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ABSTRACT

Amastridae, the only endemic Hawaiian land srail( h ¢ainily,Jonce comprised over
300 species, but onky22 are known today. These molluscs experience extremely high extinction
risk via habitat loss, invasive species, and climate change, accentuating the urgency for
addressingdawaiian ground snail knowledge gaps. This research focas®sastraspecies
from West Maui, where recent surveys by the Maui Nui Snail Extinction Prevention Program
have identified some of the last, wild populations occurring at a landscalee Thigroject
characterizes the habitat Afnastraspecies using tavspatial scales: localcale vegetation
surveys and landscaseale unmanned aerial vehicle or UAV imagery, the latter is the first time
UAV i magery has been used for Hawai @i terrest
thatAmastrapresent areawill exhibit distinct vegetation compared to unoccupied areas and that
vegetation patterns will be consistent between {ecale surveys and landscegzmle imagery.
For vegetation surveys, veund a statistically higher percent covefFoéycinetia arborea
(Giede) in Amastrapresent versus absent areas, confirming a documented habitat association.
Additionally, Amastraabsent areas had statistically higher percent cover-tdéralt, which are
known to alter calcium availability a signficant macronutrient for land snails. For UAV
imagery, we created Structdi®m-Motion 2D and 3D outputs, and classified vegetatiorHor
arboreaandall-ferns cover. A novelAmastraHabitat Index (AHI = estimateH. arborea
percent cover estimaed allferns percent coviewas developed and applied to the entire study
area.AmastraHabitat Index values were statistically higheAimastrapresent versus absent
areas, relating and expanding lesable vegetation patterns. Mtdicale habitat chacgerization
whereAmastraspp. persist will inform future surveys and identify potential predator proof

exclosures (kopuka rattvéHawaiiah land snhilconsebrationadv anci ng
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CHAPTER 1. HABITAT CHARACTERIZATION OF WEST MAUIAMASTRASPP.

1.1 INTRODUCTION

1.1.1 Terrestrial Patterns of Biodiversity

Biodiversity can be defined as the collection of unique living organisms across Earth. To
date, the total biodiversity on Earth, as measured in number of species, is estirmaiadds. 7
million (Mora et al., 2011). These estimates are based on rolighiyillion current,
taxonomically valid species and optimal modeling approaches to estimate the actual number of
species globally, which is limited by incomplete taxonomic informa@&d on land and 91%
in the sea await species descriptions), extin¢tamd species that have yet to be discovered

(Mora et al., 2011).

Though exceptions exist, there are several consistent spatial patterns that influence
biodiversity. Some significant terrestrial relationships to highlight from the work of Rosenzwieg
(1995) are: the larger the area, the more species to be found; richer, more biodiverse areas occur
at the Equator, decreasing toward the poles, {lne.latitudinal gradient)greater habitat variety
leads to greater species diversand islands experieacsteeper species accumulation than
comparable continental ared$ius, slandbiomesareuseful for studying foundational concepts
in ecology and evolution such as immigration, speciation, and extinction (Whittaker et al., 2017,

Wilson & MacArthur, 2016).

Tropical forest ecosystems host, at mini mu
speci es, despite tropical forests only coveri
2009; Wilson, 1988). On both a local and glebedle, tropicatorests provide countless

ecosystem services to human populations, in the form of cultural value, raw natural resources,



carbon sequestration, etc., while also harboring rare endemic species (Gardner et al., 2009).
However, due to rapid human driven de&tation, tropical forests globally are decreasing at an
alarming rate, likely taking hundreds of thousands of reliant species with them (Alroy, 2017;

Gardner et al., 2009; Wilson, 1988).

Oceanic island habitats, similatiy tropical forest ecosystems,us@ a large proportion
of Eart hos -POPoofdll terrestrial specyes) (n tektion to their small land area
(3.5%) (Whittaker et al., 2017). Like tropical forests, oceanic islands are vulnerable to a suite of
threats such as; habitat loss, isiva species, and climate change, which intensifies the
extinction potential of species (Lal et al., 2002; Paulay, 1994; Vitousek, 1988; Whittaker et al.,
2008). Sadly, greater than 60% of the recorded species extinctions from 1500 CE onwards are
island ememics (Whittaker et al., 2017). The need for research and proactive conservation

efforts on oceanic islands is extremely urgent for preserving global biodiversity.

1.1.2 Invertebrate Biodiversity: Mollusca Fauna

In terms of global animal biodiversity, iastebrates compose the majority of species,
includingaboutl1.25 million described species (95% of the worldwide known animal
biodiversity) (Eisenhauer & Hines, 2Q2ora et al., 2011). In part due to their lengthy
evolutionary history, diverse reproduaiprocesses, and small body size allowing for niche
occupancy, invertebrates have evolved to inhabit almost all parts of the world, from marine to
terrestrial to freshwater ecosystems (Eisenhauer & Hines, 2021). Even with their diverse biology,
invertebraes are often overlooked, undescribed, or unknown, while also facing the same mass
extinction threats of larger animals in the Anthropocene (Cardoso et al., 2011; Cowie et al.,

2002; Régnier et al., 2009).



After Arthropoda, the phylum Mollusca is the seddargest animal phylum in number of
known species (Cowie et al., 2022; Eisenhauer & Hines, 2021). Molluscs are largely
unsegmented, seftodied organisms that have a muscular foot for movement and a mantle that
secretes calcium carbonate for shell coea{Ponder et al., 2019). From scallops to slugs to
snails to squids, molluscs have experienced incredible species radiations evolving diverse
physiological, behavioral, and ecological adaptations (Ponder et al., 2019). Worldwide, estimates
support that tare are likely up to 200,000 living mollusc species, with 52,500 species described
and extant (Ponder et al., 2019). In comparison, the charismatic vertebrates, a major subgroup of

the Chordata phylum, has only ~45,000 living and described species (lBoatie2019).

With limited certainty, scientists hypothesize that 24,000 terrestrial mollusc species exist
today, considering only species with valid descriptions (Cardoso et al., 2011; Lydeard et al.,
2004). However, it is estimated that up to 40,00@igseof terrestrial molluscs await species
descriptions, many in museum collections (Lydeard et al., 2004). Additionally, molluscs have the
highest number of recorded extinctions, amounting to 42% of the 693 animal extinctions since
1500 CE (Lydeard et a004). Mollusc extinction risk is significantly increased when species
occur in island versus continental ecosystems. Nowhere is this better demonstrated than by the

mass extinction of land snail faunas across Pacific Islands (Cowie 20212).

1.1.3 Land Snails Across the Pacific

With over25,000 islands across the Pacific Ocehese areasupport many available
ecological niches for molluspecies, resulting in high beta diversity (Chiba & Cowie, 2016).
Successful Pacific land snail founders were likely rare events of aerial dispersal, via hitchhiking
on birds, surviving passage through bird guts, or rafting on vegetation (Kawakam2@08aj.,

Osborne et al., 2024; Vagvolgyi, 1975). For example, the Hawaiian Succineidae (Pilsbry 1948)



family is composed of two monophyletic clades, one from an gdli&al colonization event that
follows the progression role of successive colonization fotaar Hawaiian Islands, and the

other, younger clade originating fronBautheast Asian founder species (Holland & Cowie,

2009). Theoretically, from either clade, an ancestral succineid could have arrived to the
Hawaiian Islands around 29 million yearodglolland & Cowie, 2009). Through time, once on
these isolated oceanic islands, subsequent dispersal events to neighboring forests, ridges, and
gulches resulted in the majority of single island, ecosystem, or site endemism observed in many

Pacific Oceandnd snail communities (Chiba & Cowie, 2016; Cowie, 1995; Lee et al., 2014).

The work of SolemX9761983 emphasized the particular significance of oceanic
islands as hot spots for high land snail biodiversity and endemism. For example, Biém (
1983)repoted onmore than 100 endemic land snail species across the small island of Rapa in
the South Pacific, a remote area of only 38 square kilometers. In the Palauan Archipelago with
over 300 separate islandspughly 200 extant species of land snails were doented across the
~460square kilometers of total land area (Rundell, 2010). Across the Pacific, around 6,000
species of land snails were described, most of which are single island or archipelago endemics
(Yeung & Hayes, 2018). In arguably the most thordyiglocumented Pacific land snail
radiation, the Hawaiian Island archipelago hostsdt8/eHawaiian land snail families
(Goulding et al., 2023). The thirteen families include 759 described, valid land snail species
across the 16,650square kilometer area theeight main Hawaiian Islandsvith 99%
endemism (Cowie, 1995; Goulding et al., 2023; Yeung & Hayes, 2018). Additionally, the land
snail diversity of the Hawaiian Archipelago is comparable to that of the entire North American

land snail fauna (Pilsbry, 1938948).



The formation history of the Hawaiian Archipelago supports this high native land snalil
radiation. The Hawaiian Archipelago was created via the continuous movement of the Pacific
tectonic plate, the largest in the world, which travels northwardova st ati onary HfAho
the Earthés mantle (Wilson, 1963). Magma exud
with sequentially younger islands forming (Wilson, 1963). The high volcanic islands erode to
become low coral atolls and then subgeet seamounts, eventually subducted into the adjacent
tectonic plate (Clgue, 1996; Moore & Clgue, 1992; Clague & Sherrod, 2014). Divided into the
younger @hi gh oNorthadstarmHawaiian fsldndsy thedbest estimate on island
formationis Kure Atol at about 30million yearsago(Ma),theo |l dest hi gh i sl and
around 5 Ma, and t heatlgssthan@.8Maandi sl lexpandi@ggle, Ha wa i

1996;Price & Clague, 2002).

1.1.4 NativeHawaiian Land Snails

Native Hawai i an (dsanedf manyg Hawdiian nasyholdké&)moles in
Hawaiian culture, i.emele(songs)pli (chants), anthula(dances) (Johns, 2022; Sato et al.,
2018). The kUhul i amced cs(stayiesg mythsclegentay knowdedga ct er s
keepers, voices of the forest, and syislihat all igpono(righteousness) (Sato et al., 2018). Sato
et al.(2018 also found that females of royal backgroutsZ & 0 ywachri en eleilich u | i
demonstrate their high raiika potential example of this being the myriad of glossy, patterned,
brightly col or eAchangllashpup .t rgeief tsendaitls @Queen Lil i ¢
reigning monarch of the Hawaiian Kingdom (Johns, 2022dlogically speaking, native
Hawaiian land snails have close associations and even specific preference for native Hawaiian
plant species (Meyer et al., 2022). They are critical detritivores in Hawaiian ecosystems, grazing

on biofilm, (algae, bacteria, afidngus that grows on the surface of plants)/@andonsuming



decaying detritus (Meyer & Yeung, 2011; Meyer et al., 2013). Tthise k Uh u lbiofilmt r an s f ¢
and detritus into nutrients, contributing to soil development, nutrient cycling, and potentially
supporting plant growth, improving habitat productivity, and aiding watershed maintenance

(Meyer et al., 2013; Yeung & Hayes, 2018).

