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ABSTRACT 

 

Amastridae, the only endemic Hawaiian land snail (kǕhuli) family, once comprised over 

300 species, but only ~22 are known today. These molluscs experience extremely high extinction 

risk via habitat loss, invasive species, and climate change, accentuating the urgency for 

addressing Hawaiian ground snail knowledge gaps. This research focuses on Amastra species 

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 landscape scale. This project 

characterizes the habitat of Amastra species using two spatial scales: local-scale vegetation 

surveys and landscape-scale unmanned aerial vehicle or UAV imagery, the latter is the first time 

UAV imagery has been used for Hawaiᾶi terrestrial invertebrate conservation. We hypothesized 

that Amastra-present areas will exhibit distinct vegetation compared to unoccupied areas and that 

vegetation patterns will be consistent between local-scale surveys and landscape-scale imagery. 

For vegetation surveys, we found a statistically higher percent cover of Freycinetia arborea 

(ᾶieᾶie) in Amastra-present versus absent areas, confirming a documented habitat association. 

Additionally, Amastra-absent areas had statistically higher percent cover of all-ferns, which are 

known to alter calcium availability ï a significant macronutrient for land snails. For UAV 

imagery, we created Structure-from-Motion 2D and 3D outputs, and classified vegetation for F. 

arborea and all-ferns cover. A novel Amastra Habitat Index (AHI = estimated F. arborea 

percent cover - estimated all-ferns percent cover) was developed and applied to the entire study 

area. Amastra Habitat Index values were statistically higher in Amastra-present versus absent 

areas, relating and expanding local-scale vegetation patterns. Multi-scale habitat characterization 

where Amastra spp. persist will inform future surveys and identify potential predator proof 

exclosures (kǭpuka kǕhuli), thereby advancing native Hawaiian land snail conservation. 
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CHAPTER 1. HABITAT CHARACTERIZATION OF WEST MAUI AMASTRA SPP. 

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 estimated at around 8.7 

million (Mora et al., 2011). These estimates are based on roughly 1.2 million current, 

taxonomically valid species and optimal modeling approaches to estimate the actual number of 

species globally, which is limited by incomplete taxonomic information (86% on land and 91% 

in the sea await species descriptions), extinction, and 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, (i.e., the latitudinal gradient); greater habitat variety 

leads to greater species diversity; and islands experience steeper species accumulation than 

comparable continental areas. Thus, island biomes are useful 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 minimum, two thirds of the worldôs existing terrestrial 

species, despite tropical forests only covering around 7% of the Earthôs surface (Gardner et al., 

2009; Wilson, 1988). On both a local and global-scale, tropical forests provide countless 

ecosystem services to human populations, in the form of cultural value, raw natural resources, 
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carbon sequestration, etc., while also harboring rare endemic species (Gardner et al., 2009). 

However, due to rapid human driven deforestation, 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, similarly to tropical forest ecosystems, house a large proportion 

of Earthôs biodiversity (15-20% of all terrestrial species) in relation 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, invasive 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 endemics (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, invertebrates compose the majority of species, 

including about 1.25 million described species (95% of the worldwide known animal 

biodiversity) (Eisenhauer & Hines, 2021; Mora et al., 2011). In part due to their lengthy 

evolutionary history, diverse reproductive processes, 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, 

invertebrates 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).  
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After Arthropoda, the phylum Mollusca is the second largest animal phylum in number of 

known species (Cowie et al., 2022; Eisenhauer & Hines, 2021). Molluscs are largely 

unsegmented, soft-bodied organisms that have a muscular foot for movement and a mantle that 

secretes calcium carbonate for shell creation (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 there 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 (Ponder et al., 2019). 

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 40,000 species of 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 al., 2004). 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 et al., 2022).  

1.1.3 Land Snails Across the Pacific 

 With over 25,000 islands across the Pacific Ocean, these areas support many available 

ecological niches for mollusc species, 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 (Kawakami et al., 2008; 

Osborne et al., 2024; Vagvolgyi, 1975). For example, the Hawaiian Succineidae (Pilsbry 1948) 
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family is composed of two monophyletic clades, one from an older, initial colonization event that 

follows the progression role of successive colonization from older Hawaiian Islands, and the 

other, younger clade originating from a Southeast Asian founder species (Holland & Cowie, 

2009). Theoretically, from either clade, an ancestral succineid could have arrived to the 

Hawaiian Islands around 29 million years ago (Holland & 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 Ocean land snail communities (Chiba & Cowie, 2016; Cowie, 1995; Lee et al., 2014).  

The work of Solem (1976-1983) emphasized the particular significance of oceanic 

islands as hot spots for high land snail biodiversity and endemism. For example, Solem (1976-

1983) reported on more 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 islands, roughly 200 extant species of land snails were documented across the 

~460 square 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 thoroughly documented Pacific land snail 

radiation, the Hawaiian Island archipelago hosts 13 native Hawaiian land snail families 

(Goulding et al., 2023). The thirteen families include 759 described, valid land snail species 

across the ~16,650 square kilometer area of the eight main Hawaiian Islands, with 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, 1938-1948).  
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The formation history of the Hawaiian Archipelago supports this high native land snail 

radiation. The Hawaiian Archipelago was created via the continuous movement of the Pacific 

tectonic plate, the largest in the world, which travels northward over a stationary ñhot spotò in 

the Earthôs mantle (Wilson, 1963). Magma exudes through the mantle, creating a volcanic chain, 

with sequentially younger islands forming (Wilson, 1963). The high volcanic islands erode to 

become low coral atolls and then submerged seamounts, eventually subducted into the adjacent 

tectonic plate (Clague, 1996; Moore & Clague, 1992; Clague & Sherrod, 2014). Divided into the 

younger ñhighò islands and older Northwestern Hawaiian Islands, the best estimate on island 

formation is Kure Atoll at about 30 million years ago (Ma), the oldest high island of Kauaᾶi at 

around 5 Ma, and the youngest island of Hawaiᾶi at less than 0.5 Ma and still expanding (Clague, 

1996; Price & Clague, 2002). 

1.1.4 Native Hawaiian Land Snails 

Native Hawaiian land snails or kǕhuli (as one of many Hawaiian names) hold key roles in 

Hawaiian culture, i.e., mele (songs), oli (chants), and hula (dances) (Johns, 2022; Sato et al., 

2018). The kǕhuli are significant characters in moᾶolelo (stories, myths, legends) as knowledge 

keepers, voices of the forest, and symbols that all is pono (righteousness) (Sato et al., 2018). Sato 

et al. (2018) also found that females of royal backgrounds (mǾᾶǭ wahine) wore kǕhuli lei to 

demonstrate their high rank ï a potential example of this being the myriad of glossy, patterned, 

brightly colored Oᾶahu tree snails or Achatinella spp. gifted to Queen Liliᾶuokalani, the last 

reigning monarch of the Hawaiian Kingdom (Johns, 2022). Ecologically 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, and fungus that grows on the surface of plants), and/or consuming 
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decaying detritus (Meyer & Yeung, 2011; Meyer et al., 2013). Thus, the kǕhuli transform biofilm 

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 Polynesians around 

the 12th to 13th centuries (Kirch, 2011). Some lowland vegetation was cleared for habitation and 

farming along with the introduction of canoe (Polynesian voyager introduced) plant and animal 

species, most significantly the Polynesian rat (Rattus exulans), resulting in lasting impacts on 

native Hawaiian ecosystems (Hadfield, 1986; Kirch, 1982). Paleontological evidence 

demonstrates that native Hawaiian land snails existed in these lower altitude landscapes, with 

wider species ranges of potentially forested, higher humidity ecosystems prior to underbrush 

grazing of introduced ungulates (Kirch, 1982; Christensen & Kirch, 1986). Previous to 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 

native Hawaiian bird species were known to consume land snails (Carlquist, 1970). 

In the later 19th to 20th centuries, large-scale habitat conversion and loss, mainly due to 

Western driven agriculture, logging, and cattle ranching, intensified the decline in native 

Hawaiian land 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, 1990). Hawaiian land 

snail life history traits, including their limited vagility, late maturation, low reproductive rates, 

and isolated geographic ranges, increase their extinction risk, especially in the presence of a 

highly destructive invasive predator ï the predatory rosy wolf snail (Euglandina spp.) (Hadfield 
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& Mountain, 1980; Hadfield et al., 1993). Recent studies found that at least three distinct 

Euglandina species now exist across the Hawaiian Islands, each with potentially different 

ecologies, though further studies are required (Maruno, 2022; Meyer et al., 2017). The 

introduction of Euglandina spp. has been the most devastating 20th century impact to native 

Hawaiian land snail fauna. Entire Hawaiian land snail populations have disappeared within a 

yearôs time of Euglandina incursion (Hadfield et al., 1993; Meyer et al., 2017).  

