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Abstract The invasive predatory snail Oxychilus
alliarius is established in many locations around the
world including the Hawaiian Islands. Anecdotal
evidence suggests that it negatively impacts indige-
nous snail species where it has been introduced,
although such impacts have not been quantified. On
the Hawaiian island of Oahu, we tested the hypothesis
that indigenous snails, especially small ones (<3 mm
in maximum dimension), would be less abundant
where O. alliarius had established populations. Fifty-
six sites at four locations were repeatedly surveyed for
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snails between July 2010 and April 2011. The
composition of the snail fauna differed in relation to
O. alliarius abundance, as well as location. Notably,
the abundance of the native Succineidae was nega-
tively related with that of O. alliarius. The abundance
of the native Tornatellidinae was significantly related
to O. alliarius abundance but this relationship differed
among locations, negative at one site and positive at
the other three; these snails do not appear to be
negatively impacted by O. alliarius. We also moni-
tored the rate of expansion of a newly introduced O.
alliarius population along a transect through a bog on
the summit of Oahu’s highest mountain, Mt. Kaala.
The population’s range expanded linearly between
2008 and 2011 by approximately 300 m (mean c.
113 m/year). This is the first attempt to quantify the
impacts of O. alliarius on threatened native island
snail faunas. While the results are complex, its high
abundance, rapid rate of population expansion and
probable negative impacts on certain species caution
vigilance in preventing its introduction and spread to
as yet uninvaded islands and locations.

Keywords Oxychilus alliarius - Hawaiian Islands -
Invasive - Succineidae - Predation - Snails

Introduction

The world is moving towards a state of biotic
homogenization with often narrowly endemic species
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being replaced by species introduced widely by human
activities (Olden et al. 2004; Rooney et al. 2007).
These non-native species are becoming established
over increasingly wider ranges, which has led to an
increasing need to understand many aspects of their
biology including their impacts on the indigenous
species they encounter (McKinney and Lockwood
1999; Andersen et al. 2004). Oceanic island species
are particularly susceptible to extinction, which is
exacerbated by invading species, particularly those
that are predatory (Fritts and Rodda 1998; Simberloff
2000; Reaser et al. 2007; Donlan and Wilcox 2008).
The Hawaiian Islands in particular have seen major
increases in species introductions over the last two
centuries (Cox 1999), and although much conserva-
tion effort in Hawaii focuses on species listed as
endangered or threatened, the numerous unlisted
species receive much less attention but are affected
by the same pressures. Conservation and restoration
tend to focus on charismatic vertebrate species even
though invertebrate biodiversity may be even more in
need, as it probably experiences much greater losses
(McKinney 1999; Régnier et al. 2009, 2015a, b; Zamin
et al. 2010).

More land snails than any other invertebrate group
are listed by IUCN (2015), notable among these being
the achatinelline tree snails of the Hawaiian Islands
and the partulid tree snails of other Pacific islands.
Unfortunately these tree snails have suffered major
extinctions, resulting from habitat destruction and
predation by introduced species, including rats and the
rosy wolf snail, Euglandina rosea. The rosy wolf snail
was introduced in ill-conceived biological control
programs directed at the previously introduced giant
African snail, Achatina fulica (Cowie 1992, 2001a;
Hadfield et al. 1993; Lydeard et al. 2004; Lee et al.
2009; Meyer and Cowie 2011; Sugiura et al. 2011),
which itself will also prey on other land snails (Meyer
et al. 2008). However, achatinellids and partulids
represent only a small portion of the native terrestrial
snail diversity of Pacific Islands (Lydeard et al. 2004).
Many Pacific land snail species in diverse families are
already extinct (Bouchet and Abdou 2001, 2003;
Richling and Bouchet 2013; Sartori et al. 2013;
Régnier et al. 2015b). In the Hawaiian Islands there
were more than 750 native terrestrial snail species,
over 99 % of them endemic (Cowie et al. 1995), yet it
has been estimated that 65-90 % of them may already
be extinct (Solem 1990; Cowie 2001b). In addition, 41
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non-native land snail species have been considered
established in the Hawaiian Islands (Cowie 1998;
Cowie et al. 2008; Hayes et al. 2012; Christensen et al.
2012) but little is known of the ecology of most of
these non-native snails.