Native Hawaiian land snail habitats transformed with the arrival of Polynesiansd
the 12" to 13" centuries (Kirch2011).Some lowlandregetation was cleared for habitation and
farming along with the introduction of can@f@olynesian vgager introducejplant and animal
species, most significantly the Polynesian Rat{us exulans resulting in lasting impacts on
native Hawaiian ecosystems (Hadfiel®386; Kirch, 1982). Paleontological evidence
demonstrates thaiativeHawaiian land snails existed in these lower altitude landscapes, with
wider species ranges of potentially forested, higher humidity ecosystems prior to underbrush
grazing of introduced ungulat@sirch, 1982; Christensen & Kirch, 198@®reviousto human
contact, the Hawaiian Islands lacked many organisms that would normally depredate snails in
continental ecosystems, such as mammals and reptiles, though some research shows that certain

nativeHawaian krd species were known to consume land snails (Carlquist, 1970).

In the laterl9" to 20" centuries, largscale habitat conversion and loss, mainly due to
Western driven agriculture, logging, and cattle ranching, intensified the dectinéva
Hawaiianland snails (Solem, 1990). Overcollection by humans, some being scientists, and the
introduction of additional nonnative and invasive species also impacted the land snail fauna
(Hadfield, 1986; Hadfield & Mountain, 1980; Hadfield et al., 1993; Solem, 1988)aiianland
snail life history traits, including their limited vagility, late maturation, low reprosacttes,
and isolated geographic ranges, increase their extinction risk, especially in the presence of a

highly destructive invasive predatothe predatory rosy wolf snaiHuglandinaspp.) (Hadfield



& Mountain, 1980; Hadfield et al., 1993). Recent studies found that at least three distinct
Euglandinaspecies now exist across the Hawaiian Islands, each with potentially different
ecologies, thoughufther studies are required (Maruno, 2022; Meyer et al., 2017). The
introduction ofEuglandinaspp. has been the most devastagififycentury impact tmative
Hawaiian land snail fauna. Entire Hawaiian land snail populations have disappeared within a

y e a r 0df Euglandreincursion (Hadfield et al., 1993; Meyer et al., 2017).

Otherinvasivepredators of theatveHa wai i an | and snail s incl
chameleongTrioceros jackson)i the Polynesian, European, and Norwegian Rast(s
exulansR. rattus andR. norvegicusrespectively), and flatworms, specifically the New Guinea
flatworm (Platydemus manokwar{Cowie et al., 2026; Hadfield & Saufler, 2009; Holland et al.,
2010).P. manokwatria voracious snail predator, was both deliberately releasmhtml the
agricultural pest, the giant African snéiissachatina fulicaand inadvertently introduced to
several Pacific Ocean islands (Cowie et al., 2026; Gerlach et al., 2021). First introduced to the
largest Japanese island of the Ogasawara ahainti h e P1rBa@dkviashas steadily
increased its spread and, by the 2000s, rapidly exterminated the land snail fauna (Ohbayashi et
al., 2007). Currenth?. manokwari s present i n Hawai i but not

2026)

Even in the best stlied groups ohativeHawaiian land snails the genu#\chatinella
(Swainson 1828)first included under the U.S. List of Federally Endangered Species in 1981),
range reductions were predicted to be at 90% in the 1990s and early 2000s (Hadfield et al., 1993;
Holland & Hadfield, 2004). Previous extinction estimates predict the lasstiveHawaiian
land snail species as-80%, whereas more recent predictions support a 60% loss (Cowie, 2001,

Solem, 1990; Yeung & Hayes, 2018dditionally, therels mounting concern aomd climate

ud
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change impacts omativeHawaiian land snails, specifically in facilitating invasive species

spread, increased wildfire risk, intensified weather events, and drying trends (Cowie et al., 2026).
Native Hawaiian land snail knowledge gaps impedesssvation efforts, where we are at a

major deficit in our species understanding with a steadily growing list of threats (Régnier et al.,

2015).

1.1.5 The Amastridae

The Amastridae, a radiation of mostly ground dwelling snails (Pilsbry 19469, ltad
~325 described species, butoalpund2 2 ar e known to persist today
Maui, Mol okadi, Od&ahu, and Hawai @i | sl and, an
2018; Yeung et al., 2018previouslyfound across all eiglhain Hawaiian Islands, the
Amastridae aréothgrounddwelling or semiarboreal snails that are known to feed on dead and
decaying leaves of native forest plants as wethadiofilm growingon plant surface§Chung,
1996; OO0ORouke, 2 @ricdthanostBpeciesichiaadmmail tgxonvirnetrse
Hawaiian Islandand is the only currently extant plant or animal family endemic to the islands,
radiating entirely within the Hawaiian Archipelago (Cowie et H95; Régnier et al., 2015;
Yeung & Hayes, 2018). A mixture of captive propagation, expansive sufiggsnonitoring,

and habitat restoration will be needed to prevent the extinction of remaining Amastrids.

Recent resurgence of mal acol ogi cal researc
rediscovenof nativeHawaiian land snagpecies and the description of species new to science
(Yeung et al., 2018; Yeung & Hayes, 2018). Follow2@lj century, expansivBacificbased
malacological contributions of C. M. Cooke and Y. Konehmdern efforts will require
continuous field surveys, historical collection referencing, renewed taxonomic efforts, and new

dynamic approaches (Solem, 1990; Yeung & Hayes, 2018). Iterative and innovative methods are



needed to filknowledge gap surrounding the Amastridaacluding, but not limited to,
characterizing remaining habitat of target species, locating promising areas for species

reintroductions, and tracking invasive species threats.

For one particular genus within tAenastridae family, the only currently known, extant,
and truly wild populations oAmastraspp.(H. Adams & A. Adamd. 855 are found exclusively
in WestMaui. Within thepast five years leading up to tlpsoject freshAmastraspp. ground
shells have been observed and collected by malacologists during Wediddadield work,
resulting in adult shell sizesl0-15 millimeters (mm)in length and 5-10 mm in width.From
preliminarylife history studiesn theMalacology Department of the Bernice Pauahi Bishop
Museum(BPBM), West MauiAmastra goniopgPilsbry & C. M. Cooke 1914) were founa
becomesexually mature around 11 months @k off 1-2 births per reprductive round two
weeks) (J. Kealoha, personal communicatiQomparatively Amastra rubensA. cylindricg
andA. spirizonao f OGahu wer e o0bs einm223gahrs,twith fesumditiesaas | vy mat
high as 1633 births per year per ad£hung, 1996, Hadfield, 1986)het h r e e An@adtia h u
spp. have a life span of around 5 years, whidh@ter than the20-yearlife span ofHawaiian

tree snail species (Chung, 1996; Hadfield, 1986; Hadfield & Miller, 1989)

Amastraspp. have shell colors that are often e#otied and relatively muted in
patterning, sheen, and texture of the shalll beneficial morphologies to remaining
camouflaged in the leaf litter or forest understdéfgre 1;Chung, 1996)Malacologists have
also observed certain Amastridae species to cover themselves with dark colored organic debris,
i.e., soil,decaying plant mattefeces, etc.alikely furthercamouflagehemselves from
predators and to prevedésiccation (D. Sischo, personal communicatiBased on decades of

remote fieldexperiencandintegralki a(guardian) KJ h wbsérvationsmalacologists of the


https://www.molluscabase.org/aphia.php?p=taxdetails&id=995681

H a w aDepaitment of Land andatural Resources (DLNR) Snail Extinction Prevention
Program (SEPP) have found tiahastraspp. often reside in areaslofvland mesido lowland
wet forest, across talus slopes, in gulches, and around the woodielim@-reycinetia

arborea) or in patches of native Urticaceous species (D. ChL@@6; K. Bustamente & D.

Sischo, person@lommunication Stiefel, 2026.

”
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Figurel. A live adultAmastrasp.(DNA sampling collected and awaiting species identification)
observed during night surveys in @8Qao Valley.

While field time, laboratory support, and new technologies are key for pushing
conservation forward, historical specimeme key for welinformed and effective conservation
work (Allison & Miller, 2000).Native Havaiianland snail collections of the ear®@" century

represented a wide breadth of species and populations, in sizable quantities, from across West
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Maui, specificallythose collections housed in the Malacology DepartmeBP&EM. These

initial collections provide critical baseline taxonomic evidence, general geographic locale
information, and, irsomecases, habitat descriptions of the locations collected from (Yeung &
Hayes, 2018). Data from museum collections are critical in establisih@igrance pointor the

target taxa as well as to inform contemporary survey Warlocatingextant populatios.

To improve current methods for conserving Amastrid ground snails, filling basic
knowledge gaps regarding the characteristics of suitable habitat is imperative. This requires
targeted, pragmatic, intensive vegetation surveys of known populatidmsasta. Once habitat
is described, further research can inform oth
resource utilization, behavior, trophic structures, etc. Outside of the Hawaiian Islands, land snail
researchers in eastern Europe found that mamg@nd describing habitat characteristics of their
native snail fauna, particularly in terms of forest continuity, width, leaf litter composition as well
as abundance, was essential to successful conservation efforts (Gheoca et al., 2021). In addition
to the vegetation composition and abundance, habitat complexity appeared t@astapail
communities, from the bottom substrate to woody debris to top canopy trees (Gheoca et al.,

2023).

In this research, our first objective was to conduct lgcale, plotbased vegetation
surveys in areas with extant populationg\ofastraacross West Maui, with the goal of
quantifying habitat characteristics. There are likely multiple cryptic species of éxtestra
across West Maui, therefore detection of anails in the genuAmastrawas labeled as
Amastrapresent and no detection Asastraabsent. With locascale, (defined as less than one

hectare in coverage), we hypothesized that there will be a distinct set of habitat characteristics,
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such as vegetiain composition, structure, and/or dominance, betwaaastrapresent versus

Amastraabsent plots. Specifically, we predict that:

O«

Amastrapresent plots will have a greater amount of the native woody vine

specied=. arboreaand native Urticaceous speciasmAmastraabsent plots.

Ox¢

Amastrapresent plots will have a higher amount of canopy layer plants, (defined
as above three meters), and ground cover leaf litterAh@astraabsent plots.
0 And Amastrapresent plots will have lower amounts of nonnative pdgeties

thanAmastraabsent plots.

