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Abstract

Hawaii, despite being only about 0.2% of the land mass of the continental United
States, accounts for nearly half of all endangered species listed under the Endangered
Species Act. Among the most prominent threats to biodiversity, including climate
change and habitat destruction, impacts from invasive species are among the most
notable. Each year dozens of novel plant and animal species are introduced and
establish in Hawaii, and it is likely that many more go undetected. Those that
establish and spread negatively impact the nearly 10,000 endemic species that evolved
in isolation over millions of years. This process of rapid extinction of native species
and replacement with globally distributed generalists is homogenizing Hawaii’s
unique fauna, causing the islands’ biota to resemble more and more that of any
other warm rocks in the ocean. The loss of biodiversity extends beyond species
loss, and with each extinction, we are losing the stories and connections we have
with the land through our shared evolutionary history, connections on which the
hope to preserve the distinctive culture and ways of living in Hawaii, and globally,
depend. Here we report the case of two newly recorded invasive snail species,
Otala lactea and Zachrysia provisoria, and emphasize the necessity of formalizing
and broadening partnerships to help stem the tide of invasive species and help
conserve the valuable natural and biocultural resources on which island life relies.
Hawaii, like many oceanic islands, serves as a microcosm for processes impacting
the entire world. The lessons learned, and practices applied here can help develop
prevention and management policies and actions that can be scaled up to stem
biodiversity loss globally.
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Introduction

The rate of human-mediated species introductions has been increasing
steadily in the last two centuries and shows no sign of slowing (Seebens et
al. 2017). The ongoing biotic homogenization that is characteristic of the
Anthropocene is having disastrous impacts to ecosystem stability and
functions (Wang et al. 2021; Cowie et al. 2022). Early detection of non-
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native species provides the best chance of controlling them before they
become invasive and overrun an ecosystem, resulting in severe ecological
and economic damage (Alvarez and Solis 2018; Larson et al. 2020). Yet,
most invasive species, particularly members of poorly studied invertebrate
groups, persist as sleeper populations (established but undetected) long
before the first reports of environmental impacts (Walsh et al. 2016; Spear
et al. 2021). Keys to prevention, early detection, rapid response, and effective
mitigation include the development of collaborative networks, adequate
agency staffing, and proper training for those entities tasked with biosecurity
and resource management (Biiyiiktahtakin and Haight 2018; Rabaglia et al.
2019; Diagne et al. 2020; Reaser et al. 2020). Financial and infrastructural
support for partnerships among government, non-governmental, private
agencies, and those organizations that harbor the taxonomic expertise and
experience necessary to survey for and identify novel invaders is needed to
develop early detection and rapid responses (Lyal and Miller 2019; Reaser
et al. 2020). Outreach and education are needed to engage citizen science
efforts to increase capacity for early detection of novel invaders (Vendetti
et al. 2018, 2019; Pinkerton et al. 2019).

Natural history museums, which have a long history of documenting
and studying biodiversity, make ideal partners for governmental, non-
governmental, and private organizations with responsibilities related to
biosecurity and management of natural resources (Marsico et al. 2010;
Schindel and Cook 2018; Shultz et al. 2021). Additionally, museums are
well positioned to lead citizen science initiatives (e.g., SLIME; Vendetti et
al. 2018, 2019) that can help fill the gaps left by agencies that are
understaffed and underfunded. Although not always formally recognized
by the agencies or the museum, malacologists at the Bernice Pauahi Bishop
Museum (BPBM) in Honolulu have actively worked to establish such
partnerships with the Hawaii Department of Agriculture (HDOA), Hawaii
Department of Land and Natural Resources (DLNR), The Nature
Conservancy, the Hawaii Invasive Species Council, and many other groups
tasked with securing the Islands’ valuable natural resources. Most recently,
this informal, broad collaborative effort has allowed the early detection and
identification of two notorious snail pests introduced to Hawaii.

We report here recent introductions and historical records of two large
non-native helicoid land snails in Hawaii, both of which are considered
major agricultural pests, and have the potential to impact natural resources
and human health in the islands once they become established and spread.

