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ABSTRACT 

Hawaiian Lepidoptera (moths and butterflies) represent a major biodiversity component, 

with almost 1000 described species, but relatively little is known about their patterns of 

diversification. This dissertation explored broad diversification patterns of Hawaiian Lepidoptera, 

then narrowed to focus a single genus, Omiodes (Crambidae), particularly of interest because of 

its host plant associations. Five species feed only on non-native banana, presumably due to rapid 

speciation within the last 1200 years. 

In Chapter 1, I related lepidopteran biodiversity to predictor variables (area, age, 

isolation, and topographic heterogeneity) on the island level. The species area relationship (SAR) 

of Lepidoptera in Hawaii was steep compared other archipelagoes and area, age, and topographic 

heterogeneity were positively related to diversity. Chapter 2 explored the relative contributions of 

colonization and diversification to taxonomic disharmony. Binomial probabilities showed that 

only one family (Tortricidae) was overrepresented among native lineages compared to a global 

species pool. I found no relationship between colonization success and body size or host 

specificity, but interestingly, colonization success of native and non-native species was 

correlated. Among 58 Lepidoptera lineages, diversification was inversely related to mean body 

size, likely because small moths are poorly adapted for active dispersal.  

In Chapters 3 and 4, I reconstructed molecular phylogenies for Omiodes species 

worldwide and within Hawaii. Omiodes worldwide fell within a well-supported clade that 

included the type species. The center of origin for Omiodes appears to be the Paleotropics, giving 

rise to both Hawaiian and neotropical clades. Within Hawaii, I estimated divergence times of 3.2 

MYA for the entire lineage, and 1.9 MYA for banana-feeding taxa, inconsistent with rapid 

speciation.  

Finally, in Chapter 5, I explored intraspecies gene flow in eight species of Hawaiian 

Omiodes, and found considerable variation among species in terms of population structure (ΦST). 

Some species showed no evidence of isolation related to islands, and others showed nearly 
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complete isolation. Gene flow was lowest in species that were rare, host-specific, and limited to 

small historical ranges. It is likely that speciation in Omiodes has occurred primarily 

allopatrically, but host specificity may play a role by selecting against against long-distance 

dispersal.  
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PREFACE. GENERAL INTRODUCTION AND DISSERTATION STRUCTURE 

 

The Hawaiian terrestrial biota boasts unmatched endemism, and this is especially 

impressive among the native insects and other terrestrial arthropods; about 98% of native 

arthropods are endemic to the archipelago, the majority of these being endemic to single islands 

(Nishida 2002). In addition to being highly endemic, insects also represent the bulk of 

biodiversity in Hawaii. There are over 5,000 described native insect species, representing about 

60% of all described Hawaiian terrestrial and marine life forms, including algae, plants, and fungi 

(Eldredge 1999). Many more insect species remain undescribed (Howarth 1990).  

The order Lepidoptera (moths and butterflies) is one of the largest orders of insects, 

consisting of over 170,000 species worldwide (Kristensen 1999). In Hawaii, Lepidoptera make up 

a major component of biodiversity. There are just shy of 1000 described native species, and 100% 

of them are endemic, found only in the archipelago. This corresponds to about 18% of native 

insects, and 10% of all described native life forms (Eldredge 1999)(Fig. 0.1).  

Hawaiian Lepidoptera are not only important simply in terms of sheer numbers of 

species; they also provide numerous ecological services. Although little is known about the 

pollination ecology of Hawaiian plant lineages, several have been demonstrated to be pollinated 

by moths (e.g., Norman et al. 1997, Gardener and Daehler 2006), and the flower morphology of 

many others suggests that they are moth-pollinated, with small, white, tubular, night-blooming 

flowers (Wagner et al. 1999). Caterpillars are important components of the food web, with 

caterpillars being primary consumers of plant material, sometimes having major ecosystem-level 

effects. For instance, the native geometrid caterpillar Scotorythra paludicola experiences 

occasional outbreaks, causing mass defoliations of entire koa forests (Stein and Scowcroft 1984, 

Haines et al. 2009). Caterpillars and adults are also important prey for birds (Mountainspring 

1987, Banko et al. 2002), bats (Whitaker and Tomich 1983, Jacobs 1999, Fullard 2001), and other 

insects (Henneman and Memmott 2001, Oboyski et al. 2004, Bennett 2008, Peck et al. 2008). In 

Hawaii, Lepidoptera are not only at the bottom of the animal food web; two species-rich lineages 

of caterpillars have independently evolved a predaceous lifestyle, capturing and consuming other 

invertebrates (Montgomery 1982, Rubinoff and Haines 2005).  

The biota of Hawaii and other islands are highly disharmonic (Carlquist 1974), and the 

Hawaiian Lepidoptera are no exception. The entire known native fauna of about 1000 species is 

presumed to be the product of only 58 colonization events, and of the 123 families of Lepidoptera 

worldwide, only 19 are represented among the Hawaiian fauna (Zimmerman 1958a, b, 1978a). 

Disharmony is partly due to ecological “filters” acting on colonizers of isolated islands (Carlquist 
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1974), but is also due to the disproportionately high diversification of some groups compared to 

others. For instance, the lineage Hyposmocoma contains over 350 species, all descended from a 

single colonist (Schmitz and Rubinoff 2011a). On the other hand, butterflies, which make up 13% 

of Lepidoptera worldwide, are underrepresented in Hawaii, with only two species (less than 1 

percent of the fauna), each from an independent colonization (Zimmerman 1958b, Wahlberg and 

Rubinoff 2011). Although Hawaii is well known for its large radiations, most colonization events, 

like the butterflies, have not resulted in such dramatic diversification, with most lineages of 

Hawaiian Lepidoptera containing only one or two species (Nishida 2002).  

Unfortunately, the environment of Hawaii has been highly modified in the past 1000 

years, with the most intense destruction occurring during the last two centuries, resulting in 

elimination, degradation, and fragmentation of native ecosystems. Invasive species have taken a 

serious toll on endemic biodiversity, outcompeting or directly preying upon native plants and 

animals, to the extent that most of the land area in Hawaii is now dominated by invasive plant and 

insect species, especially at low elevations (Vitousek et al. 1997). Over one third of the insect 

species now occurring in Hawaii are non-native (Nishida 2002), and these species dominate much 

of the landscape. Most native insect species have dramatically reduced ranges compared to 100 

years ago, and many species are now extinct or extirpated from large parts of their historical 

range (Gagné and Howarth 1982, Gillespie and Roderick 2002, King et al. 2009). Because of this, 

studies involving diversification and biodiversity of Hawaiian insects are necessarily undertaken 

in the context of numerous threats, and almost always have conservation implications beyond 

findings related to ecology and evolution in general.  

I initially became interested in studying Hawaiian Lepidoptera when reading about the 

crambid genus Omiodes Guenée, which is represented in Hawaii by a lineage of 23 species. 

Omiodes are medium sized moths (wingspan 2-4 cm), with caterpillars that feed on leaves by 

webbing them together to form a shelter. The species feed on various host plant families, with 

varying degrees of host specificity, but five species have only been recorded from banana, a non-

native plant. These species are supposed to have resulted from extremely rapid speciation onto a 

novel host plant (Zimmerman 1960), and I wished to explore this idea using a molecular 

phylogenetic approach. Initially, the scope of my project was limited to exploring diversification 

within Omiodes, but as I became familiar with other groups of Hawaiian Lepidoptera, I began to 

see evidence of an overall pattern, in which rates of diversification seemed to be higher in 

lineages with small body size. I became curious about quantifying not only diversification rates, 

but also colonization rates, in relation to characteristics of islands and moths that might affect 
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these rates. Therefore, I expanded my dissertation research beyond Omiodes to cover patterns of 

evolution of Hawaiian Lepidoptera on multiple scales. 

The chapters of my dissertation are arranged roughly in order of decreasing taxonomic 

and temporal scope, from macroevolutionary to microevolutionary scales. Chapter 1 deals with 

island biogeography of Hawaiian Lepidoptera, exploring the physical characteristics of islands 

that are related to diversification, in the context of models such as the equilibrium (MacArthur 

and Wilson 1967) and general dynamic (Whittaker et al. 2008) theories of island biogeography. I 

investigate the relationships between diversification and such attributes as island area, age, 

complexity, and isolation, among different types of lineages, and different parts of the Hawaiian 

archipelago.  

Chapter 2 also deals with the Lepidoptera fauna as a whole, but focuses on characteristics 

of the organisms themselves, particularly body size and host specificity, that may influence 

colonization success and promote diversification. Colonization success is compared among 

Lepidoptera families, with reference to a global pool of possible colonizers, and estimates of host 

specificity and body size for each family. Net diversification rates are also compared among the 

58 Hawaiian lineages, specifically with relation to body size. 

In Chapter 3, I shift focus to the genus Omiodes, looking at the molecular phylogenetics 

of the genus as a whole, evaluating the taxonomic placement and possible geographic origins of 

the Hawaiian lineage. Using data from nuclear and mitochondrial genes, relationships are 

investigated among Hawaiian Omiodes, Omiodes species from paleotropical and neotropical 

regions (including the type species), and other genera of the subfamily Spilomelinae. Monophyly 

of the Hawaiian lineage, and of the genus as a whole, is assessed.  

Chapter 4 explores phylogenetic relationships among species of Hawaiian Omiodes. 

Although many species of Omiodes are extinct, I was able to include 14 species, spanning most of 

the host plants recorded in the genus. Although most of the banana-feeding species have been 

listed as extinct, recent surveys uncovered two specimens, which were included in phylogenetic 

analyses, allowing an evaluation of the “rapid speciation” hypothesis proposed by Swezey (1909) 

and Zimmerman (1960). In addition to dating the divergence time of banana-feeding species, I 

estimate the age of the entire Hawaiian lineage using a molecular clock. The morphology and 

taxonomic validity of currently recognized species is discussed in the context of the molecular 

phylogeny. 

Finally, in Chapter 5, I consider patterns of microevolution on the intraspecies level. 

Population structure as related to island distributions is studied in eight species of Hawaiian 

Omiodes using mitochondrial DNA. For selected species, genetic structure based on host plant 
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use is also explored. A relationship between gene flow, host specificity, and geographic range 

size is suggested, with species with smaller geographic ranges, and also those that are more 

highly host-specific, exhibiting lower gene flow among populations. 
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Figure 

 
Figure 0.1. Taxonomic composition of the known native Hawaiian biota, based on the numbers of 

described species as tabulated by Eldredge (1999). A) Lepidoptera represents 18% of all 

described insects. B) Lepidoptera represents 10% of all described native life forms. 
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CHAPTER 1. BIOGEOGRAPHIC PATTERNS IN HAWAIIAN LEPIDOPTERA, AND 

THE RELATIONSHIP OF SPECIES DIVERSITY TO ISLAND AREA, AGE, 

ISOLATION, AND TOPOGRAPHIC HETEROGENEITY 

Abstract 

Relationships among biodiversity, island area, and other abiotic factors have been previously 

explored for taxa of many island archipelagoes, including Hawaiian insects, snails, and plants. 

Here, I used multiple regression analyses to examine relationships between Hawaiian 

lepidopteran biodiversity (measured by species richness, lineage richness, and island endemism) 

and abiotic predictor variables (area, age, isolation, and topographic heterogeneity). Various 

subsets of data were analyzed to explore how different island and lineage groups contributed to 

overall relationships. Analyses were carried out separately on two geographic datasets: one 

including the Northwestern Hawaiian Islands (NWHI), and one restricted to six of the current 

high Hawaiian Islands. Species richness was also analyzed separately for all native Lepidoptera 

and only the lineage Hyposmocoma, as well as parsed into subsets based on lineage species 

richness. The relationship between log(area) and log(species richness) within Hawaii was steep 

compared to those found among Lepidoptera in other archipelagoes, with a regression slope of 

0.41 when all islands were included and 0.38 when only the high islands were included. Larger 

lineages and single island endemics had steeper species area relationships (SARs) than small or 

monospecific lineages, suggesting that the steep slopes were due to within-island diversification. 

Within the high islands, area, age, and topographic heterogeneity were positively related to 

diversity, while isolation was negatively related to diversity after other variables were taken into 

account, although relationships were not always significant depending on the biodiversity 

indicator used. Inclusion of data from the NWHI yielded a much stronger, highly significant 

relationship between area and species richness compared to the high islands, but when NWHI 

data were included in multiple regressions, they resulted in different, often counterintuitive, 

relationships between biodiversity and several explanatory variables other than area, likely due to 

exacerbated collinearity among variables. Additionally, the performance of the general dynamic 

model (ATT2 model) of island biogeography (Whittaker et al. 2008), which models diversity 

based only on island age and size, was compared to models based on other physical parameters. 

The ATT2 model performed well when data from the NWHI were included, but poorly when only 

data from the high islands were included. 
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Introduction 

Studies of species richness in the context of island biogeography often focus on the 

species-area relationship (SAR), generally accepted to be a function of the equilibrium between 

immigration and extinction rates, which differ on islands of different sizes and distances from 

colonization sources (MacArthur and Wilson 1967). This equilibrium theory of island 

biogeography has become one of the most fundamental and consistently observed phenomena in 

ecology (Rosenzweig 1995). However, in addition to immigration and extinction, in situ 

speciation is also a major determinant of diversity (Heaney 2000), and due to the isolation of 

many oceanic islands, the rate of speciation often exceeds that of immigration (Losos and 

Schluter 2000, Emerson and Kolm 2005, Whittaker et al. 2008). Hawaii is the most remote 

landmass on Earth, and as such, in situ diversification is the primary source of species diversity in 

most taxonomic groups (Cowie 1995, Price and Wagner 2004). Perhaps for this reason, most 

biogeographic studies in Hawai‘i have focused on phylogenetic reconstruction within specific 

lineages, rather than spatial patterns of species richness across broad groups (Wagner and Funk 

1995, Roderick and Gillespie 1998, Cowie and Holland 2008).  

MacArthur and Wilson’s (1967) equilibrium theory of island biogeography recognized 

the importance of speciation in shaping patterns on remote islands, but did not explicitly include 

it mathematically. Recently, more effort has been made to explore the effect of not only island 

area, but other factors, such as island age, elevation, endemism, and various measures of 

heterogeneity on the diversity of Hawaiian snails (Cowie 1995), insects (Peck et al. 1999), plants 

(Price 2004, Price and Wagner 2011), and the Hawaiian biota as a whole (Emerson and Kolm 

2005, Whittaker et al. 2008). These studies have all documented a positive SAR, but the 

demonstration of relationships among species richness and other variables of interest has typically 

been challenging because of problems of collinearity among explanatory variables (Peck et al. 

1999, Price 2004).  

Whittaker et al. (2008) recently proposed and evaluated a general dynamic model 

(referred to as the ATT2 model) for oceanic islands, which predicts species richness as a function 

of island area and time over the “lifetime” of an island, without explicitly including the abiotic 

factors associated with time, such as erosion and other changes in habitat complexity. They noted 

that in oceanic archipelagoes, species richness often peaks on islands of intermediate age, and 

they therefore modeled species richness as a parabolic function of time and a linear function of 

age. This model generally outperformed simple species-area models when tested using data from 

several types of organisms and many archipelagoes.  
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Despite the fact that they make up a large proportion of the native fauna, with nearly 

1000 described species (Nishida 2002), there have been few examinations of distributional 

patterns of Lepidoptera within the Hawaiian Islands, and these have focused primarily on 

identification of colonization sources, rather than spatial patterns of diversity within Hawaii 

(Zimmerman 1958a, b, 1978a, Munroe 1996). Phylogenies have been recently reconstructed for 

the species rich lineages Thyrocopa (Medeiros and Gillespie 2011) and Scotorythra (Heddle 

2003), and for a significant portion of the hyperdiverse lineage Hyposmocoma (Rubinoff 2008, 

Rubinoff and Schmitz 2010), but the evolutionary history of most lineages is unknown, making 

biogeographic patterns difficult to interpret in an evolutionary context. Because Lepidoptera were 

extensively collected and documented within the main Hawaiian Islands relatively shortly after 

European contact, they are well-described compared to other groups (Meyrick 1899, Walsingham 

1907). This is partly due to the popularity of Lepidoptera among early collectors such as T. 

Blackburn and R. C. L. Perkins, the first entomologists to conduct significant surveys of the 

insect fauna of Hawaii. Because the Hawaiian Lepidoptera are both species rich and relatively 

well-studied, they provide a good opportunity to study patterns of diversity.  

Very few studies have examined determinants of Hawaiian insect diversity on the 

biogeographical scale. Peck et al. (1999) examined the strength of linear correlations between 

species richness of insects and island area, age, and other factors. They found that island area was 

the best predictor of species richness, and that other characteristics of islands were highly 

collinear with island area. Such pairwise linear regressions among variables, though informative, 

can reveal relationships not necessarily intuitively predictable, that do not make sense in the 

context of ecological theory. For instance, Peck et al. (1999) found a negative linear relationship 

between species richness and island age, which is almost certainly a byproduct of the negative 

correlation between island age and several other factors, including area, due to erosion of islands 

over geological time scales. One approach to account for the confounding relationship between 

area and other factors is to calculate simple linear regressions of residuals from the SAR against 

variables of interest (Price 2004), but this suffers from the limitation of only examining one 

additional variable at a time, not taking into account collinearity among those additional 

variables. For this reason, I chose a multiple regression approach. Although multiple regression 

analysis is not immune to problems of collinearity, it can help tease apart contributions of specific 

factors, especially if care is also taken to minimize collinearity when selecting datasets and 

variables. 
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Within the Hawaiian dataset, the Northwestern Hawaiian Islands (NWHI) are a concern 

because they are extremely small, very old, and have low species diversity, and therefore have 

high leverage in analyses using size and age as predictor variables. They may also or exacerbate 

problems of collinearity between these variables. Based on the geological history of the islands, 

and molecular phylogenies for a diversity of taxa, there is also good evidence that most lineages 

comprising the current Hawaiian biota descended from colonists arriving in Hawaii after the 

formation of Kaua‘i about 5 MYA (Price and Clague 2002). This sets an upper limit for the 

amount of time most Hawaiian lineages have had to evolve, thus making the inclusion of the 

NWHI less relevant when evaluating the effect of time on diversification. Only 36 native 

Lepidoptera are reported from the NWHI (Nishida 2002, Medeiros 2009, Schmitz and Rubinoff 

2009), and these represent only 11 lineages. Although some of these may have colonized the 

NWHI while they were high islands, the evolutionary histories of most groups are unknown, and 

it is likely that many are back colonizations, as evidenced by the genera Thyrocopa (Medeiros 

and Gillespie 2011) and Omiodes (see Chapter 4).  

Among the Lepidoptera, there is at least one exception to the proposition that the 

Hawaiian biota is a product of post-Kaua‘i colonization: the genus Hyposmocoma (Rubinoff and 

Schmitz 2010). This genus contains at least 377 species, the majority of which are single island 

endemics (Nishida 2002, Rubinoff and Haines 2006, Schmitz and Rubinoff 2008, 2009, 2011a, 

b), and more are pending description. Eighteen (fully half) of the lepidopterous species reported 

from the NWHI belong to the genus Hyposmocoma, and it has been recently revealed that a 

single aquatic clade nested within this large lineage began diversifying prior to the formation of 

Kaua‘i (Rubinoff and Schmitz 2010), indicating that the lineage as a whole probably began 

diversifying well before that. Due to its high levels of species richness and endemism, and the 

high likelihood that it represents a very ancient colonization, Hyposmocoma provides an excellent 

opportunity for modeling the effects of area, habitat complexity, and especially island age on 

diversification from a single colonizing ancestor.   

Here, I explored possible factors contributing to species richness and diversification in 

Hawaiian moths, considering a range of variables used in previous studies, but focusing primarily 

on area, age, isolation, and topographic heterogeneity (the degree to which islands are dissected 

by valleys and ridges). Area, age, and topographic heterogeneity are all expected to have positive 

effects on species richness via promoting diversification, after taking into account other factors. 

Isolation is also expected to have a net positive effect on diversification, promoting divergence 

from populations on neighboring islands, but could also have negative effects by limiting 
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colonization to some degree. Potential biases and misinterpretations due to collinearity were 

minimized in several ways. In addition to selecting explanatory variables to reduce collinearity, I 

analyzed separately the full dataset, which included the NWHI, and a reduced dataset, which 

included only the high Hawaiian Islands. I also conducted separate analyses on different taxon 

subsets in addition to native Lepidoptera as a whole. The genus Hyposmocoma was explored 

separately, as well as lineages of different size classes, from monospecific to highly diverse. 

Through comparison of these different models and subsets of data, I attempted to identify the 

most important factors shaping diversity of Lepidoptera within the high Hawaiian Islands. 

Models based on direct physical factors were also compared to the ATT2 model (Whittaker et al. 

2008), which is based solely on island area and age. 

Materials and Methods 

Species richness and geographic distributions:  

Species richness and geographic distribution data were compiled from Nishida’s (2002), 

comprehensive checklist of Hawaiian terrestrial arthropods. This checklist includes island 

distributions of both native and non-native species, and provides a valuable springboard for 

biogeographic studies in Hawaii (Peck et al. 1999, Emerson and Kolm 2005, Whittaker et al. 

2008). Data from this checklist were updated with more recent taxonomic revisions and species 

descriptions (Heddle 2003, Schmitz and Rubinoff 2008, Medeiros 2009, Medeiros et al. 2009, 

Schmitz and Rubinoff 2009, 2011a). In some cases, Nishida’s (2002) checklist included species 

that have not been formally described, but were recognized by experts as distinct taxa (for 

example, Zimmerman’s (1978b) 35 “new species” of Hyposmocoma), and these were also 

included in the dataset. Subspecies were not considered to be distinct taxa, and were lumped 

together, along with their geographic distributions. Species were assigned to lineages, which in 

most cases were equivalent to genera, with the exception of two lineages in which a single 

ancestor is thought to have given rise to more than one genus: Scotorythra (Scotorythra + 

Tritocleis) and Fletcherana (Fletcherana + Progonostola + Megalotica + Kauaiina) (Zimmerman 

1958b).  A total of 978 native species were included, all of which are endemic to the Hawaiian 

archipelago. These represented 62 genera and 20 families, all presumed to have arisen from 58 

colonizing ancestors (Zimmerman 1958a, b, 1978a, Munroe 1996). 

