auropunctata,
Anoplolepis gracilipes, Lasius neglectus, and Nylanderia fulva) (Eyer et al. 2018;
Holway et al. 2002; Ugelvig et al. 2008). In spite of great efforts made to disentangle
the basis of unicoloniality and the differential success of introduced supercolonies, the
relationship remains unclear (Blight e al. 2012; Blight et al. 2017; Giraud et al. 2002;
Helanterd et al. 2009; Pedersen et al. 2006; Suarez et al. 1999; Tsutsui et al. 2000;
Vogel et al. 2010). Previous studies have focused on recognition approaches, involving
genetics, chemical, and behavioral studies (Abril and Gémez 2011; Blight et al. 2012;
Blight et al. 2017; Brandt et al. 2009; Giraud et al. 2002; Vogel et al. 2010), but the
contribution of defensive compounds has not yet been explored in this context. Based
on the potential significance of the Argentine ant’s venom (Section 2), it is possible that
iridomyrmecin may play a role in the success of the introduced supercolonies. Here,
I propose two alternative predictions based on the venom optimization hypothesis
(Morgenstern and King 2013; Wigger et al. 2002) and the evolution of increased
competitive ability hypothesis (following e.g., Blossey and Notzold 1995; Catford ef al.
2009; Miiller-Schirer et al. 2004; Ricciardi et al. 2013). Iridomyrmecin might be used
as a defensive and offensive tool to dominate introduced environments. If this is the
case, it will be present in higher quantities in the most-successful colonies (venom
optimization hypothesis). If instead it does not contribute to the success of colonies, it
might no longer be necessary, and be present in lower quantities in the most-successful
colonies. In the latter case these successful colonies might reduce the costs associated

with venom production and reallocate the surplus energy and/or space to other resources
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that could contribute to their dominance (i.e. greater foraging efficiency, larger food
reservoir; evolution of increased competitive ability hypothesis). Consistent with the
first hypothesis, the red imported fire ant enlarges its poison gland and injects higher
quantities of venom after colony flooding (Haight 2006; Papillion et al. 2011), although
another study found that the ants failed to increase their aggressiveness after flooding
(Huang et al. 2016). Likewise, the Argentine ant has been noted to increase the use of
chemical interference competition when migrating, that is, during the time immediately
preceding the invasion of new territory (Crowell 1968; Fluker and Beardsley 1970;
Lieberburg et al. 1975). Therefore, the chemical arsenal of the Argentine ant may

contribute to the success of introduced supercolonies and should be further explored.

Does the venom have a phylogenetic signal? Does it contribute to invasiveness in

other species?

In the study of invasive ants, chemical defenses provide unique opportunities for
research on ecology and behavior, as shown in this thesis (Section 1, Section 3). Such
defenses are also fascinating from the perspective of evolutionary biology, as argued by
Schmidt (2009): “insect venoms have played an enormous role in ecology and
evolution”. Formic acid was the first venom described in ants and is apparently
exclusive to and ubiquitous in the Formicidae subfamily (Hefetz and Blum 1978;
Schmidt 1986). Mario Pavan selected the Argentine ant as a model to test, for the first
time, the hypothesis that formic acid was not the only ant chemical with offensive and
defensive functions (Pavan 1952d). Venoms of dolichoderine ants (i.e. iridoids,
ketones) have been poorly studied compared to peptide- and protein-rich venoms
(stinging ants), formic acid (formicine ants), or alkaloids (e.g. solenopsins in fire ants);
indeed, they are barely mentioned in two reviews on ant venoms by Schmidt (1986) and
recently by Touchard et al. (2016). However, Blum and Hermann (1978) described
dolichoderine ants’ venoms as representing “one of the most variegated exocrine
arsenals produced by any group of invertebrates” and attributed the success of

dolichoderines in exploiting a multitude of habitats to their chemical arsenal.

Kumschick et al. (2015) suggested that one aspect that has not been adequately
explored is whether the impacts of alien species are similar to those of species that are
phylogenetically or functionally related; these authors stated that this relationship is

often assumed but has rarely been tested. In the case of iridomyrmecin, one could
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explore whether it is present in other species and whether its presence and quantity
contribute to invasive traits in those species. For example, iridomyrmecin is present in
other dolichoderine ants like Tapinoma cf. nigerrimum, but it has not been detected in a
closely related invasive species, Tapinoma melanocephalum (Appendix 1 in Section 2).
Clearly these hypothesis merit further research, but even if this iridolactone is shared
among members of the Dolichoderinae, it seems that this phylogenetic similarity may

not be a key factor determining invasiveness in these ants.

Outlook

Altogether, my results describe various negative impacts of the Argentine ant on
vertebrates. With the results of this thesis in hand, and due to the subtlety of Argentine
ant venom compared to that of other invasive ants (Allen et al. 2004; Wetterer and
Porter 2003), I can argue that, for native vertebrates in search of habitats for foraging
and breeding, sites invaded by Argentine ants may be deathtraps. We should not be
surprised to find negative effects of this venom on other native vertebrates such as
reptiles, mammals, and birds. Since this topic is ferra incognita, special attention should
be paid to areas and seasons where vertebrates are at their most vulnerable stages (i.e.
hatching, breeding periods) and are coexisting with a successful Argentine ant invasion,
that is, high densities of invasive ants at their peak of activity. The latter phenomenon
tends to occur in spring in temperate climates because it is related to increasing
temperatures and the beginning of the reproductive cycle (Abril et al. 2007; Passera
1994). Furthermore, Argentine ants may be more likely to attack vertebrates in spring
and autumn, when they have brood and there is an increase in demand for protein (Abril

et al. 2007), as occurs with the red imported fire ant (Allen ez al. 2004; Drees 1994).

The present thesis focuses on ecosystem responses to biological invasions. My
results show that native vertebrates respond negatively to Argentine ant invasion, both
directly and indirectly. In particular, the vertebrates affected were from the most
vulnerable stages of birds and amphibians, which could result in consequences at
population and community levels that scale to the ecosystem level. Finally, this thesis
reveals unexpected effects of this invasive species that, although subtle, have lethal and
sublethal consequences. My findings open a new door to improving our understanding

of biological invasions and applying this knowledge to biological conservation.
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Conclusions

1. The Argentine ant (Linepithema humile) disrupts the native ant community,
causing indirect effects at higher trophic levels. The native amphibian
community shifts to non-ant arthropod prey in invaded areas at Dofiana National

Park.

2. In the Donana study area, the native amphibian species with a higher degree of
ant-specialization, the natterjack toad (Epidalea calamita), seemed to be
negatively affected by the presence of Argentine ants, as indicated by its lower
abundance in invaded versus uninvaded sites and its lower feeding preference

for the invasive ant.