Among these introduced species in the Hawaiian
Islands, Oxychilus alliarius is a predatory snail that
was accidentally introduced by at least 1937 (Cowie
1997, 1998) but that has received little attention.
Oxychilus alliarius preys on native Hawaiian snails
(Curry and Yeung 2013) and also feeds on other
invertebrates and on non-animal foods (Barker and
Efford 2004). It is now established in many parts of the
world (Barker 1999; Giusti and Manganelli 2002;
Herbert 2010) and is one of the most widespread
species in the Hawaiian Islands (Hayes et al. 2012)
extending over a wide elevational range (Meyer and
Cowie 2010a). Anecdotal evidence suggests that
where introduced it negatively affects indigenous
snail populations (Severns 1984; Barker 1999),
although no studies have quantified such impacts.

In this study we assessed the possible impacts of O.
alliarius on indigenous snails at four locations on the
island of Oahu, and monitored the spread of a
population of O. alliarius on Oahu’s highest mountain.
We tested the hypothesis that indigenous snails would
be less abundant where O. alliarius had established
populations. Also, because O. alliarius preferentially
consumed small snails in controlled experiments when
given a choice (Meyer and Cowie 2010b), although it
can feed on larger snails (Curry and Yeung 2013), we
hypothesized that small snails (adults <3 mm in
maximum dimension) in particular would be less
abundant where O. alliarius was established and
would decline as O. alliarius expanded its range.

Methods
Study locations

Oxychilus alliarius was first recorded on the island of
Oahu, in the Waianae mountain range near Mokuleia,
on August 4, 2008 (21°32'41”"N, 158°11’41”"W, Hayes
et al. 2012). On September 3, 2008 it was recorded
6.5 km away in the bog at the summit of Mt. Kaala, the
highest point on the island (21°30'30"N, 158°8’45"W).
It was subsequently recorded at Palikea, in the same
mountain range (21°24’49”N, 158°5'59”W) and in the



Rapid range expansion of an invasive predatory snail

1771

Oahu ‘_g,@.; A

A
A Additional Sites
Bl Survey sites ]
Access Road
—— Wooden Boardwalk !
2
------ Transect A
B ..
| et 9
10

Fig. 1 A Locations of the four study locations on Oahu. The
Mt. Kaala summit bog and Mt. Kaala northeast ridges locations
are shown as a single star. B Map of the transect along the
boardwalk at the summit of Mt. Kaala

northern Koolau mountain range (21°33'6"N,
157°55'6"W; Fig. 1A). We established four study
locations: the Mt. Kaala summit bog, the ridges on the
northeastern side of the Mt. Kaala summit, Palikea and
the Koolau mountain location. These locations are
dominated primarily by native Hawaiian vegetation,
although Palikea has a larger proportion of non-native
tree species than the other locations, for example it is
the only location with Cook or Norfolk Island pines
(Araucaria sp.), and is dominated by strawberry guava
(Psidium cattleyanum). The understory of the Mt.

Kaala bog and ridges locations and the Koolau location
are dominated by non-native Sphagnum moss, while
the understory at Palikea is dominated by a native fern
species (Dicranopteris linearis).

Survey method

Replicated snail surveys were conducted at multiple
sites at each location at different times of year from
July 2010 to August 2011, as follows: Mt. Kaala bog,
10 sites each surveyed 9 times; Mt. Kaala ridges, 15
sites, 3 surveys each; Palikea, 14 sites, 5 surveys each;
Koolau mountains 15 sites, 2 surveys each. At each
site, all habitat types (under leaves, in ground level
vegetation, in trees, under rocks, under bark, in leaf
litter, etc.) available within an area of approximately
100 m? were searched for one person hour by two or
more experienced snail biologists. Snail abundance
data serve as an estimate of overall snail diversity at a
site, and the standardized time and area searched
allows us to compare site results without extrapolation.