Other invasive predators of the native Hawaiian land snails include: Jacksonôs 

chameleons (Trioceros jacksonii), the Polynesian, European, and Norwegian rats (Rattus 

exulans, R. rattus, and R. norvegicus, respectively), and flatworms, specifically the New Guinea 

flatworm (Platydemus manokwari) (Cowie et al., 2026; Hadfield & Saufler, 2009; Holland et al., 

2010). P. manokwari, a voracious snail predator, was both deliberately released to control the 

agricultural pest, the giant African snail (Lissachatina fulica) and 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 chain in the 1990ôs, P. manokwari has steadily 

increased its spread and, by the 2000s, rapidly exterminated the land snail fauna (Ohbayashi et 

al., 2007). Currently, P. manokwari is present in Hawaiᾶi but not widespread (Cowie et al., 

2026).  

Even in the best studied groups of native Hawaiian land snails ï the genus Achatinella 

(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 loss of native Hawaiian 

land snail species as 65-90%, whereas more recent predictions support a 60% loss (Cowie, 2001; 

Solem, 1990; Yeung & Hayes, 2018). Additionally, there is mounting concern around climate 
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change impacts on native Hawaiian 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 impede conservation 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 1910), once had 

~325 described species, but only around 22 are known to persist today on the islands of Kauaᾶi, 

Maui, Molokaᾶi, Oᾶahu, and Hawaiᾶi Island, and all are critically imperiled (Yeung & Hayes, 

2018; Yeung et al., 2018). Previously found across all eight main Hawaiian Islands, the 

Amastridae are both ground-dwelling or semi-arboreal snails that are known to feed on dead and 

decaying leaves of native forest plants as well as the biofilm growing on plant surfaces (Chung, 

1996; OôRouke, 2017). This family was once the most species-rich land snail taxon in the 

Hawaiian Islands and is the only currently extant plant or animal family endemic to the islands, 

radiating entirely within the Hawaiian Archipelago (Cowie et al., 1995; Régnier et al., 2015; 

Yeung & Hayes, 2018). A mixture of captive propagation, expansive surveys, field monitoring, 

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

Recent resurgence of malacological research in Hawaiᾶi has contributed to the 

rediscovery of native Hawaiian land snail species and the description of species new to science 

(Yeung et al., 2018; Yeung & Hayes, 2018). Following 20th century, expansive Pacific-based 

malacological contributions of C. M. Cooke and Y. Kondo, modern 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 
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needed to fill knowledge gaps surrounding the Amastridae, including, 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 the Amastridae family, the only currently known, extant, 

and truly wild populations of Amastra spp. (H. Adams & A. Adams 1855) are found exclusively 

in West Maui. Within the past five years leading up to this project, fresh Amastra spp. ground 

shells have been observed and collected by malacologists during West Maui-based field work, 

resulting in adult shell sizes ~10-15 millimeters (mm) in length and ~5-10 mm in width. From 

preliminary life history studies in the Malacology Department of the Bernice Pauahi Bishop 

Museum (BPBM), West Maui Amastra goniops (Pilsbry & C. M. Cooke 1914) were found to 

become sexually mature around 11 months and give off 1-2 births per reproductive round (~two 

weeks) (J. Kealoha, personal communication). Comparatively, Amastra rubens, A. cylindrica, 

and A. spirizona of Oᾶahu were observed to sexually mature in 2-3 years, with fecundities as 

high as 16-33 births per year per adult (Chung, 1996, Hadfield, 1986). The three Oᾶahu Amastra 

spp. have a life span of around 5 years, which is shorter than the ~20-year life span of Hawaiian 

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

Amastra spp. have shell colors that are often earth-toned and relatively muted in 

patterning, sheen, and texture of the shell ï all beneficial morphologies to remaining 

camouflaged in the leaf litter or forest understory (Figure 1; Chung, 1996). Malacologists have 

also observed certain Amastridae species to cover themselves with dark colored organic debris, 

i.e., soil, decaying plant matter, feces, etc., to likely further camouflage themselves from 

predators and to prevent desiccation (D. Sischo, personal communication). Based on decades of 

remote field experience and integral kiaᾶi (guardian) kǕhuli observations, malacologists of the 

https://www.molluscabase.org/aphia.php?p=taxdetails&id=995681
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Hawaiᾶi Department of Land and Natural Resources (DLNR) Snail Extinction Prevention 

Program (SEPP) have found that Amastra spp. often reside in areas of lowland mesic to lowland 

wet forest, across talus slopes, in gulches, and around the woody vine ᾶieᾶie (Freycinetia 

arborea) or in patches of native Urticaceous species (D. Chung, 1996; K. Bustamente & D. 

Sischo, personal communication; Stiefel, 2026). 

 

Figure 1. A live adult Amastra sp. (DNA sampling collected and awaiting species identification) 

observed during night surveys in ᾶǬao Valley. (PC: L. Thomey) 

 

While field time, laboratory support, and new technologies are key for pushing 

conservation forward, historical specimens are key for well-informed and effective conservation 

work (Allison & Miller, 2000). Native Hawaiian land snail collections of the early 20th century 

represented a wide breadth of species and populations, in sizable quantities, from across West 
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Maui, specifically those collections housed in the Malacology Department of BPBM. These 

initial collections provide critical baseline taxonomic evidence, general geographic locale 

information, and, in some cases, habitat descriptions of the locations collected from (Yeung & 

Hayes, 2018). Data from museum collections are critical in establishing a reference point for the 

target taxa as well as to inform contemporary survey work for locating extant populations. 

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 populations of Amastra. Once habitat 

is described, further research can inform other knowledge gaps, including speciesô ranges, 

resource utilization, behavior, trophic structures, etc. Outside of the Hawaiian Islands, land snail 

researchers in eastern Europe found that monitoring and 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 to shape land snail 

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 local-scale, plot-based vegetation 

surveys in areas with extant populations of Amastra across West Maui, with the goal of 

quantifying habitat characteristics. There are likely multiple cryptic species of extant Amastra 

across West Maui, therefore detection of any snails in the genus Amastra was labeled as 

Amastra-present and no detection as Amastra-absent. With local-scale, (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 vegetation composition, structure, and/or dominance, between Amastra-present versus 

Amastra-absent plots. Specifically, we predict that:  

ǒ Amastra-present plots will have a greater amount of the native woody vine 

species F. arborea and native Urticaceous species than Amastra-absent plots. 

ǒ Amastra-present plots will have a higher amount of canopy layer plants, (defined 

as above three meters), and ground cover leaf litter than Amastra-absent plots. 

ǒ And Amastra-present plots will have lower amounts of nonnative plant species 

than Amastra-absent plots. 

1.2     STUDY AREA 

1.2.1 Region of Interest 

 The West Maui mountains, also referred to as Mauna Kahalawai, are a ~24 kilometer 

stretch roughly 1.5 million years old with Puᾶu Kukui, ~1,764 meters, as its highest peak 

(Clague, 1996; Hinds, 1925; Smith, 2011). Previously, Maui, Molokaᾶi, LǕnaᾶi, and Kahoᾶolawe 

were connected as a single body of land, around 2.2 Ma and referred to as Maui Nui, reaching its 

largest extent around 1.2 Ma with Maui first separating out around 0.6 Ma (Nullet et al., 1998; 

Price & Clague, 2002; Price & Elliott-Fisk, 2004). The first lava flows on West Maui occurred in 

the Pleistocene (around 3 Ma to 12,000 years ago) with Wailuku basalt from Puᾶu o ᾶEke, a 

drumhead-looking crater northeast of the Puᾶu Kukui summit (Smith, 2011). This was followed 

by a later flow, after the Pacific tectonic plate eased northward, where the same basalt created the 

~1,278 meter Lǭhau mountain, the tallest in West Mauiôs southwest rift zone (Smith, 2011). 

West Maui is our target study region as it hosts multiple areas with extant populations of 

Amastra spp. or with convincing evidence of recent presence, in the form of empty fresh ground 

shells. West Maui is unique in that it harbors the only known extant populations of Amastra that 
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occur at a landscape scale (K. Bustamente & D. Sischo, personal communication). For 

comparison, the only other extant populations of Amastra have been found on Oᾶahu, persisting 

in very small areas, sometimes around single trees, and in limited numbers (D. Sischo, personal 

communication). This may make our research on West Maui one of the last opportunities for 

quantifying habitat characteristics needed for survival of Amastra species 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, Ukumehame, and ᾶǬao. Six approximately one-

hectare study areas were chosen across these four valleys; two in Launiupoko, two in Olowalu, 

one in Ukumehame, and one in ᾶǬao Valley (Figure 2).  

Figure 2. Four valleys with six total study areas marked for our West Maui Amastra research. No 

precise geographic information for Amastra spp. locales or the locations of their larger habitats 

are provided in any project maps due to the rareness and sensitivity of Amastra spp. 
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In an elevation range from around 650 to 915 meters, the study areas were located mid-

slope on back valley walls and mainly composed of heterogeneous mixed canopy. The six study 

areas were largely lowland mesic to lowland wet forest in habitat types; with varying degrees of 

invasion by nonnative and/or invasive plant and animal species (Wagner et al., 1999). The 

Amastra-present locales were bordered by gulches, canyons, and erosion scars, as would be 

expected in the complex topography of the West Maui mountain range. In this research, the term 

ólocaleô is defined as a single geographic point in which an Amastra was found alive, as a fresh 

ground shell, or where a snail or vegetation assessment was conducted, and then noted in the 

Maui Nui SEPP geographic database. Mixed topography was observed across all study areas, 

with some study areas consisting of streams, drainages, and steep 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 the Hawaiᾶi Division of Forestry and Wildlife 

(DOFAW) program. The single study area in ᾶǬao Valley falls under private ownership. 

