Invader–invader mutualism facilitates secondary
invasions in rainforest on Christmas Island

Luke S. O’Loughlin
B.Cons.Biol.Ecol (Hons.)
La Trobe University

Thesis submitted in total fulfilment of the requirements for the degree of
Doctor of Philosophy

Department of Ecology, Environment and Evolution
School of Life Sciences
College of Science, Health and Engineering
La Trobe University
Bundoora, Victoria 3086
Australia
July 2015

PREFACE
This thesis has been written with the intent that all chapters (2-5) will be
submitted to peer-reviewed journals for publication. As such, these four chapters
are separate, but logically connected manuscripts. As a consequence, there is
some repetition between chapters, particularly in the description of the study site
and ecosystem dynamics. I have tried to avoid further repetition by keeping all
chapters concise, and by listing references together at the end of the thesis.
Slight differences in style and format between chapters relates to the journal to
which a chapter has been – or will be – submitted.

The author of this thesis (LSO) carried out the vast majority of work presented
herein, including conducting experiments, statistical analyses, and the writing of
manuscripts. However, this work has benefited from the input and assistance
from a variety of people, particularly my supervisor, Dr. Peter Green. He assisted
with the content of all chapters with regards to design, analysis and interpretation,
the proof-reading and development of manuscripts, and useful discussion on the
direction and context of the research. As such, Dr. Peter Green, is a co-author of
all manuscripts prompting the use of the term ‘we’ throughout the chapters, in
preference to ‘I’.
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SUMMARY
Mutualistic interactions between successful ‘primary’ invaders can produce
reciprocal, positive population-level effects that amplify their impacts. These
impacts may alter key properties of the recipient community to facilitate
‘secondary’ invaders. On Christmas Island, mutualism between the exotic yellow
crazy ant Anoplolepis gracilipes and a variety of introduced honeydew-producing
scale insects results in the formation of high-density crazy ant supercolonies that
cause local extinctions of the dominant omnivore-detritivore, the red land crab
Gecarcoidea natalis. Occurring at naturally high densities, these crabs could
provide the rainforest community with considerable biotic resistance against
invaders through their activities both as predators, and by limiting key resources
such as leaf litter and seedlings. In this project I asked whether the ant-scale
mutualism indirectly facilitated the success of secondary invaders – exotic land
snails – by altering these key attributes of the recipient community. Land snails
are common invaders on islands, and on Christmas Island 22 of the 38 species
are introduced, including the notorious Giant African Land Snail Achatina fulica.
Where red crabs were absent, exotic land snails were an order of magnitude
more abundant and the community differed compositionally from the uninvaded
state. Field experiments that manipulated red crab density and leaf litter biomass,
either singly or in combination, showed that increased land snail abundance was
due to the augmentation of habitat and resources, rather than the creation of
enemy-free space. This represents a ‘population-release’ model of secondary
invasion, defined as the facilitation of invasive species from very low to very high
densities. However, high density does not necessarily mean high impact. An
exclusion experiment demonstrated that high densities of A. fulica had no
detectable impact on seedling recruitment or leaf litter decomposition. This
research demonstrates the importance of properties of the recipient community in
determining invasion success, and highlights the role of invasive species
themselves in altering those properties.
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CHAPTER 1.
Introduction: the invasional meltdown hypothesis and
an oceanic island

!
The intact rainforest of Christmas Island is characterised by abundant red land
crabs, a patchy distribution of leaf litter and a structurally simple understory.
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1.1 Biological invasions
Biological invasions are a major and increasing element of global change (Mack et al.
2000, Wonham and Pachepsky 2006, Pyšek and Richardson 2010). The impact of species
invasions poses a significant threat to biodiversity through species loss and altered
ecosystem function (Mack et al. 2000, Crooks 2002, Ricciardi 2007) as well as having
significant economic consequences (Luque et al. 2014). These costs are associated with,
i) the loss of primary production (Wilby and Thomas 2002), ii) loss of biodiversity and
other impacts on natural ecosystems (Vilà et al. 2011, Simberloff et al. 2013), iii) the
effort and resources required to reduce the entry and spread of new invasive species and
the eradication of those already established (Eiswerth and Johnson 2002, Pyšek and
Richardson 2010). So extensive is the problem that the research discipline of invasion
biology (Elton 1958, Simberloff and Vitule 2013) has developed over the past few
decades to examine important questions related to the spread and impacts of invasive
species. Along with climate change and habitat loss, biological invasions, and their
impacts, are considered a main driver of global environmental change (Didham et al.
2005, Tylianakis et al. 2008). Understanding the determinants of invasion success
continues to be intensely studied (Catford et al. 2009, Lockwood et al. 2009, Blackburn et
al. 2011) in order to better predict which species will become invasive and what the
impacts of these successful species are likely to be.
Invasive species, by definition, are species whose presence in an area is due to intentional
or accidental introduction as a result of human activity. However, the term ‘invasive’ is
often reserved only for those introduced species that reproduce in large numbers, have
great potential for spread, and may cause significant impact (Richardson et al. 2000). This
is because ‘invasion’ evokes anthropogenic concepts like aggression, assault, intrusion,
and encroachment (Richardson et al. 2000). Introduced species are also referred to
interchangeably as ‘alien’, ‘exotic’, ‘naturalized’, ‘non-native’, ‘nonindigenous’, or
simply ‘weeds’ and ‘pests’. The term ‘naturalized species’ has the longest history, being
widely used in the middle 19th century to describe the widespread phenomenon of
introduced taxa behaving like natives (e.g. Darwin, 1859). Around this time, species
introductions were widely celebrated as ‘enriching’ the flora and fauna in many regions
worldwide. As a result of both intentional and unintentional introductions, introduced
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species now make up a substantial part of the biodiversity in many places (Vitousek et al.
1997).
Richardson et al. (2000) have related the multiple terms used to describe introduced
species to various stages of the invasion pathway (Fig. 1.1). This scheme reserves
‘naturalized’ for species that have entered and established in a community, ‘invasive’ for
species spreading and potentially causing impact, and allows the use of other terms to
refer to species throughout the entire pathway. The pathway itself describes the series of
steps, or filters, that need to be overcome for a species to enter, establish and spread at a
new location – referred to as ‘invasion success’. Invasion success is determined by the
interaction of three key attributes; propagule pressure, traits of the invader, and properties
of the recipient community (Colautti et al. 2006, Catford et al. 2009, Lockwood et al.
2009, Blackburn et al. 2011). While species traits, such as high reproductive capacity or
disturbance tolerance, are clearly important, their effectiveness depends strongly on the
nature of the recipient community and propagule pressure (Simberloff 2009). The
context-specific complexity of species introductions means that there exist many
examples of invasion success being strongly driven by abiotic or biotic aspects of the
recipient community (Maron and Vila 2001, Von Holle and Simberloff 2004), or
propagule pressure (Johnston et al. 2009, Lockwood et al. 2009, Driscoll et al. 2014) or
an interaction between the two (Britton-Simmons and Abbott 2008, Catford et al. 2011,
Green et al. 2011).
Since the establishment of modern invasion biology (Elton 1958), numerous hypotheses
have been proposed to explain the determinants of invasion success at a variety of
temporal and spatial scales (Richardson and Pyšek 2006). Most hypotheses attribute
invasion success to characteristics of the invader or characteristics of the invaded
ecosystems, with few integrating the two (Davis et al. 2000, Colautti et al. 2004,
Blumenthal 2006). Many hypotheses overlap or share similarity with pre-existing
hypotheses, a phenomenon not uncommon in ecology (McGill et al. 2007). Until recently,
hypotheses concluding invasion success was the outcome of negative interactions
dominated the literature. Biotic resistance and diversity-invasibility hypotheses describe
invasion success as being inhibited by diverse, native communities full of competitors,
herbivores, predators and pathogens (Elton 1958, Lake and O’Dowd 1991, Levine and
D’Antonio 1999, Levine et al. 2004). Similarly, passive or neutral mechanisms also
!
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featured prominently, for example, enemy-release and empty-niche hypotheses posit
invasion success as a result of unavoidable traits in the recipient community (Berdegue et
al. 1996, Colautti et al. 2004, Holzmueller and Jose 2011). Over time, the idea that
invasion success can be facilitated by positive interactions has attracted greater attention.
This has led to the development of hypotheses describing direct or indirect facilitative
relationships between invaders and natives, or among other invaders (Jones et al. 1997,
Simberloff and Von Holle 1999, Floerl et al. 2004, Rodriguez 2006). Although invasion
success is likely to be context-dependent and due to a combination of factors and
mechanisms, a more general framework explaining the determinants of invasion success
will advance understanding through reducing theoretical redundancy (e.g. Catford et al.,
2009).
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Fig. 1.1. Schematic representation of the ‘invasion pathway’ (modified from Richardson
et al. 2000). Introduced species must pass through barriers (A – E) in order to transition
to the next phase of invasion (Transport/Arrival – Impact). Barriers can be geographic,
environmental or biological. Each barrier will be overcome so long as the interaction
between propagule pressure, the traits of the invader, and the traits of the recipient
community are such that allow invasion to occur. Introduced species are described using
different terminology depending on which phase of the invasion pathway a species is in.
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1.2 The invasional meltdown hypothesis
The invasional meltdown hypothesis describes the process by which a group of exotic
species facilitate each other, increasing the likelihood of survival and/or ecological impact
(Simberloff and Von Holle 1999). It is distinguished from classic models of invasion
success that focus on negative interactions (i.e. biotic resistance) as it predicts an
accelerating accumulation of introduced species and effects within a community, rather
than a deceleration (Simberloff and Von Holle 1999). Although the study of interactions
between exotic species had emphasised negative associations, Simberloff and Von Holle
(1999) concluded that introduced species frequently interact with one another and that
facilitative interactions are at least as common as detrimental ones. The logic behind
invasional meltdown was introduced via original examples from Elton (1958) who
described a mutualistic interaction between a neotropical ant and an Asian scale insect in
California, suggesting facilitation among exotic species need not be generated by shared
evolutionary history. Highlighting the many ways that exotic species formed novel
facilitative associations through either direct or indirect mechanisms provided researchers
with an appropriate theoretical framework for testing ideas about invasion success within
heavily invaded ecosystems (Ricciardi 2001, Adams et al. 2003, O’Dowd et al. 2003,
Bourgeois et al. 2005, Grosholz 2005, Johnson et al. 2009).
The strongest evidence of invader-invader facilitation occurring through direct
mechanisms came from animals pollinating and dispersing plants (Simberloff and Von
Holle 1999). For example, the introduced honey bee more readily pollinates exotic plants
in many locations (Butz Huryn 1997, Barthell et al. 2001). Similarly, a frugivorous avian
invader significantly enhances the spread of alien plant species through effective seed
dispersal (Macdonald et al. 1991). Invaders also facilitate each other indirectly by
modifying the recipient community (Simberloff and Von Holle 1999). For example, large
introduced herbivores can facilitate the invasion of grassland weeds by increasing
disturbance (Hobbs and Huenneke 1996) and introduced N-fixing shrubs can facilitate the
invasion of other weeds by altering soil nutrient properties (Vitousek and Walker 1989).
These examples, and others, help form the invasional meltdown hypothesis (Simberloff
and Von Holle 1999) that has since gone through rigorous testing as other researchers
have looked for evidence either for or against it (Ricciardi 2001, O’Dowd et al. 2003,
Bourgeois et al. 2005, Grosholz 2005, Green et al. 2011, DeVanna et al. 2011).
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Few studies have been able to demonstrate a complete invasional meltdown. The majority
of suggested instances of invasional meltdown have been described as plausible scenarios
of long-term consequences based on short-term observations of facilitative interactions
between individuals of two species (Simberloff 2006). The invasional meltdown
hypothesis predicts facilitative interactions between two invaders will lead to i) positive
population-level effects for both species, ii) enhancement of the impact on the native
community, and iii) increased establishment of other introduced species. Although many
examples of introduced species facilitating each other has provided strong evidence of
population-level impacts (Ricciardi 2001, O’Dowd et al. 2003, Bourgeois et al. 2005),
few have conclusively demonstrated interspecific facilitation leading to accelerated
impact and establishment of other exotic species (Simberloff 2006). The lack of empirical
support for that aspect of the hypothesis has lead some to question the validity of the
concept and suggest alternatives (DeVanna et al. 2011). Despite some criticism
(Gurevitch 2006), invasional meltdown continues to be better supported than other
hypotheses that do not strongly consider interaction of invaders with their new
environment (Jeschke et al. 2012).
The strongest evidence in support of the invasional meltdown hypothesis comes from an
invasive ant-scale insect mutualism on Christmas Island, Indian Ocean (O’Dowd et al.
2003); a conclusion supported by Simberloff (2006) when considering the initial impact
of the hypothesis. Mutualism between an exotic ant and introduced scale insects has been
demonstrated to dramatically increase the populations of both (Abbott 2006, Abbott and
Green 2007), cause significant impact on the native community (O’Dowd et al. 2003,
Davis et al. 2010), and be responsible for the invasion success of a previously
unsuccessful exotic species (Green et al. 2011). As a result, Christmas Island continues to
be an excellent study system for demonstrating invasional meltdown and the direct and
indirect impacts of facilitative interactions among invaders.

1.3 The oceanic island
Christmas Island (Fig. 1.2) is an isolated oceanic island in the north-eastern Indian Ocean
(105°40’E, 10°30’S). Lying 360 km south of Java, the island’s climate is monsoonal with
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distinct wet (November – May) and dry (June – October) seasons and a mean annual
precipitation of ~2000 mm (Falkland 1986). Daily temperatures range from 20 to 35 °C.
The limestone island is 135 km2 and rises in a series of cliffs and terraces that largely
define the rainforest vegetation patterns (Du Puy 1993). ‘Plateau’ rainforest is widespread
above ~200 m elevation, and is dominated by a dozen or so canopy species, the
frequencies of which vary locally (Du Puy 1993). Green (1997) recorded 13 tree species
on a 0.3 ha plot on the island, several times fewer species than on similar-sized plots in
diverse continental tropical forests. However, tree density (404 stems/ha) and basal area
(48 m2/ha) are similar to mainland rainforests (Green 1997). The canopy of plateau
rainforest reaches 40 m and is evergreen, although it thins noticeably during the dry
season (Green et al. 1997). The majority of the remaining 70% of original forest that was
not cleared for phosphate mining is designated National Park. The rainforest community
of Christmas Island is characterised by high species endemism (Du Puy 1993, Adler
1994, Green 1997, Allen 2008).
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Fig. 1.2. Map of Christmas Island and its position in the Indian Ocean (105°40’E,
10°30’S). Grey areas indicate where vegetation has been cleared. Contour lines denote
50 m elevation.
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1.3.1 Natural processes
Almost all natural processes occurring in rainforest on Christmas Island are due to the
actions of the dominant omnivore-detritivore, the red land crab Gecarcoidea natalis
(Brachyura: Gecarcinidae) (Green 1997, Green et al. 1997, 1999, 2008). Endemic to the
island, these large (to > 120 mm carapace width and 500 g live weight), burrow-dwelling
crabs are naturally highly-abundant wherever native rainforest is still intact, occurring at
mean densities of 0.75 – 1.2 crabs m-2 and mean biomass of 1137 kg ha-1 (Green 1997). It
is not uncommon for land crab species to dominate some islands owing to possibly few
natural enemies and competitors, high productivity potential, and their ability to survive
on a low-quality diet (Lindquist et al. 2009). Red crab activity varies seasonally, with
high daily activity occurring during the wet season and early dry season, and relatively
low activity during the peak of the dry season (Green 1997). Red crabs are most active
during the day when relative humidity is high and ambient temperature is low (dawn and
dusk); however, they can maintain constant activity during periods of almost daily rainfall
(Green 1997). Bursts of surface activity will coincide with brief showers and sharp
increases in relative humidity, but during the driest time of year, red crab surface activity
may cease (Green 1997).
At the beginning of each wet season, around half of all red crabs migrate to the coast of
the island to breed. These annual breeding migrations are a true spectacle of nature as
millions of crabs converge at a number of points around the island. The annual event has
been a focus of many nature documentaries, including the BBC’s Trials of Life, presented
by Sir David Attenborough. The actual timing of this movement en masse to the coast is
determined by the phase of the moon and adequate rainfall (Hicks 1985, Green 1997). A
typical migration event can last up to three months, as follows (Hicks 1985). Male crabs
generally arrive on the coast first, in order to excavate a large burrow for breeding,
followed closely by the females. Fights between males occur as they compete for burrow
space and access to females, and many lose limbs as a consequence. Following
copulation, males leave and the females remain in the burrows brooding their eggs, a
process that usually takes 12 – 13 days. Females release their eggs at night on the turn of
the high tide between the last quarter of the moon and the new moon before returning en
masse to the plateau. Zoeae hatch immediately on contact with salt water, and baby crabs
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emerge on the island at the first crab stage around 27 days after egg release. Although
quantitative data on this return is lacking, anecdotal accounts suggest baby crabs return to
the island in large numbers only every three or so years (M. Orchard pers. comm.). Once
adults have returned to the forest, the majority of breeders seal themselves in burrows to
moult, leading to another period of relatively low crab activity (Green 1997)
Due to their behaviour and naturally high-abundance, red crabs are recognised ecosystem
engineers on Christmas Island, with essentially all key ecological processes in intact
rainforest driven by their presence and influence (O’Dowd and Lake 1989, 1991, Green et
al. 1997, 1999, 2008). Leaf litter cover and biomass is seasonally dynamic, from almost
complete cover and high biomass at the end of the dry season to almost total absence of
litter at the end of each wet season (Green et al. 1999). This pattern mirrors the activity
pattern of the red crab (Green 1997), and experimental evidence has demonstrated red
crabs monopolize litter processing on the island, removing between 39 and 87% of the
annual leaf fall from the forest floor (Green et al. 1999). Red crabs occur at biomass
densities far greater than those reported elsewhere for entire litter faunas (Fittkau and
Klinge 1973, McGlynn et al. 2007), making them important physical ecosystem engineers
(Jones et al. 1994) by translocating organic matter and nutrients into the soil and reducing
available habitat for other animals (Green et al. 1999). Red crabs also readily consume
fruit, seeds and seedlings, which strongly influences seedling recruitment dynamics and
impacts plant species composition on the island (Green et al. 1997). Almost all plant
species are palatable to red crabs, such that very few individuals persist past an initial
germination phase (Green et al. 1997). As a result, the rainforest understory on Christmas
Island is structurally simple and very open, with few seedlings of only the couple of
species resistant to red crab herbivory (Green et al. 1997). Shifting mosaics in crab
densities over space and time may offer the best explanation for the recruitment of species
vulnerable to red crab predation that are nonetheless represented in the overhead canopy
(Green et al. 1997). Red crabs also significantly reduce the abundance of litter
invertebrates indirectly through their removal of leaf litter (Green et al. 1999) and can
exclude species completely through direct predation (Lake and O’Dowd 1991, Green et
al. 2011).
There are 37 species of terrestrial or intertidal crabs on Christmas Island, many of which
are endemic, but none are as abundant as the red crab (Orchard 2012). Also common in
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intact rainforest, in low densities, are robber (or coconut) crabs Birgus latro. Christmas
Island remains one of the last places in which an abundant population of robber crabs
persists (Orchard 2012). Elsewhere across its Indo-Pacific range, robber crabs have been
so prized as a human food resource that their numbers have been drastically reduced
(Lavery et al. 1996). Similarly, the endangered seabird Abbott’s booby Papasula abbotti
is now endemic to the island after it became extinct from other islands within its former
range (Yorkston and Green 1997). Concern for the future of this species was instrumental
in the creation of the Christmas Island National Park in 1980, and extensions to the park
throughout the 1980’s were aimed primarily at protecting habitat and known breeding
sites for the species (Yorkston and Green 1997). The avian fauna on Christmas Island
consists of 23 resident species, of which almost half (11) are endemic (including the
Christmas Island frigate bird Fregata andrewsi, goshawk Accipiter fasciatus ssp. natalis,
thrush Turdus poliocephalus ssp. erythropleurus and hawk-owl Ninox natalis) and only
three are exotic (feral chicken Gallus gallus, tree sparrow Passer montanus and Java
sparrow Lonchura oryzivora). The island only supports a single native mammal (the
endemic flying-fox Pteropus melanotus ssp. natalis) following the extinctions of
Christmas Island rats (Rattus macleari and Rattus nativitatis), shrew Crocidura trichura,
and most recently the pipistrelle Pipistrellus murrayi. Similarly, only a single native
reptile is commonly observed in the wild (the giant gecko Cyrtodactylus sadleiri) with the
endemic blue-tail skink Cryptoblepharus egeriae and Lister’s gecko Lepidodactylus
listeri existing exclusively in captivity (Smith et al. 2012), and the forest skink Emoia
nativitatis recently extinct. A single individual of the endemic Christmas Island blind
snake Ramphotyphlops exocoeti was recently collected in the rainforest, a species rarely
observed since initial faunal collections were conducted on the island (c. 1890’s) (Maple
et al. 2012). The dire state of native biodiversity on Christmas Island is either known to
be, or suspected to be, the result of significant invasional processes impacting the
rainforest community (O’Dowd et al. 2003, Davis et al. 2008, 2010, Beeton et al. 2010,
Boland et al. 2011, Green et al. 2011, Smith et al. 2012).
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1.3.2 Invasional processes
Island ecosystems are impacted highly by invasive species because of low functional
redundancy in the natural ecosystem and relatively simple food webs (Vitousek et al.
1996, Denslow 2003). Beginning with the rapid extinction of the native rats soon after
human settlement, due to disease introduction by black rats Rattus rattus (Green 2014),
the impacts across Christmas Island of the many invasive species are diverse and
extensive. Some introductions are considered benign, such as the presence of the tree
sparrow in settlement areas. Other introductions, like the invasive Asian wolf snake
Lycodon capucinus and giant centipede Scolopendra subpinipes, are thought to be
significant drivers of biodiversity loss (Smith et al. 2012); yet to date, no detailed study of
their impacts has been undertaken. One of the most devastating invasions in terms of
impacts on the island, and the one most well-studied and understood, is that of the pantropical invader, the yellow crazy ant Anoplolepis gracilipes (O’Dowd et al. 2003, Abbott
2006). When in mutualism with exotic honeydew-secreting scale insects, yellow crazy
ants form expansive multi-queened supercolonies that cause local extinctions of the red
crab, significantly disrupting natural litter decomposition and seedling recruitment
processes (O’Dowd et al. 2003).
Yellow crazy ants have been present on Christmas Island from the early 1900’s
(Donisthorpe 1935), but the distribution of the species was unknown until populations
exploded in the early to mid-1990’s. The distribution of yellow crazy ants was assessed
with a formal island-wide survey in 2001 that found that supercolonies, which consist of
workers at extremely high densities (thousands of ants m-2), occupied a total area of over
3000 ha (Abbott 2006). Considerable research effort determined that this expansion was
due to the subsequent introduction and establishment of exotic honeydew-producing scale
insects, Tachardina aurantiaca (Kerridiae), Coccus celatus, C. hesperidium and Saisettia
coffeae (all Coccidae), among others (O’Dowd et al. 2003, Abbott 2006, Abbott and
Green 2007, Green and O’Dowd 2009). This mutualism benefits the scale insects through
protection from parasitoids, parasites and predators, and the ants benefit from access to a
constant carbohydrate food resource. Identified supercolonies ranged in size by nearly
three orders of magnitude from 0.9 to 787 ha (Abbott 2006). Without intervention,
supercolony boundaries were highly dynamic, with most expanding at a rate of 0.03 –
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0.50 m day-1 (Abbott 2006). However, these boundaries were rarely sharply defined, but
rather ant density decreased gradually from an area of highest abundance to form
transition zones 46 – 153 m wide (Abbott 2006). Within transition zones, yellow crazy
ants can coexist with other ant species as well as red crabs (Abbott 2006).
The general operational definition of a supercolony for both managers and researchers on
Christmas Island is where the density of yellow crazy ants is sufficient to kill red crabs.
This has been determined as ≥ 37 ants counted by a standard method of the number of
ants crossing 11, 25 x 25 cm white cards, evenly placed along a 50 m transect, for 30 s
each (Green and O’Dowd 2009, Boland et al. 2011). However, when supercolonies are at
their highest densities, the total number of ants counted using this method is in the 100s.
The most significant direct impact of crazy ant supercolonies is the extirpation of red crab
populations, which has long-term implications for forest structure and composition
through indirect effects on seedling and leaf litter dynamics (O’Dowd et al. 2003).
Yellow crazy ants kill red crabs through sheer force of numbers and constant activity,
overwhelming the crabs by spraying formic acid over their eyes and mouthparts (O’Dowd
et al. 2003, Abbott 2006). Dead crabs can be abundant in recently formed supercolonies
(O’Dowd et al. 2003). Also, many red crabs are killed in transit during their annual
migration when migratory pathways intercept supercolonies (O’Dowd et al. 2003, Green
et al. 2011). It has been estimated that potentially one-third of the entire red crab
population, or around 30 million crabs, has been killed by this invasive ant since the
initial island-wide survey in 2001 (D. Maple pers. comm.)
The local extinction of red crabs has a dramatic effect on rainforest structure and
processes on Christmas Island (O’Dowd et al. 2003). First, leaf litter is allowed to buildup and persist throughout much of the year. This, along with an absence of burrowing
activity, significantly alters the nutrient cycling dynamics (O’Dowd et al. 2003), which
may be having an impact on subterranean biotic and abiotic properties. This persistence
of a habitat and food resource may facilitate increased densities of litter invertebrates that
were previously under-represented in intact rainforest (Green et al. 1999). Second,
seedling recruitment dynamics are significantly altered (O’Dowd et al. 2003). Seedlings
are no longer consumed immediately after germination (Green et al. 1997) and are
allowed to grow and persist, resulting in high seedling density and increased seedling
species richness in ant-impacted areas (O’Dowd et al. 2003). This creates rainforest that
!
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has a dense and complex understory compared to the open and structurally simple
understory of intact rainforest. Third, red crabs are known to provide direct ‘biotic
resistance’ through their predatory behaviour (Lake and O’Dowd 1991). Their removal
creates the enemy-free space necessary for previously unsuccessful species to now enter
the rainforest, establish reproductive populations and become invasive (Green et al.
2011). The invasive ant-scale mutualism on Christmas Island has created a recipient
community with significantly altered properties compared to its intact state.

1.4 Secondary invasion
The invasional meltdown hypothesis describes a community-level phenomenon in which
the net effect of facilitations leads to an increasing rate of establishment of introduced
species and/or accelerating impact (Simberloff and Von Holle 1999, Simberloff 2006).
The invader-invader mutualism on Christmas Island provides the best case study, to date,
of invasional meltdown because not only have community-level consequences been
revealed (O’Dowd et al. 2003, Abbott and Green 2007), the establishment of another
introduced species has been demonstrated to be completely contingent on these impacts
(Green et al. 2011). This idea of species invasions being facilitated by the presence and
influence of previous invaders is referred to most commonly as ‘secondary invasion’ (e.g.
Floerl et al. 2004, Heneghan et al. 2007, Green et al. 2011) – although not explicitly by
Simberloff and Von Holle (1999). As the number of studies considering invasional
meltdown has increased, examples of the invasion success of one species being
significantly influenced, or even contingent, on other exotic species have emerged
(Adams et al. 2003, Grosholz 2005, Johnson et al. 2009, Green et al. 2011).
The invasive ant-scale mutualism has facilitated the secondary invasion of the giant
African land snail Achatina (Lissachatina) fulica in impacted rainforest on Christmas
Island (Green et al. 2011). Although present on the island since the mid-1940’s, A. fulica
never penetrated beyond the disturbed margins of rainforest because the snails were
rapidly discovered and consumed by abundant red crabs (Lake and O’Dowd 1991). Green
et al. (2011) used both survey and experimental data to describe the spatiotemporal
pattern of spread of A. fulica across the island over seven years, and explored whether
changes in the recipient community and propagule pressure wrought by invader-invader
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mutualism influenced the probability of invasion by A. fulica. Modelling of A. fulica
spread across the island showed that invasion was facilitated 253-fold in ant
supercolonies but impeded in intact forest where predaceous native red crabs remained
abundant (Green et al. 2011). Predation pressure on A. fulica was lower, survival higher,
and abundance 20-fold greater in supercolonies than in intact rainforest (Green et al.
2011). This study revealed that ant supercolonies, by killing red crabs but not A. fulica,
disrupted biotic resistance and provided enemy-free space, thereby facilitating the entry
of a secondary invader, propagating their spread at the whole-ecosystem level (Green et
al. 2011).On Christmas Island, trophic interactions between exotic ant-scale mutualists
reconfigure interaction networks (Fig. 1.3).
Invasive species are known to alter both the abiotic and biotic components of a
community via a number of mechanisms. The entry and establishment of certain plants
can alter soil nutrient properties (Vitousek and Walker 1989) as well as species diversity
patterns (Darrigran 2002, O’Loughlin et al. 2015) and significantly alter vegetation
structure (Braithwaite et al. 1989). As invasion success can be determined strongly by the
properties of recipient communities, understanding how these are altered by the presence
and influence of successful invaders in paramount to understanding secondary invasion.
When considering secondary invasion, we were interested in how the properties of a
recipient community had initially provided a filter limiting invasion success, and how
these properties were altered by other exotic species.
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Fig. 1.3. Interaction pathway by which the mutualism between introduced yellow crazy
ant (Anoplolepis gracilipes) and honey-dew-secreting scale insects (e.g. Tachardina
aurantiaca) leads to invasional meltdown and secondary invasion by Giant African Land
Snail (Achatina fulica) in rainforest on Christmas Island. Solid lines with circle end-points
are negative direct effects; dashed line with triangle end-point is positive indirect effect.
Simplified from Green et al. (2011).

The invasive ant-scale mutualism on Christmas Island significantly alters multiple
properties of the recipient community, and as such, may be responsible for facilitating
secondary invasions of other exotic species. Indirect habitat augmentation that increases
habitat and resources in the form of persistent leaf litter and seedling recruitment, along
with the creation of enemy-free space, provide a rainforest community with less biotic
resistance to invading propagules. Achatina fulica is just one of 22 exotic land snail
species present on Christmas Island (Kessner 2006), the remainder of which are
considerably smaller (< 20 mm). A further 14 species are native to the island (Kessner
2006). Due to their small size, these species of land snail may avoid direct detection and
predation by red crabs and not be inhibited strongly from invading rainforest on the
island. However, where red crabs have been eliminated, these species may experience
‘release’ from a habitat of low resources (leaf litter) and potential indirect predation
imposed on them by these abundant land crabs.
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1.5 Overview of thesis objectives
This thesis uses the invader-invader mutualism on Christmas Island to continue the
investigation of invasional meltdown broadly, and the nature of secondary invasion more
specifically. Four main objectives are investigated: i) defining the concept of secondary
invasion, ii) documenting a pattern of secondary invasion, iii) determining the mechanism
of secondary invasion, and iv) assessing the impact of a secondary invasion. Each
objective is addressed in one of four chapters, and synthesised in a final chapter that
discusses the implications and significance of this work, as well as future directions for
research (Fig. 1.4).

1.5.1 Objective 1: defining the concept
Chapter 2 consists of a concept / review paper that aims to define and explore the idea of
secondary invasion. Currently, invasion success being facilitated by other invaders is not
formally defined in the ecological literature, and the term ‘secondary invasion’ is used
inconsistently to refer to a number of ecological phenomena. The specific aims of this
chapter are three-fold; i) to place secondary invasion within existing heuristic models of
invasion success and propose theoretical pathways, ii) discuss the mechanisms by which
primary invaders indirectly (or directly) facilitate secondary invaders via changes to the
properties of recipient communities, and iii) examine the kinds of data required to
determine if secondary invasion is occurring.