Three measures of diversity were used: species richness (SR, total number of native 

Lepidoptera species per island), number of single island endemics (SIE, Lepidoptera species 

found only on that island), and a diversification index calculated as SIE divided by the number of 

lineages occurring on an island. This SIE : lineage ratio was conceptually analogous to the 
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species : lineage and SIE : genera ratios calculated by Price (2004) and Whittaker et al. (2008), 

respectively, but used the denominator of the former and numerator of the latter to better 

represent within-island speciation. In addition, SR and SIE were calculated specifically for 

Hyposmocoma, the largest lineage of Hawaiian Lepidoptera. Diversity measures were used as 

response variables both in their raw form and logarithmically transformed. Logarithmically 

transformed measures of diversity are typically used in the examination of species-area 

relationships, and the inclusion of untransformed richness variables was primarily for comparison 

with the ATT2 model (Whittaker et al. 2008), which used untransformed measures of diversity as 

response variables. 

Islands and their attributes: 

Ten islands were included in the full island dataset: Midway, Laysan, Necker, Nihoa, 

Kaua‘i, O‘ahu, Moloka‘i, Lana‘i, Maui, and Hawaii. Following previous authors (Peck et al. 

1999, Whittaker et al. 2008), some islands and atolls (Niihau, Kaho‘olawe, Kure, Pearl & 

Hermes, Lisiansky, Garner Pinnacles, and French Frigate Shoals) were excluded because they 

have not been surveyed as intensively as other islands, either due to remoteness (in the case of the 

Northwestern atolls) or inaccessibility due to land use (e.g., Kaho‘olawe was intensively ranched 

from the mid 1800s to the 1940s and subsequently used as a bombing range until 1990, and 

Niihau has been privately owned by the same family since 1864 and has had very few biological 

collections).  

Due to the concern that the Northwest Hawaiian Islands (NWHI) might introduce too 

much leverage into the analyses due to extremely low species richness, small size, and old age, 

the effect of these islands on model selection warranted evaluation. Therefore, separate analyses 

were conducted on the full island dataset (10 islands) and a reduced island dataset including only 

six of the high Hawaiian Islands (Kaua‘i, O‘ahu, Moloka‘i, Lana‘i, Maui, and Hawaii). Since the 

vast majority of species and lineages are represented only on these high islands, and my primary 

goal was to identify factors influencing diversification, I felt it was most relevant to explore the 

reduced dataset. However, this considerably reduced the degrees of freedom of models, 

potentially making it much more difficult to demonstrate statistical significance than with the full 

dataset. 

The following island attributes were initially considered: island area (km2), average 

substrate age (mean age, in MY, of volcanoes making up an island), landmass age (maximum 

age, in MY, of the oldest volcano to which an island is currently or formerly connected), isolation 

from other islands (km), maximum elevation (m), mean slope (degrees), and topographic 
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heterogeneity. The first five variables were taken from Price (2004), and are described therein. 

Mean slope and topographic heterogeneity were extracted from 10 m digital elevation models 

(DEM) for the main Hawaiian Islands and 1 arcsecond DEM files for the NWHI. DEM files were 

first transformed into 1 arcsecond slope raster files in ArcGIS, then converted to point shape files, 

where each point was representative of slope in degrees. For each island, the mean slope and 

standard deviation of slope were calculated. The standard deviation of slope was used as a 

measure of topographic heterogeneity or “roughness”: the degree to which islands are divided 

into valleys and ridges (for similar approaches, see Mac Nally et al. 2003, Ruggiero and Hawkins 

2008). Attribute values for all islands are shown in Table 1.1. Island area was logarithmically 

transformed before inclusion, as is traditionally done when assessing linear relationships between 

it and species diversity. 

Model selection: 

Because the reduced dataset consisted of data from only six islands, a maximum of four 

variables could be considered in the models evaluated for that dataset, due to the number of 

degrees of freedom. For this reason, I selected four variables by first calculating correlation 

matrices for all possible explanatory and response variables in the reduced island dataset. When 

two or more explanatory variables were strongly collinear, I included the one that was most 

strongly correlated with measures of diversity. For purposes of comparison, these same variables 

were included in model exploration for the full island dataset. Models were evaluated by multiple 

linear regression analysis. To compare the fit of models of varying complexity, I used the “best 

subsets” multiple regression function of Minitab 14 (Minitab, Inc. 2004), choosing the four best 

performing models of each size (one, two, three, and four variables). In addition, the ATT2 model 

of Whittaker et al. (2008) was evaluated, based on the equation:  

Diversity = a + b(Time) + c(Time2) + d(log Area), 

in which substrate age was used as measure of time. Performance of models was ranked using 

corrected Akaike’s Information Criterion (AICc, Akaike 1974, Hurvich and Tsai 1989), which 

takes into account both goodness of fit (e.g., r2) and parsimony (minimizing the number of terms 

in the model), as well as a correction for small sample size. The six top ranking models for each 

response variable (measure of diversity) were selected and evaluated for significance of 

individual terms. In addition, the full model was evaluated, which included all four explanatory 

variables. 

For the reduced  and full island datasets and the logarithmically transformed diversity 

indicators Log(SR), Log(SIE), Log(SIE:Lineage), Log(Hyposmocoma SR), and 
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Log(Hyposmocoma SIE), which were identified a priori as being of most interest, residual 

diagnostics were performed. Diagnostics included examination of residuals for unusual 

observations, normal-probability plots, and plots of residuals against all four predictor variables 

and maximum island elevation. For each diversity measure, diagnostics were performed on the 

top ranked model, as well as the full model that included all four predictor variables.  

The contribution of different types of lineages to the overall SAR was also explored 

(within the high islands only) by parsing lineages into three size classes: monospecific, small 

cladogenetic, and large cladogenetic - using criteria similar to those used by Price and Wagner 

(2011) for classifying plant lineages. Lineages were ranked by size, then divided into two roughly 

equal groups. Small cladogenetic lineages (21 lineages) were those containing 2-6 species, and 

large cladogenetic lineages (20 lineages) were those containing 7-62 species. Hyposmocoma was 

not included as a “large cladogenetic” lineage, since it is an extreme outlier among Hawaiian 

lineages and was modeled separately. In addition to the simple SAR, relationships between 

species richness of the three lineage size classes and the four explanatory variables were explored 

using multiple regression analyses. Log-transformed species richness for each size class was 

regressed against log(area), substrate age, isolation, and topographic heterogeneity using the best 

subsets procedure of Minitab 14. The relationship between island area and the number of lineages 

occurring on an island (LAR) was also estimated using simple linear regression. 

Results 

Diversity-area relationships: 

Results of simple linear regression analyses of diversity-area relationships for the 

different island datasets are shown in Table 1.2. There were positive relationships between island 

area and both species richness (Fig. 1.1) and single island endemism (Fig. 1.2), both in all 

endemic Lepidoptera and in Hyposmocoma. The relationships between diversity and area were 

stronger (higher R2) when all islands were included (Figs. 1.1A, 1.2A, p < 0.003) compared to 

when only the high islands were included (Figs. 1.1B, 1.2B, p > 0.126). Despite the overall 

positive relationships between diversity and area, none of the diversity measures were highest on 

either of the two largest islands (Hawaii and Maui), but instead peaked either on O‘ahu or Kaua‘i, 

which are smaller (and older) than Hawaii and Maui. The slope of the regression of log(SR) 

versus log(area) is typically referred to as the “z-value” of an SAR, being derived from Preston’s 

(1962) equation SR = c*(area)z, or log(SR) = log(area) + log(c). The z-values of SARs using 

species richness were comparable between the full island and reduced island datasets, ranging 

between 0.304 and 0.415.    



9 

 

Different sizes of lineages showed somewhat different SARs within the high islands. For 

each size class (monospecific, small cladogenetic, and large cladogenetic), relationships between 

species richness and island area remained positive, but non-significant (Table 1.3, Fig. 1.3). The 

slope of the species-area relationship (z) increased with increasing size class, from 0.181 for 

monospecific lineages to 0.388 for large cladogenetic lineages and 0.415 for Hyposmocoma, 

indicating that the relationship between species richness and island area is steeper among lineages 

that have experienced higher rates of net diversification. Interestingly, for all lineage size classes, 

including the monospecific lineages, species richness peaked on the oldest high islands, not the 

largest (Fig. 1.3).  

The relationship between number of lineages and island area (LAR) within the high 

islands was positive, but non-significant, and less steep than any of the SARs, with a z-value of 

0.126 (Table 1.3, Fig. 1.4). Like species richness, the number of lineages peaked on the oldest 

islands of O‘ahu and Kaua‘i, which are of intermediate size. 

Correlations among predictor variables: 

Fewer of the explanatory variables were significantly correlated with one another in the 

reduced island dataset compared to the full island dataset, perhaps due to a low number of 

observations, but also likely due to less extreme differences between the high islands compared 

with the NWHI (Table 1.4).  

In the full island dataset, log-transformed area was significantly negatively correlated 

with both age variables and with isolation, and positively correlated with maximum elevation. 

Both age variables were also negatively correlated with maximum elevation. Standard deviation 

of slope was uncorrelated to any other predictor variables, making it the most independent of the 

predictor variables. In the full island dataset, most of the individual predictor variables showed 

some correlation with measures of diversity (Table 1.4A). The collinear log(area) and elevation 

were both positively correlated with all diversity indices, while age was negatively correlated 

with most of them. Isolation was negatively correlated with log(SR). Standard deviation of slope 

was not correlated with any diversity variables. 

In the reduced island dataset, collinearity of predictor variables was weaker (Table 1.4B). 

Maximum elevation was strongly correlated with area (r = 0.870, p = 0.024) and log(area) (r = 

0.882, p = 0.020). Because log(area) had a consistently stronger correlation with all measures of 

diversity, it was chosen over elevation for inclusion in evaluations of models. Although not 

statistically significant at an alpha of 0.05, the correlation between substrate age and isolation was 

notable (r = 0.749, p = 0.087). Substrate age was, of course, highly correlated with landmass age, 
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and since substrate age was consistently more highly correlated with diversity, it was chosen over 

landmass age. As in the full island dataset, standard deviation of slope was not significantly 

correlated with any other predictor variables, or with measures of diversity. Interestingly, using 

the reduced dataset, none of the possible explanatory variables were significantly correlated with 

any of the diversity variables, even at an alpha of 0.10. After removing collinear variables, the 

final set of four explanatory variables to be evaluated included log(area), substrate age, isolation, 

and topographic heterogeneity (SD of slope). For the sake of comparison, the same four 

explanatory variables were used for reduced and full island datasets. 

Not surprisingly, all pairs of log transformed diversity measures (species richness, single 

island endemics, lineages, SIE:lineage ratio, and corresponding Hyposmocoma diversity) were 

strongly correlated with one another in the full and reduced island datasets (Table 1.4), as were 

untransformed measures of diversity (not shown). 

Multiple regressions: 

The best performing models are listed for the log transformed measures of diversity in 

Table 1.5, and for untransformed measures of diversity in Table 1.6. Untransformed response 

variables were evaluated only for direct comparison of the ATT2 model’s performance with the 

results of Whittaker (2008). Apart from evaluation of this model, all discussion below will refer 

to log-transformed variables (Table 1.5).  

Because the AICc information criterion penalizes complex models much more heavily 

when the sample size is low, the ranking of models using the reduced island dataset (N=6) was 

completely related to the number of terms in the model. That is, for every measure of diversity 

with the reduced island dataset, the single term models were ranked higher than the two-term 

models, which ranked higher than the three term models, which ranked higher than the full four-

term model. However, using the full island dataset, because sample size was higher, penalization 

of complex models was not as severe, and two- and three- term models were sometimes ranked 

above single-term models. 

The ATT2 model did not perform well using only data from the high islands. Models 

based upon various subsets of the four parameters – log(area), substrate age, isolation, and 

topographic heterogeneity – outperformed the ATT2 model in all cases based on AICc values (as 

well as uncorrected AIC values, not shown), and the ATT2 model did not appear in the top six 

models for any response variable, either log transformed (Table 1.5) or untransformed (Table 

1.6). On the other hand, when the NWHI were included, the ATT2 model ranked higher than all 

other models for modeling log(SIE), untransformed SIE, and untransformed SR. It was also the 
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second highest ranking model to explain log(SR). For other transformed or untransformed 

response variables, the ATT2 model did not rank among the top 6 models. When the ATT2 model 

was among the top ranked models, its terms always had the same sign, regardless of diversity 

measure or dataset used; log(area) and island age always had a positive relationship with 

diversity, and (island age)2 always had a negative relationship. 

Island area was an important predictor of diversity. For most log-transformed diversity 

measures using both island datasets, the best ranked model included the term log(area), and its 

coefficient was always positive (Table 1.5). There were two exceptions that did not include Island 

area in the top model; the best performing model for log(SIE:Lineage) using the full island 

dataset included only island age, with a negative slope, and the best performing model for 

log(Hyposmocoma SR) using the reduced island dataset included only topographic heterogeneity, 

with a positive slope.   

Island age related to Lepidopteran diversity differently when reduced and full island 

datasets were used (Table 1.5). When data from the NWHI were included, island age always had 

a negative coefficient, except when included as part of the ATT2 model, in which island age itself 

had a positive coefficient, but the square of island age had a negative coefficient. Using only data 

from the high islands, island age was included as a term in many of the top six models, but 

always had a positive relationship with species diversity.  

Similarly, the sign of the coefficient of isolation differed between the two datasets and 

depending on which other terms were included in models (Table 1.5). Using the full island 

dataset, isolation generally had a positive relationship to diversity. Using the reduced island 

dataset, the coefficient of isolation was positive when included in one- and two-term models, but 

negative after taking into account the other variables in the full four-term model. 

Topographic heterogeneity was included in many of the top one- and two-term models, 

and its coefficient was always positive, using both full and reduced island datasets (Table 1.5). 

Notably, using data from only the high islands, it was the most highly ranked predictor of log-

transformed Hyposmocoma SR. Using data from all islands, it was included along with island 

area as a highly significant term predicting Hyposmocoma SR and SIE. 

For species richness data parsed by lineage size class, multiple regression analyses (not 

shown) computed in the best subsets procedure of Minitab found similar ranking of models in 

small and large cladogenic lineages, with island area being the top single predictor of SR (R2 = 

50-60%), followed by isolation (R2 = 9-20%). In monospecific lineages, on the other hand, the 

top ranked one-term model included topographic heterogeneity, followed by isolation. Of the four 
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single-term models, the model including only island area performed most poorly, although none 

of the single-term models were particularly good for explaining the variance in the number of 

monospecific lineages occurring on an island (R2 = 22-33%). The top ranking two-term models 

included the same terms regardless of lineage size; for all lineage size classes, the best two-term 

models included area and topographic heterogeneity with positive coefficients (R2 =  73%-88%), 

and the second best two-term models included area and island age (R2 = 61-79%), also with 

positive coefficients.  

Residual diagnostics: 

Observations related to residual plots are summarized in Table 1.7. Normal probability 

plots of residuals showed no substantial departures from normality for any of the log-transformed 

response variables for the two island datasets. Plots of residuals of the full models (in which all 

four response variables were included) versus each of the predictor variables and maximum 

elevation showed no obvious patterns whether all islands or only the high islands were used. This 

indicates relationships among variables are appropriately modeled as linear (rather than as 

polynomial or nonlinear functions), and also suggests that additional variance would not have 

been accounted for if maximum elevation had been included in the model. However, plots of the 

residuals of many of the top-ranked models (which included only certain predictor variables) 

revealed noticeable positive relationships between residuals and predictor variables not included 

in the model (Table 1.7). This was especially true when using the top models using the reduced 

island dataset, all of which included only a single predictor variable. This indicates that much of 

the residual variation left unexplained in the top ranked models could be accounted for by other 

predictor variables, as further evidenced by R2 values approaching 100% when all four predictor 

variables were included (Table 1.5).   

Leverage of NWHI in models: 

The NWHI had high leverage in models of species diversity, indicating that they may 

potentially exert more influence on models than the high islands, which support the bulk of 

biodiversity. When the NWHI were included, regression analyses of leverage values, the diagonal 

elements of the “hat” matrix, obtained in Minitab (Kutner et al. 2004), against island age revealed 

a strong positive relationship between leverage and island age, with the older NWHI having 

highest leverage. With log(SR) as the response variable, this pattern held true for the full four-

term model (R2 = 0.635, P = 0.006) and the ATT2 model (R2 = 0.892, P < 0.0005). When only the 

high Hawaiian Islands were included, there were no obvious relationships between leverage 

values and age for the full model (R2 = 0.046, P= 0.682) or ATT2 model (R2 = 0.097, P= 0.548).  
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Discussion 

Although many of the analyses were limited by low sample size, with only six high 

islands in the reduced dataset, making it difficult to demonstrate statistical significance for many 

relationships, there was still good evidence that island area, age, and topographic heterogeneity 

are related to species richness of Hawaiian Lepidoptera. For the most part, these relationships 

made logical sense in the context of ecological theory.  

Diversity-area relationships:  

Island area was strongly related to lepidopteran diversity across the Hawaiian Islands, 

and was included in most of the best performing models for both the full data set including all 

islands and the reduced data set including only the larger and younger high islands. This is not 

surprising, as a positive SAR has been demonstrated in many other Hawaiian terrestrial groups, 

and the slope of the relationship between species richness and area has been consistently shown 

to be steeper in the Hawaiian Islands (Cowie 1995, Peck et al. 1999, Price 2004) than in other 

island archipelagoes (Connor and McCoy 1979, Rosenzweig 1995). The slope of the SAR 

calculated in the present study for species richness of all native Lepidoptera within the high 

islands (z= 0.38, R2 = 0.49), was within the typical range (0.25-0.45) estimated by Rosenzweig 

(1995) for island archipelagoes, although when data from all islands were used, the z-value (z= 

0.41, R2 = 0.82) approached the high end of that range.  

A biological province is a region whose species are derived primarily from speciation 

within that region, rather than immigration from other regions, and interprovincial SARs (e.g., 

among archipelagoes) tend to have higher z-values than those calculated within provinces (e.g., 

among islands within an archipelago) (Rosenzweig 1995). However, within very isolated 

archipelagoes, where much of the biodiversity is generated through speciation, SARs tend to have 

higher z-values than islands close to continental sources (Triantis et al. 2008, Price and Wagner 

2011). It has been suggested that the steepness of SARs in Hawaii and other isolated 

archipelagoes is due to high rates of in-situ diversification relative to immigration, and the 

associated increase in island endemism (Cowie 1995, Peck et al. 1999). Within a given 

ecosystem, species-area relationships also tend to be related to dispersal ability, with highly 

dispersive taxa having lower z-values than sedentary taxa (Wilcox 1978), perhaps simply because 

highly dispersive organisms tend to be widespread, and less likely to speciate (e.g., Beck and 

Kitching 2007, Holland and Cowie 2007).   

Species area relationships for different types of species and lineages within the Hawaiian 

Lepidoptera suggest that within a taxonomic group, the steepness of the overall SAR is related to 
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high levels of speciation and island endemism within the archipelago. The SAR for only SIEs is 

much steeper (z = 0.547), than that for non-SIE species (z = 0.305, Table 1.2). The SARs of 

different lineage size classes are also consistent with this observation, with z-values increasing as 

lineage size increases (Table 1.3). Because lineage size is positively correlated with single island 

endemism (see Chapter 2, Fig. 2.6), with monospecific lineages consisting mostly of widespread 

species and diverse lineages consisting mostly of SIE species, the higher z-value observed for 

species rich lineages is likely related to higher rates of island endemism in those lineages.  

However, comparing z-values calculated for other Hawaiian taxonomic groups does not 

reveal a strong correlation between island endemism and steepness of the species-area 

relationship. The Hawaiian Lepidoptera show high rates of island endemism, with 70% of species 

being endemic to a single island. However, the z-value calculated for Lepidoptera using the full 

island dataset (z= 0.41, R2 = 0.82) was similar to those calculated for native plants (54% SIE, z= 

0.44, R2 = 0.94) (Price 2004), and for native insects overall (46% SIE, z= 0.47, R2 = 0.93) (Peck 

et al. 1999), both of which have much lower rates of island endemism. The Lepidoptera show 

similar rates of endemism to Hawaiian land snails (74% SIE, z= 0.59) (Cowie 1995), yet the z-

value for Lepidoptera is much lower than that for snails. This is consistent with some studies that 

have found no strong relationship between vagility or island endemism and z-values (Ricklefs 

and Lovette 1999), but contrasts with others that have found z-values to be higher for less vagile 

(and therefore more highly endemic) taxa (Wilcox 1978, Wilcox et al. 1986).   

Unfortunately, there have been very few calculations of SARs for entire lepidopteran 

faunas for comparison with the present study. Although there have been numerous studies of 

SARs of Lepidoptera in other archipelagoes, most of those have focused only on butterflies 

(Miller 1984, Fontenla Rizo and De La Cruz 1986, Nagasawa 1987, Askew 1988, Adler and 

Dudley 1994, Dennis and Shreeve 1997, Holloway 1997, Davies and Smith 1998, Ricklefs and 

Lovette 1999, Morand 2000, Koh et al. 2002, Dapporto and Cini 2007, Dapporto and Dennis 

2008) or hawk moths (Beck et al. 2006, Beck and Kitching 2009). The z-values calculated for 

butterflies within island groups ranged from 0.14 for offshore Italian islets (Dapporto and Dennis 

2008) to 0.27 in Japan (Nagasawa 1987) and the Lesser Antilles (Ricklefs and Lovette 1999) to 

0.29 in Singapore (Koh et al. 2002). Butterflies make up a relatively small proportion (about 13% 

worldwide) of lepidopteran biodiversity (Heppner 1991), and are behaviorally and ecologically 

different from most moth groups, generally being good long-distance dispersers, and exhibiting 

low levels of endemism (Adler and Dudley 1994). Hawk moths are also very large, strong fliers 

and good dispersers. Therefore, z-values calculated for these specific groups of Lepidoptera in 
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other archipelagoes are likely to differ from those calculated in this study due simply to 

taxonomic sampling, rather than actual differences among archipelagoes.  