3. The invasive Argentine ant acts as both prey and predator of newly
metamorphosed amphibians of different species. The ant’s venom,
iridomyrmecin, is the mechanism used to subdue the prey. It is absorbed through

the skin to immobilized and kill the toadlets.

4. The venom of the Argentine ant shows no signs of toxicity to natterjack toadlets
when consumed orally, at least at the doses tested, which may explain why these
toadlets do feed on Argentine ants. However, living in invaded areas and feeding
on these ants put toadlets at risk of external envenomation and was shown to
decrease survival in natterjack toadlets, and hinder growth in both natterjack and

spadefoot toadlets (Pelobates cultripes).

5. The great tit (Parus major) population exhibits an apparent aversion to breeding
in sites invaded by Argentine ants, and although reproductive success remained
apparently unaffected, chicks reared in invaded sites suffered from poorer
physical condition and altered blood parameters with respect to those reared in

uninvaded sites.

6. Subtle and indirect effects of Argentine ant invasion have important implications
at individual, population, community, and ecosystem levels. Native vertebrates
were negatively affected at vulnerable stages but were also observed to modify
their trophic ecology, spatial distribution, and habitat use in invaded areas
compared to uninvaded areas. Some of the mechanisms of impact identified

include prey displacement, direct predation, and sublethal effects.
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Appendix 1. Context in which iridomyrmecin appears in previous Literature. (a) The
functions for iridomyrmecin at the first mention in the text. Some studies refer to more
than one function, so proportions here are referred to the total number of functions
(138). (b) Main goal of the article. Data come from 116 articles expanding from 1948 to
2018. (¢) Other animal taxa having and using iridomyrmecin.

a. Function of iridomyrmecin %o
No function specified (NS) 33
Defense (DEF) 22
Insecticide (INS) 22
Antibiotic (ANT) 7
Antibacterial (AntB) 6
Alarm (AL) 4
Trail (TR) 3
Cat attracting chemical (CA) 3
Necrophoresis (NE) 1

b. Main goal of the article %0
Synthesis of iridomyrmecin (SYN) 28
Iridomyrmecin in other species (OtSp) 15
Chemical composition of exocrine secretions (ExS) 14
Chemical structure (CH) 13
Defensive compound (DEF) 9
Trail pheromone (TR) 6
Pharmacologic research (PH) 5
Insecticide (INS) 5
Antibiotic (ANT) 4
Necrophoresis (NE) 1
Alarm pheromones (AL) 1

c¢. Iridomyrmecin in other animal taxa
Ant Dolichoderinae ~ Conomyrma sp. (Cono)
Dolichoderus scabridus (Dsca)
Iridomyrmex nitidiceps (Inip)
Iridomyrmex pruinosus (Ipru)
Iridomyrmex purpureus (Ipur)
Tapinoma erraticum (Terr)
Tapinoma cf. nigerrimum (Tnig)
Tapinoma sessile (Tsess)
Tapinoma simrothi (Tsim)
Myrmicinae Pheidole biconstricta (Pbic)

Non-ant  Athicid beetle Formicomus pedestris (Fped)
Formicomus rubricollis (Frub)
Microhoria terminate (Mter)
Parasitic wasp Alloxysta brevis (Abre)
Alloxysta victrix (Avic)
Aphidius uzbekistanicus (Auzb)
Leptopilina heterotoma (Lhet)
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Abstract Predator—prey interactions play a key role
in the success and impacts of invasive species. However,
the effects of invasive preys on native predators have been
poorly studied. Here, we first reviewed hypotheses describ-
ing potential relationships between native predators and
invasive preys. Second, we examined how an invasive prey,
the Argentine ant (Linepithema humile), affected a native
terrestrial amphibian community. In the field, we looked at
the structure of the amphibian community in invaded versus
uninvaded areas and characterized amphibian trophic ecol-
ogy. The amphibian community sampled seemed to show a
species-dependent response in abundance to invasion: adults
of the natterjack toad (Bufo calamita), the species demon-
strating the highest degree of ant specialization, were less
abundant in invaded areas. Although available ant biomass
was significantly greater in invaded than in uninvaded areas
(only Argentine ants occurred in the former), amphibians
consumed relatively fewer ants in invaded areas. In the lab,
we quantified amphibian consumption of Argentine ants
versus native ants and assessed whether consumption pat-
terns could have been influenced by prior exposure to the
invader. The lab experiments corroborated the field results:
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amphibians preferred native ants over Argentine ants, and
prior exposure did not influence consumption. Differences
in preference explained why amphibians consumed fewer
Argentine ants in spite of their greater relative availabil-
ity; they might also explain why the most ant-specialized
amphibians seemed to avoid invaded areas. Our results sug-
gest the importance to account for predator feeding capaci-
ties and dietary ranges to understand the effects of invasive
species at higher trophic levels.

Keywords Biotic resistance - Enemy release - Exotic prey
naiveté - Invasive prey - Linepithema humile

Introduction

The vulnerability of native communities to invasions of non-
native species depends on their ecological resistance, which
is mainly defined by the presence of native competitors and
predators (Ricciardi et al. 2013). Predators can promote
resistance through a variety of mechanisms, including their
abundance, their recognition and consumption of invasive
prey, their functional response to invasive prey, and their
ability to respond over time (Catford et al. 2009; Carlsson
et al. 2009; Twardochleb et al. 2012; Carthey and Banks
2014).

For example, the well-known enemy release hypothesis
(as well as its variants, such as the enemy reduction hypoth-
esis and the enemy inversion hypothesis; Catford et al. 2009)
states that exotic species can become invasive because they
lack coevolved enemies in their introduced ranges (Keane
and Crawley 2002; Colautti et al. 2004; Sih et al. 2010).
In such situations, native predators do not limit the inva-
sion, because predation does not occur or only occurs at low
levels. In contrast, the more recently published exotic prey
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naiveté hypothesis and the increased susceptibility hypoth-
esis posit that the naiveté of introduced prey species means
they experience higher predation pressures than do native
prey species (Colautti et al. 2004; Catford et al. 2009; Li
et al. 2011; Wanger et al. 2011). In this case, native predators
should be able to control the invasion by predating upon the
introduced prey species, acting as a form of biotic resistance.
The specialist—generalist hypothesis states that invasion suc-
cess should be minimized when predators are generalists
because they would, thus, be able to consume introduced
prey (Sax et al. 2007; Catford et al. 2009). Although dietary
specialization actually exists along a gradient, Catford et al.
(2009) distinguish two extremes: the absolute generalist,
which interacts with any and all species, and the absolute
specialist, which preys upon a single species. However, if
the invasive prey species can defend itself chemically (e.g.,
with toxins), then it could escape even predation by gener-
alists. Such a situation is described by the novel weapons
hypothesis—the competitive ability of invasive prey would,
therefore, be enhanced (Callaway and Ridenour 2004; Carls-
son et al. 2009; Ricciardi et al. 2013).