1.5.2 Objective 2: documenting a pattern
Chapter 3 explores whether the entire land snail community on Christmas Island responds
favourably to rainforest impacted by the invasive ant-scale mutualism, and therefore,
whether those exotic species represent secondary invaders. The specific aims of this
chapter are three-fold; i) to document how land snail abundance, species richness and
composition changes between different forest states that have arisen as a result of the antscale invasion, ii) to observe whether exotic land snail species were only present where
the recipient community had been altered, and iii) to note whether native land snail
species were also facilitated by these changes.
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1.5.3 Objective 3: determining the mechanism
Chapter 4 directly follows the findings of Chapter 3 and aims to experimentally determine
the relative importance of the direct and indirect changes to the recipient community on
the invasion success of these land snails. This chapter specifically asks, i) what is more
important to the invasion success of land snails on Christmas Island – the creation of
enemy-free space (due to the direct removal of the red crab) or the release of habitat and
resources in the form of leaf litter (an indirect change associated with the removal of the
red crab), and ii) is the mechanism of invasion success dependant on land snail size?

1.5.4 Objective 4: assessing the impact
Chapter 5 details whether a successful secondary invader is causing further impact on the
invaded community through their high abundance. Under the invasional meltdown
hypothesis, the presence of secondary invaders would increase and amplify impacts on
the invaded community. This chapter uses a number of approaches to assess the impacts
of highly abundant A. fulica in rainforest on Christmas Island. The specific aims of this
chapter are three-fold; i) to establish whether A. fulica are more herbivorous or
detritivorous in their dietary preferences, ii) to assess whether A. fulica is having an
impact on seedling recruitment and/or survival, and iii) to ascertain if A. fulica are having
an impact on leaf litter dynamics.

1.6 Thesis structure
This thesis has been written with the intention that chapters 2-5 will be submitted to peerreviewed journals for publication, and as such, they are presented here as stand alone
pieces of work. This means that there is some overlap between chapters in the material
presented (particularly in the descriptions of the study system).
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Fig. 1.4. Outline of the structure of this thesis
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CHAPTER 2.
Defining ‘secondary invasion’ of ecosystems through
the direct and indirect effects of primary invaders on the
recipient community

!
Much of the rainforest of Christmas Island has been invaded by the yellow crazy
ant, which, when in mutualism with a variety of exotic honeydew-producing scale
insects (including Tachardina aurantiaca), forms high density supercolonies
capable of extirpating local populations of red land crabs.
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2.1 Abstract
Positive direct and indirect interactions between exotic species may increase ecosystemlevel impacts and potentially facilitate the entry and spread of other exotic species.
‘Secondary invasion’ is a key conceptual aspect of the well-known invasional meltdown
hypothesis, but the phenomenon is poorly defined and empirically unexplored. In this
paper, we define secondary invasion as the situation in which the invasion success of one
exotic species is contingent on the presence, influence and impacts of one or more other
exotic species. Examination of recent studies suggests two models of secondary invasion;
a ‘true-entry’ model whereby primary invaders facilitate the entry of secondary invaders
into a community from which they were previously excluded, and a ‘population-release’
model whereby naturalised species at low abundance are released to spread and become
invasive following the impacts of primary invaders. Our definition and conceptual
framework of secondary invasion provides a useful reference to better explain how
invasive species can alter key properties of recipient communities that can ultimately
determine the invasion success of other species.

2.1.1 “In a nutshell”
•

The impacts of successful invasive species will often alter key properties of
recipient communities that can facilitate the entry of other, previously
unsuccessful, exotic species.

•

The term ‘secondary invasion’ is used in ecological literature to describe multiple
phenomena and is without formal definition.

•

We define ‘secondary invasion’ as the situation whereby the invasion success of
one exotic species (the secondary invader) is contingent on the presence, influence
and impact of one or more other exotic species (the primary invader(s)).

•

Using examples, we discuss the mechanisms by which primary invaders
indirectly, or directly, facilitate secondary invaders through altering properties of
the recipient community.

•

This paper addresses understanding of complex interactions following invasion,
and highlights the impacts of invasive species themselves as possible determinants
of invasion success.
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2.2 Introduction
Biological invasions pose a significant threat to biodiversity through species loss and
altered ecosystem function (Mack et al. 2000). Understanding the mechanisms affecting
the successful establishment, dominance and spread (‘invasion success’) of exotic species
is central to developing effective management. Theories such as biotic resistance or the
diversity-invasibility hypothesis posit that invasion success is determined by properties of
the resident species community, and that more diverse systems will inhibit exotic species
establishment and spread through the occupation of space and resources (Elton 1958,
Levine et al. 2004). However, both positive and negative interactions are important in
structuring natural communities (Bertness and Callaway 1994) and hypotheses describing
facilitative interactions as driving invasion success have now been widely developed (e.g.
Simberloff and Von Holle 1999). Invasion success can be facilitated by positive
interactions between resident native species, as well as between other exotics already
established within the community.
Examples of invaders promoting other invaders are increasingly common (e.g. Simberloff
and Von Holle 1999, Adams et al. 2003, Grosholz 2005, Johnson et al. 2009, Green et al.
2011). However, despite many empirical descriptions of one or more invaders modifying
the recipient community to the benefit of other exotics, the concept of ‘secondary
invasion’ remains under-explored, poorly defined, and not discussed as part of recognised
heuristics models of invasion success (e.g. Catford et al. 2009). Properties of the recipient
community can be altered by the impacts of previously successful ‘primary’ invaders
meaning that the presence and impact of primary invaders themselves could be
considered a property of the recipient community that subsequent invaders may respond
to. Primary invaders can alter properties of the recipient community and facilitate the
invasion success of others either alone or in consort (i.e. ‘invasional meltdown’;
Simberloff and Von Holle 1999) through direct or indirect mechanisms. As many
ecosystems are multiply invaded, these kinds of interactions may dominate and, as such,
the concept of secondary invasion requires formalization within the broader framework
describing the determinants of invasion success.
The aim of this paper is to define and explore the concept of ‘secondary invasion’. This is
important because currently, invasion success facilitated by other invaders is not formally
!
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defined in the ecological literature and the term secondary invasion is used
interchangeably with others to describe a number of ecological phenomena. Using
examples from the literature, we discuss 1) proposed theoretical pathways of secondary
invasion, 2) the mechanisms by which primary invaders directly or indirectly facilitate
secondary invaders via changes to the properties of recipient communities, and 3) the
kinds of data required to determine if secondary invasion is occurring.

2.3 Defining the concept of secondary invasion
The term ‘secondary invasion’ is used loosely in the literature to describe a number of
invasion phenomena (Panel 2.1). Using a term interchangeably with others, and without
clear meaning, creates confusion and lowers its heuristic value. A recent compendium of
concepts and terminology in invasion ecology does not include ‘secondary invasion’ but
does include alternative descriptors for other instances in which the term is used
(Richardson et al. 2011). In this paper, we use the term to discuss an aspect of facilitated
invasion (Panel 2.1). We define secondary invasion as the situation in which the invasion
success of one exotic species (the secondary invader) is completely contingent on the
presence, influence and impact of one or more other exotic species (primary invaders). In
this sense, a primary invader is defined as an exotic species that can successfully invade a
community without the alteration of community properties by other exotic species. This
clear definition promotes hypothesis and theoretical testing.
The intellectual roots of our definition can be traced to a publication by D’Antonio and
Dudley (1993) – often erroneously cited as D’Antonio (1990) – in which they described
an ‘invasion complex’: ‘one invader takes hold, alters the physical habitat, and soon other
exotic species are finding a new home’. Their examples – soil disturbance by an
introduced omnivore and soil nitrogen accumulation by an introduced N-fixer – clearly
emphasize positive indirect effects through impacts on the physical structure of the
recipient community. Our definition encompasses this idea, but broadens it to include
direct, facilitative interactions between species. D’Antonio and Dudley’s (1993) paper has
rarely been cited, perhaps because it appeared in a relatively obscure publication.
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Panel 2.1. Clarifying and differentiating the various uses of the term ‘secondary invasion
in the scientific literature

a)

Spread/Range,expansion:2 Secondary! invasion! is! commonly! used!interchangeably!
with!the!term!‘secondary!spread’!to!describe!when!an!invasive!species!increases!its!
range!following!initial!invasion.!Examples!of!the!term!being!used!in!this!way!include!
the! invasion! of! an! adjoining! ecosystem! and! niche! shifts,! sometimes! the! product! of!
rapid! evolution.! The! geographic! spread! of! round! gobies! into! secondary! waterways!
(Baldwin!et!al.!2012)!and!of!the!tree!Acer%negundo%into!previously!uninvaded!habitat!
(Erfmeier! et! al.! 2011)! are! recent! examples! in! which! the! term! ‘secondary! invasion’!
has! been! used! in! this! way.! Secondary! spread! is! a! wellGdefined! concept! in! invasion!
biology!and!should!not!be!substituted!with!the!poorly!defined!‘secondary!invasion’.!!!2

b) Sequential2 phase2 invasion:2Secondary!invasion!is!less!commonly!used!to!describe!
invasive! species! simply! by! sequence! of! arrival.! The! term! is! used! in! some! cases! to!
refer!to!species!invading!a!system!‘second’!only!through!chance!arrival.!The!invasion!
success! of! the! second! species! is! not! contingent! on! impacts! of! the! first! but! rather!
speciesGspecific! responses! to! new! ecological! circumstance! (Dietz! and! Edwards!
2006).!This!usage!is!poorly!defined!and!provides!little!biological!insight.!2
c)

Management2 mediated:2 Similarly! to! spread/rangeGexpansion,! secondary! invasion!
is! sometimes! used! to! describe! when! a! previously! benign! introduction! spreads!
rapidly! following! anthropogenic! management! for! another! species.! Gooden! et! al.!
(2009)!described!the!secondary!invasion!of!other!exotics!following!management!of!
the!invasive!woody!shrub!Lantana%camara.!This!usage!of!the!term!draws!significant!
parallels! with! our! definition! of! secondary! invasion! as! ‘facilitated’;! however,! this!
simply! describes! situations! in! which! human! mediated! facilitation! has! continued!
beyond!the!transport!phase!of!invasion.!22

d) Facilitated2invasion2(Invasion2Complex):2Secondary!invasion!is!increasingly!being!
used! to! describe! the! facilitation! of! one! exotic! species! by! another! exotic! species! –!
similar!to!‘invasion!complex’!(D’Antonio!and!Dudley!1993).!It!is!this!usage!that!our!
paper!is!focussed!on!clearly!defining.!Examples!of!invasion!success!being!dependent!
on! the! effects! of! other! exotic! species! are! increasingly! being! noted! as! increased!
attention! is! paid! to! facilitative! interactions! (Grosholz! 2005)! and! invasional!
meltdown!(Green!et!al.!2011).! With!this!in!mind,!we!define!‘secondary!invasion’!as!
the! invasion% of% one% exotic% species% being% completely% contingent% on% the% presence,%
influence%and%impact%of%one%or%more%other%exotic%species.%!!!!2
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It was not used by Simberloff and Von Holle (1999) when introducing ‘invasional
meltdown’, even though the facilitated entry of secondary invaders was a key component
of their hypothesis.
Secondary invasion also draws parallels to the idea that invasive species are either
‘drivers’ or ‘passengers’ (MacDougall and Turkington 2005). This hypothesis suggests
that exotic species will be successful because they are either competitively dominant for
resources (highly interactive – ‘driver’) or have limited susceptibility to conditions
restrictive to others (weakly interactive – ‘passenger’). In principle, a primary invader
could be considered a driver and a secondary invader could be considered a passenger.
However, in this driver/passenger model, passengers do not depend on drivers, they are
merely a consequence of anthropogenic change. Secondary invasion is similar as our
driver (primary invader) is unrestricted and causes change, but quite distinct as our
passenger (secondary invader) is never independent of our driver and the invasion process
is highly interactive. Both secondary invasion and driver/passenger models suggest
interesting hypotheses.

2.4 Secondary invasion within the existing theoretical framework
Catford et al. (2009) described significant theoretical redundancy in invasion ecology and
synthesized hypotheses into an overarching framework. They explained invasion success
as the function and interaction of propagule pressure, traits of the invading species, and
properties of the recipient community (abiotic and biotic) (Fig. 2.1). When considering
secondary invasion, we are interested in how the properties of a recipient community
initially provide a filter limiting invasion success, and how these properties can be altered
by an exotic species (primary invader) in a way that permits additional (secondary)
invaders to establish.
Properties of the recipient community important for determining invasion success include
both abiotic and biotic characteristics (Catford et al. 2009, Blackburn et al. 2011). Exotic
species will either be promoted or limited by one or more characteristic of the
community, including (among others) resource availability, disturbance (type and
frequency) and species composition (Walker and Vitousek 1991, Von Holle et al. 2003,
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Levine et al. 2004, Boelman et al. 2007) (Fig. 2.1). However, complex interactions exist
among these properties. Disturbance can drive resource availability (Mack et al. 2000),
resource availability can determine species composition (Huston 1979) and species
composition can drive disturbance (Brooks et al. 2004). Therefore, any direct change
caused by successful invaders has the potential to alter many other properties via indirect
mechanisms (White et al. 2006). We highlight the role of invaders in altering the
properties of recipient communities as the determinant of secondary invasion (Fig. 2.1).

Fig. 2.1. Conceptual framework outlining how propagule pressure, traits of the invading
species and properties of the recipient community interact to determine invasion success
(modified from Catford et al. 2009). Each of these factors may be more or less important
in determining a specific invasion event; favourable conditions in all three are required for
a successful invasion. Specifically highlighted are the factors that contribute to the
properties of the recipient community, as these are characteristics that can be altered by
one or more previously successful invasive species (primary invaders). Arrows indicate
that primary invaders alter properties of the recipient community, which in turn,
contributes to determining the invasion success of subsequent invaders.
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2.5 Examples and models of secondary invasion
Two clear empirical examples provide the strongest evidence supporting the concept of
secondary invasion as we define it, and suggest two distinct theoretical pathways by
which secondary invasion can occur.
The first example comes from Christmas Island, a remote oceanic island in the Indian
Ocean. Invader-invader mutualism between introduced yellow crazy ants (Anoplolepis
gracilipes) and honeydew-secreting scale insects leads to positive population-level
feedback resulting in high-density supercolonies of ants that accelerate and diversify
impacts across the rainforest ecosystem (O’Dowd et al. 2003, Abbott 2006). The highlyabundant native omnivore-detritivore and ecosystem engineer, the red land crab
(Gecarcoidea natalis), is completely extirpated in yellow crazy ant supercolonies
(O’Dowd et al. 2003). This deletion increases resources by altering seedling recruitment
dynamics and leaf-litter breakdown, and removes a potential predator (O’Dowd et al.
2003). The spread of the exotic giant African land snail (Achatina (Lissachatina) fulica)
into rainforest was facilitated by these impacts (Green et al. 2011). Modelling incidence
data from seven years showed that the probability of land snail invasion was facilitated
253-fold in ant supercolonies but completely impeded in uninvaded forest where
predaceous crabs remained abundant. The red land crab acted as a filter that inhibited the
entry of these exotic snails into the rainforest. In this case, the primary invaders had
altered the recipient community by disrupting biotic resistance and providing enemy-free
space, allowing secondary invasion (Fig. 2.2a).
The second example comes from Bodega Bay Harbor, California. A predatory green crab,
Carcinus maenas, invaded the community and caused 5- to 10-fold declines in native
clam (Nutricola spp.) abundance (Grosholz et al. 2000). Also present in the community
was the exotic eastern gem clam (Gemma gemma), which had been persisting in low
abundance since at least the 1960s, and then began to increase rapidly in abundance
following the introduction of the green crab (Grosholz 2005). Predation and competition
experiments revealed that green crabs preferentially consumed native clams, and that high
natural densities of native clams had strong interspecific competitive effects on G. gemma
(Grosholz 2005). Native clams had inhibited G. gemma from establishing an invasive
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population through competitive dominance. In this case, the primary invader had altered
the recipient community by reducing a competitively dominant species and indirectly
facilitated the population release of a secondary invader (Fig. 2.2b).

Primary(invader,
a)(

Na1ve,component,of,the,
recipient,community,

Secondary,invader,

b)(

Fig. 2.2. Two examples of interacting organisms and how the invasion success of the
secondary invader is contingent on the presence of a primary invader modifying a native
component of the recipient community. a) Mutualism between invasive yellow crazy ants
and scale insects removes the native red crab which allows entry into the system by the
giant African land snail that were previously preyed on by the native crab (Green et al.
2011). b) The invasive green crab preferentially preys on the native Nutricola clam,
allowing population release of the exotic clam, Gemma gemma, which was competitively
inferior to the native clams (Grosholz 2005). Solid and dashed lines denote direct and
indirect interactions respectively. Circles and triangles denote negative and positive
interactions respectively. Clam photographs include ruler (mm) for scale. All pictures in
example b) by Dr E Grosholz.

Based on these examples, we propose two distinct pathways by which secondary invasion
can occur; the ‘true-entry’ and the ‘population-release’ models (Fig. 2.3). Invasion is
conceptualized as a staged process in which ecological filters exist between each stage
(Richardson et al. 2000) (Fig. 2.3). An invasive species, by definition, is one that exists in
self-replacing populations, often at very large numbers and can have the potential to
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spread over wide areas (Richardson et al. 2000, 2011). Our two models are distinguished
by the stage of invasion at which a secondary invader is facilitated. The true-entry model
describes the situation in which an exotic species alters the recipient community to allow
another exotic to move from the ‘introduction’ to ‘naturalized’ stages and onwards (i.e.
Green et al. 2011) (Fig. 2.3). Alternatively, the population-release model describes the
change from ‘naturalized’ to ‘spreading’ and becoming invasive (i.e. Grosholz 2005)
(Fig. 2.3).

Fig. 2.3. The invasion pathway with the various stages of invasion and the terms used to
describe alien species at each stage (Richardson et al. 2000) (panel on the left). a and b
reference the stage of the pathway when the true-entry and population-release models of
secondary invasion occur (figures on the right). The red line denotes the primary invader
and the blue line denotes the secondary invader. The secondary invader will not increase
until the primary invader has invaded to a point at which its impacts have altered
properties of the recipient community. For the true-entry model, the secondary invader
cannot progress pass the transport/arrival stage until the primary invader has altered the
community. For the population-release model, the secondary invader has persisted in the
community and is unable to progress past the entry stage until a primary invader is
introduced and alters the properties of the community.
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2.6 Mechanisms by which primary invaders facilitate secondary invaders
Primary invaders may indirectly facilitate secondary invaders by altering one or more
properties of the recipient community that previously had a negative influence on a
potential invader, thereby having an indirect positive influence on a secondary invader
(Fig. 2.4). Primary invaders may also directly facilitate secondary invasion by providing a
unique property within the recipient community (e.g. novel pollination or dispersal of
propagules). The invasion literature contains many examples of 1) invasive species
altering characteristics of a community (Fig. 2.4 axis 1), 2) properties of a recipient
community inhibiting invader success (Fig. 2.4 axis 2), and 3) invaders engaged in direct
or indirect positive interactions with other species (Fig. 2.4 axis 3). The inherent
complexity of species networks means all three interactions (Fig. 2.4) are rarely explored
together (see White et al. 2006).

Fig. 2.4. The secondary invasion interaction map. Primary invaders (P) that have a direct
or indirect negative influence on a component (property) of the recipient community (C)
[axis 1], that has a direct or indirect negative influence on the invasion success of a
secondary invader (S) [axis 2], will therefore have an indirect positive influence on the
invasion success of the secondary invader [axis 3]. (S) could not invade the system
without (P) changing (C). A direct interaction between (P) and (S) occurs when the
presence of the primary invader provides a new (C) previously lacking in the community
(i.e. the appropriate pollinator or disperser). Interaction key: solid line = direct, dashed
line = indirect, circle = negative, triangle = positive.
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Invasive species can alter biotic and abiotic properties of a community via a number of
mechanisms. The most well-known example of invasive species altering abiotic
properties is the entry of nitrogen-fixing plants into areas previously low in available N
(Vitousek and Walker 1989, Walker and Vitousek 1991, Kourtev et al. 1999). The Nenrichment of soils in Hawaii by the exotic shrub Myrica faya negatively affects the
growth of the previously dominant tree (Walker and Vitousek 1991) and promotes higher
densities of exotic earthworms (Kourtev et al. 1999). The establishment of the exotic
shrub Mimosa pigra in tropical Australia alters vertebrate abundances through stand
dominance and altered vegetation structure (Braithwaite et al. 1989). These examples
demonstrate both direct and indirect alteration of biotic and abiotic properties of a
community (Fig 2.4 axis 1).
In many cases, properties of the recipient community inhibit species invasion, examples
of which form the basis of the biotic resistance model (Levine et al. 2004). A key
mechanism that allows communities to deter potential invaders is the presence of
competitively dominant species (Maron and Vila 2001, Levin et al. 2002, Huang et al.
2012). In the Gulf of Maine, the exotic green alga Codium fragile was only able to invade
following the removal of the competitively dominant native kelp (Levin et al. 2002).
Codium fragile could only establish following the creation of a gap in the kelp forest,
mediated by another invasive species growing epiphytically on the kelp (Levin et al.
2002). Disturbance regime is also a key property of communities that can negatively
influence potential invaders (Cross 1981, Morales and Aizen 2002). Altering disturbance
regimes from natural conditions has been demonstrated to facilitate establishment and
spread of exotic plants through both direct and indirect mechanisms (Morales and Aizen
2002). Any species directly altering properties of recipient communities has the potential
to be indirectly facilitating a previously inhibited species (Fig. 2.4 axis 2).
Exotic species can also form strong associations that will directly facilitate persistence
and prevalence within a community (Ricciardi et al. 1997, Barthell et al. 2001, Constible
et al. 2005, Wonham et al. 2005). Common direct facilitative interactions include
pollination, such that, for instance, exotic honey bees might increase seed set of an exotic
plant (Barthell et al. 2001), and dispersal, for instance, increased spread of seeds of exotic
plants by introduced bison (Constible et al. 2005). Direct mutualistic relationships
between invasive ants and honeydew-secreting insects are common, resulting in
!
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significant population increases of both (Bach 1991). An indirect effect of this kind of
mutualism is that high ant densities have a positive effect on plants through removal of
herbivorous insect larvae and excess honey-dew (Bach 1991). These direct interactions
between primary and secondary invaders exemplify alteration of community properties
through the inclusion of something previously absent (Fig. 2.4 axis 3). All these examples
highlight the amount of research effort required to understand complex interactions in
determining the mechanism of invasion success.

2.7 Data thresholds in determining secondary invasion
Species distribution and niche models are widely used to predict invasive range and
impacts of alien species, and occasionally to infer the mechanism of invasion success
(Václavík and Meentemeyer 2009). In a broad sense, these modelling techniques allow
for post hoc rapid determination and are therefore powerful tools for risk assessment in
invasion management (Pheloung et al. 1999). However, our clear examples of secondary
invasion (Grosholz 2005, Green et al. 2011) came from meticulous on-ground
observations and detailed field studies and experiments of complex systems. Although
giant African land snails were unable to invade the rainforests of Christmas Island prior to
the deletion of the native crab (Green et al. 2011), elsewhere within their exotic range
they are prominent primary invaders (Thiengo et al. 2007, Cowie et al. 2009). Similarly,
only after years of studying the community wide impacts of the introduced green crab
(Grosholz et al. 2000) did the results of indirect facilitation on another exotic species
become evident (Grosholz 2005). The intricacies of these interactions suggest predicting
secondary invasions through modelling techniques based on species identity alone may
not be possible.
The most significant data limitation in documenting both true-entry and populationrelease secondary invasion is determining absence of the secondary invader. Presently,
the modelling of species distributions, association with environment, or predicted
response to change are generally carried out on presence-only data (Václavík and
Meentemeyer 2009). As failure to detect does not necessarily mean species absence,
techniques for determining the survey effort required to confidently record absence are
increasingly important (McCarthy et al. 2013). Species abundance obviously influences
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detectability, and new models based on time to detection of the first individual provide a
way to scale detection rates to cases of low abundance when direct estimation is
impractical (McCarthy et al. 2013).
Another such data limitation is in distinguishing between facilitated population release
and simply a lag in population establishment. The general consensus is that a lag-phase of
low population density is common because invasive species require time to build up the
necessary propagule pressure to dominate and spread (Richardson et al. 2000, Catford et
al. 2009). The invasion of Mimosa pigra in tropical Australia has been highly cited as a
textbook case of a lag in invasion (Braithwaite et al. 1989, Lonsdale 1993). The exotic
shrub persisted as a benign introduction for a century before dramatically increasing in
abundance and becoming a high impact invader (Braithwaite et al. 1989). In the same
area and around the same time as M. pigra began to spread, exotic water buffalo (Bubalus
bubalus) established (Lonsdale 1993). Although Lonsdale (1993) concluded that M. pigra
spread was due to dispersal by floodwater, there was a strong correlation between the rate
of M. pigra spread and buffalo numbers. This association begs the question of whether M.
pigra invasion is a classic example of a time lag in invasion or of positive interactions
between exotic species and potentially a population-release secondary invasion?
If entry followed by spread of a species is rapid, it may be difficult to determine whether
the species was facilitated through secondary invasion mechanisms. Similarly, a period of
low density prior to any change can but may not always be indicative of a facilitated
release. To conclude confidently that secondary invasion has occurred, quality data are
required for 1) species time of arrival, 2) population size and dynamics, 3) species
interaction and influence on the community, and 4) how the community has changed
functionally and structurally over time.

2.8 Conclusion and implications for further research
Human transport and movement of species around the globe will continue to promote
biological invasions, which in turn will continue to alter the properties of ecosystems,
facilitating other invasions. By highlighting and defining the phenomenon of secondary
invasion, we have created a framework to aid the understanding of invasive species

!

32!

!
!

Chapter 2: Defining secondary invasion

impacts and the nature of invasion success. The documentation of complex interactions is
at the forefront of ecological research and our proposed models of secondary invasion
aim to provide clarity of context for future research to frame their findings and discuss
their work. As the complete eradication of invasive species is rarely feasible,
understanding the potential consequence of secondary invasion in novel ecosystems is
important for both policy and management (Hobbs et al. 2006). Our secondary invasion
framework has implications for the development of invasion biology theory by
identifying how previously successful invaders can influence the invasion success of
others, as well as aiding in the prediction of future problem species for conservation
management.
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CHAPTER 3.
Invader–invader mutualism influences land snail
community composition and alters invasion success of
alien species in tropical rainforest

!
By eliminating red crabs from large tracts of rainforest on Christmas Island, the
invasive ant-scale mutualism has significantly altered the properties of the
recipient community. The deregulation of litter decomposition and seedling
recruitment has increased habitat and resources, and the removal of the red crab
as a potential predator has created enemy-free space.
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3.1 Abstract
Mutualism between invaders may alter a key characteristic of the recipient community,
leading to the entry or in situ release of other exotic species. We considered whether
mutualism between invasive yellow crazy ants Anoplolepis gracilipes and exotic
honeydew-producing scale insects indirectly facilitated land snails (exotic and native) via
the removal of a native omnivore, the red land crab Gecarcoidea natalis. In plateau
rainforest on Christmas Island, Indian Ocean, the land snail community was surveyed at
28 sites representing four forest states that differed in the density of red crabs, the
abundance of yellow crazy ants and management history. One-way ANOVAs and NMDS
ordination analyses were used to assess differences in land snail species abundance and
composition among forest states. Sample-based rarefaction was used to determine
differences in species richness. The removal of the red crab by supercolonies of yellow
crazy ants was associated with a significant increase in the abundance of both invasive
(14 species) and native (4 species) land snails. Compositional differences in the land snail
community were driven most strongly by the significantly greater abundance of a few
common species in forest states devoid of red crabs. In forest where the crab population
had recovered following management for ants, the land snail assemblage did not differ
from intact, uninvaded forest. The land snail community was dominated by exotic species
that can coexist alongside red crabs in rainforest uninvaded by exotic ants and scale
insects. However, the ant-scale mutualism significantly increased land snail abundance
and altered their composition indirectly though the alteration of the recipient community.
We suggest these constitute ‘population-release’ secondary invasion in which the impacts
of previously successful invaders facilitate a significant increase in abundance of other
exotic species already established at low density within the community. Understanding
facilitative interactions between invaders and indirect consequences of impacts will
provide invaluable insights for conservation in heavily invaded ecosystems.
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3.2 Introduction
The anthropogenic movement of species is so pervasive that almost all ecosystems now
contain introduced species. Whereas early work on the determinants driving entry,
establishment and population increase (hereafter ‘invasion success’) focused on negative
interactions (e.g. Elton 1958), positive interactions are increasingly identified as
contributing to the invasion success of many exotic species (e.g. White et al. 2006). The
invasional meltdown hypothesis (Simberloff and Von Holle 1999) posits that mutualism
between invaders generates reciprocal, positive population-level responses in both
partners, amplifies invader-specific impacts and facilitates further, secondary invasions.
Although widely researched (Ricciardi 2001; Bourgeois et al. 2005; Relva et al. 2010;
Green et al. 2011), these interactions are rarely considered in heuristic models describing
the determinants of invasion success (i.e. Catford et al. 2009).
Of the three widely recognised determinants of invasion success – propagule pressure,
traits of the invader and properties of the recipient community (e.g. Catford et al. 2009;
Lockwood et al. 2009) – invader-invader mutualisms seem most likely to facilitate
secondary invasions by altering key characteristics of the recipient community. The
impacts of invasive species generally on community properties are diverse and varied,
from altered soil properties (Vitousek and Walker 1989) and disturbance regimes (Cross
1981) to species loss (Zavaleta et al. 2001) and altered resources (White et al. 2006,
Wang et al. 2014). Where exotic species form mutualistic interactions, alterations to
community traits may be amplified beyond the independent impacts of those species
(Simberloff and Von Holle 1999; Aizen et al. 2008), which may indirectly benefit other
species not involved in the mutualism (White et al. 2006, Green et al. 2011, Grinath et al.
2012). For example, Grinath et al. (2012) demonstrated that an exotic ant-scale mutualism
indirectly benefited plants via the negative influence of the ant on beetle herbivores.
White et al. (2006) suggested these kinds of indirect effects, mediated through altered
community traits, might be more common in invasive interaction networks than
previously considered. Although examples of mutualisms between invaders are
increasingly common (Adams et al. 2003; Bourgeois et al. 2005; Wonham et al. 2005;
White et al. 2006; Helms et al. 2011; Flory and Bauer 2014), there are few instances in
which these interactions have been solely responsible for the invasion success of other
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exotic species (but see Green et al. 2011). Continued study of mutualism between
invaders may yield many more examples of secondary invasions.
Some of the most frequently studied invader-invader mutualisms are those between ants
and sap-sucking Hemiptera (e.g. Styrsky and Eubanks 2007; Helms et al. 2011). The
invasion of the rainforest on Christmas Island (Indian Ocean) by the exotic yellow crazy
ant (Anoplolepis gracilipes) and a variety of invasive honeydew-secreting scale insects
(Tachardina aurantiaca [Kerriidae], Coccus spp. and Saisettia spp. [Coccidae]) has long
been considered the strongest evidence for invasional meltdown (Simberloff 2006). The
association between the ant and scales leads to positive population-level feedback on
both, resulting in the formation of high-density ant supercolonies that accelerate and
diversify impacts across rainforest on the island (O’Dowd et al. 2003, Abbott and Green
2007, Davis et al. 2008, 2010). A key consequence of supercolony formation is the
removal of the dominant omnivore-detritivore, the red land crab Gecarcoidea natalis
(hereafter red crab). Occurring at naturally high densities (Green 1997), the red crab
plays a key functional role in shaping the forest understory across the island by regulating
seedling recruitment and rates of litter decomposition (Green et al. 1997, 1999, 2008).
These crabs also provide the recipient community with considerable biotic resistance
against invaders in three ways. First, the omnivorous red crabs create high predation
pressure on dispersing propagules that is consistent in both time and space. Second, by
consuming and redistributing leaf litter, red crabs create spatial and temporal fluctuations
in leaf litter cover and biomass (Green et al. 1997, 1999), which could present a
challenging environment for establishment of some invaders. Third, the consumption of
seedlings creates a structurally simple rainforest understory (Green et al. 2008),
potentially limiting available habitat and resources for some invaders. However, the
yellow crazy ant – fuelled by carbohydrate from scale insects – causes local extinctions of
red crabs, directly removing a major predator and indirectly increasing resources by
deregulating seedling recruitment and leaf-litter breakdown (O’Dowd et al. 2003).
Elimination of red crabs facilitates the secondary invasion of rainforest by Achatina
(Lissachatina) fulica (giant African land snail) through the creation of enemy-free space
(Green et al. 2011). Modelling of A. fulica spread across the entire island showed that
invasion was facilitated 253-fold in ant supercolonies but impeded in intact forest where
predaceous native red crabs remained (Green et al. 2011). Experimental introductions of
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tethered A. fulica in intact forest showed that invading snails would be quickly intercepted
and consumed by the crabs (Lake and O'Dowd 1991, Green et al. 2011). However, A.
fulica is just one of 22 introduced land snail species on Christmas Island (Kessner 2006),
the remainder of which are considerably smaller (1-20 mm length) and may not be easily
detected or handled by red crabs. A further 11 similarly small species are native to the
island (Kessner 2006). Where red crabs have been eliminated by the ant-scale invasion,
these native species may also experience release from predation and increased resource
availability.
We hypothesized that the invasive ant-scale mutualism on Christmas Island would
facilitate the land snail community indirectly through the release of habitat and resources
and/or the creation of enemy-free space. We asked: i) how does land snail abundance,
species richness and composition differ among different forest states that have arisen as a
result of the ant-scale invasion, ii) are exotic species only present where the ant-scale
mutualism has altered properties of the recipient community, and iii) do native land snail
species also respond positively, in terms of species abundance and richness, to these
changes?