The only previous SAR for an island group using data spanning the entire order of 

Lepidoptera was calculated by Powell (1994), who surveyed the Lepidoptera of the California 

Channel Islands, and found a z-value of 0.260 (R2 = 0.511) for the SAR. The z-value for only 

butterflies of the same region was, lower (0.183, R2 = 0.374), demonstrating that butterflies are 

not necessarily a good proxy for all of Lepidoptera. Robinson (1975) calculated inter-provincial 

SARs among 18 regions and archipelagoes of the western and central Pacific (not including 

Hawaii), dividing Macrolepidoptera into three groups: “Heterocera A” (large, strong-flying 

moths), “Heterocera B” (smaller, weaker-flying moths), and Rhopalocera (butterflies). In contrast 

to what Powell (1994) showed in the Channel Islands, Robinson (1975) found butterflies to 

exhibit a higher z-value (0.42) than the robust moths “Heterocera A” (0.33) but lower than the 

weaker-flying moths “Heterocera B” (0.47). The inter-provincial SAR calculated for all 

Macrolepidoptera had a z-value of 0.37, and although this is lower than the within-archipelago z-

value calculated in the present study, Robinson excluded Microlepidoptera from his analyses 

completely, and the z-values are therefore not directly comparable. In any case, the z-values 

calculated for Hawaiian Lepidoptera are on the high end of the spectrum, especially for a within-

archipelago SAR. 

Other factors related to diversity in the reduced dataset: 

For reasons mentioned previously, models using the log-transformed diversity indicators 

and the high islands dataset were deemed most appropriate for examining patterns of 

diversification, and I will limit my initial discussion to those models. Variables other than area 

were also related to diversification, although these relationships should be interpreted with 

caution, since the reduced island dataset contains only six islands. Although many of the 

relationships are consistent with predictions based on ecological and evolutionary theory, my 

analyses did not test whether abiotic factors have causally influenced biodiversity. This is 

especially important to acknowledge because many of the variables are confounded with one 

another, or with factors not included in analyses.  

Island age: 

Speciation is a product of isolation over time, and therefore islands should experience a 

net increase in diversity over time, after correcting for physical changes correlated with island 

age. In other words, if an island of moderate size could be created de novo, inoculated with a 

number of plant and animal species far fewer than the carrying capacity for that island, and kept 
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at a constant size and shape for four million years, one would expect species diversity to increase 

over time for a great while, at least until an equilibrium between species formation and extinction 

(if such an equilibrium exists) is reached. However, this would be an impossible experiment to 

carry out, and the considerable confounding physical changes associated with the aging of actual 

islands make it difficult to model the relationship between time itself and diversification. This 

study attempted to isolate the relationship between time and diversification by taking into account 

some of the most important of these confounding factors, namely island area and topographic 

heterogeneity.  

In the reduced (high island) dataset, island age was included in many of the top-ranked 

models, and it always had a positive coefficient, which is consistent with net positive 

cladogenesis over time. Although only the number of SIEs and the overall species richness of 

Hyposmocoma were statistically significantly related to island age when it was included in the 

full model along with the other three variables, every measure of diversity (SR, SIE, number of 

lineages, SIE:Lineage) peaked on the islands of Kaua‘i and/or O‘ahu, the two oldest high islands 

(Table 1), despite these islands being smaller than the islands of Maui and especially Hawaii. 

Similar trends have been noted in numerous lineages of plants and animals. In a review of 

Hawaiian phylogeographic studies, Gillespie and Baldwin (2010) found that very species rich 

lineages tend to be most diverse on the island of Kaua‘i, while lineages of moderate species 

richness tend to peak on the intermediate aged islands of O‘ahu or the Maui Nui complex (Maui, 

Moloka‘i, Lana‘i, and Kaho‘olawe, which were formerly connected as a single land mass).  

If older high islands truly have more species mainly because the process of speciation 

have had more time to operate (as opposed to having more species because they are more 

complex in terms of topography or diversity of habitats), one might expect the relationship 

between island age and species richness to be most apparent among large cladogenetic lineages, 

and less so among monospecific lineages. This does not appear to be true in the Hawaiian 

Lepidoptera. In all lineage size classes, including monospecific lineages, species richness peaked 

on older islands of intermediate size. Best subsets multiple regression analyses performed 

separately on species richness data parsed by lineage size class (results not shown) found similar 

ranking of models in all three size classes. The top ranking two-term models for all types of 

lineages included area and topographic heterogeneity, and the next best two-term model included 

area and island age. The observation that monospecific lineages behave similarly with regard to 

island age suggests that the relationship seen between island age and species diversity may 

actually be due to abiotic and biotic changes associated with island age, rather than time itself.  
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Although I attempted to take into account some of these, such as changes in topographic 

complexity and area, others, such as changes in habitat diversity and resource availability over 

time, may affect diversification. It is also possible that the positive relationship between island 

age and occurrence of monospecific lineages is due to older islands having been available for 

colonization longer than younger islands.  

Previous studies by Gruner and Polhemus (2003) and Gruner (2007) used a very different 

approach, and did not find a strong relationship between geological age and arthropod diversity in 

Hawaii. The authors recognized that patterns on the scale of whole islands, using data from broad 

checklists, were affected not only by confounding physical factors, but also by biases in sampling 

effort on different islands. They tried to eliminate these biases by sampling arthropod species 

diversity, abundance, and biomass in a specific habitat type – Metrosideros forest – at five 

different sites along a chronosequence of substrate ages, ranging from 300 years to 4.1 million 

years old. They looked for correlations between species richness and substrate age, as well as 

various measures of local resource availability. Although preliminary results suggested a possible 

relationship between time and species richness (Gruner and Polhemus 2003), after further 

analysis and correction for sampling effort, Gruner (2007) found that species richness was more 

strongly related to resource availability, and that it peaked on sites of intermediate substrate age. 

Although this approach may have some advantages over the use of historical checklists, it also 

has some disadvantages. Most notably, the Hawaiian islands have been heavily impacted by 

invasive species and habitat loss in the last century, and data from contemporary sampling at 

specific sites is likely heavily biased by recent extinctions and extirpations, which have no doubt 

been numerous and heterogeneous across the landscape. Although checklists such as the one used 

for the present study (Nishida 2002) are not immune to extinction, they do include records that 

precede at least some major losses in biodiversity. Another drawback to sampling from a single 

plant species is that it may not be an appropriate representation of overall Hawaiian arthropod 

diversity. Metrosideros polymorpha is indeed the most dominant native tree in Hawaii, and 

present on all islands. It has been proposed to be itself a very recent arrival, colonizing the 

Hawaiian Islands after the formation of most of the high islands (Wright et al. 2001), but recent 

studies dispute this, and suggest it is more ancient, colonizing Kaua‘i island shortly after its 

formation (Percy et al. 2008). If Metrosideros is indeed a recent colonist (either to the archipelago 

or to individual islands), studying the diversity of arthropods associated with it would not be the 

best way to examine the effect of time, since substrate age would certainly not be equivalent to 

age of the ecosystem. The relative abundance and dominance of Metrosideros on the landscape 
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scale also varies with age, and it covers a much larger percentage of land area on young islands 

compared to older islands (Wagner et al. 1999), which could certainly influence the diversity of 

arthropods associated with it. Finally, Gruner’s studies of Metrosideros communities explored 

relationships using simple correlations between species richness and one variable at a time, rather 

than a multiple regression approach, perhaps because the studies were limited by a small sample 

size of only five sites. It would be interesting to use multiple regression analyses or residual plots 

on the same data, to see whether island age might explain some of the variation not accounted for 

by resource availability. 

Isolation: 

Isolation was included in some models of logarithmically transformed diversity, but had a 

weak effect, with very small coefficients. In the high islands, isolation had a positive coefficient 

when it was the only term in the model, but a negative coefficient when the other three variables 

were included. As with island age, this factor was significant within the high islands only in the 

full models when modeling SIEs and species richness of Hyposmocoma. A negative effect of 

isolation is somewhat surprising, especially on SIEs, since one would expect increased isolation 

to promote divergence from populations on other islands. It is possible that isolation acts as an 

impediment to colonization of islands by founders, thus reducing the “raw materials” available 

for diversification. If this were the case, one might not then expect isolation to be negatively 

related with SIE:lineage, since this is supposed to be a measure of intra-island diversification. 

However, the species on a given island belonging to the same “lineage” as defined in this study 

do not necessarily descend from a single colonist to that island. In fact, multiple colonizations of 

islands by the same “lineage” is a quite commonly observed pattern in invertebrate and plant that 

have been studied (Wagner and Funk 1995, Roderick and Gillespie 1998, Cowie and Holland 

2008), especially in flighted taxa such as moths (Rubinoff 2008, Rubinoff and Schmitz 2010, 

Medeiros and Gillespie 2011). It is also possible that the significance of isolation is simply an 

artifact due to spurious correlation with other factors. Interestingly, in his path analysis of factors 

contributing to diversification of Hawaiian land snails, Cowie (1995) also found a negative 

relationship between isolation and species richness, although, as in the present study, isolation 

explained a small portion of the variation in diversity. 

Topographic heterogeneity:  

Topographic heterogeneity, as measured by the standard deviation of slope, was 

positively related to diversification of Hawaiian Lepidoptera, which makes conceptual sense, and 

has been shown elsewhere in Lepidoptera (Mac Nally et al. 2003) and other taxonomic groups 
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(Ruggiero and Hawkins 2008, Givnish 2010). On islands that are topographically complex or 

“rough”, divided by many ridges or valleys, populations have a higher probability of becoming 

isolated from one another. Topographic heterogeneity, to my knowledge, has not been included as 

a factor in previous explorations of Hawaiian biogeography. It would be interesting to compare 

the relative importance of this factor among different groups of varying dispersal capacity, as one 

would expect the diversification of weak fliers and flightless taxa to be more strongly positively 

related to topographic heterogeneity.  

Potential role of unexamined factors: 

Although the full models explained nearly 100% of variation in some cases, there are 

surely factors that are important in shaping diversity but not encompassed by or correlated with 

any of the explanatory variables included. Perhaps most problematic of these are anthropogenic 

factors. In his exploration of land snail diversity using path analysis, Cowie (1995) included 

collecting effort as a variable, and found that it was highly related to the number of species 

described from each island. Peck et al. (1999) also speculated that collecting effort might be 

partially responsible for a peak in the number of insect SIEs on O‘ahu, although they did not 

include it as a variable. Collecting effort has not been quantified in the present study, and it is 

unlikely that it is tightly correlated with (and thus accounted for by) any of the other factors. This 

factor is potentially quantifiable by compiling date and locality data from museum specimens, 

and it could be included in future analyses.  

Human-mediated extinction has also surely impacted diversity of Hawaiian Lepidoptera, 

and has likely disproportionately affected different islands due to different intensities of habitat 

modification through development and agriculture. Although habitat modification has not 

previously been quantified on the island scale in Hawaii, such quantification is possible, and 

would be very useful for these and other analyses of species distributions. However, the temporal 

aspect of habitat destruction is tricky. Hawaiian Lepidoptera species began to be described over 

100 years ago (Meyrick 1899), yet new species continue to be discovered today (Schmitz and 

Rubinoff 2011a). Because habitat modification has occurred to various degrees during this same 

time period, it is difficult to identify a single point in time when it would be most useful for 

predicting species richness.  

Other abiotic and biotic factors, such as precipitation or diversity of habitat types (see 

Cowie 1995) were initially considered, but not included. Although such factors are no doubt 

directly related to species diversity, their tight collinearity with island area would likely have 

rendered them useless for multiple regressions.   
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Potential influence of the NWHI on models of diversification: 

Most other examinations of diversity patterns in the context of SARs have included the 

NWHI, but if the main goal is to identify factors influencing diversification (rather than model 

species turnover over the lifespan of an island), the inclusion of the NWHI in analyses of overall 

species richness patterns is potentially problematic for several reasons. First, most of these islands 

are highly degraded, many being dominated by invasive species such as ants, and most were not 

well sampled until relatively recently, making it likely that much, if not most, of native 

biodiversity went extinct before it was documented (Butler 1961, Nishida and Beardsley 2002). 

Tiny islands are particularly vulnerable to human impacts and stochastic events, and because the 

native biodiversity was low to begin with, even small changes in species richness could 

potentially have large effects on biogeographic patterns within the NWHI. This leads to the 

second point, that the islands are extremely small, very old, and species poor compared to the 

relatively well-sampled high islands, giving them very high leverage in analyses where diversity 

is the response variable and area and age are included among the explanatory variables. This was 

also pointed out by Gruner and Polhemus (2003), as a criticism of studies that include the NWHI. 

Third, most insect lineages do not occur in the NWHI, and Price and Clague (2002) suggested 

that the majority of Hawaiian lineages, but colonized the Hawaiian Islands after the formation of 

Kaua‘i. This seems likely based on the geological history of the islands, but is difficult to 

confirm, even using molecular methods, since establishing a pre-Kaua‘i divergence time for a 

lineage no longer occurring in the NWHI would require at least two independent colonizations of 

that lineage from the NWHI to the high islands. This is because the age of a lineage is usually 

estimated by divergence from the most recent common ancestor of that lineage within Hawaii, 

and a lineage resulting from a single colonization event to Kaua‘i would be dated at about 5 

MYA regardless of whether that colonization came from the mainland or NWHI (assuming 

subsequent extinction of ancient clades from the NWHI). If most lineages indeed colonized the 

high islands of Hawaii well after the NWHI had been degraded, the NWHI arguably become less 

relevant for modeling the relationship of diversification and time, and could actually be 

misleading. This is because beyond Kaua‘i, island age would cease to be an accurate indicator of 

the length of time available for the process of speciation to occur. 

The four NWHI included in this study did exert higher leverage on models than the high 

islands, and there were also noticeable differences between models fit using the reduced dataset 

and those fit to the full dataset that included the NWHI, offering evidence for the concern that the 

NWHI may influence conclusions, and may override or cloud relationships observed within the 
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high islands. Specifically, the signs of the coefficients of island age and isolation in the full model 

were reversed upon inclusion of the NWHI. A negative relationship between island age and 

diversification is not to be expected in theory, after taking into account other factors associated 

with island age. If the net relationship between island age and diversity were actually negative, 

then a hypothetical unchanging island would not accumulate any species, and would remain 

barren. This is clearly not the case.   

The differences between diversity-age relationships within the high islands and the 

NWHI become obvious when the residuals of the SAR are plotted against island age. This gives a 

rough approximation of the relationship between island age and species richness, after accounting 

for island area, the most influential factor. This was done for each of the four most species rich 

lineages of Hawaiian Lepidoptera (Hyposmocoma, Eudonia, Carposina, and Scotorythra) and the 

patterns were remarkably convergent among lineages (Fig. 1.5). Within the current high islands, 

island age is positively associated with the residuals in a roughly linear fashion that is consistent 

among groups (Fig. 1.5A). Adding the NWHI to the SAR produces a humped pattern in the 

residuals, at first increasing with island age, then decreasing (Fig. 1.5B). In three of these groups, 

this may be due to underrepresentation in (in fact, complete absence from) the NWHI, yet 

Hyposmocoma, which is relatively well-represented in the NWHI compared to other Lepidoptera 

(Schmitz and Rubinoff 2009), shows the same pattern.  

Using data from the NWHI in biogeographic analyses and investigations of SAR-type 

relationships is not necessarily problematic, depending on the context of the study. Inclusion of 

such old islands and atolls is informative, and in fact necessary, when understanding changes over 

the entire existence of an oceanic island (Whittaker et al. 2008). However, because the decrease 

in diversity on older islands is driven by greatly increased extinction rates, it may not make sense 

to include the NWHI when looking for factors contributing to diversification of the bulk of 

Hawaiian biodiversity. If we wish to understand the factors promoting colonization and 

diversification within Hawaii, it is arguably best to look for patterns within the current high 

islands, where the bulk of biodiversity occurs, and where it has been comparatively well sampled 

over the past 150 years.     

Performance of the ATT2 model: 

The ATT2 model of Whittaker et al. (2008) is based solely on area and island age, rather 

than specific physical characteristics of islands associated with these variables. Despite the role of 

colonization from mainland sources being much reduced on remote islands, area is still 

theoretically related to species richness via its influence on rates of immigration, speciation, and 
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extinction; dispersal among islands of the archipelago is still important, and extinction rates apply 

not only to species that have arrived through colonization, but also to those arising through 

autochthonous radiation. As mentioned earlier, one would also predict that island age (in the 

absence of physical changes) would be positively related to species diversity. However, because 

islands erode, subside and shrink as they age, the effects of island age and island area on species 

richness could counteract one another, to some degree. The ATT2 equation results in a humped 

distribution of species, with species richness peaking on islands of intermediate age, a pattern 

observed among Lepidoptera across the Hawaiian archipelago, with diversity peaking on the 

islands of Kaua‘i and O‘ahu (which are intermediate in terms of both age and size). 

The ATT2 model performed poorly within the high Hawaiian Islands compared to other 

models, but performed well when modeling SR and SIE across the entire archipelago including 

the NWHI. This model was developed and validated using data from entire archipelagoes, and 

specifically aimed to model the humped distribution of species richness. This humped distribution 

in relation to island age is similar to that observed in plots of the residuals of the SAR for the 

entire Hawaiian archipelago versus island age (Fig. 1.5B), and this is likely the reason the model 

performed well on the full dataset.  

It should be noted that this study is not intended as a thorough evaluation or critique of 

the ATT2 model, nor any other specific model. In fact, the ATT2 model performed quite well 

archipelago-wide. However, because a primary goal of this study was to explore abiotic factors 

directly affecting diversification of Hawaiian Lepidoptera, the ATT2 model was not particularly 

informative. Although different taxonomic and geographic subsets of the data were used to 

explore different indicators of diversity, these subsets and indicators were by no means 

independent of one another, and are essentially a single body of evidence. To evaluate a specific 

model, or to robustly look at the influence of data from the NWHI, one approach would be to 

compare the performance of models among many individual lineages, or many different orders of 

Hawaiian insects, such as beetles, flies, or true bugs. 
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Tables 

Table 1.1. Biotic and abiotic variables considered in this study. All diversity statistics are 

calculated for native Hawaiian Lepidoptera as a whole or for the genus Hyposmocoma, where 

indicated.  
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Midway 6.4 28.7 28.7 94 4 3.32 2.48 3 0 2 0.00 2 0 
Laysan 4.1 20.7 20.7 227 12 0.78 0.45 13 6 6 1.00 3 2 
Necker 0.2 11 11 162 84 10.23 6.76 10 3 4 0.75 7 2 
Nihoa 0.7 7.3 7.3 203 275 16.73 8.30 15 7 7 1.00 9 5 
Kaua’i 1431 4.7 4.7 116 1598 7.35 7.71 330 176 50 3.52 109 90 
O‘ahu 1547 3 2.8 41 1220 5.08 5.64 347 150 54 2.78 85 65 
Moloka‘i 674 2 1.9 14 1514 7.26 8.81 231 71 44 1.61 67 44 
Lana‘i 364 2 1.5 14 1026 5.22 3.29 68 15 27 0.56 10 6 
Maui 1884 2 1.35 14 3055 7.45 6.57 274 114 43 2.65 82 71 
Hawai‘i 10,433 0.6 0.26 47 4205 4.65 3.57 337 140 47 2.98 70 53 
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Table 1.2. Results of diversity-area relationships for the different island datasets and taxon 

datasets, as calculated by linear regression between log-transformed diversity variables and log 

transformed area. z = slope of the regression of log(SR) versus log(area), log(c) = regression 

intercept. 

 

Diversity measure Island set Taxon set Z log(c) R2 P 
SR All islands All Lepidoptera 0.411 1.02 0.818 < 0.001 
    Hyposmocoma 0.304 0.765 0.677 0.003 
  High islands All Lepidoptera 0.384 1.15 0.494 0.119 
    Hyposmocoma 0.415 0.453 0.317 0.245 
SIE All islands All Lepidoptera 0.413 0.596 0.735 0.002 
    Hyposmocoma 0.363 0.448 0.702 0.002 
  High islands All Lepidoptera 0.547 0.215 0.481 0.126 
    Hyposmocoma 0.476 0.14 0.335 0.228 
non-SIE High islands All Lepidoptera 0.305 1.19 0.491 0.121 

 

 

 

Table 1.3. Results of diversity-area relationships within the high islands for different lineage size 

classes and taxon datasets, as calculated by linear regression between log-transformed diversity 

variables and log transformed area. For all regressions, the log of species richness was used as 

response variable, except for the LAR, in which the number of lineages was the response 

variable. z = slope of the regression of log(SR) versus log(area), log(c) = regression intercept. 

 

Lineage size Number of lineages z log(c) R2 P 
Monospecific (1 sp.) 16 0.181 0.384 0.224 0.343 
Small cladogenic (2-6 spp.) 21 0.351 0.345 0.508 0.112 
Large cladogenic (7-62 spp.) 20 0.388 0.919 0.599 0.071 
Hyposmocoma (377 spp.) 1 0.415 0.453 0.317 0.245 
All Lineages SAR (1-377 spp.) 58 0.384 1.15 0.494 0.119 
Lineage-area relationship (LAR) 58 0.126 1.24 0.342 0.223 
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Table 1.4. Correlation matrices for variables used in the (A) full (all island) dataset, and (B) 

reduced (high island) dataset. Pearson correlation coefficients (r) are above the diagonal, and p-

values for correlations are below the diagonal. Significant correlations at p < 0.05 are bolded and 

italicized, and notable, but not statistically significant correlations (0.05 < p < 0.10) are italicized. 
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Max elevation 0.020 0.206 0.204 0.964 -- -0.277 0.442 0.422 0.445 0.340 0.366 

SD of slope 0.638 0.257 0.296 0.680 0.595 -- 0.426 0.409 0.274 0.605 0.573 

log(SR) 0.119 0.652 0.720 0.354 0.380 0.400 -- 0.990 0.912 0.974 0.970 
log(SIE) 0.126 0.535 0.586 0.248 0.405 0.421 0.000 -- 0.959 0.971 0.976 
SIE:Lineage 0.110 0.447 0.474 0.113 0.377 0.599 0.011 0.002 -- 0.889 0.912 
log(Hypos. SR) 0.245 0.490 0.544 0.333 0.509 0.204 0.001 0.001 0.018 -- 0.948 
log(Hypos. SIE) 0.228 0.489 0.530 0.319 0.476 0.235 0.001 0.001 0.011 0.000 -- 
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Table 1.5. Performance of multiple regression models for logarithmically transformed measures 

of diversity using the full (all islands) and reduced (high islands) datasets. Within each block, 

models are ranked in order of increasing AICc. The six best-performing models using any 

combination of the four variables are listed, in addition to the ATT2 model of Whittaker et al. 