Materials and methods
Snail surveys

Reports of snail interceptions and requests for identifications were brought
to the attention of the Malacology staff at BPBM and prompted surveys for
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newly introduced species. All surveys for snails were carried out by at least
two experienced snail researchers following visual search protocols described
in Cowie et al. (2008) for nurseries and by Durkan et al. (2013) in residential
and surrounding areas. Snail identifications were done via an integrative
approach using conchology, reproductive anatomy, and DNA barcode
analyses. To better understand the potential pathways of introductions,
additional specimens of each species were also provided by colleagues from
other areas in the continental US where they have become established,
specifically California and Florida.

Specimen processing

All live collected specimens were killed via the heat shock method of
Fukuda et al. (2008) and fixed in 95% ethanol for 24 hours. After 24 hours
the bodies were pulled from the shells, a piece of foot tissue removed with a
sterile razor and preserved in 95% ethanol for DNA extraction, and the
body preserved in 80% ethanol for dissection.

Conchology

Shells were imaged with a digital single-lens reflex camera (Canon EOS
Rebel T5i with a 100 mm macro lens) in standard views (aperture, apical,
and umbilical). Specimens from this study were used for comparisons with
original descriptions and specimens from other collections to verify
identifications.

Reproductive anatomy

Two adult specimens (bearing a reflected lip) from each species were
dissected with the aid of a Leica M125 stereo scope, and reproductive
anatomy photographed using an attached View4K digital camera (I. Miller
Microscopes, PA). Multiple images were stitched together to form one
composite image in Photoshop (CC) and then enhanced for contrast.
Figures of shells and anatomy were produced using Adobe Illustrator (CC).

DNA extraction, amplification, and sequencing

Genomic DNA (gDNA) was extracted from an approximately 3 mm’ piece
of preserved foot tissue using the Macherey-Nagel NucleoSpin® Tissue Kit
following the manufacturer’s instructions. Tissue samples and gDNA were
cryopreserved in the Pacific Center for Molecular Biodiversity (PCMB) at
BPBM (PCMB 50500-01, 50753, 52264-65, 52281, 55101-02, 60874-78). A
portion of the mitochondrial cytochrome ¢ oxidase subunit I (COI) gene
was amplified via the polymerase chain reaction (PCR) using primers
LCO1490/HCO2198 (Folmer et al. 1994). Reactions were carried out in 25 pl
volumes containing 1-2 pl template DNA and a final concentration of 1 U
of MangoTaq™ DNA polymerase (Bioline), 1X reaction buffer, 0.2 mM
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each dNTP, 2.5 mM MgCl,, 0.75 pM of each primer, 0.4 pug/ul BSA, and
0.5% DMSO. Cycling parameters consisted of a single cycle of 5 min at 95 °C,
1 min at 45 °C, 1 min at 72 °C, followed by 34 cycles of 95 °C, 48 °C, and 72 °C
for 30 s each, and a final extension of 5 min at 72 °C. A final 4 °C
incubation of 10 min terminated each reaction. The amount and specificity
of amplifications were verified via agarose gel electrophoresis and single
product amplicons were cycle sequenced using an ABI BigDye terminator
kit (Perkin-Elmer Applied Biosystems, Inc., Waltham, Massachusetts).
Sequences were electrophoresed and analyzed on an ABI 3730XL (Perkin-
Elmer Applied Biosystems, Inc.) at Eurofins Genomics, LLC (Louisville,
Kentucky). All loci were initially sequenced in one direction, and all
unique haplotypes sequenced in the other direction to produce full contigs.
All sequences have been uploaded to the Barcode of Life Database (BOLD)
and to GenBank (Accession numbers: OP898289-0OP898303).
Electropherograms were checked for errors, edited and assembled using
Geneious Prime 2020.2.2 (http://www.geneious.com). Sequences of COI
generated as part of this study and publicly available sequences
downloaded from Genbank were unambiguously aligned using MAFFT
ver. 7.388 with the iterative refinement method E-INS-I (Katoh and
Standley 2013) implemented in Geneious Prime. Alignments were checked
against amino acid sequences as references to verify an open reading frame
and then exported in FASTA format for subsequent phylogenetic analyses.