We could not identify every specimen to a named
species or morphospecies. The taxonomy of many
groups of Hawaiian land snails is in serious need of
revision and extensive field work and preliminary
molecular analysis (Hayes and Yeung unpublished)
has identified many cryptic species, as well as other
undescribed species that exhibit significant morpho-
logical variation. Therefore, and as most identifica-
tions were done in the field to minimize the impacts on
Hawaii’s already severely threatened snail fauna, we
identified snails to the lowest taxonomic level possi-
ble, based on shell morphology, and collected only
vouchers of each taxon for preservation. The habits of
species within many major Hawaiian land snail groups
(genera, subfamilies, families) are often quite similar,
such that Hawaiian land snail radiations are often
suggested to be examples of non-adaptive radiation
(e.g. Rundell and Price 2009). Thus, lumping taxa if
we could not definitively distinguish them was appro-
priate, given the taxonomic and conservation status of
the fauna.

We minimized the possible impact of disturbance
associated with sampling on both habitat and snails by
(1) limiting the number of specimens taken to just
those needed for identification, (2) staying on the trails
during the regular surveys, (3) taking care when we did
go off the trails for supplemental surveys not to break
the branches of trees and shrubs and to minimize
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trampling, and (4) being conscious of the possibility of
inadvertently transporting snails between survey areas
and taking measures to minimize this.

Statistical analysis

Sites were sampled on more than one occasion but the
number of occasions differed among locations (see
“Survey method”). However, preliminary analyses
did not detect any seasonal trends in the abundance
data. Therefore, all statistical tests were based on
average abundances of each species at each site over
the differing numbers of sampling occasions at each
site. To investigate the hypothesis that land snail
communities would be significantly different in areas
with high (=10 O. alliarius recorded per person hour)
and low (<1) average abundances of O. alliarius
(referred to as the low and high groups), we used
permutation-based hypothesis testing (ANOSIM) in
the program PRIMER 6.1.15 (Clarke and Gorley
2006). Sites with intermediate average abundances
were excluded from this analysis, allowing us to
specifically test for differences in snail assemblages
among sites with high and low O. alliarius densities.
Prior to running the ANOSIM analysis, an abundance
matrix of the snail species other than O. alliarius by
sample was assembled for the four locations and the
abundances (number recorded per person hour) were
square root transformed to meet the variance assump-
tions of the analysis. Because native snail interaction
with O. alliarius was the focus of this study, we did not
include analysis of the low numbers of other non-
native species recorded. Also, because they were not
recorded at every location and were not found
frequently we did not include the native Achatinella
spp., Pupillidae and Helicinidae. Similarity matrices
for each sampling location were created using the
Bray-Curtis similarity coefficient. This method is
preferable to using Euclidean distances for analyses
with multiple variables using different scales of
measurement or with large inter-sample differences
(Legendre and Legendre 2012). Because we expected
differences in land snail communities among the four
sampling locations, we used a two-way crossed
ANOSIM (999 permutations) with sampling location
(blocks) and O. alliarus abundance (high and low) as a
factor. The ANOSIM is a multivariate permutation
analogue to a complete randomized block ANOVA.
We report both the ANOSIM test statistic (R values)
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and the permutation based P values for the O. alliarius
abundance factor. The R statistics are the average rank
dissimilarities among and within groups, scaled so that
R values vary between roughly 0 and 1 (there may be
some negative values). A global R-statistic of 0
indicates that there are no differences among treat-
ments, and a value of 1 indicates that all dissimilarities
between samples in different treatments are larger than
the average dissimilarity among samples within each
treatment (Clarke 1993). The P values indicate
whether R statistics differ significantly from zero
(i.e. that there are significant differences among
treatments).

We also used PRIMER to run a similarity percent-
age analysis (SIMPER) to determine the relative
contributions of the various species to the dissimilarity
between the high and low groups. The SIMPER
analysis had a two-way crossed design using both O.
alliarius average abundance and sampling location as
factors. We report the species that had the largest
influence on the dissimilarity between the high and
low groups averaged across all locations. The average
abundance values reported for the SIMPER analysis
are back transformed from the square root abundances
used in the ANOSIM.