These hypotheses are rather one-sided in that they largely
focus on the success of the introduced prey species without
addressing effects on native predators (but see Pintor and
Byers 2015). By considering the effects on predators in each
of these scenarios, we can establish a theoretical framework
for understanding how invasive prey affects native preda-
tors. Here, we have expanded the hypotheses described
above to address the effects of introduced prey on predators
with different degrees of dietary specialization. According
to the exotic prey naiveté and the increased susceptibility
hypotheses, predators may benefit from the large availability
of naive prey because they can consume them (Glenn and
Holway 2008; Wanger et al. 2011; Cabrera-Guzman et al.
2012; Monzo et al. 2013). Based on the specialist—general-
ist hypothesis, generalist may benefit more than specialist
predators (Maerz et al. 2005; Sax et al. 2007; Catford et al.
2009). And based on the enemy release hypothesis native
predators would benefit more if the introduced prey spe-
cies were relatively similar to native prey species (Carls-
son et al. 2009; Robbins et al. 2013). Finally, according to
the novel weapons hypothesis, predators will not benefit if
the invasive prey releases toxins. Although native predators
could develop ways for dealing with toxins, this process is
expected to occur over the long term (Carlsson et al. 2009).
Different degrees of naiveté have been observed in prey
(Banks and Dickman 2007) and may also exist in native
predators. In this sense, Bytheway et al. (2016) have shown
how behavioral flexibility on the part of invasive predators
can enable invaders to respond rapidly to novel situations.
However, such behavioral flexibility should be less com-
mon in native predators (Carlsson et al. 2009): the predator
may not recognize a new prey species; it may recognize an
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invasive species as prey but fail to capture it; or it may cap-
ture it without consuming it. Taken together, these hypoth-
eses suggest that native predators are more likely to be nega-
tively impacted under the following conditions: they have a
more specialized diet; the invasive prey species differs from
the native prey species included in their diets; or the invasive
prey species releases toxins.

Ants play crucial ecological roles within ecosystems
(Lach et al. 2010) and, consequently, the negative effects
of invasive ants can scale up to higher trophic levels (Hol-
way et al. 2002). The Argentine ant (Linepithema humile)
is one of the five ant species included on the list of 100 of
the world’s worst invaders (Lowe et al. 2000; Luque et al.
2013). It has a remarkable ability to establish itself in natu-
ral ecosystems outside of its native range; it has had strik-
ing success in Mediterranean ecosystems all over the world
(Suarez et al. 2001; Wetterer et al. 2009; Vogel et al. 2010).
It has been used to examine a variety of ecological issues
across different continents (Pysek et al. 2008). For example,
its negative effects on ant communities have been studied in
the greatest detail in California and Europe (e.g., Carpintero
et al. 2005; Gordon and Heller 2014). Once the Argentine
ant has established itself, it displaces almost all native ant
species (Suarez et al. 1998; Carpintero et al. 2005; Holway
and Suarez 2006; Angulo et al. 2011). Its effects on non-ant
species, including ant specialist predators, have been studied
in California and Japan (e.g., Suarez and Case 2002; Touy-
ama et al. 2008). Unlike other invasive ants (e.g., Solenopsis
invicta, Wasmania auropunctata), which have a venomous
sting, the Argentine ant does not possess a functional stinger
that it could use to defend itself from predators or to subdue
vertebrate prey (Holway et al. 2002). Although the Argen-
tine ant can prey on nestlings of some bird species, it has
not been considered to be a serious threat (Sockman 1997;
Hooper-Bui et al. 2004; Suarez et al. 2005; Estany-Tiger-
strom et al. 2010, 2013). When it comes to native preda-
tors in general, negative effects related to prey displacement
have been observed for the ant-eating specialist Phrynosoma
coronatum, the coastal horned lizard (Suarez et al. 2000;
Suarez and Case 2002); conversely, some ant-eating inver-
tebrates appear to benefit from the presence of this invasive
ant (Touyama et al. 2008; Glenn and Holway 2008). These
contrasting results suggest that dietary specialization is not
the only factor driving the impacts of the Argentine ant on
predators.

In this study, we examined the threat posed by the Argen-
tine ant to a native amphibian community. Amphibians are
the world’s most vulnerable group of vertebrates (account-
ing for ~41% of endangered species; Hoffmann et al. 2010).
Terrestrial amphibians are known to consume large quanti-
ties of ants (see Online Resource 1) and are, thus, poten-
tially vulnerable to Argentine ant invasions. We aimed to
answer three key questions. First, is amphibian abundance
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different in invaded areas because it is dependent on dietary
specialization? We predicted that the greater a species’ die-
tary specialization on ants, the more its abundance would
decrease in invaded areas. Second, is ant availability similar
in invaded and uninvaded areas, and do predators with differ-
ent dietary specializations track ant availability differently?
We predicted that ant consumption would track ant availabil-
ity for generalist predators but would decrease for the most
specialized predators. Because no other ant species are avail-
able in invaded areas, predators could compensate by con-
suming prey of other taxa (i.e., by excluding ants from their
diets). Then, if a dietary shift was to occur, the predators’
nitrogen isotopic values would be expected to differ because
the nitrogen isotopic value of a predator reflects that of its
prey (Post 2002). Third, do amphibian ant specialists pre-
fer native ants to Argentine ants? Is this preference affected
by ant morphology or by prior exposure to the Argentine
ant? We predicted that the consumption of Argentine ants
by amphibian ant specialists would depend on the degree of
similarity between the Argentine ant and the native ant spe-
cies consumed by the specialist. We also predicted that prior
exposure to the invader could alter consumption patterns in
one of two ways: (a) consumption could increase relative to
a naive individual if the encounter resulted in the amphib-
ian learning to recognize the Argentine ant as prey or (b)
consumption could decrease relative to a naive individual if
the prior exposure resulted in a negative experience and the
amphibian learned to avoid eating Argentine ants.

Methods
Field study
Study area

The field study was conducted in the Dofiana Biological
Reserve (37°1'N, 6°33'W; Dofana National Park, Spain) in
an open Mediterranean scrubland containing scattered pine
(Pinus pinea) forests and isolated cork oak trees (Quercus
suber). One week of sampling was conducted during the
summer and fall of 2009 and the winter and spring of 2010.