1.2 STUDY AREA

1.2.1 Region of Interest

The West Maui mountains, also referred to as Mauna Kahalawai~adekilometer
stretch roughly 1.5 million years old with®w K o1Xk764 meters, as its highest peak
(Cl ague, 1996; Hi nds, 1925;: Smhabj,2680d) KaRoa
were connected as a single body of land, aroun®1a.a8nd referred to as Maui Nui, reaching its
largest etent around 1.2 Ma with Mafirst separating ouiround0.6 Ma (Nullet et al., 1998;
Price & Clague, 2002; Price & Elliegisk, 2004). The first lava flows on West Maui occurred in
the Pleistocenéaround 3Mato 12,000 years ag®ith Wailuku basaltf om Pu&u o daEke,
drumheadooking crater northeast of the®w K suknit(Smith, 2011) This was followed
by alaterflow, after the Pacific tectonic plate eased northwattkere he same basalt created the
~1,278 meter fhau mountain, the tallestive st Maui 6 s sout hwest ri ft
West Maui is our target study region as it hosts multiple areas with extant populations of
Amastraspp. or with convincing evidence of recent presence, in the form of empty fresh ground

shells. West Maui is uque in that it harbors the only known extant population&roéstrathat
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occur at a landscapeale (K. Bustamente & D. Sischmersonal communication). For

comparison, the only other extant populationfiiastrah ave been f,parsistthg on Oa a
in very small areas, sometimes around single treegndinditednumbers (D. Sischo, personal
communication). This may make a@searcton West Maui one of the last opportunities for

guantifying habitat characteristics needed for surviv#lrofstraspecies in a wild state before it

is too late. Following discussions with malacology experts of Maui Nui, four large valleys, three
leeward and one windward oriented in the south/southeast section of West Maui were selected

for surveys and study: Launiupoko, Olowalu, U
hectare study areas were chosen across these four valleys; two in LauniwpdkdQlowalu,

one in Ukumehame, and one in &@Qao Valley (Fig

| Six Stuc Ar!h/sA
bk, e . ﬁ-:"
/#1 hir
‘lao Valley
(1)

Amastra

‘ HELUY | : spp- Locales
Olowalu

Valley (2)

Launiupoko MAUI NUI
Valley (2)

N A LIHAU : Ukumehame

; J Valley (1)
; 0 0.5 2 Kilometers

R %

Figure2. Four valleys with six total study areas marked for our West Mmastraresearch. No
precisegeographic information fohmastraspp. locale®r thelocations of their larger habitats
are provided irany project mapdue to the rareness and sensitivityAofiastraspp
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In an elevation rangieom arounds50 to 915 meters, the study areasselocated mid
slope on back valley walls amdainly composed oheterogeneousixed canopy. The six study
areaswverelargelylowland mesido lowland wet forest in habitat types; with varying degrees of
invasion by nonnative afa invasive plant and animaleges (Wagner et al., 1999). The
Amastrapresent localeserebordered by gulches, canyoasiderosion scargs would be
expected in the complex topography of the West Maui mountain range. In this research, the term
0l ocal eb6 i s edesdrapmceant iawhictagnsmastrangd found aliveas a fresh
ground shellorwhere asnail or vegetation assessment wasdceted and then noted in the
Maui Nui SEPP geographic database. Mixed topography was observed across all study areas,
with some study areas consistingstieamsdrainagesand step cliff drop-offs (Figure 3). The
study areas in Launiupoko, Olowalu, and Ukumehame Valleys fall into the stewardship of the

West Maui Forest Reserve system, managed by

(DOFAW) program. The single study arealirQ a o  fslla undleepyivate ownership

igure3. View of st'e ridgllnes, Ichs and ighbringvally in one study area of
Launiupoko Valley. Note the complex topography and heterogeneous habitat of this study area.
(PC: L. Thomey)

14



1.2.2 & iha(Land) Context
Hawaiianmo & o dlesctibe a significant access trail crossing the valleys and peaks of

Ol owal u and &@Qao v alnmokuydstrictsicLoUhrnaandR Ui tnagl it wkoo nmoahj aon
of West Maui (Smith, 2011). Three out of the four valleys, Launiupoko, Olowalu, and

Ukumehame, fall in the moku of LUhainU, and a
4). The valley ofi Qia® &1 e | o (Hhaalem lafguagedanbet r ansl at ed as ficl o
supreme a n-1b.2 sgsiare kilometeia area mauka(inland, opposite direction of the sex)

Wailuku town in central Maui (Pukui & Elbert, 197@hesix study areas falh threesepaate

ahupuéa (land divisiors) of West Maui Olowalu, Ukumehameand Wailuku

Moku & Ahupua‘a of Contemporary Amastra spp. Locales in West

W\ ET

Region of
Contemporary
Amastra spp.

Locales

/

’ /\aiKo
gl e 2

Legend

3 Moku
. B3 Ahupua'a

10 Kilometers
| : | ey e

Figure4. The s$x study aresare locatedgicrosswo moky L U h aandP U & a | | Kaodno h an a
threea h u p,Dbviiall, Ukumehameand Wailukyof West Maui
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Olowalu Valley, specifically was designated gsueuhonualand of refugepnd in 1790,
when King Kamehameha | congquered Maui aliin the
(royalty) escaped through this Olowalu pass and fled by seato Mdlokeand t hen Odahu
2011). Inéeel el o ,Dewabih & been transl|l ated a&Elbera cl ust
(1976, but has also been known as a stative verb/adjectivesrt e | 0 @dseribirg a
number of sounds occurring at once, like drums beating (Smith, 2011). The rugged,
topographically complex terrain of West Maui encourages the variety and strength of different
winds customary to these valleys. For Olowalu, in particlhatiauwind is a blustery force,
originating in the mountainsyhereas th&ilihau wind blows a fine mist (Smith, 2011).

Launiupoko n & &l el o Hawai Gi can be read as the
the bountiful, vibrantwide rangingniu (coconut)groves makaftowards the sea)f the deeper
inland Launiupoko Valley (Pukui & Elbert, 1976; Smith, 2011). These south/southeast valleys of
the LUhainU moku were famous for thefiufrdgent i fu
(breadfruit), whicHikely cameto the Hawaiian Islands via Marquesan migrations around 800
AD (Smith, 2011). The f Ukumdhamegan beterya nisnl attheed Lalsh
pay i n mehame wood, 0onpecobustmehanmafhntidgsmd gasyphylluno i ng t
var. platyphyllun) forest existing across this valley landscape (Pukui & Elbert, 1976).
UkumehameisaahupahkhBiai ts own and the greater LUhain

which is nameds such for the intense droughts that could take place here (Smith, 2011).

1.3. METHODS

1.3.1 Study Area Designation
Specificgeographidocations of currenAmastraspp. in the Maui Nui SEPP remote field

spatialdatabase guided where study areas would be designated, approximatedgtame in
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coverage (K. Bustamente, personal communication; Thomey et al., 2023; Wilhii@25).
Historical specimens dAmastraspecies dcumented in this t u daggét ¥est Maui valleys
were referenced as well, using the Pacific Island Land Snails Biodiversity Repaository,
(PI'LSBRy) platform, resulting i nmmdsttaé r@rloy ded
four historical recordsnai nl'y fr om9 3 hé&s 19ilMdlsuded remar ks o
vegetation at the collection date and most records have a georeferenced uncertainty range of over
500 meter$ this is a significant buffer region as most land snails have low vagilityeamdin
in a limited range their entire lifetim&¢hilthuizen, 2011). Historical specimens support the past
presence of varioudmastraspp. in these target West Maui vallglyst not to the finetuned
geographic information, habitat descriptions, earbe(e.g.,no Amastraspp.historicalrecords
were noted in Ukumehame Valletly)that of the contemporary records in the Maui Nui SEPP
geographic database.
1.3.2 Vegetation Plot Assignment

Ten to 15 random vegetation plots per stud
Poi nt sogesdihgtoghin ArcGI®ro(ArcGIS Pro 34.2 Environmental Systems Resource
Institute, Redlands, California, USA). Vegetation plots were placed within the study area
boundaries and kept at a-frfeter spacing between each vegetation plot centending for plot
independence. The vegetation plots were predetermined and loaded onto an offline ArcGIS Field
Maps platform for ease of use in the remote field, though geographic accuracy was a concern
with this softwaré aroundl10 metersof geographial uncertaintyArcGIS Field Maps version
26.2.2, Environmental Systems Resource Institute, Redlands, California, D&jte this, the
program was chosen because of its accessibility through mobile devices and requisite apps

exclusively to the Maui NUBWEPP teanmwho largelyconducted this field worklhe 10-meter
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area of uncertainty for each vegetation plot was distinct from thneel®&r spacing between each
vegetation plot center. Any of the compugemerated random vegetation plots that fell witmn a
ArcGIS Pro calculated theter distance of a knowkmastraspp. locale were considered within
range ofAmastraspp. and interpreted as Amastrapresent plot, (with snail survey methods,
mentioned below, checking this status). Vegetation plots weitedtitbm high traffic field

work areas, i.e., helicopter or drone landing zones, established camp spots, etc., to avoid

vegetation trampling and potential ground snail impacts (Figure 5).

Study Area in Launiupoko
Valley, (Launiupoko-A),
with Vegetation Plots and
Contemporary Amastra
spp- Locales

Figure5. Closeup of one study area imauniupoko Valley. Study area boundaries, vegetation
plot centers, the fiveneter plot exterst and contemporarmastraspp. localesncluded as
spatial lagrs
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1.3.3 Modified BraunBlanquet Vegetation Plots

1.33.1 Overview
The primary objective of our vegetation survey method was to efficiently characterize the

habitat of known sites wheemastraare present in target West Maui valleys, being cognizant of
time, resources, and field personnel safety. The methodology fboabiiat characterization
aimed to define as well as compare the plant species composition, structure, and dominance of
West Maui sites with and without the presenc@iastra following a modified BrausBlanquet
approach (MuelleDombois & Ellenberg, 19734 Plant species composition, structure, and
dominance were all measured in units of percent cover. This was a rapid vegetation assessment
approach due to the time constraints around surveying in remotstfieigareas with particular
considerations around lmpter costs, inclement weather conditions, eld personnel safety.
In addition, this was a minimally intrusive methodology as reégarctprioritizes maintaining
intact vegetation for native ground snail species benefit, though it is an approachaourate
than precise, (e.g., all plant speocireconsistently identified, but the specific dominance
estimate could vary from observer to observer).

In total, eactstudy area containelDto 15 vegetation plots and required/shours of
vegdation surveys, not including transit time to each vegetation plot. A total 6ft®urs,
depending on habitat density, terrain, personnel plant identification/survey experience, and plot
spread, was set aside for the vegetation surveys at each studyranedMay 2025 to February
2026, 74 vegetation plots were assessed across the six study areas of Launiupoko, Olowalu,
UKk umehame, and dQao v esehreiyreadily &tcessible hydogt. This ea i n
remote field work required significantgoort from the Maui Nui SEPP team, in access
clearance, gear preparations, spearheading field surveys, and strategizing helicopter operations to

each study area.
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1.3.3.2 Amastraspp. Surveys
The vegetation plot centers were located at the geographioéd pesplayedn the

mobile device, appasedArcGIS Field Mapglatform And, for ease of future recognition
vegetation plot centemsere shifted by less than a meter, to be centered at distinguishable
landmarks noted as such in field collected daie photosie,a | ar ge @ @hi da | ehua
(Metrosideros polymorpharunk, a rock pile, etcThe crew, ideally a team of two or more,
visually identified, assessed, and categorized the vegetatidiveraeterradius circle a total
area of roughly 80 eters sgaredper plot. Using a fiveneter marked pole, the crew started by
determining the plot boundaries, i.e., stretching the pole in each cardinal direction. Each crew
member stationed themselves to visualize and verbally confirm the plot boundaries. However,
befare any vegetation surveys were conducted, surveysnastraspp. presence were
performed in the designated vegetation plot area, specifically examining the leaf litter as well as
the ground to three meters up. This inifahastrasurvey was ideally pesfmed for one persen
hour,meaning field personnel surveyed for however much time to reach gri.eptwo people
would search for 30 minutes, three people would search for 20 minutes, etc
Thisresearctprioritized minimally intrusive means as ak study areas are known to
harbor livenativeHawaiian land snail species and survey disturbance of these native habitat
types can be irreversible. This follows the ground snail survey standards used across the
Hawaiian Islands today (Chung, 1996). The presehéenastraspp. was determined by either
the detection of livémastraor finding brown colored, textured, structurally sound fresh ground
shells. The absence Afmastraspp. was labeled as no observed live snail sign. This includes no
physical individualseen ankbr the presence of bleached, fragile, old, white coloredessl
ground shells, whicindicatesa low likelihood of liveAmastraspp. in the area. There were

limits in considering fresh ground shells as a sigArohstrapresence, sinceorcurrent,
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published studies exist on the decomposition timelingnoéstrashells specifically
(Schilthuizen, 2011). In spite of this, the rarityAvhastrafound alive as well as the limited
contemporary locales known necessitated including fresh ground sh&tisaasrapresent

areas.