We ran linear regressions to further investigate
relationships between O. alliarius and specific native
snail taxa. The regressions used native snail average
abundances at each site as the dependent variable, and
O. alliarius average abundance at each site and site
location as the independent variables. We also tested
for interactions between O. alliarius abundance and
site location in the regressions. We used the Breusch-
Pagan test in the R Imtest package (Zeileis and
Hothorn 2002) to look for unequal variances in
abundance of each native snail taxon at sites with
different O. alliarius abundances. Finally we looked at
snail taxon proportions, which were calculated as the
sum of the average abundances of each specific taxon
divided by the sum of the average abundances of all
taxa, and displayed as pie charts. We did this for each
of the four locations. These tests and calculations were
all run using R (R Core Team 2014).

Oxychilus alliarius range expansion
At the Mt. Kaala summit bog, additional monthly

surveys were conducted from May 2010 to May 2011
to record any changes in the extent of the O. alliarius
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population. The population was first discovered close
to the summit access road and the surveys were
conducted along the trail that runs through the bog
from the access road, mostly along a boardwalk
(Fig. 1B). These surveys focused solely on O. alliar-
ius, aiming to determine the snail’s contiguous range,
which began at the access road and extended to the
point along the boardwalk at which O. alliarius could
no longer be found at consecutive sites 20 m (or 10 m,
see below) apart. Surveys focused on the litter and on
vegetation less than 1 m above the ground, and each
covered approximately 100 m*. Each one lasted 30
person minutes or until an O. alliarius specimen, live
or shell, was found. On each occasion a new survey
was carried out 20 m farther along the trail from the
furthest point of the previously established extent of O.
alliarius. If O. alliarius shells or live individuals were
present 20 m past the previous established extent, an
additional survey was carried out another 20 m along
the trail, the process repeated until no O. alliarius
specimens could be found. The surveyors then
returned to the last point at which live snails had been
found and performed a survey only 10 m farther along
the transect. If shells but no live snails were found at
this location, then the previous point was taken to
represent the extent of the contiguous range of O.
alliarius. This way the extent of the O. alliarius
population’s contiguous range was known to within
10 m. If an O. alliarius range extension survey
coincided with one of the main faunal surveys
(described above), the faunal survey served as the
range extension survey. The combined experience of
the field team, the back-tracking survey methodology,
and the fact that O. alliarius is larger than many of the
native snails that we can readily find in the kinds of
habitats surveyed minimized the likelihood of false
negatives (no O. alliarius found when in fact they were
present). Thus, we do not think that false negatives
impacted the essential story of range expansion. On
occasion a live O. alliarius or empty shell was found
hundreds of meters farther than had been previously
recorded, and not as part of the contiguous range.
These instances are presented and discussed below but
were not considered as indicating the extent of the
main population.

Seven supplementary sites 25 m away from the
transect in a direction approximately perpendicular to
it and on both sides of it adjacent to transect sites 3, 5
and 7 (Fig. 1B) were searched for O. alliarius in

February and April 2011 to assess its possible range
extension beyond the immediate proximity of the trail
transect. An additional site 50 m south-east of transect
site 3, in a direction perpendicular to the transect
(Fig. 1B), was also surveyed, in February 2011.
Surveys at these sites lasted 30 person minutes and
covered the same area as the transect surveys.

Results
Impacts on native snails

The ANOSIM revealed a significant difference in
community structure between high and low O. alliarius
abundance groups (P = 0.006, global R = 0.442). There
was also a significant difference in community structure
among locations (P = 0.001, global R = 0.53).

The SIMPER analysis showed that relative abun-
dances of most taxa were greater in the sites with low
O. alliarius abundance. The dissimilarity between the
low and high groups is ascribed primarily to just a few
of the native snail species, with the Succineidae
explaining the greatest amount of dissimilarity
(21.1 %; Table 1). The overall average abundances
for the high group and the low group, calculated from
the abundances of each of the snail species, were 30.41
snails recorded per person hour and 109.71 snails
recorded per person hour respectively, indicating that
native snails were much less abundant in high O.
alliarius abundance sites.