Figure 3. View of the steep ridgelines, gulches, and neighboring valleys in one study area of 

Launiupoko Valley. Note the complex topography and heterogeneous habitat of this study area. 

(PC: L. Thomey) 
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1.2.2 ᾶǔina (Land) Context 

Hawaiian moᾶolelo describe a significant access trail crossing the valleys and peaks of 

Olowalu and ᾶǬao valleys, connecting two major moku (districts), LǕhainǕ and PȊᾶali Komohana, 

of West Maui (Smith, 2011). Three out of the four valleys, Launiupoko, Olowalu, and 

Ukumehame, fall in the moku of LǕhainǕ, and ᾶǬao falls in the moku of PȊᾶali Komohana (Figure 

4). The valley of ᾶǬao in ᾶǽlelo Hawaiᾶi (Hawaiian language) can be translated as ñcloud 

supremeò and is ~16.2 square kilometers in area, mauka (inland, opposite direction of the sea) of 

Wailuku town in central Maui (Pukui & Elbert, 1976). The six study areas fall in three separate 

ahupuaᾶa (land divisions) of West Maui: Olowalu, Ukumehame, and Wailuku. 

Figure 4. The six study areas are located across two moku, LǕhainǕ and PȊᾶali Komohana, and 

three ahupuaᾶa, Olowalu, Ukumehame, and Wailuku, of West Maui. 
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Olowalu Valley, specifically was designated as a puᾶuhonua (land of refuge) and in 1790, 

when King Kamehameha I conquered Maui in the Battle of Kepaniwai in ᾶǬao Valley, Maui aliᾶi 

(royalty) escaped through this Olowalu pass and fled by sea to Molokaᾶi and then Oᾶahu (Smith, 

2011). In ᾶǽlelo Hawaiᾶi, Olowalu has been translated as ña cluster of hills,ò by Pukui & Elbert 

(1976), but has also been known as a stative verb/adjective in ᾶǽlelo Hawaiᾶi describing 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 particular, the Hau wind is a blustery force, 

originating in the mountains, whereas the Kilihau wind blows a fine mist (Smith, 2011). 

Launiupoko in ᾶǽlelo Hawaiᾶi can be read as the ñlittle coconut leaf,ò which alludes to 

the bountiful, vibrant, wide ranging niu (coconut) groves makai (towards the sea) of the deeper 

inland Launiupoko Valley (Pukui & Elbert, 1976; Smith, 2011). These south/southeast valleys of 

the LǕhainǕ moku were famous for the plentiful shade and succulent starchy fruit of the ᾶulu tree 

(breadfruit), which likely came to the Hawaiian Islands via Marquesan migrations around 800 

AD (Smith, 2011). The final valley in the LǕhainǕ moku, Ukumehame, can be translated as ñto 

pay in mehame wood,ò potentially describing the once robust mehame (Antidesma platyphyllum 

var. platyphyllum) forest existing across this valley landscape (Pukui & Elbert, 1976). 

Ukumehame is an ahupuaᾶa all its own and the greater LǕhainǕ moku translates to ñcruel sun,ò 

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

1.3.     METHODS 

1.3.1 Study Area Designation 

Specific geographic locations of current Amastra spp. in the Maui Nui SEPP remote field 

spatial database guided where study areas would be designated, approximately one-hectare in 
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coverage (K. Bustamente, personal communication; Thomey et al., 2023; Wilhite et al., 2025). 

Historical specimens of Amastra species documented in this studyôs target West Maui valleys 

were referenced as well, using the Pacific Island Land Snails Biodiversity Repository, 

(PILSBRy) platform, resulting in 110 recorded collections under a search for óAmastra.ô Only 

four historical records, mainly from the 1910ôs-1930ôs, included remarks on the surrounding 

vegetation at the collection date and most records have a georeferenced uncertainty range of over 

500 meters ï this is a significant buffer region as most land snails have low vagility and remain 

in a limited range their entire lifetime (Schilthuizen, 2011). Historical specimens support the past 

presence of various Amastra spp. in these target West Maui valleys, but not to the finetuned 

geographic information, habitat descriptions, and range (e.g., no Amastra spp. historical records 

were noted in Ukumehame Valley) to 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 study area were placed via the óCreate Random 

Pointsô Geoprocessing tool in ArcGIS Pro (ArcGIS Pro 3.4.2; Environmental Systems Resource 

Institute, Redlands, California, USA). Vegetation plots were placed within the study area 

boundaries and kept at a 15-meter spacing between each vegetation plot center, intending 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 software ï around 10 meters of geographical uncertainty (ArcGIS Field Maps version 

26.2.2, Environmental Systems Resource Institute, Redlands, California, USA). Despite this, the 

program was chosen because of its accessibility through mobile devices and requisite apps 

exclusively to the Maui Nui SEPP team, who largely conducted this field work. The 10-meter 
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area of uncertainty for each vegetation plot was distinct from the 15-meter spacing between each 

vegetation plot center. Any of the computer-generated random vegetation plots that fell within an 

ArcGIS Pro calculated 10-meter distance of a known Amastra spp. locale were considered within 

range of Amastra spp. and interpreted as an Amastra-present plot, (with snail survey methods, 

mentioned below, checking this status). Vegetation plots were shifted from 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).  

Figure 5. Close-up of one study area in Launiupoko Valley. Study area boundaries, vegetation 

plot centers, the five-meter plot extents, and contemporary Amastra spp. locales included as 

spatial layers. 
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1.3.3 Modified Braun-Blanquet Vegetation Plots 

1.3.3.1  Overview  

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

habitat of known sites where Amastra are present in target West Maui valleys, being cognizant of 

time, resources, and field personnel safety. The methodology for our habitat characterization 

aimed to define as well as compare the plant species composition, structure, and dominance of 

West Maui sites with and without the presence of Amastra, following a modified Braun-Blanquet 

approach (Mueller-Dombois & Ellenberg, 1974). 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 remote field study areas, with particular 

considerations around helicopter costs, inclement weather conditions, and field personnel safety. 

In addition, this was a minimally intrusive methodology as this research prioritizes maintaining 

intact vegetation for native ground snail species benefit, though it is an approach more accurate 

than precise, (e.g., all plant species were consistently identified, but the specific dominance 

estimate could vary from observer to observer). 

In total, each study area contained 10 to 15 vegetation plots and required 5-7 hours of 

vegetation surveys, not including transit time to each vegetation plot. A total of 8-10 hours, 

depending on habitat density, terrain, personnel plant identification/survey experience, and plot 

spread, was set aside for the vegetation surveys at each study area. From May 2025 to February 

2026, 74 vegetation plots were assessed across the six study areas of Launiupoko, Olowalu, 

Ukumehame, and ᾶǬao valleys. No study area in this research is readily accessible by foot. This 

remote field work required significant support 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  Amastra spp. Surveys 

The vegetation plot centers were located at the geographical points displayed on the 

mobile device, app-based ArcGIS Field Maps platform. And, for ease of future recognition, 

vegetation plot centers were shifted by less than a meter, to be centered at distinguishable 

landmarks noted as such in field collected data and photos, i.e., a large ᾶǾhiᾶa lehua 

(Metrosideros polymorpha) trunk, a rock pile, etc. The crew, ideally a team of two or more, 

visually identified, assessed, and categorized the vegetation in a five-meter radius circle ï a total 

area of roughly 80 meters squared per plot. Using a five-meter 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, 

before any vegetation surveys were conducted, surveys for Amastra spp. presence were 

performed in the designated vegetation plot area, specifically examining the leaf litter as well as 

the ground to three meters up. This initial Amastra survey was ideally performed for one person-

hour, meaning field personnel surveyed for however much time to reach an hour; i.e., two people 

would search for 30 minutes, three people would search for 20 minutes, etc. 

This research prioritized minimally intrusive means as all six study areas are known to 

harbor live native Hawaiian 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 presence of Amastra spp. was determined by either 

the detection of live Amastra or finding brown colored, textured, structurally sound fresh ground 

shells. The absence of Amastra spp. was labeled as no observed live snail sign. This includes no 

physical individuals seen and/or the presence of bleached, fragile, old, white colored sub-fossil 

ground shells, which indicates a low likelihood of live Amastra spp. in the area. There were 

limits in considering fresh ground shells as a sign of Amastra presence, since no current, 
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published studies exist on the decomposition timeline of Amastra shells specifically 

(Schilthuizen, 2011). In spite of this, the rarity of Amastra found alive as well as the limited 

contemporary locales known necessitated including fresh ground shells as Amastra-present 

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 down (Figure 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 when detected, like Cibotium spp., 

Sadleria spp., Cyrtandra spp., Peperomia spp., and Coprosma spp.; thus, these plants were 

grouped into a general, catch-all category by their respective genus. 