3.3 Methods

3.3.1 Study system
Christmas Island (105°40’E, 10°30’S) is an isolated oceanic island, 360 km south of Java
in the north-eastern Indian Ocean. The island is an Australian external territory that
experiences a monsoonal climate with most of the 2000 mm mean annual rainfall
between December and May (Falkland 1986). The island rises to a central plateau in a
series of cliffs and terraces, and these formations largely define the major forest types on
the island (Du Puy 1993). Approximately 74% of the island supports broad-leaved,
structurally simple tropical rainforest.
The yellow crazy ant (Anoplolepis gracilipes), a pantropical invader (Haines and Haines
1978, Wetterer 2005), forms expansive high-density supercolonies on Christmas Island
when in association with exotic honeydew-secreting scale insects (Tachardina aurantiaca
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[Kerridiae], Coccus celatus, C. hesperidium, and Saisettia coffeae [all Coccidae], among
others) (O’Dowd et al. 2003; Abbott 2006, Green and O'Dowd 2009). Many tramp ant
species form supercolonies, often defined using a combination of criteria including
genetic relatedness, intraspecific behavioural interactions, and ant abundance (Giraud et
al. 2002, Holway and Suarez 2006, Drescher et al. 2007, Sunamura et al. 2009, Suhr et al.
2011). Although two distinct genotypes of yellow crazy ant occur on Christmas Island,
these co-occur at very small spatial scales (Thomas et al. 2010) and behavioural assays
pairing individual ants from opposite ends of the island suggest that the population on
Christmas Island behaves as a single supercolony (Abbott 2006). Nevertheless, yellow
crazy ant supercolonies on Christmas Island have always been defined in terms of very
high ant densities. Yellow crazy ants occur at many locations across the island in very
low abundance with no obvious impact on biodiversity, but in 1989, and then again in late
1997, they were discovered in several locations at extremely high densities sufficient to
extirpate local populations of the abundant red land crab, Gecarcoidea natalis (O’Dowd
et al. 1999, 2003, Abbott 2006). The local extinction of the red crab results in the
deregulation of seedling recruitment and litter decomposition, leading to dramatic
changes in forest understory structure and litter dynamics (O’Dowd et al. 2003). The
reliance of yellow crazy ants on exotic scale mutualists to form these high-density
supercolonies on Christmas Island is well understood (O’Dowd et al. 2003, Abbott 2006);
supercolonies have never been observed to form in the absence of outbreak densities of
scale insects, and ant densities declined precipitously when excluded from their scale
insect mutualists in a large field experiment (Wittman et al. unpublished data; also see
Abbott and Green 2007). Since 2001, supercolonies have continued to form and reform
resulting in upwards of 5000 ha of rainforest (~ 50 % of the rainforest on the island)
being treated with toxic bait containing fipronil (Green and O’Dowd 2009, Boland et al.
2011). This has created a mosaic of patch types in which some areas have a complex
history of ant-scale invasion, management, and re-colonisation by either yellow crazy
ants, red crabs or neither.
The most recent survey of the land snail fauna on Christmas Island (Kessner 2006) was
stratified by habitat type and aimed to document all the species occurring on the island,
and their habitats. Kessner (2006) recorded 38 species of land snails, of which 11 were
presumed natives, 22 were considered introduced species, and 5 were of uncertain
biogeographic status. The 22 introduced species were classified as such because they are
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common, anthropogenically-introduced ‘tramp’ species with wide tropical distributions.
Kessner (2006) determined ‘plateau forest’ (Du Puy 1993), where this study was
conducted (see below), to have the highest species richness of land snails, albeit with just
four of the 11 native species being recorded in that forest type. No predatory land snail is
present and only one species, A. fulica, has been intentionally introduced to the island.
The lack of comprehensive surveys prior to Kessner’s makes it difficult to know with any
certainty what the native fauna of the island was like at the time of human settlement or
what impact the arrival of exotic species had on the native fauna. Our study was focused
on establishing the impact of invasive insects on the contemporary land snail fauna,
however much it had been modified from its original state by the time of first supercolony
development.

3.3.2 Study sites
We selected 28 0.25 ha sites representing four forest states across plateau forest (Fig.
3.1); i) Intact: forest supporting the naturally high density of red crabs (c. 0.5 crabs m-2)
and where yellow crazy ants were never present (i.e. the reference condition), ii)
Supercolonies: forest that was invaded by yellow crazy ants in high densities at the time
of study, sufficient to extirpate the local red crab population, iii) Ghosted: forest in which
supercolonies had never formed, but in which red crabs were absent or rare (≤ 0.015 crabs
m-2) because the local population had been killed while en route to the ocean during their
annual breeding migration (see Davis et al. 2008, Green et al. 2011), and iv) Recovered:
forest where a yellow crazy ant supercolony had been removed via management action
(baiting) and the area re-colonised by red crabs to a density similar to Intact forest.
Recovered sites ranged between 6 and 9 years since they were last baited. There were two
rounds of sampling, once at the start of a dry season (June – July 2011, n = 5 sites per
forest state) and once at the start of a wet season (December 2011 – January 2012), (n = 7
sites per forest state; original five sites plus two more). Replication increased for the
second survey as additional active Supercolony sites were identified. Sites were surveyed
in a random order over the 2-month period of each survey.

!

40!

!
!

Chapter 3: Mutualism alters the success of others

INDONESIA!

Indian Ocean!

0

2

N!

AUSTRALIA!

4 km!

Intact!
Supercolony!
Ghosted!
Recovered!

Fig. 3.1. Location of study sites within plateau rainforest on Christmas Island, Indian
Ocean. Grey areas indicate where vegetation has been cleared. Contour lines denote 50
m elevation.

Sites were selected from the Island Wide Survey database maintained by Parks Australia.
This survey is conducted at ~700 permanent rainforest sites spread in a grid across
rainforest on the island, and has been conducted biennially commencing 2001. Data from
six surveys (to 2011) were used to select sites according to site history and access. The
current state of a site was confirmed by measuring crab density and yellow crazy ant
activity (Table 3.1). Crab density was determined as the number of active crab burrows
within a 100 m2 quadrat (50 m x 2 m). Ant abundance was measured as the number of
ants crossing a 10 cm x 10 cm white card in 30 sec, summed across 11 stations at 5 m
intervals along a 50 m transect (Green and O’Dowd 2009; Boland et al. 2011). A total of
≥ 37 ants signifies a supercolony sufficient to kill red crabs. The presence of abundant
scale insects at supercolony sites was confirmed visually on understorey plants, and by
observing ants with honeydew-filled, translucent gasters descending tree trunks.
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Table 3.1. Comparisons of red land crab (RLC) density (crabs 100 m-2) and yellow crazy
ant (YCA) activity (no. ants 30 sec-1 running onto a 10 cm x 10 cm card, summed across
11 cards) among forest states. Means (±1SE) compared using One-way ANOVA. Bold pvalues show significant differences (p < 0.05). Letters before means indicate where
significant differences were identified between forest states as calculated by Bonferroni
post-hoc tests. The Supercolony state was excluded from tests comparing RLC densities
between states, because RLC density was zero at all Supercolony sites (no variability)
and therefore assumed to be different from states where RLC was > 0.

Variable
RLC density – Dry

Intact
a

Supercolony

52.6 ± 10.2

0.0 ± 0.0

a

39.4 ± 4.3

0.0 ± 0.0

YCA activity – Dry

0.0 ± 0.0

433.6 ± 67.7

YCA activity – Wet

0.0 ± 0.0

194.6 ± 42.8

RLC density – Wet

Ghosted
b

Recovered

F3, 24

p

10.6 ± 2.5

a

43.0 ± 3.0

12.33

0.001

b

a

38.4 ± 2.7

33.17

<0.001

0.0 ± 0.0

0.0 ± 0.0

-

-

0.0 ± 0.0

0.0 ± 0.0

-

-

6.3 ± 1.9

3.3.3 Sampling for land snails
An effort-controlled sampling protocol was used to quantify the land snail community;
similar to approaches used by others (Cameron et al. 2003, Cameron and Pokryszko
2005). Each site contained four randomly placed 5 x 5 m quadrats. Sites were surveyed in
the morning hours to maximise snail numbers. The land snail community was sampled in
two ways. First, all leaf surfaces, branches and tree trunks to 3 m above the ground were
searched thoroughly for arboreal snails for 30 min in each 25 m2 quadrat. Second, leaf
litter and loose surface soil of two randomly placed 0.25 m x 0.25 m quadrats in each
larger 5 x 5 m quadrat (8 samples per site) were collected and taken to the laboratory for
immediate processing. There, samples were oven dried at 55 °C for ~ 20 min to dislodge
snails from the wet leaves, prior to being separated into three fractions using a set of
graded soil sieves (10, 2 and 0.5 mm). Large shells were picked from the 10 mm fraction,
and the leaf litter retained and dried at 55 °C for a further 48 h to obtain an estimate of
course-litter-biomass. Smaller snails were picked from the fraction retained by the 2 mm
sieve, and that fraction then immersed in water and any further snails that floated also
picked. The fraction retained by the 0.5 mm sieve was first immersed in water and any
floating snails picked. All floating material was then collected, oven dried, and picked
again under a dissecting microscope. Shells that were obviously long-dead (bleached,
decalcified and/or broken) at the time of field sampling were omitted from collections, so
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that the final collection for analysis combined snails that were alive and recently dead at
the point of collection (see Tattersfield et al. 2001; Aubry et al. 2005). All snails were
collected and preserved in ethanol except for A. fulica that was counted in situ. Collected
snails were counted by species. Species identity was confirmed against a complete
reference collection provided by Kessner (2006). Voucher specimens were referred to
Kessner for final species confirmation. A reference collection from this study is held at
La Trobe University, Australia.
3.3.4 Covariate sampling
Habitat variables representing potential covariates were quantified for each study site.
Understory habitat complexity was measured using a point-transect method. At 1 m
intervals along a 50 m transect (n = 50 points), vegetation structure and ground cover was
assessed using a vertical 3 m ranging pole. At each point, the type of substrate was
recorded (leaf litter, bare ground, rock, plant or log) in order to calculate percentage
ground cover. Vegetation structure was determined by recording the number of vegetation
contacts with the vertical pole. The number of contacts was summed to provide a single
understorey complexity score for each site. Seedling density was quantified by counting
all tree seedlings (>15 cm in height; DBH ≤ 1 cm) 1 m either side of the 50 m transect
(100 m2). Tree density (DBH > 1 cm) was assessed by counting all individuals 2 m either
side of the 50 m transect (200 m2).
Soil properties and amount of coarse, loose rocks were assessed once for each site. This
was done as land snail abundance has been shown to positively correlate with soil
nutrients, particularly exchangeable calcium, which is required for shell growth (Labaune
and Magnin 2001, Tattersfield et al. 2001). The abundance of loose limestone rocks in a
site would also indicate access to calcium. One soil sample per site was collected from
combining eight 19.63 cm2 x 5 cm deep circular soil cores (radius = 2.5 cm). Soil
properties (pH, conductivity, Ca, NCO3, Nitrate, P, K, Mg, CaCO3) were quantified used
a Palintest® complete soil test kit. Soil moisture was measured using a probe in which the
site value was averaged from 10 random locations. The amount of coarse loose rocks
(rockiness) was measured by collecting eight 0.25 x 0.25 m quadrats per site in which
loose ground material was collected, passed though a 10 mm sieve, and weighed. This
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coarse >10 mm measure was used as it provided a rapid assessment without the need to
separate many small rocks from quantities of loose soil.

3.3.5 Data analyses
Statistical and multivariate analyses were performed using SPSS Statistics v. 21 (SPSS
Inc.) and PRIMER v. 6.1.13 (PRIMER-E Ltd.) respectively. Many analyses were
undertaken in order to provide a comprehensive account of the land snail diversity
patterns we observed. One-way ANOVAs (p < 0.05) with Bonferroni post hoc tests
corrected for multiple testing (p < 0.008) were used to compare snail abundance, species
density and site characteristics, such as ground cover abundance and understory
complexity, between states. Data were log10-transformed if assumptions of normality and
homogeneity of variances were not met, and non-parametric Kruskal-Wallis H (test
statistic = χ2) or Mann-Whitney U (test statistic = Z) tests were used when these
transformations were not sufficient. Means for total snail abundance (arboreal plus
ground-dwelling components) are presented as area-based densities (m-2), although they
come from a sample volume of 75 m3.
Randomized species accumulation curves (sample-based rarefaction curves) were
calculated using EstimateS v. 9.1.0 (Colwell 2013) for each forest state using only the
ground-dwelling component of the community. Each 0.25 m x 0.25 m quadrat was used
as a replicate and pooled across sites within forest states. Only the small litter quadrats
were used for these analyses because there were insufficient large quadrats (that sampled
the arboreal snails), and because there were no arboreal species that did not occur in the
litter quadrats. Repeated, averaged sample-based rarefaction, allows standardization of
sampling by producing smooth curves for comparison. Species richness was compared by
the Chao1 estimates (± 95% CI) of asymptotic species richness (Gotelli and Colwell
2001) for curves produced for each forest state. The Chao1 estimator was used because it
takes into account species abundance, not simply incidence.
Land snail species composition was visualised by non-metric multidimensional scaling
(NMDS) ordination, using the Bray-Curtis dissimilarity coefficient. Ordinations were
performed in two dimensions using both abundance and presence/absence data as stress
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values were below 0.2 (except for one case in which no significant difference was
observed). Differences among states were compared using one-way analysis of
similarities (ANOSIM) (critical p < 0.05) and pairwise tests corrected for multiple
sampling (corrected critical p = 0.05/6 comparisons = 0.008). One-way analysis of
similarity percentages (SIMPER) was used to identify species contributing to any
dissimilarity between states.

3.4 Results
In total, 23,329 snails in 19 species and 9 families were sampled during this study
(Appendix 3.1). Of these, 14 species were exotic, four were native and one species was of
uncertain biogeographic status. The cryptogenic Georissa sp. (Hydrocenidae) was the
most common species, occurring at all but one site and accounting for 45% (10,604) of
observed individuals. The majority (72%) of the remaining 12,725 snails represented
exotic taxa. The exotic Liardetia scandens (Helicarionidae) and Georissa williamsi
(Hydrocenidae) were widespread, occurring at 100% and 93% of sites respectively. All
species were recorded in the ground-dwelling sampling, however only 12 species were
found on understory vegetation. Ten species were recorded exclusively from the < 2 mm
litter fraction. Achatina fulica (Achatinidae) and Kaliella cruda (Helicarionidae) were the
only exotic species not recorded in Intact forest.

3.4.1 Species abundance and species density
Land snail abundance did not differ among forest states during the dry season for either
total abundance (χ2 = 6.74, df = 3, p = 0.08; Fig. 3.2a), the abundance of just the arboreal
component (F3, 16 = 2.07, p = 0.35; Fig. 3.2b) or just the ground-dwelling component (F3,
16

= 2.72, p = 0.08; Fig. 3.2c). However, highly significant differences in abundance

among forest states were evident in the wet season (F3,24 = 5.68, p = 0.004; Fig. 3.2a). The
total abundance of land snails was low (c. 150 – 300 snails per site) where red crabs were
abundant in Intact and Recovered sites, but four- or five-fold higher (c. 1000 snails per
site) where red crabs were completely absent in Supercolonies, and of intermediate
abundance (c. 700 snails per site) where red crabs were rare in Ghosted sites. This pattern
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held when considering the arboreal (χ2 = 11.39, df = 3, p =0.01; Fig. 3.2b) and grounddwelling (F3, 24 = 4.654, p = 0.011; Fig 3.2c) components independently.
This increase in individuals did not correspond with an increase in species in forests
devoid of crabs, as no difference in species density was observed among forest states for
both dry (χ2 = 1.328, df = 3, p =0.722) and wet season (F3, 24 = 0.487, p = 0.694) periods
(Fig. 3.2d). Location within a site (arboreal vs ground-dwelling) did not alter this pattern
(Fig. 3.2e-f). Generally, arboreal species were also located on the ground so little
difference was observed between total and ground-dwelling species density.

Fig. 3.2. Mean (±1SE) land snail abundance and number of species between forest
states for total sample (a and d), arboreal component (b and e), and ground-dwelling
component (c and f). Light grey bars = dry season data; Dark grey bars = wet season
data. Letters above bars indicate where significant differences were identified between
forest states as calculated by Bonferroni post-hoc tests corrected for multiple testing (p <
0.008).
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3.4.2 Species richness
Chao1 species richness estimates (± 95% CI) completely overlapped between all forest
states for both dry (Fig. 3.3a) and wet (Fig. 3.3b) season sampling periods. The estimated
asymptotic species richness was 15-16 species for each forest state, with large upper
confidence intervals in the dry season (Fig. 3.3a) and greater confidence in the wet season
(Fig. 3.3b).

Fig. 3.3. Land snail species richness as estimated by repeated and averaged samplebased rarefaction curves without replacement for each forest state. Mean Chao1 species
richness estimate (± 95% CI) for a) dry season data, b) wet season data. !

!

47!

!
!

Chapter 3: Mutualism alters the success of others

3.4.3 Species composition
Significant differences among forest states and land snail species composition depended
on both season and how the data were treated (Fig. 3.4). During the dry season,
composition did not differ among states in terms of abundance (R = 0.117, p = 0.076; Fig.
3.4a), but differed significantly in terms of species incidence (R = 0.222, p = 0.009; Fig.
3.4b). Intact forest contained a significantly different species assemblage from that of
other forest states (Table. 3.2). The greater occurrence of the exotics Elasmias manilensis
(Achatinellidae) and Pupisoma orcula (Pupillidae), and absence of Achatina fulica and
Subulina octona (Subulinidae) in Intact forest contributed highly to the observed
differences (Table 3.3). The native species Lamprocystis mildredae (Helicarionidae) and
Japonia wallacei (Cyclophoridae) also contributed strongly to the dissimilarity as they
were less common in Intact forest.
Different patterns emerged during the wet season, with an overall difference in
composition observed for abundance data (R = 0.117, p = 0.003; Fig. 3.4c) but not for
incidence data (R = -0.006, p = 0.517; Fig. 3.4d). Intact forest again differed significantly
from Ghosted and Supercolony sites, but not from Recovered sites (Table 3.2).
Differences were driven in every case by common species (Georissa spp., Japonia
wallacei and Subulina octona) that occurred in greater abundance where red crabs were
absent or rare compared to where they were common (Table 3.3).

3.4.4 Covariates
In both seasons, litter biomass was higher where red crabs were absent or rare
(Supercolony and Ghosted) than where they were common (Intact and Recovered) (Table
3.4). Similarly, Intact and Recovered forest contained significantly less leaf litter and
more bare ground cover compared to Supercolony and Ghosted (dry season, F3,

16

=

21.43, p < 0.001; wet season, F3, 24 = 7.51, p = 0.001; Table 3.4). Understorey complexity,
seedling density and tree density were significantly higher in impacted states compared to
Intact forest (Table 3.4). Although the amount of loose limestone (rockiness) and levels
of soil nutrients were highly variable across sites, there were no differences between these
variables and forest state (Table 3.4).
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Fig. 3.4. NMDS ordinations of land snail species composition between forest states for a)
dry season abundance data, b) dry season presence/absence data, c) wet season
abundance data, and d) wet season presence/absence data. Key; ! = Intact, " =
Supercolony, # = Ghosted, Δ = Recovered. Open symbols indicate where red crabs are
abundant compared to closed symbols where they are absent or uncommon. ANOSIM
results presented show test statistic (R) and significance probability (p) for each
ordination. Bold p-values show significant differences (p < 0.05).
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Table 3.2 Differences in land snail community composition between forest states for each season. Bolded p values denote significant
differences among states as calculated by ANOSIM (corrected for multiple testing). Average dissimilarity (Av. Dissim. (%)) calculated by Oneway analysis of similarity percentages (SIMPER). RLC refers to red land crab density and whether it is high (+) or low-absent (–) within the
forest states being compared.
RLC

Abundance
Av. Dis (%)
R

p

Presence/Absence
Av. Dis (%)
R

p

Dry Season
Intact v Supercolony
Intact v Ghosted
Intact v Recovered
Supercolony v Ghosted
Supercolony v Recovered
Ghosted v Recovered

+–
+–
++
––
–+
–+

75.95
76.09
75.52
54.95
70.42
71.09

0.268
0.372
0.088
-0.160
0.036
0.176

0.071
0.024
0.278
0.984
0.365
0.048

40.62
45.29
43.51
29.31
34.03
33.20

0.346
0.436
0.344
-0.034
0.272
0.064

0.032
0.016
0.024
0.516
0.040
0.310

Wet Season
Intact v Supercolony
Intact v Ghosted
Intact v Recovered
Supercolony v Ghosted
Supercolony v Recovered
Ghosted v Recovered

+–
+–
++
––
–+
–+

81.08
74.40
67.63
58.96
67.29
60.19

0.591
0.364
0.066
0.016
0.237
0.086

0.002
0.007
0.223
0.480
0.029
0.865

37.93
37.72
38.17
31.18
33.26
34.63

0.113
0.154
-0.021
-0.117
-0.113
-0.051

0.137
0.081
0.539
0.856
0.909
0.654
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Table 3.3 Average abundance (Av.Abun) of land snail species as they contribute the average dissimilarity of the community composition
among forest states. Groups A and B refer to the first and second forest state in each comparison respectively. Results presented are only for
comparisons with significant differences as identified by ANOSIM and multiple tested corrected pairwise tests (see Fig. 3c for corresponding
NDMS ordination). Lettering next to species indicates biogeographical status (E = exotic, N = native, U = Unknown).
A
Av.Abun

B
Av.Abun

Av.Diss

Diss/SD

Cont.%

Cum.%

Wet Season – Abundance
Intact v Supercolony
Georissa sp.
Japonia wallacei
Georissa williamsi
Subulina octona
Paropeas achatinaceum

U
N
E
E
E

25.71
19.43
52.57
8.71
7.14

566.43
112.43
116.57
119.14
35.14

39.89
12.34
10.50
8.57
2.72

1.80
0.84
0.81
0.95
0.60

49.20
15.22
12.95
10.57
3.35

49.20
64.42
77.37
87.94
91.29

Intact v Ghosted
Georissa sp.
Japonia wallacei
Georissa williamsi
Subulina octona
Liardetia scandens

U
N
E
E
E

25.71
19.43
52.57
8.71
32.71

342.71
124.57
124.57
56.14
28.57

27.02
15.69
13.96
6.91
3.76

1.21
1.43
0.79
0.70
0.96

36.32
21.08
18.76
9.28
5.05

36.32
57.40
76.17
85.45
90.50

Diss/SD = standard deviation of each species contribution to average dissimilarity. Species listed in order of contribution
to average dissimilarity (Av.Diss), cut off arbitrarily when cumulative percent contribution (Cum.%) reaches either 70
(Dry Season – Presence/Absence) or 90% (Wet Season – Abundance).
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Table 3.4. Comparisons of forest structure variables, ground layer conditions and soil characteristics among forest states. Means (±1SE)
compared using One-way ANOVA. Bold p-values show significant differences (p < 0.05). Letters before means indicate where significant
differences were identified between forest states as calculated by Bonferroni post-hoc tests (p < 0.05).

Forest structure
-2
Tree density (200 m )
-2
Seedling density (100 m )
Understorey complexity**
Ground conditions
Dry Season
-2
Course-litter-biomass (g 0.5 m )
Leaf litter cover (%)
Bare ground cover (%)
Wet Season
-2
Course-litter-biomass (g 0.5 m )
Leaf litter cover (%)
Bare ground cover (%)
Soil variables
-2
Rockiness (g 0.25 m )
Soil moisture (%)
pH
Conductivity (μS)
-1
Ca (mg l )
-1
NCO3 (mg l )
-1
Nitrate (mg l )
-1
P (mg l )
-1
K (mg l )
-1
Mg (mg l )
-1
CaCO3 (mg l )

Intact

Supercolony

42.7 ± 3.7
43.4 ± 9.7
a
39.8 ± 7.3

31.7 ± 8.9
108.0 ± 33.8
bc
102.7 ±13.0

ab
a

a

a

a

b

67.1 ± 5.7
47.2 ± 5.9
a
41.6 ± 7.0
a

a

143.9 ± 9.8
80.9 ± 2.3
a
12.3 ± 2.8

ab

92.7 ± 48.3
12.9 ± 0.9
7.8 ± 0.1
85.7 ± 7.5
1303.6 ± 93.9
150.8 ± 29.1
34.1 ± 6.6
17.6 ± 2.5
72.1 ± 9.2
102.9 ± 12.7
383.6 ± 57.3

Ghosted

b

85.8 ± 42.4
16.1 ± 1.1
7.7 ± 0.2
74.2 ± 6.9
1125.0 ± 38.6
101.4 ± 23.8
229.0 ± 5.4
18.9 ± 1.1
72.6 ± 15.1
110.7 ± 11.5
433.5 ± 48.7

F

p

4.96
18.96
14.82

0.008
<0.001
<0.001

73.0 ± 3.0
54.8 ± 1.6
a
37.2 ± 2.4

33.66
21.43
19.67

<0.001
<0.001
<0.001

137.1 ± 4.4
b
77.4 ± 2.2
a
14.3 ± 1.9

*15.20
7.51
9.30

0.002
0.001
<0.001

93.7 ± 41.9
12.8 ± 1.1
8.1 ± 0.1
75.7 ± 7.2
1116.1 ± 77.7
131.6 ± 13.8
29.7 ± 30.1
15.7 ± 3.5
60.7 ± 6.5
107.1 ± 11.7
417.9 ± 55.4

0.96
*3.84
1.22
*1.17
0.68
0.80
0.80
1.00
0.25
0.09
0.44

0.436
0.280
0.326
0.761
0.563
0.505
0.504
0.412
0.861
0.965
0.726

b

b

58.7 ± 6.9
321.7 ± 59.4
b
126.4 ± 7.0

b

123.5 ± 2.5
b
82.8 ± 3.1
b
7.2 ± 1.7

213.5 ± 13.3
a
88.3 ± 1.1
b
4.0 ± 0.1

Recovered

b

b

b

60.0± 2.6
253.7 ± 50.8
c
86.8 ± 9.2

a

139.1 ± 9.9
b
77.6 ± 3.0
b
7.6 ± 3.5

199.0 ± 14.6
a
87.1 ± 1.4
b
3.4 ± 1.0

230.5 ± 126.8
13.8 ± 1.1
8.0 ± 0.1
95.7 ± 25.5
1258.9 ± 187.2
148.4 ± 31.5
33.5 ± 7.1
12.9 ± 2.7
77.9 ± 16.9
105.0 ± 8.6
437.9 ± 36.9

a

a

! * = results are for the non-parametric Kruskal-Wallis test as data did not met the assumptions of One-way ANOVA