Oxychilus alliarius was the most common snail
overall, accounting for approximately 28 % of all
snails recorded. Although it was not the most common
species at either the Mt. Kaala bog location (17 %) or
the Koolau location (7 %), it made up 36 % of the
snails at the Mt. Kaala ridge locations, and 56 % at
Palikea (Fig. 2). Its highest mean abundance was at
Palikea (284.60 snails recorded per person hour),
followed by the Mt. Kaala ridges (108.58), Mt. Kaala
bog (43.16) and Koolau (5.24) locations. The propor-
tions of native species also varied widely by location.
For example, Succineidae ranged from 3 to 31 % of
the total at the Palikea and Koolau sites respectively,
and Tornatellininae generally made up a substantial
but variable proportion of the snails recorded
(11-29 %; Fig. 2). The Mt. Kaala endemic, Kaala
subrutila, made up approximately 5 % of the snails at
the Mt. Kaala bog.
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Table 1 Results of the SIMPER analysis showing the average
square root abundances of each native snail species at the high
and low Oxychilus alliarius abundance sites as well as the
average dissimilarity, the average dissimilarity divided by the

standard deviation, the percent contribution to the explanation
of the dissimilarity between high and low O. alliarius
abundance sites, and the cumulative percent contribution,
beginning with the taxon that explained the most

Snail taxa Average Average Average Dissimilarity/ Contribution %
abundance (high) abundance (low) dissimilarity standard deviation
Succineidae 2.25 57.30 11.64 1.40 21.09
Tornatellininae 13.84 17.72 8.82 1.56 15.98
Tornatellidinae 8.58 7.13 5.95 1.63 10.78
Philonesia 2.13 14.90 5.05 1.40 9.16
Auriculellinae 1.59 8.76 4.06 1.07 7.35
Pacificellinae 1.19 2.02 2.46 1.17 4.46
Kaala subrutila 0.00 1.69 1.03 0.47 1.87
Total 29.58 109.52
Kaala Bog Kaala Ridges

K. subrutila 5%
Pacificellinae 3%

Auriculellinae 11%

Philonesia 16% O. alliarius 17%
()

Succineidae 20% Tornatellininae 19%

Tornatellidinae 10%

Koolau

Pacificellinae 13%

Philonesia 6% Aurculellinae 15%

O. alliarius 7%

Succineidae 31%

Tornatellininae 27%
Tornatellidinae 2%

Succineidae 16%

i i 0,
Auriculellinae 2% O. alliarius 36%

Pacificellinae 2%
Philonesia 6%

Tornatellidinae 8% Tornatellininae 30%

Palikea

O. alliarius 57%

Auriculellinae 3% Tornatellininae 11%

Pacificellinae 4%
Philonesia 8%

Succineidae 3% Tornatellidinae 15%
()

Fig. 2 Pie charts showing the proportions of each taxon recorded at each site. Achatinella spp., Pupillidae and Helicinidae are omitted
because these taxa were not recorded at every location and were found extremely infrequently

Abundances of only two native snail taxa were
significantly related to O. alliarius abundance. The
abundance of the Succineidae (adults of which have a
maximum dimension >3 mm) was significantly nega-
tively related to O. alliarius abundance (P = 0.000026,
F = 21.37; Fig. 3). For the Tornatellidinae (adult snails
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with maximum dimension <3 mm) there was a signif-
icant interaction between location and O. alliarius
abundance (P = 0.0046, F = 4.92), with the slope of
the relationship at the Mt. Kaala ridge site being negative
and the slopes of the relationships at all other sites being
positive (Fig. 4).
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Fig. 3 Scatterplot showing the average abundance values for
the Succineidae plotted against the square root average
abundance values for O. alliarius at each of the sites. The lines
are the calculated regressions at each of the four locations
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Fig. 4 Scatterplot showing the average abundance values for
the Tornatellidinae plotted against the square root average
abundance values for O. alliarius at each of the sites. The lines
are the calculated regressions at each of the four locations