1.3.3.3 Vegetation Surveys
With one person at the plot center and others stationed around the plot boundary, team

members started by identifying plant species from the top canopy (@gure 6). This was
followed by delineating the structural layer of each species and then estimating the percent
cover. Some plants were difficult to discern to species level whenekbtéike Cibotiumspp.,
Sadleriaspp.,Cyrtandraspp.,Peperomiaspp, andCoprosmaspp; thus, these plants were

grouped into a general, catali category by their respective genus.

Canopy Tree

5mradius [ ‘
A3 A 5 m marked pole at

. ; ' AT veg. plot center X (§ L 3
Figure6. Modified BraunBlanquetvegetation survey methods. A. Establishing plot center and
boundaries to name all plant species present. B. Breakdown of structural layer assignment. C.
Followed by percent cover estimates for all plant species present. (PC: R. Henderson and L.
Morrison,respectively)
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Plant species were identified and placed in seven separate structural layers, which sorted
plants into distinct height categories (Table 1). If a species occupied multiple structural layers, it
was placed in the structural layer where thegamty of it occurred. Difficult to identify plant
species were pooled into general plant categories. For example, in the understory, we combined
al |l herbaceous fern species,0 matdi we mbri nrean rad tl

grassesintb he category O0XG. 0

Tablel. Structural layer categories used in the vegetation plot methods.

Structural Layer Height (m)
Canopy Tree (CT) >10
Midcanopy Tree (MT) 5-10
Short Tree (ST) 35
Shrub (S) 1-3
Ground (G) <1
Epiphyte (E) N/A
Vine (V) N/A

Esti mates of percent cover followed the as

category. We estimated cover in 10% increments, with the lowest 10% further broken into <1%,
2%, and 5% categories. If a teamember estimated 60% and another observer estimated 70%,
the two estimatesereaveraged, i.ea 65% cover estimatgas assignetb thatspecific plant
speciesn the plot To help visualize this plot space when determining percent cover numbers,
the 10meter diameter vegetation plot can be interpreted as a 3D cylinder, projected upward to
the highest canopy tree, resulting in multiple forest strata that often add upet¢hauorl00%.

Plant species that leaned into the 3D cylirafehe vegetation plowvere counted as in, assigned

a structural layer, and given a percent cover estimate.
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Since ground snails are known to consume decaying plant matter as well as reside in
dampground coverd_eaf Littedbtwas assessed at each plot, pl ace
and given a percent cover estimate along with general description of what plant species
composed the |l eaf |litter. The dired mafarisdnitot t er 6 p
bare dirt, rocks, and plant trunks found on the ground layer as well. Areas with over 80% cover
estimates of uluhedjcranopteris lineari3wer e not assessed for o6Leaf
was very difficult to categorize for cevwith its dense, thicket forming habit. To track the
relative humidity and temperature conditions of study areas wimeestrawere present, we
installed a HOBO continuous data logger at each study area for a préposethdata
collection followup from initial deploymen{MX2300 Series, LACOR, Lincoln, Nebraska,

USA).

In addition to this quantitative data, supplementary qualitative notes were recorded at
each plot This includechoting anypresence of: rat@etected via scat, chewed land snail gcbun
shells, or nibbled plant fruitsiguglandinaspp. (noted as present if fresh ground shells or live
individuals were seen), and other native Hawaiian land snails, (via fresh ground shells or live
individuals). Notes on substrate tyfpe., coarse soil, lick mud, rocky) were observed and noted
as well. We recorded the diameter at breast height (DBeBntimeter®f the tallest tree in each

plot as a general proxy for canopy height.

1.3.4 Statistical Analyses
Once collected, all vegetation plot data were comiledidigitized. A single database

was created to compare all vegetation variaples plant species percent over and majority
canopy layer associated with each plant species in percent cover units), betnestrapresent

andAmastraabsent vegetatioplots. RStudio was used for statistical analyses between the
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Amastrapresent andmastraabsent vegetation plots SRidio version 4.2, Posit Software,
PBQO). Due to the spatial inaccuracy and likelihood of spatial autocorrelation while using the
ArcGIS Field Maps software, vegetation plots wereamwiclusivelyindependent. All vegetation
plot data were checked for normality, equal variance, and outlieesv@detation plot data were
nonnormal in addition to lackingearindependence, thus ngarametric Mann Whitney {tests

or Wilcoxon Rank Sum tests were performed for every percent cover and mstjarityiral

layer of each plant species. We combined thegugrcover and majoritstructurallayer values

of several plant species into functional groups to test our hypothesis and specific predictions
(Table 2). Additionallya correlatioranalysiswvasrun for comparison, visualization, and
explanation of patterns tveeen vegetation data alone, outside ofAheastrapresent versus

Amastraabsent comparison.
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Table2. Functionalgroups of combined plant species kel vegetation plot statistical analyses.

Functional
Group

Number of
Plant Species Names Plant Species
Categories

All Ferns

Asplenium nidusCibotiumspp.,Dicranopteris linearis Psilotum

nudum Sadleriaspp., & general understory fern category 6

Native
Urticaceae

Boehmeria grandisPipturus albidus & Touchardia latifolia 3

Nonnative

Ageratina adenophoraCestrum nocturnupfChaetogastra
herbaceaCrassocephalum crepidioideSyperaceaspp.,
Epidendroideaepp.,Erigeron karvinskianuysHypochoeris
radicata Ipomoea albaLantana camaralLapsanacommunis
Miconia crenataPassiflora subpeltataPhaius tankervilleae
Pluchea carolinensjsidium cattleianunPsidium guajava
Rubus rosifoliusSpathodea campanulgt& general exotic
grasses category

20

Understory
(03 mi

A.adenophoraB. grandis Carexspp.,C. herbaceaCharpentiera
obovata Cibotiumspp.,Claoxylon sandwicens€oprosmaspp.,
C. crepidioidesCyanea macrostegi&yanea scabraCyperaceae
spp.,Cyrtandraspp.,D. linearis Dracaena auwahiensis
Epidendroidaespp.,E. karvinskianusGeniostomasp.,
Hydrangea argutaH. radicatg Kaduaspp.,L. camara Liparis
hawaiensisMachaerina angustifoliaM. crenata P. tankervilleae
P. albidus R. rosifolius Sadleriaspp.,T. latifolia, Wikstroemia
oahuensivar. oahuensisgeneral understory fern category, &
general exotic grasses category.

33

Canopy
(>3 meters)

Acacia koaAleurites moluccangntidesma platyphyllumwar.
platyphyllum Bobea elatioy Ceodes umbelliferaC. nocturnum
Cheirodendron trigynupClermontia arborescen€lermontia
kakeanaCoprosmaspp.,Cordyline fruticosaDiospyros
sandwicensisDodonaea viscosdd. arguta llex anomalaKadua
spp.,L. camara Metrosideros polymorph@etrosideros 32
waialealevar.fauriei, Musaspp.,Myrsine lanaiensisMyrsine
lessertianaNotelaea sandwicensiBerrotetia sandwicensi®.
albidus Planchonella sandwicensiBluchea carolinensjs.
cattleianumP. guajavaPsychotria mariniangW. oahuensisar.
oahuensis& Xylosma hawaiense
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1.4 RESULTS

1.4.1 Quantitative Summary

From May 2025 to February 2026, ~30 days of remote field work across all six West
Maui study areas were conducted in partnership with the Maui Nui SEPP team. A total of 74
vegetation plots were survey&§ of which weréAmastrapresent and 46 of which were
Amastraabsent. In all;-70 different plant species were identified across the six study areas. See
Appendix A TableA 1 for a full plant species list and documentation of study area occurrence.
High priority invasive species were detected at some study &eglsndinas pp. and Jacks
chameleons were detected at two study areas, rats were indirectly detectedtatjoaress.
For high priority invasive plants when considerfgastraspp. habitat conservation, three study
areas haCestrum nocturnupPsidiumspp., and the general exotic grass category present, while
four study areas hddantana camarandMiconia crenatapresent (Table 3). In regards to native
species, one entirely neémastrapopulation in Launiupoko Valley was discovered during this
researchalong with over 30 addition&mastraspp. locales added to the Maui Nui SEPP
geographic database.

Tale 3. Critical invasive animal and plant species detections across all study areas in our West
Maui Amastraresearch.

Invasive Species Common Name Study Areas(#)

Euglandinaspp.  Rosy wolf snail OlowaluA & @)Qao

Trioceros jacksonii Jackson's chameleon LauniupokeA & @)Qa o

Rattusspp. Rats LauniupokeA, OlowaluB, Uk ume ha®e,

Cestrum nocturnur Night blooming jasmin¢LauniupokeB, OlowaluA, & (3fi Qa o
LauniupokeA, OlowaluA, OlowaluB, & Ukumehame

Lantana camara Lantana 4

Miconia crenata  Koster's curse Olowalu-A, OlowaluB UKk ume ha®e , &

Psidiumspp. Guava OlowalUA, & Ukumeh@me, & &0

General exotic grass category OlowaluA, OlowaluB, & Ukumehamé3)
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In partnership with the BPBM Malacology Department and Pacific Center for Molecular
Biodiversity (PCMB), norharmful tissue samples were collected from lweastraindividuals
on two separate occasions in order to identify the exact species encountered in this research.
When fresh, structurally intact, ground shells were found, they were collected, location data
documented and marked in the Maui Nui SEPP geographabase. These ground shells will be
imaged and act as physical vouchers forAh®straspp. encountered durinigis project The
physical specimens and their associated collection information will be shared, stored, and

accessible for trusted and interespedities via the PILSBRy mollusc database.

1.4.2 ComparingAmastraPresent VersuAmastraAbsent Plots
Around 120 separate ngrarametric Mann Whitney 4tests or Wilcoxon Rank Sum tests

were performed for the vegetation plot data, focusing on compostroigfure, and dominance

for every plant species observ&ke Appendix A Table A 2 for additional statistical tests
performed concerning themastrapresent versus absent vegetation plot daaflowing our
statistical methods, we found thatnastrapresnt plots had significantly higher percent cover of
F. arboreg with an average of 45.2% cover versus 29.6% covemaistraabsent plots (Table

4). We also found thatmastrapresent plots had significantly lower percent cover for the all
ferns functional group, which includes native and nonnative species, with 21.7% cover versus

Amastraabsent plots with 43.6% cover.
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Table4. Summary statisticsf&ey vegetatiorvariablesacrossAmastrapresent andmastra
absent plotsn = 74.(Significant results reported in bold apdialues marked with an asterisk).

Amastraspp. Amastraspp.