** = Understory complexity measured as number of vegetation touches on a 3 m high pole summed across 50 points
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3.5 Discussion
Compared to the uninvaded, Intact state, we found evidence that the invasive mutualism
between yellow crazy ants and several species of honeydew-producing scale insects was
associated with an increase in abundance and shifts in community composition of the land
snail fauna in some forest states in one or both seasons. Most of the non-native land snail
species occurred in Intact forest at low densities meaning they could be considered
secondary invaders in the sense that their established populations were released because
of the impacts of primary invaders. A similar interpretation could be made of other
studies, in which successful invaders indirectly facilitated exotic species already present
in the community (e.g. Grosholz 2005; Johnson et al. 2009; Montgomery et al. 2011). On
Christmas Island, the invasive mutualism between yellow crazy ants and scale insects has
directly or indirectly affected about two-thirds of island rainforest (Green et al. 2011), so
the changes to the recipient community associated with this invasive mutualism, and the
patterns we report here for the land snail community, should be very widespread.
Two lines of evidence indicate that these impacts are not due to any direct effect of
invasive ants on the snails, and are almost certainly driven by indirect effects. First, there
were no differences in snail abundance, species density, asymptotic species richness, or
species composition between Ghosted and Supercolony forest states, in either season of
observation. These states were similar in all respects for forest structure, ground
conditions and soil variables (Table 3.4), but were starkly different in terms of the
abundance of yellow crazy ants (Table 3.1). Despite the high densities of ants on the
forest floor in Supercolonies, there was no measurable impact of yellow crazy ants on the
land snail community in those sites, suggesting that the yellow crazy ant is not a predator
of land snails. This has been confirmed experimentally for A. fulica (Green et. al. 2011),
and there are no reports in the literature of yellow crazy ants preying on land snails. The
invasive myrmecine ant Solenopsis geminata uses its mandibles and stinger to prey on
live snails (Forys et al. 2001) and snail eggs (Yusa 2001), but like other formicine ants,
the yellow crazy ant relies on formic acid to subdue prey. Clearly, this is ineffective
against the protections afforded to snails by their mucus secretions and their ability to
withdraw into their shells. Even if yellow crazy ants can kill small land snails, that must
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happen comparatively rarely; the highest land snail densities, and all but one of the 19
species in our all our samples, occurred in Supercolonies..
Second, some metrics of the land snail community differed between Intact and Ghosted
forest. Yellow crazy ant supercolonies had never formed in either type of forest, but they
differed significantly in measures of red crab density (Table 3.1), understory complexity,
litter biomass and ground cover (Table 3.4). Given the empirically-demonstrated impact
of red crabs on seedling recruitment and litter dynamics (Green et al. 1997, 1999, 2008),
the altered composition of land snails in Ghosted forest was almost certainly an indirect
effect caused by the absence of red crabs, and the associated increases in litter biomass
and understory complexity.
We observed significantly greater numbers of land snails in areas devoid of red crabs only
in our wet season sampling. In both seasons, land snail abundance was highly variable
among sites of all states. Habitat heterogeneity plays an important role in determining
patterns of land snail abundance and diversity (Aubry et al. 2005, Hylander et al. 2005)
and previous work has demonstrated significantly dissimilar community composition
among sites within relatively small patches of rainforest (de Winter and Gittenberger
1998). Regardless of this inherent variability, our approach identified greater land snail
abundance where red crabs had been directly (Supercolony sites) or indirectly removed
(Ghosted sites) by yellow crazy ant supercolonies.
We did not detect a corresponding increase in species density with increased abundance;
a land snail community pattern generally observed (Tattersfield et al. 2001, Aubry et al.
2005, Liew et al. 2010). Barker and Mayhill (1999) attribute high species density to
micro-niche partitioning and minimal competition between land snail species. However,
this pattern is just as likely to be an artefact of sampling significantly more individuals,
which can be alleviated by using asymptotic species richness estimators and rarefaction
curves (Gotelli and Colwell 2001). When we corrected for sampling significantly more
individuals in those impacted forest states, we found no difference in mean asymptotic
species richness in either the dry or wet season (Fig 3.2). We can conclude from this that
essentially all land snail species present in plateau rainforest on Christmas Island can be
found in every forest state, and the impacts of the ant-scale invasion are not facilitating
new species to establish. Also, the small confidence intervals around the wet season
!
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estimates suggests our sampling regime was sufficient to accurately predict true species
richness.
Ordinations identified Intact forest as having a significantly dissimilar land snail
community composition compared to Supercolony and Ghosted forest. However, the
results were season specific, with dry season analysis only identifying differences using
incidence data and wet season states only separating based on abundance data. The dry
season result implies species turnover between sites, evoking a classic view of secondary
invasion that posits successful invaders facilitate the entry of other exotics (Simberloff
2006, Green et al. 2011). However, it was only Achatina fulica and Kaliella cruda that
were completely absent from Intact forest but present in many Supercolony and Ghosted
areas. Conversely, the wet season result of altered community composition based on
significant abundance increases suggests a ‘population-release’ view of secondary
invasion (Grosholz 2005, Johnson et al. 2009, Montgomery et al. 2011) and reflects the
pattern of invasion success already observed in our other results. As the wet season
sampling time was more robust in terms of capturing the true land snail composition
(Clergeau et al., 2011), we are inclined to conclude that significant changes in species
abundances were driving the observed dissimilarity between forest states.
A limited number of highly abundant species contributed most to the compositional
dissimilarity among forest states. In any pairwise comparison, the difference in
abundance between the same four species contributed at least 85% to the observed
dissimilarity. These were the ground-dwelling exotics Subulina octona and Georissa
williamsi, the mainly arboreal native Japonia wallacei, and the highly abundant but of
unknown biogeographical status Georissa sp. It is not uncommon for only a few land
snail species to numerically dominate even species-rich assemblages in mainland
rainforest (de Winter and Gittenberger 1998). It has been suggested that little competition
exists between land snail species (Cameron 1992, Barker and Mayhill 1999), irrespective
of the fact that they use the same resources (Tillier 1981). Increased habitat and food
resources in the form of leaf litter are almost always associated with increased land snail
abundance (Aubry et al. 2005, Liew et al. 2010, de Chavez and de Lara 2011). On
Christmas Island, some land snail species appear to respond to these changes more
strongly than others. Although we cannot confidently infer the mechanism behind these
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species-specific responses, we have demonstrated a significant increase in land snail
abundance associated with increased leaf litter at the whole community level.
Only two common exotic species (A. fulica and K. cruda) were never observed in Intact
forest. Similarly, Green et al. (2011) found A. fulica was never present in Intact forest, as
invading propagules were quickly intercepted and consumed by highly-abundant red
crabs. As such, A. fulica is considered a secondary invader of rainforest on the island due
to the creation of enemy-free space following ant supercolony formation. We also found
that the increase in land snail community abundance was strongly associated with the
absence of the red crab; which was further supported by the observation that land snail
assemblages in areas where red crabs had recolonised former yellow crazy ant
supercolonies (i.e. Recovered), were not dissimilar to those of Intact forest. However,
because almost all exotic species were present in Intact forest, we suggest that red crabs
do not provide the same level of biotic resistance to these much smaller species. We
suggest that red crabs are limiting the invasion success of the smaller exotic snail species
not directly in the form of predation, but indirectly through their consumption of
seedlings and leaf litter which limits available habitat and resources for these species.
This facilitated success was not limited to exotic land snails; we found that the few native
species also responded positively to the ant-scale invasion. Only recently have facilitative
interactions between invasive and native species been identified as important associations
in re-structuring novel ecosystems (Rodriguez 2006). In our study, the native snail
Japonia wallacei was a significant contributor to the dissimilarity between Intact and
impacted forest, being more abundant where crabs were absent. This is a mostly arboreal
species, and is probably limited in Intact forest by the minimal understory complexity
created by red crabs through their consumption of seedling germinants. These findings
are analogous to secondary invasion occurring in Bodega Harbor, USA (Grosholz 2005)
in which the removal of the previously dominant clam species by an invasive crab also
resulted in greater abundances of several native benthic invertebrates (Grosholz et al.
2000). No native land species displayed the opposite pattern of being more abundant in
Intact forest and inhibited in some way by the impacts of the ant-scale invasion. The
removal of the red crab via the ant-scale invasion has facilitated all land snails, whether
exotic or native, by indirectly releasing a limiting resource and increasing habitat
complexity.
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3.6 Conclusions
The formation of yellow crazy ant supercolonies on Christmas Island, supported by
honeydew from sap-sucking hemiterans has long been recognised as creating conditions
favourable to secondary invasions (O'Dowd et al. 2003; Simberloff 2006), and recently
Green et al. (2011) provided solid evidence in support of this for one species of exotic
land snail. Our results show that the broader community of land snails was also facilitated
by the ant-scale invasion, because of the direct removal of the red crab and associated
indirect increases in available habitat and resources. Whereas the large A. fulica was
unable to enter forest where crabs were abundant (Lake and O’Dowd 1991, Green et al.
2011), the smaller exotic species that make up the majority of the community were able to
establish relatively low density populations in Intact forest that were then indirectly
facilitated by the invasive mutualism. These phenomena suggest contrasting models of
secondary invasions – the ‘true entry’ model in which an exotic species that was
previously barred from an intact recipient community was permitted entry as a result of
the impact of other invaders, and the ‘population release’ model in which exotic species
invade and persist in intact communities, significantly increase in abundance when other
invaders enter the system and change it in their favour.
Although the rainforest of Christmas Island currently contains abundant populations of
invasive land snails, there may be little reason for management intervention, for at least
two reasons. First, land snails can play an important role in leaf litter decomposition and
promotion of microbial growth in tropical systems (Meyer et al. 2013). Their higher
abundance in impacted forest may provide partial redundancy in this role against the loss
of the dominant detritivore (the red crab) from areas invaded by yellow crazy ants.
Second, our results indicate that once red crabs re-establish their formerly high
abundances in areas from which management activity has eliminated yellow crazy ant
supercolonies, the land snail community is not different from that found in Intact forest as
leaf litter again becomes a limiting resource. While disentangling the net effects of
invaders within a community context continues to be a challenge for ecologists (Preston
et al. 2012), empirical evidence of facilitative interactions between invaders and indirect
consequences of impacts will provide invaluable insights to understanding the dynamics
of novel ecosystems.
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3.8 Appendices
Appendix 3.1. List of land snail species and their total abundance across the four forest states in both the dry and wet season sampling
periods. Lettering next to species refers to biogeographical status (N = native, E = exotic, U = unknown). Size refers to mean adult length. Habit
refers to whether the species is primarily arboreal (A) or ground-dwelling (G) on Christmas Island. !
!
Species
Elasmias manilensis
Tornatellinops sp.
Achatina fulica
Bradybaena similaris
Japonia wallacei
Lamprocystis mildredae
Liardetia diliolum
Liardetia scandens
Kaliella cruda
Georissa sp.
Georissa williamsi
Nesopupa proscripta
Nesopupa servilis
Pupisoma orcula
Lamellaxis gracilis
Opeas pumilum
Paropeas achatinaceum
Subulina octona
Succinea solidula

!

Family
ACHATINELLIDAE
ACHATINELLIDAE
ACHATINIDAE
BRADYBAENIDAE
CYCLOPHRIDAE
HELICARIONDAE
HELICARIONDAE
HELICARIONDAE
HELICARIONIDAE
HYDROCENIDAE
HYDROCENIDAE
PUPILLIDAE
PUPILLIDAE
PUPILLIDAE
SUBULINIDAE
SUBULINIDAE
SUBULINIDAE
SUBULINIDAE
SUCCINEIDAE

E
E
E
E
N
N
E
E
E
U
E
N
E
E
E
E
E
E
N

Size
mm
2
2
100
13
11
5.5
2.5
2.5
2
1.8
1.8
2
2
3
5.5
3
10
12
12

Habit
A
G
A
A
A
G
A
A
G
G
G
G
G
G
G
G
G
G
A

Intact
20
1
0
0
100
0
3
191
0
86
312
12
12
7
1
0
8
11
0

Dry Season
Supercolony Ghosted
21
2
1
1
107
69
0
0
479
495
0
4
5
0
406
235
6
6
999
1993
530
31
14
4
12
0
21
2
1
0
17
0
143
97
302
171
5
0

Recovered
2
2
0
0
145
23
0
80
136
326
512
5
3
1
1
0
14
224
3

Intact
8
10
0
0
136
10
16
229
0
180
368
8
11
8
17
4
50
61
21

Wet Season
Supercolony Ghosted
1
1
1
4
99
173
0
3
787
872
117
3
19
2
167
200
26
20
3965
2399
816
872
6
5
8
10
2
18
11
10
0
2
246
41
834
393
50
0

Recovered
4
6
0
0
428
21
14
165
102
742
558
5
18
12
26
2
40
197
13

Total
59
26
448
3
3442
178
59
1673
296
10690
3999
59
74
71
67
25
639
2193
92

CHAPTER 4.
Habitat augmentation drives secondary invasion: an
experimental approach to determine the mechanism of
invasion success

!
The actions of the highly abundant red land crab (Gecarcoidea natalis) could be
controlling the population dynamics of the land snail community on Christmas
Island through both top-down and bottom-up forces. They directly provide a
significant predation pressure while indirectly altering resource availability by
consuming and redistributing leaf litter.
!
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4.1 Abstract
Secondary invaders entry or expansion within native communities is contingent on
changes wrought by other (primary) invaders. When two or more properties of the
recipient community have been altered by primary invaders, standard descriptive and
modelling approaches only provide a best guess of the mechanism permitting the
secondary invasion. In rainforest on Christmas Island, we conducted a manipulative field
experiment to determine the mechanism of invasion success for a community of land
snails that is dominated by exotic species. The invasion of rainforest by the yellow crazy
ant (Anoplolepis gracilipes) has facilitated these land snails, either by creating enemy-free
space and/or increased habitat and resources (in the form of leaf litter), through the
removal of the native omnivorous-detritivorous red land crab (Gecarcoidea natalis). We
manipulated predator densities (high and low) and leaf litter (high and low) in replicated
blocks of four treatment combinations at two sites. Over the course of one wet season (5
months), we found that plots with high leaf litter biomass contained significantly more
snails than those with low biomass at both the site where red crabs have always been
abundant and at the site where they have been absent for many years prior to the
experiment. Each site was dominated by small snail species (< 2 mm length), and through
handling size and predation experiments we demonstrated that red crabs tend not to
handle and prey on snails of that size directly. These results suggest that secondary
invasion by this community of exotic land snails is facilitated most strongly by habitat
and resource augmentation, an indirect consequence of red crab removal, and that the
creation of enemy-free space is not important. By using a full-factorial experimental
approach, we have confidently determined – rather than inferred – the mechanism in
which primary invaders indirectly facilitate a community of secondary invaders.
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4.2 Introduction
The impacts of biological invasions are a main driver of global environmental change
(Didham et al. 2005, Tylianakis et al. 2008, Pyšek and Richardson 2010) and
understanding the factors that determine invasion success is fundamental to predicting
spread and managing impacts. Many hypotheses have been proposed that aim to explain
invasion success at a variety of temporal and spatial scales (see Richardson & Pyšek,
2006). Attempts to create a unifying framework have led to an understanding of invasion
success as the outcome of interactions among propagule pressure, traits of the invader and
properties of the recipient community (Catford et al. 2009, Lockwood et al. 2009,
Blackburn et al. 2011, Moles et al. 2012). Context-specific complexity in the invasion
success of a species can be explained with this framework as the addition and interaction
of these three key factors as filters (Catford et al. 2009). The final filter a species must
pass through to establish is the abiotic and biotic characteristics (properties) of the
recipient community.
Abiotic drivers, such as disturbance, are thought to be a strong determinant of invasion
success by simultaneously altering niche availability, decreasing competition, and
releasing pulses of resources (Davis et al. 2000). However, disturbance per se is not
necessarily a good general predictor of invasion success, with information on how a
particular disturbance regime has changed expected to be most informative (Moles et al.
2012). Similarly, properties of the recipient community can also be altered by biotic
components, particularly the presence and influence of resident exotic species. Successful
invaders are known to alter niche availability through occupation (Richardson and Pyšek
2006, O’Loughlin et al. 2015) and local species extinctions (Green et al. 2011), to
simplify ecosystems, which reduces competition (Grosholz 2005, Flory and Bauer 2014),
and to increase resources through altering belowground processes (Vitousek and Walker
1989, Flory and Bauer 2014). The invasion success of subsequent exotic species will be
the outcome of these altered properties of the recipient community that are a direct result
of the impacts of previous invaders. Although a key component of the ‘invasional
meltdown hypothesis’ (Simberloff and Von Holle 1999), the idea of primary invaders
facilitating secondary invaders remains only loosely defined (D’Antonio and Dudley
1993) and poorly-researched within the invasion biology literature.
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Confidently identifying and predicting secondary invasion requires an understanding of
how species interact directly and indirectly (Traveset and Richardson 2006) following
biotic and abiotic changes associated with the impacts of resident exotics (Simberloff et
al. 2013). In some cases, successful invaders will only alter a single key property of the
recipient community, resulting in the mechanism of secondary invasion being easily
attributed; for example, to reduced competition (Grosholz 2005) or increased resources
(Flory and Bauer 2014). In such cases, simple methods can be employed to infer the
mechanism of invasion success. Comparisons of invaded and uninvaded sites should
identify and predict that single explanatory variable most likely to be responsible for the
pattern observed. However, rarely are ecosystem dynamics that simple and successful
invaders can have a myriad of impacts that alter multiple properties of invaded
communities (Simberloff and Von Holle 1999, O’Dowd et al. 2003). A potential
secondary invader is likely to respond to many altered properties afforded by the
impacted community and simple inference methods will less confidently identify which
of these mechanisms has the greatest importance in determining invasion success.
When successful invaders alter two or more properties of the recipient community the
mechanism of secondary invasion success will be most confidently determined through
experimentation. Full-factorial experiments that create all possible combinations of the
various properties provide a method for understanding the relative importance of each
property that differs between the uninvaded and invaded communities. The manipulation
of food quality and predation pressure is used commonly to determine the relative
importance of top-down and bottom-up forces controlling herbivore populations (Byrom
et al. 2000, Bakker et al. 2005). Experimentation can also be used to determine those
secondary invaders that can enter and persist at low density in an unaltered community,
yet are significantly advantaged by the presence and influence of another invader. For
instance, Flory & Bauer (2014) used experimental plots to show that although Alliaria
petiolata (garlic mustard) more readily colonized control plots, it produced seven times
more biomass when grown in Microstegium vimineum (stiltgrass) invaded plots.
Similarly, Grosholz (2005) conducted feeding experiments to show an exotic crab
preferentially consumed native clams, thereby releasing the exotic clam Gemma gemma
as a secondary invader.
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The giant African land snail (Achatina (Lissachatina) fulica) is a secondary invader of
rainforest on Christmas Island (Green et al. 2011). Using a combination of modelling and
experimentation, Green et al. (2011) determined the mechanism of invasion success was
the creation of enemy-free space afforded by an invasive ant (yellow crazy ant
Anoplolepis gracilipes), in mutualism with exotic honeydew-producing scale insects,
removing a native omnivorous terrestrial crab (red land crab Gecarcoidea natalis).
However, the direct removal of the red crab also indirectly increases resource and habitat
availability in the form of leaf litter (O’Dowd et al. 2003). There is a community of exotic
land snails on Christmas Island that are present in intact rainforest but found in
significantly higher densities in areas impacted by the invasive ant (O’Loughlin and
Green 2015). The majority of these species are much smaller in size than A. fulica
(Kessner 2006) and might therefore escape predation by the relatively large native crabs.
Omnivores may influence ecosystem properties through both top-down and bottom-up
processes (Terradas and Penuelas 2011). On Christmas Island, the naturally abundant
omnivorous crab is a recognised ecosystem engineer; responsible for species absences
through top-down actions (O’Dowd et al. 2003, Green et al. 2011) and ecosystem
structure through bottom-up forces (Green et al. 1997, O’Dowd et al. 2003). For the
smaller species of exotic land snail on the island, the mechanism of their invasion success
may be the removal of the bottom-up influence of the crab, which indirectly augments
habitat and resource availability, rather than the removal of any top-down influence.
The aim of our study was to determine experimentally the relative importance of the
direct and indirect changes to the recipient community by the actions of primary invaders
on the invasion success of secondary invader. This study specifically asked: i) what is the
relevant strength of the creation of enemy-free space vs habitat augmentation (increased
leaf litter) as the mechanisms of invasion success for land snails on Christmas Island, and
ii) is the mechanism of invasion success dependant on whether they are directly handled
and preyed on by the native crab?
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4.3 Methods

4.3.1 Study system
Christmas Island (105°40’E, 10°30’S) is an isolated oceanic island (135 km2, maximum
elevation 360 m), 360 km south of Java in the north-eastern Indian Ocean. Located in the
humid tropics, the island experiences a monsoonal climate with most of the 2000 mm
mean annual rainfall between December and May (Falkland 1986). Approximately 74%
of the island supports broad-leaved, structurally simple tropical rainforest (Du Puy 1993).
Sites for this study were located on the central plateau (> 200 m a.s.l.) in tall (~ 34 m
height) closed forest on deep soils (forest type 1; Mitchell, 1975). The study was
conducted over one wet season; December 2012 – July 2013.
On Christmas Island, the endemic red land crab (Gecarcoidea natalis) plays a key
functional role in shaping the forest understory structure by largely regulating seedling
recruitment and litter decomposition (Green et al. 1997, 1999, 2008). The omnivorous red
crab also opportunistically preys on and provides biotic resistance against some invasive
species (Lake and O’Dowd 1991, Green et al. 2011). The yellow crazy ant (Anoplolepis
gracilipes) is a pantropical invader that has spread rapidly across the Indo-Pacific region
(Wetterer 2005) and, in association with honeydew-secreting insects, has formed
expansive high-density supercolonies on the island (O’Dowd et al. 2003, Abbott 2006).
Where supercolonies have formed, red crabs are absent because of predation by yellow
crazy ants, which has led to considerable changes in forest understory structure and
increased accumulation of leaf litter (O’Dowd et al. 2003). These changes offer a
recipient community with increased habitat and resources in the form of leaf litter and
enemy-free space. Exotic land snails establish abundant populations in impacted
rainforest because they are not preyed on by yellow crazy ants and are likely facilitated
by one or both of these altered properties (Green et al. 2011, O’Loughlin and Green
2015).
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4.3.2 Mechanism experiment
In order to assess the mechanism of invasion success for the land snail community in
rainforest on Christmas Island we conducted two manipulative experiments with two
opposing yet complimentary aims. In one experiment, we manipulated predation pressure
and litter resources in an area with a low-density snail population with the aim of
facilitating that community (facilitation experiment). In the other experiment, we
manipulated predation pressure and litter resources in an area with a high-density snail
population with the aim of inhibiting that community (inhibition experiment). We
approached our hypothesis from both directions to increase the likelihood of observing a
response to our experimental treatments and increase confidence in our conclusions.
The facilitation experiment was undertaken at an intact site where yellow crazy ants had
never invaded, and red crabs had remained abundant (105°39’32.4’’E, 10°27’2.7’’S). Red
crabs were excluded from plots to mimic the effects of yellow crazy ant invasion and
facilitate the low-density snail population. The inhibition experiment was undertaken at a
‘ghosted’ site where yellow crazy ants had indirectly caused the local extinction of red
crabs (105°40’5.9’’E, 10°29’11.0’’S). Ghosted rainforest on Christmas Island is where
yellow crazy ant supercolonies have never formed but red crabs are absent or rare (<
0.015 crabs m-2) because the local population had been killed while en route to the ocean
during their annual breeding migration (Davis et al. 2008, Green et al. 2011, O’Loughlin
and Green 2015). Red crabs were enclosed in plots to mimic intact rainforest and inhibit
the high-density snail population. Site history was determined from survey data collected
as part of an ongoing monitoring program (Maple 2012). Red crabs enclosed for the
inhibition experiment were all large adults (> 90 mm carapace width) while abundant
crabs at the facilitation experiment site were more varied (60 – 105 mm carapace width).

4.3.3 Experimental design
For both the facilitation (crab exclusion) and inhibition (crab enclosure) experiments we
manipulated predation pressure (crab density; high – low) and resources (leaf litter
biomass; high – low) in 10 replicated blocks of four treatment plots (Fig. 4.1). The four
treatments were the pairwise combinations of these properties; i) predation high –
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resources low (P+ R–), ii) predation high – resources high (P+ R+), iii) predation low –
resources high (P– R+), and iv) predation low – resources low (P– R–). Due to the current
crab densities of each site, P+ R– was the control (un-manipulated) treatment for the
facilitation experiment (Fig. 4.1a), and P– R+ was the control treatment for the inhibition
experiment (Fig. 4.1b). Each treatment plot was 2 x 2 m. Plots within a replicate block
were haphazardly arranged within an area, approximately 5 – 10 m apart. Blocks were
randomly placed within a site, a minimum of 30 m apart.
Red crabs were enclosed or excluded using fences, so that each block consisted of two
fenced plots and two unfenced plots. Semi-permeable fences (see Green et al. 1997) were
constructed from sheet metal and wire mesh that either denied access or confined red
crabs while allowing litter invertebrates and small reptiles unimpeded access to the plots.
Sheet metal (60 cm wide) was attached to wooden corner posts 10 cm above the ground.
Wire mesh (10 x 10 mm aperture) attached to the sheet metal extended to the ground and
bent outwards to form an apron 50 cm wide around the fence. Unfenced plots were
marked with wooden corner posts. In the case of the inhibition experiment, adult red
crabs were taken from a nearby location and enclosed within fenced plots at a density of
0.75 crabs m-2 (3 crabs per plot), a density within the range observed in intact forest
(Green 1997).
An indirect effect of removing red crabs is the build up of leaf litter (Green et al. 1999),
so we established the P– R– treatment in each experiment by excluding litter input. Litter
excluders were built using a wooden frame and wire mesh (10 x 10 mm aperture) and
suspended over each P– R– plot with the aid of fishing line. The wire mesh was bent into
the shape of a gable roof, supported by a 2 m high wooden frame. The four corners were
held out over the plot by fishing line attached to nearby trees. This shape meant fallen
litter was more likely to roll down the excluder and not shade the plot. The low edges of
the suspended wire mesh were bent up slightly in order to capture the fallen litter. The
litter that was caught at the ends of the excluder became part of the litter input for the P+
R+ plots.
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Fig. 4.1. Experimental treatments for A) the facilitation experiment, and B) the inhibition
experiment. In both cases, two plots were open (dashed lines) and two plots were fenced
(solid lines) in each block (n = 10). These fenced plots either excluded abundant crabs
present at the site (Facilitation experiment) or enclosed crabs re-introduced to a site of
low crab abundance (Inhibition experiment). Litter was manipulated (added or removed)
from plots to permit a full-factorial experiment of predation and resources – high and low.

Both the facilitation and inhibition experiments were conducted over the course of a
single wet season for a period of 5 months. The inhibition experiment was established
first and began on January 15, 2013. The facilitation experiment followed, beginning on
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February 7, 2013. The experiment ran for only one season as crabs become inactive
during the dry season such that all treatments (regardless of site) return to P– R+.

4.3.4 Sampling methods
Sites were visited three times per week to record crab density and maintain treatments.
Crab density was recorded in the morning as the number of crabs active on each plot at
the time the observer arrived at the plot. At the inhibition experiment, if crabs had
escaped from fenced plots, new ones were added and repairs made to the fence. Crabs
would occasionally escape by burrowing under the wire mesh apron or creating holes in
the mesh. For the facilitation experiment, if crabs were found within fenced plots they
were simply removed. Red crab densities (and therefore predation pressure) were
significantly altered relative to the natural state (Appendix 4.1 and 4.2).
To maintain high litter biomass in plots with high crab density (P+ R+), litter was
constantly added to the plots over the course of the experiment. Litter was haphazardly
added as was required to maintain the plots at approximately 100% litter cover. This
involved adding a few generous handfuls of litter on most visits to the plots Litter caught
in the trap above the P– R– plots was added immediately as snails were never found on
this freshly fallen, suspended litter. Also, because crabs removed more litter than fell into
the plots, litter was collected from around the site. To remove snails, this litter was shock
dried (80 °C for 20 min) and coursely sieved (10 mm), which dislodged snails from the
litter. Snail-free leaves remaining in the sieve were then added to the plots . No litter was
added or removed from plots of the other treatments. Percentage ground cover of leaf
litter and bare ground was also recorded each month in each plot (Appendix 4.1 and 4.2),
using a 1 x 1 m frame with a grid of fishing line placed in the approximate centre of each
plot. Each of 100 intersecting grid points was recorded as touching either leaf litter, bare
ground or other (rock, log/stick or plant).
The land snail community of each plot was quantified monthly using a destructive
quadrat approach. Each month, leaf litter and loose surface soil of one randomly placed
0.25 x 0.25 m quadrat per plot was collected and processed in the laboratory. Quadrats
were collected away from the edges of plots and not from areas sampled in previous
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months. This method was chosen as visual searches were determined to be inaccurate in
estimating abundance of this land snail community dominated by small individuals (< 2
mm). Only 9.4 % of the plot was disturbed for sampling over the six sampling occasions.
Samples were oven dried (60°C) for ~ 20 min to dislodge snails from the wet leaves, prior
to being separated into three fractions using a set of graded soil sieves (10, 2 and 0.5
mm). Leaf litter was retained and dried (55 °C for 48 hr) from the 10 mm fraction for a
course-litter-biomass estimate (Appendix 4.1 and 4.2). Land snail shells were visually
picked from the 2 mm fraction. The 0.5 mm fraction was immersed in water with floating
material being collected, oven dried, and then searched for land snails under a dissecting
microscope. The grades of the sieves used meant separate samples of ‘large’ snails (≥ 2
mm in size) and ‘small’ snails (< 2 mm in size) were collected for each quadrat. All snails
determined as alive at the point of sampling (visible foot and an intact and nondiscoloured shell) were collected and preserved in ethanol for later counts and
identification.

4.3.5 Handling size and predation experiments
To test the minimum handling size and direct predation of land snails by red crabs two
field-based experiments were undertaken. Minimum handling size was determined by
presenting a series of beads of various sizes to red crabs and recording their rate of
removal. Beads were used because red crabs will collect, handle and investigate most
objects encountered, irrespective of whether or not there is a food reward (O’Dowd and
Lake 1991). Direct predation was determined by presenting tethered snails of various
species to red crabs and recording their rate of removal. Both experiments were
undertaken in February 2014, adjacent to a site used for the Facilitation (crab exclusion)
experiment the previous wet season.
The handling size experiment was conducted at four plots (8 x 8 m) approximately 50 m
apart. In each plot 10 perspex plates (0.5 x 0.5 m) were placed, each containing eight
randomly placed round, white, plastic beads – one each of 14, 12, 10, 8, 6, 4, 3 and 1.8
mm diameter. Slight depressions were drilled in the plates for the beads to rest in so that
they would not roll off. The plates were randomly placed in each plot two days before the
experiment so resident red crabs became accustomed to them. The experiment began at
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0720 h when beads were placed on each plate and ran for nine hours. One observer
rotated around the four plots every hour; observing each for 15 minutes. Each hour, beads
that were removed since the previous hour were recorded and direct observations of red
crab activity made. When possible, to minimise disturbance observations were made from
a distance using binoculars. Surveying ceased after nine hours as red crab activity was
then minimal.
The snail predation experiment was conducted on the same plots (three of the four) as the
handling size experiment using the same set-up and sampling methodology. Each of the
10 plates in a plot contained one of each of seven species of land snail, tethered to the
plate via a short length of cotton thread secured to both the snail and the plate with a
small amount of glue. Snails were attached one day before the experiment commenced.
Land snail species used were juvenile Achatina fulica (length (L) = 30.35 ± 0.79 SE mm,
width (W) = 18.19 ± 0.77 mm), Bradybaena similaris (L = 10.69 ± 0.41 mm, W = 6.66 ±
0.20 mm), Japonia wallacei (L = 9.52 ± 0.20 mm, W = 7.97 ± 0.23 mm), Succinea
solidula (L = 10.03 ± 0.43 mm, W = 6.52 ± 0.31 mm), Subulina octona (L = 9.45 ± 0.38
mm, W = 3.24 ± 0.08 mm), Liardetia scandens (L = 2.26 ± 0.13 mm, W = 1.79 ± 0.12
mm) and Georissa williamsi (L = 1.53 ± 0.04 mm, W = 1.33 ± 0.05 mm). All species
were exotic to the island except for J. wallacei and S. solidula which are native (Kessner
2006). Plots were observed for 20 minutes every hour for seven hours (beginning at 0720
h), and then once at 24 hours since the start. Each hour, snails that were removed since
the previous hour were recorded and direct observations of red crab activity made.

4.3.6 Data analysis
Linear mixed models with analysis of variance were used to test whether our treatments,
and the interaction of time, were good predictors of crab density, litter biomass and litter
cover (Appendix 4.2). This was undertaken to assess the appropriateness of our
treatments. Land snail abundance was modelled using generalized linear mixed models
with Poisson distributions and logit link functions. Total land snail abundance, as well as
abundance of large (≥ 2 mm) and small (< 2 mm) individuals, were modelled as a
function of time and treatment (and the interaction), with replicate block, litter biomass,
litter cover and crab density included as random effects. Time (month) was modelled as a
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polynomial factor (linear and quadratic) to improve explanatory power. Plots of residuals
against fitted values, residual frequency histograms, quantile-quantile plots and residual
variation box plots were examined to verify homogeneity and expected properties of
residuals (Zuur et al. 2009). Tests for overdispersion were undertaken to assess whether
there was more variance in the data than assumed by the Poisson distribution (Crawley
2013). If models were overdispersed, a random observation was included as a random
effect in order to correct for the unexplained variance (Zuur et al. 2009). One-way
ANOVA’s with Bonferroni post-hoc tests were used to test for differences in removal of
beads and snails in the handling size and predation experiments. All models were
performed using the lme4 package (Bates et al. 2014) in R version 3.1.1 (R Core Team
2014).