Barcoding and phylogenetic reconstruction

To corroborate species identifications, COI sequences were compared with
other barcodes on BOLD via the Identification Engine System. Phylogenetic
reconstruction was conducted under the minimum evolution inference
using K2P distances and 500 bootstrap replicates implemented in MEGAX
ver. 10.2.2 (Kumar et al. 2018). Trees produced in MEGA were exported as
images and edited for publication in Adobe Illustrator.

Results

Surveys prompted by quarantine interceptions and reports of invasive
species by citizens of Oahu resulted in two new state records for Hawaii.
Conchology, reproductive anatomy, and phylogenetic analyses confirm the
identities of these two newly introduced species in Hawaii as Otala lactea
(Miiller, 1774; Figure 1) and Zachrysia provisoria (Pfeiffer, 1858; Figure 2).

The dark-chocolate brown aperture and parietal callus of the O. lactea
shells were consistent with this species. The shell and anatomy (Figure 3)
of specimens collected on Oahu were also consistent with specimens
collected in Los Angeles County, California, and with descriptions of this
species by Schileyko (2006).
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Figure 1. A) Live Otala lactea collected from Ford Island, Oahu residence. Scale Bar = 1 cm.
B—C) Wheel well and wheel of imported car showing a few of the estivating Otala lactea (red
circles). Photo credits: T.M.B. Maruno (A) and Hawaii Department of Agriculture (B—C).

The shells of Z. provisoria specimens were consistent with those identified
as such in other collections, and consistent with previous descriptions
(Pilsbry 1889; Schileyko 2006). Anatomically, the possession of a large
phallus, a long flagellum, and an accessory flagellum is consistent with this
species (Figure 4; Schileyko 2006).

The 655 bp sequences from three specimens of O. lactea from Oahu
produced two COI haplotypes that differed by less than 2.5%. One of these
(PCMB52281) from a Ford Island residence was sister to the other
(PCMB50500), which was recovered in a strongly supported clade of sequences
from specimens collected in Los Angeles, CA (PCMB60874-60876; Figure 5).
All these newly sequenced specimens were nested within a strongly supported
clade with several other O. lactea from the Iberian Peninsula (Portugal and
Spain) uploaded to Genbank.

Sequences from five specimens of Z. provisoria from Oahu and one
specimen from Fort Lauderdale, Florida produced a single COI haplotype,
which was 100% identical to two sequences deposited in BOLD, one of which
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Figure 2. A) Live Zachrysia provisoria collected from Kaneohe, Oahu residence. Scale bar = 1 cm.
B-C) Garden planters and cinder block where snails were estivating. Scale bar = 1 cm. Photo
credits: T.M.B. Maruno (A) and K.A. Hayes (B—C).

was collected in Key Largo, Florida and the other unknown due to the data
being unpublished and set to private on BOLD. A third sequence of
Z. provisoria on BOLD was 99.69% similar to the specimens from Oahu.
Phylogenetic analyses recovered the Hawaii, Florida, and BOLD specimens
in a single, strongly supported clade (Figure 6) sister to the Rhytididae,
Afrohytida krausii (Pfeiffer, 1846), listed under Natalina kraussi on
GenBank (FJ262298.1). The sister relationship of the latter is unsupported
in the tree.

Helicidae

Otala lactea (O.F. Miiller, 1774) New State Record

Otala lactea is a large (shell diameter < 36 mm), polyphagous, land snail
native to the lands bordering the western Mediterranean Sea (Pilsbry 1939;
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Otala lactea
BPBM 287522
Honolulu, Oahu

5 mm
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Oviduct)
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duct

Free

Oviducf k" Bursa
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Vas deferens
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Figure 3. Otala lactea shell (top) and reproductive anatomy (bottom). BC = Bursa copulatrix.
Photo credits: T.M.B. Maruno (shell) and K.A. Hayes (reproductive anatomy).

