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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 facilitat-
ed 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 ANO-
VAs 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
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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 abun-
dance and altered their composition indirectly though
the alteration of the recipient community. We suggest
these constitute ‘population-release’ secondary inva-
sion 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 facilita-
tive interactions between invaders and indirect conse-
quences 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) -
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Introduction

The anthropogenic movement of species is so perva-
sive that virtually all ecosystems now contain
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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 gener-
ates 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 in-
volved 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 mutu-
alisms 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.
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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 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 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 pres-
sure on dispersing propagules that is consistent in both
time and space. Second, by consuming and redistribut-
ing 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 struc-
turally 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 break-
down (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 con-
sumed 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 Christ-
mas 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 mutu-
alism 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: (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°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 cli-
mate 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 broad-
leaved, structurally simple tropical rainforest.

The yellow crazy ant (A. gracilipes), a pantropi-
cal invader (Wetterer 2005), forms expansive high-
density 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 combina-
tion of criteria including genetic relatedness, in-
traspecific ~ 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 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, 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 suffi-
cient 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 ex-
cluded 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 rain-
forest 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
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history of ant-scale invasion, management, and re-
colonisation 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’ spe-
cies with wide tropical distributions (such as Brady-
baena 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 preda-
tory 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.

Study sites

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~?) 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
(<0.015 crabs m~?) 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
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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 deter-
mined as the number of active crab burrows within a
100 m? 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 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 >37 ants signifies a supercolony sufficient to kill
red crabs. The presence of abundant scale insects at
supercolony sites was confirmed visually on under-
storey plants, and by observing ants with honeydew-
filled, translucent gasters descending tree trunks.

Sampling for land snails

An effort-controlled sampling protocol was used to
quantify the land snail community; similar to ap-
proaches 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 m? quadrat. Second, leaf litter and loose surface
soil of two randomly placed 0.25 m x 0.25 m quad-
rats in each larger 5 x 5 m quadrat (eight samples per
site) were collected and taken to the laboratory for
immediate processing. There, samples were oven
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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 Indian Ocean!
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Table 1 Comparisons of red land crab (RLC) density (crabs 100 m~2) and yellow-crazy any (YCA) activity (no. ants 30 s~' running
onto a 10 cm x 10 cm card, summed across 11 cards) between forest states

Variables

Intact Supercolony Ghosted Recovered F3.04 P
RLC density—dry 452.6 + 10.2 0.0 £0.0 10.6 + 2.5 #43.0 + 3.0 12.33 0.001
RLC density—wet 9394 + 43 0.0 £0.0 *%63 £ 1.9 384 + 2.7 33.17 <0.001
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 - -

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 struc-
ture was determined by recording the number of
vegetation contacts with the vertical pole. The number
of contacts was summed to provide a single under-
storey 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 m?). Tree density (DBH >1 cm) was
assessed by counting all individuals 2 m either side of
the 50 m transect (200 mz).

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 cm? x 5 cm
deep circular soil cores (radius = 2.5 cm). Soil
properties (pH, conductivity, Ca, NCOs3, nitrate, P,
K, Mg, CaCO;3) 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 coarse >10 mm measure was used
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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 log;o-trans-
formed if assumptions of normality and homogeneity
of variances were not met, and non-parametric
Kruskal-Wallis H (test statistic = x*) 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~?), although they come from a sample volume of
75 m’.

Randomized species accumulation curves (sample-
based rarefaction curves) were calculated using Esti-
mateS 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 Chaol esti-
mates (£95 % CI) of asymptotic species richness
(Gotelli and Colwell 2001) for curves produced for
each forest state. The Chaol 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) ordi-
nation, 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 (cor-
rected 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 (Hydrocen-
dae) 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
(x2 = 6.74, df = 3, p = 0.08; Fig. 2a), the abundance
of just the arboreal component (F5 ;4 = 2.07, p = 0.35;
Fig. 2b) or just the ground-dwelling component
(Fz.16 = 2.72, p = 0.08; Fig. 2c). However, highly
significant differences in abundance between forest
states were evident in the wet season (F;,4 = 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 Super-
colonies, and of intermediate abundance (ca. 700 snails

per site) where red crabs were rare in Ghosted sites. This
pattern  held when considering the arboreal
(x* = 11.39, df = 3, p = 0.01; Fig. 2b) and ground-
dwelling (F5,4 = 4.654, p = 0.011; Fig. 2¢) compo-
nents 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 (x*> = 1.328, df =3,
p=0.722) and wet season (F3,4 = 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

Chaol species richness estimates (£95 % CI) com-
pletely 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 sig-
nificantly 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 con-
tributed highly to the observed differences (Table 3).
The native species Lamprocystis mildredae (Heli-
carionidae) 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.