(2008), when it ranked among the top six models. The full model, which includes all four 

variables, is also listed. Coefficients of each term are reported, and statistically significant (α = 

0.05) individual terms in the model are followed by an asterisk (*).   
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Table 1.6. Performance of multiple regression models for untransformed measures of diversity 

using the full (all islands) and reduced (high islands) datasets. Since log-transformed diversity 

variables are normally used when exploring diversity-area relationships, these untransformed 

response variables are presented mainly to allow direct comparison with the results of Whittaker 

et al. (2008), who used untransformed response variables. For description of table and symbols, 

see Table 1.5.  
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Table 1.7. Results of examinations of residual plots for the top-ranked models and full models of 

each combination of island dataset and diversity measure. Predictor variables that showed a 

noticeable positive relationship when plotted against the residuals are indicated with a “+” sign, 

whereas variables that had no obvious relationship with residuals are blank. No variables resulted 

in a noticeable negative relationship when plotted against residuals.  
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Figures 

A)  

 
B) 

 
Figure 1.1. Relationships between island area and species richness (SR) for (A) the full island 

dataset including four NWHI and six high islands, and (B) the reduced dataset including only the 

six high Hawaiian Islands. The filled circles and solid line represent all endemic Lepidoptera, 

while the open circles and dashed line represent Hyposmocoma. 
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 A) 

 
B) 

 
Figure 1.2. Relationships between island area and single island endemism (SIE) for (A) the full 

island dataset including four NWHI and six high islands, and (B) the reduced dataset including 

only the six high Hawaiian Islands. The filled circles and solid line represent all endemic 

Lepidoptera, while the open circles and dashed line represent Hyposmocoma. 
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Figure 1.3. Relationships between island area and species richness (SR) for different lineage size 

classes. Open circles and the dashed line represent large cladogenetic Slineages (greater than 7 

species, excluding Hyposmocoma which are modeled separately elsewhere).  Black triangles and 

the solid line represent small cladogenetic lineages (2-6 species). Grey squares represent 

monospecific lineages.   
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Figure 1.4. Relationship between island area and number of lineages occurring on that island.  
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 A) 

 
B) 

 
Figure 1.5. Relationships between island age and the residuals of species-area relationships for 

the four most species rich lineages using (A) the full island dataset and (B) the reduced dataset 

consisting of only the current high Hawaiian Islands. Trend lines are quadratic regressions. 

Residuals are from linear regressions between the predictor, log(area) and response, log(SR).  
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CHAPTER 2. NON-RANDOM COLONIZATION AND DIVERSIFICATION OF 

HAWAIIAN LEPIDOPTERA AS RELATED TO BODY SIZE AND HOST SPECIFICITY 

Abstract 

The biota of islands are typically disharmonic, with certain taxonomic groups being 

disproportionately represented on islands compared to the nearest mainland. Hawai‘i is the most 

isolated land mass in the world, and its biota is correspondingly extremely disharmonic. The 

Hawaiian Lepidoptera are an often cited example of this, butterflies being extremely 

underrepresented (two species of butterfly out of nearly a thousand native species of 

Lepidoptera). Disharmony on islands is potentially influenced by two processes: colonization and 

diversification. In this chapter I used binomial probabilities to identify Lepidoptera families that 

were disproportionally successful or unsuccessful among 58 native and 168 non-native colonists, 

as compared to a global source pool, and used multiple regression analyses to explore how 

colonization success was related to body size and various measures of host specificity. I also 

examined patterns of diversification among the 58 extant native Lepidoptera lineages, and related 

diversification to mean body size. Primary findings were that only one family (Tortricidae) was 

significantly overrepresented among native colonists, and no families were significantly 

underrepresented. Among non-native invaders, two families (Tineidae and Cosmopterigidae) 

were significantly overrepresented and two (Noctuidae and Geometridae) were underrepresented. 

Interestingly, there was a significant correlation between native and non-native colonization 

success, which is not consistent with predictions based on niche theory. Success was not 

significantly related to body size or host specificity in either native colonizers or non-native 

invaders. On the other hand, diversification of lineages within Hawai‘i was significantly inversely 

related to body size, with the most species rich lineages generally being made up of small moths. 

Small body size was also associated with high island endemism. The relationships among body 

size, diversification, and rates of endemism are likely related to small moths being poorly adapted 

for active dispersal.  

Introduction 

While the previous chapter explored how extrinsic factors, specifically characteristics of 

islands, influence dynamics of colonization and diversification of Lepidoptera within the 

Hawaiian Islands, in this chapter I focus on intrinsic factors – characteristics of the organisms 

themselves. Because of the extreme isolation of Hawai‘i, the ancestors of native organisms had to 

be capable of long distance, over-ocean dispersal from their place of origin, whether a continent 

or another Pacific island. Organisms also needed to be able to establish once they arrived, which 
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meant finding acceptable conditions for survival, including microclimate and food resources. 

Once established, some organisms diversified into large radiations, while others did not, 

remaining monospecific lineages. Whether an organism successfully colonizes an island and 

diversifies is likely dependent to some degree on the physical and ecological traits of that 

organism, and here I examine the influence of two of these – body size and host specificity – on 

Hawaiian Lepidoptera.  

The biota of islands tends to be disharmonic, with some taxonomic groups highly 

underrepresented and others highly overrepresented (Carlquist 1974, Holloway 1997, Whittaker 

et al. 1997, Sadler and Buckland 1998). This is especially true on very isolated islands of volcanic 

origin, primarily because they emerge from the ocean as biological “blank slates”, and different 

types of organisms have different rates of successful over-ocean dispersal and subsequent 

diversification (Gillespie and Roderick 2002). For instance, the mammal fauna of oceanic islands 

tends to be species-poor, with very isolated archipelagoes supporting few, if any, native land 

mammals, reflecting their generally poor capacity for long-distance, over-ocean dispersal 

(Hoekstra and Fagan 1998, Carvajal and Adler 2005). The same is true of many other taxa, 

including snakes (Carlquist 1974), mammal-dispersed plants (Carlquist 1974), freshwater fishes, 

and aquatic insects (Resh and Szalay 1995).   

Hawai‘i is perhaps the most extreme example of disharmony, with a very odd assortment 

of organisms compared to the rest of the world (Carlquist 1974, Howarth 1990, Wagner et al. 

1999). For instance, Hawai‘i has only 3 native orchid species, each descended from a different 

colonizing ancestor, while oceanic islands nearer to continental sources have very well developed 

orchid floras (Wagner et al. 1999). Although orchids are well-adapted for dispersal on air 

currents, producing hundreds of thousands of tiny seeds, they tend to have highly specific 

ecological requirements, with symbioses often required for both pollination and germination 

(Waterman and Bidartondo 2008), and these requirements have been proposed as factors limiting 

establishment in Hawai‘i (Kores 1980). In contrast, the family Campanulaceae, a relatively small 

component in most ecosystems, comprises 125 species, all descended from a single ancestor and 

comprising more than 12% of the native Hawaiian flora (Givnish et al. 2009).  

The Hawaiian Lepidoptera are similarly disharmonic when compared with Lepidoptera 

from continental sources and other Pacific Islands (Munroe, 1996). Perhaps appropriately, the 

“orchids” of the Hawaiian fauna are the butterflies, with only two native species, Udara 

blackburnii (Lycaenidae) and Vanessa tameamea (Nymphalidae), descended from separate 

colonizations from the Indo-Pacific and Palearctic or Nearctic (Zimmerman 1958b, Wahlberg and 
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Rubinoff 2011). Like orchids, many butterflies are excellent long distance dispersers (Brower 

1995, Dockx et al. 2004), but most are also host specific, feeding on particular plant families or 

genera, which hinder establishment. The two butterflies that successfully established did not 

diversify into multi-species lineages (or if they did, they do not remain as such today), and it has 

been suggested that their high mobility prevents diversification by making geographic isolation 

unlikely (Zimmerman 1958b, Munroe 1996, Roderick and Gillespie 1998). In contrast, other 

groups (e.g., Cosmopterigidae, Carposinidae) that are not particularly species rich in other parts 

of the world have undergone extensive diversification in Hawai‘i.  

The Hawaiian biota have been the focus of studies on patterns of colonization, speciation, 

and diversification within many lineages of organisms, including plants (e.g., Ballard and Sytsma 

2000, Lindqvist et al. 2003, Harbaugh and Baldwin 2007, Givnish et al. 2009), birds (e.g., 

Fleischer and McIntosh 2001, Fleischer et al. 2001, Boyer 2008, VanderWerf et al. 2010), insects 

(e.g., Jordan et al. 2005, Kaneshiro 2006, Nitta and O'Grady 2008, Rubinoff 2008, Rubinoff and 

Schmitz 2010, Medeiros and Gillespie 2011, O'Grady et al. 2011), and other invertebrates (e.g., 

Hormiga et al. 2003, Gillespie 2004, Rundell et al. 2004, Gillespie 2005, Holland and Cowie 

2007, Garb and Gillespie 2009, Holland and Cowie 2009). On a broad scale, however, few 

studies have investigated factors related to whether a group diversifies or does not, although 

literature reviews have suggested that less vagile groups tend to experience higher levels of 

diversification (Roderick and Gillespie 1998, Gillespie and Roderick 2002, Cowie and Holland 

2008). Price and Wagner (2004) examined morphological and ecological factors influencing 

diversification of Hawaiian plant lineages, and found that dispersal mode was highly correlated 

with diversification, while other factors such as woodiness and pollination mode were not. To my 

knowledge, no one has quantified disharmonic colonization in Hawai‘i, nor has anyone identified 

ecological or morphological factors related to disharmonic colonization. 

 As I implied above, two intrinsic factors that are likely related to colonization success of 

an organism are its ability to disperse and the specificity of its food requirements. High dispersal 

ability is expected to increase the likelihood of colonization, but might inhibit diversification by 

preventing geographic isolation. Dispersal ability, especially across long distances, is likely 

associated with body size. Among flying insects, larger species are generally better adapted for 

active dispersal, while smaller insects have been shown to be more easily distributed passively on 

high altitude wind currents (Hespenheide 1977, Jenkins et al. 2007). Since many or most native 

insects likely arrived in Hawai‘i via passive dispersal on wind currents, one might expect 

successful colonists to be from groups with smaller body size. Post-colonization dispersal within 
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Hawai‘i may also be related to dispersal ability, favoring insects with weak active dispersal 

abilities and small geographic ranges, both of which have been associated with smaller body size 

(Beck and Kitching 2007, Garcia-Barros and Romo Benito 2010). Therefore, one might expect 

body size to be inversely correlated with both colonization success and diversification. 

High host specificity is expected to limit colonization success, because a host-specific 

colonizer depends on its host plant or food source being present, but its effect on diversification 

could be positive or negative. A tendency towards host specificity could also drive diversification 

through ecological isolation and host-race formation (Bush 1969, Filchak et al. 2000, Martel et al. 

2003, Stireman et al. 2006, Ploch et al. 2010), but it could also inhibit diversification by 

preventing utilization of novel resources. There is some evidence that host plant plasticity, rather 

than specificity, can promote diversification in Lepidoptera (Janz et al. 2006, Weingartner et al. 

2006, Nylin and Wahlberg 2008, Nylin and Janz 2009).  

When quantifying disharmony, or departures from random, in colonist lineages, one must 

examine traits not only of successful colonists, but of unsuccessful ones as well (Vázquez and 

Simberloff 2001), which requires data from the source pool. Of the large insect orders, 

Lepidoptera are probably the most well-studied, and much data exists on their diversity, biology 

and distributions. Certain families appear at first glance to be well represented in the Hawaiian 

fauna. Noctuidae is represented by 14 lineages, Tortricidae by 10 lineages and Crambidae by 

eight lineages (Table 2.1). However, since all three of these families are highly diverse 

worldwide, it is possible that they are actually underrepresented. This is why a comparison with 

the global species pool will be informative. 

In this chapter, I compiled data on species richness, body size, and food resources for 

most families of Lepidoptera worldwide, and compared successful Hawaiian colonists to 

Lepidoptera as a whole, in relation to those variables. In addition, I computed mean body size for 

the majority of Hawaiian lineages, and tested for a correlation between body size and 

diversification within Hawai‘i. Unfortunately, the ecology of most Hawaiian species is poorly 

known, and although there is some data on host plant associations and other food resources 

(Swezey 1954, Zimmerman 1958a, b, 1978a, b), the life history of most Hawaiian species, and 

often entire lineages, is unknown, and data were not sufficient to conduct formal tests for 

correlation. 

Materials and Methods 

All data were taxonomically corrected to conform to the superfamily and family-level 

classifications laid out in Kristensen’s (1999) edited volume on the systematics of Lepidoptera, 
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which recognizes 123 families grouped in 46 superfamilies. Because many data sources 

(especially for wingspan data) dated from the late 19th century, this meant that a large number of 

genera and subfamilies were reassigned to their current placements. 

Species richness: 

Species richness of Hawaiian Lepidoptera was compiled from Nishida’s (2002) checklist 

and other sources, and assignment of species to lineages followed that of Zimmerman (1958a, b, 

1978a) (see Chapter 1 for details). The percentage of species that were endemic to single islands 

(percent single island endemism) was also calculated for each lineage, as a possible indicator of 

dispersal ability. For comparison, analyses were also conducted on all adventive (accidentally 

introduced) Lepidoptera species (Nishida 2002), to compare disharmony among natural and 

human-mediated colonists. For Lepidoptera worldwide, species richness was compiled for all 

families based on Heppner’s (1991) catalog, as well as family summaries in Kristensen’s (1999) 

book. Although Heppner divided species richness into different biogeographic faunal regions, I 

did not exclude any particular regions from the source pool, since with the exception of the 

Ethiopian region, all of the faunal regions listed (Nearctic, Neotropical, Palearctic, Oriental, and 

Australian) border the Pacific and have been proposed as sources for Hawaiian Lepidoptera 

(Zimmerman 1958a, b, 1978a, Munroe 1996).  

Body size: 

Wingspan and forewing length were used to estimate body size when analyzing 

colonization and diversification, respectively. Wingspan (often referred to as “expanse”) was 

used for estimating body size for each family on the global scale, because it was more widely 

available in large catalogs of species, many of which were compiled for regions or collections in 

the late 19th and early 20th centuries. Whenever possible, monographs with complete species 

accounts for entire families were used, but for large families, regional lists were often the only 

available source. For small families containing fewer than 200 species, wingspans were compiled 

for as many species as possible, with a target sample size of at least 20 species per family. For 

families containing more than 200 species, a random sample was taken, with a target sample size 

of at least 10% of the fauna. For very diverse families (e.g., Noctuidae, Tortricidae) of which 

many thousands of species were included in catalogs, the target sample size was at least 200 

species per family. Data sources included: Stainton (1854), Hampson (1898-1913), Forbes 

(1920), Diakonoff (1954), Davis (1975, 1978, 1986, 1988, 1996, 2007), and Nielsen and 

Kristensen (1996). For small families with very few species, wingspans were taken from family 

descriptions (various authors in Kristensen 1999) or from scaled online photographs. For 
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butterflies and geometrid moths, mean wingspan was taken from previous studies that used it as a 

proxy for body size (Barlow 1994, Brehm and Fiedler 2004). For Hawaiian taxa, forewing length 

was measured from scaled photographs of each native species included by Zimmerman (1958a, b, 

1978a, b) in his volumes on Hawaiian Lepidoptera.  

Food resources:  

Degree of feeding specialization on a family level was approximated using HOSTS, a 

database of caterpillar host plant and other feeding records compiled primarily from literature 

sources by staff at the Natural History Museum in London (Robinson 1999, Robinson et al. 

1999). For many species, the database includes multiple records, and for caterpillars feeding on 

angiosperm hosts, each record usually includes a single host plant family. In many cases, instead 

of a specific angiosperm host, caterpillars were recorded in the database as polyphagous, or as 

feeding on detritus, fungi, algae, lichens, bryophytes, or ferns. Records of predaceous species are 

also included in the database, but there are so few predaceous species of Lepidoptera that this was 

not considered a useful variable for analyses comparing families.  

For species recorded from angiosperms, I calculated an estimate of host preference. I first 

filtered the database so that it only included records citing an angiosperm family. I then grouped 

records by species, and included only species for which at least four records existed. The host 

preference of a given Lepidoptera species was calculated as the percentage of records for that 

species that cited the most frequently listed angiosperm family. For instance, if there were 10 

angiosperm host plant records for a lepidopteran species, and six of those records were on the 

angiosperm family Fabaceae, three on Asteraceae, and one on Rubiaceae, the host preference for 

that species was calculated as 6/10, or 60%. Mean host preference was then calculated for each 

Lepidoptera family by averaging the host preferences of each species in that family. It is 

important to note that this estimate of host preference may be biased by sampling effort; in the 

example above, if the plant family Fabaceae was simply sampled more frequently than the others, 

it may result in a higher host preference. However, because the database included such a large 

number of records from diverse sources, the error due to such biases was likely be similar among 

Lepidoptera families, and therefore still meaningful for comparing relative host preference on the 

family scale.   

Frequency of polyphagy, detritivory, or feeding on non-angiosperms (hereafter referred 

to as “cryptogamophagy”) was also of interest, since it seems reasonable that these feeding modes 

could affect colonization success. Detritivory, for instance, is arguably an even more generalized 

feeding style than polyphagous phytophagy, and could greatly facilitate the ability to colonize a 
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remote archipelago. These frequencies were calculated by individually filtering the database to 

list records that included each of these variables, then grouping them by species, and calculating 

the percentage of species from each Lepidoptera family that were recorded as polyphagous, 

detritivorous, or as feeding on fungi, algae, lichens, bryophytes, or ferns (the number of species 

exhibiting that feeding mode divided by the total number of species from that family in the 

database). 

Data analysis: 

To quantify taxonomic disharmony of the Hawaiian Lepidoptera compared to the world 

fauna, the binomial probability function was used, following Vázquez and Simberloff (2001), 

who used this function to evaluate whether accidental introductions were biased towards certain 

taxonomic groups. The binomial probability function estimates the probability of observing a 

given number of successes (x) in a certain number of trials (n), when the probability of success 

(p) and failure (q = 1 - p) is known: 

𝑃(𝑥) = �
𝑛
𝑥
� 𝑝𝑥𝑞𝑛−𝑥 

In this case, the number of successes (x) was the number of colonizations in a given family, the 

number of trials (n) was the number of species occurring in that family worldwide (minus the 

species native to Hawai‘i), and the overall probability of success (p = 0.0003969) was estimated 

by the total number of colonists giving rise to lineages (58) divided by the total number of 

Lepidoptera species in the source pool (146,123). One important assumption of this approach is 

that composition of the present-day species pool, in terms of relative species richness on the 

family level, approximates the composition of the species pool during the period over which 

colonizations occurred, primarily the past four to five million years (Price and Clague 2002). 

Because the fossil record is geographically spotty, and insects are poorly preserved, there is no 

rigorous way to evaluate the validity of this assumption. However, the Lepidoptera fauna 

preserved in amber from Baltic (ca. 55-54 MY old) and Dominican (ca. 40-15 MY old) is 

taxonomically similar to present day fauna in those regions (Kristensen and Skalski 1999). It 

seems likely that, in most cases, Lepidopteran families that are diverse worldwide today were also 

diverse five million years ago. This assumption might be less reliable for families that are 

currently species-poor, since it is easier to imagine a mass extinction in certain families over the 

past few million years than it is to imagine a family undergoing worldwide rapid diversification 

during that same time period.  

Two-tailed cumulative binomial probabilities for each family were calculated using the 

BINOMDIST function of Microsoft Excel, using opposite ends of the probability distribution 
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when the observed number of colonists exceeded the expected number, as opposed to when 

observed number of colonists were lower than expected. In the case of overrepresented families, I 

calculated the probability of observing at least the actual number of colonists, if every species in 

each family had an equal probability of colonizing. In the case of underrepresented families, I 

calculated the probability of observing the actual number of colonists or fewer.   

To evaluate probabilities for statistical significance, I implemented a Bonferroni 

correction for multiple comparisons, following Vázquez and Simberloff (2001). This involved 

ranking probabilities from most significant (lowest binomial probability) to least significant 

(highest binomial probability), then dividing the desired critical value (α = 0.05) by that family’s 

significance ranking (1 - 123). Because I evaluated 123 families, the critical value for the family 

with the highest significance (lowest binomial probability) was divided by 123 (corrected α = 

0.05 / 123 = 0.000407). The critical value for the family with the next highest significance was 

divided by 122, and so forth, until the family with the least significant value (corrected α = 0.05 / 

1 = 0.05). 

The influence of wingspan, host preference, polyphagy, detritivory, and 

cryptogamophagy on colonization success of native and nonnative Lepidoptera families was 

evaluated by multiple linear regression, as implemented in Minitab 14. Although the presence of 

measurement error in the predictor variables violates the assumptions of ordinary least squares 

regression, it was the best way to model the effects of multiple variables on colonization success. 

The response variable was the number of successful colonists divided by the number of species in 

the global pool for each family. The full model was evaluated, followed by stepwise removal of 

least significant terms. Only families for which both wingspan and host preference data are 

available were included in the evaluation of this full model. Wingspan was logarithmically 

transformed before inclusion in the model. In addition to the stepwise removal of terms, the best 

subsets procedure of Minitab was used to identify the best performing model.  

To examine the degree to which body size was related to diversification of lineages after 

colonizing the Hawaiian Islands, log(species richness) and percent single island endemism were 

regressed separately against mean forewing length using reduced major axis regression as 

implemented in RMA for Java v. 1.2.1 (Bohonak and van der Linde 2004). Reduced major axis 

regression for bivariate relationships allows for measurement error in predictor variables. 