USDA-APHIS 1999; Bank and Neubert 2017; Holyoak and Holyoak 2017).
Its status as native to that region is evidenced by its lengthy archaeological
record in Spain (Serrano et al. 1997; Cortéz-Sanchez et al. 2008, 2019, 2020;
Garcia-Rivero et al. 2019), Morocco (Ramos et al. 2011; Limondin-Lozouet
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Kaneohe, Oahu
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Figure 4. Zachrysia provisoria shell (top) and reproductive anatomy (bottom). Photo credits:
T.M.B. Maruno (shell) and K.A. Hayes (reproductive anatomy).

et al. 2013; Hutterer et al. 2014), Algeria (Chellat et al. 2018), and Tunisia
(Saafi et al. 2013). The species occurs in the Balearic Islands (Beckmann
2007), but its status as native or introduced is ambiguous; Rossellé6 and
Cuerda (1973) reported fossil molds of shells identified as this species from
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Figure 5. Phylogenetic reconstruction using minimum evolution of COI sequences of select
Otala species downloaded from Genbank and Otala lactea sequenced for this study. OTUs for
Genbank sequences labeled according to identifications and localities provided with Accession
data. Node values are bootstrap supports from 500 replicates.

Mallorca. Mercadel et al. (1970) reported Quaternary fossils of this species
from the island of Menorca, but subsequent authors have cast doubt on the
validity of that record, suggesting that the species is instead an anthropogenic
introduction (Paul 1984; Quintana 2001, 2006; Vicencs and Pons 2011,
2017). If so, the introduction was of considerable antiquity, as the species
was present in Roman times (Jaume et al. 2011). It also occurs in mainland
Portugal, Madeira, the Azores, and the Canary and Cape Verde Islands
(Backhuys 1975; Groh 1983, 1985; Abreau 1998; Seddon 2008; Cameron et
al. 2012; Cadevall and Orozco 2016; Bank and Neubert 2017; Holyoak et al.
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BBMOMO005-10
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— PCMB50753, PCMB52264 W Zachrysia provisoria
PCMB52265, PCMBS55101 Hawaii, Florida
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Figure 6. Phylogenetic reconstruction using minimum evolution of COI sequences of select
Zachrysia provisoria downloaded from BOLD, outgroup taxa from Genbank, and Z. provisoria
sequenced for this study. OTUs for downloaded sequences are labeled according to identifications
provided in BOLD and Genbank. Node values are bootstrap supports from 500 replicates.

2019). The species has been reported to occur in Malta (Mifsud et al. 2003),
but Cilia (2012) suggests that Mifsud’s material may instead have been
misidentified specimens of Otala punctata (Miller, 1774), known to occur
on the island (Barbara and Schembri 2008).

The range of O. lactea has been substantially expanded because of
human commerce, and the United States Department of Agriculture Animal
and Plant Health Inspection Service (USDA-APHIS) considers O. lactea a
quarantine-significant pest (a pest of potential economic importance to the
area, which, if intercepted, requires phytosanitary action) for Hawaii,
Puerto Rico, and the US Virgin Islands under the federally recognized state
managed phytosanitary program. The species is a favored food item among
the peoples of its Mediterranean homeland, and its spread is believed to
have been at least in part the result of intentional introductions by persons
wishing to use it for that purpose (Gammon 1943; Grimm 1964; Hanna
1966). It became established in Uruguay early in the 19™ century (d’Orbigny
1835; Rush 1892; Campos and Calvo 2006). Elsewhere in South America, it
now occurs in Argentina (Rush 1892; Rumi et al. 2010), Chile (Rumi et al.
2010; Araya 2015), and Paraguay (Rumi et al. 2010). Mienis (2001) contended,
however, that all records of O. lactea from Uruguay and probably also
Argentina, are in fact misidentifications of O. punctata. Although O. lactea
has not been recorded within Mexico, specimens have been intercepted by
US agricultural inspectors in shipments of goods entering the US from
Mexico (Naranjo-Garcia and Castillo-Rodriguez 2017), for example from
Tamaulipas (USDA APHIS interception). It has been reported to occur in
Cuba (Tryon 1888; van der Schalie 1938; USDA-APHIS 1999), but although
the living individuals have been imported to Cuba for gastronomic purposes
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it is not believed to have become established there (Aguayo 1944; Maciera
etal. 2013).