The proportion of the fauna composed of Tornatel-
lidinae varied from 2 % at the Koolau locationto 15 %
at Palikea (Fig. 2), respectively the locations at which
O. alliarius comprised the smallest and largest
proportion of snails recorded. There are clear differ-
ences among the four locations in the proportions of
the snails that make up the community (Fig. 2). At the

Palikea and the Kaala ridges locations, where O.
alliarius made up 56 and 36 % of the snails recorded,
Succineidae, Auriculellinae and Philonesia (adult
snails with maximum dimensions >3 mm) constituted
smaller proportions of the fauna than at the Kaala bog
and Koolau locations, where O. alliarius makes up just
17 and 7 % of the snails recorded. The Tornatellini-
nae, another group of snails with adult sizes of less
than 3 mm, were recorded in relatively high numbers
at all sites (11-29 %), and were the most abundant
native snail group overall. However, there were no
significant relationships between Tornatellininae and
O. alliarius abundances.

Range expansion

Oxychilus alliarius was first recorded on Oahu in
September 2008 on the north-east side of the Mt.
Kaala summit bog. Its population extended from the
access road to approximately 70 m from the access
road. Between the date of this first record and the end
of the study in May 2011 (32 months) its population
expanded approximately 300 m further from the
access road (Table 2). The rate of expansion (average
approximately 113 m/year) was not constant. Specif-
ically, between September 2008 and December 2009
O. alliarius moved at approximately 12.7 m/month
(152 m/year). Then between December 2009 and May
2010 there was no discernible range expansion.
Subsequently, between November 2010 and February
2011 it expanded its range in jumps. At times the
extent even seemed to contract, although these
instances may have been sampling artifacts. On a
few occasions shells and/or live O. alliarius were
found in small numbers at locations far beyond the
extent of the contiguous range, and up to 450 m
beyond the access road (Table 2). Because these
propagules were not part of the contiguous population
they were excluded from assessments of population
expansion.

Throughout the study, O. alliarius abundances were
highest at sites 1 and 2, where the population was first
recorded. Average abundance decreased sharply
within the next 100 m, and nowhere during the year-
long monitoring study did abundance reach the same
level as close to the road. In February and April 2011
low levels of O. alliarius were recorded at the
supplementary sites 25 m north-west and 25 and
50 m south-east of the transect at approximately
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Table 2 Dates and distances of the Oxychilus alliarius range expansion along the transect running through the Mt. Kaala bog

location

Date Months since Extent of contiguous range Expansion of contiguous Distance of unconnected
first record from access road (m) range since previous propagules from access

survey (m) road (m)

Sep 2008 0 70 - -

Jun 2009 9 150 80 -

Dec 2009 15 200 50 -

May 2010 20 180 -20 450

Jun 2010 21 205 25 -

Jul 2010 22 195 -10 -

Aug 2010 23 200 5 270

Sep 2010 24 210 10 450

Oct 2010 25 210 0 -

Nov 2010 26 250 40 330, 350

Dec 2010 27 240 -10 350

Jan 2011 28 250 10 330

Feb 2011 29 330 80 =

Mar 2011 30 330 0 -

Apr 2011 31 360 30 -

May 2011 32 370 10 -

160 m from the access road. Similar surveys (25 m
north-west and south-east of the transect) were
conducted at approximately 360 and 560 m from the
access road, but no O. alliarius were found.