Significance was measured by estimating 95% confidence intervals of slopes from 1000 bootstrap 

replicates. Percent single island endemism was explored as another indicator of reduced dispersal. 



42 

 

A Pearson’s correlation was calculated for the relationship between single island endemism and 

species richness. 

Results 

Species diversity and predictor variables: 

The global Lepidoptera fauna compiled from data sources (Heppner 1991, Kristensen 

1999) totaled 147,101 species, including Hawaiian taxa. A total of 123 families were recognized, 

but many of these families were quite small, and 29 contained fewer than 10 species. Wing span 

measurements were compiled for 8190 species of Lepidoptera outside Hawai‘i, representing 89 

families (Table 2.2). Mean wingspan ranged from 5.2 mm (Nepticulidae) to 113.6 mm 

(Papilionidae). Wingspan showed a skewed distribution among families, with most families being 

of small or intermediate size, and the distribution of wingspan peaking between 15-20 mm, but 

with several outlier families (e.g., Papilionidae, Carthaeidae, and Saturniidae) having much larger 

mean wingspans (Fig 2.1A).   

The HOSTS database used for this analysis included a total of 169,663 records from 

24,730 different species. Of the 123 recognized families, 98 were represented by at least one 

species in the HOSTS database, but only 78 families included species with at least four 

angiosperm host plant records, making it possible to estimate host preference (Table 2.2). In total, 

host preference was calculated for 9339 species, distributed across these 78 families. Most of the 

families lacking data on host preference were small families, containing fewer than 100 species 

worldwide. Estimated host preference ranged from 24.1% in Megalopygidae to 100% in nine 

different families. There were cases of polyphagy recorded in 50 families, detritivory in 24 

families, and cryptogamophagy in 23 families, although in most cases, there was a low incidence 

of these feeding behaviors.  

Some predictor variables in the colonization analysis were autocorrelated (Table 2.3). 

Mean wingspan was negatively correlated with host preference (r = -0.318, p = 0.009), indicating 

that families with larger body sizes tended to be less host specific. Host preference was 

predictably negatively correlated with polyphagy (r = -0.659, p < 0.0005), meaning that families 

in which species had broader host ranges also tended to have more species recorded as 

polyphagous. Cryptogamophagy was significantly correlated with all other feeding ecology 

variables, negatively with host preference (r = -0.284, p = 0.020), and positively with polyphagy 

(r = 0.246, p = 0.045), and detritivory (r = 0.638, p < 0.0005).  

The known native lepidopterous fauna of Hawai‘i consists of 978 species belonging to 58 

monophyletic lineages in 19 families. Forewing length was measured for 836 Hawaiian species, 
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85% of the native Lepidoptera. Mean forewing length was calculated for 57 of the 58 lineages 

(Table 2.1), and ranged from 3.4 mm (Paralopostega, Opostegidae) to 58.5 mm (Manduca, 

Sphingidae). The distribution of forewing length among the lineages mirrored that of wingspan 

among families of Lepidoptera worldwide, with most lineages being of small to intermediate size, 

and a few lineages (notably the sphingids) having a much larger body size (Fig 2.1B).  

Adventive Lepidoptera compiled from Nishida’s (2002) arthropod checklist totaled 168 

species belonging to 30 families (Table 2.2). The family with the largest number of adventive 

species in Hawai‘i is Noctuidae, with 42 species, followed by Tineidae, with 27 species, then 

Crambidae, with 15 species, and Pyralidae, with 13 species.    

Disharmony of native and non-native colonization: 

Binomial probabilities and Bonferroni-adjusted critical values for native lineages are 

shown in Tables 2.4 and 2.5, and results for adventive species are shown in Tables 2.6 and 2.7. 

Families that were considered overrepresented (observed exceeded expected) are listed in 

separate tables from those that were considered underrepresented (expected exceeded observed), 

however for ranking purposes and Bonferroni corrections, overrepresented and underrepresented 

families were all grouped together and ranked according to binomial probability. For both native 

and adventive species, expected number of colonists exceeded the observed in most families 

(though not significantly), which is to be expected, since most families do not occur at all in 

Hawai‘i (observed value = 0). Because of the low number of total colonizations and low species 

richness of many families worldwide, the expected number of colonists for most families was less 

than one, so it would be impossible for those families to be significantly underrepresented.  

For native lineages, binomial probabilities only identified a single family whose 

contribution to the Hawaiian fauna differed from what would be expected at random (Table 2.5). 

Tortricid moths were significantly overrepresented (p = 0.000401, critical value = 0.000407) with 

10 established native lineages, about 7 more than would be expected if colonization were random. 

Interestingly, although all butterfly families were underrepresented, none were significantly so. 

The most underrepresented families in terms of probability were Arctiidae (p = 0.011921, critical 

value = 0.000413, n.s.) and Geometridae (p = 0.035582, critical value = 0.000427, n.s.) (Table 

2.4).  

Among adventive species in Hawai‘i, two families were significantly underrepresented: 

Arctiidae (p < 0.000005, critical value = 0.00041) and Geometridae (p = 0.00002, critical value = 

0.00041) (Table 2.6). Interestingly, these were the same two families that received the highest 

score of underrepresentation (though neither was significant after Bonferroni correction) among 
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native lineages. Two families, Tineidae (p < 0.000005, critical value = 0.00041) and 

Cosmopterigidae (p = 0.00041, critical value = 0.00042) were also significantly overrepresented 

among adventive species (Table 2.7). The number of successful tineid invasions exceeded the 

expected number by 24 species. 

Effects of body size and host specificity on native colonization success: 

Multiple regression analyses did not indicate strong relationships between native 

colonization success and body size or host-related variables (Table 2.8A). The full model, which 

included log(wingspan), host preference, polyphagy, detritivory, and cryptogamophagy, and data 

for 67 families was not significant (R2 = 0.055, p = 0.619, df = 66, F = 0.71). Terms were 

removed in the following order of least significance: host preference, cryptogamophagy, 

polyphagy, and detritivory. The simplest model, including only log(wingspan), was not 

significant (R2 = 0.038, p = 0.115, df = 66, F = 2.56). The “best subsets” procedure of Minitab 

identified the same best-performing one-, two-, three-, four-, and five-variable models that were 

arrived at by stepwise removal of variables. 

Examination of distribution and normal probability plots of the residuals from full and 

reduced models, as well as plots of residuals against the predictor variables revealed no alarming 

patterns that indicated a non-linear relationship among variables, but there were several cases of 

large residuals, particularly the family Bedellidae, which had the highest ratio of colonists to 

species pool. Removal of this outlier did not affect the significance of the full model (R2 = 0.049, 

p = 0.686, df = 65, F = 0.62) or the simplest model including only log(wingspan) (R2 = 0.030, p = 

0.164, df = 65, F = 0.198). Transformations (logarithmic and square root) of the response variable 

did not result in an improved fit. 

Effects of body size and host specificity on invasion success of nonnative species: 

As with native colonists, multiple linear regression analyses did not reveal any relationships 

between invasion by adventive species and body size or host-related variables (Table 2.8B). The 

full model was not significant (R2 = 0.096, p = 0.275, df = 66, F = 1.30). Terms were removed in 

the following order of least significance: host preference, detritivory, polyphagy, and 

log(wingspan), leaving only cryptogamophagy in the simplest model, which remained 

nonsignificant (R2 = 0.045, p = 0.084, df = 66, F = 3.08). The best-performing two-, three-, four-, 

and five-variable models identified by the “best subsets” procedure were identical to those arrived 

at by stepwise removal of terms, but the best single-term model identified by “best subsets” 

differed, and included detritivory (R2 = 0.051, p = 0.067, df = 66, F = 3.47) rather than 
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cryptogamophagy. Residual diagnostics indicated the same concerns as seen in analyses of native 

colonists, with some outliers but no patterns that indicated a departure from linearity.  

Correlation between success of native and non-native colonists: 

Rates of success of native and adventive colonists were positively correlated with one another 

both untransformed (r = 0.818, d.f. = 66, p < 0.001) and transformed by taking the arcsine of the 

square root of ratios (Fig 2.2, r = 0.610, d.f. = 66, p < 0.001). The strength of this relationship was 

largely due to two families in the superfamily Yponomeutoidea: Bedellidae and Acrolepiidae. 

The relationship was weakened, but remained significant among arcsine transformed variables 

after removal of Bedellidae (r = 0.418, d.f. = 65, p < 0.001), and both Bedellidae and 

Acrolepiidae (r = 0.295, d.f. = 64, p = 0.017). 

Diversification within Hawai‘i: 

Species richness varies considerably among the 58 lineages of Hawaiian Lepidoptera 

(Table 2.1), and shows a skewed distribution (Fig. 2.3). Although Hawai‘i is famous for its large 

adaptive radiations in some groups, most lineages are actually small, with 16 (28%) being 

monospecific, and 39 (67%) containing fewer than 10 species (Fig. 2.3). The largest lineage, 

Hyposmocoma (Cosmopterigidae), is an outlier, containing 377 documented species, while the 

next largest lineage is Eudonia (Crambidae, 62 spp.), then Carposina (Carposinidae, 49 spp.) 

(Table 2.1).  

Reduced major axis regression analysis found that the log of species richness was 

significantly negatively related to the log of mean forewing length of lineages, with R2 = 0.114 

and slope = -2.43 (95% conf. int. = -3.18, -1.86) (Fig. 2.4). Single island endemism was more 

tightly negatively related to mean forewing length, with R² = 0.291 and slope = -1.44 (95% conf. 

int. = -1.80, -1.20) (Fig. 2.5). This indicated that species in lineages with smaller body sizes 

generally have more restricted ranges (or alternatively, species in lineages with a larger body size 

have larger range sizes). Although forewing length was statistically significant in both cases, the 

low R2 values indicate that it explained a small percentage of the variation in species richness and 

single island endemism. 

Species richness was fairly weakly, but positively correlated to single island endemism (r 

= 0.344, p = 0.008, Fig. 2.6). Even after removal of the hyperdiverse lineage Hyposmocoma, 

which is an outlier in terms of species richness, relative endemism was still significantly 

correlated with species richness (r = 0.333, p = 0.019). 
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Discussion  

Evidence for non-random colonization: 

Although the disharmonic makeup of the Hawaiian Lepidoptera is dramatic when 

considering overall species richness, this disharmony appears to be the product primarily of non-

random diversification, rather than non-random colonization. After correction for multiple 

comparisons, evidence for a colonization rate significantly higher than expected could only be 

found in a single family, the tortricid moths, which have contributed 10 successful colonizations, 

seven more than would be expected by chance alone.   

Tortricids are somewhat small moths, the 32nd smallest family out of the 89 for which 

wingspan was estimated. They also have relatively generalist feeding habits, ranking 33rd lowest 

in terms of host specificity and having the 14th highest incidence of polyphagy out of 78 families 

in the HOSTS database (Robinson et al. 1999). Therefore, looking at the results for this family in 

isolation, one would be tempted to invoke effects of host specificity and body size to explain their 

disproportionate success. However, taken as a whole, the results for Hawaiian Lepidoptera found 

no evidence of a significant effect of either of these variables on colonization success. Although 

whenever wingspan was included in regression models, it had a negative coefficient, which fits 

with the hypothesis that small moths are better at passive dispersal, it was not statistically 

significant. Variables related to host specificity were not significant either, and gave ambiguous 

results; “host preference” and “polyphagy” both carried positive coefficients in regression 

models, even though they measure opposite tendencies in terms of host specificity.  

Other Lepidopteran groups for which colonizations exceeded the number expected (even 

if not significantly) (Table 2.5) offer further evidence that body size and host specificity are not 

strongly related to colonization and establishment. The second most overrepresented family 

among colonizers was Sphingidae, the family with the fourth largest wingspan; these are large, 

heavy moths with narrow wings. For passive dispersal, they are far from what one would think of 

as ideally adapted. They are nearly all phytophagous, and not particularly generalized in their host 

utilization (host preference = 71%).  Noctuids are also relatively large, bulky moths, and were 

overrepresented among colonists, even after taking into account the fact that they are the most 

species rich family in the world. Also included on the “overrepresented” end of the spectrum are 

the families Bedellidae and Opostegidae, which are very small moths, but relatively host specific, 

with estimated host preferences of 92% and 83%, respectively. On the opposite end of the 

spectrum, the most underrepresented families (Table 2.4) did include mostly larger moths (e.g., 

Arctiidae and Notodontidae) and butterflies (e.g., Nymphalidae and Hesperiidae), but also 
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included some microlepitoperan families, most notably the Elachistidae, Oecophoridae, and 

Tineidae, all of which are relatively generalist feeders, with the Tineidae boasting the highest 

incidence of detritivory (52%). 

Interestingly, the geometrids, which include the diverse lineages Scotorythra and 

Eupithecia, and are therefore thought of as being well represented in the Hawaiian fauna, were 

actually the second most underrepresented family, with only three lineages, compared to the eight 

that would be expected if colonization were random. This highlights the importance of 

considering the species pool when examining disharmony, and the importance of separating out 

the effects of diversification and colonization. Because Geometridae is a very diverse family (the 

second largest worldwide), we would expect a large number of colonists from this group. In terms 

of lineages, geometrids are more underrepresented than each of the butterfly families 

(superfamily Papilionoidea), despite having a smaller body size and low host specificity, on 

average.  

Overall, the evidence suggests that native colonization of the Hawaiian Islands by 

Lepidoptera was stochastic, not differing much from what would be expected at random. 

Successful colonization of the Hawaiian Islands is an extremely rare event, as evidenced by the 

low number of extant native lineages of Lepidoptera. The number of native extant lineages is only 

58, and if lineages are assumed to have colonized Hawai‘i after the formation of Kaua‘i and 

Niihau ca. 5.1 MYA (Price and Clague 2002), this corresponds to a net colonization rate of 11.4 

colonists/MY, or one successful colonist every 88,000 years. If we allow for the possibility that 

lineages might have colonized the Northwest Hawaiian Islands, which has probably occurred in 

some Lepidoptera (Schmitz and Rubinoff 2009, Rubinoff and Schmitz 2010), this pushes the 

colonization window back to the age of Kure (29.8 MY), and gives an even lower success rate of 

one colonist every 517,000 years. Given this incredibly low frequency of colonization, it is likely 

that success is, above all, dependent on very rare combinations of favorable conditions (e.g., 

weather patterns) and ecological circumstances (e.g., availability of suitable habitat). Further, an 

unknown number of additional lineages have no doubt colonized the islands and persisted 

temporarily, but subsequently gone extinct, making the extant lineages a subset of successful 

colonizations. Considering this, it is perhaps not so surprising that I did not find strong 

relationships between organismal traits and colonization success. 

I should emphasize that this study quantified disharmony based on species richness, 

rather than abundance of individuals, which would be very difficult, or impossible, to quantify on 

the family level. Taxonomic disharmony is not equivalent to ecological disharmony, and an insect 
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family might be very species poor, but relatively common and widespread. Since the actual units 

for colonization are individuals, not species, it would be ideal to use relative abundance of a 

family, rather than species richness, as a measure of the colonist “pool”. However, such data are 

not available, and taxonomic disharmony is certainly an interesting, and more manageable, 

method of comparison. 

Aside from relative abundance, another factor that was not considered in this study was 

geographic affiliation. The species richness of families varies by continent and region (Heppner 

1991), and the proximity of source populations is clearly an important determinant of 

colonization success. However, geographic proximity is a difficult factor to quantify on the 

family level, and the definitions of faunal provinces in Heppner’s (1991) catalogue are generally 

too broad to be useful for identifying sources of Hawaiian colonists. Although the extreme 

isolation of Hawai‘i means that the colonization rate is very low, the source pool for Hawai‘i is 

thought to be less regionally biased than it is for less isolated island groups, whose source pools 

tend to reflect the taxonomic composition of the nearest mainland region (Dominguez Lozano et 

al. 2010). Among the Hawaiian Lepidoptera, successful colonists are thought to have originated 

from virtually all continental regions bordering the Pacific Ocean, with multiple propagules 

arriving from Australasia, the Palearctic, the Americas, and elsewhere in Oceania (Zimmerman 

1958b, a, 1978a, Munroe 1996, Wahlberg and Rubinoff 2011). However, the likelihood of 

dispersal from different faunal regions likely differs due to the direction of air and ocean currents. 

Zimmerman, in his summaries of hypothesized biogeographic origins of the Hawaiian 

Lepidoptera, primarily divided the lineages into two stocks: “Pacific” (33 lineages) and “Boreal” 

(15 lineages). He suspected that most lineages arose from Boreal regions (Northern Asia or 

Americas), but in most cases, lineages could not be pinned down to a specific continent within 

that region. The relative species richness of families varies somewhat among biogeographic 

regions (Holloway and Nielsen 1999). For instance, although Noctuidae is the most species rich 

family worldwide, it is not the most species rich family in all faunal regions. The Nearctic is 

dominated by Noctuidae (26%), Geometridae (12%) and Tortricidae (10%), while the Palearctic 

is dominated by Geometridae (18%), Noctuidae (16%) and Crambidae (8%), and Australia is 

dominated by Oecophoridae (18%), Crambidae (12%), and Noctuidae (11%) (Heppner 1991). 

Therefore, a measure of the geographic affinity of families might be informative as a variable or 

multiple variables, although it may be complicated to model.  

Of the biogeographic regions delineated by Heppner (1991), the only region that has not 

been proposed as a potential source of Hawaiian colonists is the Ethiopian region, consisting of 
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the continent of Africa, and estimated to contain about 13% of the world’s described species. 

Dispersal from Africa seems extraordinarily unlikely, and I therefore considered excluding the 

Ethiopian region from this analysis. However, it is theoretically possible that propagules could 

arrive from Africa to Hawai‘i, perhaps via intermediate islands or continents acting as “stepping 

stones”. The phylogenies of some Pacific Island plant lineages suggest an African origin (Kim et 

al. 1998, Keppel et al. 2008), but such long distance dispersal is surely very rare compared to 

dispersal from neighboring continents and island groups. Based on Heppner’s (1991) tabulations, 

the taxonomic composition of the Ethiopian region on the family level is quite similar to that of 

the Oriental region, with a few exceptions. There are three small families (Apoprogonidae: 1 sp., 

Chrysopolomidae: 8 spp., and Thyretidae: 212 spp.) occurring only in Africa, and four 

(Himantopteridae: 55 spp., Metarbelidae: 101 spp., Eriocottidae: 206 spp., and Heterogynidae: 7 

spp.) occuring predominately there. It is unlikely that exclusion of these small families (0.4% of 

Lepidoptera worldwide) would affect the results of this study.  

Evidence for non-random diversification: 

Despite the fact that they are not significantly underrepresented among colonists, it is 

clear that butterflies make up a disproportionately small part of the Hawaiian fauna. Papilionoidea 

make up over 10% of Lepidoptera species worldwide, but only 0.2% of Lepidoptera species in 

Hawai‘i. In contrast, Fiji, which contains a land area comparable to Hawai‘i, supports more than 

40 butterfly species, and Samoa, which makes up a much smaller land area, supports more than 

30 (Munroe 1996). Since the dearth of Hawaiian butterflies does not appear to be accounted for 

by non-random colonization patterns, it must instead have been a product of non-random 

diversification.  

Indeed, speciation has not occurred randomly or with equal rates among lineages. 

Different lineages clearly have different degrees of diversification, as evidenced by the skewed 

distribution of species richness among Hawaiian lineages (Fig 2.2). Most lineages of Lepidoptera 

have experienced little or no net diversification, making monospecific lineages such as the two 

butterflies the norm, rather than the exception. A similarly skewed pattern has also been shown 

among Hawaiian plants (Price and Wagner 2004, Dominguez Lozano et al. 2010, Price and 

Wagner 2011). Dramatic levels of diversification among relatively few groups are the primary 

contribution to disharmony, at least among the Lepidoptera and plants, and likely among other 

taxa as well.  

Across many taxa, diversification rates are clearly related to dispersal, since the degree to 

which an organism is able to disperse controls the potential for gene flow among populations on 
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different islands or habitats (Peterson and Denno 1998, Bohonak 1999), and some degree of 

genetic isolation is generally needed in order for diversification to occur (Kisel and Barraclough 

2010). Low or intermediate dispersal ability has been linked to diversification of plants in 

Hawai‘i (Price and Wagner 2004) and other island ecosystems (Givnish 2010). Unlike 

colonization, the degree of post-colonization diversification was significantly related to body size, 

with smaller moths experiencing greater diversification, even after removing extreme outliers. In 

addition, species in lineages with smaller body sizes were more likely to be island endemics, 

supporting the hypothesis that the relationship between small body size and diversification is 

linked to weaker dispersal ability among the islands. In moths, it is difficult to determine the 

direction of the relationships among body size, diversification, and single island endemism, as all 

three of these factors are probably ecologically linked, but it seems likely that body size 

influences dispersal ability, which in turn has affected diversification rates.  

 Small body size has been linked to poor active dispersal abilities and small range sizes in 

Lepidoptera from other regions (Braendle et al. 2002, Beck and Kitching 2007, Garcia-Barros and 

Romo Benito 2010), as well as in other insects (Brandle et al. 2000, Tronstad et al. 2007). Due to 

the physical constraints of flight, and factors such as wind resistance, small insects tend to be 

poorly adapted towards active dispersal and directed flight (Srygley and Dudley 2008). Indirect 

mechanisms may strengthen the link between small body size and decreased dispersal via 

selection for sedentary behavior. In island environments, smaller insects are more likely than 

large insects to be carried off by wind currents while dispersing (Carlquist 1974). For insects 

living on islands surrounded by water, or in very heterogeneous environments such as the 

Hawaiian landscape, where the ecosystem can change from one valley to the next, the 

consequences of being blown off course can be severe (Sattler and Wojtusiak 1999, Medeiros and 

Gillespie 2011).  