 

Figure 6. Modified Braun-Blanquet vegetation 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 the majority of it occurred. Difficult to identify plant 

species were pooled into general plant categories. For example, in the understory, we combined 

all herbaceous fern species, native or nonnative, into the category óFô and combined all exotic 

grasses into the category óXG.ô 

 

Table 1. 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) 3-5 

Shrub (S) 1-3 

Ground (G) < 1 

Epiphyte (E) N/A 

Vine (V) N/A 

 

 

Estimates of percent cover followed the assignment of each plant speciesô structural layer 

category. We estimated cover in 10% increments, with the lowest 10% further broken into <1%, 

2%, and 5% categories. If a team member estimated 60% and another observer estimated 70%, 

the two estimates were averaged, i.e., a 65% cover estimate was assigned to that specific plant 

species in the plot. To help visualize this plot space when determining percent cover numbers, 

the 10-meter 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 up to more than 100%. 

Plant species that leaned into the 3D cylinder of the vegetation plot were 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 

damp ground cover, óLeaf Litterô was assessed at each plot, placed into the óGô structural layer, 

and given a percent cover estimate along with general description of what plant species 

composed the leaf litter. The óLeaf Litterô percent cover estimate was in direct comparison to 

bare dirt, rocks, and plant trunks found on the ground layer as well. Areas with over 80% cover 

estimates of uluhe (Dicranopteris linearis) were not assessed for óLeaf Litterô as the understory 

was very difficult to categorize for cover with its dense, thicket forming habit. To track the 

relative humidity and temperature conditions of study areas where Amastra were present, we 

installed a HOBO continuous data logger at each study area for a proposed 6-month data 

collection follow-up from initial deployment (MX2300 Series, LI-COR, Lincoln, Nebraska, 

USA). 

In addition to this quantitative data, supplementary qualitative notes were recorded at 

each plot. This included noting any presence of: rats (detected via scat, chewed land snail ground 

shells, or nibbled plant fruits), Euglandina spp. (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 type (i.e., coarse soil, slick mud, rocky) were observed and noted 

as well. We recorded the diameter at breast height (DBH) in centimeters of 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 compiled and digitized. A single database 

was created to compare all vegetation variables (i.e., plant species percent over and majority 

canopy layer associated with each plant species in percent cover units), between Amastra-present 

and Amastra-absent vegetation plots. RStudio was used for statistical analyses between the 
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Amastra-present and Amastra-absent vegetation plots (RStudio version 4.5.2, Posit Software, 

PBC). Due to the spatial inaccuracy and likelihood of spatial autocorrelation while using the 

ArcGIS Field Maps software, vegetation plots were not conclusively independent. All vegetation 

plot data were checked for normality, equal variance, and outliers. The vegetation plot data were 

nonnormal in addition to lacking clear independence, thus non-parametric Mann Whitney U-tests 

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

layer of each plant species. We combined the percent cover and majority structural layer values 

of several plant species into functional groups to test our hypothesis and specific predictions 

(Table 2). Additionally, a correlation analysis was run for comparison, visualization, and 

explanation of patterns between vegetation data alone, outside of the Amastra-present versus 

Amastra-absent comparison. 
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Table 2. Functional groups of combined plant species for key vegetation plot statistical analyses. 

Functional 

Group 
Plant Species Names 

Number of 

Plant Species/ 

Categories 

All Ferns Asplenium nidus, Cibotium spp., Dicranopteris linearis, Psilotum 

nudum, Sadleria spp., & general understory fern category 
6 

Native 

Urticaceae 
Boehmeria grandis, Pipturus albidus, & Touchardia latifolia 3 

Nonnative 

Ageratina adenophora, Cestrum nocturnum, Chaetogastra 

herbacea, Crassocephalum crepidioides, Cyperaceae spp., 

Epidendroideae spp., Erigeron karvinskianus, Hypochoeris 

radicata, Ipomoea alba, Lantana camara, Lapsana communis, 

Miconia crenata, Passiflora subpeltata, Phaius tankervilleae, 

Pluchea carolinensis, Psidium cattleianum, Psidium guajava, 

Rubus rosifolius, Spathodea campanulata, & general exotic 

grasses category 

20 

Understory 

(Ò3 meters) 

A. adenophora, B. grandis, Carex spp., C. herbacea, Charpentiera 

obovata, Cibotium spp., Claoxylon sandwicense, Coprosma spp., 

C. crepidioides, Cyanea macrostegia, Cyanea scabra, Cyperaceae 

spp., Cyrtandra spp., D. linearis, Dracaena auwahiensis, 

Epidendroideae spp., E. karvinskianus, Geniostoma sp., 

Hydrangea arguta, H. radicata, Kadua spp., L. camara, Liparis 

hawaiensis, Machaerina angustifolia, M. crenata, P. tankervilleae, 

P. albidus, R. rosifolius, Sadleria spp., T. latifolia, Wikstroemia 

oahuensis var. oahuensis, general understory fern category, & 

general exotic grasses category. 
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Canopy  

(>3 meters) 

Acacia koa, Aleurites moluccana, Antidesma platyphyllum var. 

platyphyllum, Bobea elatior, Ceodes umbellifera, C. nocturnum, 

Cheirodendron trigynum, Clermontia arborescens, Clermontia 

kakeana, Coprosma spp., Cordyline fruticosa, Diospyros 

sandwicensis, Dodonaea viscosa, H. arguta, Ilex anomala, Kadua 

spp., L. camara, Metrosideros polymorpha, Metrosideros 

waialeale var. fauriei , Musa spp., Myrsine lanaiensis, Myrsine 

lessertiana, Notelaea sandwicensis, Perrotetia sandwicensis, P. 

albidus, Planchonella sandwicensis, Pluchea carolinensis, P. 

cattleianum, P. guajava, Psychotria mariniana, W.  oahuensis var. 

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 surveyed, 28 of which were Amastra-present and 46 of which were 

Amastra-absent. In all, ~70 different plant species were identified across the six study areas. See 

Appendix A Table A 1 for a full plant species list and documentation of study area occurrence. 

High priority invasive species were detected at some study areas: Euglandina spp. and Jacksonôs 

chameleons were detected at two study areas, rats were indirectly detected at four study areas. 

For high priority invasive plants when considering Amastra spp. habitat conservation, three study 

areas had Cestrum nocturnum, Psidium spp., and the general exotic grass category present, while 

four study areas had Lantana camara and Miconia crenata present (Table 3). In regards to native 

species, one entirely new Amastra population in Launiupoko Valley was discovered during this 

research, along with over 30 additional Amastra spp. locales added to the Maui Nui SEPP 

geographic database. 

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

Maui Amastra research. 

Invasive Species Common Name Study Areas (#) 

Euglandina spp. Rosy wolf snail Olowalu-A & ᾶǬao (2) 

Trioceros jacksonii Jackson's chameleon Launiupoko-A & ᾶǬao (2) 

Rattus spp. Rats Launiupoko-A, Olowalu-B, Ukumehame, & ᾶǬao (4) 

Cestrum nocturnum Night blooming jasmine Launiupoko-B, Olowalu-A, & ᾶǬao (3) 

Lantana camara Lantana 
Launiupoko-A, Olowalu-A, Olowalu-B, & Ukumehame 

(4) 

Miconia crenata Koster's curse Olowalu-A, Olowalu-B, Ukumehame, & ᾶǬao (4) 

Psidium spp. Guava Olowalu-A, & Ukumehame, & ᾶǬao (3) 

General exotic grass category Olowalu-A, Olowalu-B, & Ukumehame (3) 
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In partnership with the BPBM Malacology Department and Pacific Center for Molecular 

Biodiversity (PCMB), non-harmful tissue samples were collected from live Amastra individuals 

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 geographic database. These ground shells will be 

imaged and act as physical vouchers for the Amastra spp. encountered during this project. The 

physical specimens and their associated collection information will be shared, stored, and 

accessible for trusted and interested parties via the PILSBRy mollusc database. 

1.4.2 Comparing Amastra-Present Versus Amastra-Absent Plots 

 Around 120 separate non-parametric Mann Whitney U-tests or Wilcoxon Rank Sum tests 

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

for every plant species observed. See Appendix A Table A 2 for additional statistical tests 

performed concerning the Amastra-present versus absent vegetation plot data. Following our 

statistical methods, we found that Amastra-present plots had significantly higher percent cover of 

F. arborea, with an average of 45.2% cover versus 29.6% cover at Amastra-absent plots (Table 

4). We also found that Amastra-present plots had significantly lower percent cover for the all-

ferns functional group, which includes native and nonnative species, with 21.7% cover versus 

Amastra-absent plots with 43.6% cover.  
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Table 4. Summary statistics of key vegetation variables across Amastra-present and Amastra-

absent plots, n = 74. (Significant results reported in bold and p-values marked with an asterisk). 

Explanatory 

Variable 

Response 

Variable 

p-Value 

(ὄ Ò 0.05) 
Test 

Value 

Amastra spp. 

Present 

Percent 

Cover 

Average 

(n = 28) 

Amastra spp. 