Discussion

This study demonstrated differences in native snail
communities among the four locations. Although
these differences could be related to differences in
O. alliarius abundances among the locations, it is also
possible that they are related to the different ecological
needs of the various snail taxa and reflect differences
in, for example, vegetational composition and/or local
climatological factors. Within locations, the abun-
dances of the various native snail taxa were not related
to that of O. alliarius in the same way. In particular,
there were specific and different relationships between
O. alliarius abundance and abundances of native
Succineidae and Tornatellidinae. The study also
demonstrated that a newly established O. alliarius
population can expand at a rate of over 100 m/year,
and that this expansion may happen intermittently.
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We had hypothesized that succineid abundance
would not be negatively related to O. alliarius
abundance because of the relatively large size of adult
succineids and the fact that in preference tests O.
alliarius preferred prey <3 mm in maximum dimen-
sion (Meyer and Cowie 2010b). However, Succinei-
dae abundance was negatively related to that of O.
alliarius. Succineids were relatively common and
lived not only in the trees and shrubs, but were also
found in the leaf litter more frequently than most other
taxa, such as the Auwuriculella, Tornatellidinae, and
Tornatellininae. Oxychilus alliarius, which is primar-
ily a ground dwelling species, would have encountered
Succineidae more frequently than these groups, pre-
sumably increasing predation. We now know that O.
alliarius will indeed prey on larger snails (Curry and
Yeung 2013) and may have negative effects on these
larger species. Many Hawaiian Succineidae are
unable to fully retract their bodies into their shells,
which may make them more susceptible to predation
regardless of their size. Oxychilus alliarius also could
have been preying on juvenile Succineidae. Meyer and
Cowie (2010b) found that O. alliarius consumed
juvenile Succineidae, which are less than 3 mm in
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maximum dimension during the first few months of
their lives. It is possible that O. alliarius consumes
these juveniles at high enough levels to influence the
Succineidae population. Another possibility is that O.
alliarius was consuming Succineidae egg masses.
Multiple Oxychilus species, including O. alliarius, are
snail egg predators (Baur 1988; Barker and Efford
2004), and Hawaiian Succineidae lay large egg masses
both in the leaf litter and on the shrubs. However, in
experiments, O. alliarius did not feed on succineid
eggs (WMM, unpublished).

The relationships of Tornatellidinae abundance to
that of O. alliarius (Fig. 4) differed among locations,
being positive at the Palikea, Koolau mountains and
Mt. Kaala bog locations, but negative at the Mt. Kaala
ridges location. Tornatellidinae also had a higher
overall average abundance at sites with high numbers
of O. alliarius (Table 1). The relationship between O.
alliarius and the Tornatellidinae did not conform to
the hypothesis that abundances of smaller snails would
be negatively related to O. alliarius abundance.
However, the differences in the slopes of the relation-
ships at the different sites make it difficult to draw any
specific conclusions about potential impacts of O.
alliarius on the Tornatellidinae. These Tornatellidinae
are primarily found on plants and the lack of a clear
pattern may be related to the generally different
microhabitat/plant preferences of O. alliarius and
Tornatellidinae such that they rarely encounter each
other; or it could be that conditions are especially
suitable for both taxa at some locations, but for only
one or other at other locations. It is also possible that
Tornatellidinae fecundity is high enough to withstand
O. alliarius predation pressure. Such relationships
may also explain the lack of correlations with other
taxa, for example, the Tornatellininae whose high
overall abundance showed no apparent relation to O.
alliarius abundance.

Based on our intensive surveying within the Mt.
Kaala Bog, we found that Oxychilus alliarius is
rapidly colonizing new habitat on Mt. Kaala, the
highest mountain on Oahu. The O. alliarius population
is expanding out from the Kaala access road, at the
northeast end of the study area, to the trail leading
down the mountain on the southwest end of the study
area. This indicates that the original colonizers
probably came up the road on vehicles rather than
being accidentally brought up to the bog by hikers
accessing Mt. Kaala from the trail.