It is possible that small body size is related to diversification for reasons unrelated to 

dispersal ability. The inverse relationship between body size and intrinsic rate of increase is well 

established (Fenchel 1974), and small organisms tend to be r-selected, with short generation times 

and high reproductive output.  High intrinsic rate of increase could positively influence both 

colonization success and diversification rates (e.g., O'Grady and DeSalle 2008). Additionally, it is 

possible that small body size is a byproduct of diversification, rather than a driver of it. If, for 

whatever reason, selection pressure favors small size of moths on islands, then older lineages may 

be comprised of smaller moths, simply because they have had more time for selection to act upon 

them. Older lineages may also be more species rich, because they have had more time for 
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diversification to occur. Although differences in body size between insular and mainland 

vertebrates and plants are well documented (Carlquist 1974, Palkovacs 2003, Lomolino 2005), 

there have not been similar reviews of invertebrates (but see examples in Carlquist 1974). The 

limited evidence that has been put forth for insects suggests that body size increases, rather than 

decreases on islands, with island species such as picture wing Drosophila (Roff 1981, Stevenson 

et al. 1995), beetles (Palmer 2002, Liebherr and Godwin 2004), and New Zealand weta (Duthie et 

al. 2006) being gigantic compared to continental congeners.  

The impact of feeding strategy on diversification is generally not well understood, and 

although association with angiosperms is thought to have been an important driving factor in the 

diversification of phytophagous insects (Farrell 1998), it is unclear how host plant specialization 

relates to diversification at a finer scale (Janz et al. 2006, Nylin and Wahlberg 2008). The 

relationship between host specificity and diversification was not examined in this study, primarily 

because the life histories of most Hawaiian species are unknown, and host specificity can vary 

widely even within a lineage, making classification of lineages difficult (Swezey 1954).  Perhaps 

as more is learned about the biology of Hawaiian Lepidoptera, this can be examined further.  

Another factor that has not been examined, and is likely to be important in determining 

lineage species richness, is lineage age. Hyposmocoma is by far the largest lineage of Lepidoptera 

in Hawai‘i, and of the few lineages that have been dated, is also the oldest, having colonized 

before the formation of Kaua‘i (Rubinoff and Schmitz 2010). It would be interesting to see 

whether lineage age correlates with diversification, and might explain some of the skew seen in 

Figure 2.2. However, old age is certainly not a prerequisite to high diversity in other Hawaiian 

insect groups (Shaw 2002, Magnacca and Danforth 2007), in which species rich lineages have 

been generated in less than a million years. Conversely, there are examples of moth lineages that 

are apparently quite old which have undergone any net diversification. The “fabulous green 

sphinx” Tinostoma smaragditis (Meyrick) is the sole representative of an enigmatic monotypic 

genus found only on the island of Kaua‘i (Heddle et al. 2000). It has only been collected a 

handful of times, and its relationship to continental sphingids is unknown (Zimmerman 1958b), 

so it is thought to be an ancient, relictual lineage. Though not as renowned as the fabulous green 

sphinx, there are several other monospecific lineages endemic to Hawai‘i, which have been 

isolated from mainland relatives long enough to qualify as endemic genera, yet have not 

experienced any net diversification.  The pyraloids Tulla exonoma (Meyrick) and Rhynchephestia 

rhabdotis Hampson (Zimmerman 1958a), and the tortricids Paraphasis perkinsi Walsingham, 

Mantua fulvosericea (Walsingham), and Macraesthetica rubiginis (Walsingham) (Zimmerman 
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1978a) all represent endemic genera, each containing a single species. These species may have 

arisen either through anagenesis (divergence from a colonizing ancestor without diversification), 

or cladogenesis (diversification followed by extinction of all but a single species). In either case, 

they serve as evidence that old lineages are not necessarily diverse today. Similar examples exist 

among Hawaiian plants; molecular phylogenies of the lineages Rhus (Yi et al. 2004) and 

Hillebrandia (Clement et al. 2004), suggest that they are ancient, yet undiversified, each 

represented by a single species in Hawai‘i.   

Non-random colonization of adventive species: 

Darwin (1859) proposed that successful invaders of an area tend to be unrelated to the 

native species that inhabit that area, due to a reduced likelihood of head-to-head competition 

occurring (Ludsin and Wolfe 2001). The “empty niche” hypothesis built upon this assertion, 

suggesting that island invaders succeed by occupying niches that were formerly underutilized by 

native species (Elton 1958, MacDougall et al. 2009). These ideas imply that taxonomic groups 

that are absent or underrepresented among the native species on an island may be more successful 

at colonizing. The family Tineidae was highly successful at human-mediated invasion of Hawai‘i, 

yet includes no native species, and at first glance one might count this as evidence of for 

Darwin’s (1859) biological invasion hypothesis or Elton’s (1958) empty niche hypothesis. 

However, the bulk of evidence from other families does not support this. Like Tineidae, 

Cosmopterigidae was significantly overrepresented among adventive species, yet it is by far the 

most species rich family of native moths, containing the hyper-diverse lineage Hyposmocoma.  

In fact, my results suggest the opposite of what Darwin (1859) might have predicted; 

successful invaders generally come from families that are well-represented in the native fauna, 

with the success rates for natives and non-natives significantly correlated with each other (Fig. 

2.2).  The two families that were significantly underrepresented among adventive species, 

Arctiidae and Geometridae, were the same two that were most underrepresented among native 

colonists, although the ranking of underrepresented families is primarily due to the fact that they 

are very species rich worldwide, but mostly not represented in Hawai‘i at all, either by native or 

nonnative species. The families Sphingidae, Noctuidae, Tortricidae, Crambidae, Pyralidae, 

Bedellidae, Acrolepiidae, Plutellidae, and Gracillariidae are on the “overrepresented” end of the 

spectrum for both native colonists and nonnative invaders, despite the fact that the families are 

ecologically very different, and generally not closely related to each other. This suggests that, at 

least among the Lepidoptera, families that are good invaders in contemporary situations also tend 

to be good colonizers in natural systems. This is a surprising result, since many pest groups that 
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have been highly successful invaders in Hawai‘i, such as ants (Krushelnycky et al. 2005), scale 

insects (Beardsley 1997), and aphids (Messing et al. 2007, Mondor et al. 2007), belong to 

families completely absent from the Hawaiian fauna. It is possible that these are anomalies, and 

that other groups show greater concordance among native and non-native colonizers. It would 

therefore be informative to quantify colonization and non-native invasion success among other 

insect and plant groups in Hawai‘i.   

I found no relationship between body size or feeding biology and colonization success of 

non-native Lepidoptera, which contrasts with what has been shown in other groups. Mondor et al. 

(2007) found that successfully invading aphid species in Hawai‘i were generally smaller, than 

their non-invading congeners. They proposed that this could be because smaller organisms tend to 

have more rapid reproduction (Fenchel 1974), or simply because smaller aphids might escape 

detection during agricultural inspections.  Links between small body size and successful invasion 

of islands and habitats have also been found in ants (McGlynn 1999, Lester 2005). With regards 

to feeding specificity, although the two overrepresented families Tineidae and Cosmopterigidae 

include a high proportion of detritivores, and they are fairly generalized feeders, their invasion 

success in contemporary situations is probably directly due to the pest status of many of the 

species worldwide, and their associations with stored goods such as flour, grains, and textiles. Of 

course, this widespread association with human products could, in turn, be related to the fact that 

many species are generalist detritivores. 

The lineage Omiodes

Because the remainder of this dissertation will focus on the diversification of the genus 

Omiodes (Crambidae) within Hawai‘i, it is appropriate to point out where it fits in among other 

lineages with regard to the relationships discussed in this chapter. The family Crambidae falls 

among the overrepresented families in terms of both colonization and diversification, with 10 

monophyletic lineages, four of which (Eudonia, Udea, Mestolobes, and Omiodes) contain greater 

than 20 species (Table 2.1).  

: 

The Hawaiian Omiodes comprise 23 described species, with 4 additional cryptic species 

suggested in the following chapters. The lineage does not have a high degree of endemism 

compared to most other radiations of its size, and its species richness falls well above the 

regression fit on the plot of diversity versus relative endemism (Fig. 2.6). The genus is also more 

diverse than would be predicted based on its body size, falling above the regression fit of species 

richness versus forewing length (Fig. 2.4). In contrast, it falls directly along the regression fit for 

percent endemism versus forewing length (Fig. 2.5), suggesting that it conforms to the 
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relationship between dispersal tendency and body size exhibited by other Hawaiian lineages. In 

contrast to most Hawaiian lepidopteran groups that have been studied phylogenetically, which 

generally exhibit very high levels of endemism (Rubinoff 2008, Medeiros and Gillespie 2011, 

Schmitz and Rubinoff 2011b), Omiodes is less geographically structured, and it will be 

interesting to examine diversification in a group for which geographic isolation may play a lesser 

role.   

Conclusions 

Taxonomic disharmony is one of the most notable and interesting attributes of the 

Hawaiian flora and fauna, yet there have been almost no attempts to formally quantify it. A 

formal analysis of disharmony in the Hawaiian Lepidoptera revealed some surprising findings 

about colonization success, particularly that it is not obviously related to body size or host 

specificity. Instead, colonization is probably governed mainly by extremely rare, chance events. 

Diversification within Hawaiian lineages, however, was inversely related to body size, which is 

consistent with small moths being relatively poor dispersers. Native and non-native invasion 

success was correlated on the family level, which is unexpected in the context of niche-based 

ecological theory, which predicts that non-indigenous families should have a competitive 

advantage over those already present among the native fauna. The methods outlined here could be 

adapted for many groups of organisms, and it would be interesting to see if factors influencing 

colonization and diversification differ on different taxonomic levels (e.g., orders of insects) or at 

the family level within different taxonomic groups.  
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Tables 

Table 2.1. Diversity, endemism, and mean forewing lengths within the 58 Hawaiian Lepidoptera 

lineages, ranked in order of decreasing species richness. SIEs = single island endemics. 
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Cosmopterigidae Hyposmocoma 377 338 90% 314 6.4 0.10   Noctuidae Helicoverpa 4 1 25% 1 14.5 N/A 
Crambidae Eudonia 62 37 60% 55 7.9 0.21   Noctuidae Lophoplusia 4 0 0% 4 16.7 0.28 
Carposinidae Carposina 49 37 76% 39 7.2 0.27   Noctuidae Anomis 3 0 0% 3 16.9 1.62 
Geometridae Scotorythra 44 23 52% 41 17.4 0.74   Noctuidae Pseudaletia 3 0 0% 3 17.2 0.27 
Crambidae Udea 41 13 32% 41 10.4 0.35   Noctuidae Pseudoschrankia 3 2 67% 3 9.6 0.76 
Xylorictidae Thyrocopa 36 25 69% 36 11.3 0.52   Plutellidae Plutella 3 3 100% 1 4.0 N/A 
Crambidae Mestolobes 33 25 76% 32 6.9 0.24   Noctuidae Acrapex 2 1 50% 1 10.9 N/A 
Gracillariidae Philodoria 31 17 55% 30 3.6 0.11   Noctuidae Schrankia 2 0 0% 2 8.1 0.73 
Noctuidae Agrotis 27 8 30% 25 16.7 0.44   Pyralidae Genophantis 2 0 0% 2 8.5 0.50 
Crambidae Omiodes 26 11 42% 23 12.8 0.44   Pyralidae Unadilla 2 1 50% 2 9.0 2.00 
Gelechiidae Merimnetria 21 19 90% 18 6.9 0.53   Sphingidae Hyles 2 0 0% 2 28.1 1.05 
Geometridae Eupithecia 21 11 52% 12 8.3 0.41   Tortricidae Crocidosema 2 0 0% 2 6.8 1.20 
Tortricidae Pararrhaptica 19 11 58% 19 10.6 0.53   Tortricidae Panaphelix 2 1 50% 2 13.1 2.07 
Tortricidae Spheterista 17 13 76% 17 7.2 0.42   Crambidae Glyphodes 1 0 0% 1 11.5 N/A 
Geometridae Fletcherana 15 13 87% 7 13.4 0.51   Crambidae Stemorrhages 1 0 0% 1 17.0 N/A 
Tortricidae Cydia 14 9 64% 13 6.5 0.41   Crambidae Tulla 1 1 100% 1 5.5 N/A 
Bedellidae Bedellia 13 11 85% 3 3.7 0.17   Crambidae Uresiphita 1 0 0% 1 12.4 N/A 
Crambidae Orthomecyna  13 10 77% 13 9.1 0.36   Lycaenidae Udara 1 0 0% 1 12.0 N/A 
Tortricidae Eccoptocera 11 10 91% 8 6.3 0.42   Noctuidae Aumakua 1 0 0% 1 20.0 N/A 
Noctuidae Haliophyle 8 2 25% 8 15.8 0.78   Noctuidae Heliothis 1 1 100% 0 N/A N/A 
Yponomeutidae Prays 7 6 86% 1 5.7 N/A   Noctuidae Hypocala 1 0 0% 1 24.9 N/A 
Batrachedridae Batrachedrodes 6 2 33% 5 4.0 0.16   Nymphalidae Vanessa 1 0 0% 1 29.2 N/A 
Crambidae Tamsica 6 3 50% 4 6.4 0.25   Pyralidae Homoeosoma 1 0 0% 1 9.9 N/A 
Noctuidae Peridroma 6 1 17% 6 17.2 1.39   Pyralidae Rhynchephestia 1 1 100% 1 8.7 N/A 
Opostegidae Paralopostega 6 3 50% 6 3.4 0.34   Sphingidae Manduca 1 0 0% 1 58.5 N/A 
Noctuidae Hypena 5 2 40% 5 12.5 1.17   Sphingidae Tinostoma 1 1 100% 1 36.6 N/A 
Tortricidae Bradleyella 5 3 60% 5 8.2 0.94   Tortricidae Macraesthetica 1 1 100% 1 7.2 N/A 
Xylorictidae Mapsidius 5 3 60% 4 9.4 1.81   Tortricidae Mantua 1 0 0% 1 13.5 N/A 
Acrolepiidae Acrolepia 4 4 100% 3 4.6 0.46   Tortricidae Paraphasis 1 1 100% 1 6.5 N/A 

         
  TOTAL: 978 685 70.0% 836     
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Table 2.2. Attributes of 123 Lepidoptera families recognized by Kristensen (1999). Table 