Present Absent
Explanatory Response ~ p-Value Test Percent Percent
Variable Variable 6 O )C Value Cover Cover
Average Average
(n = 28) (n = 46)
Amastras Freycinetia
Presencpep' arboreaPercent 0.04378* W =463 45.12% 29.64%
Cover (PC)
AMastrasph. A\ FemsPC  0.003724* W=904  21.66% 43.60%
Presence
AMastrasp. | eaf Litter PC 0.006669* W =401  61.61% 45.43%
Presence
Amastras AverageF.
Presencpep. arboreain the  0.002272* W = 374.5 28.92% 14.72%
Leaf Litter PC
AMastraspp. -y icaceae PC 0.8039 W =6255  6.000% 2.739%
Presence
A . .
Mastraspp. - \onnative PC~ 0.3461 W =7285  17.79% 23.39%
Presence
Amastraspp.  All Understory 0.07636 W = 803.5 173.8% 198.9%
Presence PC
Amastiaspb. A\ canopy PC 02463 W=7485  63.36% 70.96%
Presence
AMastiaspp. o1 pe 01002 W=792  237.1% 269.9%
Presence
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Amastrapresent plots were found to have a statistically higher percent cover of leaf litter
(61.6% cover) versudmastraabsent plots (45.4% coveAmastrapresent plots had a
statistically higher average amountrofarboreain the leaf litter(28.9% coveryersusAmastra
absent plots (14.7% cover). Betwemastrapresent versu8mastraabsent plots, structural
categories for each observed plapécies, including the percent of all vegetation cover in the
understory (categorized as ground level to three meters in height), canopy (above three meters),
and total vegetative percent cover, were not statistically different. Neither native xéinace
the nonnative plant functional group were statistically different in percent cover between

Amastrapresent versudmastraabsent plots.

1.4.3 Correlation Analysis of Key Vegetation Variables
To contextualize potential relationships between individugétadion variables, a

correlation analysis was conducted (Figure 7). In Figure 7, only statistically significant values, at
a n-lewel of 0.05, are displayed in the pairwise correlatiansl grayeebut cells are removed

due to their autocorrelatione., the vegetation variables use the same source data and, thus, are
not independent from one anothAcross all vegetation assessments, there is a strong positive
correlation between percent coverfofarboreaand leaf litter (0.79). In addition, thereas

strong positive correlation between percent covét. arborealeaf litter and liveF. arborea

present (0.95). A strong positive correlation is found between the percent cover of the Urticaceae

plantfunctional groupand nonnativg@lant functional grou0.68).
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Correlation Matrix of Plot-Based Key Vegetation Variables
(Percent Cover)

All Understory

All Canopy
Corr
All Ferns . 1.0
Nonnative 0.5
Native Urticaceae . 0.0
F. arborea in Leaf Litter 078 073 03
F. arborea 0.660.74 069 10
Leaf Litter . 072
¢ & 8 @ & o &
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Figure7. A correlation matrix of key vegetation variables across all study areas and all
vegetation plots. Only statistically significgntdevel = 0.05)correlation comparisons are
displayed.

Alternatively, strong negative correlations are found betvpeseoent cover df. arborea
in the leaf litterand both the alfernsas well as alundestoryplantsfunctionalgroups(-0.78
and-0.73, respectively). The percent coveFofrboreahas a strong negative correlation with
the nonnative, the aferns, and all understogroups(-0.66,-0.74, and0.69, respectively).

Lastly, leaf litter percent cover has a strong negative correlation with tfegreggroup(-0.72).

No strong or statistically significant correlation relationships were feunoing thestructure
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relatedplantgroups See Appendix A FigurA 1 for an additional data visualization of key

vegetation variables in the form of a principamponent analysis (PCA).

1.5 DISCUSSION

1.5.1 Evaluation of Hypothesis arféfojectLimitations
On a localscale, ouresearchndicates that the habitat characteristicé\nfastrapresent

plots are distinct in their composition and dominanceeofainplant species. This supports our
driving hypothesis that there will be a distinct set of habitat charactebstiw®enAmastra
present versu8mastraabsent vegetation plots. Weegicted thamastrapresent plots, in
comparison tAmastraabsent plots, would have higher amountE.cdrboreg native
Urticaceous plant species, canopy cover, and leaf litter. We also predictadhthsttapresent
plots would have lower amounts ofsarved nonnative plant species.

The percent cover ¢f. arboreg the average amount Bf arborealeaves present in the
leaf litter, and leaf litter in general, were all higher in Ameastrapresent versus thmastra
absent plots, which aligns with ostudyd s pr edi cti ons and previous
Amastridae (Table 4). However, the percent cover of native Urticaceous plant species was not
statistically higher nor were nonnative plant species statistically lowsnastrapresent plots,
which did rot follow ourresearclpredictions. Habitat structure for the vegetation plots, for all
percent cover in the understory, canopy, and total percent cover categories, were not statistically
significantly different, suggesting that structure, as we measured it, may not be aekeyramt
in habitat requirements éfmastraspecies.

An unexpected result of our vegetation data suggestathastrapresent plots have
statistically lower percent cover of all native and nonnative ferns. This was unexpected as no

previous Amastridaepgcific research or expert knowledge has focused on fern species patterns
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in relation toAmastraspecies or their habitats. ThougativeHawaiian land snails can certainly
be found on or around ferns and perhaps some taxa even prefer decaying ferns (Meyer et al.
2022), Amastraseem to prioritizé-. arboreg fresh and browned leaf litter, for habitat. Our
statistical results allude to the distinct dominance offfivarboreg F. arboreaas a main
contributor in the leaf litter, and all leaf litter as essentiatponents for suitable habitats of
AmastraspeciesMoreover the majority of live detections éfmastraoccuredwith individuals
sealed to dead leaveskfarborea

Through our methodological vegetation surveys and subsequent vegetation plot data
statigical testing, we have documented clear habitat characteristics favored by populations of
Amastraspp. and can institute further research to continue filling this particular knowledge gap.
Additional metrics to comparmastrapresent versus absent platslude: soil sampling and
moisture sensors, seasonality related to plants and the Hawaiian Island winter rainy season,
substrate type classification, as well as nutrient analyses of leaf litter. In future iterations of this
research, we will design expemts at a finer spatial scale to assess microclimate more relevant
to small land snail species likanastra

Developing quantitative metrics specifically capturing the volumetric structl¥e of
arboreaindividuals and patchesstead of using broad, cesarall understory and all canopy
structural layers, could hagmtherednore important vegetation aspects particulaknmastra
versus assessing the greater habitat (Gheoca et al., 2023). Though time consuming and
potentially harmful tcAmastrahabitat, dine scaleapproachdentifying and quantifying the
structure of leaf litter would be informative for characterizing the habitat neédsastrain

more detail. A greater understanding of what types of habitats sujgpeadtraspp. can also

32



guide the restration steps managers take in stewarding a more climate change resilient native
flora (Ainsworth & Drake, 2020; Vorsino et al., 2014).

Geographi@accuracy was an issue throughout the field work as ArcGIS Field Maps
functions on a fluctuating theter ara of uncertainty. This spatial discrepancy is significant
when working with such small organisms in a dense, heterogeneous forest. Lastly, the extreme
rarity of Amastrapresented challenges in species detection and acquiring enough data points for
adequatestatistical testing, leading to several additional ftelas and the collection of 14
supplemental vegetation plots in winter 2026. Duprtgecttime constraints and the challenges
of remote field work in the topographically complex and inclement weather prone valleys of
West Maui, we were not able tompletes-month followups for the HOBO continuous data
loggersin our study areas. Only four bof the six study areas had relative humidity and
temperature data collected with one study are
replaced and will be monitored by the Maui Nui SEPP team in the future. A future iteration of
this Amastrahabitatcharacterization research should solely focus on this comparison of relative

humidity and temperature data betwéenastrapresent andmastraabsent areas.

1.5.2 Freycinetia arboreand Ferns
Based on field observations and the results of our vegefgltats, it appears that there is

a potentially antagonistic or competitive relationship betweerboreaandfern speaes For
example, we observed thatarboreaoften grew towards available sunlight in the mid to high
canopy, creating dense thetk, and could effectively shade out lower fern species. Though this
F. arboreaandall-ferns relationship may not directly impact tenastra it could influence

their presence in a particular habitat. Overall, we saw a vegetation pattern of lgreserea

percent cover to lesser-d@rns inAmastrapresent plots versus les$erarboreato greater ail
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ferns in theAmastraabsent plots (Table 4). Furthermore, leaf litter BEndrboreain the leaf

litter percent covers were both greateAmastrapresent plots versu8mastraabsent plots.
Though obvious that greater arboreawill lead to greateF. arborealeaf litter in anAmastra
present plot, we believe thiat arborealeaf litter is critically important foAmastrahabitats,
whether it is maintaining specific microclimate conditions or as an available food source. The
correlation matrix for all vegetation plots corroborates these patiehese thgercent cover of
led litter, F. arborea andF. arboreain the leaf litterwere strongly negatively correlated with
theall-ferns functional grougFigure 7).

Freycinetia arboregGaud 1829) is a dioecious liana in the old world tropical
Pandanaceae family, with many, if ndlit &s original Hawaiian bird pollinators now extinct
(Callmander et al., 2003; Cox, 1983). The growth forrk.adrboreacan range from a woody
vine, semepiphytically growing on a tree, or rooted in the ground and forming dense patches
that can be oveahree meters in height (FigureRBussell et al., 1998). In cases whefe a
arboreathicket is formed, which was experienced throughout this research, most fern species
appear to be limited in number or growth due to the intEnseboreadensity and peked leaf

litter that collects on both the intersecting, sprawling vine trunks in addition to the ground.
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Figure8. Differenthabitsof Freycinetia arboreancountered in our West Maimastra
research. A. Vining up aficacia koaB. F. arboreadominated leaf litter. C. A ~2Beter in
length patch oaroundthreemetestall F. arborea (PC: L. Thomey)

Conversely, if a vegetation plot contained or was dominated by the mat forming
Dicranopterislinearis, (as one of the main fern species encountered in this field vifork),
arboreawas not a large vegetation component to the plot. The leaf litter in these instances was
often solely composed of slow to dedaylinearisplant material, with severakentimeterof
thick duff under oligotrophic conditions (Russell et #898). This result may limit the ability
for F. arboreato establish from seed or to expand with aerial feeder roots. Competitive
relationships witlD. linearisand other native Hawian plants has been observed with
Metrosiderogpolymorphaseedling establishment and regeneration, resulting in scattered cohorts
of M. polymorphandividuals divided by stretches of continuddislinearisunderstory
(Mueller-Dombois & Boehmer, 2013). Baden field observations, both arboreaandD.
linearisrequire at least partial open canopy and sun exposure to spread; this more so being the

case withD. linearis which will sprawl across ridge tops and slopes creating its own, unique
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lowland wet fore t  &uihei Haveaiian rainforest ecosystem (Rusell etl@08; Wagner et

al., 1999)F. arboreapatches that become disconnected and pushed to the habitat margins due to
D. linearisor other fern species could jeopardize the minimum area, leaf itefapment, and
connectivity needed fokmastraspecies to persist.

Looking beyond growth form, there could be potential competition between the nutrient
cycles ofF. arboreaand fern species that, indirectly, impaechastrahabitats. Limited
background literature exists today concerrtn@rboreaplant traits, specifically when
considering its nutrient cycle role in Hawaiian forests:.Arborearelative,Freycinetia
formosana (Hemsleyl1896)is distributed across East Asia, the Philippine Islands, Taiwan, and
Southern Japan (Karasawa & Nishina, 2010). Not only does the presénderofiosana
increase total leaf litter biomass by -fdid in a subtropical forest, but thetét accumulation
can shift the soil animal diversity as well as increase the decomposition rate and nitrogen leaf
litter release of a coccurring evergreen tree speci€sstanopsis sieboldiAnotherF. arborea
relative,Freycinetia ban&i (A. Cunninghan 1837)or New Zealand kiekie, is a temperate forest
climbing vine that can influence the forest structure and productivity of New Zealand habitats
(Van Schravendijk, 2007).