Accurate determination of first records and the spread in the US is
complicated by taxonomic confusion. Say (1822) described a species he
named Helix irrorata based on specimens said to have been collected in
Pennsylvania; in the description he compared it with lactea. Binney (1885:
249-251), in a discussion of “doubtful, spurious, extralimital, species of Helix,”
stated that Say’s irrorata was a synonym of lactea and that the species
“[d]oes not now exist in America.” The earliest confirmed report of its
subsequent reestablishment in the United States is that of Strecker (1935)
in Texas; there are numerous subsequent Texas records (Jackson 1944;
Grimm 1964; Pratt 1964; Murray 1968; Mead 1971). Otala lactea has also
been reported to occur in California (Hill 1941; Gammon 1943; Grimm
1964; Hanna 1966; Roth and Sadeghian 2006), Arizona (Mead 1971;
Bequaert and Miller 1973), Mississippi (Hubricht 1963; Mead 1971),
Kentucky (Mead 1971), Virginia (Grimm 1964; Mead 1971), Georgia (van
der Schalie 1938; Pilsbry 1939; Mead 1971; Felix et al. 2019), and Florida
(Henderson 1936; van der Schalie 1938; Pilsbry 1939). It has also been
reported from Louisiana, but apparently did not become established (Harry
1948; Dundee and Watt 1961). USDA-APHIS (1999) suggests, however,
that some of the early records may be misidentifications of O. punctata.

In addition to the above North and South American localities, O. lactea
has become established in Bermuda (Gould 1969; Doleman 1973; Bieler
and Slapcinsky 2000) and in Australia (Burch 1976; Smith 1992; Blacket et
al. 2016). Melvill and Ponsonby (1898) and Connolly (1939) cited an early
collection of this species in South Africa, but Herbert and Sirgel (2001) and
Herbert (2010) stated that the species had not become established and
suggested that at least some of the South African reports of this species
were based on misidentifications of the similar species O. punctata.

Otala lactea feeds on a variety of agricultural and horticultural plants
and is a common garden pest in many areas where it is established (USDA-
APHIS 1999). In Florida it causes only minor damage (Capinera and
White 2011) and has been described as a “minor plant pest” (Cowie et al.
2009), though in California it does cause damage to commercial crops and
home gardens (Gammon 1943). In Bermuda its presence, together with
Rumina decollata (Linnaeus, 1758), was regarded as a sufficiently significant
threat as to justify the introduction of the predatory snail Euglandina rosea
(Férussac, 1821) as a potential (but unsuccessful) biological control agent
(Simmonds and Hughes 1963; Civeyrel and Simberloff 1996). In laboratory
experiments O. lactea has been found to be a suitable host for Angiostrongylus
cantonensis (Jindrak et al. 1977). In its native range, O. lactea serves as an
intermediate host for other protostrongylid nematode parasites of sheep and
goats (Cabaret 1979, 1988; Cabaret et al. 1980; Berrag and Urquhart 1996).
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The first record of O. lactea in Hawaii was from September 3, 1957,
when a single, live specimen was found on the deck of the SS Steel King by
agricultural inspectors on the island of Kauai. In August 2019 HDOA
reported finding dozens of live O. lactea on a sport utility vehicle (SUV)
imported to a local dealership through the Port of San Diego, California
(Figure 1) where the SUV was staged prior to shipping. The snails were found
estivating in wheel wells and the undercarriage of the SUV (Figure 1).
Specimens collected off the SUV by HDOA were provided to malacology
researchers at the University of Hawaii and BPBM for identification.

Just over a year later in October 2020, a resident on Ford Island, Oahu,
brought a single live snail to researchers at BPBM. The snail was found in
the yard of the residence, and a subsequent search of the residence and
surrounding area by researchers from BPBM did not recover any
additional O. lactea specimens.