Absent 

Percent 

Cover 

Average 

(n = 46) 

Amastra spp. 

Presence 

Freycinetia 

arborea Percent 

Cover (PC) 

0.04378* W = 463 45.12% 29.64% 

Amastra spp. 

Presence 
All Ferns PC 0.003724* W = 904 21.66% 43.60% 

Amastra spp. 

Presence 
Leaf Litter PC  0.006669* W = 401 61.61% 45.43% 

Amastra spp. 

Presence 

Average F. 

arborea in the 

Leaf Litter PC  

0.002272* W = 374.5 28.92% 14.72% 

Amastra spp. 

Presence 
Urticaceae PC 0.8039 W = 625.5 6.000% 2.739% 

Amastra spp. 

Presence 
Nonnative PC 0.3461 W = 728.5 17.79% 23.39% 

Amastra spp. 

Presence 

All Understory 

PC 
0.07636 W = 803.5 173.8% 198.9% 

Amastra spp. 

Presence 
All Canopy PC 0.2463 W = 748.5 63.36% 70.96% 

Amastra spp. 

Presence 
Total PC 0.1002 W = 792 237.1% 269.9% 
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Amastra-present plots were found to have a statistically higher percent cover of leaf litter 

(61.6% cover) versus Amastra-absent plots (45.4% cover). Amastra-present plots had a 

statistically higher average amount of F. arborea in the leaf litter (28.9% cover) versus Amastra-

absent plots (14.7% cover). Between Amastra-present versus Amastra-absent plots, structural 

categories for each observed plant species, 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 Urticaceae nor 

the nonnative plant functional group were statistically different in percent cover between 

Amastra-present versus Amastra-absent plots. 

1.4.3 Correlation Analysis of Key Vegetation Variables 

To contextualize potential relationships between individual vegetation variables, a 

correlation analysis was conducted (Figure 7). In Figure 7, only statistically significant values, at 

an ὄ-level of 0.05, are displayed in the pairwise correlations, and grayed-out cells are removed 

due to their autocorrelation, i.e., the vegetation variables use the same source data and, thus, are 

not independent from one another. Across all vegetation assessments, there is a strong positive 

correlation between percent cover of F. arborea and leaf litter (0.79). In addition, there is a 

strong positive correlation between percent cover of F. arborea leaf litter and live F. arborea 

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

plant functional group and nonnative plant functional group (0.68).  
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Figure 7. A correlation matrix of key vegetation variables across all study areas and all 

vegetation plots. Only statistically significant (ὄ-level = 0.05) correlation comparisons are 

displayed. 

 

Alternatively, strong negative correlations are found between percent cover of F. arborea 

in the leaf litter and both the all-ferns as well as all understory plants functional groups (-0.78 

and -0.73, respectively). The percent cover of F. arborea has a strong negative correlation with 

the nonnative, the all-ferns, and all understory groups (-0.66, -0.74, and -0.69, respectively). 

Lastly, leaf litter percent cover has a strong negative correlation with the all-ferns group (-0.72). 

No strong or statistically significant correlation relationships were found among the structure-
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related plant groups. See Appendix A Figure A 1 for an additional data visualization of key 

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

1.5 DISCUSSION 

1.5.1  Evaluation of Hypothesis and Project Limitations 

 On a local-scale, our research indicates that the habitat characteristics of Amastra-present 

plots are distinct in their composition and dominance of certain plant species. This supports our 

driving hypothesis that there will be a distinct set of habitat characteristics between Amastra-

present versus Amastra-absent vegetation plots. We predicted that Amastra-present plots, in 

comparison to Amastra-absent plots, would have higher amounts of F. arborea, native 

Urticaceous plant species, canopy cover, and leaf litter. We also predicted that Amastra-present 

plots would have lower amounts of observed nonnative plant species. 

The percent cover of F. arborea, the average amount of F. arborea leaves present in the 

leaf litter, and leaf litter in general, were all higher in the Amastra-present versus the Amastra-

absent plots, which aligns with our studyôs predictions and previous expert knowledge of 

Amastridae (Table 4). However, the percent cover of native Urticaceous plant species was not 

statistically higher nor were nonnative plant species statistically lower in Amastra-present plots, 

which did not follow our research predictions. 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 a key determinant 

in habitat requirements of Amastra species.  

An unexpected result of our vegetation data suggests that Amastra-present plots have 

statistically lower percent cover of all native and nonnative ferns. This was unexpected as no 

previous Amastridae specific research or expert knowledge has focused on fern species patterns 
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in relation to Amastra species or their habitats. Though native Hawaiian land snails can certainly 

be found on or around ferns and perhaps some taxa even prefer decaying ferns (Meyer et al., 

2022), Amastra seem to prioritize F. arborea, fresh and browned leaf litter, for habitat. Our 

statistical results allude to the distinct dominance of live F. arborea, F. arborea as a main 

contributor in the leaf litter, and all leaf litter as essential components for suitable habitats of 

Amastra species. Moreover, the majority of live detections of Amastra occurred with individuals 

sealed to dead leaves of F. arborea.  

Through our methodological vegetation surveys and subsequent vegetation plot data 

statistical testing, we have documented clear habitat characteristics favored by populations of 

Amastra spp. and can institute further research to continue filling this particular knowledge gap. 

Additional metrics to compare Amastra-present versus absent plots include: 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 experiments at a finer spatial scale to assess microclimate more relevant 

to small land snail species like Amastra. 

Developing quantitative metrics specifically capturing the volumetric structure of F. 

arborea individuals and patches, instead of using broad, coarse all understory and all canopy 

structural layers, could have gathered more important vegetation aspects particular to Amastra 

versus assessing the greater habitat (Gheoca et al., 2023). Though time consuming and 

potentially harmful to Amastra habitat, a fine scale approach identifying and quantifying the 

structure of leaf litter would be informative for characterizing the habitat needs of Amastra in 

more detail. A greater understanding of what types of habitats support Amastra spp. can also 
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guide the restoration steps managers take in stewarding a more climate change resilient native 

flora (Ainsworth & Drake, 2020; Vorsino et al., 2014).  

Geographic accuracy was an issue throughout the field work as ArcGIS Field Maps 

functions on a fluctuating 10-meter area of uncertainty. This spatial discrepancy is significant 

when working with such small organisms in a dense, heterogeneous forest. Lastly, the extreme 

rarity of Amastra presented challenges in species detection and acquiring enough data points for 

adequate statistical testing, leading to several additional field trips and the collection of 14 

supplemental vegetation plots in winter 2026. Due to project time constraints and the challenges 

of remote field work in the topographically complex and inclement weather prone valleys of 

West Maui, we were not able to complete 6-month follow-ups for the HOBO continuous data 

loggers in our study areas. Only four out of the six study areas had relative humidity and 

temperature data collected with one study areaôs data logger failing completely, which was 

replaced and will be monitored by the Maui Nui SEPP team in the future. A future iteration of 

this Amastra habitat characterization research should solely focus on this comparison of relative 

humidity and temperature data between Amastra-present and Amastra-absent areas.   

1.5.2 Freycinetia arborea and Ferns 

Based on field observations and the results of our vegetation plots, it appears that there is 

a potentially antagonistic or competitive relationship between F. arborea and fern species. For 

example, we observed that F. arborea often grew towards available sunlight in the mid to high 

canopy, creating dense thickets, and could effectively shade out lower fern species. Though this 

F. arborea and all-ferns relationship may not directly impact the Amastra, it could influence 

their presence in a particular habitat. Overall, we saw a vegetation pattern of greater F. arborea 

percent cover to lesser all-ferns in Amastra-present plots versus lesser F. arborea to greater all-
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ferns in the Amastra-absent plots (Table 4). Furthermore, leaf litter and F. arborea in the leaf 

litter percent covers were both greater in Amastra-present plots versus Amastra-absent plots. 

Though obvious that greater F. arborea will lead to greater F. arborea leaf litter in an Amastra-

present plot, we believe that F. arborea leaf litter is critically important for Amastra habitats, 

whether it is maintaining specific microclimate conditions or as an available food source. The 

correlation matrix for all vegetation plots corroborates these patterns, where the percent cover of 

leaf litter, F. arborea, and F. arborea in the leaf litter were strongly negatively correlated with 

the all-ferns functional group (Figure 7).  