In contrast td-reycinetiaspecies of the Pacific, certain native Hawaiian f@ecges have
beenfoundto decompose more slowly, contain lower contents of foliar calcium (Ca) when
compared to angiosperms, and, for1patypod ferns likeD. linearis, demonstrate less plasticity
in their nitrogen and phosphorus stoichiometry (Amatangeliousek, 2008; Funk &
Amatangelo, 2013). The fern foliage ofgaor nonpolypod species, which includ€sbotium
spp. in addition t®. linearis could slow decomposition and delay the release of nutrients from

leaf litter (Amatangelo & Vitousek, 20D8Funk & Amatangel@2013 proposed that the low Ca
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content in fern plant material may be limiting the entire decomposition process, which stunts
plant growth, slows root breakdown, increases soil acidity, and impacts soil invertebrate
communities. In adngterm temperate forest experiment, researchers found that plant species
with Carich detritus led to high abundance and biomass of key decomposers, specifically
earthworms in their habitat type (Reich et al., 2005). Thed@gplant detritus was also

associated with an increased soil pH and greater exchangeable amounts of calcium (Reich et al.,

2005).

1.5.3 Acidic Soils and Calcium Sources
Since no endemic ear traweHawasan groundsmails,ilike Ha wa i

Amastraspp., are crucial detritivores in Hawaiian forest leaf litter systems and heavily rely on
available Ca sources (Blakemore, 2009; Meyer & Yeung, 2011; Meyey 208R). Unlike other
tropical land snails that exist in alkaline, calcareous soils, the Hawainastraspp. live in Ca
limited forest ecosystems witkahat are likelyacidic soils, ranging from a pH of3with a mean
of 5.4 (Hue, 2008; Schilthuizen, 201 The warm, wet, geologically old conditions of this
proecbs study areas suggest the presence of Oxi g
soils that are nutrient deficient, mainly in Ca (Hue, 2008; Robotham et al., 2016). Thus, native
Hawaiianplant species are key components in filling the Ca void foAthastrabecause the
snails are directly eating this plant material.

Amastraspp., andhativeHawaiian land snails more generally, require Ca for shell
development, reproduction, and other gibjogical processes. Previous research in Scandinavia
studying soill acidificationbés effects on | and
richness was observed with increased lime supplementation, a material largely made of inorganic

Ca compounsl (Gardenfors, 1992; Gardenfors et al., 198gnificant positivecorrelations
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between snail densitynd calcium concentrations, pH, base saturation, and base cations in the
litter were also observg@ardenfors et al., 1995). An additional study, foagsin the upper
soil horizon6s Ca content in relation to | and
positivecorrelation(Hotopp, 2002).
No extensive soil or leaf litter Ca content has been conducteédiinva i @i wi t h a | ;
focus, wihich is a vital next step for furthering our understanding of the relationdhiastra
have with particular vegetation types. Preliminary nutrient analyses of five plant species offered
to captive rearedmastraspp. (including-. arboreaand two native Urticaceae speciBfturus
albidusandUrera glabra) were conducted to inform the food resources used in ex situ diets of
t he Hawai @i SEPP captive rearing program (Tho
thatF. arboreg P. albidus andU. glabraall contained optimal, when specifically considering
plant health, amounts of Ca in their tissue (a range of 0.1 to 6% in dry weight) (Funk &
Amatangelo, 2013). The highest average % Ca in dry weight found medleiarctwas forU.
glabra (8.03%) andP. albidus(7.9%)i F. arboreacontains an 1.88% Ca in dry weight (Thomey
et al., 2021). In the cafeterstyle feeding trial portion of Thomey et al. (2021), researchers saw
t hat Ahasaahintermedigreferred the two Urticaceofsod types oveF. arborea
Perhapshe offered-. arboreawas not at the right decomposition level in the feeding trials
andor native Urticaceae species are preferred but the habitat conditions providearbgrea
are strmgerdriversfor Amastrasurvival innatural habitat
Despi t e -badechalid@t eabkewvationsArhastraand the highest percent Ca
being found in the two Urticaceae species from the Thomey et al. (2021) study, native Urticaceae
specis were not found at a significantly higher amounAimastrapresent versus absent plots.

On average, less than 5% of any Urticaceae plant species was detected in each vegetation plot. In
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general, Urticaceae was an uncommtantgroup found in the habitsssurveyed and, when they

were detected, they often occurred in open, disturbed, edge hidbitaiatve plant species were
commonlyobservedilongsidethe Urticacead a pdatern furthered by the positive correlation

found betweenhetwo functional groupgFigure?7). Pipturus albidusspecifically, has been

deemed a pioneer species that can establish in bare roclategstith shallow soils, greater

surface roughness, and high light environments (Schulten et al., 2014). The case may be that the
remnant populAmdstraanesat tiee limitOdl thdir native range, in last standing,
disturbed habitats versushitats where they once thrived previously, (itee survivorship bias)

(Wallis et al., 2025).

Unlike the Urticaceae patterns, nonnative plant species were found consistently across
Amastrapresent and\mastraabsent plots. On averagenastrapresent andmastraabsent
vegetation plots included 21% of nonnative plant species cover. Though not a statistically
significant relationship in the framing of this study, nonnative plant species pose a serious threat
to the key vegetation componentsAvhastrahabitats, i.€.like F. arboreg as demonstrated in
the strong negative correlaticand it is of utmost importance to mitigate or altogether stop their
spreadFigure 7).Based on conservation managers observatma experience, the invasive
species of most concern for preservingarboreadominated habitats are controlling fdiconia
crenatg Lantana camaraCestrum nocturnupPsidiumspp., and any exotic grass species (Table
3; K. Bustamente, personal commeation). Hand or mechanical removal is the least intrusive
and, thus, first choice as herbicide treatments could lead to adverse effects on the native land
snails. The habitat shifts to angiosperm invaders, which are high nutrient (N, P, and cations),

fastgrowing, easily decomposable plants could lead to substantial alterations of the Ca available
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in the environment, impacting keystone plant species and the land snails directly (Amatangelo &

Vitousek, 2008).

1.5.4 Conservation Implications and Future Stesli

This projectsuccessfully identified habitat characteristics associated with the presence of
Amastraspecies in lowland mesto lowland wet forest habitats of West Maui, which could be
the last wild populations of this kind, and may disappear without management action. Also, a
vegetation baseline of what are likely fiveal, remaininggextant ppulations ofAmastrawas
produced. This research is the filistd-based @cord where explicit quantities of key habitat
characteristics have been assessed, collected, and statistically tested with speceestrahs
the focus. The collected vegetatimetrics provide a habitat baseline for finding additional or
restoring knowrAmastraareas, expediting the years of remote snail survey experience, captive
rearing observation, ardimastrafocused knowledgeequiredotherwise. Additionally, field
observans made throughout this research provided critical exposure and documentation of
lowland mesido lowland wet forest habitats, creating a significant historical account with
climate change likely to transform these spaces in the future (Ains&dthake, 2020; Dutko,

2024; Vorsino et al., 2014).

Highlighting the importance of consistent, remote field work, résearcldetected the
presence oEuglandinaspp. in two of the six study areas (Table 3). This is key information for
stewards, researels, and managers to consider in their immediate conservation actions, as was
executed when livEuglandinaadults were found in one of tenastrapopulations during this
studo s f i e |IAllllivesirdi@idualsnofAmastrafound were evacuated to SERRifities and
captive rearing partners. If these field tripspastrasurveys, and vegetation plots were not

performed, this could have been an unknown, overlooked, and eventually extirpated population.
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This research builds from both the information gaiftech studying historical
collections and queryingawaiianland snail experts. The results have increased our
understanding of what habitat characteristics may be important for the survirabstra
species across Maui, and may inform conservatidkntdsta on other islands as well. There are
direct conservation recommendations that can come from the reAntiagtrapresent habitat
characteristics, specifically, the relationship of higlarboreapercent cover in relation to low
all-ferns percentcover, along with weltleveloped leaf litter. These habitat characteristics can
target future surveys, guide restoration of critical haljlageAmastraspecific predator proof
excl osur es ,f@rdimprave eaptikelWdanng methods (Pricd.eR817; Yeung &

Hayes, 2018; Wilhite et al., 2025).

With our methodology and climate change in mind, involved stakeholders will be able to
locate and manage knowdmastralocales that have similar habitat characteristics based on the
data collected, stly areas visited, and knowledge gained. Stewards will be able to more
efficiently assess existilgmastrahabitats and their lonterm suitability. This approach can
also identify other habitat areas for potential population translocation, as has been demonstrated
by Achatinellid research on Odahu by Hee (202
suitability models oNewcombiaPartulina, andPerdicellagenera across Maui Nui (Wilhite et
al., 2025).

Future studies can utilize this methodology for other native Hawaiian snails or native
Hawaiian invertebrates more broadly. In regards to the fern relagpespiored in this
researchfurther research should be conducted on the impact of native versus nonnative ferns in
relation toF. arboreaand, by extensiorAmastra Additionally, all detections oAmastra either

alive or with fresh shell sign, were luegbinto one category. There could very well be multiple
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species oAmastrafound during thistudy, with potentially multiple species in one study area.
Species specific habitat requirements, where niche partitioning takes place for the various ground
snal species present, should be examined further.

Complementary to the knowledge gaps filledAonastrafrom this research, direct
management recommendations for conservationists can be outlined as well. No clear sign of
ungulate presence was found in thetd work, but feral pigs$us scrofpare known to be
prevalent throughout the West Maui region and axis deds @xi$ are slowly encroaching
from the east side of the island (Hess & Judge, 2021). Ungulate grazing, understory trampling,
and invasive gecies spread would likely decimdtearboreahabitats, displacingmastraspp.
and other reliant species in the process (D. Cl8uKg Coelhg personal communication)ow-
elevation ungulate proof fentiaes and rigorous, consistent fence chemkdd be a proactive
measure implemented now, whistould benefit all West Maui ecosysterfas the future

To preserve Hawaiian invertebrate biodiversity, our methodology could be used to inform
conservation of other species in the Amastridae family,quéatily LaminellaandLeptachatina
spp., as well as other understudiedive Hawaiian land snails. Due to mounting pressures, in
the form of climate change, introduced species, and other himtlaced habitat alteration,
conservation of tropical forestactheir reliant species is urgent. Informing knowledge gaps
while populations of critically imperiled species are still on the landscape is crucial fetelomg
recovery. Building from current knowledge and tools, continued field surveys utilizing novel
methods are necessary for improving species conservation in a more efficient and effective
manner. One such innovative approach, unmanned aerial vehicle (UAV) imagery capture, can

expand the spatial coverage and type of informagatheredor characterimg threatened as
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well as rare native Hawaiian animal and plant habitats (Burns et al., 2015; Fricker et al., 2021,

Nyberg et al., 2023; Nyberg et al., 2024; Shiroma, 2025).
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CHAPTER 2. UAV METHODS FORAMASTRACONSERVATION

2.1 INTRODUCTION

2.1.1 Visualization with UAVs (Drones)
Examining ecological patterns on different spatial scales is key for understanding

relationships, communities, and landscape interactions. Spatial imagery collected via unmanned
aerial vehicles (UAVs), odrones, can expand ecological explorations, particularly when it

comes to relating environmental structure to function (Anderson & Gaston, 2013; Anderson et
al., 2025). UAVs are fixeaving, multirotor, or hybrid platforms that can be operated remotely

via radio or follow a predetermined flight plan (Han et al., 2017; Robinson et al., 2022). Initially
created for military purposes, UAV technologies have rapidly innovated in the past decades and
have become more affordable, ligheight, lowelevation flyirg tools as well as widely

available to all kinds of consumers and their needs (Anderson et al., 2025; Han et al., 2017).
Prior to the lightweight UAV evolution, remote sensing instruments were mainly used to obtain
data on a regional to globatale (Andeson & Gaston, 2013; Anderson et al., 2025).