The reserve is home to more than 30 native ant spe-
cies. The Argentine ant arrived at Dofiana in the 1970s at
the reserve’s field station (Angulo et al. 2011). Given that
queens are wingless and workers travel only short distances
(Heller et al. 2008), the invasion of natural areas relies on
inadvertent and sporadic transport by humans, predators,
or scavengers (Carpintero et al. 2005). Because the species
avoids the scrubland (due to its low tolerance of high tem-
peratures and dry habitats), it is now found in individual
cork oaks and pine forests (Angulo et al. 2011). The close
association between the ants and the cork oaks is fostered by

food availability. Under the cork oak canopies, a dense net-
work of interconnected nests can be found, and ants also for-
age in the tree trunk and branches (Carpintero et al. 2005).
The cork oak is a keystone species because it shelters many
species against the region’s hot, dry summers—the tree’s
canopy provides shade and the root system keeps shallower
soil levels humid (Kurz-Benson et al. 2006)—and its loca-
tion near temporary ponds results in a clear environmental
gradient under the tree canopy (wetter conditions closer to
the pond side and drier conditions on the opposite side of
the tree).

As amphibians live around ponds, they are likely to inter-
act with Argentine ants from invaded cork oaks. The most
abundant terrestrial species are the natterjack toad (Bufo
calamita), the western spadefoot toad (Pelobates cultripes),
the Mediterranean treefrog (Hyla meridionalis), and the Ibe-
rian painted frog (Discoglossus galganoi) (Diaz-Paniagua
et al. 2010). Although none of them are absolute ant spe-
cialists (Online Resource 1), we can order them according
to the percentage of their diet that is represented by ants: B.
calamita (up to 72%) > H. meridionalis (up to 58%) > D.
galganoi (up to 17%) > P. cultripes (up to 4%).

Sampling took place in and under ten centenarian cork
oaks (hereafter, tree areas), five of which had been invaded
and five of which remained uninvaded by the Argentine
ant. Each tree area was treated as an independent replicate.
To be more certain that the amphibians studied were not
experiencing both invaded and uninvaded areas, no invaded
tree area was closer than 250 m to any uninvaded tree area
(and vice versa). Within groups (invaded or uninvaded), tree
areas were separated by at least 40 m. This distance guaran-
teed independence in ground and tree arthropod sampling
(Angulo et al. 2007; Gove et al. 2009). We were only able
to sample a limited number of trees because the National
Park restricted amphibian trapping and the access to some
invaded trees (because of waterbird conservation concerns)
and because the Argentine ant invasion pattern is patchy.

Sampling the abundance of amphibian predators

Amphibians were captured using three pitfall trap lines
composed of three bucket traps each (30 X 40 cm) and a
barrier of 3 m X 50 cm to guide individuals into the buckets
(Fig. 1). Traps were deployed for 7 days during each season
and checked every 3 h. Most were euthanized to examine
their gut contents and to collect tissue samples for the stable
isotope analyses. Samples were kept in 70% alcohol until
further analyses could take place in the laboratory.

Sampling the availability of invertebrate prey

Invertebrates were sampled using seven pitfall traps (200-ml
PVC cups 2/3 full of soapy water) and two white traps (for

@ Springer



98

Oecologia (2017) 185:95-106

Fig. 1 a A picture of a cork oak
(Quercus suber) and b sche-
matic of the trapping protocol
for a given tree. The pitfall traps
shown inside the tree trunk
were attached to the trunk and
branches

|:] 2 traps for winged invertebrates

: 3 amphibian pitfall trap lines
(3 buckets + 1 3-m barrier)

o 14 Invertebrate pitfall traps

.L tree trunk

flying arthropods; 25 X 50 X 10 cm trays partially filled with
soapy water) placed on the ground under the tree canopy
(Fig. 1). Another seven pitfall traps were attached to the
tree’s branches and trunk. Traps were deployed for 3 days
per sampling period and the invertebrates, collected every
day, were kept in 70% alcohol.

All invertebrates were identified to the lowest taxonomic
level possible. The total number of individuals was then cal-
culated for each taxonomic group caught for each sampling
day, tree area, and sampling season. This number was used to
estimate biomass: the number of individuals was multiplied
by the mean mass for each taxonomic group, which was
obtained by measuring the dry mass of 10-30 individuals.

Stomach content analyses

Predator stomach fullness (i.e., whether the stomach con-
tained food or was empty) was determined, and the stomach
contents were removed and preserved in alcohol (70%) until
the prey species could be identified to the lowest taxonomic
level possible using the invertebrates obtained in the pitfall
traps as references. The relative importance of each prey
item in a predator’s diet was assessed in two ways: (1) using
prey biomass: the percentage of total biomass attributable
to each prey item (100 X [biomass of a specific prey item/
total biomass of all prey items]) and (2) prey frequency: the
percentage of each prey item across all non-empty stomachs
(100 X [number of stomachs containing a specific prey item/
total number of stomachs containing prey]). To limit bias
due to digestion in the biomass calculations, the mass of the
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whole body of one individual was used, which was deter-
mined using the individuals obtained via pitfall trapping.

A cumulative prey curve was constructed to assess
whether an adequate number of stomachs had been sampled.
The order of the stomachs was randomized ten times, and the
mean (+SE) of singleton prey items was plotted to minimize
the possible bias resulting from sampling order. The point at
which the prey curve approached an asymptote revealed the
number of stomachs needed to accurately characterize the
diet (Online Resource 2).

Isotopic analyses

Stable isotope methods are currently among the most pow-
erful tools used in the study of trophic relationships and
animal diets. However, it is difficult to obtain exact estimates
of isotopic values, as they can be affected by a number of
factors (Post 2002; Vanderklift and Ponsard 2003; Caut et al.
2009). To reduce variability when comparing the isotopic
values of amphibians captured in different areas and on dif-
ferent dates, it is necessary to obtain an isotopic baseline
(Lorrain et al. 2014). Isotopic baselines are known to vary
across time and space and can influence the range of nitro-
gen isotopic values within a given food chain at a given
time. To estimate the nitrogen isotopic baseline, samples of
the most abundant plant species found in the shade cast by
the canopy of each tree were collected during each season
and identified. The mean of their isotopic values was used
as the baseline. To estimate the nitrogen isotopic values for
the amphibians, liver samples were collected. Both sample
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types (plants and amphibian livers) were dried at 60 °C for
48 h, ground to a fine powder, weighed in tin capsules, and
stored in a desiccator until isotopic analyses took place. The
analyses were performed using a continuous flow isotope
ratio mass spectrometry system that consisted of a Flash
HT Plus elemental analyser coupled to a Delta-V Advantage
isotope ratio mass spectrometer via a CONFLO 1V interface
(Thermo Fisher Scientific, Bremen, Germany). The system
was located in the Stable Isotope Laboratory at the Dofiana
Biological Station (LIE-EBD; http://www.ebd.csic.es/lie/
Home.html). Isotopic ratios are presented as & values (%o);
they are relative to atmospheric nitrogen and expressed as
8N = [(Rygmpie/Reandara) — 11 X 1000, where R is 'N/'N.
The reference material was IAEA-N1 (+0.4%o0). Replicates
of internal laboratory standards (which had been previously
calibrated with international standards such as JAEA-N1)
were regularly included in the sampling sequence and indi-
cated that analytical measurement errors never exceeded
+0.2%eo.