4.4 Results
In total, 47,625 snails representing 17 species and 9 families were sampled (Appendix
4.3). Of these, 13 species were exotic, three were native and one was of uncertain
biogeographic status. Land snails were almost 6-fold more abundant at the Inhibition
experiment site, accounting for 84% (40,138) of individuals sampled. Despite this
difference in land snail abundance, both the Facilitation and Inhibition experiment
recorded 16 species. The cryptogenic Georissa sp. (Hydrocenidae) dominated plots at the
Inhibition site, accounting for 73% (29,488) of all individuals observed. The next most
common species, the exotics Georissa williamsi, Subulina octona (Subulinidae) and
Paropeas achatinaceum (Subulinidae), made up a further 22% (8,734 individuals).
Similarly, G. williamsi was the most common species at the Facilitation site (55%; 3,616
individuals), with Georissa sp. and the exotics Liardetia scandens and L. doliolum
(Helicarionidae) also abundant (35%; 2,261 individuals). In both experiments, the
remaining 12 species contributed only 5 – 10% of total abundance at a site. Small
individuals (< 2 mm) dominated at each site, accounting for 98.5% and 95% of the total
sample for the Facilitation and Inhibition experiments respectively.
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4.4.1 Facilitation experiment
Total land snail abundance and abundance of the smallest individuals (< 2 mm) were both
significantly influenced by time and treatment (Table 4.1, Fig. 4.2). Total abundance was
significantly higher in the two resource high treatments compared to the control treatment
(P+ R–) (Fig. 4.2a), and by the fifth month there was around a 4-fold increase in snail
abundance in those treatments (Fig. 4.2d). Abundance of the larger individuals (≥ 2 mm)
was not influenced by time or treatment (Table 4.1, Fig. 4.2b). By the fifth month,
abundance of larger individuals appeared higher in those treatments where predation
pressure was low, although confidence intervals were overlapping because there were few
large snails at the site (Fig. 4.2e). As the community was dominated by the smaller
individuals, the predicted response of the abundance of those snails < 2mm in size was
the same as for the total sample (Table 4.1; Fig. 4.2c and f).
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Table 4.1. Parameter estimates for predictors of land snail abundance from the
‘Facilitation’ experiment. Results obtained by generalized linear mixed models (GLMMs)
with Poisson distribution using block, litter biomass, litter cover and crab density (Total
and Small individuals models) as random effects. A ‘random observation’ was also
included as a random effect in the Total and Small individuals models in order to correct
for over dispersion. Control treatment = P+ R–. Only significant Month:Treatment
interactions are included. (* p < 0.05; ** p < 0.01 *** p < 0.001).

Response variable
Land snail abundance
Total

!

Parameter

Intercept
Month (linear)
Month (quadratic)
P+ R+
P– R+
P– R–
Month (linear) : P+ R+
Month (linear) : P– R+

Large individuals
(≥ 2 mm)

Intercept
Month (linear)
Month (quadratic)
P+ R+
P– R+
P– R–

Small individuals
(< 2 mm)

Intercept
Month (linear)
Month (quadratic)
P+ R+
P– R+
P– R–
Month (linear) : P+ R+
Month (quadratic) : P+ R+
Month (linear) : P– R+

Estimate

St.Error

Z

2.67
0.45
-8.08
0.39
0.43
0.22
7.53
6.21

0.23
1.90
1.82
0.14
0.14
0.14
2.67
2.65

11.66
0.24
-4.45
2.77
3.09
1.57
2.82
2.34

***

-7.23
-20.20
-26.33
1.81
2.47
2.47

3.38
39.34
51.89
3.48
3.41
3.42

-2.14
-0.51
-0.51
0.52
0.73
0.72

*

2.67
0.48
-8.06
0.38
0.41
0.20
7.39
5.05
5.95

0.23
1.88
1.79
0.14
0.14
0.14
2.63
2.47
2.62

11.45
0.26
-4.49
2.75
2.97
1.44
2.80
2.04
2.27

***

***
**
**
**
*

***
**
**
**
*
*

74!

!

! Chapter 4: Habitat augmentation drives invasion

!
60"

A

60"

P+ R–!
P+ R+!
P– R–!
P– R+!

"
"
"

40"

40"

Land"snail"abundance"0.063"m=2""

20"

20"

0"

0"

B

1"

2"

3"

4"

5"

6"

E%

3"

3"

2"

2"

1"

1"

0"
60"

1"

C%

2"

3"

4"

5"

6"

0"
60"

40"

40"

20"

20"

0"

D

Feb"
1"

Mar"
2"

Apr"
3"

June"
May"
4"
5"

July"
6"
2013"

0"

F%

1"

2"

3"

4"

1"

2"

3"

4"

P+%R–%%%
1"

P+%R+%%%
2"

P–%R–%%%
3"

P–%R+%%%
4"

Fig. 4.2. Facilitation experiment. Mean (± 95% CI) land snail abundance in relation to
time (month) as calculated by generalized linear mixed models (left hand column), and
mean abundance in the final month of the experiment in relation to treatments (right hand
column). A, D) total population; B, E) individuals ≥ 2 mm length; C, F) individuals < 2 mm
length. Dashed lines (D-F) indicate mean abundance of control treatment (P+ R–).

4.4.2 Inhibition experiment
Total land snail abundance, abundance of the larger individuals (≥ 2 mm) and abundance
of the smallest individuals (< 2 mm) were all significantly influenced by both treatment
and the interaction of time and treatment for low resource treatments (Table 4.2, Fig. 4.3).
Only the abundance of the larger individuals was significantly influenced by time alone
(Table 4.2). Total land snail abundance was significantly lower in the two low resource
!
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treatments than in the control treatment (P– R+) (Fig. 4.3a), and by the fifth month there
was around a 4-fold decrease in snail abundance in those treatments (Fig. 4.3d). The
abundances of both the larger and smaller individuals were also significantly decreased in
those treatments where resources were lower than the control (Fig. 4.3b and e, and Fig.
4.3c and f respectively).

Table 4.2. Parameter estimates for predictors of land snail abundance from the
‘Inhibition’ experiment. Results obtained by generalized linear mixed models (GLMMs)
with Poisson distribution using block, litter biomass, litter cover and crab density as
random effects in all models. A ‘random observation’ was also included as a random
effect in the Total and Small individuals models in order to correct for over dispersion.
Control treatment = P– R+. Only significant Month:Treatment interactions are included.
(* p < 0.05; ** p < 0.01 *** p < 0.001).

Response variable
Land snail abundance
Total

Large individuals
(≥ 2 mm)

Small individuals
(< 2 mm)

!

Parameter

Estimate

St.Error

Z

Intercept
Month (linear)
Month (quadratic)
P+ R+
P+ R–
P– R–
Month (linear) : P+ R–
Month (linear) : P– R–

5.13
2.38
-1.02
0.22
-0.50
-0.72
-5.57
-6.85

0.17
1.62
1.53
0.12
0.12
0.12
2.30
2.31

30.26
1.46
-0.67
1.85
-4.20
-5.99
-2.30
-2.97

***

Intercept
Month (linear)
Month (quadratic)
P+ R+
P+ R–
P– R–
Month (quadratic) : P– R–

2.23
4.72
-2.72
0.07
-0.46
-0.74
-7.07

0.18
2.07
2.13
0.14
0.15
0.15
3.32

12.52
2.29
-1.28
0.51
-3.15
-4.93
-2.13

***
*

Intercept
Month (linear)
Month (quadratic)
P+ R+
P+ R–
P– R–
Month (linear) : P+ R–
Month (linear) : P– R–

5.07
2.37
-1.24
0.23
-0.51
-0.72
-5.68
-6.94

0.17
1.70
1.60
0.12
0.13
0.13
2.41
2.42

29.27
1.39
-0.77
1.85
-4.04
-5.70
-2.35
-2.87

***

***
***
*
**

**
***
*

***
***
*
**
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Fig. 4.3. Inhibition experiment. Mean (± 95% CI) land snail abundance in relation to time
(month) as calculated by generalized linear mixed models (left hand column), and mean
abundance in the final month of the experiment in relation to treatments (right hand
column). A, D) total population; B, E) individuals ≥ 2 mm length; C, F) individuals < 2 mm
length. Dashed lines (D-F) indicate mean abundance of control treatment (P– R+).

4.4.3 Handling size and predation experiments
There were significant differences in the percent removal of both beads (F7, 24 = 12.18, p
< 0.001) and snails (F6, 14 = 17.4, p < 0.001) of different sizes by the end of each
experiment. In both cases, a significantly higher percentage of the large objects were
removed compared to the small (Fig. 4.4). Red crabs removed those beads > 10 mm
diameter more frequently than those ≤ 6 mm in diameter (Fig. 4.4a). Similarly, the largest
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four snail species (≥ 9.5 mm mean length) were removed at a significantly higher rate
than the smallest two species (≤ 2 mm mean length), which were not taken at all (Fig.
4.4b).
.
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Fig. 4.4. Mean (± SE) percent removed by red crabs at the end of the experiment for A)
the bead handling size experiment (n = 4, end time = 9 h), and B) the snail predation
experiment (n = 3, end time = 24 h). Beads / snail species ordered from largest to
smallest based on diameter and mean length (mm) respectively. Letters above denote
significant differences as determined by Bonferroni post-hoc tests.
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4.5 Discussion
Through manipulation of both predation pressure and resource availability in two
experiments, we found that increased leaf litter was the most important mechanism
driving the abundance of land snail species following the impacts of the invasive yellow
crazy ant. These findings are significant for two reasons. First, we determined - rather
than inferred - the mechanism of invasion success in a case in which the recipient
community offered multiple altered properties that exotic land snails could respond to.
Second, our results coupled with those of Green et al. (2011) demonstrate that red crabs
inhibit the land snail community on Christmas Island through a combination of direct topdown and indirect bottom-up processes.

4.5.1 Increased habitat and resources
The experiment that aimed to facilitate the land snail community showed significantly
higher snail abundance in those treatments where litter was manipulated to remain high,
regardless of the level of predation pressure. Finding that snails are promoted by
increased leaf litter was not surprising as it is common for there to be higher snail
abundance in higher amounts of litter (Aubry et al. 2005, Liew et al. 2010, de Chavez and
de Lara 2011), including on Christmas Island (O’Loughlin and Green 2015). Leaf litter is
a key habitat and food resource for these ground-dwelling detritivores, which play a key
functional role in nutrient cycling through litter consumption and promotion of microbial
growth (Meyer et al. 2013). Bultman and Uetz (1982) demonstrated through leaf litter
manipulation experiments that litter depth increased structural complexity that was
important for supporting high abundances of other litter-dwelling invertebrates. A more
heterogeneous environment supports a greater amount and diversity of niche space that in
turn will support a greater number of individuals (Bultman and Uetz 1982, Liew et al.
2010). The higher biomass of leaf litter in rainforest impacted by the yellow crazy ant is
the most important mechanism facilitating the increased abundance of land snails on
Christmas Island.
Similarly, the experiment that aimed to inhibit an already highly abundant land snail
community showed that snail abundance decreased significantly where litter was
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manipulated to be low, regardless of the level of predation pressure. Our ability to
demonstrate the mechanism in two directions adds significant strength to the conclusion
that habitat augmentation drives invasion success for land snails in this impacted
community. Litter removal studies have demonstrated leaf litter presence and
decomposition to be vital parts of abiotic ecosystem function (Sayer 2006). However, few
studies experimentally decrease leaf litter and search for a biological response. Most
commonly, leaf litter is experimentally added and a corresponding increase in biological
activity observed (Bultman and Uetz 1982, Melody and Richardson 2004, Batzer and
Palik 2007, Tiegs et al. 2008). The results of our inhibition experiment demonstrated that
the return of the red crab to rainforest previously impacted by the yellow crazy ant would
decrease the abundant land snail community as leaf litter once again becoming a limited
resource.
On plots where leaf litter biomass was high the abundance of land snails was remarkably
variable. In particular, snail abundance on resources-high (R+) plots in the Inhibition
experiment ranged from c. 150 – 300 individuals 0.063 m-2. This variability could be due
to two possibilities. First, land snail abundance may differ considerably across small
patches of rainforest (de Winter and Gittenberger 1998), so that simply due to chance
some plots would contain significantly more individuals than others. Second, litter
biomass sometimes varied considerably among plots of the same treatment (Appendix
4.1) because of the inherent difficulties of establishing experimental treatments in a
natural setting. Differences were observed between those plots in which litter was
constantly added because red crabs were active but a high supply of resources was
required (P+ R+) and those that had no red crabs so litter remained naturally high (P– R+)
(Appendix 4.1 and 4.2). Within treatment variability can be high in litter manipulation
experiments (Melody and Richardson 2004, Sayer 2006) and sometimes not work at all
(Tiegs et al. 2008). Tiegs et al. (2008) conducted a litter addition experiment in three
freshwater streams in which large quantities of natural litter input in one stream meant
their control area had higher litter than their experimental treatment. These difficulties
highlight the importance of treatment replication when conducting manipulative
ecosystem experiments.
The land snail community in rainforest on Christmas Island is dominated by small
ground-dwelling species (< 2 mm length) and as such, results were similar when
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considering the abundance patterns of the whole community or only the smallest
individuals. Our results suggest that these smaller snails are able to avoid direct predation
by red crabs and are only limited by the availability of litter resources in areas where red
crabs dominate. This is further supported by our handling size and predation experiments
in which no beads or snails ≤ 2 mm in size were handled by red crabs. Relatively small
crabs (< 50 mm carapace width) will actively prey on small snails in intertidal ecosystems
(Bertness et al. 1981, Trussell 1996). Red crabs in our experiment site were all larger than
50 mm and the largest male crabs in plateau rainforest can grow to > 120 mm carapace
width and > 500 g mass (Green 2004). The tips of the chelae of larger crabs are relatively
blunt compared to those of smaller crabs, making them unlikely to have the dexterity to
handle very small objects. Incidental predation of these smallest snails could possibly
occur through red crabs consuming leaves with land snails attached. Although possible,
snail abundance was lower, or remained low, where both predation pressure and resources
were low (P– R–), leading us to conclude that the removal of red crab predation alone is
not a strong enough mechanism to facilitate abundance increases for the majority of land
snail species on Christmas Island.

4.5.2 Creation of enemy-free space
Creation of enemy-free space as a direct consequence of the invasive yellow crazy ant
was not a mechanism facilitating invasion success in the land snail community broadly.
Predation by red crabs provides significant biotic resistance limiting the invasion success
of the large A. fulica in rainforest on Christmas Island (Lake and O’Dowd 1991, Green et
al. 2011). Feeding experiments and modelling A. fulica spread have shown that the
probability of invasion was facilitated 253-fold in ant supercolonies but impeded in intact
forest where predaceous red crabs remained abundant (Green et al. 2011). Neither of our
experimental sites contained A. fulica, and only a small percentage of the total community
were individuals > 2 mm in size. Although low leaf litter biomass was the significant
inhibiting property of intact rainforest for these snails, the low density of larger
individuals at either site may indicate these species are more frequently encountered and
consumed by red crabs.
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Our handling size and predation experiments demonstrated that red crabs would more
readily handle larger objects. In the case of both the beads and the live snails, the highest
removal was seen for the largest item offered, and percent removal decreased with size
until the smallest items were handled rarely or not at all. Red crabs are generalist and
opportunistic feeders (O’Dowd and Lake 1989, 1991, Lake and O’Dowd 1991) and all
direct observation of either bead or snail handling involved the crab moving its pincers
along the substrate in a sweeping motion until it encountered something it was interested
in (L. O’Loughlin pers. obs.). In an earlier experiment, O’Dowd and Lake (1991) found
removal rates of plastic beads was similar to removal rates of several kinds of fruit,
suggesting red crabs are likely to collect and investigate most objects encountered,
irrespective of whether or not there is a food reward. Therefore, our pattern of decreased
handling with size was probably the result of decreased opportunity for a crab to
encounter the object; a larger item is probably encountered more readily than a smaller
one. Our experiment demonstrated that the most common larger snail species from our
facilitation and inhibition experiments, Subulina octona (9 mm length), was preyed on at
a rate not dissimilar to those smallest species, which could be why no significant
predation effect was observed for the larger individuals.
The lack of an observed predation effect on the larger individuals in the community was
not particularly surprising considering individuals that are > 2 mm length make up a very
small percentage of the total number of snails. In the Facilitation experiment, we did not
find any treatment effects on the larger individuals. In that experiment, treatment plots
were essentially islands of high resources and enemy-free space within a matrix of
inhibiting conditions. The response from the land snail community was likely to have
come from in situ reproduction rather than dispersal into the experimental plots, meaning
that if larger snails were not present in the matrix between the plots at the beginning of
the experiment, it was unlikely they would be facilitated by the end. This was one of the
reasons why the inverse experiment was undertaken in which the initial density of land
snails available to demonstrate a response was high.
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4.6 Conclusions
Increased resource levels in recipient communities can significantly influence invasion
success (Davis et al. 2000, Rowles and Silverman 2009). Many studies have assessed
experimentally the significance of resource availability on species abundance and
diversity patterns through manipulation of multiple properties of recipient communities
(Dyer and Letourneau 1999, Byrom et al. 2000, Rosemond et al. 2001, Gruner 2004,
Bakker et al. 2005, Madrigal et al. 2011). In this study, we found that habitat
augmentation and increased resources played the more significant role in influencing the
land snail community as a whole. This mechanism leading to increased abundance of the
snails was clearly the result of one altered property of the rainforest community, not a
combination of the two. This is in contrast to those manipulative studies that find
increasing resources or removing predation will increase a population independently, yet
the most significant response is when both are altered (Dyer and Letourneau 1999, Byrom
et al. 2000, Melody and Richardson 2004). We determined experimentally that the
increased abundance of the majority land snail species in rainforest on Christmas Island is
facilitated exclusively by indirect habitat augmentation as a result of the invasive antscale mutualism.
Furthermore, the combination of this study with that of Green et al. (2011) documents a
community influenced by both top-down and bottom-up forces that are driven by the
actions of a single organism. The omnivorous red crab provides top-down control directly
through predation (for the largest species A. fulica; Green et al. 2011) and bottom-up
control indirectly by consuming leaf litter, thereby limiting resources (all other species;
this study). Omnivores use many different energy sources within the nested hierarchy of
food webs, and the simplified view of a trophic chain may seriously underestimate their
role in stabilizing and determining ecosystem properties (Terradas and Penuelas 2011).
By removing the red crab, the creation of yellow crazy ant supercolonies on Christmas
Island has altered both top-down and bottom-up forces (O’Dowd et al. 2003) that restrict
the land snail community. As the land snail fauna of Christmas Island is dominated by
exotic species, their invasion success in terms of significant population growth as a result
of the impacts of the invasive ant-scale mutualism constitutes a community-scale
secondary invasion.
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4.8 Appendices
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Appendix 4.1. Monthly mean (± SE) values for treatment variables (course-litterbiomass, litter cover and red crab density) for the facilitation (A – C) and inhibition (D – F)
experiments. Closed symbols = P+ treatments; open symbols = P– treatments; square
symbols = R+ treatments; circle symbols = R– treatments. Facilitation experiment control
treatment = P+ R–; Inhibition experiment control treatment = P– R+.
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Appendix 4.2. Results of linear mixed models with Analysis of Variance testing the
influence of treatment and time on crab density, litter biomass and litter cover.

Facilitation Experiment: Coarse-litter-biomass was significantly influenced by
treatment (F = 3.41, p = 0.02), time (F = 74.38, p < 0.001) and the interaction (F = 11.41,
p < 0.001) (Appendix 4.1A). Similarly, litter cover was significantly influenced by time
(F = 194.10, p < 0.001), and the interaction of time and treatment (F = 29.26, p < 0.001),
but not by treatment alone (F = 0.76, p = 0.52) (Appendix 4.1B). Both litter biomass and
cover decreased over the course of the experiment (t-value = -7.63 and t-value = -13.29
respectively). Litter cover was significantly increased in both resources high treatments
(P+ R+ t-value = -8.17; P– R+ t-value = -7.07) as well as the P– R– treatment (t-value =
2.61) relative to the control (P+ R–) when interacting with time. Red crab density was
significantly influence by treatment (F = 21.99, p < 0.001), time (F = 5.67, p = 0.02) and
the interaction (F = 3.75, p = 0.01) (Appendix 4.1C). Crab density was significantly lower
in enclosure plots (P– R+ t-value = -6.16; P– R– t-value = -5.84) relative to the open
control.
Inhibition experiment: Coarse-litter-biomass was significantly influenced by treatment
(F = 6.81, p < 0.001), time (F = 99.69, p < 0.001) and the interaction (F = 3.98, p = 0.01)
(Appendix 4.1D). Similarly, litter cover was significantly influenced by time (F = 471.03,
p < 0.001), and the interaction of time and treatment (F = 80.58, p < 0.001), but not by
treatment exclusively (F = 1.02, p = 0.38) (Appendix 4.1E). Both litter biomass and cover
decreased over the course of the experiment (t-value = -3.19 and t-value = -6.77
respectively). Litter cover was significantly reduced in both resources low treatments (P+
R– t-value= -4.15; P– R– t-value= -11.11) and increased in the P+ R+ treatment (t-value
= 3.70) relative to the control (P– R+) when interacting with time. Red crab density was
significantly influence by treatment (F = 31.52, p < 0.001), time (F = 19.82, p < 0.001)
and the interaction (F = 3.53, p = 0.02) (Appendix 4.1F). Crab density was significantly
higher in enclosure plots (P+ R+ t-value = 6.59; P+ R– t-value = 7.35) relative to the open
control.
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Appendix 4.3. Land snail species and their total abundance in either the large (> 2 mm length) or small (< 2 mm length) fraction, pooled across
all plots for all sampling periods for either the Facilitation or Inhibition experiment. Lettering next to species refers to biogeographical status (N =
native, E = exotic, U = unknown).
Facilitation experiment
Species

Family

Elasmias manilensis
Tornatellinops sp.
Japonia wallacei
Cecilioides sp.
Lamprocystis mildredae
Liardetia diliolum
Liardetia scandens
Kaliella cruda
Georissa sp.
Georissa williamsi
Nesopupa servilis
Pupisoma orcula
Lamellaxis gracilis
Opeas pumilum
Paropeas achatinaceum
Subulina octona
Succinea solidula

ACHATINELLIDAE
ACHATINELLIDAE
CYCLOPHRIDAE
FERUSSACHDAE
HELICARIONDAE
HELICARIONDAE
HELICARIONDAE
HELICARIONIDAE
HYDROCENIDAE
HYDROCENIDAE
PUPILLIDAE
PUPILLIDAE
SUBULINIDAE
SUBULINIDAE
SUBULINIDAE
SUBULINIDAE
SUCCINEIDAE

E
E
N
E
N
E
E
E
U
E
E
E
E
E
E
E
N
Total

Large
(>2mm)
1
7
16
1
34
6
-

Small
(<2mm)
19
36
2
40
29
775
1249
15
214
3616
113
136
4
5
122
100
-

Total

65

6475

Inhibition experiment

19
36
2
40
29
782
1265
15
214
3616
113
136
4
6
156
106
-

Large
(>2mm)
7
82
9
27
14
17
117
759
934
26

Small
(<2mm)
27
33
6
2
81
575
776
29474
4127
63
20
52
2
1680
1217
11

Total
27
33
13
2
163
584
803
29488
4144
63
20
169
2
2439
2151
37

6539

1992

38146

40138

CHAPTER 5.
Invasive giant African land snails in rainforest –
damaging invader, aesthetic atrocity or both?

!
Giant Africa land snail (Achatina fulica) is a prolific pantropical invader, and a
known secondary invader of rainforest on Christmas Island, yet its impact in
natural ecosystems remains unknown.
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5.1 Abstract
In the absence of empirical evidence, invasive species are often assumed to have negative
impacts because of their conspicuously high abundance. The giant African land snail
(Achatina (Lissachatina) fulica) is listed as one of the world’s worst invasive species, and
although its impact on agricultural systems is relatively well studied, its impact in natural
ecosystems remains poorly understood. On Christmas Island (Indian Ocean), A. fulica has
become established across large tracts of rainforest following the impacts of the invasive
yellow crazy ant (Anoplolepis gracilipes) in mutualism with non-native scale insects.
While supercolonies of yellow crazy ants do not kill A. fulica, they do locally extirpate
populations of native red land crabs (Gecarcoidea natalis) that are normally effective
predators of A. fulica, thereby facilitating secondary invasion. We conducted an exclusion
experiment and made behavioural observations at a site of high snail abundance (~ 2
snails m-2) to test whether A. fulica affects leaf litter dynamics and seedling recruitment.
We found no significant treatment effects of A. fulica exclusion on leaf litter biomass and
cover during a wet season. Similarly, seedling recruitment and mortality were not affected
by A. fulica exclusion. Achatina fulica consumed detrital material almost exclusively
when observed feeding. Our study constitutes the first empirical test for impact of A.
fulica in a natural ecosystem and demonstrates the assumption of impact for a highly
abundant invader to be false in this case. We conclude that on Christmas Island, A. fulica
invasion has effectively no impact on two key ecological processes in invaded rainforest
and is merely an aesthetic atrocity within the natural ecosystem.
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5.2 Introduction
Biological invasions are considered a major driver of environmental change (Didham et
al. 2005, Tylianakis et al. 2008, Pyšek and Richardson 2010). The ubiquity of introduced
species has generated important research on the ecology, mechanisms of spread, and
management of invasions (Simberloff 2009, Pyšek and Richardson 2010), yet the
ecological impact of many introduced species remains under-quantified (Barney et al.
2013). The reported impacts of many common and widespread introduced species remain
anecdotal and observational (Reaser et al. 2007), and in many cases, costly management
is undertaken on the assumption that the species “must be having an affect” (Barney et al.
2013). The precautionary principle drives much of this approach (Simberloff 2003, Cook
and Thomas 2007), but it can also be attributed to the lack of an holistic framework for
identifying the tipping point between a benign introduction and a high impact invader
(Barney et al. 2013). For many introduced species, the question of whether the
presumption of impact is valid, or whether some even highly abundant invasive species
actually have little to no impact, remains relatively unexplored (Yokomizo and
Possingham 2009, Barney et al. 2013).
One such invader is the giant African land snail Achatina (Lissachatina) fulica Bowdich,
1822. Native to East Africa, A. fulica has successfully invaded and established high
density populations on most tropical mainlands and many Indo-Pacific and other islands
(Raut and Barker 2002). Their spread has been attributed to a number of factors,
including accidental introductions through global commerce and trade, and deliberate
introductions as a food resource (Mead 1961, Raut and Barker 2002, Thiengo et al. 2007,
Cowie et al. 2008). An oviparous hermaphrodite, A. fulica matures within 5 – 8 months,
can grow to 15 cm or more in length, will lay an average of 1000 eggs during its lifetime,
has a generalized diet and can tolerate a wide range of environmental conditions (Mead
1961, Raut and Barker 2002). These characteristics make A. fulica a very successful
invader to new areas and it is recognised on the list of 100 of the worst invasive species
globally (Lowe et al. 2000). This designation is based primarily on the ability of A. fulica
to reach high population densities, a broad diet that includes hundreds of plant species
and detritus, and on the appearance of severe impact in agricultural systems (Mead 1961,
Raut and Barker 2002, Thiengo et al. 2007).
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Raut and Barker (2002) identified the impacts of A. fulica on agriculture as potentially 3fold; i) they can cause a loss of productivity (either directly or indirectly), ii) there can be
labour and equipment costs associated with their control, and iii) there may be
opportunity loss due to changes in regular cropping behaviour when A. fulica are present.
Although known to consume a wide variety of crop species, no quantitative assessment of
impacts and costs at a large scale exists, and several researchers posit that the assumed
severe impacts are the product of embellished and exaggerated accounts of damage in
gardens and small-scale agriculture (Mead 1961, Raut and Barker 2002, Thiengo et al.
2007). There may also be temporal and spatial variability in which crop species are
consumed and how much is consumed (Mead 1961). Despite this lack of documented
impact, significant control measures – including physical, chemical and biological – have
been undertaken with limited success across much of the species introduced range
(Simberloff and Gibbons 2004, Thiengo et al. 2007, Colley and Fischer 2009).
Raut and Barker (2002) also discussed the impact of A. fulica on natural ecosystems as
potentially 3-fold; i) direct alteration through herbivory, ii) indirect alteration of nutrient
cycling via excessive plant material (both live and dead) consumption, and iii) potential
impact on native land snails by direct competition and/or fouling the habitat with mucous
and faeces. Again, these impacts are assumed rather than based on quantitative
information, which led Civeyrel and Simberloff (1996) to suggest that any lasting impact
of A. fulica was not severe, and that the true impact was as nothing more than an aesthetic
atrocity Despite the continued spread of A. fulica (Thiengo et al. 2007, Green et al. 2011,
Vogler et al. 2013), and with complete eradication in many cases impossible (Thiengo et
al. 2007), there remains a conspicuous lack of empirical research quantifying the impact
of this species in natural systems.
Since around the year 2000, A. fulica has established high-density populations in
rainforest on Christmas Island (Indian Ocean) as a consequence of the impacts of other
successful invaders (Green et al. 2011). Assuming high density precipitates impact, we
hypothesise that invasion by A. fulica significantly impacts the rainforest community on
Christmas Island, probably through their generalist feeding behaviour. In our study we
specifically asked: i) does A. fulica impact seedling recruitment, seedling survival and
leaf litter dynamics, and ii) is A. fulica more herbivorous or detritivorous in its dietary
preferences?
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5.3 Methods

5.3.1 Study system
Christmas Island (105°40’E, 10°30’S) is an isolated oceanic island, 360 km south of Java
in the north-eastern Indian Ocean. The climate is tropical, with distinct wet (December –
April) and dry (May – November) seasons (Falkland 1986). This limestone island rises in
a series of cliffs and terraces to a central plateau (maximum elevation 360 m).
Approximately 74% of the island (total area 135 km2) supports broad-leaved, structurally
simple tropical rainforest (Du Puy 1993).
Achatina fulica was probably introduced to Christmas Island as a food resource during
the Second World War (Sproul 1983). Until recently, it was restricted to disturbed
habitats (cleared or mined rainforest) and settled areas, and was unable to successfully
invade intact rainforest because of strong biotic resistance by the endemic red land crab
(Gecarcoidea natalis) (Lake and O’Dowd 1991, Green et al. 2011). This naturally
abundant land crab (~ 0.75 crabs m-2; Green, 1997) plays a key functional role in shaping
the forest understory structure by regulating seedling recruitment and litter decomposition
(Green et al. 1997, 1999, 2008) and inhibits the entry of A. fulica into intact rainforest
through opportunistic predation (Lake and O’Dowd 1991, Green et al. 2011).
However much of the rainforest on Christmas Island has seen the local extinction of the
red crab due to the impacts of other invaders. The yellow crazy ant (Anoplolepis
gracilipes), a pantropical invader that has spread rapidly across the Indo-Pacific region
(Wetterer 2005), has formed a mutualistic relationship with a number of non-native
honeydew-secreting insects, which has resulted in expansive high-density supercolonies
on the island (O’Dowd et al. 2003, Abbott 2006). Where supercolonies have formed, red
crabs are absent because of predation from abundant yellow crazy ants, which has led to
considerable changes in forest understory structure (O’Dowd et al. 2003). Yellow crazy
ants do not kill A. fulica (Green et al. 2011), so an indirect effect of invasion by ants and
their scale insect mutualists has been the entry and spread of A. fulica in rainforest on the
island (Green et al. 2011).
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The invasion of A. fulica into the rainforest has progressed from multiple fronts since
2001 (Green et al. 2011). We identified a single experimental site in the southwest corner
of the island (105°34’14’’E, 10°29’43’’S), where A. fulica density was high and thus
provided a good chance of observing site level impacts. The rainforest at this site is of the
type occurring on relatively shallow soils, is structurally mature and has never been
cleared for phosphate mining. The canopy is between 20 and 30 m tall, and dominated by
species including Dysoxylum gauichaudianum (Meliaceae), Inocarpus fagifer (Fabaceae)
and Claoxylon indicum (Euphorbiaceae). Seedling recruitment had occurred following red
crab extirpation circa 2005, resulting in a complex understory between 2 and 7 m tall. A
high-density yellow crazy ant supercolony was active at the site during the study.