Freycinetia arborea (Gaud 1829) is a dioecious liana in the old world tropical 

Pandanaceae family, with many, if not all, its original Hawaiian bird pollinators now extinct 

(Callmander et al., 2003; Cox, 1983). The growth form of F. arborea can range from a woody 

vine, semi-epiphytically growing on a tree, or rooted in the ground and forming dense patches 

that can be over three meters in height (Figure 8; Russell et al., 1998). In cases where a F. 

arborea thicket is formed, which was experienced throughout this research, most fern species 

appear to be limited in number or growth due to the intense F. arborea density and packed leaf 

litter that collects on both the intersecting, sprawling vine trunks in addition to the ground. 
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Figure 8. Different habits of Freycinetia arborea encountered in our West Maui Amastra 

research. A. Vining up an Acacia koa. B. F. arborea dominated leaf litter. C. A ~25-meter in 

length patch of around three-meters tall F. arborea. (PC: L. Thomey) 

 

Conversely, if a vegetation plot contained or was dominated by the mat forming 

Dicranopteris linearis, (as one of the main fern species encountered in this field work), F. 

arborea was not a large vegetation component to the plot. The leaf litter in these instances was 

often solely composed of slow to decay D. linearis plant material, with several centimeters of 

thick duff under oligotrophic conditions (Russell et al., 1998). This result may limit the ability 

for F. arborea to establish from seed or to expand with aerial feeder roots. Competitive 

relationships with D. linearis and other native Hawaiian plants has been observed with 

Metrosideros polymorpha seedling establishment and regeneration, resulting in scattered cohorts 

of M. polymorpha individuals divided by stretches of continuous D. linearis understory 

(Mueller-Dombois & Boehmer, 2013). Based on field observations, both F. arborea and D. 

linearis require at least partial open canopy and sun exposure to spread; this more so being the 

case with D. linearis, which will sprawl across ridge tops and slopes creating its own, unique 
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lowland wet forest ᾶǾhiᾶa-uluhe Hawaiian rainforest ecosystem (Rusell et al., 1998; Wagner et 

al., 1999). F. arborea patches that become disconnected and pushed to the habitat margins due to 

D. linearis or other fern species could jeopardize the minimum area, leaf litter development, and 

connectivity needed for Amastra species to persist. 

Looking beyond growth form, there could be potential competition between the nutrient 

cycles of F. arborea and fern species that, indirectly, impact Amastra habitats. Limited 

background literature exists today concerning F. arborea plant traits, specifically when 

considering its nutrient cycle role in Hawaiian forests. A F. arborea relative, Freycinetia 

formosana (Hemsley 1896) is distributed across East Asia, the Philippine Islands, Taiwan, and 

Southern Japan (Karasawa & Nishina, 2010). Not only does the presence of F. formosana 

increase total leaf litter biomass by 1.5-fold in a subtropical forest, but the litter accumulation 

can shift the soil animal diversity as well as increase the decomposition rate and nitrogen leaf 

litter release of a co-occurring evergreen tree species, Castanopsis sieboldii. Another F. arborea 

relative, Freycinetia banksii  (A. Cunningham 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 to Freycinetia species of the Pacific, certain native Hawaiian fern species have 

been found to decompose more slowly, contain lower contents of foliar calcium (Ca) when 

compared to angiosperms, and, for non-polypod ferns like D. linearis, demonstrate less plasticity 

in their nitrogen and phosphorus stoichiometry (Amatangelo & Vitousek, 2008; Funk & 

Amatangelo, 2013). The fern foliage of Ca-poor non-polypod species, which includes Cibotium 

spp. in addition to D. linearis, could slow decomposition and delay the release of nutrients from 

leaf litter (Amatangelo & Vitousek, 2008). Funk & Amatangelo (2013) proposed that the low Ca 



37 

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 a long-term temperate forest experiment, researchers found that plant species 

with Ca-rich detritus led to high abundance and biomass of key decomposers, specifically 

earthworms in their habitat type (Reich et al., 2005). The Ca-rich plant 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 earthworms exist in Hawaiᾶi, the native Hawaiian ground snails, like 

Amastra spp., are crucial detritivores in Hawaiian forest leaf litter systems and heavily rely on 

available Ca sources (Blakemore, 2009; Meyer & Yeung, 2011; Meyer et al., 2013). Unlike other 

tropical land snails that exist in alkaline, calcareous soils, the Hawaiian Amastra spp. live in Ca-

limited forest ecosystems with what are likely acidic soils, ranging from a pH of 4-9 with a mean 

of 5.4 (Hue, 2008; Schilthuizen, 2011). The warm, wet, geologically old conditions of this 

projectôs study areas suggest the presence of Oxisols, which are deep, highly weathered, acidic 

soils that are nutrient deficient, mainly in Ca (Hue, 2008; Robotham et al., 2016). Thus, native 

Hawaiian plant species are key components in filling the Ca void for the Amastra because the 

snails are directly eating this plant material. 

Amastra spp., and native Hawaiian land snails more generally, require Ca for shell 

development, reproduction, and other physiological processes. Previous research in Scandinavia 

studying soil acidificationôs effects on land snails saw that increased abundance and species 

richness was observed with increased lime supplementation, a material largely made of inorganic 

Ca compounds (Gärdenfors, 1992; Gärdenfors et al., 1995). Significant positive correlations 
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between snail density and calcium concentrations, pH, base saturation, and base cations in the 

litter were also observed (Gärdenfors et al., 1995). An additional study, focusing on the upper 

soil horizonôs Ca content in relation to land snail density and species richness also found a strong 

positive correlation (Hotopp, 2002).  

No extensive soil or leaf litter Ca content has been conducted in Hawaiᾶi with a land snail 

focus, which is a vital next step for furthering our understanding of the relationships Amastra 

have with particular vegetation types. Preliminary nutrient analyses of five plant species offered 

to captive reared Amastra spp. (including F. arborea and two native Urticaceae species; Pipturus 

albidus and Urera glabra) were conducted to inform the food resources used in ex situ diets of 

the Hawaiᾶi SEPP captive rearing program (Thomey et al., 2021). The nutrient analyses indicated 

that F. arborea, P. albidus, and U. glabra all 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 in this research was for U. 

glabra (8.03%) and P. albidus (7.9%) ï F. arborea contains an 1.88% Ca in dry weight (Thomey 

et al., 2021). In the cafeteria-style feeding trial portion of Thomey et al. (2021), researchers saw 

that Oᾶahu Amastra intermedia preferred the two Urticaceous food types over F. arborea. 

Perhaps the offered F. arborea was not at the right decomposition level in the feeding trials 

and/or native Urticaceae species are preferred but the habitat conditions provided by F. arborea 

are stronger drivers for Amastra survival in natural habitats. 

Despite the Oᾶahu-based habitat observations of Amastra and the highest percent Ca 

being found in the two Urticaceae species from the Thomey et al. (2021) study, native Urticaceae 

species were not found at a significantly higher amount in Amastra-present 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 uncommon plant group found in the habitats surveyed and, when they 

were detected, they often occurred in open, disturbed, edge habitat. Nonnative plant species were 

commonly observed alongside the Urticaceae ï a pattern furthered by the positive correlation 

found between the two functional groups (Figure 7). Pipturus albidus, specifically, has been 

deemed a pioneer species that can establish in bare rock substrates with shallow soils, greater 

surface roughness, and high light environments (Schulten et al., 2014). The case may be that the 

remnant populations of Oᾶahu Amastra were at the limits of their native range, in last standing, 

disturbed habitats versus habitats where they once thrived previously, (i.e., the survivorship bias) 

(Wallis et al., 2025).  

Unlike the Urticaceae patterns, nonnative plant species were found consistently across 

Amastra-present and Amastra-absent plots. On average, Amastra-present and Amastra-absent 

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 components of Amastra habitats, i.e., like F. arborea, as demonstrated in 

the strong negative correlation, and it is of utmost importance to mitigate or altogether stop their 

spread (Figure 7). Based on conservation managers observations and experience, the invasive 

species of most concern for preserving F. arborea dominated habitats are controlling for Miconia 

crenata, Lantana camara, Cestrum nocturnum, Psidium spp., and any exotic grass species (Table 

3; K. Bustamente, personal communication). 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), 

fast-growing, 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 Studies 

This project successfully identified habitat characteristics associated with the presence of 

Amastra species in lowland mesic to 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 the final, remaining, extant populations of Amastra was 

produced. This research is the first field-based record where explicit quantities of key habitat 

characteristics have been assessed, collected, and statistically tested with species of Amastra as 

the focus. The collected vegetation metrics provide a habitat baseline for finding additional or 

restoring known Amastra areas, expediting the years of remote snail survey experience, captive 

rearing observation, and Amastra focused knowledge required otherwise. Additionally, field 

observations made throughout this research provided critical exposure and documentation of 

lowland mesic to lowland wet forest habitats, creating a significant historical account with 

climate change likely to transform these spaces in the future (Ainsworth & Drake, 2020; Dutko, 

2024; Vorsino et al., 2014). 