At this time O. lactea is not considered established, as no additional
specimens have been reported. However, no systematic surveys are being
conducted beyond those reported here. As such, it is possible that O. lactea
currently exists on Oahu or one of the other islands in sleeper populations.

Material examined

USA - Hawaii, Kauai County, Kauai « 1; Lihue; 13 Sep. 1957; Yoshio
Kondo leg.; agricultural intercept on board S.S. Steel King vessel; BPBM
279759. - Hawaii, Honolulu County, Oahu « 1; Pearl Harbor; 2 Oct. 2020;
Chelsea Colden leg.; BPBM 287522 « 8; Honolulu; 17 Aug. 2019; Janis N.
Matsunaga leg.; HDOA interception on an SUV imported via California;
BPBM 289115. - California, Los Angeles County « 25; 23 May 2018; Greg
Bartman leg.; USDA-APHIS interception; BPBM 289148.

Zachrysiidae

Zachrysia provisoria (L. Pfeiffer, 1858) New State Record

Zachrysia provisoria is a large, phytophagous land snail (shell width < 32 mm)
native to Cuba (Pilsbry 1928; Pérez and Espinoza 1993; Espinosa and Ortea
1999). It was intentionally introduced to the United States in the early 20"
century by a shell collector in Little River, Florida (Clapp 1919) and is now
well established in Florida (Clarke 1957; Clench 1959, 1960; Auffenberg
and Stange 1993; Robinson and Fields 2004; Auffenberg et al. 2011). It has
since spread more widely in the US and to multiple islands of the Caribbean
and Atlantic. It has been reported in the Cayman Islands (Robinson and
Fields 2004; Breure et al. 2016), Jamaica (Robinson and Fields 2004; Rosenberg
and Muratov 2006; Breure et al. 2016), Hispaniola (Republica Dominicana,
Ministerio de Medio Ambiente 2012; Agudo-Padron 2020; Espinosa and
Robinson 2021), the Virgin Islands (Auffenberg and Stange 1993; Robinson
and Fields 2004; Breure et al. 2016), Anguilla (Breure et al. 2016), Saint
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Martin (Bertrand 2001; Breure et al. 2016; Neckheim and Hovestadt 2016;
Hovestadt and Neckheim 2020), St. Barthélemy (Breure et al. 2016; Hovestadt
and Neckheim 2020), Saba (van Leeuwen et al. 2015), Saint Kitts (Breure et
al. 2016), Nevis (Robinson and Fields 2004; Breure et al. 2016), Antigua
(Robinson and Fields 2004; Breure et al. 2016), and Guadeloupe (Massemin
and Pointier 2010; Breure et al. 2016; Charles 2016). In the Windward
Islands it occurs in Barbados (Chase and Robinson 2001; Robinson and
Fields 2004; Breure et al. 2016) and Mustique (Robinson and Fields 2004;
Breure et al. 2016). It also occurs in Curagao (van Buurt 2016; Breure et al.
2016; Hovestadt and van Leeuwen 2017) and the Bahamas (Bland 1862;
Bendall 1895; Clench 1938; Jacobson 1965; Deisler and Abbott 1984). In
addition to the above, snails have been intercepted by quarantine inspectors
in shipments to the US from Costa Rica and Guatemala (Robinson and
Fields 2004). Beyond the Americas, the species has been reported to be a
pest of mulberry in India (Pandey and Dhar 2013).

Zachrysia provisoria is a voracious herbivore reportedly capable of damaging
a long list of horticultural and agricultural plants, including fruits and cut
flowers (Robinson and Fields 2004; Capinera and White 2011; Auffenberg
et al. 2011; Capinera 2013). Impacts on nursery plants can be severe without
molluscicide control and in some instances have been estimated to reduce
stocks by as much as 25% (Robinson and Fields 2004). In Florida, where it
is a serious plant pest, Z. provisoria has also been reported as a host of
Angiostrongylus cantonensis (Emerson et al. 2013; Stockdale-Walden et al.
2015; Stockdale Walden et al. 2017; Walden et al. 2021). Robinson and
Fields (2004) noted that this species is often intercepted in horticultural
shipments from Florida and warned that in Alabama, Mississippi, Louisiana,
Texas, California, and Hawaii could easily become established and become
a costly agricultural pest. Regrettably, their prediction of its potential
establishment in the Hawaiian Islands may have now come to pass,
particularly in view of its environmental compatibility.