continues on the following two pages. 
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Acanthopteroctetoidea Acanthopteroctetidae 5 0 0 0 3 11.6 3.4 1 0 N/A 0.0% 0.0% 0.0% 
Agathiphagoidea Agathiphagidae 2 0 0 0 2 18.8 6.7 2 1 100.0% 0.0% 0.0% 0.0% 
Alucitoidea Alucitidae 135 0 0 1 7 18.3 3.0 11 1 75.0% 0.0% 0.0% 0.0% 
Alucitoidea Tineodidae 18 0 0 0 0 N/A N/A 5 0 N/A 0.0% 0.0% 0.0% 
Axioidea Axiidae 5 0 0 0 0 N/A N/A 0 0 N/A N/A N/A N/A 
Bombycoidea Bombycidae 312 0 0 0 2 40.0 3.5 33 11 77.0% 3.0% 0.0% 0.0% 
Bombycoidea Brahmaeidae 22 0 0 0 0 N/A N/A 2 0 N/A 0.0% 0.0% 0.0% 
Bombycoidea Carthaeidae 1 0 0 0 1 90.0 N/A 1 0 N/A 0.0% 0.0% 0.0% 
Bombycoidea Endromidae 1 0 0 0 1 60.0 N/A 1 1 80.0% 0.0% 0.0% 0.0% 
Bombycoidea Eupterotidae 305 0 0 0 0 N/A N/A 45 14 56.1% 6.7% 0.0% 0.0% 
Bombycoidea Lemoniidae 21 0 0 0 0 N/A N/A 2 0 N/A 0.0% 0.0% 0.0% 
Bombycoidea Mirinidae 3 0 0 0 3 46.3 11.0 0 0 N/A N/A N/A N/A 
Bombycoidea Saturniidae 1290 0 0 0 17 85.9 39.1 561 294 52.2% 9.8% 0.0% 0.0% 
Bombycoidea Sphingidae 1074 3 4 6 88 71.5 24.0 358 198 70.7% 2.0% 0.0% 0.0% 
Calliduloidea Callidulidae 117 0 0 0 0 N/A N/A 3 0 N/A 0.0% 0.0% 66.7% 
Choreutoidea Choreutidae 405 0 0 0 51 12.2 2.2 61 16 89.8% 0.0% 0.0% 0.0% 
Copromorphoidea Carposinidae 224 1 49 0 34 20.6 4.3 23 8 72.3% 4.3% 0.0% 0.0% 
Copromorphoidea Copromorphidae 46 0 0 0 1 28.0 N/A 5 1 100.0% 0.0% 0.0% 0.0% 
Cossoidea Cossidae 803 0 0 0 6 52.5 12.7 137 47 63.0% 5.1% 0.0% 0.0% 
Cossoidea Dudgeoneidae 6 0 0 0 0 N/A N/A 1 0 N/A 0.0% 0.0% 0.0% 
Drepanoidea Drepanidae 1008 0 0 0 8 33.2 6.6 78 34 89.4% 3.8% 0.0% 0.0% 
Drepanoidea Epicopeiidae 7 0 0 0 0 N/A N/A 2 0 N/A 0.0% 0.0% 0.0% 
Eperminioidea Epermeniidae 83 0 0 0 10 12.7 3.1 31 6 97.6% 0.0% 0.0% 0.0% 
Eriocranioidea Eriocraniidae 25 0 0 0 14 9.3 1.7 16 6 95.0% 0.0% 0.0% 0.0% 
Galactoidea Galactidae 17 0 0 0 0 N/A N/A 0 0 N/A N/A N/A N/A 
Gelechioidea Amphisbatidae 65 0 0 0 7 16.4 2.7 0 0 N/A N/A N/A N/A 
Gelechioidea Autostichidae 462 0 0 2 4 15.4 4.7 19 1 100.0% 0.0% 42.1% 15.8% 
Gelechioidea Batrachedridae 182 1 6 2 8 12.9 2.5 21 8 93.9% 4.8% 0.0% 9.5% 
Gelechioidea Chimabachidae 8 0 0 0 0 N/A N/A 0 0 N/A N/A N/A N/A 
Gelechioidea Coleophoridae 1602 0 0 1 173 12.5 2.9 482 103 85.4% 1.9% 2.9% 0.0% 
Gelechioidea Cosmopterigidae 1145 1 377 7 41 12.5 4.4 240 63 83.5% 0.4% 5.8% 0.8% 
Gelechioidea Elachistidae 3516 0 0 3 151 15.9 6.5 260 59 92.8% 0.8% 0.4% 0.0% 
Gelechioidea Gelechiidae 4246 1 21 6 286 13.6 3.6 1073 278 92.1% 1.6% 0.8% 1.1% 
Gelechioidea Glyphidoceridae 49 0 0 0 5 13.7 2.8 0 0 N/A N/A N/A N/A 
Gelechioidea Lecithoceridae 858 0 0 0 81 17.0 3.9 22 3 66.7% 4.5% 18.2% 0.0% 
Gelechioidea Oecophoridae 3376 0 0 2 59 16.7 5.7 497 103 81.5% 1.2% 9.7% 4.6% 
Gelechioidea Peleopodidae 14 0 0 0 0 N/A N/A 0 0 N/A N/A N/A N/A 
Gelechioidea Schistonoeidae 2 0 0 1 0 N/A N/A 0 0 N/A N/A N/A N/A 
Gelechioidea Xyloryctidae 762 2 41 0 53 27.0 12.9 212 37 72.3% 2.4% 2.4% 2.8% 
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Table 2.2. (Continued) Attributes of 123 Lepidoptera families recognized by Kristensen (1999) 
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Geometroidea Geometridae 20800 3 80 6 953 28.1 10.6 1961 784 63.0% 8.0% 0.1% 0.4% 
Geometroidea Sematuridae 37 0 0 0 0 N/A N/A 0 0 N/A N/A N/A N/A 
Geometroidea Uraniidae 719 0 0 0 2 19.0 1.4 43 6 82.0% 0.0% 0.0% 0.0% 
Gracillarioidea Bucculatricidae 222 0 0 1 27 7.5 1.7 146 30 93.5% 1.4% 0.0% 0.0% 
Gracillarioidea Douglasiidae 26 0 0 0 5 6.8 1.0 3 0 N/A 0.0% 0.0% 0.0% 
Gracillarioidea Gracillariidae 1632 1 31 2 220 8.7 2.4 1080 426 95.6% 1.7% 0.2% 0.0% 
Gracillarioidea Roeslerstammidae 31 0 0 0 10 19.0 3.5 0 0 N/A N/A N/A N/A 
Hedyloidea Hedylidae 40 0 0 0 0 N/A N/A 5 0 N/A 0.0% 0.0% 0.0% 
Hepialoidea Anomosetidae 1 0 0 0 1 23.0 N/A 0 0 N/A N/A N/A N/A 
Hepialoidea Hepialidae 449 0 0 0 5 61.0 22.8 73 30 55.2% 12.3% 0.0% 4.1% 
Hepialoidea Neotheoridae 1 0 0 0 1 33.0 N/A 0 0 N/A N/A N/A N/A 
Hepialoidea Palaeosetidae 8 0 0 0 0 N/A N/A 6 0 N/A 0.0% 0.0% 0.0% 
Hepialoidea Prototheoridae 13 0 0 0 13 18.9 2.0 0 0 N/A N/A N/A N/A 
Hesperioidea Hesperiidae 3658 0 0 2 0 N/A N/A 783 296 90.3% 0.0% 0.0% 0.0% 
Heterobathmioidea Heterobathmiidae 2 0 0 0 2 10.0 0.0 0 0 N/A N/A N/A N/A 
Hyblaeoidea Hyblaeidae 18 0 0 0 0 N/A N/A 7 2 71.7% 14.3% 0.0% 0.0% 
Immoidea Immidae 246 0 0 1 13 20.1 5.6 23 0 N/A 0.0% 0.0% 0.0% 
Incurvarioidea Adelidae 270 0 0 0 22 14.8 3.3 24 2 87.5% 0.0% 8.3% 0.0% 
Incurvarioidea Cecidosidae 7 0 0 0 0 N/A N/A 2 1 75.0% 0.0% 0.0% 0.0% 
Incurvarioidea Crinopterygidae 1 0 0 0 1 8.3 N/A 1 0 N/A 0.0% 0.0% 0.0% 
Incurvarioidea Heliozelidae 106 0 0 0 8 6.2 1.6 49 10 100.0% 4.1% 0.0% 0.0% 
Incurvarioidea Incurvariidae 99 0 0 0 9 12.8 3.9 19 4 73.0% 5.3% 0.0% 0.0% 
Incurvarioidea Prodoxidae 44 0 0 0 6 15.7 4.7 44 11 100.0% 0.0% 0.0% 0.0% 
Lasiocampoidea Anthelidae 100 0 0 0 0 N/A N/A 24 3 43.7% 0.0% 0.0% 0.0% 
Lasiocampoidea Lasiocampidae 2033 0 0 0 7 31.9 4.8 323 136 57.8% 8.7% 0.0% 0.3% 
Lophocoronoidea Lophocoronidae 6 0 0 0 6 13.6 1.7 0 0 N/A N/A N/A N/A 
Micropterigoidea Micropterigidae 130 0 0 0 13 9.6 1.7 3 0 N/A 0.0% 0.0% 100.0% 
Mimallonoidea Mimallonidae 254 0 0 0 2 33.0 9.9 16 5 66.1% 0.0% 0.0% 0.0% 
Mnesarchaeoidea Mnesarchaeidae 6 0 0 0 0 N/A N/A 0 0 N/A N/A N/A N/A 
Neopseustoidea Neopseustidae 9 0 0 0 7 19.9 4.0 0 0 N/A N/A N/A N/A 
Nepticuloidea Nepticulidae 768 0 0 0 99 5.2 1.3 368 129 97.8% 0.3% 0.0% 0.0% 
Nepticuloidea Opostegidae 95 1 6 0 34 8.2 2.8 9 3 83.3% 0.0% 0.0% 0.0% 
Noctuoidea Arctiidae 11157 0 0 0 201 35.4 12.7 582 222 52.2% 12.2% 0.5% 12.4% 
Noctuoidea Doidae 5 0 0 0 3 32.7 3.8 0 0 N/A N/A N/A N/A 
Noctuoidea Lymantriidae 2416 0 0 0 0 N/A N/A 506 184 53.5% 9.1% 0.2% 0.6% 
Noctuoidea Noctuidae 22935 14 70 42 299 37.3 13.4 3480 1425 68.5% 15.5% 2.0% 1.5% 
Noctuoidea Nolidae 1733 0 0 0 173 30.0 10.5 269 84 78.8% 2.6% 0.0% 0.0% 
Noctuoidea Notodontidae 4251 0 0 0 0 N/A N/A 499 166 78.1% 3.8% 0.0% 0.0% 
Noctuoidea Oenosandridae 8 0 0 0 0 N/A N/A 2 0 N/A 0.0% 0.0% 0.0% 
Noctuoidea Pantheidae 63 0 0 0 0 N/A N/A 22 12 75.3% 22.7% 0.0% 0.0% 
Palaephatoidea Palaephatidae 31 0 0 0 28 16.9 5.4 0 0 N/A N/A N/A N/A 
Papilionoidea Lycaenidae 6563 1 1 2 1664 37.60 -- 1533 538 77.9% 0.2% 0.4% 7.1% 
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Table 2.2. (Continued) Attributes of 123 Lepidoptera families recognized by Kristensen (1999) 
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Papilionoidea Nymphalidae 7221 1 1 5 1457 64.20 -- 1699 822 82.5% 0.6% 0.0% 0.1% 
Papilionoidea Papilionidae 572 0 0 1 211 113.60 -- 281 163 91.4% 0.7% 0.0% 0.0% 
Papilionoidea Pieridae 1222 0 0 1 331 53.40 -- 317 178 88.3% 0.6% 0.0% 0.0% 
Pterophoroidea Pterophoridae 1013 0 0 6 109 19.19 4.55 215 63 83.0% 0.9% 0.0% 0.0% 
Pyraloidea Crambidae 11356 10 185 15 183 21.39 6.25 930 299 76.8% 5.7% 1.1% 4.1% 
Pyraloidea Pyralidae 4353 4 6 13 136 20.51 4.70 867 274 79.1% 2.7% 6.7% 1.3% 
Schreckensteinioidea Schreckensteiniidae 5 0 0 0 3 10.00 1.73 4 3 100.0% 0.0% 0.0% 0.0% 
Sesioidea Brachodidae 104 0 0 0 7 16.71 3.39 10 2 96.7% 0.0% 0.0% 0.0% 
Sesioidea Castniidae 167 0 0 0 0 N/A N/A 25 5 58.1% 0.0% 0.0% 0.0% 
Sesioidea Sesiidae 1123 0 0 0 39 25.08 8.36 349 117 89.1% 2.0% 0.6% 0.0% 
Simaethistoidea Simaethistidae 2 0 0 0 2 15.50 4.95 0 0 N/A N/A N/A N/A 
Thyridoidea Thyrididae 786 0 0 0 3 17.50 3.50 84 17 71.6% 2.4% 0.0% 0.0% 
Tineoidea Acrolophidae 270 0 0 0 10 23.85 6.43 10 1 60.0% 0.0% 20.0% 0.0% 
Tineoidea Arrhenophanidae 27 0 0 0 0 N/A N/A 2 0 N/A 0.0% 0.0% 100.0% 
Tineoidea Eriocottidae 206 0 0 0 0 N/A N/A 4 0 N/A 0.0% 0.0% 0.0% 
Tineoidea Lypusidae 1 0 0 0 1 14.00 N/A 0 0 N/A N/A N/A N/A 
Tineoidea Psychidae 951 0 0 1 26 17.05 7.57 246 85 46.4% 6.9% 4.5% 20.7% 
Tineoidea Tineidae 2103 0 0 27 133 13.72 4.56 298 36 51.4% 5.4% 52.3% 20.8% 
Tischerioidea Tischeriidae 80 0 0 0 9 7.11 1.27 54 27 97.4% 1.9% 0.0% 0.0% 
Tortricoidea Tortricidae 6610 10 73 8 355 15.43 3.71 2253 1138 75.6% 6.8% 0.4% 0.7% 
Urodoidea Urodidae 182 0 0 0 1 22.50 N/A 2 1 55.6% 0.0% 0.0% 0.0% 
Whalleyanoidea Whalleyanidae 2 0 0 0 1 35.50 N/A 0 0 N/A N/A N/A N/A 
Yponomeutoidea Acrolepiidae 83 1 4 1 4 11.73 0.88 18 6 96.7% 0.0% 0.0% 0.0% 
Yponomeutoidea Bedellidae 32 1 13 1 1 10.26 N/A 6 2 92.3% 0.0% 0.0% 0.0% 
Yponomeutoidea Glyphipterigidae 384 0 0 0 41 11.59 3.38 21 2 100.0% 0.0% 0.0% 0.0% 
Yponomeutoidea Heliodinidae 50 0 0 0 10 13.16 3.79 29 7 100.0% 0.0% 0.0% 0.0% 
Yponomeutoidea Lyonetiidae 210 0 0 0 12 8.45 1.91 81 31 95.7% 4.9% 0.0% 1.2% 
Yponomeutoidea Plutellidae 336 1 3 1 9 15.44 2.70 27 5 89.4% 3.7% 0.0% 0.0% 
Yponomeutoidea Yponomeutidae 696 1 7 0 74 12.59 4.23 224 60 92.0% 3.6% 0.0% 0.0% 
Yponomeutoidea Ypsolophidae 25 0 0 0 18 18.26 4.25 49 11 90.4% 6.1% 2.0% 0.0% 
Zygaenoidea Aididae 9 0 0 0 0 N/A N/A 0 0 N/A N/A N/A N/A 
Zygaenoidea Anomoeotidae 40 0 0 0 0 N/A N/A 0 0 N/A N/A N/A N/A 
Zygaenoidea Cyclotornidae 5 0 0 0 0 N/A N/A 3 0 N/A 0.0% 33.3% 0.0% 
Zygaenoidea Dalceridae 81 0 0 0 0 N/A N/A 7 2 35.0% 0.0% 0.0% 0.0% 
Zygaenoidea Epipyropidae 32 0 0 0 0 N/A N/A 8 0 N/A 0.0% 0.0% 0.0% 
Zygaenoidea Heterogynidae 7 0 0 0 0 N/A N/A 2 0 N/A 0.0% 0.0% 0.0% 
Zygaenoidea Himantopteridae 55 0 0 0 0 N/A N/A 2 1 50.0% 0.0% 0.0% 0.0% 
Zygaenoidea Lacturidae 100 0 0 0 14 29.29 9.07 8 1 100.0% 0.0% 0.0% 0.0% 
Zygaenoidea Limacodidae 1086 0 0 0 25 21.42 5.32 350 142 47.2% 8.9% 0.0% 0.0% 
Zygaenoidea Megalopygidae 334 0 0 0 4 30.00 0.00 27 11 24.1% 11.1% 0.0% 0.0% 
Zygaenoidea Somabrachyidae 7 0 0 0 7 34.14 8.28 0 0 N/A N/A N/A N/A 
Zygaenoidea Zygaenidae 980 0 0 0 4 21.88 3.57 108 25 71.4% 4.6% 0.0% 0.0% 

 
TOTALS 146,123 58 978 168 8190 

  
24,730 9339 
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Table 2.3. Correlation matrix for variables used to predict colonization success. Pearson’s 

correlation coefficients are above the diagonal, and p-values below the diagonal. Significantly 

correlated pairs are shown in bold. 
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Mean Wingspan -- -0.318 0.225 -0.128 -0.062 
Host preference 0.009 -- -0.659 -0.152 -0.284 
Polyphagy 0.067 0.000 -- -0.016 0.246 
Detritivory 0.301 0.218 0.895 -- 0.638 
Cryptogamophagy 0.621 0.020 0.045 0.000 -- 
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Table 2.4. Binomial probabilities and critical values for families that are underrepresented in 

native lineages, in which the observed number of native colonists is lower than expected (Part 1 

of 3). 
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Noctuoidea Arctiidae 4.4286 0 -4.4286 0.01192 121 0.00041 NO 
Geometroidea Geometridae 8.2562 3 -5.2562 0.03558 117 0.00043 NO 
Noctuoidea Notodontidae 1.6874 0 -1.6874 0.18495 109 0.00046 NO 
Papilionoidea Nymphalidae 2.8662 1 -1.8662 0.21998 108 0.00046 NO 
Hesperioidea Hesperiidae 1.4520 0 -1.4520 0.23404 107 0.00047 NO 
Gelechioidea Elachistidae 1.3956 0 -1.3956 0.24761 105 0.00048 NO 
Gelechioidea Oecophoridae 1.3400 0 -1.3400 0.26177 104 0.00048 NO 
Papilionoidea Lycaenidae 2.6051 1 -1.6051 0.26635 103 0.00049 NO 
Noctuoidea Lymantriidae 0.9590 0 -0.9590 0.38321 101 0.00050 NO 
Tineoidea Tineidae 0.8347 0 -0.8347 0.43391 100 0.00050 NO 
Lasiocampoidea Lasiocampidae 0.8070 0 -0.8070 0.44614 99 0.00051 NO 
Gelechioidea Gelechiidae 1.6854 1 -0.6854 0.49776 97 0.00052 NO 
Noctuoidea Nolidae 0.6879 0 -0.6879 0.50257 96 0.00052 NO 
Gelechioidea Coleophoridae 0.6359 0 -0.6359 0.52940 95 0.00053 NO 
Bombycoidea Saturniidae 0.5120 0 -0.5120 0.59921 94 0.00053 NO 
Papilionoidea Pieridae 0.4851 0 -0.4851 0.61561 93 0.00054 NO 
Sesioidea Sesiidae 0.4458 0 -0.4458 0.64028 92 0.00054 NO 
Zygaenoidea Limacodidae 0.4311 0 -0.4311 0.64976 91 0.00055 NO 
Pterophoroidea Pterophoridae 0.4021 0 -0.4021 0.66887 90 0.00056 NO 
Drepanoidea Drepanidae 0.4001 0 -0.4001 0.67020 89 0.00056 NO 
Zygaenoidea Zygaenidae 0.3890 0 -0.3890 0.67769 88 0.00057 NO 
Tineoidea Psychidae 0.3775 0 -0.3775 0.68553 87 0.00057 NO 
Gelechioidea Lecithoceridae 0.3406 0 -0.3406 0.71132 86 0.00058 NO 
Cossoidea Cossidae 0.3187 0 -0.3187 0.72702 85 0.00059 NO 
Thyridoidea Thyrididae 0.3120 0 -0.3120 0.73194 84 0.00060 NO 
Nepticuloidea Nepticulidae 0.3048 0 -0.3048 0.73719 83 0.00060 NO 
Geometroidea Uraniidae 0.2854 0 -0.2854 0.75168 82 0.00061 NO 
Papilionoidea Papilionidae 0.2270 0 -0.2270 0.79685 81 0.00062 NO 
Gelechioidea Autostichidae 0.1834 0 -0.1834 0.83242 80 0.00063 NO 
Hepialoidea Hepialidae 0.1782 0 -0.1782 0.83673 79 0.00063 NO 
Choreutoidea Choreutidae 0.1608 0 -0.1608 0.85147 78 0.00064 NO 
Yponomeutoidea Glyphipterigidae 0.1524 0 -0.1524 0.85860 77 0.00065 NO 
Zygaenoidea Megalopygidae 0.1326 0 -0.1326 0.87581 76 0.00066 NO 
Bombycoidea Bombycidae 0.1238 0 -0.1238 0.88350 75 0.00067 NO 
Bombycoidea Eupterotidae 0.1211 0 -0.1211 0.88596 74 0.00068 NO 
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Table 2.4. (Continued, 2 of 3) Binomial probabilities and critical values for families that are 

underrepresented in native lineages 
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Tineoidea Acrolophidae 0.1072 0 -0.1072 0.89835 72 0.00069 NO 
Incurvarioidea Adelidae 0.1072 0 -0.1072 0.89835 73 0.00068 NO 
Mimallonoidea Mimallonidae 0.1008 0 -0.1008 0.90408 71 0.00070 NO 
Immoidea Immidae 0.0976 0 -0.0976 0.90695 70 0.00071 NO 
Gracillarioidea Bucculatricidae 0.0881 0 -0.0881 0.91564 69 0.00072 NO 
Yponomeutoidea Lyonetiidae 0.0834 0 -0.0834 0.92001 68 0.00074 NO 
Tineoidea Eriocottidae 0.0818 0 -0.0818 0.92147 67 0.00075 NO 
Urodoidea Urodidae 0.0722 0 -0.0722 0.93029 66 0.00076 NO 
Sesioidea Castniidae 0.0663 0 -0.0663 0.93585 65 0.00077 NO 
Alucitoidea Alucitidae 0.0536 0 -0.0536 0.94781 64 0.00078 NO 
Micropterigoidea Micropterigidae 0.0516 0 -0.0516 0.94970 63 0.00079 NO 
Calliduloidea Callidulidae 0.0464 0 -0.0464 0.95461 62 0.00081 NO 
Incurvarioidea Heliozelidae 0.0421 0 -0.0421 0.95879 61 0.00082 NO 
Sesioidea Brachodidae 0.0413 0 -0.0413 0.95955 60 0.00083 NO 
Lasiocampoidea Anthelidae 0.0397 0 -0.0397 0.96108 58 0.00086 NO 
Zygaenoidea Lacturidae 0.0397 0 -0.0397 0.96108 59 0.00085 NO 
Incurvarioidea Incurvariidae 0.0393 0 -0.0393 0.96146 57 0.00088 NO 
Eperminioidea Epermeniidae 0.0329 0 -0.0329 0.96759 56 0.00089 NO 
Zygaenoidea Dalceridae 0.0322 0 -0.0322 0.96835 55 0.00091 NO 
Tischerioidea Tischeriidae 0.0318 0 -0.0318 0.96874 54 0.00093 NO 
Gelechioidea Amphisbatidae 0.0258 0 -0.0258 0.97452 53 0.00094 NO 
Noctuoidea Pantheidae 0.0250 0 -0.0250 0.97530 52 0.00096 NO 
Zygaenoidea Himantopteridae 0.0218 0 -0.0218 0.97840 51 0.00098 NO 
Yponomeutoidea Heliodinidae 0.0198 0 -0.0198 0.98035 50 0.00100 NO 
Gelechioidea Glyphidoceridae 0.0194 0 -0.0194 0.98073 49 0.00102 NO 
Copromorphoidea Copromorphidae 0.0183 0 -0.0183 0.98190 48 0.00104 NO 
Incurvarioidea Prodoxidae 0.0175 0 -0.0175 0.98268 47 0.00106 NO 
Zygaenoidea Anomoeotidae 0.0159 0 -0.0159 0.98425 45 0.00111 NO 
Hedyloidea Hedylidae 0.0159 0 -0.0159 0.98425 46 0.00109 NO 
Geometroidea Sematuridae 0.0147 0 -0.0147 0.98542 44 0.00114 NO 
Zygaenoidea Epipyropidae 0.0127 0 -0.0127 0.98738 43 0.00116 NO 
Palaephatoidea Palaephatidae 0.0123 0 -0.0123 0.98777 41 0.00122 NO 
Gracillarioidea Roeslerstammidae 0.0123 0 -0.0123 0.98777 42 0.00119 NO 
Tineoidea Arrhenophanidae 0.0107 0 -0.0107 0.98934 40 0.00125 NO 
Gracillarioidea Douglasiidae 0.0103 0 -0.0103 0.98973 39 0.00128 NO 
Eriocranioidea Eriocraniidae 0.0099 0 -0.0099 0.99012 38 0.00132 NO 
Yponomeutoidea Ypsolophidae 0.0099 0 -0.0099 0.99012 37 0.00135 NO 
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Table 2.4. (Continued, 3 of 3) Binomial probabilities and critical values for families that are 
underrepresented in native lineages 
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Bombycoidea Brahmaeidae 0.0087 0 -0.0087 0.99130 36 0.00139 NO 
Bombycoidea Lemoniidae 0.0083 0 -0.0083 0.99170 35 0.00143 NO 
Hyblaeoidea Hyblaeidae 0.0071 0 -0.0071 0.99288 34 0.00147 NO 
Alucitoidea Tineodidae 0.0071 0 -0.0071 0.99288 33 0.00152 NO 
Galactoidea Galactidae 0.0067 0 -0.0067 0.99327 32 0.00156 NO 
Gelechioidea Peleopodidae 0.0056 0 -0.0056 0.99446 31 0.00161 NO 
Hepialoidea Prototheoridae 0.0052 0 -0.0052 0.99485 30 0.00167 NO 
Zygaenoidea Aididae 0.0036 0 -0.0036 0.99643 28 0.00179 NO 
Neopseustoidea Neopseustidae 0.0036 0 -0.0036 0.99643 29 0.00172 NO 
Gelechioidea Chimabachidae 0.0032 0 -0.0032 0.99683 27 0.00185 NO 
Noctuoidea Oenosandridae 0.0032 0 -0.0032 0.99683 25 0.00200 NO 
Hepialoidea Palaeosetidae 0.0032 0 -0.0032 0.99683 26 0.00192 NO 
Incurvarioidea Cecidosidae 0.0028 0 -0.0028 0.99722 24 0.00208 NO 
Drepanoidea Epicopeiidae 0.0028 0 -0.0028 0.99722 22 0.00227 NO 
Zygaenoidea Heterogynidae 0.0028 0 -0.0028 0.99722 21 0.00238 NO 
Zygaenoidea Somabrachyidae 0.0028 0 -0.0028 0.99722 23 0.00217 NO 
Cossoidea Dudgeoneidae 0.0024 0 -0.0024 0.99762 19 0.00263 NO 
Lophocoronoidea Lophocoronidae 0.0024 0 -0.0024 0.99762 20 0.00250 NO 
Mnesarchaeoidea Mnesarchaeidae 0.0024 0 -0.0024 0.99762 18 0.00278 NO 
Acanthopteroctetoidea Acanthopteroctetidae 0.0020 0 -0.0020 0.99802 16 0.00313 NO 
Axioidea Axiidae 0.0020 0 -0.0020 0.99802 14 0.00357 NO 
Zygaenoidea Cyclotornidae 0.0020 0 -0.0020 0.99802 13 0.00385 NO 
Noctuoidea Doidae 0.0020 0 -0.0020 0.99802 15 0.00333 NO 
Schreckensteinioidea Schreckensteiniidae 0.0020 0 -0.0020 0.99802 17 0.00294 NO 
Bombycoidea Mirinidae 0.0012 0 -0.0012 0.99881 12 0.00417 NO 
Agathiphagoidea Agathiphagidae 0.0008 0 -0.0008 0.99921 11 0.00455 NO 
Heterobathmioidea Heterobathmiidae 0.0008 0 -0.0008 0.99921 10 0.00500 NO 
Gelechioidea Schistonoeidae 0.0008 0 -0.0008 0.99921 7 0.00714 NO 
Simaethistoidea Simaethistidae 0.0008 0 -0.0008 0.99921 9 0.00556 NO 
Whalleyanoidea Whalleyanidae 0.0008 0 -0.0008 0.99921 8 0.00625 NO 
Hepialoidea Anomosetidae 0.0004 0 -0.0004 0.99960 4 0.01250 NO 
Bombycoidea Carthaeidae 0.0004 0 -0.0004 0.99960 5 0.01000 NO 
Incurvarioidea Crinopterygidae 0.0004 0 -0.0004 0.99960 2 0.02500 NO 
Bombycoidea Endromidae 0.0004 0 -0.0004 0.99960 6 0.00833 NO 
Tineoidea Lypusidae 0.0004 0 -0.0004 0.99960 1 0.05000 NO 
Hepialoidea Neotheoridae 0.0004 0 -0.0004 0.99960 3 0.01667 NO 
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Table 2.5. Binomial probabilities and critical values for families overrepresented in native 