Overall, from September 2008 to May 2011, O.
alliarius moved approximately 300 m, expanding its
range along the transect at a rate of approximately
113 m/year. However, this rate was not constant
(Table 2). In several instances one or a few snails were
found distant from the main population. In May and
September 2010 a single live O. alliarius individual
was found far ahead of the main population (270 m
from the main population in May), and shells were
recorded at the same location in December 2010,
which suggests that there was a small population at
this location during 2010. One or a few snails probably
established the population, but the snails did not
survive long enough for the main population to extend
contiguously to this point during the study. Addition-
ally, from November 2010 through January 2011 we
observed a small population of O. alliarius separated
from the main contiguous population by approxi-
mately 100 m. By February 2011, expansion of both
the contiguous range and the isolated population had
closed the gap, resulting in a much-extended contigu-
ous range. These instances suggest the possibility that
propagules were accidentally transported along the
boardwalk by either natural or unnatural events, rather
than only by the snails’ own active dispersal. How-
ever, it is possible that these individuals were actually
part of the contiguous population. Nonetheless, given
that no other individual, live or shell, was detected
between these individuals and the contiguous popula-
tion over the course of the entire study, we consider it
reasonable not to consider these individuals to be part
of the contiguous population. An alternative explana-
tion of the patterns we observed is that O. alliarius was
already well distributed in the bog at the start of the
study and what we were detecting was foci of higher
densities. However, in the supplementary surveys
either side of the boardwalk we found O. alliarius only
at sites close to the trail, and the fact that the presence
of O. alliarius increased farther along the boardwalk
trail through time, suggests that range expansion is the
more parsimonious explanation.

Propagule transport could have happened acciden-
tally by people, on clothes and footwear, perhaps as
eggs in aggregate dirt clods, on construction materials
used in maintenance of the boardwalk, or naturally
during flooding. These mechanisms of spread may
explain the occasional individuals found along the
transect beyond the contiguous distribution at various
times. While the boardwalk may have facilitated O.
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alliarius expansion through the bog, it did allow
surveys to be conducted with minimal damage to the
native ecosystem, and it continues to allow hikers to
move through the bog without trampling vegetation or
causing erosion.

In February 2011 the contiguous range of O.
alliarius extended approximately 330 m from the
access road (Table 2), and by about April 2011 the
contiguous range had reached site 5 (approximately
360 m from access road). Oxychilus alliarius was
recorded at the sites to the northwest and southeast at
approximately 160 m from the access road, but not at
the supplemental sites to the northwest and southeast
at 360 or 560 m from the access road. This indicates
that the snail population had probably not expanded as
far into the forest as it had along the trail, but that it
was moving into the forest.

The Mt. Kaala endemic helicarionid, Kaala subru-
tila, was recorded almost exclusively in the leaf litter.
At the Mt. Kaala bog, the only location where K.
subrutila was recorded, live individuals were absent
from sites where O. alliarius was already established
at the beginning of the study. However, a K. subrutila
shell was found within the range of the established O.
alliarius population, indicating that previously its
range probably extended at least this far. Generally the
highest numbers of K. subrutila were found approx-
imately 350 m from the access road. By the end of the
study the O. alliarius population had extended to this
site. At that time an O. alliarius was recorded
consuming a K. subrutila in the field (Curry and
Yeung 2013). While there was no significant relation-
ship between overall abundance of Helicarionidae
(probably because of low sample size) and that of O.
alliarius, and we only observed range overlap of K.
subrutila and O. alliarius at the end of the study, the
status of this extremely narrow endemic snail in the
face of expansion of O. alliarius into its extremely
small remaining range should be carefully monitored.

Oxychilus alliarius may have impacted the native
snails of other locations to which it has been introduced,
including New Zealand (Barker 1999), South Africa
(Herbert 2010), and various other places (Giusti and
Manganelli 2002). Quarantine measures are important
from regional to local scales (Cowie 2004). At local
scales, specific preventative measures are the best ways
to minimize its establishment and spread into other
sensitive areas like Mt. Kaala, which is a designated
nature reserve. Such measures include regularly brushing
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dirt and debris off boots and clothes, in designated areas,
and cleaning equipment used for working in sensitive
areas or transporting materials to and from them,
especially out-plantings for ecological restoration. Effec-
tive management aimed at conserving the native land
snail faunas, however, will require understanding of the
ecology not only of O. alliarius but also of each of the
native species potentially affected. In particular, ground
dwelling snails seem to be at higher risk than arboreal
snails. Knowing which species are most vulnerable will
be important for the development of conservation plans.
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