On September 8, 2020, the HDOA contacted researchers in Malacology
at BPBM requesting identification of snails found on the property of a
private residence in Kaneohe, on the island of Oahu (Figure 2). Based on
images from the HDOA, the snails were initially identified as Zachrysia
provisoria. Researchers from BPBM accompanied HDOA staff to the
residence on September 15, 2020, to conduct an extensive survey for the
snails, recovering dozens of live specimens from all age classes, indicative
of an established population. Subsequent discussion with the resident
revealed that they first noticed the snails on the property “six to twelve
months ago” following the purchase of a potted plant from a local garden
store. A subsequent search of the garden store by HDOA staff recovered
juveniles and adult snails.

On June 21, 2021, Z. provisoria was reported again by another private
homeowner on the leeward side of the island who noticed the snail on a
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recently purchased ti (Cordyline fruticosa) plant from a local nursery.
Surveys by HDOA staff of the nursery where the potted plant was purchased
turned up another half dozen live snails.

In December 2021 a third nursery, near the private residence in
Kaneohe, where Z. provisoria was first recorded in 2020, reported a single
live specimen on their property. A subsequent survey by BPBM researchers
and HDOA staff failed to recover any additional specimens.

Multiple records of Z. provisoria and the recovery of various size classes
at more than one site is indicative of an established breeding population.
This species will probably continue to spread and be reported from additional
locations in the future. Immediate eradication efforts are needed to prevent
the spread on Oahu and to other islands.

Material examined:

USA - Hawaii, Honolulu County, Oahu « 7; Kaneohe; 9 Sep. 2020; Janis N.
Matsunaga leg. BPBM 287520 « 13; Kaneohe; 11 Sep. 2020; Norine W.
Yeung, Kenneth A. Hayes, Janis N. Matsunaga leg.; BPBM 287517 « 1;
Kaneohe; 11 Sep. 2020; Norine W. Yeung, Kenneth A. Hayes, Janis N.
Matsunaga leg; USDA 131357 « 10; Kaneohe; 18 Sep. 2020; Janis N.
Matsunaga leg.; BPBM 287523 « 1; Ewa Beach; 21 Jun. 2021; Sharla Tadeo,
Ricarte Tadeo leg.; BPBM 288414 « 6; Hawaii Kai; 25 Jun. 2021; Janis N.
Matsunaga leg.; BPBM 288417 « 1; Kaneohe; 3 Jan. 2022; Francis Joy leg.;
BPBM 289079. - Florida, Broward County « 25; Fort Lauderdale; 2 Jun.
2018; John D. Slapcinsky leg.; BPBM 289149.

Discussion

DNA barcodes and phylogenetic analyses corroborate the morphological
identifications of these two newly reported species introduced to Hawaii
and provide some clues as to their potential origins. The Otala lactea from
Hawaii are from two different source populations, one arriving via
California on a vehicle shipped to Hawaii, and the other, potentially
coming from established populations in Florida. All the sequences from US
populations show close affinities for those from the Iberian Peninsula.
Zachrysia provisoria appears to be most likely introduced from populations
in Florida along with nursery trade materials, which is a well-known
pathway for introduced species into Hawaii (Cowie et al. 2008).