Highlighting the importance of consistent, remote field work, this research detected the 

presence of Euglandina spp. in two of the six study areas (Table 3). This is key information for 

stewards, researchers, and managers to consider in their immediate conservation actions, as was 

executed when live Euglandina adults were found in one of the Amastra populations during this 

studyôs field season. All  live individuals of Amastra found were evacuated to SEPP facilities and 

captive rearing partners. If these field trips, Amastra surveys, 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 gained from studying historical 

collections and querying Hawaiian land snail experts. The results have increased our 

understanding of what habitat characteristics may be important for the survival of Amastra 

species across Maui, and may inform conservation of Amastra on other islands as well. There are 

direct conservation recommendations that can come from the resulting Amastra-present habitat 

characteristics, specifically, the relationship of high F. arborea percent cover in relation to low 

all-ferns percent cover, along with well-developed leaf litter. These habitat characteristics can 

target future surveys, guide restoration of critical habitat, place Amastra-specific predator proof 

exclosures (kǭpuka kǕhuli), and improve captive rearing methods (Price et al., 2017; Yeung & 

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

 With our methodology and climate change in mind, involved stakeholders will be able to 

locate and manage known Amastra locales that have similar habitat characteristics based on the 

data collected, study areas visited, and knowledge gained. Stewards will be able to more 

efficiently assess existing Amastra habitats and their long-term suitability. This approach can 

also identify other habitat areas for potential population translocation, as has been demonstrated 

by Achatinellid research on Oᾶahu by Hee (2024) and via climate change informed habitat 

suitability models of Newcombia, Partulina, and Perdicella genera 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 relationship explored in this 

research, further research should be conducted on the impact of native versus nonnative ferns in 

relation to F. arborea and, by extension, Amastra. Additionally, all detections of Amastra, either 

alive or with fresh shell sign, were lumped into one category. There could very well be multiple 
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species of Amastra found during this study, with potentially multiple species in one study area. 

Species specific habitat requirements, where niche partitioning takes place for the various ground 

snail species present, should be examined further. 

 Complementary to the knowledge gaps filled for Amastra from this research, direct 

management recommendations for conservationists can be outlined as well. No clear sign of 

ungulate presence was found in this field work, but feral pigs (Sus scrofa) are known to be 

prevalent throughout the West Maui region and axis deer (Axis axis) are slowly encroaching 

from the east side of the island (Hess & Judge, 2021). Ungulate grazing, understory trampling, 

and invasive species spread would likely decimate F. arborea habitats, displacing Amastra spp. 

and other reliant species in the process (D. Chung & K. Coelho, personal communication). Low-

elevation ungulate proof fence lines and rigorous, consistent fence checks could be a proactive 

measure implemented now, which would benefit all West Maui ecosystems for the future. 

To preserve Hawaiian invertebrate biodiversity, our methodology could be used to inform 

conservation of other species in the Amastridae family, particularly Laminella and Leptachatina 

spp., as well as other understudied native Hawaiian land snails. Due to mounting pressures, in 

the form of climate change, introduced species, and other human-induced habitat alteration, 

conservation of tropical forests and their reliant species is urgent. Informing knowledge gaps 

while populations of critically imperiled species are still on the landscape is crucial for long-term 

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 information gathered for characterizing 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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 

CHAPTER 2. UAV METHODS FOR AMASTRA CONSERVATION 

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), or drones, can expand ecological explorations, particularly when it 

comes to relating environmental structure to function (Anderson & Gaston, 2013; Anderson et 

al., 2025). UAVs are fixed-wing, multi-rotor, 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, light-weight, low-elevation flying 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 global-scale (Anderson & Gaston, 2013; Anderson et al., 2025).  

Lightweight UAVs can collect multi-scale spatial data via a spread of diverse attachable 

sensors ï active sensors, like light detection and ranging (LiDAR) modules, can create high 

density point clouds, key for structural 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, RGB (red, green, and 

blue) images with ultra-high 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., 2020). Beyond the wide array of ecological 

studies using aerial tools and imagery (Villarreal et al., 2025), UAVs are crucial for a variety of 
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industries, like construction, agriculture, forestry, and archaeology (Campana, 2017; Choi et al., 

2023; de Castro et al., 2021; Olson & Anderson, 2021). Across these specialties, UAV tools have 

provided key spatial and temporal products to guide decision making, while minimizing time and 

monetary costs.  

2.1.2 Photogrammetry and Structure-from-Motion (SfM) in Ecology 

 Stereoscopic photogrammetry is a visualization approach that allows three-dimensional 

(3D) metrics, including position, orientation, shape, and size, to be extracted from multiple 

photographs of the same target features (Wu, 2017). Geomorphology and map creation have 

been the main applications of this technique, expanding into Earth observation to environmental 

monitoring to robotics in modern times (Lane et al., 2000; Wu, 2017). Ecologically, 

photogrammetry has been used to reconstruct highly accurate visual and geospatial 3D 

renderings of landscapes as well as organisms, without ever setting foot on the ground at a target 

study area (Ferrari et al., 2021).  

Structure-from-Motion (SfM) is a photogrammetry technique that obtains high-resolution 

datasets at a range of scales with a resulting high-resolution 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, SfM can automatically 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 SfM will exist in an óimage-spaceô coordinate system, which can be related to the real 

world via a post hoc transformation using identifiable ground-control points (GCPs), with known 

coordinates (Westoby et al., 2012). LiDAR, a related point cloud generating method, is a 

powerful imagery sensor tool for detailed structure analysis and can complement SfM data 
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(Anderson et al., 2025). However, LiDAR presents operational challenges resulting in UAV-

based photogrammetry as a more accessible choice (Anderson et al., 2025). 

Key products of the SfM technique include digital surface models (DSMs), digital 

elevation models (DEMs), two-dimensional (2D) orthophotos (a high-resolution photo-mosaic 

output of the target area), and a point cloud to assess other 3D characteristics (Burns et al., 2015; 

Fonstad et al., 2013). Recent applications of SfM techniques in natural science research include a 

wide variety of focuses, from assessing coral reef structure, measuring Arctic plant biomass, and 

quantifying penguin aggregation patterns (Burns et al., 2015; McDowall & Lynch, 2017; Yang et 

al., 2025). UAV tools and SfM approaches support low-cost research applications in remote 

areas, with simpler, faster, and effective, high quality topographic deliverables. SfM is a prime 

methodology for examining ecology and, more specifically, 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 have 

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 et al., 2017; Varga & Asner, 2008; 

Wagner et al., 2024). In Hawaiᾶi as well as the greater Pacific, the use of UAVs for species 

distribution, composition, and abundance surveys in hard to reach, steep, heavily vegetated 

terrain has led to expanded knowledge of rare and endangered species (Nyberg et al., 2023; 

Nyberg et al., 2024; Shiroma, 2025). The increase in survey efficiency, staff safety, as well as 

reduced costs when compared to remote field work conducted with helicopters, further justifies 
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the use of UAVs in ecological applications across Hawaiᾶi (La Vigne et al., 2022; Nyberg et al., 

2024) 

 Structure-from-Motion applications have been gathering momentum in the Hawaiian 

Islands. In the marine realm, SfM methods were used to create 3D reconstructions of the coral 

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 efficiency and consistency of UAV 

collected SfM imagery of hard to reach cliff-side vegetation in Hawaiᾶi, when compared to 

ground-based vegetation surveys. Not only were once inaccessible sites surveyed, but significant 

vegetation characteristics, local species diversity, 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 technologies in the monitoring and conservation of Hawaiian ecosystems. 

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 imagery tools and methods 

using SfM visual products specifically have not been employed for terrestrial invertebrate 

conservation in Hawaiᾶi. By extension, no research to date has used SfM methods for native 

Hawaiian ground snail conservation, specifically concerning the most suitable habitat 

characterization (vegetation composition, structure, and dominance in particular). UAV imagery 

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

the time, cost, and personnel constraints 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 Hawaiian ground snails to study life history, habitat 

characteristics, 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 direct detection of Amastra spp. individuals via UAV imagery was not a central 

goal of this research, a key objective was collecting informative environmental parameters for 

Amastra spp. on a larger spatial scale (Turner et al., 2003). This was done at the landscape-scale 

(defined as greater than a hectare in this project) and focused on collecting key vegetation 

metrics of Amastra spp. suitable habitat. By identifying key vegetation variables in the UAV 

imagery, we could locate suitable Amastra habitat without stepping foot in the target area. To 

further this point, native Hawaiian ground snails often exist in remote, (largely helicopter access 

only), dense, heterogeneous landscapes, (both native and/or invaded), and can be quite 

challenging to find upon reaching the target area. For West Maui Amastra goniops specifically, 

adult shell sizes are around ~10-15 mm in length and ~7-10 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 monitoring of in 

situ predator proof exclosures. The ~1,000 square meter snail refugia keep native Hawaiian land 

snails protected in place, oftentimes in their historical range or at a known population, and are a 

successful but significant management undertaking, in placement, financing, and maintenance 

(Hall et al., 2010; Hee, 2024; K. Bustamente & D. Sischo, personal communication). An 
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approximately two-meter tall surrounding fence line can enclose several native Hawaiian land 

snail species or populations, provided different predator-deterring 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 and/or plants, functioning as a protected zone for 

species release or outplanting. Predator proof exclosure construction, maintenance, and 

monitoring is a time intensive, costly undertaking for Hawaiᾶi SEPP teams (K. Bustamente & D. 

Sischo, personal communication). UAV imagery can not only help in the preliminary act of 

checking potential exclosure site 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 snail conservation is to combine local, (defined 

as less than one-hectare in coverage), and landscape-scale methods for habitat characterization. 