Lightweight UAVs can collect mukscale spatial data via a spread of diverse attachable
sensorg active sensors, like light detection and ranging (LIDAR) modules, can create high
density point clouds, key fatructural analyses, of a target landscape, forest, or singular tree (de
Castro et al., 2021; Robinson et al., 2022). Additionally, UAVs with passive optical sensors can
utilize high-definition cameras to acquire thermal readings or visible light, RGBdredn, and
blue) images with ultrhigh visual resolution and geospatial accuracy, which, for example,
allows for precise invasive plant species monitoring in a complex vegetation (Anderson &
Gaston, 2013; de Castro et al., 2021; Hamylton et al., 2B2§hnd the wide array of ecological

studies using aerial tools and imagéewllarreal et al., 2025)UAVs are crucial for a variety of
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industries, like construction, agriculture, forestry, and archaeology (CampanaCR@l €t al.,
2023;de Castro et 312021; Olson & Anderson, 2021). Across thegecialtiesUAV tools have
provided key spatial and temporal products to guide decision making, while minimizing time and

monetary costs.

2.1.2 Photogrammetry and Structufeom-Motion (SfM) in Ecology
Stereoscopic photogrammetry is a visualization approach that allowsdthrersional

(3D) metrics, including position, orientation, shape, and size, to be extracted from multiple
photographs of the same target features (Wu, 2017). Geomorphology anceatemdrave
been the main applications of this technique, expanding into Earth observation to environmental
monitoring to robotics imoderntimes (Lane et al., 2000; Wu, 2017). Ecologically,
photogrammetry has been used to reconstruct highly accurast amsligeospatial 3D
renderings of landscapes as well as organisms, without ever setting foot on the ground at a target
study area (Ferrari et al., 2021).

Structurefrom-Motion (SfM) is a photogrammetry technique that obtainsInggolution
datasets at eange of scales with a resulting higgsolution topographic reconstruction (Burns et
al., 2015; Westoby et al., 2012). In contrast to other photogrammetric techniques that require a
network of targets with known 3D positions prior to image capture, &ivaatomatically solve
the geometry, camera positions, and orientations by using a large set of collected images with
high overlap and full 3D scene capture (Westoby et al., 2012). The 3D point cloud generated
from Sf M wil | -sepxaicsethatesystaqmhich camize getated to the real
world via apost hodransformation using identifiable growedntrol points (GCPs), with known
coordinates (Westoby et al., 2012). LIDAR, a related point cloud generating method, is a

powerful imagery sensorabfor detailed structure analysis and can complement SfM data
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(Anderson et al., 2025). However, LIDAR presents operational challenges resulting n UAV
based photogrammetry as a more accessible choice (Anderson et al., 2025).

Key products of the SfM techmile include digital surface models (DSMs), digital
elevation models (DEMSs), twdimensional (2D) orthophotda highresolution photemosaic
output of the target area), and a point cloud to asghes 3D characteristics (Burns et al., 2015;
Fonstacet al., 2013). Recent applications of SfM techniques in natural science research include a
wide variety of focuses, from assessing coral reef strueheasuring Arctic plant biomasand
guantifying penguin aggregation patterns (Burns et al., 2015; Mabé&n.ynch, 2017; Yang et
al., 2025). UAV tools and SfM approaches supporttmst research applications in remote
areas, with simpler, faster, and effective, high quality topographic deliverables. SfM is a prime
methodology for examining ecology and, maapecifically, terrestrial landscapes through space

and time (Burns et al., 2015; de Castro et al., 2021; Westoby et al., 2012).

2.1.3 UAV Research in the Hawaiian Islands
In the Hawaiian Islands conservation space, UAV tools and the resulting imagery ha

had an expansive and dynamic impact, with a spread of applications ranging from botanical
discoveries, locating native forest bird habitat, invasive species detection in dense landscapes,
and monitoring fire potential (Fricker et al., 2021; Perroy e8l17; Varga & Asner, 2008;
Wagner et al ., 2024). Il n Hawai adi as well as
distribution, composition, and abundance surveys in hard to reach, steep, heavily vegetated
terrain has led to expanded knowledgeané and endangered species (Nyberg e2@23;

Nyberg et al.2024; Shiroma2025). The increase in survey efficiency, staff safety, as well as

reduced costs when compareddémote fieldwork conducted with helicopters, further justifies
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theuseof UAVsn ecol ogi cal applications across Hawai
2024)

Structurefrom-Motion applications have been gathering momentum in the Hawaiian
Islands. In the marine realm, SfM methods were used to create 3D reconstruction®wlthe ¢
reefs surrounding the Northwestern Hawaiian Islands, to better understand the linkage between
structural complexity and ecological processes (Burns et al., 2015; Burns et al., 2019). On the
terrestrial side, Shiroma (2025) highlighted both the efimyeand consistency &fAV
collected SfM imagery of hardtoreach ckffi de veget ati on i n Hawai @i,
groundbased vegetation surveys. Not only were once inaccessible sites surveyed, but significant
vegetation characteristics, local spedersity, and general habitat monitoring was
successfully performed and documented across the Hawaiian Islands. Shiroma (2025) provided
critical baseline information for forest inventories, in addition to demonstrating the effectiveness

of UAV technologis in the monitoring and conservationHdwaiianecosystems.

2.1.4 UAV Imagery for Native Hawaiian Ground Snails
To improve current methods in native Hawaiian ground snail conservation, we need to

employ innovative tools in order to more effectively and efficiently assess landscapes for ground
snail suitable habitats. However, to the best of our knowledge, UAV imégas and methods

using SfM visual products specifically have not been employed for terrestrial invertebrate
conservation in Hawai i . By extension, no res
Hawaiian ground snail conservation, specifically conicg the most suitable habitat
characterizatioffvegetation composition, structure, at@wminancen particular). UAV imagery

for native Hawaiian ground snail conservation is an untapped methodology that could mitigate

the time, cost, and personnel coastts of remote, highly technical field work (Nyberg et al.,
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2024). Years of dedicated, specialized training for field survey methods and species
identification are necessary to locate native Hawajraundsnails to study life history, habitat
characteistics, and behaviors (Yeung & Hayes, 2018; K. Bustamente & D. Sischo, personal
communication). UAV tools and SfM imagery products could greatly reduce the time, money,
and expertise costs of native Hawaiian ground snail research and management.

Though diect detection oAmastraspp. individuals via UAV imagery was not a central
goal of thisresearcha key objective was collecting informative environmental parameters for
Amastraspp. on a larger spatial scale (Turner et al., 2003). This was done atdbealzescale
(defined as greater than a hectare inpinigec) and focused onollecting key vegetation
metrics ofAmastraspp. suitable habitat. By identifying key vegetation variables in the UAV
imagery, we could locate suitalAenastrahabitatwithout stepping foot in the target arda.
further this point, native Hawaiian ground snails often exist in remote, (largely helicopter access
only), denseheterogeneouandscapes, (both native dadinvaded), and can be quite
challenging to find upon rehing the target area. For West M&unmastra goniopspecifically,
adult shell sizes are around ~19mm in length and ~2.0 mm in width(J. Kealoha, personal
communication)Locating an individual native ground snail may not be in the current
capabilities of UAV technology, but quickly capturing hectares of potential habitat by gathering
baseline imagery and assessing specific habitat characteristics is.

Additionally, SfM imagery can help the initial survey and through time monitorimg of
situ predator proof exclosures. Th#&,000 square meter snail refugia kexypive Hawaiian land
shailsprotected in place, oftentimes in their historical range or at a known population, and are a
successful but significant management undertaking, in placefimentcing, and maintenance

(Hall et al., 2010; Hee, 2024; K. Bustamente & D. Sischo, personal communication). An

48



approximately twemeter tall surrounding fendme can enclose sevenahtiveHawaiian land
snail species or populations, provided different pi@edeterring features, like a rat hood,
charged electrical barriers, etc., are in place. These predator proof exclosures can also act as
refugia for other native Hawaiian invertebrates/anglantsfunctioningas a protected zone for
species release outplanting. Predator proof exclosure construction, maintenance, and
monitoring is a time intensive, costly undert
Sischo, personal communication). UAV imagery can not only help in the preliminary act of
checkng potentialexclosuresite suitability, habitat characteristics, etc., but can be deployed as a
tool for monitoring exclosure damage or predator breaches.

The next step for native Hawaiian ground soaihservation is to combine local, (defined
as lesghan onehectare in coverageand landscapscale methods for habitat characterization.
Building upon grounébased observations that characteAreastraspp. habitat in West Maui
from Chapter 1, here we used UAdased imagery to extrapolate keggetation variables to
identify suitable habitat at the larger landscapale. Our objective for using UAV imagevas
to capture, calibrate, and compare the two differently scaled meitedghe locakcale
vegetation surveys to the landscagaleUAV imagery capture and classification)a
hierarchical methods experiment. We are testing the degree to which UAV imagery is an
effective and efficient habitat characterization method for native Hawaiian ground snail species.
We hypothesized that treewill be a minimal difference in the results of vegetation composition,
structure, and/or dominance metrics observed between thibgsetl vegetation surveys and the
UAV imagery, with a particular emphasis Breycinetiaarboreaand all fern species, tige and

nonnative, percent cover.
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2.2 METHODS

2.2.1 UAV Logistics and Operation
UAV imagery collection for all six study areas, acrbasiniupoko, Olowalu,

Ukumehameandd Qwalteys in West Maui, was initially planned, as this would allow for direct
comparison to the vegetation surveys described in Chapter 1. However, due to time constraints,
weather conditions, and logistical challenges, we only collected imagery for four out of the six
study areasThe successfully UAV imagestudy areas includethetwo study areas in

LauniupokoValley andthetwo study areas in OlowaMalley (Figure 9).

Amastra

A HELUY ¥ spp. Locales
Olowalu

Valley (2) '

Launiupoko MAUI NUI
Valley (2)

N A LiHau
N

0.5 2 Kilometers

N

Figure9. Four study areas of West Maui valleys with UAV imagery collected.
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The UAV model used was a DJI Matrice 350 +tale kinematics (RTK) with an
additional Emlid Reach RS3 RTK base station from the MauiS¥iRPorganizationFigure
10). The RTK base station, with e2lhour sitting occupation time to optimize spatial aacyy
was used in tandem with a ro(ee., the DJI Matrice350 RTKUAYV) andsatellite signal
detectiongo provide fixed, highly precise geospatial positioning data, increasing the
georeferencing accuraeya entimeterevel, of theresulting photogrammetry products
(Treccani et al., 2024). For the UAYV flights performed, the above ground level (AGL) altitude
was~80 meterswith a ground sampling distance (GSD) of less than 1 cm/px. Groomtdol
points were not utilized in thisroject due to significant difficulties posed by the topographic
complexity as well as dendegterogeneou®rests of all West Maui study areas (Figure 11). All

UAV flights were operated by a licensed drone pilot, with at least one other field partner present.