Fig. 4d). Intact forest again differed significantly from
Ghosted and Supercolony sites, but not from Recov-
ered 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).
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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)

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 Chaol species richness estimate
(£95 % CI) for a dry season data, b wet season data

ground cover compared to Supercolony and Ghosted
(dry season Fj3,4 =21.43, p <0.001; wet season
F;,4 = 7.51, p = 0.001; Table 4). Understorey com-
plexity, 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 interpre-
tation could be made of other studies, where successful
invaders indirectly facilitated exotic species already
present in the community (e.g. Grosholz 2005; John-
son 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 rain-
forest (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 rich-
ness, or species composition between Ghosted and
Supercolony forest states, in either season of observa-
tion. 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 Super-
colonies, 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.
Evenif 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
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Table 2 Differences in land snail community composition between forest states for each season
RLC Abundance Presence/absence
Av. dis. (%) 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 + + 75.52 0.088 0.278 43.51 0.344 0.024
Supercolony versus Ghosted - — 54.95 —0.160 0.984 29.31 —0.034 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
Wet season
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
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 (4) 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
Intact versus Ghosted
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 E 52.57 124.57 13.96 0.79 18.76 76.17
S. octona E 8.71 56.14 6.91 0.70 9.28 85.45
L. scandens E 32.71 28.57 3.76 0.96 5.05 90.50

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 under-
story 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 abun-
dance 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 dis-
similar community composition between sites within a
relatively small patches of rainforest (de Winter and
Gittenberger 1998). Regardless of this inherent vari-
ability, our approach identified greater land snail
abundance where red crabs had been directly (Super-
colony 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 indi-
viduals 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 commu-
nities 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) P27 £ 3.7 3317 £ 8.9 587 + 6.9 60.0 + 2.6 4.96 0.008
Seedling density (100 m~2) 434 £ 9.7 108.0 + 33.8  "321.7 £ 59.4 2537 £ 50.8  18.96 <0.001
Understorey complexity** 308+ 73  "102.7 £ 13.0 "1264 £+ 7.0 °86.8 £ 9.2 1482  <0.001
Ground conditions
Dry season
Course-litter-biomass (g 0.5 m~2) %67.1 £ 5.7 *1235+£25 139.1 £ 9.9 3.0 £ 3.0 33.66 <0.001
Leaf litter cover (%) 472 +£59 82.8 + 3.1 77.6 + 3.0 548 + 1.6 21.43 <0.001
Bare ground cover (%) 41.6 £ 7.0 b72 4+ 1.7 7.6 £ 3.5 372424 1967  <0.001
Wet season
Course-litter-biomass (g 0.5 m™2)  *143.9 & 9.8 2135 £ 133  "199.0 &+ 14.6 1371 £ 44 15.20%* 0.002
Leaf litter cover (%) 80.9 + 2.3 88.3 £ 1.1 871+ 14 5774 £ 22 7.51 0.001
Bare ground cover (%) 123 £ 2.8 °4.0 £+ 0.1 P34+ 1.0 143+ 1.9 9.30 <0.001
Soil variables
Rockiness (g 0.25 m™?) 92.7 £ 483 85.8 £ 424 230.5 £+ 126.8 93.7 £ 419 0.96 0.436
Soil moisture (%) 129 £ 0.9 16.1 £ 1.1 13.8 £ 1.1 128 £ 1.1 3.84% 0.280
pH 7.8 £0.1 7.7+£02 8.0+ 0.1 8.1+ 0.1 1.22 0.326
Conductivity (uS) 857175 742 £ 69 95.7 £ 255 757 £ 7.2 1.17* 0.761
Ca (mg17h 1303.6 £ 93.9  1125.0 £38.6 12589 + 1872 1116.1 £77.7 0.68 0.563
NCO; (mg 171 150.8 £ 29.1 101.4 £ 23.8 148.4 £ 31.5 131.6 £+ 13.8 0.80 0.505
Nitrate (mg 17") 34.1 £ 6.6 229.0 £ 54 335+ 7.1 29.7 £+ 30.1 0.80 0.504
P (mg1™") 17.6 £ 2.5 189 £ 1.1 129 £ 2.7 15.7 £ 35 1.00 0.412
K (mg 17" 72.1 £9.2 72.6 £ 15.1 77.9 £ 16.9 60.7 £ 6.5 0.25 0.861
Mg (mg 171 1029 £ 12.7 110.7 £ 11.5 105.0 £ 8.6 107.1 £ 11.7 0.09 0.965
CaCO; (mg 17") 383.6 + 57.3 433.5 £ 48.7 4379 £+ 36.9 4179 £ 554 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 suc-
cessful 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 Super-
colony and Ghosted areas. Conversely, the wet season
result of altered community composition based on
significant abundance increases suggests a ‘popula-
tion-release’ view of secondary invasion (Grosholz
2005; Johnson et al. 2009; Montgomery et al. 2011)
and reflects the pattern of invasion success already
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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 dis-
similarity 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 commu-
nity 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 asso-
ciations 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 occur-
ring 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 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, 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
etal. 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 cur-
rently 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 com-
munity 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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