5.3.2 Exclusion experiment
We conducted an exclusion experiment to test the hypothesis that highly abundant A.
fulica affect seedling recruitment and litter dynamics. The experiment consisted of 20
paired plots, each 2 x 2 m. Plots within pairs were a few meters apart, and pairs were
irregularly spaced across the site and were a minimum of 20 m apart. In each pair, A.
fulica had unimpeded access to one plot (control) and were denied access to the other by a
fence (exclusion).
Each exclusion fence was made from wire mesh (10 x 10 mm aperture) and secured to
wooden corner posts. The fence was 0.8 m tall, with a 0.3 m apron bent outwards and
pegged to the ground to prevent snails from pushing their way underneath. The snails
could climb on the vertical sides of the fences, but were prevented from climbing over the
top by a 10 cm band of copper tape (SluggaTM) secured along both sides of the top.
Overhanging vegetation was trimmed so that snails could not climb into the plots that
way. Control plots were marked with wooden corner posts. The experiment was
conducted over a single wet season for 6 months (December 2012 – June 2013) when A.
fulica was active. The fences did not prevent small litter invertebrates from gaining access
to the exclusion plots, and there were no red crabs at the site. Therefore, any treatment
effect could be attributed to the exclusion of A. fulica > 10 mm in size.
Plots were visited weekly to record A. fulica (> 10 mm is size) density and maintain
treatments. Density was recorded as the number of individuals within each plot (arboreal
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and terrestrial). Snails found in exclusion plots were removed and repairs were made to
each fence as needed. Fenced plots were effective at excluding A. fulica; averaged across
sampling dates, fences reduced snail density by 85% from 2.0 m-2 to 0.3 m-2!(Appendix
5.1).
Plots were assessed monthly for coarse-litter-biomass, percent ground cover, and seedling
emergence/survivorship. Coarse-litter-biomass was sampled for each plot by collecting all
litter within two randomly selected 78.5 cm2 circular areas (radius = 5 cm). Small samples
were collected so as to alter the overall cover of litter for each plot minimally or to
potentially alter seedling recruitment dynamics. Samples were sieved (10 mm) and
remaining pieces of soil and rocks removed, dried (55 °C for 48 h) and weighed.
Percentage leaf litter and bare ground cover was recorded using a 1 m2 point count
method in the approximate centre of each plot. Each of 100 intersecting grid points of
fishing line on a 1 x 1 m frame was recorded as touching either leaf litter, bare ground or
other (rock, log/stick or plant).
Seedling emergence and survivorship were monitored monthly across all plots. All
seedlings to 20 cm tall occurring on the plots at the start of the experiment were
identified, counted and marked with coloured bamboo skewers stuck in the ground beside
them. At each census thereafter, survivors were noted and new recruits were also marked
with skewers. Different colour codes indicated new seedlings from each month, including
seedlings present on the plot at the start of the experiment.

5.3.3 Diel activity
Belt transects were used to monitor diel activity of snails. Three 50 x 1 m transects were
established in April 2013 and surveyed monthly for three months. For each survey, the
number of snails on the transects was counted during the morning (0800 – 1200 h) and
again at night (2000 – 2400 h). The position of each snail was recorded as either on the
ground or on vegetation, and if the latter, at what height and on what species. Activity
was recorded as either retracted within the shell or extended out of the shell, and if the
latter, if the individual was moving, feeding, mating, or nothing. Food item (detritus,
fresh material, fruit) was noted when individuals were observed feeding.
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5.3.4 Trophic position
In addition to direct observations of feeding (above), stable isotope ratios (δ15N and δ13C)
were used to infer the trophic position and dietary source of A. fulica at the site of the
exclusion experiment. This was undertaken in two ways. First, the stable isotope ratios
from 10 field-collected A. fulica were compared against the isotopic baseline (fresh leaves
and decaying leaf litter) and that of a known herbivore (Christmas Island stick insect
Ramulus stilpnoides, n = 5), a detritivore (millipede Leptogoniulus sorornus, n = 5) and a
carnivore (orb weaving spider Nephila pilipes, n = 4). Samples of fresh leaves were
collected from four common species occurring in the understorey (C. indicum, D.
gauichaudianum, Hoya aldrichii (Asclepiadaceae), Ochrosia ackeringae (Sapotaceae).
Samples of leaf litter were collected from five locations around the site. Samples were
collected without regard to the state of decomposition because the stable isotope ratio of
detritus material does not change through time (Meyer and Yeung 2011). All samples
were hand collected from the field in July 2013 and preserved in 97% ethanol.
The second way in which we inferred trophic position was to compare the stable isotope
ratios of field-collected A. fulica (above) against experimental A. fulica that were fed
known diets. Forty mature snails (~ 40 mm length) were collected from the site and
randomly assigned to one of two terrariums (60 x 30 x 40 cm) in a laboratory. Snails in
one terrarium were fed a mix of fresh leaves from various species occurring at the site
(most commonly O. ackeringae, H. aldrichii, Aspenium nidus (Aspleniaceae), D.
gaudichaudianum and Maclura cochinchinensis var. conchinchinensis (Moraceae)) while
snails in the other terrarium were fed leaf litter from a mix of species collected from the
forest floor. New fresh leaves and litter were collected from the site weekly and stored in
the fridge. Every 2-3 days, new leaves from the most recent collection were fed to the
snails and any uneaten leaves removed to ensure that snails were fed on a continuous diet
of either fresh or decayed material. Snails had free access to water and pieces of
limestone as a calcium source throughout the experiment. After three months, all live
individuals (fresh diet n = 8 of 20; detritus diet n = 16 of 20) were killed and tissue
samples from the foot were collected for analysis. The experiment ran for three months to
allow for isotope assimilation into the snails tissue while minimising mortality. Samples
from all field and experimental snails, and leaf and arthropod samples were analyzed for
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δ15N and δ13C using an automated nitrogen carbon analyzer system consisting of a 20-22
mass spectrometer and an elemental analyzer (SERCON, UK).

5.3.5 Data analysis
Response variables (A. fulica density, leaf litter cover, bare ground cover, number of new
seedling recruits, seedling mortality and total seedling recruits present) were modelled
using generalized linear mixed models with Poisson distributions and logit link functions.
Variables were modelled as a function of time and treatment (and the interaction) with
replicate included as a random effect. Plots of residuals against fitted values, residual
frequency histograms, quantile-quantile plots and residual variation box plots were
examined to verify homogeneity and expected properties of residuals (Zuur et al. 2009).
Tests for overdispersion were undertaken to assess if there was additional variance in the
data than assumed by the Poisson distribution (Crawley 2013). If models were
overdispersed, a random observation was included as a random effect in order to correct
for the unexplained variance (Zuur et al. 2009). Coarse-litter-biomass was modelled using
a linear mixed model with the same predictor variables and random effects, as the data
were non-integers. One-way ANOVA with Bonferroni post-hoc tests was used to identify
differences in δ15N and δ13C for A. fulica and samples of known trophic position. All
analyses were performed using the lme4 (Bates et al. 2014) and statistics packages in R
version 3.1.1 (R Core Team 2014).

5.4 Results

5.4.1 Exclusion experiment
Despite occurring at high density (up to 6.25 snails m-2 on the control plots), A. fulica had
no detectable impact on leaf litter or seedling dynamics. Coarse-litter-biomass decreased
over the course of the wet season but did not differ significantly between exclusion and
control plots (Table 5.1; Fig. 5.1a). Similarly, there was no observed treatment effect on
the percentage cover of leaf litter or bare ground (Table 5.2; Fig. 5.1b-c). There was a
significant interaction between time and treatment for percentage leaf litter cover (Table
5.2) with cover in exclusion plots decreasing less rapidly (Fig. 5.1b).
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The emergence of new seedling recruits was highest at the beginning of the experiment
and decreased significantly over time (Table 5.2; Fig 5.2a). The exclusion of A. fulica had
no effect on either the number of new seedling recruits (Table 5.2; Fig. 5.2a) or seedling
mortality (Table 5.2; Fig. 5.2b). The number of new seedling recruits present on a plot
each month did not differ between treatments and did not change over the course of the
experiment (Table 5.2; Fig. 5.2c).

Table 5.1. Parameter estimates for predictors of coarse-litter-biomass within our

treatment – control plots. Results obtained by linear mixed models (LMM) with a poisson
distribution using replicate as a random effect (*** p <0.001).

!

Response variable

Parameter

Coarse-Litter-Biomass
-2
(g 0.016 m )

(Intercept)
Time
Treatment
Time:Treatment

Estimate

St.Error

5.59
-0.66
0.75
0.14

0.47
0.09
0.43
0.12

t
11.93
-7.73
-1.72
1.13

***
***
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Table 5.2. Parameter estimates for predictors of ground cover and seedling recruitment
dynamics within our treatment – control plots. Results obtained by generalized linear
mixed models (GLMMs) with poisson distributions using replicate as a random effect in
all models. Seedling recruitment models also contain a ‘random observation’ included as
a random effect in order to correct for over dispersion (* p < 0.05; *** p < 0.001).

Response variable
Ground cover
Leaf litter (%)

Bare ground (%)

Seedling recruitment
New emergents / mo

Emergent deaths / mo

Total emergents present / mo

!

Parameter

Estimate

St.Error

Z

(Intercept)
Time
Treatment
Time:Treatment
(Intercept)
Time
Treatment
Time:Treatment

4.75
-0.08
-0.02
0.03
1.45
0.38
-0.12
-0.07

0.04
0.01
0.03
0.01
0.22
0.03
0.18
0.05

121.43
-11.51
-0.70
2.79
6.50
11.88
-0.66
0.14

***
***

(Intercept)
Time
Treatment
Time:Treatment
(Intercept)
Time
Treatment
Time:Treatment
(Intercept)
Time
Treatment
Time:Treatment

2.15
-0.38
-0.16
0.01
-0.17
0.15
0.34
-0.16
2.00
0.07
0.02
-0.03

0.50
0.08
0.34
0.10
0.41
0.11
0.43
0.09
0.42
0.25
0.25
0.06

4.25
-4.80
-0.47
0.10
-0.40
1.42
0.79
-1.73
4.73
1.53
0.07
-0.52

***
***

***
***
***

***
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Fig. 5.1. Response (solid line) of ground conditions to experimental treatments (A. fulica
exclusion and control) and time (month) as calculated by linear mixed model (LMM) (a)
and generalized linear mixed models (GLMMs) (b,c). Dashed lines indicate 95%
confidence.
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Fig. 5.2. Response (solid line) of seedling recruitment dynamics to experimental
treatments (A. fulica exclusion and control) and time (month) as calculated by
generalized linear mixed models. Dashed lines indicate 95% confidence intervals.
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5.4.2 Diel activity
In total, 585 diurnal and 635 nocturnal observations of A. fulica activity were made
during the study. During the day, 96.9% of individuals were inside their shells, with the
majority of those (73.7%) on the ground (Fig. 5.3). At night, 51.6% of individuals were
out of their shells, with almost all of those (93.1%) on the ground. Of these active
individuals, most were feeding (47.3%), and many were moving (29.0%) or simply doing
nothing (21.9%). The consumption of dead leaves accounted for 95.8% of all feeding
observations (n = 165). Seven observations were of A. fulica consuming the fruit of O.
ackeringae. Achatina fulica was not observed consuming fresh leaves. Individuals on
vegetation (n = 214) were observed on 14 different plant species; most commonly,
Pandanus elatus (Pandanaceae) (25.7%), D. gauichaudianum (15.0%) and I. fagifer
(12.1%).

Day$
a)'

Night$
b)'

Loca-on$

In'/'Ground'
In'/'Veg'
Out'/'Ground'
Out'/'Veg'
n"='585'"

d)'
Feeding'

Ac-vity$

c)'

n"='635'"

Moving'
Ma,ng'
Nothing'
n"='17'"

n"='334'"

Fig. 5.3. The location and activity of observed Achatina fulica. (a – b) Percentage of
individuals found inside (In) or outside (Out) of their shell either on the ground (Ground)
or on vegetation (Veg) during the day (a) or night (b). (c – d) Percentage of active
individuals (Out) involved in a particular action (feeding, moving, mating or nothing)
during the day (c) or night (d).
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5.4.3 Trophic position
Stable isotope analysis revealed the carnivore (spider N. pilipes) to have a significantly
higher δ15N (ANOVA; F7, 65 = 11.65, p < 0.001) than all other groups (including fresh and
detrital plant material), which did not differ from each other (Table 5.3). Carbon ratios
(δ13C) did not differ among samples (ANOVA; F7, 53 = 1.29, p = 0.27) (Table 5.3).
Nitrogen and carbon ratios for snails fed on exclusively fresh or detritus diets did not
differ from each other or from snails collected from the field (Table 5.3).
Table 5.3. Sample description and isotopic values (Mean ± 1 SE; δ15N and δ13C) for
Achatina fulica and samples from other trophic positions. Values denoted with the same
superscript litter do not differ significantly (ANOVA with Bonferroni post hoc tests).

Substrate

15

13

Tissue used

n

Leaf
Leaf

20
5

B

Leg

5

B

-29.14 ± 0.28

Whole body

5

B

5.77 ± 0.89

-24.79 ± 0.61

Leg

4

12.12 ± 0.98

-25.93 ± 0.40

Achatina fulica
Field

Foot muscle

10

B

-25.76 ± 0.21

Fresh diet
Detritus diet

Foot muscle
Foot muscle

8
16

B

-24.06 ± 0.19
-25.11 ± 0.21

Baseline
Fresh plant
Detritus plant
Herbivore
Stick insect
Detritivore
Millipede
Carnivore
Spider

δ N (%)

δ C (%)

5.18 ± 0.56
6.29 ± 0.77

-28.50 ± 1.74
-30.89 ± 0.70

B

5.08 ± 0.22

A

7.27 ± 0.16
7.41 ± 0.42
7.30 ± 0.13

B

5.5 Discussion
We found no evidence that A. fulica in high density has any impact on leaf litter or
seedling recruitment dynamics in invaded rainforest on Christmas Island. These findings
are significant and have broad implications for two reasons. First, our study represents the
first quantified investigation into the impacts of A. fulica invasion in a natural ecosystem.
Second, our findings demonstrate that the presumption of impact for highly abundant
invasive species may sometimes be incorrect, as in this case. These results support the
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contention of Civeyrel and Simberloff (1996) that A. fulica has little or no impact and is
nothing more than an ‘aesthetic atrocity’.
Exclusion of A. fulica had no measurable treatment effect on the biomass or cover of leaf
litter. This was surprising considering almost all feeding observations were of A. fulica
consuming dead leaves from the forest floor. Elsewhere, A. fulica consumes hundreds of
plant species and is commonly referred to as a generalist feeder (Mead 1961, Raut and
Barker 2002). Our finding may not be the outcome of what A. fulica eats but rather how
much they eat. Anecdotal accounts describe high-density populations of A. fulica quickly
consuming an entire crop of some agricultural species (Mead 1961, Raut and Barker
2002) but we found no study that quantified the amount of plant material consumed. On
Christmas Island, perhaps individuals consume only a small proportion of detrital
material available and therefore do not significantly alter leaf litter dynamics even when
in high densities. We also observed a high proportion of A. fulica inside their shells
during our diel surveys. Accounting for a inactivity is important when considering niche
opportunities and impacts of biological invasions (Shea and Chesson 2002). It is likely
that high-density A. fulica have no significant impact on ground layer dynamics in
rainforest on Christmas Island because of their high levels of inactivity.
The relative inactivity of A. fulica at our site may not be due simply to natural behaviours
but rather a response to the presence of an active yellow crazy ant supercolony. On
Christmas Island, yellow crazy ants do not prey on A. fulica (Green et al. 2011), and there
are no reports in the literature of yellow crazy ants preying on other land snail species.
However, simply the presence of these ants in high density (up to 1000 ants m-2; Abbott
2006) may be a nuisance for A. fulica, causing individuals to spend more time in their
shells and less time feeding than they otherwise would. At the time of our study, no
rainforest sites where both yellow crazy ants and red crabs were absent supported a highdensity population of A. fulica. Future research could focus on areas with those
conditions, and low-density A. fulica populations, to determine whether activity is higher
in the absence of yellow crazy ants.
Exclusion of A. fulica had no effect on seedling recruitment or mortality. Achatina fulica
is described as a generalist and opportunistic herbivore/detritivore (Mead 1961, Raut and
Barker 2002) yet we did not observe herbivory on any new seedling germinants during
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our study. The lack of an impact on seedling recruitment dynamics is not surprising if A.
fulica is predominantly detritivorous. The literature on A. fulica lacks quantitative data on
feeding preferences, particularly in natural communities (Raut and Barker 2002).
However, anecdotal accounts have suggested their dietary preference may change across
life stages with the youngest A. fulica feeding on decaying matter, juveniles preferring the
fresh leaves of younger plants, and adults behaving primarily as detritivores while not
completely ignoring fresh material (van Weel 1948/49; Dun 1967; Olson 1973). This
potential dietary preference-shift was somewhat supported by Ciomperlik et al. (2013)
who concluded pellet formulations of molluscicides were most effective at killing
juvenile A. fulica because they are predominantly herbivorous, compared to liquid and
granular formulations that were more effective on other, predominantly detritivorous, life
stages. Our study was focussed on assessing the impacts of a high-density population of
A. fulica that were observed to be almost exclusively detritivorous. It is clear from these
examples and others (i.e. Meyer et al. 2008) that the dietary preference of A. fulica
remains under-researched and poorly understood.
Our conclusion that A. fulica is highly detritivorous is based entirely on behavioural
observations. Investigation into trophic position using stable isotopes was inconclusive,
because it failed to differentiate field collected A. fulica from either known herbivores and
detritivores or A. fulica individuals with known fresh plant or detrital diets. This method
has been used successfully by others to determine trophic position (nitrogen ratios δ15N;
Post 2002) and dietary source (carbon ratios δ13C; Ostrom et al. 1997) for a number of
land snail species within a tropical community (Meyer and Yeung 2011). Our samples
may have been affected by the time spent in ethanol, although many studies have
concluded ethanol preservation has little affect on either δ15N or δ13C values (Sarakinos
et al. 2002, Barrow et al. 2008). The A. fulica individuals of known diets may not have
had sufficient time to assimilate the isotopic signature of their diet, yet the high mortality
in the group fed an exclusively fresh diet meant the experiment could not run for longer.
That result alone may suggest that A. fulica is highly detritivorous and unable to survive
on an exclusively fresh diet of Christmas Island plant species.
Achatina fulica was observed consuming fresh leaf material at the experimental site, at
times other than during the diel surveys, and A. fulica has also been seen consuming
leaves directly off plants elsewhere on the island (Authors pers. obs.). At the experimental
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site, a single understory O. ackeringae was completely stripped of foliage while other
individuals of the species were completely untouched. Around one-quarter of A. fulica
individuals observed were on the trunks and stems of seedlings during the day and the
few individuals seen on vegetation during the night were almost exclusively moving
towards the ground. We suggest that most arboreal behaviour of A. fulica on Christmas
Island is for something other than using arboreal resources for food, such as ingrained
predator avoidance (Mead 1961).
Even if A. fulica did have a significant impact and lowered the biomass of leaf litter in
this community, that change would not be undesirable. As a secondary invader of
rainforest on Christmas Island, A. fulica is only present where red crabs are absent (Green
et al. 2011) and where the extirpation of red crabs has allowed the build-up and
persistence of leaf litter (O’Dowd et al. 2003). When in naturally high densities, red crabs
play a key role in nutrient cycling on the island, keeping the forest floor completely free
of leaf litter for much of the year (Green 1997, Green et al. 1999). Our observations
revealed A. fulica to be primarily detritivorous, although their rate of litter consumption
did not differ significantly from the natural rate of decomposition occurring during the
course of the wet season. If this removal of litter biomass had been higher, and a
treatment effect observed, A. fulica could have been considered functionally equivalent to
the red crab and their impact viewed as something positive and beneficial in this
rainforest ecosystem. In much the same way that other exotic species fulfil the functional
roles of absent native species in other ecosystems (MacDougall and Turkington 2005,
Didham et al. 2005).
Any impact of A. fulica on Christmas Island may be on something other than the key
ecological processes investigated here. Achatina fulica is thought to affect the abundance
of other land snail species either by direct competition or indirectly by fouling the habitat
with excessive faeces and mucus (Civeyrel and Simberloff 1996, Raut and Barker 2002,
Thiengo et al. 2007). However, high-density populations of other land snail species are
present in rainforest devoid of red crabs on Christmas Island, that may also contain
abundant A. fulica (O’Loughlin and Green 2015). Achatina fulica may have a negative
impact on human health, as it is a known intermediate host for the nematode responsible
for eosinophilic meningoencephalitis (Cheng and Alicata 1965), yet so are many other
species (Kim et al. 2014). Civeyrel and Simberloff (1996) suggested that this potential
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impact has been exaggerated and in fact A. fulica are not a serious hazard to human
health. Achatina fulica has been noted as a road hazard, causing cars to skid when driving
over large numbers (Mead 1961), which may be applicable to Christmas Island, where
mass breeding concentrations of snails are commonly observed on the crushed-limestone
roads (Authors pers. obs.).

5.6 Conclusions
We found no evidence to support the assumption that highly abundant A. fulica cause
impact in an invaded natural rainforest. On Christmas Island, A fulica appear to be eating
a relatively small amount of dead leaves and doing little else. Their invasion was found to
be simply an aesthetic problem that would be easily removed by restoring the
ecosystem’s natural biotic resistance through the recovery of red crab populations (Green
et al. 2011). Although a challenge, past management actions have resulted in many areas
being re-colonised by red crabs following the removal of yellow crazy ant supercolonies
(Green et al. 2011). Therefore, considerable effort should continue to be directed against
the primary invader without undue concern for this secondary invader.
Although we found the abundance-impact assumption to be false in our study, the
assumption still remains useful for invasive species management. Ecosystem level
impacts of invasive species can be subtle and remain unnoticed even when dedicated
research is undertaken (Simberloff 2011, Vilà et al. 2011). Any impact may also not
become apparent until long after the species has invaded (Yokomizo and Possingham
2009), such that significantly higher management costs if no initial action was undertaken
are incurred (Pyšek and Richardson 2010). A cautious approach is still recommended
when aiming to minimise both the impacts of invasive species and the effort and cost of
management actions. On Christmas Island, A. fulica should be recognised as an invader
with minimal impact (Blackburn et al. 2014) and merely an aesthetic atrocity, in which a
precautionary management approach is unnecessary.
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5.8 Appendices
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Appendix 5.1. Response (solid line) of Achatina fulica density (4 m-2) to experimental
treatments (A. fulica exclusion and control) and time (week) as calculated by generalized
linear mixed models (GLMMs). Achatina fulica density was significantly reduced by the
experimental treatment (Z = -5.96, p < 0.001). Dashed lines indicate 95% confidence
intervals.
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Light streams through the Pandanus at the Dales on Christmas Island.

6: Synthesis

6.1 Overview
Biological invasions are considered a main driver of global environmental change
(Didham et al. 2005, Tylianakis et al. 2008, Pyšek and Richardson 2010) and pose a
significant threat to biodiversity through species loss and altered ecosystem function
(Mack et al. 2000, Crooks 2002, Ricciardi 2007). From a theoretical perspective, the
ubiquity of exotic species in ecosystems facilitates the investigation of many questions,
particularly those concerning rapid evolution (Richardson and Pyšek 2006, FloresMoreno et al. 2015), mechanisms of species success (Catford et al. 2009), and of species
interactions in novel settings (Simberloff and Von Holle 1999, Rodriguez 2006, Hobbs et
al. 2006). From a practical perspective, understanding the effects of biological invasions
on ecosystems is of fundamental importance for managing threatened species and
communities, and minimising potential threats into the future.
The determinants of invasion success continue to be intensely studied (Catford et al.
2009, Lockwood et al. 2009, Blackburn et al. 2011) in order to better understand and
predict which species will become invasive and what the impacts of these successful
invaders are likely to be. Invasion success is determined by the interaction of propagule
pressure, traits of the invader and properties of the recipient community (Catford et al.
2009, Lockwood et al. 2009, Blackburn et al. 2011). Although these holistic frameworks
explaining the determinants of invasion success reduce redundancy by unifying
hypotheses, the context-specific nature of many biological invasions ensures the need for
context-specific hypotheses. It is not necessarily the static properties of a community, but
rather how those properties change, that best predicts invasion success (Moles et al.
2012).
Established invaders can – through their impacts – significantly alter key characteristics
of ecosystems to which subsequent invaders will respond. Despite many examples of
exotic species forming novel facilitative interactions (Simberloff and Von Holle 1999,
Grosholz 2005, Green et al. 2011), the invasion success of one species being contingent
on the presence and influence of another remains under-researched and poorly defined.
The invasional meltdown hypothesis (Simberloff and Von Holle 1999) posits that
mutualism between invaders will amplify impacts leading to an accelerating accumulation
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of further invasions. Although the facilitated invasion success of others was a key
component of their hypothesis, Simberloff and Von Holle (1999) did not define or discuss
the concept beyond this basic expression of a potential outcome of invasional meltdown.
Described elsewhere as ‘secondary invasion’ (Floerl et al. 2004, Green et al. 2011, Flory
and Bauer 2014), this study has contributed towards a greater understanding of the ways
primary invaders alter properties of recipient communities to facilitate secondary
invaders.
Although there is an inherent link between the concepts of invasional meltdown and
secondary invasion, both describe specific phenomena and suggest different and
interesting hypotheses. In this thesis, secondary invasion was defined and developed as a
hypothesis (Chapter 2) to test the pattern, mechanism and potential impact of facilitated
invasion success (Chapters 3-5).This research investigated whether the invasion success
of a predominantly exotic land snail community was facilitated by the presence and
influence of an invasive ant-scale mutualism. Considered one of the strongest examples
of invasional meltdown (Simberloff 2006), the invasion of rainforest by the invasive antscale mutualists, and resulting altered community, was found to facilitate the land snail
community through significantly increased abundance of small snails previously
persisting in low densities (Chapter 3). Experimentation determined the mechanism of
this success was indirect habitat augmentation that provided increased leaf litter resources
for invading snails (Chapter 4). Further experimentation determined that the largest of
these invasive snail species (Achatina fulica) caused no measurable impact in invaded
rainforest when in high abundance (Chapter 5).
This research has provided many insights into the patterns, processes and impacts of
secondary invasion in the context of invaded rainforest on Christmas Island. Furthermore,
by developing the concept of secondary invasion, and testing that concept, this study
provides a framework on which to build a greater understanding of the determinants of
invasion success. In this chapter, the key findings of this work are summarized in relation
to the objectives outlined in Chapter 1 (Table 6.1), the theoretical significance and
implications are discussed, the impact of this work is considered regarding invasive
species management, and future research directions are identified.
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Table 6.1. Key findings in relation to the four objectives of this study.

Objectives

Key Findings

Defining the concept of secondary invasion
(Chapter 2)
How do we define ‘secondary invasion’?

•
•

How does secondary invasion fit within existing
heuristic models of invasion success?

•
•
•

What are the mechanisms by which primary invaders
indirectly or directly facilitate secondary invaders?

•

•

Can we propose theoretical pathways of secondary
invasion?

•
•

The term ‘secondary invasion’ has been used interchangeably with others to describe
multiple ecological phenomena.
We define secondary invasion as the situation where the invasion success of one exotic
species is contingent on the presence, influence and impacts of one or more other exotic
species.
Invasion success is dependent on the interaction of propagule pressure, traits of the
invader and properties of the recipient community.
Previously successful invaders can alter the traits of recipient communities considerably.
The presence and influence of previously successful invaders could be recognised as
key properties of recipient communities to which subsequent invaders will respond.
Primary invaders indirectly facilitate secondary invaders by altering a component of the
recipient community that was negatively influencing the invasion success of the
secondary invader.
Primary invaders directly facilitate secondary invaders by providing a particular
component of the recipient community the absence of which was negatively influencing
the invasion success of the secondary invader.
The ‘true-entry’ model describes the situation in which primary invaders facilitate the
entry of secondary invaders into a community from which they were previously excluded.
The ‘population-release’ model describes the situation in which naturalised species at
low abundance spread and become invasive as a result of the impacts of primary
invaders.

6: Synthesis

Objectives
What are the data thresholds for determining
secondary invasion?

Key Findings
•
•
•

Modelling techniques are unlikely to indicate secondary invasion based on species
identity alone because of the context-specific intricacies of species interactions.
Differentiating ‘true-entry’ from ‘population-release’ requires accurate species absence
data.
Differentiating ‘population-release’ from a lag-phase in invasion success requires
detailed understanding of community shifts over time and species interactions.

Documenting a pattern of secondary invasion
(Chapter 3)
How do land snail abundance, species richness and
composition differ between forest states that have
arisen as a result of the ant-scale invasion?

•
•
•
•

Land snail abundance was four- or five-fold higher where red crabs were absent or rare
compared to where they were abundant.
Neither species density nor richness differed between forest states.
Land snail community composition was significantly dissimilar in forest states where red
crabs were absent or rare compared to where they were abundant.
The difference in composition was driven by the significantly increased abundance of a
few common species in impacted rainforest.

Are exotic land snails only present where the recipient
community has been altered?

•

Almost all exotic land snail species were present in intact rainforest in relatively low
abundance

Are native land snails also facilitated by these changes
to the recipient community?

•

Native land snail species were found in higher abundance in rainforest impacted by the
invasive ant-scale mutualism compared to intact rainforest.

•

Total land snail abundance was highest in experiment plots where resources (leaf litter)
remained high, irrespective of whether predation pressure (red crab density) was high or
low.
Habitat augmentation (increased leaf litter) was the mechanism facilitating these snails

Determining the mechanism of secondary invasion
(Chapter 4)
What is the mechanism of invasion success of land
snails on Christmas Island – the creation of enemyfree space or the release of habitat and resources?

•

!
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Objectives
Is the mechanism of invasion success dependant on
land snail size?

Key Findings
•

•

The response of the larger individuals in the community (length > 2 mm) was the same
as when considering the whole community; abundance was highest in experimental
plots where resources (leaf litter) remained high, irrespective of whether predation
pressure (red crab density) was high or low.
Red crabs are more likely to handle larger objects and were not observed directly
handling live snails or beads less than 2 mm in size.

Assessing the impact of a secondary invasion
(Chapter 5)
Is A. fulica more herbivorous or detritivorous in its
dietary preferences?

•
•
•

Do highly abundant A. fulica impact seedling
recruitment and/or survival?

•

Neither seedling recruitment nor survival were affected by A. fulica exclusion

Do highly abundant A. fulica have an impact on leaf
litter dynamics?

•

Leaf litter cover decreased less rapidly throughout a wet season when abundant A. fulica
were excluded.
The exclusion of A. fulica had no overall treatment effect on either litter biomass or
cover.

•

!