Laboratory preference experiment

Fourteen adult natterjack toads (B. calamita) were captured
in the field in spring 2013. Eight came from uninvaded areas,
and six came from invaded areas. All the adults collected in
uninvaded areas were captured 1.5 km away from invaded
areas. It is highly unlikely that they had previous contact
with the Argentine ant. In the laboratory, they were individu-
ally housed and fed mealworms, pillbugs, and small crickets
ad libitum. The day before each preference trial, the toads
were not fed.

In addition, several hundred workers were collected from
colonies of the Argentine ant and from colonies of three
native ant species: Tapinoma nigerrimum, which is similar
in size and taxonomically close to the Argentine ant; Aphae-
nogaster senilis, 3—10 times larger than the Argentine ant
and one of the most abundant scrubland species in our study
area; and Crematogaster scutellaris, the most abundant spe-
cies in Dofiana’s cork oaks (Carpintero et al. 2005).

Two kinds of preference tests were performed. In the first
test, five workers of each ant species (for a total of 20 ants)
were simultaneously added to a terrarium. A toad was then
placed in the center of the terrarium, and the time at which it
ate each of the ants over a 30-min period was recorded. Each
toad was tested five times (N = 70 trials; 14 individuals;
1400 ants tested); trials took place at least 3 h apart. In the
second test, which also lasted 30 min, 20 ants of the same
species were placed in a terrarium, and the time at which
the toad ate the ants was recorded. Each toad was tested four
times, with each of the four ant species (N = 56 trials; 14
individuals; 1200 ants tested). The order in which they expe-
rienced the species was random, and trials were separated by
at least 18 h. Both types of tests were performed because, in

the field, L. humile rarely co-occurs with native ants. As a
consequence, amphibians will rarely have to choose between
native and invasive species. However, it is nonetheless
informative to quantify preferences and consumption rates
under both sets of conditions.

Statistical analyses

General linear models were used to compare

(a) The number of individuals (dependent variable) of
different amphibian species found in invaded versus
uninvaded areas across different seasons (independent
variables). When juveniles were also found, adults and
juveniles were placed in two distinct categories in the
“species” variable. This differentiation between adults
and juveniles reflects an important spatial constraint
related to amphibian biology. Juveniles are unable to
choose the ponds from which they emerge, while adults
can choose where they forage and breed. The model
examining overall amphibian abundance included
tree area (five levels), invasion status (invaded vs.
uninvaded), season (four levels), and amphibian spe-
cies [six levels: B. calamita (adults and juveniles), P.
cultripes, H. meridionalis, and D. galganoi (adults
and juveniles)]. We carried out separate analyses for
each amphibian species (by specifying the “by” option
in Proc Genmod, SAS software v. 9.2, SAS Institute
2008).

(b) Total available biomass and the percentage of avail-
able ant biomass (dependent variables) in invaded
versus uninvaded areas across seasons (independent
variables); the invasion-by-season interaction was also
included. The models included tree area (five levels),
invasion status (invaded vs. uninvaded), season (four
levels), and sampling day (three levels). Thus, the totals
used were for each day of each season and for each of
the invaded and uninvaded tree areas.

(c) Total biomass in stomach contents and the percentage
of ant biomass in stomach contents (dependent vari-
ables) for different amphibian species in invaded versus
uninvaded areas across seasons (independent variables)
(note: D. galganoi was excluded from these analyses
because of its small sample size). In this case, the sam-
ple size was the number of individual amphibians for
which stomach contents could be analyzed and were not
empty (N = 95, see Online Resource 3a). The model
included amphibian species (four levels), tree area
(five levels), invasion status (invaded vs. uninvaded),
and season (four levels). Thus, the totals used were for
each amphibian species, for each season, and for each
of the invaded and uninvaded tree areas.
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(d) The nitrogen isotopic baseline (8'°Nprpz = mean
8'5N of plants; dependent variable) for the different
tree areas across seasons (independent variables). The
model examining the baseline isotopic values included
tree area (five levels) and season (four levels).

(e) The nitrogen isotopic values of amphibians (8'°N of
liver tissue; dependent variable) of different species in
invaded versus uninvaded areas across seasons (inde-
pendent variables). To standardize the comparisons,
amphibian tissue 8'°N values were corrected using the
isotopic baseline of each tree during each sampling
period (8"’ Neop = 8N} jvgr — 8"’ Nyggg). In this case,
the sample size was the number of individual amphib-
ians for which we obtained isotopic values (N = 106,
Online Resource 3a). The model included amphibian
species (six levels), invasion status (invaded vs. unin-
vaded), the invasion-status-by-season interaction, and
season (four levels).

As necessary, tree area identity was included as a repeated
measures factor (“repeated subject” command in Proc Gen-
mod, SAS software v. 9.2). Models of the total stomach
content biomass also included the sex of the animal as a
fixed effect. The normality of all the dependent variables
was tested before models were fitted. A Poisson distribution
and a log-link function were used for the models of available
biomass and stomach content biomass (except in the case of
the total biomass of stomach contents, for which a gamma
distribution with a log-link function was used); model devi-
ance was, thus, minimized. Because one of the invaded trees
was flooded during the winter and the spring, the number of
invaded trees was reduced to four.

The data from the preference experiments were analyzed
using survival analyses, which estimated the probability
of ants being eaten as a function of time. Mixed effects
Cox models were used so that random factors could be
included; we employed the coxme package (Therneau
2015) in the R software (R Core Team 2016). For the first
test, the model included (a) ant species, to evaluate toad
preference for different prey species; (b) the invasion status
of the areas where the amphibians were captured to test
for differences in amphibian naiveté to the Argentine ant;
(c) the trial order for a given individual, to test whether
learning occurred following exposure to the ants; and (d)
the ant-species-by-trial-order interaction to test for differ-
ences in amphibian learning among ant species. Because
learning was ant-species dependent, trial order was also
tested for each ant species separately. Individual amphibian
identity and trial number were included as random factors.
For the second test, the model included only ant species
and individual amphibian identity (as a random factor).
The significance of each variable was tested using a Chi-
squared test that compared the likelihood of the full model

@ Springer

with that of the full model minus the variable of interest. In
the latter model, the interaction between two variables was
also removed when the significance of only one of the two
variables was being tested. When significant, the model
with the highest likelihood value (or the simplest model in
case this value was equal) was considered the best.