Figurel0. Setup for UAV imagery operations. A. Landing zone launch pad and Emlid Reach

RS3 RTK. B. The UAV model used was a DJI Matrice BIXK with DJI Zenmuse P1 SLR
camera. C. UAV pil ot ds hanKdBuetadent@lavi gati on wh

51



Figurll. ni zonunc pa, JI atrice V,nd Emlid Reach S3RTK
setup of the single study area in Ukumehame Valley. (PC: L. Thomey)

Flight plans were created in the DJI compatible Universal Ground Control Software
(UgCS)covering the study area of foc(idgCS version 5.17.2, SPH Engineering, Latvid)e
flight plan covered the orleectare study area of the vegetation surveys in Chapwath an
additional~20-meterbuffer applied to the area of capture (Figure 12). An initial flight was
conducted to acquire the particular study are
step. This highly localized DSM was used in the UgGghtlplanning process to ensure the
UAV maintains a safe flight path, identifies hazafgjsecifically variable forest canopy,

dynamic topography, and cliff walls), and contributes to the eventual 3D imagery output.
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Figurel2 Universal Ground Control Software flight plan software. A. Imagery collection
performed with an oblique or 60° camera antjght path in acrosshatchpattern. B. Nadir or
90° camera angle flight path, using a stop and turn pattern.

The final flight parameters for the imagery collected at these four study areasdnclude
flight speed of 3 m/sec and a double gaaisshatch flight pattern with 85% overlap in images
at an oblique, 60° camera angle. All parameters were repeated with a stop and turn flight path
and nadir, 90° camera angle imagery capture as Miglht times were variable in the day as
winds, sunlidnt, and rain were consistently factors to take into consideration. Each flight, from
the DSM capture and creation to the nadir or oblique imagery, lasted betWvakmourto one
hour in total air timeThe UAV landing zone was located either outsidestiney area
boundariegno more than 100 meters away), or in shely area footprirbut contained to a
previously existing landing zone area used for helicopter operations by different conservation

agencies.

2.2.2 UAV Imagery Processing
After field collection, UAV-based imagery for each study area was process®d

eventually analyzedia a combination of imagery software programs, namely Pix4Dmapper and
ArcGIS Pro (Pix4Dmapper version 4.8.4, Pix4D SA, Lausanne, Switzerkrad)nd 2,000

i mages for each study area were coll ected
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Pix4Dmapper for the four imaged study areas (Figure 13; Figur@id)computer processor
used in this research was 12th Gen Intel(R) Core(TMPRB00KF,3.19 GHz, on an Alienware

Aurora A13 desktop computer with 64.0 GB of installed RAM.

UAV Imaged Study Areas in Launiupoko Valley

Launiupoko-A Launiupoko-B

Legend

UAV Landing

Zones

Study Area/ /l/
=1 Flight Path

Boundary

0 0.13 0.25 0.5 Kilﬁnfet;rs [v] 0.13 0. # 0.5 Kilometers
L + + + + + + — - et —$: A—t—

Figurel3. Closeups of nadir only, Pix4Dmapper stitched imagery of both study areas in
Launiupoko Valley, with UAV landing zones and studgadflight path boundaries symbolized.
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UAV Imaged Study Areas in Olowalu Valley
| Olowalu-A y, Olowalu-B

Legend

UAV Landing /\/

Zones

Study Area/

= Flight Path
Boundary 1
0 0.13 0.25 il s Kilometers (1] 0.13 0.25 0.5 Kilometers

Figurel4. Closeups of nadir only, Pix4Dmapper stitchea irr;agéry .of t:;otk; stt'de areas in

Olowalu Valley, with UAV landing zones and study area/flight path boundaries symbolized.
Structurefrom-Motion photogrammetry image stitching in Pix4Dmapper was performed

two separate times for each study area: once includidg onlyimagery and an additional time

including both nadir and oblique imagery. The nadir imagery result, particularly f@bthe

orthomosaic product, helped minimize blurrine

imagery datain the study area. Both nadir and oblique images were used for the 3D densified

point cloud. The processing time wak) hours fomadir only imagery stitching foeach study

area while the nadir and oblique imagery processing took closer to around 24 hours. The images
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were synthesized into 2D and 3D outputs, specifically ArcGIS Pro accessed 2D orthoimosaics

TIF file formatand Pix4Dmapper acssed 3D densified point clouds in LAS file format.

2.2.3 VegetatiorClassificationof Imaged Study Areas
Once a 2D orthomosaand a 3D densified point cloud were created for each study area,

we assessed vegetation at the landseapke. A 2D orthomosaic was loaded into an ArcGIS Pro
geodatabase for visual assessment while the s
in Pix4Dmapper (Figure5). Toggling between the two software programs helped to clearly

display the composition and dominance of certain vegetation (in ArcGIS Pro), while also

depicting the structure of the vegetation (in Pix4Dmapper), and understotyt ludilai specific

study area.

¥ Selection
Densified Point
Number of Images Visble In: 63
Computed Position [r: 75015166, 230828440, 792.89

¥ Images

/ol %l

Figurel5. The 3D densified point cloud product in Pix4Dmapper for Launiugakane study

area in Launiupoko Valley. All camera positions, angles, and the collected raw images are linked
tothesingls el ect ed poi nt bonthelditsidemfahis figurg.lEacknw 6r ay s 6
image that composes the single selected point can be examined/@dserpopup dialog,on

theright side of this figure.
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In ArcGIS Pro, several spatial analyst functions were performed to assist vegetation
categorization of each imaged study area. Rirste o6 Cr eat e Fi shnetdé t ool
meters by 10 mete(sirroring the dimensions of the dfieter diameter \getation plots in
Chapter 1)wvas applied to the extent of the study area/flight plan boundary. This created a
polyline layer, with each fishnet cell identified with a unique number at each fishnet grid cell

center point. Approximately 100 cells were ceslind assessddr each study area (Figuré)l

i UAV Imaged Launiupoko
Valley Study Area,
(Launiupoko-A), with
Nadir Stitched 2D
Orthomosaic

Study Area/Flight Plan Bounda
Fishnet Grid (10 m x 10 m)
* Fishnet Grid Cell Center Points
0.05: 0.1 Kilometers

&

Figurel6. A nadir only, 2D orthomosaic of Launiupoko This is accessed and analyzed in
ArcGIS Pro with additional 2D layers added for ease of characterizing habitaindibes a
fishnet grid with 10-meter by 1@meter cells, applied to the study area/flight path boundary and
fishnet grid cell center points with unique numerical identifiers.
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Any fishnet cell thatven partiallyoverlapped with the study area/flight plaoundary
was assessed for the key vegetation characteristics stemming frplotthased vegetation
surveysthe percent cover ¢f. arboreaand the alferns functional groupThough sometimes
hidden by tle heterogeneousiense canopy of some study ar€asrboreaand fern species
have distinct habits, foliage patterns, and coloring that make them clearly identifiable.
Vegetation structure was not assessed, quantified, or examined since no statisificalngign
was found in the Chapter fllot-basedvegetatiorsurveys(Table 4)

A cover class category was assigned to eaeméi@er by 1émeter cell for the amount of
visible crown outlines oF. arboreaand allferns existing across that entire cell area (Table 5).

The cover class categories are bracketed percent cover values, based on the Chapter 1 ground
based vegetation surveys and are biologically informed as well as statistically supported via that
research. On averaglmastrapresent plots across all six study areas included 4b.1&Mborea

and 21.7% all fern speci€¢$able 4) Since the UAVbased imagery obscures some of the finer
detail vegetation structure, the cover class categories arercoa.séroader with larger

binning, in comparison to the percent cover estimates made in increments of 10% for all plant
species encountered in thidt-based vegetation surveys of Chapter 1.

The steps of UAV imagery collection, processing, and therradass assignment are
detailed inaresearctworkflow (Figure ). To improve our cover class assignments, spatial
referencing occurred in both the ArcGIS Pro 2D orthomosaic and the Pix4Dmapper 3D densified
point cloud. Due to the 2D and 3D imagery pradile sizes and thorough cover class estimates,

the cover class assignment for each study area took roughihoGrs for complete assessment.
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Table5. Cover class categories used for percent cover estimatesyainetia arlmreaand alt
ferns across cells of UAV imaged study areas.

Cover Class (CC Percent Cover Bracket Midpoint
0 0% 0%
1 <1% 0.50%
2 2-10% 5.50%
3 10-25% 17.50%
4 25-50% 37.50%
5 50-75% 62.50%
6 > 75% 87.50%

Study Area UAV } 1. VAV

Imagery Collection
Pix4Dmapper Nadir P|x4D.mapper N.a'dlr * :
’ Oblique Point
Orthomosaic
Cloud 2. SfM and Imagery
Layers of [ ’r —'r Prep
Fishnet Grid — Assessed in ArcGIS Assessed in
and Centers l Pro Pix4gDmapper
Applied

Cover Class (% cover) for Each Cell:
F. arborea and All Ferns

3. Imagery
Classification and

F. arborea CC % Midpoint - All Ferns CC %
Midpoint = Amastra Habitat Index (AHI) .
Interpolation

Interpolated Amastra Habitat Index l

Test Interpolated Values of AHI between
Amastra-present vs. absent plots/points

Figurel7. There were three main stages in the UAV component ofdbearchFirst, UAV
imagery was collected. Second, SfM products and other spatial layers were created to prepare for
cover classification of. arboreaand alferns. Thid, a novel vegetation index, tAenastra

Habitat Index (AHI), was created to spatially relaterboreaand altferns This wadollowed

by the interpolation of AHI values across the study area for a continuous spatial aralysis

later statistical testg of the relationship between AHI values a@dastrapresent versus absent
locations
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23 RESULTS

2.3.1 Spatial Analyses: Cover Classification
Across all four study areas, just over 400 individuahi€ter by 18meter cells were

assessed for vegetation cover classds afboreaand alifernsvia 2D and 3D UAV imagery
products The results of o pAecowwrclassificatiafor bah&.carbordaa uni up
and altferns is included below (Figure3lFigure B). See Appendix B Figures B@ fortheF.

arboreaand altferns cover classification spatial resttis the three other study areas.

! Fraycl‘ia arborea
Cover Classification
Across Launiupoko-A

a
--...:
ik ¥ -

IR

0.1 Kilometers

Figurel8. TheFreycinetiaarboreacover classification, fishnet grid cell by fishnet grid cell, for
the LauniupokeA study area. The clarity @f. arboreaidentification in UAV imagery is
demonstrated via the rigltde inset photo, where a crown outlind=ofirboreais outlined in
yellow.
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Figurel9. The alferns cover classification, fishnet grid cell by fishnet grid cell, for the
LauniupokoA study area. The aferns imagery identification is demonstrated via the rgjtié
inset photo, whera crown outline of multiple fern species is outlined in yellow.

2.3.2 Development of A Novel Vegetation Index
A novel vegetation index, concerning the relationshipsp@ndentcover amounts dof.

arboreaand altferns, was created to identify areas that potentially represent the most suitable
habitat forAmastraspp across all four UAV imaged study areas. The cover class categories were
given a midpoint in the specific percent cover class, and tierall midpoint was subtracted

from theF. arboreamidpoint for each cell, included below as an equation. This resulted in a new
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