Stable isotope analysis could not determine whether A. fulica were consuming primarily
detritus or fresh leaf material.
Almost all observations made of A. fulica feeding in the field were of individuals
consuming dead leaf material.
The only observations of A. fulica feeding on fresh leaf material were made anecdotally,
outside of the structured survey.
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6.2 Significance and implications

6.2.1 Defining the concept
Recognising positive interactions between species is central to our understanding of
community assembly (Bertness and Callaway 1994, Callaway and Walker 1997), yet the
same principles are less commonly applied to understanding what determines invasion
success. The impacts of successful invasive species will often alter key properties of
recipient communities, which can facilitate the entry of other, previously unsuccessful,
exotic species (e.g. Grosholz 2005; Green et al. 2011). In Chapter 2, the concept of
secondary invasion was defined as the situation whereby the invasion success of one
exotic species (the secondary invader) is contingent on the presence, influence and impact
of one or more other exotic species (primary invaders). Prior to this definition, the term
‘secondary invasion’ was used interchangeably with others in ecological literature to
describe multiple invasion phenomena (Dietz and Edwards 2006, Gooden et al. 2009,
Erfmeier et al. 2011, Baldwin et al. 2012), thereby lowering its heuristic value. Secondary
invasion, as defined here, recognises that properties of recipient communities are not
static and that particular properties, that had initially provided a filter limiting invasion
success, can be altered by the invasion success of others. In this way, secondary invasion
suggests invasive species themselves should be considered key properties of recipient
communities. This adds a level of complexity to the currently recognised framework of
invasion success as determined by the interaction between propagule pressure, traits of
the invader, and properties of the recipient community (Catford et al. 2009, Lockwood et
al. 2009, Blackburn et al. 2014) (see Figure 2.1). Our secondary invasion framework has
implications for the development of invasion biology theory as well as aiding the
prediction of future problem species for conservation management.
Secondary invasion emphasizes that properties of the recipient community that determine
invasion success are not static but subject to change. The idea that the abiotic and biotic
environment determines community structure is not new, and has been recognised as a
key determinant in both natural (Porensky et al. 2013, Green et al. 2014, Bernard-Verdier
and Hulme 2015) and invaded (Von Holle and Simberloff 2004, Catford et al. 2012,
Preston et al. 2012) communities. Rather, it is important to recognise that these properties
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can and will change. Recently, Moles et al. (2012) demonstrated that it was not
disturbance regime per se but rather how that regime changed that was the strongest
predictor of invasion success in exotic plants. Our ideas on secondary invasion further
this understanding through acknowledging that the presence and influence of successful
exotic species themselves is an inherent property of recipient communities because of
their capacity to cause change.
Our concept also recognises alternate heuristic models of secondary invasion. The
proposed models of ‘true-entry’ and ‘population-release’ secondary invasion propose
testable hypotheses for researchers to explore when attempting to determine why and how
a particular species has become invasive. Recognising that invasion is only the final stage
of the pathway, and that species can be facilitated from one stage to the next, not only in
terms of entry, but also establishment. The ‘population-release’ model in particular
provides the first alternate hypothesis to the widely cited lag-phase in invasion success
(Lonsdale 1993, Richardson et al. 2000, Simberloff 2011). Although a delay in invasion
success is often due to time required to accrue sufficient propagule pressure (Richardson
et al. 2000, Catford et al. 2009), in some cases this lag may be due to some property of
the community limiting the ability of that species to develop that propagule pressure (i.e.
the absence of the appropriate disperser). The difference in time between entry and spread
of an invasive shrub Mimosa pigra in northern Australia is widely cited as a lag-phase
(Braithwaite et al. 1989, Lonsdale 1993), yet the correlation of exotic buffalo
establishment (a probable dispersing agent) and Mimosa spread suggests the potential of a
population-release secondary invasion (Lonsdale 1993).

6.2.2 Documenting a pattern
On Christmas Island, mutualism between invasive yellow crazy ant Anoplolepis
gracilipes and exotic honeydew-producing scale insects significantly alters rainforest
structure via the removal of a native omnivore, the red land crab Gecarcoidea natalis
(O’Dowd et al. 2003). Chapter 3 considered whether this invader-invader mutualism
indirectly facilitated a predominantly exotic community of land snails. It was determined
that essentially all snail species were present across plateau rainforest, but they were
significantly more abundant where red crabs were absent or rare, and therefore leaf litter
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was more plentiful. These findings constitute ‘population-release’ secondary invasion in
which the impacts of previously successful invaders facilitate increased abundance of
other exotic species already established at low density within the community.
Although there are examples of ‘population-release’ secondary invasion (D’Antonio and
Dudley 1993, Grosholz 2005, Richardson et al. 2007), they were never described as such.
Authors have commonly used the invasional meltdown framework to discuss their
observed patterns (Grosholz 2005, Relva et al. 2010). Going beyond simply defining the
observed phenomenon, this research has provided a quantified example of populationrelease secondary invasion occurring for an entire community of organisms. This
movement from a seemingly benign introduction to a highly abundant invader is what
typifies the shift from ‘entry’ to ‘establishment’ on the invasion pathway (Richardson et
al. 2000). ‘Population-release’ secondary invasion provides a useful model for others to
consider facilitated invasion success in other ecosystems and our demonstrated example
on Christmas Island highlights that invasion success can be described not only at the level
of species, but that of an entire community of organisms.
The altered rainforest community on Christmas Island advantaged all land snail species,
regardless of whether they were introduced or native. These findings demonstrate, for the
purpose of understanding community assembly, that functional species identity is more
important than taxonomic identity. Some researchers have criticized invasion biologists
for focussing their efforts on introduced species within ecosystems, suggesting that the
entire research field of invasion biology is built on an unfounded belief that exotic species
are ‘unique’ or ‘different’ (Warren 2007, Valery et al. 2009, Valéry et al. 2013).
Responding articles argued that the principles of invasion biology are grounded in
ecological theory and that a dedicated research field was required to address the fact that
biological invasions are a significant driver of global environmental change (Richardson
et al. 2008, Simberloff and Vitule 2013, Richardson and Ricciardi 2013, Blondel et al.
2014). Simberloff and Vitule (2013) heavily criticized the argument that invasion biology
studies introduced species in isolation, and without proper consideration of their place
within community networks. The land snail community of Christmas Island is dominated
by introduced species and so the focus of our research was always on how exotic species
may indirectly facilitate other exotics. However, through exploring the response of this
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community to the invasive ant-scale mutualism, this research was able to make
generalisations on the drivers of land snail abundance patterns more broadly.

6.2.3 Determining the mechanism
The invasive ant-scale mutualism on Christmas Island alters two key properties of the
recipient community to which the land snail secondary invaders could respond – the
creation of enemy-free space (red crab removal) and the augmentation of habitat and
resources (leaf litter persistence). Chapter 4 details an experimental approach for
determining the mechanism behind the increased abundance pattern observed in Chapter
3. Predation pressure (red crab density) and resources (leaf litter biomass) were
experimentally manipulated (high and low) in replicated blocks of four treatment
combinations across two sites. In both experiments, plots with high leaf litter biomass
contained significantly more land snails than those with low biomass, regardless of
whether those plots had high or low predation pressure. This part of the study went
beyond the use of inference methods and experimentally demonstrated that the
mechanism of invasion success in this exotic land snail community was the increased
resources available in impacted rainforest.
Through the combination of the results of this experiment and those of Green et al.
(2011), it becomes clear that the omnivorous red crab on Christmas Island is influencing
land snail presence and abundance simultaneously through direct top-down and indirect
bottom-up forces. Omnivores have been predicted as playing significant roles in
structuring natural communities because of their varied diet (Terradas and Penuelas
2011). However, the influence of omnivores at the community level is rarely studied,
even though there is the obvious potential to provide top-down force through predation,
and bottom-up force through herbivory and nutrient cycling. Omnivores use many
different energy sources within the nested hierarchy of food webs, and the simplified
view of a trophic chain may seriously underestimate their role in stabilizing and
determining ecosystem properties (Terradas and Penuelas 2011). These findings represent
the first documented example of a single species influencing an entire community of
organisms simultaneously through top-down and bottom-up forces.
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6.2.4 Assessing the impact
In the absence of empirical evidence, invasive species are often assumed to have negative
impacts because of their conspicuously high abundance (Barney et al. 2013). Under the
invasional meltdown hypothesis, the presence of secondary invaders would increase and
amplify impacts on the invaded community (Simberloff and Von Holle 1999, Simberloff
2006). The giant African landsnail Achatina fulica is noted as one of the worst invasive
species globally (Lowe et al. 2000) and is a recognised secondary invader of rainforest on
Christmas Island (Green et al. 2011). Achatina fulica has a generalised diet and are
known herbivores of hundreds of species (Mead 1961, Raut and Barker 2002). As such, it
was predicted that abundant A. fulica in rainforest on Christmas Island would impact
seedling recruitment dynamics and leaf litter turnover through this indiscriminate feeding
behaviour. Chapter 5 constitutes the first quantitative test for impact of A. fulica in a
natural ecosystem. Through experimentation and observation, it was determined that A.
fulica have no impact on either leaf litter or seedling dynamics on Christmas Island.
Although A. fulica caused no impact in this context, elsewhere within their introduced
range they are primary invaders (Thiengo et al. 2007, Cowie et al. 2008) and may cause
impact in cases where the community is not already heavily modified.
This research represents the first quantified study of the impacts of A. fulica in a natural
ecosystem and has significant theoretical implications for two reasons. First, there is an
implicit assumption in invasion ecology that highly abundant species cause impact.
Although this assumption has been shown to be false on many occasions (Barney et al.
2013), the precautionary principle continues to drive management action because of the
shortage of biological information available for many introduced species, and the
potential incursion of higher management costs if there is an impact and no action is
taken (Simberloff 2003, Cook and Thomas 2007). Our research provides more evidence
that the abundance-impact assumption is not always valid. Second, A. fulica is considered
one of the worst invaders globally yet their impact in many invaded ecosystems is mostly
implied and remains untested (Mead 1961, Civeyrel and Simberloff 1996, Raut and
Barker 2002). This research provides the first quantified evidence that A. fulica may not
be the high impact invader it is often assumed to be (Lowe et al. 2000, Raut and Barker
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2002) and that a context-specific approach should be employed when considering the
impacts of highly abundant exotic species more generally.

6.3 Invasive species management
Biological invasions are increasingly recognised as an important driver of environmental
change (Didham et al. 2005, Tylianakis et al. 2008, Pyšek and Richardson 2010), and as
such, are the focus of considerable management effort (Pyšek and Richardson 2010,
Lampert et al. 2014). The main findings of this research suggest both broad and specific
information for invasive species management. Broadly, through defining and testing the
concept of secondary invasion, this research has proposed a useful theoretical framework
for describing facilitated invasion success. Invasion success is determined in part by the
properties of recipient communities (Catford et al. 2009, Blackburn et al. 2011) and
ecosystem management should endeavour to recognise what are the properties of a
community that make them either resistant or susceptible to invasion by particular
species. Our secondary invasion framework highlights that this assessment cannot be
undertaken just once, but must be constantly reviewed as either species enter or exit
communities, or become more or less abundant. Successful invaders can significantly
alter properties of communities, through their presence or influence (Blackburn et al.
2014), to which subsequent invaders will respond. Although extensive monitoring
programs will provide detailed data on presence, absence and spread of invasive species,
failure to describe in detail community properties or species interactions (direct and
indirect) limits the ability of managers to predict change. Management strategies that
collect these kinds of data and consider these potential outcomes will be substantially
more robust.
Specifically, this research suggests there is little reason to implement management action
explicitly focussed on exotic land snail removal in rainforest on Christmas Island.
Introduced land snails on the island represent either ‘true-entry’ (Achatina fulica; Green
et al. 2011) or ‘population-release’ secondary invasions following the impacts of the
invasive ant-scale mutualism. Although land snails are highly abundant in impacted
rainforest across the island, the actions of the native red crab mean these snails are absent
or rare where forest has either remained intact or recovery of an abundant crab population
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has occurred following yellow crazy ant control (Chapter 3). Management resources
should therefore focus on the control of primary invaders, and community restoration,
which will essentially indirectly control the exotic land snails. The largest of the exotic
snails on the island (A. fulica) was found to have no impact on seedling or leaf litter
dynamics when in high abundance (Chapter 5). Smaller ground-dwelling land snails are
rarely the subject of impact assessment research and their role in ecosystems is thought to
be that of detritivorous nutrient cyclers (Tillier 1981, Barker and Mayhill 1999). Even if
we recognise that impacts of invaders can be subtle and not become evident for a
considerable amount of time (Yokomizo and Possingham 2009) we do not consider that
these small exotic species would be having a measurable impact on ecological processes
in impacted rainforest. However, direct management of other invasive species on
Christmas Island remains critical to the recovery of the intact rainforest community
(Maple 2012) and the persistence of critically endangered or ‘in decline’ native species
(Smith et al. 2012).
The findings of this research also pose interesting questions related to the invasion
success of other exotic species on Christmas Island. The invasive Asian wolf snake
Lycondon capucinus and giant centipede Scolopendra subpinipes are thought to have
contributed to the decline of the endemic reptiles on the island (Smith et al. 2012); yet to
date, no detailed study of their impacts have been undertaken. Similarly, no research has
been dedicated to determining the mechanism of invasion success or what has promoted
the spread of these species on the island. The results of this research highlight the
significant role the abundant red crabs have in not only restricting entry, but also limiting
the establishment of high-density populations of a community of land snails in intact
rainforest. It could be possible that the same direct (predation) and indirect (habitat
limitation) mechanisms that inhibit the snail community also previously limited the
abundance of both the wolf snake and centipede. If that were the case, then their success
on the island would be yet another indirect consequence of the invasive ant-scale
mutualism and represent further secondary invasions. Particularly in the case of the wolf
snake, their establishment and spread could be having a severe impact on the native fauna
(Fritts 1993). A similar invasive colubrid snake (brown tree snake Bioga irregularis) is
known to cause significant population declines of small vertebrates on other tropical
islands (Rodda and Fritts 1992). The obvious next step for research on these other
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invasive species of Christmas Island is to assess the extent that their success is due to the
presence and influence of the ant-scale primary invaders.

6.4 Conclusions
In this study the spatial pattern, deterministic processes, and potential impact of
secondary invasion on Christmas Island were assessed. Although our study was robust, all
aspects would benefit from further research. The pattern of land snail abundance was
assessed using a snapshot approach, determining diversity patterns across different forest
states to infer the successional process (Chapter 3). Given the low dispersal capability of
small land snail species (de Winter and Gittenberger 1998), these results would benefit
from the inclusion of a temporal component, following the land snail response as sites
transitioned from one state to another. This research determined that the mechanism of
invasion success of land snails was indirect habitat augmentation. However, there was a
higher likelihood that red crabs would be directly preying on larger ground-dwelling
species (> 9 mm length). Further investigation into the ways red crabs provide top-down
control of the community through predation on larger (yet much smaller than A. fulica)
individuals could be achieved through more dedicated experimentation. Our experiments
determined that A. fulica has no impact on litter or seedling dynamics in rainforest when
in high abundance. Further research could build on these preliminary results by
investigating the potential impact of A. fulica on either human health (as a vector for the
nematode responsible for eosinophilic meningoencephalitis (Cheng and Alicata 1965;
Kim et al. 2014)) or other aspects of the natural community (e.g. whether the fouling of
the habitat with mucus and faeces impacts other species) (Civeyrel and Simberloff 1996).
As a model of invasion success, the concept of secondary invasion will benefit from
further research in a variety of invaded communities. Christmas Island, as with most
islands, has unique ecosystem dynamics (Green et al. 1997, 1999, O’Dowd et al. 2003)
and investigating the invasional processes on other islands will help demonstrate whether
the secondary invasion framework has broad applicability. Although there are other
examples of secondary invasion (Johnson et al. 2009; Flory and Bauer 2014), the
strongest examples come from investigation into invasional meltdown processes
(Grosholz 2005, Green et al. 2011). The Great Lakes of North America constitute one
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example of a heavily invaded ecosystem where considerable research has focussed on
observing species interactions, documenting ecosystem level impacts, and demonstrating
invasional meltdown (Ricciardi and MacIsaac 2000, Ricciardi 2001, Poos et al. 2009). To
date, secondary invasion has not been thoroughly explored in this community, which may
be because of the difficulty in confidently establishing species interactions in a highly
complex ecosystem (Poos et al. 2009). Further research could focus on addressing
questions of secondary invasion in more complex communities.
This research constitutes part of an ongoing investigation into invasional meltdown
processes on Christmas Island (see O’Dowd et al. 2003; Green et al. 2011). The success
of the invasive yellow crazy ant in mutualism with a number of exotic honeydewproducing scale insects has had a dramatic impact on the native rainforest community
(O’Dowd et al. 2003, Abbott 2006, Davis et al. 2008, 2010, Green et al. 2011,
O’Loughlin and Green 2015). These primary invaders have significantly reconfigured the
ecosystem and one obvious question is to what extent are these changes permanent or
reversible? In the case of A. fulica, its presence in rainforest relies completely on red
crabs remaining absent (Green et al. 2011). Similarly, the smaller exotic component of the
land snail community that represent ‘population-release’ secondary invaders are also
likely to be disadvantaged by the return of abundant red crabs (O’Loughlin and Green
2015). The altered presence or abundance of these demonstrated secondary invaders in
Christmas Island rainforest appears completely reversible so long as restoration of
abundant red crab populations can occur. Alternatively, the increased structural
complexity of the understory in areas void of crabs will probably remain a feature well
into the future (O’Dowd et al. 2003). The long-term consequence of this structural
signature of the invasive ant-scale mutualism remains unclear in terms of rainforest
recruitment dynamics and other potential secondary invaders.
Throughout this thesis, the importance of invasive species impacts in influencing the
invasion success of others has been frequently reiterated. Although the search for
generalised frameworks in ecology continues, the complexity of nature ensures the need
for explicit concepts and hypotheses detailing often context-specific phenomena.
Secondary invasion describes the process in which the invasion success of one exotic
species is contingent on the impact of others. Examples of this process, or aspects of it,
are becoming more commonly reported (Floerl et al. 2004, Grosholz 2005, Johnson et al.
!
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2009, Flory and Bauer 2014) and the invader-invader mutualism on Christmas Island
offered an invaded community to test the usefulness of the concept. The invasional
processes on Christmas Island are in one respect causing significant ecological damage
(O’Dowd et al. 2003, Green et al. 2011, Smith et al. 2012) while simultaneously allowing
researchers to pose and answer important theoretical questions regarding the determinants
of invasion success. Given the increasing prevalence of biological invasions and their
associated impacts, knowledge of the determinants of invasion success in novel
ecosystems is of paramount importance.
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Abstract Mutualism between invaders may alter a
key characteristic of the recipient community, leading
to the entry or in situ release of other exotic species.
We considered whether mutualism between invasive
yellow crazy ant Anoplolepis gracilipes and exotic
honeydew-producing scale insects indirectly facilitated land snails (exotic and native) via the removal of a
native omnivore, the red land crab Gecarcoidea
natalis. In plateau rainforest on Christmas Island,
Indian Ocean, the land snail community was surveyed
at 28 sites representing four forest states that differed
in the density of red crabs, the abundance of yellow
crazy ants and management history. One-way ANOVAs and multivariate analyses were used to determine
differences in land snail species abundance and
composition between forest states. Sample-based
rarefaction was used to determine differences in
species richness. The removal of the red land crab
by supercolonies of yellow crazy ants was associated
with a significant increase in the abundance of both
invasive (14 species) and native (four species) land
snails. Compositional differences in the land snail
community were driven most strongly by the
Electronic supplementary material The online version of
this article (doi:10.1007/s10530-015-0903-6) contains supplementary material, which is available to authorized users.
L. S. O’Loughlin (&) ! P. T. Green
Department of Ecology, Environment and Evolution,
La Trobe University, Bundoora, VIC 3086, Australia
e-mail: l.oloughlin@latrobe.edu.au

significantly greater abundance of a few common
species in forest states devoid of red crabs. In forest
where the crab population had recovered following
management for ants, the land snail assemblage did
not differ from intact, uninvaded forest. The land snail
community was dominated by exotic species that can
coexist alongside red crabs in rainforest uninvaded by
exotic ants and scale insects. However, the ant–scale
mutualism significantly increased land snail abundance and altered their composition indirectly though
the alteration of the recipient community. We suggest
these constitute ‘population-release’ secondary invasion in which the impacts of previously successful
invaders facilitate a significant increase in abundance
of other exotic species already established at low
density within the community. Understanding facilitative interactions between invaders and indirect consequences of impacts will provide invaluable insights for
conservation in heavily invaded ecosystems.
Keywords Anoplolepis gracilipes ! Ant–scale insect
interactions ! Christmas Island ! Facilitation !
Giant African land snail (Achatina fulica) !
Habitat complexity ! Invasional meltdown !
Secondary invasion

Introduction
The anthropogenic movement of species is so pervasive that virtually all ecosystems now contain

123

!

151!

!
!

!

Appendix !

L. S. O’Loughlin, P. T. Green

introduced species. Whereas early work on the
determinants driving the entry, establishment and
population increase (hereafter ‘invasion success’)
focused on negative interactions (e.g. Elton 1958),
positive interactions are increasingly identified as
contributing to the invasion success of many exotic
species (e.g. White et al. 2006). The invasional
meltdown hypothesis (Simberloff and Von Holle
1999) posits that mutualism between invaders generates reciprocal, positive population-level responses in
both partners, amplifies invader-specific impacts and
facilitates further, secondary invasions. Although
widely researched (Ricciardi 2001; Bourgeois et al.
2005; Relva et al. 2010; Green et al. 2011), these
interactions are rarely considered in heuristic models
describing the determinants of invasion success (i.e.
Catford et al. 2009).
Of the three widely recognised determinants of
invasion success—propagule pressure, traits of the
invader and traits of the recipient community (e.g.
Catford et al. 2009; Lockwood et al. 2009)—invader–
invader mutualisms seem most likely to facilitate
secondary invasions by altering key characteristics of
the recipient community. The impacts of invasive
species generally on community traits are diverse and
varied, from altered soil properties (Vitousek and
Walker 1989) and disturbance regimes (Cross 1981) to
species loss (Zavaleta et al. 2001) and altered
resources (White et al. 2006; Wang et al. 2014).
Where exotic species form mutualistic interactions,
alterations to community traits may be amplified
beyond the impacts of those species independently
(Simberloff and Von Holle 1999; Aizen et al. 2008)
which may indirectly benefit other species not involved in the mutualism (White et al. 2006; Green
et al. 2011; Grinath et al. 2012). For example, Grinath
et al. (2012) demonstrated that an exotic ant-scale
mutualism indirectly benefited plants via the negative
influence of the ant on beetle herbivores. White et al.
(2006) suggested these kinds of indirect effects,
mediated through altered community traits, might be
more common in invasive interaction networks than
previously considered. Although examples of mutualisms between invaders are increasingly common
(Adams et al. 2003; Bourgeois et al. 2005; Wonham
et al. 2005; White et al. 2006; Helms et al. 2011; Flory
and Bauer 2014), instances in which these interactions
are solely responsible for the invasion success of other
exotics species are almost absent (but see Green et al.

2011). The continued study of mutualism between
invaders may yield yet many more examples of
secondary invasions.
Some of the most frequently studied invader–
invader mutualisms are those between ants and sapsucking Hemiptera (e.g. Styrsky and Eubanks 2007;
Helms et al. 2011). The invasion of the rainforest on
Christmas Island (Indian Ocean) by the exotic yellow
crazy ant (Anoplolepis gracilipes) and a variety of
invasive honeydew-secreting scale insects [Tachardina
aurantiaca (Kerriidae), Coccus spp. and Saisettia spp.
(Coccidae)] has long been considered the strongest
evidence for invasional meltdown (Simberloff 2006).
The association between the ant and scales leads to
positive population-level feedback on both, resulting in
the formation of high-density ant supercolonies that
accelerate and diversify impacts across rainforest on
the Island (O’Dowd et al. 2003; Abbott and Green
2007; Davis et al. 2008, 2010). A key consequence of
supercolony formation on Christmas Island is the
removal of the dominant omnivore-detritivore, the
red land crab Gecarcoidea natalis (hereafter red crab).
Occurring at naturally high densities (Green 1997), the
red crab plays a key functional role in shaping the
forest understory across the island by regulating
seedling recruitment and rates of litter decomposition
(Green et al. 1997, 1999, 2008). These crabs also
provide the recipient community with considerable
biotic resistance against invaders in three ways. First,
the omnivorous red crabs create high predation pressure on dispersing propagules that is consistent in both
time and space. Second, by consuming and redistributing leaf litter, red crabs create spatial and temporal
fluctuations in leaf litter cover and biomass (Green
et al. 1997, 1999), which could present a challenging
environment to the establishment of some invaders.
Third, the consumption of seedlings creates a structurally simple rainforest understory (Green et al. 2008),
potentially limiting available habitat and resources for
some invaders. However, the yellow crazy ant—fuelled
by carbohydrate from scale insects—causes local
extinctions of red crabs, directly removing a major
predator and indirectly increasing resources by
deregulating seedling recruitment and leaf-litter breakdown (O’Dowd et al. 2003).
Recently, Green et al. (2011) demonstrated that the
elimination of red crabs facilitated the secondary
invasion of rainforest by Achatina fulica (Giant
African Land Snail) through the creation of enemy-
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free space. Modelling of A. fulica spread across the
entire island showed that invasion was facilitated
253-fold in ant supercolonies but impeded in intact
forest where predaceous native red crabs remained
(Green et al. 2011). Experimental introductions of
tethered A. fulica in intact forest showed that invading
propagules would be quickly intercepted and consumed by the abundant red crab (Lake and O’Dowd
1991; Green et al. 2011). However, A. fulica is just one
of 22 introduced land snail species present on Christmas Island (Kessner 2006), the remainder of which are
considerably smaller (20–1 mm length) and may not
be easily detected or handled by red crabs. A further 11
similarly sized species are native to the island
(Kessner 2006). Where red crabs have been eliminated
by the ant-scale invasion, these native species may
also experience ‘release’ from predation or low
resource availability imposed on them by these
abundant land crabs.
We hypothesized that the invasive ant-scale mutualism on Christmas Island would facilitate the land
snail community indirectly through the release of
habitat and resources and/or the creation of enemyfree space. We asked: (1) how does land snail
abundance, species richness and composition change
between different forest states that have arisen as a
result of the ant-scale invasion? (2) are exotic species
only present where the ant-scale mutualism has altered
properties of the recipient community? and (3) do
native land snail species also respond positively, in
terms of species abundance and richness, to these
changes?

Methods
Study system
Christmas Island (105!400 E, 10!300 S) is an isolated
oceanic island, 360 km south of Java in the northeastern Indian Ocean. The island is an Australian
external territory that experiences a monsoonal climate where most of the 2000 mm mean annual rainfall
occurs between December and May (Falkland 1986).
The island rises to a central plateau in a series of cliff
and terraces, and these formations largely define the
major forest types on the island (Du Puy 1993).
Approximately 74 % of the island supports broadleaved, structurally simple tropical rainforest.

The yellow crazy ant (A. gracilipes), a pantropical invader (Wetterer 2005), forms expansive highdensity supercolonies on the Christmas Island when
in association with exotic honeydew-secreting scale
insects T. aurantiaca (Kerridiae), Coccus celatus, C.
hesperidium, and Saisettia coffeae (all Coccidae),
among others (O’Dowd et al. 2003; Abbott 2006;
Green and O’Dowd 2009). Many tramp ant species
form supercolonies, often defined using a combination of criteria including genetic relatedness, intraspecific behavioural interactions, and ant
abundance (Giraud et al. 2002; Holway and Suarez
2006; Drescher et al. 2007; Sunamura et al. 2009;
Suhr et al. 2011). Although two distinct genotypes
of crazy ant occur on Christmas Island, these cooccur at very small spatial scales (Thomas et al.
2010) and behavioural assays pairing individual ants
from opposite ends of the island suggest that the
population on Christmas Island behaves as a single
supercolony (Abbott 2006). Nevertheless, crazy ant
supercolonies on Christmas Island have always been
defined in terms of very high ant densities. Crazy
ant had previously occurred at many locations
across the island in very low abundance with no
obvious impact on biodiversity, but in 1989, and
then again in late 1997, they were discovered in
several locations at extremely high densities sufficient to extirpate local populations of the abundant
red land crab G. natalis (O’Dowd et al. 2003;
Abbott 2006). The local extinction of the red crab
results in the deregulation of seedling recruitment
and litter decomposition, leading to dramatic
changes in forest understory structure and litter
dynamics (O’Dowd et al. 2003). The reliance of
crazy ants on exotic scale mutualists to form these
high-density supercolonies on Christmas Island is
well understood (O’Dowd et al. 2003; Abbott 2006);
supercolonies have never been observed to form in
the absence of outbreak densities of scale insects,
and ant densities declined precipitously when excluded from their scale insect mutualists in a large
field experiment (Wittman et al. unpublished data;
also see Abbott and Green 2007). Since 2001,
supercolonies have continued to form and reform
resulting in upwards of 5000 ha (*50 % of rainforest on the island) of rainforest being treated with
toxic bait containing fipronil (Green and O’Dowd
2009; Boland et al. 2011). This has created a mosaic
of patch types in which some areas have a complex

123
!
!
!
!

!

153!

!
!

!

Appendix !

!
!
!
!
L. S. O’Loughlin, P. T. Green

history of ant-scale invasion, management, and recolonisation by either yellow crazy ants, red crabs
or not at all.
The most recent survey of the land snail fauna on
Christmas Island is Kessner (2006). This survey was
stratified by habitat type, and aimed to document all
the species occurring on the island, and their habitats.
Kessner (2006) recorded 38 species of land snails, of
which 11 were presumed natives, 22 were considered
introduced species, and five species were of uncertain
biogeographic status. The 22 introduced species are
classified as such because they are known to be
common, anthropogenically introduced ‘tramp’ species with wide tropical distributions (such as Bradybaena similaris). Kessner (2006) determined ‘plateau
forest’ (Du Puy 1993), where this study was conducted
(see below), to have the highest species richness of
land snails, albeit with just four of the 11 native
species being recorded in that forest type. No predatory land snail is present and only one species, A.
fulica, has been intentionally introduced to the island.
The lack of comprehensive surveys prior to Kessner’s
makes it impossible to know with any certainty what
the native fauna of the island was like at the time of
settlement, or what impact the arrival of exotic species
had on the native fauna. However, this study was
focused on establishing the impact of invasive insects
on the contemporary land snail fauna, however much
it had been modified from its original state by the time
of first supercolony development.

by red crabs to a density similar to Intact forest.
Recovered sites ranged between 6 and 9 years since
they were last baited. There were two rounds of
sampling, once at the start of a dry season (June–July
2011, n = 5 sites per forest state) and once at the start
of a wet season (December 2011–January 2012,
(n = 7 sites per forest state; original five sites plus
two more). Replication increased for the second
survey as additional active Supercolony sites were
identified. Sites were surveyed in a random order over
the 2-month period of each survey.
Sites were selected from the Island Wide Survey
database maintained by Parks Australia. This survey is
conducted at *700 permanent rainforest sites spread
in a grid across rainforest on the island, and has been
conducted biennially commencing 2001. Data from
six surveys (to 2011) was used to select sites according
to site history and access. The current state of a site
was confirmed by measuring crab density and yellow
crazy ant activity (Table 1). Crab density was determined as the number of active crab burrows within a
100 m2 quadrat (50 m 9 2 m). Ant abundance was
measured as the number of ants crossing a
10 cm 9 10 cm white card in 30 s, summed across
11 stations at 5 m intervals along a 50 m transect
(Green and O’Dowd 2009; Boland et al. 2011). A total
of C37 ants signifies a supercolony sufficient to kill
red crabs. The presence of abundant scale insects at
supercolony sites was confirmed visually on understorey plants, and by observing ants with honeydewfilled, translucent gasters descending tree trunks.