Building upon ground-based observations that characterize Amastra spp. habitat in West Maui 

from Chapter 1, here we used UAV-based imagery to extrapolate key vegetation variables to 

identify suitable habitat at the larger landscape-scale. Our objective for using UAV imagery was 

to capture, calibrate, and compare the two differently scaled methods (i.e., the local-scale 

vegetation surveys to the landscape-scale UAV imagery capture and classification) in 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 there will be a minimal difference in the results of vegetation composition, 

structure, and/or dominance metrics observed between the plot-based vegetation surveys and the 

UAV imagery, with a particular emphasis on Freycinetia arborea and all fern species, native 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, across Launiupoko, Olowalu, 

Ukumehame, and ᾶǬao valleys 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 areas. The successfully UAV imaged study areas included: the two study areas in 

Launiupoko Valley and the two study areas in Olowalu Valley (Figure 9).  

 

Figure 9. Four study areas of West Maui valleys with UAV imagery collected. 
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The UAV model used was a DJI Matrice 350 real-time kinematics (RTK) with an 

additional Emlid Reach RS3 RTK base station from the Maui Nui SEPP organization (Figure 

10). The RTK base station, with a 1-2 hour sitting occupation time to optimize spatial accuracy, 

was used in tandem with a rover (i.e., the DJI Matrice 350 RTK UAV) and satellite signal 

detections to provide fixed, highly precise geospatial positioning data, increasing the 

georeferencing accuracy at a centimeter level, of the resulting photogrammetry products 

(Treccani et al., 2024). For the UAV flights performed, the above ground level (AGL) altitude 

was ~80 meters with a ground sampling distance (GSD) of less than 1 cm/px. Ground-control 

points were not utilized in this project due to significant difficulties posed by the topographic 

complexity as well as dense, heterogeneous forests 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. 

Figure 10. Set-up for UAV imagery operations. A. Landing zone launch pad and Emlid Reach 

RS3 RTK. B. The UAV model used was a DJI Matrice 350 RTK with DJI Zenmuse P1 SLR 

camera. C. UAV pilotôs handheld navigation whilst flying. (PC: K. Bustamente) 
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Figure 11. Landing zone launch pad, DJI Matrice 350 RTK UAV, and Emlid Reach RS3 RTK 

set-up 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 focus (UgCS version 5.17.2, SPH Engineering, Latvia). The 

flight plan covered the one-hectare study area of the vegetation surveys in Chapter 1, with an 

additional ~20-meter buffer applied to the area of capture (Figure 12). An initial flight was 

conducted to acquire the particular study areaôs DSM, followed by an out of field processing 

step. This highly localized DSM was used in the UgCS flight planning process to ensure the 

UAV maintains a safe flight path, identifies hazards (specifically variable forest canopy, 

dynamic topography, and cliff walls), and contributes to the eventual 3D imagery output.  
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Figure 12. Universal Ground Control Software flight plan software. A. Imagery collection 

performed with an oblique or 60° camera angle flight path in a cross-hatch pattern. 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 areas included: 

flight speed of 3 m/sec and a double grid, cross-hatch 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 well. Flight times were variable in the day as 

winds, sunlight, and rain were consistently factors to take into consideration. Each flight, from 

the DSM capture and creation to the nadir or oblique imagery, lasted between a half hour to one 

hour in total air time. The UAV landing zone was located either outside the study area 

boundaries (no more than 100 meters away), or in the study area footprint but 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 processed and 

eventually analyzed via a combination of imagery software programs, namely Pix4Dmapper and 

ArcGIS Pro (Pix4Dmapper version 4.8.4, Pix4D SA, Lausanne, Switzerland). Around 2,000 

images for each study area were collected and stitched together in the óStandard Mapô mode of 
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Pix4Dmapper for the four imaged study areas (Figure 13; Figure 14). The computer processor 

used in this research was 12th Gen Intel(R) Core(TM) i9-12900KF, 3.19 GHz, on an Alienware 

Aurora A13 desktop computer with 64.0 GB of installed RAM. 

 

 

 

 

Figure 13. Close-ups of nadir only, Pix4Dmapper stitched imagery of both study areas in 

Launiupoko Valley, with UAV landing zones and study area/flight path boundaries symbolized. 
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Figure 14. Close-ups of nadir only, Pix4Dmapper stitched imagery of both study areas in 

Olowalu Valley, with UAV landing zones and study area/flight path boundaries symbolized. 

 

Structure-from-Motion photogrammetry image stitching in Pix4Dmapper was performed 

two separate times for each study area: once including nadir only imagery and an additional time 

including both nadir and oblique imagery. The nadir imagery result, particularly for the 2D 

orthomosaic product, helped minimize blurriness and instances of óblack holes,ô i.e., missing 

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

point cloud. The processing time was ~10 hours for nadir only imagery stitching for each 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 orthomosaics in 

TIF file format and Pix4Dmapper accessed 3D densified point clouds in LAS file format.  

2.2.3 Vegetation Classification of Imaged Study Areas 

Once a 2D orthomosaic and a 3D densified point cloud were created for each study area, 

we assessed vegetation at the landscape-scale. A 2D orthomosaic was loaded into an ArcGIS Pro 

geodatabase for visual assessment while the same areaôs 3D densified point cloud was referenced 

in Pix4Dmapper (Figure 15). 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 understory habitat of a specific 

study area. 

 

Figure 15. The 3D densified point cloud product in Pix4Dmapper for Launiupoko-A, one study 

area in Launiupoko Valley. All camera positions, angles, and the collected raw images are linked 

to the single selected point by the neon green óraysô on the left side of this figure. Each raw 

image that composes the single selected point can be examined closer via the pop-up dialog, on 

the right 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. First, the óCreate Fishnetô tool with a cell size of 10 

meters by 10 meters (mirroring the dimensions of the 10-meter diameter vegetation plots in 

Chapter 1) was 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 created and assessed for each study area (Figure 16).  

 

 

Figure 16. A nadir only, 2D orthomosaic of Launiupoko-A. This is accessed and analyzed in 

ArcGIS Pro with additional 2D layers added for ease of characterizing habitat. This includes a 

fishnet grid, with 10-meter by 10-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 that even partially overlapped with the study area/flight plan boundary 

was assessed for the key vegetation characteristics stemming from the plot-based vegetation 

surveys: the percent cover of F. arborea and the all-ferns functional group. Though sometimes 

hidden by the heterogeneous, dense canopy of some study areas, F. arborea and fern species 

have distinct habits, foliage patterns, and coloring that make them clearly identifiable. 

Vegetation structure was not assessed, quantified, or examined since no statistical significance 

was found in the Chapter 1, plot-based vegetation surveys (Table 4).  

A cover class category was assigned to each 10-meter by 10-meter cell for the amount of 

visible crown outlines of F. arborea and all-ferns 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 average, Amastra-present plots across all six study areas included 45.1% F. arborea 

and 21.7% all fern species (Table 4). Since the UAV-based imagery obscures some of the finer 

detail vegetation structure, the cover class categories are coarser, i.e., broader with larger 

binning, in comparison to the percent cover estimates made in increments of 10% for all plant 

species encountered in the plot-based vegetation surveys of Chapter 1.  

The steps of UAV imagery collection, processing, and then cover class assignment are 

detailed in a research workflow (Figure 17). 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 product file sizes and thorough cover class estimates, 

the cover class assignment for each study area took roughly 5-6 hours for complete assessment. 
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Table 5. Cover class categories used for percent cover estimates of Freycinetia arborea and all-

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% 

 

 

 

Figure 17. There were three main stages in the UAV component of this research. First, UAV 

imagery was collected. Second, SfM products and other spatial layers were created to prepare for 

cover classification of F. arborea and all-ferns. Third, a novel vegetation index, the Amastra 

Habitat Index (AHI), was created to spatially relate F. arborea and all-ferns. This was followed 

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

later statistical testing of the relationship between AHI values and Amastra-present versus absent 

locations. 
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2.3 RESULTS 

2.3.1 Spatial Analyses: Cover Classification 

 Across all four study areas, just over 400 individual 10-meter by 10-meter cells were 

assessed for vegetation cover classes of F. arborea and all-ferns via 2D and 3D UAV imagery 

products. The results of one study areaôs, Launiupoko-A, cover classification for both F. arborea 

and all-ferns is included below (Figure 18; Figure 19). See Appendix B Figures B 1-6 for the F. 

arborea and all-ferns cover classification spatial results for the three other study areas. 

 

 

Figure 18. The Freycinetia arborea cover classification, fishnet grid cell by fishnet grid cell, for 

the Launiupoko-A study area. The clarity of F. arborea identification in UAV imagery is 

demonstrated via the right-side inset photo, where a crown outline of F. arborea is outlined in 

yellow. 
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Figure 19. The all-ferns cover classification, fishnet grid cell by fishnet grid cell, for the 

Launiupoko-A study area. The all-ferns imagery identification is demonstrated via the right-side 

inset photo, where a 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 relationships and percent cover amounts of F. 

arborea and all-ferns, was created to identify areas that potentially represent the most suitable 

habitat for Amastra spp across all four UAV imaged study areas. The cover class categories were 

given a midpoint in the specific percent cover class, and the all-ferns midpoint was subtracted 

from the F. arborea midpoint for each cell, included below as an equation. This resulted in a new 














































