Results
Amphibian abundance in invaded and uninvaded areas

Over a total of 342 trap nights, 174 amphibians of 4 differ-
ent species were caught: 124 natterjack toads (B. calam-
ita), 277 western spadefoot toads (P. cultripes), 15 stripe-
less tree frogs (H. meridionalis), and 8 Iberian painted
frogs (D. galganoi) (Fig. 2a). All were adults, except for
most of the B. calamita captured in the spring (90 juve-
niles and 5 adults) and most of the D. galganoi (6 juve-
niles) (Online Resource 3a, Fig. 2a).

In the case of D. galganoi and H. meridionalis, the
numbers of adults captured did not differ based on inva-
sion status or season, nor was the interaction between
variables significant (D. galganoi ;(]2 = 0.03, p = 0.860;
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Fig. 2 a Number of amphibians captured (mean + SE) and b the
8'Ncor values of amphibian livers (mean + SE) for invaded and
uninvaded areas (INV in black and UNI in white, respectively) across
different seasons (SU summer, FA fall, WI winter, SP spring). Data
for adults and juveniles are separated (juveniles are specified with
“juv.”). Only seasons for which abundance was greater than zero in at

least one tree area are represented
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= 2.05, p = 0.561; and )(32 =2.05p= 0.561, respec-
tively; H. meridionalis )(l = 1.05, p = 0.306; )(2 = 5.05,
p = 0.080; and ;(3 = 3.11, p = 0.374, respectively). D.
galganoi and B. calamita juveniles occurred in higher
numbers in invaded areas, but neither season nor the
invasion-by-season interaction was significant (D.
galganoi ;(]2 =4.11, p = 0.043; )(22 =4.19, p = 0.123;

=4.19, p = 0.123, respectively; B. calamita ;(]2 =3.92,
p = 0.048 ;(22 = 5.99, p = 0.050; ;(22 =3.99, p = 0.136,
respectively). In the case of P. cultripes adults, invasion
status and season were marginally significant, but their
interaction was not significant ()(12 = 3.70, p = 0.054;
23 =7.70, p = 0.053; and y; = 6.83, p = 0.078, respec-
tively). P. cultripes was more abundant in invaded areas
than in uninvaded areas and in the fall than in the winter
(Fig. 2a). In the case of B. calamita adults, invasion status
was significant, while season and the invasion-by-season
interaction were not significant (;(12 = 5.67, p = 0.017;
)(32 =6.99, p = 0.072; and ;(32 =5.92, p = 0.116, respec-
tively). Fewer adults of B. calamita were observed in
invaded areas (Fig. 2a).

—~
Q
~—

T

Tree availabity

»

Pelobates cultripes

Invertebrates (%)
8 8 8 8 8

=]

_
O
e’

N
o
S

I
INV UNI INV UNI

I
INV UNI INV UNI INV UNI INV UNI
SuU FA Wi SP FA Wi

Fig.3 Mean percentage of a invertebrate biomass and b ant spe-
cies biomass (other = ant species <5% of relative ant biomass). The
figures represent relative availability as estimated from pitfall traps
(?) and relative presence in amphibian stomach contents for the

| ;
INV UNI INV UNI INV UNI

Prey availability

A total of 5319 non-ant invertebrates and 22,386 ants
(mostly Argentine ants) were captured in invaded areas. In
uninvaded areas, 6545 non-ant invertebrates and 4614 native
ants were captured; no Argentine ants were present. Beetles
and millipedes accounted for more than 40% of the avail-
able biomass across all seasons, except in the winter, when
flies were more abundant than millipedes (Fig. 3a). Total
available biomass was nearly significantly different across
seasons but was not affected by invasion status or the inva-
sion-by-season interaction ()(3 7.48, p =0.058; )(] 3.32,
p = 0.068; )(3 6.26, p = 0.100, respectively; N = 114).

A total of 27,000 ants were captured, of which 22,381
were Argentine ants (Online Resource 4a). In uninvaded
areas, 14 ant species were found in and under trees (Fig. 3b).
Only Argentine ants were found in invaded areas (except
for Temnothorax sp., which appeared in the summer in two
invaded areas), and only native ants were found in uninvaded
areas. The percentage of available ant biomass differed sig-
nificantly between invaded and uninvaded areas and across
seasons, but the interaction between the two factors was not
51gn1ﬁcant (;(1 6.35,p =0.012; ;(3 8.34, p = 0.040; and

= 6.62, p = 0.085, respectively; N = 114). Ant biomass

Bufo calamita  juveniles
m Aranea

7 Coleoptera

% Dictyoptera

iptera
ntomobryomorpha
Il Formicidae

[l Gastropoda
Haplotaxida

[ Julidae

[ other

B3 Aphaenogaster senilis
Camponotus lateralis
E= Camponotus pilicornis
Crematogaster scutellaris
BZ Crematogaster sordidula
[l Camponotus truncatus
I Formica subrufa
Lasius grandis
i Temnothorax sp.
lessor sp.
[ Myrmica aloba
B Piagiolepis schmitzii
BE Tetramorium sp.
[ other

Linepithema humile

The Argentine ant

1
INV UNI
FA Wi SP SP
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b, the numbers above the bars indicate the percentage of ant items
out of all the invertebrates found in amphibian stomachs
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was greater in invaded versus uninvaded areas (Online
Resource 4a).

Amphibian diet in invaded and uninvaded areas

Stomach contents were obtained from 112 amphibians (9.8%
had empty stomachs, Online Resource 3a). However, iso-
topic samples were obtained from 106 individuals because
the liver samples from six individuals had deteriorated. The
cumulative prey curve for the two major amphibian species,
B. calamita (adults and juveniles) and P. cultripes, reached
a well-defined asymptote, indicating that the sample size
was sufficient to adequately describe the amphibians’ diets
(Online Resource 2). For H. meridionalis and D. galganoi,
sample sizes were lower, but the results are nonetheless pro-
vided for the sake of comparison.

Based on their stomach contents, the amphibians had var-
ied diets; they consumed nine different taxonomic groups
(Fig. 3a). In terms of total biomass, Coleoptera was by far
the amphibians’ most frequent prey (Fig. 3a); they made up
16-84% of their diets (except in the case of D. galganoi).
Indeed Formicidae was the second or third most frequently
consumed group (up to 37% of dietary biomass). Total con-
sumed biomass did not differ based on invasion status, spe-
cies, or season (y7 = 0.01, p = 0.933; 7 =2.09, p = 0.555;
and ;(32 = 5.23, p = 0.156, respectively; N = 95).