Hawaii is one of the most isolated archipelagos in the world, a characteristic
credited with helping drive the evolution of nearly 10,000 species of plants
and animals unique to the islands (Eldredge and Evenhuis 2003). Successful,
new colonization of the islands by plants and animals prior to human
arrival has been estimated to be about once every 35,000-100,000 years
(Fosberg 1948; Ziegler 2002). In contrast, in recent decades that rate has
increased to an estimated at least one newly established species every 18
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days, facilitated primarily through human transport (Ikuma et al. 2002). At
least 22 plants are introduced per year, and more than 860 non-native
plant species have become established in the last 300 years (Cordell 2021).
By comparison, the more than 750 endemic species of land snails in Hawaii
are thought to be the result of fewer than 23 colonization events over more
than five million years, which is fewer than one successful dispersal event
every 200,000 years (Zimmerman 1948; Ziegler 2002). Since 2008, 40 newly
established non-marine, non-native snail species have been recorded in
Hawaii (Kraus 2003; Hayes et al. 2007; Cowie et al. 2008; Hayes et al. 2012;
Hayes et al. unpublished data). While some of these new records are the
results of revised identifications to previously established taxa, others represent
newly established species that probably existed in sleeper populations long
before being detected. Sadly, none are welcome additions to the malacofauna,
because in addition to the potential direct threats they pose to agriculture,
commerce, and natural resources, they also bring with them a host of
symbionts, many of which may be parasites or pathogens that cause
zoonotic diseases, impacting wildlife and human health (Kim et al. 2014).
The intensified propagule pressure created by global commerce has
increased the number of invasive species in Hawaii and throughout the
world. The horticultural trade is a well-known pathway for newly introduced
snails, and other pests (Cowie et al. 2008; Bergey et al. 2014). Well-established
pathways, combined with insufficient funding for biosecurity and
conservation programs, have created a situation where more introductions
will go unreported prior to establishment, creating sleeper populations
potentially leading to future economic and ecological damage more costly
to mediate than the initial efforts aimed at early detection. The two
examples reported here, large snails not easily overlooked for long, are only
a small fraction of the species being introduced, with most going
undetected, especially smaller, poorly studied species. The ability to rapidly
identify and respond to the introduction and potential establishment of
these two species of quarantine significance was possible, in part, because
of the strong, but informal, collaborative relationship among BPBM
researchers and state agencies charged with protecting natural resources in
Hawaii. However, for such partnerships to be sustainable and effective,
there needs to be long-term planning and support for them, including
formal agreements, financial support via legislative action, and an
appreciation of the importance of such relationships by the executive
teams of all agencies involved. For example, at the Academy of Natural
Sciences of Drexel University and the Smithsonian’s National Museum of
Natural History there are staff positions supported by the National Oceanic
and Atmospheric Administration, USDA, and other agencies needing
taxonomic expertise and reference collections to fulfill their missions. The
establishment of formal positions and additional affiliate positions for
jointly supported agency staff such as the HDOA, DLNR, and the USDA
within BPBM would substantially benefit the efforts to secure and protect
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our valuable natural resources. Leveraging the agency expertise and
staffing along with the extensive collections and taxonomic expertise of the
museum provides an economically feasible and a more tractable way to
tulfill the mission of these agencies and the museum, and simultaneously
contribute to building the capacity to address serious biosecurity issues
facing the state.

Unfortunately, many agencies, much like most natural history museums,
are understaffed and underfunded, leaving far too many of their collections
misidentified, or worse unidentified, and in need of extensive curatorial
care (Naggs 2022). Support for the basic foundation of all of biology,
taxonomy, has been in decline for decades (Tahseen 2014; Ely et al. 2017),
and there are no signs that this impediment will be addressed adequately in
time to mitigate the ongoing and worsening biodiversity crisis (Cowie et al.
2022). The difficulties of identifying invasive species are further exacerbated
by the fact that staff from state agencies often have taxonomic expertise in
a few narrow groups and lack the resources to identify and understand the
impacts of invasives broadly, particularly when they involve poorly studied
groups like molluscs. As a result, introduced species continue to spread
until they become serious pests, impacting agriculture, ecosystem services,
or human health. Without early detection and mitigation or eradication,
these pests are much more costly to control than they would be in the early
establishment phase. Collaborative partnerships between natural history
museums and natural resource management agencies at all levels can, in part,
help alleviate some of these issues by sharing expertise and funding lines,
while also helping fill the need for broad professional development of staff.
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