Study sites
Sampling for land snails
We selected 28 0.25 ha sites representing four forest
states across plateau forest (Fig. 1); (1) Intact: forest
supporting the naturally high density of red crabs (ca.
0.5 crabs m-2) and where yellow crazy ants were
never present (i.e. the reference condition), (2)
Supercolonies: forest which was invaded by yellow
crazy ants in high densities at the time of study,
sufficient to extirpate the local red crab population, (3)
Ghosted: forest in which supercolonies had never
formed, but in which red crabs were absent or rare
(B0.015 crabs m-2) because the local population had
been killed while en route to the ocean during their
annual breeding migration (see Davis et al. 2008;
Green et al. 2011), and (4) Recovered forest where a
yellow crazy ant supercolony had been removed via
management action (baiting) and the area re-colonised

An effort-controlled sampling protocol was used to
quantify the land snail community; similar to approaches used by others (Cameron et al. 2003;
Cameron and Pokryszko 2005). Each site contained
four randomly placed 5 9 5 m quadrats. Sites were
surveyed in the morning hours to maximise snail
numbers. The land snail community was sampled in
two ways. First, all leaf surfaces, branches and tree
trunks to 3 m above the ground were searched
thoroughly for arboreal snails for 30 min in each
25 m2 quadrat. Second, leaf litter and loose surface
soil of two randomly placed 0.25 m 9 0.25 m quadrats in each larger 5 9 5 m quadrat (eight samples per
site) were collected and taken to the laboratory for
immediate processing. There, samples were oven

123
!
!
!
!

!

154!

!
!

!

Appendix !

!
!
!
!
Successful invaders alter invasion success of others
Fig. 1 Location of study
sites within plateau
rainforest on Christmas
Island, Indian Ocean. Grey
areas indicate where
vegetation has been cleared,
contour lines denote 50 m
elevation

INDONESIA!

Indian Ocean!

0

2

N

AUSTRALIA!

Intact
Supercolony
Ghosted
Recovered

4 km

Table 1 Comparisons of red land crab (RLC) density (crabs 100 m-2) and yellow-crazy any (YCA) activity (no. ants 30 s-1 running
onto a 10 cm 9 10 cm card, summed across 11 cards) between forest states
Supercolony

Ghosted

Recovered

F3,24

p

b

10.6 ± 2.5

a

12.33

0.001

b

a

33.17

\0.001

Variables

Intact

RLC density—dry

a

52.6 ± 10.2

0.0 ± 0.0

RLC density—wet

a

39.4 ± 4.3

0.0 ± 0.0

YCA activity—dry

0.0 ± 0.0

433.6 ± 67.7

0.0 ± 0.0

0.0 ± 0.0

–

–

YCA activity—wet

0.0 ± 0.0

194.6 ± 42.8

0.0 ± 0.0

0.0 ± 0.0

–

–

6.3 ± 1.9

43.0 ± 3.0
38.4 ± 2.7

Means (±1 SE) compared using one-way ANOVA. Bold p values show significant differences (p \ 0.05). Letters before means
indicate where significant differences were identified between forest states as calculated by Bonferroni post hoc tests. The
Supercolony state was excluded from tests comparing RLC densities between states, because RLC density was zero at all
Supercolony sites (no variability) and therefore assumed to be different from states where RLC was [0

dried at 55 !C for *20 min to dislodge snails from the
wet leaves, prior to being separated into three fractions
using a set of graded soil sieves (10, 2 and 0.5 mm).
Large shells were picked from the 10 mm fraction, and
the leaf litter retained and dried at 55 !C for a further
48 h to obtain an estimate of course-litter-biomass.
Smaller snails were picked from the fraction retained
by the 2 mm sieve, and that fraction then immersed in
water and any further snails that floated also picked.

The fraction retained by the 0.5 mm sieve was first
immersed in water and any floating snails picked. All
floating material was then collected, oven dried, and
picked again under a dissecting microscope. Shells
that were obviously long-dead (bleached, decalcified
and/or broken) at the time of field sampling were
omitted from collections, so that the final collection
for analysis combined snails that were alive and
recently dead at the point of collection (see
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Tattersfield et al. 2001; Aubry et al. 2005). All snails
were collected and preserved in ethanol except for A.
fulica that was counted in situ. Collected snails were
counted by species. Species identity was confirmed
against a complete reference collection provided by
Kessner (2006). Voucher specimens were referred to
Kessner for final species confirmation. A reference
collection from this study is held at La Trobe
University, Australia.
Covariate sampling
Habitat variables representing potential covariates
were quantified for each study site. Understory habitat
complexity was measured using a point-transect
method. At 1 m intervals along a 50 m transect
(n = 50 points), vegetation structure and ground
cover was assessed using a vertical 3 m ranging pole.
At each point, the type of substrate was recorded (leaf
litter, bare ground, rock, plant or log) in order to
calculate percentage ground cover. Vegetation structure was determined by recording the number of
vegetation contacts with the vertical pole. The number
of contacts was summed to provide a single understorey complexity score for each site. Seedling density
was quantified by counting all tree seedlings ([15 cm
in height; DBH B1 cm) 1 m either side of the 50 m
transect (100 m2). Tree density (DBH [1 cm) was
assessed by counting all individuals 2 m either side of
the 50 m transect (200 m2).
Soil properties and amount of course, loose rocks
were assessed once for each site. This was done as land
snail abundance has been shown to positively correlate
with soil nutrients, particularly exchangeable calcium
which is required for shell growth (Labaune and
Magnin 2001; Tattersfield et al. 2001). The abundance
of loose limestone rocks within a site would also
indicate access to calcium. One soil sample per site
was collected from combining eight 19.63 cm2 9 5 cm
deep circular soil cores (radius = 2.5 cm). Soil
properties (pH, conductivity, Ca, NCO3, nitrate, P,
K, Mg, CaCO3) were quantified used a Palintest!
complete soil test kit. Soil moisture was measured
using a probe in which the site value was averaged
from 10 random locations. The amount of coarse loose
rocks (rockiness) was measured by collecting eight
0.25 9 0.25 m quadrats per site in which loose ground
material was collected, passed though a 10 mm sieve,
and weighed. This coarse [10 mm measure was used

as it provided a rapid assessment without the need to
separate many small rocks from quantities of loose
soil.
Data analyses
Univariate and multivariate analyses were performed
using SPSS Statistics v. 21 (SPSS Inc.,) and PRIMER
v. 6.1.13 (PRIMER-E Ltd.) respectively. Many
analyses were undertaken in order to provide a
comprehensive account of the land snail diversity
patterns we observed. One-way ANOVAs (p \ 0.05)
with Bonferroni post hoc tests corrected for multiple
testing (p \ 0.008) were used to compare snail
abundance, species density and site characteristics,
such as ground cover abundance and understory
complexity, between states. Data were log10-transformed if assumptions of normality and homogeneity
of variances were not met, and non-parametric
Kruskal–Wallis H (test statistic = v2) or Mann–
Whitney U (test statistic = Z) tests were used when
these transformations were not sufficient. Means for
total snail abundance (arboreal plus ground-dwelling
components) are presented as area-based densities
(m-2), although they come from a sample volume of
75 m3.
Randomized species accumulation curves (samplebased rarefaction curves) were calculated using EstimateS v. 9.1.0 (Colwell 2013) for each forest state
using only the ground-dwelling component of the
community. Each 0.25 m 9 0.25 m quadrat was used
as a replicate and pooled across sites within forest
states. Only the small litter quadrats were used for
these analyses because there were insufficient large
quadrats (that sampled the arboreal snails), and
because there were no arboreal species that did not
occur in the litter quadrats. Repeated, averaged
sample-based rarefaction, allows standardization of
sampling by producing smooth curves for comparison.
Species richness was compared by the Chao1 estimates (±95 % CI) of asymptotic species richness
(Gotelli and Colwell 2001) for curves produced for
each forest state. The Chao1 estimator was used
because it takes into account species abundance, not
simply incidence.
Land snail species composition was visualised by
non-metric multidimensional scaling (NMDS) ordination, using the Bray–Curtis dissimilarity coefficient.
Ordinations were performed in two dimensions using
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both abundance and presence/absence data as stress
values were below 0.2 (except for one case in which no
significant difference was observed). Differences
between states were compared using one-way analysis
of similarities (ANOSIM) (critical p \ 0.05) and
pairwise tests corrected for multiple sampling (corrected critical p = 0.05/6 comparisons = 0.008).
One-way analysis of similarity percentages (SIMPER)
was used to identify species contributing to any
dissimilarity between states.

Results
A total of 23,329 snails in 19 species and nine families
were sampled during this study (Table S1). Of these,
14 species were exotic, four were native and one
species was of uncertain biogeographic status. The
cryptogenic Georissa sp. (Hydrocendae) was the most
common species, occurring at all but one site and
accounting for 45 % (10,604) of observed individuals.
The majority (72 %) of the remaining 12,725 snails
represented exotic taxa. The exotic Liardetia scandens
(Helicarionidae) and Georissa williamsi (Hydrocendae) were widespread, occurring at 100 and 93 % of
sites respectively. All species were recorded in the
ground-dwelling sampling, however only 12 species
were found on understory vegetation. Ten species
were recorded exclusively from the \2 mm litter
fraction. A. fulica (Achatinidae) and Kaliella cruda
(Helicarionidae) were the only exotic species not
recorded in Intact forest.
Species abundance and species density
Land snail abundance did not differ between forest
states during the dry season for either total abundance
(v2 = 6.74, df = 3, p = 0.08; Fig. 2a), the abundance
of just the arboreal component (F3,16 = 2.07, p = 0.35;
Fig. 2b) or just the ground-dwelling component
(F3,16 = 2.72, p = 0.08; Fig. 2c). However, highly
significant differences in abundance between forest
states were evident in the wet season (F3,24 = 5.68,
p = 0.004; Fig. 2a). The total abundance of land snails
was low (ca. 150–300 snails per site) where red crabs
were abundant in Intact and Recovered sites, but
fourfold or fivefold higher (ca. 1000 snails per site)
were red crabs were completely absent in Supercolonies, and of intermediate abundance (ca. 700 snails

per site) where red crabs were rare in Ghosted sites. This
pattern held when considering the arboreal
(v2 = 11.39, df = 3, p = 0.01; Fig. 2b) and grounddwelling (F3,24 = 4.654, p = 0.011; Fig. 2c) components independently.
This increase in individuals did not correspond with
an increase in species in forests devoid of crabs, as no
difference in species density was observed between
forest states for both dry (v2 = 1.328, df = 3,
p = 0.722) and wet season (F3,24 = 0.487,
p = 0.694) periods (Fig. 2d). Location within a site
(arboreal vs ground-dwelling) did not alter this pattern
(Fig. 2e, f). Generally, arboreal species were also
located on the ground so little difference was observed
between total and ground-dwelling species density.
Species richness
Chao1 species richness estimates (±95 % CI) completely overlapped between all forest states for both
dry (Fig. 3a) and wet (Fig. 3b) season sampling
periods. The estimated asymptotic species richness
was 15-16 species for each forest state, with large
upper confidence intervals in the dry season (Fig. 3a)
and greater confidence in the wet season (Fig. 3b).
Species composition
Significant differences between forest states and land
snail species composition depended on both season
and how the data were treated (Fig. 4). During the dry
season, composition did not differ between states for
abundance data (R = 0.117, p = 0.076; Fig. 4a), but
differed significantly for incidence data (R = 0.222,
p = 0.009; Fig. 4b). Intact forest contained a significantly different species assemblage to other forest
states (Table 2). The greater occurrence of the exotics
Elasmias manilensis (Achatinellidae) and Pupisoma
orcula (Pupillidae), and absence of A. fulica and
Subulina octona (Subulinidae) in Intact forest contributed highly to the observed differences (Table 3).
The native species Lamprocystis mildredae (Helicarionidae) and Japonia wallacei (Cyclophoridae)
also contributed strongly to the dissimilarity as they
were less common in Intact forest.
Different patterns emerged during the wet season,
with an overall difference in composition observed for
abundance data (R = 0.117, p = 0.003; Fig. 4c) but
not for incidence data (R = -0.006, p = 0.517;
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Fig. 2 Mean (±1 SE) land snail abundance and number of
species between forest states for total sample (a, d), arboreal
component (b, e), and ground-dwelling component (c, f). Light
grey bars dry season data, dark grey bars wet season data.

Letters above bars indicate where significant differences were
identified between forest states as calculated by Bonferroni post
hoc tests corrected for multiple testing (p \ 0.008)

Fig. 4d). Intact forest again differed significantly from
Ghosted and Supercolony sites, but not from Recovered sites (Table 2). Differences were driven in every
case by common species (Georissa spp., J. wallacei
and S. octona) that occurred in greater abundance
where red crabs were absent or rare compared to where
they were common (Table 3).

Covariates
In both seasons, litter biomass was higher where red
crabs were absent or rare (Supercolony and Ghosted)
than where they were common (Intact and Recovered)
(Table 4). Similarly, Intact and Recovered forest
contained significantly less leaf litter and more bare
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Fig. 3 Land snail species richness as estimated by repeated and
averaged sample-based rarefaction curves without replacement
for each forest state. Mean Chao1 species richness estimate
(±95 % CI) for a dry season data, b wet season data

ground cover compared to Supercolony and Ghosted
(dry season F3,16 = 21.43, p \ 0.001; wet season
F3,24 = 7.51, p = 0.001; Table 4). Understorey complexity, seedling density and tree density were
significantly higher in impacted states compared to
Intact forest (Table 4). Although the amount of loose
limestone (rockiness) and levels of soil nutrients were
highly variable across sites, there were no differences
between these variables and forest state (Table 4).

Discussion
Compared to the uninvaded, Intact state, we found
evidence that the invasive mutualism between yellow
crazy ants and several species of honeydew-producing
scale insects was associated with an increase in
abundance and shifts in community composition of
the land snail fauna in some forest states in one or both
seasons. Most of the non-native land snail species
occurred in Intact forest at low densities meaning they

could be considered secondary invaders in the sense
that their established populations were released due to
the impacts of primary invaders. A similar interpretation could be made of other studies, where successful
invaders indirectly facilitated exotic species already
present in the community (e.g. Grosholz 2005; Johnson et al. 2009; Montgomery et al. 2011). On
Christmas Island, the invasive mutualism between
yellow crazy ants and scale insects has directly or
indirectly affected about two-thirds of island rainforest (Green et al. 2011), so the changes to the
recipient community associated with this invasive
mutualism, and the patterns we report here for the land
snail community, should be very widespread.
Two lines of evidence indicate that these impacts
are not due to any direct effect of invasive ants on the
snails, and are almost certainly driven by indirect
effects. First, there were no differences in snail
abundance, species density, asymptotic species richness, or species composition between Ghosted and
Supercolony forest states, in either season of observation. These states were similar in all respects for forest
structure, ground conditions and soil variables
(Table 4), but were starkly different in terms of the
abundance of yellow crazy ants (Table 1). Despite the
high densities of ants on the forest floor in Supercolonies, there was no measurable impact of yellow
crazy ants on the land snail community in those sites,
suggesting that the yellow crazy ant is not a predator of
land snails. This has been confirmed experimentally for
A. fulica (Green et al. 2011), and there are no reports in
the literature of crazy ants predating land snails. The
invasive myrmecine ant Solenopsis geminata uses its
mandibles and stinger to predate live snails (Forys et al.
2001) and snail eggs (Yusa 2001), but like other
formicine ants, the yellow crazy ant relies on formic
acid to subdue prey. Clearly, this is ineffective against
the protections afforded to snails by their mucus
secretions and their ability to withdraw into their shells.
Even if yellow crazy ants can kill small land snails, that
must happen comparatively rarely; the highest land
snail densities, and all but one of the 19 species in our
all our samples, occurred in Supercolonies.
Second, some metrics of the land snail community
differed between Intact and Ghosted forest. Crazy ant
supercolonies had never formed in either type of
forest, but they differed significantly in measures of
red crab density (Table 1), understory complexity,
litter biomass and ground cover (Table 4). Given the
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Fig. 4 NMDS ordinations
of land snail species
composition between forest
states for a dry season
abundance data, b dry
season presence/absence
data, c wet season
abundance data, and d wet
season presence/absence
data. Circle Intact, filled
diamond Supercolony, filled
square Ghosted, triangle
Recovered. Open symbols
indicate where red crabs are
abundant compared to
closed symbols where they
are absent or uncommon.
ANOSIM results presented
show test statistic (R) and
significance probability
(p) for each ordination. Bold
p values show significant
differences (p \ 0.05)

Table 2 Differences in land snail community composition between forest states for each season
RLC

Abundance
Av. dis. (%)

Presence/absence
R

p

Av. dis. (%)

R

p

Dry season
Intact versus Supercolony

?-

75.95

0.268

0.071

40.62

0.346

0.032

Intact versus Ghosted

?-

76.09

0.372

0.024

45.29

0.436

0.016

Intact versus Recovered
Supercolony versus Ghosted

??
--

75.52
54.95

0.088
-0.160

0.278
0.984

43.51
29.31

0.344
-0.034

0.024
0.516

Supercolony versus Recovered

-?

70.42

0.036

0.365

34.03

0.272

0.040

Ghosted versus Recovered

-?

71.09

0.176

0.048

33.20

0.064

0.310

Intact versus Supercolony

?-

81.08

0.591

0.002

37.93

0.113

0.137

Intact versus Ghosted

?-

74.40

0.364

0.007

37.72

0.154

0.081

Intact versus Recovered

??

67.63

0.066

0.223

38.17

-0.021

0.539

Wet season

Supercolony versus Ghosted

--

58.96

0.016

0.480

31.18

-0.117

0.856

Supercolony versus Recovered

-?

67.29

0.237

0.029

33.26

-0.113

0.909

Ghosted versus Recovered

-?

60.19

0.086

0.865

34.63

-0.051

0.654

Bolded p values denote significant differences between states as calculated by ANOSIM (corrected for multiple testing). Average
dissimilarity [av. dissim. (%)] calculated by one-way analysis of similarity percentages (SIMPER)
RLC refers to red land crab density and whether it is high (?) or low-absent (-) within the forest states being compared
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Table 3 Average abundance (av. abun.) of land snail species as they contribute the average dissimilarity of the community
composition between forest states
A

B

Av. abun.

Av. abun.

Av. diss.

Diss./SD

Cont.%

Cum.%

Wet season—abundance
Intact versus Supercolony
Georissa sp.

U

25.71

566.43

39.89

1.80

49.20

49.20

J. wallacei

N

19.43

112.43

12.34

0.84

15.22

64.42

G. williamsi

E

52.57

116.57

10.50

0.81

12.95

77.37

S. octona

E

8.71

119.14

8.57

0.95

10.57

87.94

P. achatinaceum

E

7.14

35.14

2.72

0.60

3.35

91.29

Georissa sp.

U

25.71

342.71

27.02

1.21

36.32

36.32

J. wallacei

N

19.43

124.57

15.69

1.43

21.08

57.40

G. williamsi
S. octona

E
E

52.57
8.71

124.57
56.14

13.96
6.91

0.79
0.70

18.76
9.28

76.17
85.45

L. scandens

E

32.71

28.57

3.76

0.96

5.05

90.50

Intact versus Ghosted

Groups A and B refer to the first and second forest state in each comparison respectively. Results presented are only for comparisons
with significant differences as identified by ANOSIM and multiple tested corrected pairwise tests (see Fig. 3c for corresponding
NDMS ordination). Lettering next to species indicates biogeographical status (E exotic, N native, U unknown)
Diss./SD standard deviation of each species contribution to average dissimilarity. Species listed in order of contribution to average
dissimilarity (av. diss.), cut off arbitrarily when cumulative percent contribution (cum.%) reaches either 70 (dry season—presence/
absence) or 90 % (wet season—abundance)

empirically demonstrated impact of red land crabs on
seedling recruitment and litter dynamics (Green et al.
1997, 1999, 2008), the altered composition of land
snails in Ghosted forest was almost certainly an
indirect effect caused by the absence of red crabs, and
the associated increases in litter biomass and understory complexity.
We observed significantly greater numbers of land
snails in areas devoid of red crabs only in our wet
season sampling. In both seasons, land snail abundance was highly variable between sites of all states.
Habitat heterogeneity plays an important role in
determining patterns of land snail abundance and
diversity (Aubry et al. 2005; Hylander et al. 2005) and
previous work has demonstrated significantly dissimilar community composition between sites within a
relatively small patches of rainforest (de Winter and
Gittenberger 1998). Regardless of this inherent variability, our approach identified greater land snail
abundance where red crabs had been directly (Supercolony sites) or indirectly removed (Ghosted sites) by
yellow crazy ant supercolonies.
We did not detect a corresponding increase in
species density with increased abundance; a land snail

community pattern generally observed (Tattersfield
et al. 2001; Aubry et al. 2005; Liew et al. 2010).
Barker and Mayhill (1999) attribute high species
density to micro-niche partitioning and minimal
competition between land snail species. However,
this pattern is just as likely an artefact of sampling
significantly more individuals, which can be alleviated
by using asymptotic species richness estimators and
rarefaction curves (Gotelli and Colwell 2001). When
we corrected for sampling significantly more individuals in those impacted forest states, we found no
difference in mean asymptotic species richness in
either the dry or wet season (Fig. 2). We can conclude
from this that essentially all land snail species present
in plateau rainforest on Christmas Island can be found
in every forest state, and the impacts of the ant-scale
invasion are not facilitating new species to establish.
Also, the small confidence intervals around the wet
season estimates suggest our sampling regime was
sufficient to accurately predict true species richness.
Multivariate analyses indicated that snail communities in Intact forest differed significantly from
snail communities in Supercolony and Ghosted sites.
However, the results were season specific, with dry
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Table 4 Comparisons of forest structure variables, ground layer conditions and soil characteristics between forest states
Intact

Supercolony

Ghosted

Recovered

F

p

Forest structure
Tree density (200 m-2)

ab

a

42.7 ± 3.7

-2

a

Seedling density (100 m )
Understorey complexity**

43.4 ± 9.7
a
39.8 ± 7.3

b

108.0 ± 33.8
bc
102.7 ± 13.0

b

60.0 ± 2.6

4.96

0.008

253.7 ± 50.8
c
86.8 ± 9.2

18.96
14.82

\0.001
\0.001

139.1 ± 9.9

a

33.66

\0.001

b

77.6 ± 3.0

a

21.43

\0.001

b

a

37.2 ± 2.4

19.67

\0.001

137.1 ± 4.4

15.20*

31.7 ± 8.9

a

58.7 ± 6.9

b

321.7 ± 59.4
b
126.4 ± 7.0

b

Ground conditions
Dry season
Course-litter-biomass (g 0.5 m-2)

a

Leaf litter cover (%)

a

Bare ground cover (%)

a

67.1 ± 5.7

b

123.5 ± 2.5

b

b

47.2 ± 5.9

82.8 ± 3.1
b

41.6 ± 7.0

7.2 ± 1.7

73.0 ± 3.0
54.8 ± 1.6

7.6 ± 3.5

Wet season
Course-litter-biomass (g 0.5 m-2)

a

Leaf litter cover (%)

ab

Bare ground cover (%)

143.9 ± 9.8
80.9 ± 2.3

a

12.3 ± 2.8

b

213.5 ± 13.3
a

88.3 ± 1.1
b

4.0 ± 0.1

b

199.0 ± 14.6
a

a

0.002

87.1 ± 1.4

b

7.51

0.001

b

a

9.30

\0.001

3.4 ± 1.0

77.4 ± 2.2
14.3 ± 1.9

Soil variables
Rockiness (g 0.25 m-2)

92.7 ± 48.3

85.8 ± 42.4

230.5 ± 126.8

93.7 ± 41.9

0.96

0.436

Soil moisture (%)

12.9 ± 0.9

16.1 ± 1.1

13.8 ± 1.1

12.8 ± 1.1

3.84*

0.280

pH
Conductivity (lS)
Ca (mg l-1)
NCO3 (mg l-1)

7.8 ± 0.1

7.7 ± 0.2

8.0 ± 0.1

8.1 ± 0.1

1.22

0.326

85.7 ± 7.5

74.2 ± 6.9

95.7 ± 25.5

75.7 ± 7.2

1.17*

0.761

1303.6 ± 93.9
150.8 ± 29.1

1125.0 ± 38.6
101.4 ± 23.8

1258.9 ± 187.2
148.4 ± 31.5

1116.1 ± 77.7
131.6 ± 13.8

0.68
0.80

0.563
0.505
0.504

Nitrate (mg l-1)

34.1 ± 6.6

229.0 ± 5.4

33.5 ± 7.1

29.7 ± 30.1

0.80

P (mg l-1)

17.6 ± 2.5

18.9 ± 1.1

12.9 ± 2.7

15.7 ± 3.5

1.00

0.412

K (mg l-1)

72.1 ± 9.2

72.6 ± 15.1

77.9 ± 16.9

60.7 ± 6.5

0.25

0.861

Mg (mg l-1)

102.9 ± 12.7

110.7 ± 11.5

105.0 ± 8.6

107.1 ± 11.7

0.09

0.965

CaCO3 (mg l-1)

383.6 ± 57.3

433.5 ± 48.7

437.9 ± 36.9

417.9 ± 55.4

0.44

0.726

Means (±1 SE) compared using one-way ANOVA. Bold p values show significant differences (p \ 0.05). Letters before means
indicate where significant differences were identified between forest states as calculated by Bonferroni post hoc tests (p \ 0.05)
* Results are for the non-parametric Kruskal–Wallis test as data did not met the assumptions of one-way ANOVA
** Understory complexity measured as number of vegetation touches on a 3 m high pole summed across 50 points

season analysis only identifying differences using
incidence data and wet season states only separating
based on abundance data. The dry season result
implies species turnover between sites, evoking a
classic view of secondary invasion that posits successful invaders facilitate the entry of other exotics
(Simberloff 2006; Green et al. 2011). However, it was
only A. fulica and K. cruda that were completely
absent from Intact forest but present in many Supercolony and Ghosted areas. Conversely, the wet season
result of altered community composition based on
significant abundance increases suggests a ‘population-release’ view of secondary invasion (Grosholz
2005; Johnson et al. 2009; Montgomery et al. 2011)
and reflects the pattern of invasion success already

observed in our other results. As the wet season
sampling time was more robust in terms of capturing
the true land snail composition (Clergeau et al. 2011),
we are inclined to conclude that significant changes in
species abundances were driving the observed dissimilarity between forest states.
A limited number of highly abundant species
contributed most to the compositional dissimilarity
between forest states. In any pairwise comparison, the
difference in abundance between the same four
species contributed at least 85 % to the observed
dissimilarity. These were the ground-dwelling exotics
S. octona and G. williamsi, the mainly arboreal native
J. wallacei, and the highly abundant but of unknown
taxonomic status Georissa sp. It is not uncommon for
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only a few land snail species to numerically dominate
even species-rich assemblages in mainland rainforest
(de Winter and Gittenberger 1998). It has been
suggested that little competition exists between land
snail species (Cameron 1992; Barker and Mayhill
1999), and increased habitat and food resources in the
form of leaf litter are almost always associated with
increased land snail abundance (Aubry et al. 2005;
Liew et al. 2010; de Chavez and de Lara 2011). On
Christmas Island, some land snail species appear to
respond to these changes more strongly than others.
Although we cannot confidently infer the mechanism
behind these species-specific responses, we have
demonstrated a significant increase in land snail
abundance associated with increased leaf litter at the
whole community level.
Only two common exotic species (A. fulica and K.
cruda) were never observed in Intact forest. Similarly,
Green et al. (2011) found A. fulica was never present in
Intact forest, as invading propagules were quickly
intercepted and consumed by highly abundant red
crabs. As such, A. fulica is considered a secondary
invader of rainforest on the island due to the creation of
enemy-free space following supercolony formation.
We also found that the increase in land snail community abundance was strongly associated with the
absence of the red crab; which was further supported
by the observation that land snail assemblages in areas
were red crabs had recolonised former crazy ant
supercolonies (i.e. Recovered), were not dissimilar to
those of Intact forest. However, because almost all
exotic species were present in Intact forest, we suggest
that red crabs do not providing the same level of biotic
resistance to these much smaller species. We suggest
that red crabs are limiting the invasion success of the
smaller exotic snail species not directly in the form of
predation, but indirectly through their consumption of
seedlings and leaf litter which limits available habitat
and resources for these species.
This facilitated success was not limited to exotic
land snails; we found that the few native species also
responded positively to the ant-scale invasion. Only
recently have facilitative interactions between invasive
and native species been identified as important associations in re-structuring novel ecosystems (Rodriguez
2006). In our study, the native snail J. wallacei was a
significant contributor to the dissimilarity between
Intact and impacted forest, being more abundant where
crabs were absent. This is a mostly arboreal species,

and is likely limited in Intact forest by the minimal
understory complexity created by red crabs through
their consumption of seedling germinants. These
findings are analogous with secondary invasion occurring in Bodega Harbor, USA (Grosholz 2005) in which
the removal of the previously dominant clam species
by an invasive crab also resulted in greater abundances
of several native benthic invertebrates (Grosholz et al.
2000). Interestingly, no native land species displayed
the opposite pattern of being more abundant in Intact
forest and inhibited in someway by the impacts of the
ant-scale invasion. The removal of the red crab via the
ant-scale invasion has facilitated all land snails,
whether exotic or native, by indirectly releasing a
limiting resource and increasing habitat complexity.

Conclusions
The formation of yellow crazy ant supercolonies on
Christmas Island, supported by honeydew from sapsucking hemiterans has long been recognised as
creating conditions favourable to secondary invasions
(O’Dowd et al. 2003; Simberloff 2006), and recently
Green et al. (2011) provided solid evidence in support
of this for one species of exotic land snail. Our results
show that the broader community of land snails was
also facilitated by the ant-scale invasion, due to the
direct removal of the red crab and associated indirect
increases in available habitat and resources. Whereas
the large A. fulica was unable to enter forest where
crabs were abundant (Lake and O’Dowd 1991; Green
et al. 2011), the smaller exotic species that make up the
majority of the community were able to establish
relatively low density populations within Intact forest
that were then indirectly facilitated by the invasive
mutualism. These phenomena suggest contrasting
models of secondary invasions—the ‘true entry’ model
in which an exotic species that was previously barred
from an intact recipient community was permitted
entry as a result of the impact of other invaders, and the
‘population release’ model in which exotic species
invade and persist in intact communities, significantly
increase in abundance when other invaders enter the
system and change it in their favour.
Although the rainforest of Christmas Island currently contains abundant populations of invasive land
snails, there may be little reason for management
intervention, for at least two reasons. First, land snails
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can play an important role in leaf litter decomposition
and promotion of microbial growth in tropical systems
(Meyer et al. 2013). Their higher abundance in
impacted forest may provide partial redundancy in
this role against the loss of the dominant detritivore
(the red land crab) from areas invaded by yellow crazy
ants. Second, our results indicate that once red crabs
re-establish their formerly high abundances in areas
from which management activity has eliminated
yellow crazy ant supercolonies, the land snail community is not different to that found in Intact forest as
leaf litter again becomes a limiting resource. While
disentangling the net effects of invaders within a
community context continues to be a challenge for
ecologists (Preston et al. 2012), empirical evidence of
facilitative interactions between invaders and indirect
consequences of impacts will provide invaluable
insights to understanding the outcomes of novel
ecosystems.
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