Ants were found in almost all the stomachs of B. calam-
ita adults and juveniles and H. meridionalis adults (32/34,
30/30, and 9/12, respectively; Online Resource 3a). Formici-
dae was less common in P. cultripes stomachs (both in terms
of biomass and frequency). Ant frequency, mean percentage
of consumed ant biomass, and the number of ant species
consumed were greater for B. calamita (adults and juveniles)
than for other species (Fig. 3a, Online Resource 4b). Thus,
of the amphibians studied, B. calamita showed the greatest
degree of ant specialization. Thirteen species of Formicidae
were observed in the stomach contents: 12 native species
and the Argentine ant (Online Resource 4b). Except in one
individual, Argentine ants were the only ant species found
in adult amphibians from invaded areas. Conversely, except
in one individual, Argentine ants were completely absent
from the stomachs of amphibians from uninvaded areas
(Fig. 3b). Invasion status did have a significant effect on the
percentage of ant biomass consumed ( )(12 =5.04, p =0.025,
N = 95). Significantly more ant biomass was consumed in
uninvaded areas than in invaded areas (8.15 + 2.3 versus
0.86 + 0.2 g, respectively). Season and species did not have
an effect (y7 = 1.87, p = 0.600, and y7 = 1.98, p = 0.577,
respectively; N = 95).

The nitrogen isotopic baseline was significantly differ-
ent across seasons and individual tree areas ()(32 = 25.43,
p < 0.001 and g5 = 18.11, p = 0.034, respectively;
N = 362, Online Resource 3b). This finding meant that
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the amphibians’ nitrogen isotopic values needed to be cor-
rected. Amphibian nitrogen isotopic ratios did not differ
between invaded and uninvaded areas, among species,
or across seasons (invasion status )(12 = 3.10, p = 0.078;
amphibian species y2 = 7.52, p = 0.185; season y3 = 4.4,
p =0.218; N = 106); the interaction between invasion sta-
tus and species was not significant (;(Z =3.05, p = 0.549,
N =106) (Fig. 2b). The values were highly variable, which
probably explains why no effect of invasion status was
found.

Preference tests

Similar results were obtained from the two types of pref-
erence tests (providing the adult toad with four ant spe-
cies simultaneously or each ant species separately). B.
calamita adults ate both native ants and Argentine ants.
However, they ate native ants faster and in greater quanti-
ties (Fig. 4a). When the amphibians were simultaneously
offered the four ant species, there were ant-species-spe-
cific differences in consumption (;(32 =406.34, p < 0.0001,
N = 1400). Fewer Argentine ants were eaten: at 30 min,
around 50% of Argentine ants were left versus fewer than
30% of native ants (Fig. 4a). When we compared survi-
vorship, the Argentine ant survived longer than the native
ants: 2.03 times longer than C. scutellaris, 5.17 times
longer than A. senilis, and 5.42 times longer than T. niger-
rimum. When the amphibians were offered one ant species
at a time, there were again ant-species-specific differences
in consumption ()(32 =146.72, p < 0.0001, N = 1120): 30%
of Argentine ants remained at 30 min versus less than
20% of native ants. Once again, the Argentine ant sur-
vived longer than the native ants: 2.31 times longer than C.
scutellaris, 2.59 times longer than 7. nigerrimum, and 2.78
times longer than A. senilis. Furthermore, in the second
test, no ants were eaten in six of the trials; the percentage
of trials in which no ants were eaten was 21.4% for the
Argentine ant (3 trials), 14.3% for T. nigerrimum (2 tri-
als), 7.1% for C. scutellaris (1 trial), and 0% for A. senilis.

Amphibians from invaded versus uninvaded areas did
not differ in their rates of Argentine ant consumption
()(12 = 6e—04, p = 0.981, N = 1400 observations, Fig. 4b).
Both trial order and the ant-species-by-trial-order interac-
tion were significant, meaning that there was a learning
process and a significant difference among ant species in
the relative degree of learning ()(]2 = 37.81, p < 0.0001;
;(32 = 12.831, p = 0.005, respectively, N = 1400 obser-
vations). Toads fed on each ant species faster in subse-
quent trials (L. humile )(12 =22.94, p < 0.001, Fig. 4c; A.
senilis )(12 =34.06, p < 0.001; T. nigerrimum )(12 = 20.10,
p <0.001; C. scutellaris )(12 =28.82, p < 0.001; N =350).
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Fig. 4 Ant preferences demonstrated by Bufo calamita. Consumption
of live ants over the course of the first trial (simultaneous exposure to
four ant species): a by each ant species; b for Argentine ants exposed
to B. calamita adults from invaded versus uninvaded areas; and ¢ by
trial order (1st to 5th; all ants). Shaded areas represent 95% CI

Discussion

Although none of the terrestrial amphibians in Dofiana
National Park exclusively consume ant, ants do constitute
a significant percentage of their diets. Indeed, when we
considered the relative representation of ants in amphibian
diets, as compared to other invertebrate taxa, we found that
amphibians in invaded areas consumed less ant biomass
than amphibians in uninvaded areas, even though more ant
biomass was available in invaded areas (but comprised only
Argentine ants). These differences in consumption could be

the result of a preference for native ants over Argentine ants
(even post exposure). Because levels of available and con-
sumed invertebrate biomass were similar between invaded
and uninvaded areas and amphibians in invaded areas con-
sumed less ant biomass, amphibians shifted to non-ant prey
in invaded areas. The Argentine ant invasion also seems to
have differentially affected the abundances of adult amphib-
ians. While H. meridionalis and D. galganoi appeared to
be unaffected, P. cultripes was more common in invaded
areas, although this difference was less pronounced in the
winter than in the fall. In contrast, B. calamita, the greatest
ant specialist in the amphibian community, seemed to avoid
invaded areas.

Effects on the amphibian community

The Argentine ant is already established in some suitable
habitats in Dofiana, where it has replaced most native ant
species by competition (Carpintero et al. 2005, 2007; Angulo
et al. 2011). According to the best known hypotheses that
examine the potential relationships between invasive prey
and native predators (Callaway and Ridenour 2004; Catford
et al. 2009; Carlsson et al. 2009; Sax et al. 2007; Ricciardi
et al. 2013), native predators are more likely to be negatively
impacted if they display greater dietary specialization. Our
stable isotopic analyses confirm that Doflana’s terrestrial
amphibian community displayed less dietary specialization
than expected: 8'°N liver tissue values were highly variable
even though the nitrogen isotopic baseline was relatively
stable (Post 2002; Vanderklift and Ponsard 2003). However,
ants may nonetheless make up a significant percentage of
their diets (the percentage of consumed ant biomass was
much greater than the percentage of available ant biomass).

To date, Argentine ant invasions had only been found to
reduce predator abundance in the case of the coastal horned
lizard, P. coronatum, a highly specialized predator of ants
(Suarez et al. 2000; Fisher et al. 2002). In contrast, other
ant specialists seem to have benefitted from the abundant
food that stems from Argentine ant invasions (Touyama
et al. 2008; Glenn and Holway 2008). In this study, we
found differential effects of the invasion on adult amphibian
abundance, which could be related to the species’ degree
of dietary specialization. The amphibian that consumed
the smallest percentage of ants, P. cultripes, has the high-
est abundance of adults in invaded areas. However, there
were no differences in adult abundance between invaded
and uninvaded areas for H. meridionalis and D. galganoi,
species that consumed intermediate percentages of ants. In
contrast, we discovered that B. calamita adults were less
abundant in invaded areas. This finding makes sense, given
that B. calamita (as well as other bufonids; Isacch and Barg
2002) is the greatest ant specialist of the four amphibian spe-
cies studied. Furthermore, in our study, the number of ants
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consumed, the mean percentage of ant biomass consumed,
and the number of ant species consumed were greatest for
B. calamita. However, B. calamita juveniles occurred in
higher numbers in invaded areas than in uninvaded areas.
Similar results were seen for G. galganoi juveniles. This
contrast between adults and juveniles could be explained by
the fact that juveniles are unable to choose the ponds from
which they emerge, while adults can choose where they for-
age and breed. The greater abundance of P. cultripes adults
in invaded areas was counterintuitive. It might be that they
were attracted by the greater ant biomass in those areas or by
a lower degree of interspecific competition, as other amphib-
ian species seemed to avoid these areas (i.e., B. calamita
adults). Although these results should be interpreted with
caution because of our low amphibian sample sizes and
given the difficulties associated with estimating amphibian
abundance (i.e., terrestrial amphibians strongly respond to
fluctuations in precipitation), we propose that Argentine ant
invasions may have an effect on the most ant-specialized
amphibian species.

Dietary shifts in the presence of the Argentine ant

Predators may not consume invasive prey if they are naive,
if they are absolute specialists (as per Catford et al. 2009),
or if invasive prey release toxins. As a consequence, dietary
shifts and reductions in prey availability occur, which are
some of the mechanisms that explain the negative effects
invasive prey species have on predators (Suarez et al. 2000;
Suarez and Case 2002; Caut et al. 2008). In less extreme
scenarios, predators should consume large quantities of the
invasive prey, at least according to the exotic prey naiveté
or increased susceptibility hypotheses; such may also be
the case if the predator is an absolute generalist (Colautti
et al. 2004; Catford et al. 2009; Li et al. 2011; Wanger et al.
2011). The amphibian community we studied here seems to
provide an example of a less extreme scenario, as Argentine
ants were consumed to some degree. However, the diets of
Dofiana amphibians clearly reflect the previously described
(Angulo et al. 2011) negative effects of the Argentine ant on
native ant communities: amphibians from uninvaded areas
consumed a greater diversity of native ants, which largely
corresponded to species availability. In contrast, the Argen-
tine ant was almost the only ant species found in the stomach
contents of amphibians from invaded areas, which also cor-
responded to species availability. Even if certain amphibians,
such as B. calamita adults, seemed to avoid invaded areas,
individuals may remain in them long enough to consume
an entire meal of Argentine ants. Adult amphibians can
have large foraging areas (Miaud et al. 2000), but we only
observed two cases in which individuals ate ants that did not
correspond to the area in which they were captured.
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Previous work at our study site has shown that amphib-
ians include the Argentine ant in their diets (Diaz-Paniagua
et al. 2005). Indeed, the Argentine ant appears to be con-
sumed by most ant predators, including amphibians (Ito
et al. 2009), jumping spiders (Touyama et al. 2008), and
pit-building ant lions (Glenn and Holway 2008). In nature,
the coastal horned lizard does not consume the Argentine ant
and compensates for the elimination of its main prey spe-
cies (native ants) by consuming greater quantities of other
invertebrates (Suarez et al. 2000; Suarez and Case 2002). In
our study, we found that amphibians consumed significantly
smaller percentages of ant biomass in invaded areas than
in uninvaded areas. Clearly, amphibians do not completely
replace native ants by Argentine ants, even when levels of
Argentine ant biomass are higher than those of native ants.
Dofiana amphibians compensated for the lack of native ants
by shifting their diet to include other invertebrates: the total
biomass consumed was similar in invaded and uninvaded
areas. Because the percentage of ants consumed was lower
in invaded areas, the percentage of other invertebrates con-
sumed should be higher.

Amphibian prey preferences

When native predators are faced with novel prey, they may
fail to recognize or capture the introduced prey species or
may be unable to consume it because it is unpalatable or
contains toxins. We found that B. calamita adults recog-
nized Argentine ants as prey, capturing and consuming them,
albeit at markedly lower rates than for native ants. This result
could stem from lower detection probabilities or lesser palat-
ability resulting from the Argentine ant’s small size or color,
as seen in the case of the coastal horned lizard (Suarez et al.
2000). Of the ants tested in the laboratory, the Argentine ant
was the smallest, followed by 7. nigerrimum and C. scutel-
laris; A. senilis was the largest. A. senilis and T. nigerrimum
are black, C. scutellaris is two toned (white and red), and
the Argentine ant is sand colored. Thus, although the Argen-
tine ant is most similar to 7. nigerrimum, their survivorship
patterns in the preference tests differed dramatically. The
Argentine ant’s marked dissimilarity in size and color might
explain its higher survival rates in the laboratory experi-
ment. In the field, of the 12 native ant species consumed
by Dofiana amphibians, only one (Plagiolepis schmitzii) is
smaller than the Argentine ant (Arnan et al. 2014). Although
prey movement is required to trigger feeding responses in
some anurans (Oliver 1955), Dofiana amphibians consumed
native ants that moved faster (A. senilis) and slower (C.
scutellaris and Temnothorax sp.) than the Argentine ant,
which suggests that movement does not play a significant
role. The preference for native ants could be explained by
the Argentine ant having a lower energetic value. However,
Pekar and Mayntz (2014) recently showed that differences
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in the nutritional composition of European ants cannot fully
explain the preferences of predators. Finally, even if the
Argentine ant has antipredatory defenses, such as aggres-
sive behavior or noxious chemicals (Suarez and Case 2002;
Glenn and Holway 2008; Robbins et al. 2013), they did not
alter the response of B. calamita toads, which increased
their feeding response with greater exposure. It could be
that learning is occurring. Robbins et al. (2013) also showed
that fence lizards learned to eat invasive ants over successive
feeding trials. However, in our study, adults of B. calamita
from invaded and uninvaded areas consumed Argentine ants
at similar rates, indicating that prior exposure neither posi-
tively nor negatively influenced consumption.

In conclusion, when it comes to interactions between
native predators and invasive prey, it is essential to consider
both the direct and indirect effects of invaders on the native
predator community, which means examining predator diets,
prey availability, and predator feeding capacities (e.g., prey
preferences, ability to learn). Although many generalist
predators include ants in their diets, detailed studies on how
predators are affected by Argentine ant invasions are very
limited. Research on such bottom—up effects is important if
we are to understand the impact of ecologically important
invaders at higher trophic levels.
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