lineages, in which the observed number of native colonists exceeds the expected number. 
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Tortricoidea Tortricidae 2.6237 10 7.3763 0.00040 123 0.00041 YES 
Bombycoidea Sphingidae 0.4263 3 2.5737 0.00939 122 0.00041 NO 
Yponomeutoidea Bedellidae 0.0127 1 0.9873 0.01262 120 0.00042 NO 
Pyraloidea Crambidae 4.5076 10 5.4924 0.01725 119 0.00042 NO 
Yponomeutoidea Acrolepiidae 0.0329 1 0.9671 0.03241 118 0.00042 NO 
Nepticuloidea Opostegidae 0.0377 1 0.9623 0.03701 116 0.00043 NO 
Gelechioidea Xyloryctidae 0.3025 2 1.6975 0.03745 115 0.00043 NO 
Gelechioidea Batrachedridae 0.0722 1 0.9278 0.06971 114 0.00044 NO 
Noctuoidea Noctuidae 9.1036 14 4.8964 0.07915 113 0.00044 NO 
Copromorphoidea Carposinidae 0.0889 1 0.9111 0.08509 112 0.00045 NO 
Pyraloidea Pyralidae 1.7278 4 2.2722 0.09736 111 0.00045 NO 
Yponomeutoidea Plutellidae 0.1334 1 0.8666 0.12488 110 0.00045 NO 
Yponomeutoidea Yponomeutidae 0.2763 1 0.7237 0.24143 106 0.00047 NO 
Gelechioidea Cosmopterigidae 0.4545 1 0.5455 0.36528 102 0.00049 NO 
Gracillarioidea Gracillariidae 0.6478 1 0.3522 0.47687 98 0.00051 NO 
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Table 2.6. Binomial probabilities and critical values for families that are underrepresented among 

adventive species in Hawai‘i, in which the observed number of adventive species is lower than 

the expected number (Part 1 of 3). 
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Noctuoidea Arctiidae 12.7512 0 -12.7512 0.00000 122 0.00041 YES 
Geometroidea Geometridae 23.7721 6 -17.7721 0.00002 121 0.00041 YES 
Noctuoidea Notodontidae 4.8584 0 -4.8584 0.00774 114 0.00044 NO 
Papilionoidea Lycaenidae 7.5008 2 -5.5008 0.02020 112 0.00045 NO 
Noctuoidea Lymantriidae 2.7612 0 -2.7612 0.06311 110 0.00045 NO 
Lasiocampoidea Lasiocampidae 2.3235 0 -2.3235 0.09780 108 0.00046 NO 
Noctuoidea Nolidae 1.9806 0 -1.9806 0.13783 106 0.00047 NO 
Papilionoidea Nymphalidae 8.2528 5 -3.2528 0.16901 104 0.00048 NO 
Hesperioidea Hesperiidae 4.1807 2 -2.1807 0.21264 103 0.00049 NO 
Bombycoidea Saturniidae 1.4743 0 -1.4743 0.22874 101 0.00050 NO 
Gelechioidea Oecophoridae 3.8584 2 -1.8584 0.25943 99 0.00051 NO 
Sesioidea Sesiidae 1.2835 0 -1.2835 0.27687 98 0.00051 NO 
Drepanoidea Drepanidae 1.1520 0 -1.1520 0.31579 96 0.00052 NO 
Zygaenoidea Zygaenidae 1.1200 0 -1.1200 0.32606 93 0.00054 NO 
Gelechioidea Lecithoceridae 0.9806 0 -0.9806 0.37488 91 0.00055 NO 
Cossoidea Cossidae 0.9177 0 -0.9177 0.39921 90 0.00056 NO 
Thyridoidea Thyrididae 0.8983 0 -0.8983 0.40705 89 0.00056 NO 
Nepticuloidea Nepticulidae 0.8777 0 -0.8777 0.41551 88 0.00057 NO 
Gelechioidea Xyloryctidae 0.8709 0 -0.8709 0.41837 87 0.00057 NO 
Gelechioidea Elachistidae 4.0184 3 -1.0184 0.42977 86 0.00058 NO 
Geometroidea Uraniidae 0.8217 0 -0.8217 0.43946 85 0.00059 NO 
Yponomeutoidea Yponomeutidae 0.7955 0 -0.7955 0.45117 84 0.00060 NO 
Gelechioidea Coleophoridae 1.8309 1 -0.8309 0.45356 83 0.00060 NO 
Papilionoidea Pieridae 1.3966 1 -0.3966 0.59293 79 0.00063 NO 
Hepialoidea Hepialidae 0.5132 0 -0.5132 0.59843 78 0.00064 NO 
Choreutoidea Choreutidae 0.4629 0 -0.4629 0.62931 77 0.00065 NO 
Yponomeutoidea Glyphipterigidae 0.4389 0 -0.4389 0.64460 76 0.00066 NO 
Zygaenoidea Limacodidae 1.2412 1 -0.2412 0.64775 97 0.00052 NO 
Zygaenoidea Megalopygidae 0.3817 0 -0.3817 0.68253 75 0.00067 NO 
Bombycoidea Bombycidae 0.3566 0 -0.3566 0.69992 74 0.00068 NO 
Tineoidea Psychidae 1.0869 1 -0.0869 0.70382 73 0.00068 NO 
Bombycoidea Eupterotidae 0.3486 0 -0.3486 0.70555 72 0.00069 NO 
Tineoidea Acrolophidae 0.3086 0 -0.3086 0.73436 70 0.00071 NO 
Incurvarioidea Adelidae 0.3086 0 -0.3086 0.73436 71 0.00070 NO 
Mimallonoidea Mimallonidae 0.2903 0 -0.2903 0.74792 69 0.00072 NO 
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Table 2.6. (Continued, 2 of 3) Binomial probabilities and critical values for families that are 

underrepresented among adventive species. 
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Copromorphoidea Carposinidae 0.2560 0 -0.2560 0.77402 68 0.00074 NO 
Yponomeutoidea Lyonetiidae 0.2400 0 -0.2400 0.78651 67 0.00075 NO 
Tineoidea Eriocottidae 0.2354 0 -0.2354 0.79012 66 0.00076 NO 
Urodoidea Urodidae 0.2080 0 -0.2080 0.81211 65 0.00077 NO 
Sesioidea Castniidae 0.1909 0 -0.1909 0.82616 64 0.00078 NO 
Micropterigoidea Micropterigidae 0.1486 0 -0.1486 0.86186 63 0.00079 NO 
Calliduloidea Callidulidae 0.1337 0 -0.1337 0.87477 62 0.00081 NO 
Incurvarioidea Heliozelidae 0.1211 0 -0.1211 0.88584 61 0.00082 NO 
Sesioidea Brachodidae 0.1189 0 -0.1189 0.88787 60 0.00083 NO 
Lasiocampoidea Anthelidae 0.1143 0 -0.1143 0.89194 58 0.00086 NO 
Zygaenoidea Lacturidae 0.1143 0 -0.1143 0.89194 59 0.00085 NO 
Incurvarioidea Incurvariidae 0.1131 0 -0.1131 0.89296 57 0.00088 NO 
Nepticuloidea Opostegidae 0.1086 0 -0.1086 0.89706 56 0.00089 NO 
Eperminioidea Epermeniidae 0.0949 0 -0.0949 0.90945 55 0.00091 NO 
Zygaenoidea Dalceridae 0.0926 0 -0.0926 0.91153 54 0.00093 NO 
Tischerioidea Tischeriidae 0.0914 0 -0.0914 0.91258 53 0.00094 NO 
Gelechioidea Amphisbatidae 0.0743 0 -0.0743 0.92837 52 0.00096 NO 
Noctuoidea Pantheidae 0.0720 0 -0.0720 0.93049 51 0.00098 NO 
Zygaenoidea Himantopteridae 0.0629 0 -0.0629 0.93904 50 0.00100 NO 
Yponomeutoidea Heliodinidae 0.0571 0 -0.0571 0.94443 49 0.00102 NO 
Gelechioidea Glyphidoceridae 0.0560 0 -0.0560 0.94551 48 0.00104 NO 
Copromorphoidea Copromorphidae 0.0526 0 -0.0526 0.94876 47 0.00106 NO 
Incurvarioidea Prodoxidae 0.0503 0 -0.0503 0.95093 46 0.00109 NO 
Hedyloidea Hedylidae 0.0457 0 -0.0457 0.95529 45 0.00111 NO 
Zygaenoidea Anomoeotidae 0.0457 0 -0.0457 0.95529 44 0.00114 NO 
Geometroidea Sematuridae 0.0423 0 -0.0423 0.95857 43 0.00116 NO 
Zygaenoidea Epipyropidae 0.0366 0 -0.0366 0.96407 42 0.00119 NO 
Gracillarioidea Roeslerstammidae 0.0354 0 -0.0354 0.96517 41 0.00122 NO 
Palaephatoidea Palaephatidae 0.0354 0 -0.0354 0.96517 40 0.00125 NO 
Tineoidea Arrhenophanidae 0.0309 0 -0.0309 0.96960 39 0.00128 NO 
Gracillarioidea Douglasiidae 0.0297 0 -0.0297 0.97071 38 0.00132 NO 
Yponomeutoidea Ypsolophidae 0.0286 0 -0.0286 0.97182 36 0.00139 NO 
Eriocranioidea Eriocraniidae 0.0286 0 -0.0286 0.97182 37 0.00135 NO 
Bombycoidea Brahmaeidae 0.0251 0 -0.0251 0.97516 35 0.00143 NO 
Bombycoidea Lemoniidae 0.0240 0 -0.0240 0.97627 34 0.00147 NO 
Hyblaeoidea Hyblaeidae 0.0206 0 -0.0206 0.97963 33 0.00152 NO 
Alucitoidea Tineodidae 0.0206 0 -0.0206 0.97963 32 0.00156 NO 
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Table 2.6. (Continued, 3 of 3) Binomial probabilities and critical values for families that are 

underrepresented among adventive species. 

Superfamily Family Ex
pe

ct
ed

 N
at

iv
e 

Li
ne

ag
es

 

O
bs

er
ve

d 
N

at
iv

e 
Li

ne
ag

es
 

O
bs

er
ve

d 
- E

xp
ec

te
d 

B
in

om
ia

l p
ro

ba
bi

lit
y 

O
ve

ra
ll 

Si
gn

ifi
ca

nc
e 

R
an

k 

C
rit

ic
al

 V
al

ue
 

Si
gn

ifi
ca

nt
? 

Galactoidea Galactidae 0.0194 0 -0.0194 0.98075 31 0.00161 NO 
Gelechioidea Peleopodidae 0.0160 0 -0.0160 0.98412 30 0.00167 NO 
Hepialoidea Prototheoridae 0.0149 0 -0.0149 0.98524 29 0.00172 NO 
Neopseustoidea Neopseustidae 0.0103 0 -0.0103 0.98976 28 0.00179 NO 
Zygaenoidea Aididae 0.0103 0 -0.0103 0.98976 27 0.00185 NO 
Hepialoidea Palaeosetidae 0.0091 0 -0.0091 0.99089 25 0.00200 NO 
Noctuoidea Oenosandridae 0.0091 0 -0.0091 0.99089 24 0.00208 NO 
Gelechioidea Chimabachidae 0.0091 0 -0.0091 0.99089 26 0.00192 NO 
Incurvarioidea Cecidosidae 0.0080 0 -0.0080 0.99203 23 0.00217 NO 
Drepanoidea Epicopeiidae 0.0080 0 -0.0080 0.99203 21 0.00238 NO 
Zygaenoidea Heterogynidae 0.0080 0 -0.0080 0.99203 20 0.00250 NO 
Zygaenoidea Somabrachyidae 0.0080 0 -0.0080 0.99203 22 0.00227 NO 
Cossoidea Dudgeoneidae 0.0069 0 -0.0069 0.99316 18 0.00278 NO 
Lophocoronoidea Lophocoronidae 0.0069 0 -0.0069 0.99316 19 0.00263 NO 
Mnesarchaeoidea Mnesarchaeidae 0.0069 0 -0.0069 0.99316 17 0.00294 NO 
Zygaenoidea Cyclotornidae 0.0057 0 -0.0057 0.99430 12 0.00417 NO 
Schreckensteinioidea Schreckensteiniidae 0.0057 0 -0.0057 0.99430 16 0.00313 NO 
Acanthopteroctetoidea Acanthopteroctetidae 0.0057 0 -0.0057 0.99430 15 0.00333 NO 
Noctuoidea Doidae 0.0057 0 -0.0057 0.99430 14 0.00357 NO 
Axioidea Axiidae 0.0057 0 -0.0057 0.99430 13 0.00385 NO 
Bombycoidea Mirinidae 0.0034 0 -0.0034 0.99658 11 0.00455 NO 
Agathiphagoidea Agathiphagidae 0.0023 0 -0.0023 0.99772 10 0.00500 NO 
Whalleyanoidea Whalleyanidae 0.0023 0 -0.0023 0.99772 7 0.00714 NO 
Simaethistoidea Simaethistidae 0.0023 0 -0.0023 0.99772 8 0.00625 NO 
Heterobathmioidea Heterobathmiidae 0.0023 0 -0.0023 0.99772 9 0.00556 NO 
Bombycoidea Endromidae 0.0011 0 -0.0011 0.99886 6 0.00833 NO 
Bombycoidea Carthaeidae 0.0011 0 -0.0011 0.99886 5 0.01000 NO 
Incurvarioidea Crinopterygidae 0.0011 0 -0.0011 0.99886 2 0.02500 NO 
Hepialoidea Neotheoridae 0.0011 0 -0.0011 0.99886 3 0.01667 NO 
Hepialoidea Anomosetidae 0.0011 0 -0.0011 0.99886 4 0.01250 NO 
Tineoidea Lypusidae 0.0011 0 -0.0011 0.99886 1 0.05000 NO 
 

  



67 

 

Table 2.7. Binomial probabilities and critical values for families overrepresented among 

adventive species in Hawai‘i, in which the observed number of adventive species exceeds the 

expected number. 
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Tineoidea Tineidae 2.4035 27 24.5965 0.00000 123 0.00041 YES 
Gelechioidea Cosmopterigidae 1.3086 7 5.6914 0.00041 120 0.00042 YES 
Pterophoroidea Pterophoridae 1.1577 6 4.8423 0.00124 119 0.00042 NO 
Bombycoidea Sphingidae 1.2275 6 4.7725 0.00166 118 0.00042 NO 
Pyraloidea Pyralidae 4.9750 13 8.0250 0.00192 117 0.00043 NO 
Gelechioidea Schistonoeidae 0.0023 1 0.9977 0.00228 116 0.00043 NO 
Noctuoidea Noctuidae 26.2121 42 15.7879 0.00271 115 0.00043 NO 
Gelechioidea Batrachedridae 0.2080 2 1.7920 0.01878 113 0.00044 NO 
Yponomeutoidea Bedellidae 0.0366 1 0.9634 0.03593 111 0.00045 NO 
Yponomeutoidea Acrolepiidae 0.0949 1 0.9051 0.09055 109 0.00046 NO 
Gelechioidea Autostichidae 0.5280 2 1.4720 0.09873 107 0.00047 NO 
Alucitoidea Alucitidae 0.1543 1 0.8457 0.14305 105 0.00048 NO 
Gracillarioidea Bucculatricidae 0.2537 1 0.7463 0.22420 102 0.00049 NO 
Immoidea Immidae 0.2812 1 0.7188 0.24521 100 0.00050 NO 
Yponomeutoidea Plutellidae 0.3840 1 0.6160 0.31903 95 0.00053 NO 
Pyraloidea Crambidae 12.9786 15 2.0214 0.32263 94 0.00053 NO 
Gelechioidea Gelechiidae 4.8527 6 1.1473 0.35820 92 0.00054 NO 
Papilionoidea Papilionidae 0.6537 1 0.3463 0.48009 82 0.00061 NO 
Tortricoidea Tortricidae 7.5545 8 0.4455 0.48338 81 0.00062 NO 
Gracillarioidea Gracillariidae 1.8652 2 0.1348 0.55642 80 0.00063 NO 
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Table 2.8. Results of multiple linear regression analyses with stepwise removal of least 

significant terms for (A) native Lepidoptera colonists and (B) adventive Lepidoptera species in 

Hawai‘i. The response variable is the number of colonists divided by the number of species in the 

global species pool for a particular family. For native colonists, stepwise removal of least 

significant terms resulted in the same models as the “best subsets” procedure. For adventive 

species, the “best subsets” procedure selected a different single-predictor model than the one 

arrived at by stepwise removal, so that model (which includes detritivory as the only predictor) is 

also presented here. 

A) Native Colonists 
    

B) Adventive species 
   Predictor Coef SE T P 

 
Predictor Coef SE T P 

Constant 0.006 0.006 1.09 0.282   Constant 0.004 0.006 0.64 0.526 
Log(Wingspan) -0.003 0.002 -1.35 0.181   LogWingspan -0.002 0.002 -0.89 0.379 
Host Preference -0.001 0.005 -0.24 0.812   Host preference 0.001 0.005 0.11 0.917 
Polyphagy -0.014 0.020 -0.66 0.510   Polyphagy -0.014 0.022 -0.64 0.524 
Detritivory -0.007 0.008 -0.83 0.412   Detritivory 0.005 0.009 0.61 0.546 
Cryptogamophagy 0.005 0.017 0.31 0.758   Cryptogamophagy 0.019 0.018 1.07 0.291 
R2 = 0.055, P = 0.619   R2 = 0.096, P = 0.275 
Constant 0.005 0.003 2.02 0.048   Constant 0.005 0.003 1.70 0.094 
Log(Wingspan) -0.003 0.002 -1.38 0.172   LogWingspan -0.002 0.002 -1.02 0.312 
Polyphagy -0.011 0.016 -0.65 0.516   Polyphagy -0.015 0.017 -0.89 0.379 
Detritivory -0.007 0.008 -0.80 0.426   Detritivory 0.005 0.009 0.60 0.549 
Cryptogamophagy 0.005 0.017 0.32 0.747   Cryptogamophagy 0.019 0.017 1.07 0.289 
R2 = 0.054, P = 0.478   R2 = 0.096, P = 0.173 
Constant 0.005 0.003 2.04 0.045   Constant 0.005 0.003 1.78 0.081 
Log(Wingspan) -0.003 0.002 -1.41 0.165   LogWingspan -0.002 0.002 -1.05 0.297 
Polyphagy -0.009 0.015 -0.58 0.562   Polyphagy -0.017 0.017 -1.04 0.302 
Detritivory -0.005 0.006 -0.79 0.434   Cryptogamophagy 0.026 0.013 1.96 0.054 
R2 = 0.052, P = 0.331   R2 = 0.091, P = 0.109 
Constant 0.005 0.003 2.14 0.036   Constant 0.005 0.003 1.95 0.055 
Log(Wingspan) -0.003 0.002 -1.66 0.101   LogWingspan -0.003 0.002 -1.44 0.153 
Detritivory -0.005 0.006 -0.80 0.427   Cryptogamophagy 0.022 0.013 1.75 0.085 
R2 = 0.047, P = 0.212   R2 = 0.075, P = 0.081 
Constant 0.005 0.002 2.05 0.045   Constant 0.001 0.001 2.42 0.018 
Log(Wingspan) -0.003 0.002 -1.60 0.115   Cryptogamophagy 0.022 0.013 1.75 0.084 
R2 = 0.038, P = 0.115    R2 = 0.045, P = 0.084 

     
  Constant 0.001 0.001 2.54 0.013 

     
  Detritivory 0.012 0.006 1.86 0.067 

     
  R2 = 0.051, P = 0.067  
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Figures 

A) 

  

B) 

 

Figure 2.1. Distribution of mean body size among (A) families of Lepidoptera globally and (B) 

lineages within Hawai‘i. Body size is approximated on the family level by wingspan, and on the 

lineage level by forewing length. Most families have mean wingspans between 5 mm and 30 mm, 

with frequency peaking in the 15-20 mm range. Distribution of mean forewing length among 

Hawaiian lineages mirrors that of wingspan among global families. Horizontal axis labels 

correspond to the upper end of size ranges for each bin.  
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Figure 2.2. Correlation of colonization success between native and adventive species (r = 0.610, p 

< 0.001).  
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Figure 2.3. Distribution of lineage size (number of species) among the 58 lineages of Hawaiian 

Lepidoptera. Most lineages consist of a single species, while relatively few have experienced high 

levels of diversification. A single lineage (Hyposmocoma) is much larger than the others, with 

377 known species. 
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Figure 2.4. Relationship between the log of species richness and the log of mean forewing length 

among lineages of Hawaiian Lepidoptera. Reduced major axis regression analysis found species 

richness to be negatively related to body size (R2 = 0.114, slope = -2.43). The lineage Omiodes is 

displayed as an open circle.  
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Figure 2.5. Relationship between the percentage of species that are endemic to a single island and 

the log of mean forewing length among lineages of Hawaiian Lepidoptera. Reduced major axis 

regression analysis found relative endemism to be negatively related to body size (R² = 0.291, 

slope = -1.44). The lineage Omiodes is displayed as an open circle. 
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Figure 2.6. Correlation between the log of species richness and the percentage of species that are 

endemic to a single island among lineages of Hawaiian Lepidoptera. Species richness is 

positively correlated to relative endemism (r = 0.344, p = 0.008). The lineage Omiodes is 

displayed as an open circle.  
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CHAPTER 3. MOLECULAR PHYLOGENETICS OF THE GENUS OMIODES, WITH 

REFERENCE TO THE HAWAIIAN LINEAGE 

Abstract 

The genus Omiodes (Crambidae) includes about 80 species worldwide, including 

neotropical and paleotropical regions, with the type species, O. humeralis, occurring in Central 

America. In Hawai‘i, there are 23 native species currently placed in Omiodes, but their taxonomic 

placement has been disputed, and they have been formerly placed in various other genera. I used 

molecular phylogenetic analyses to determine whether the genus Omiodes is monophyletic as a 

whole, as well as whether the Hawaiian species represent a monophyletic lineage correctly placed 

within the genus. I also explored possible geographic origins and ancestral host plants for the 

Hawaiian lineage. I used mitochondrial (COI) and nuclear (wingless, EF1α, CAD, and RPS5) 

sequence data from Omiodes from Hawai‘i, South America, and Australasia, along with many 

other spilomeline genera. Phylogenies were constructed in maximum likelihood, maximum 

parsimony, and Bayesian frameworks. With the exception of two paleotropical species (O. 

basalticalis and O. odontosticta, which appear to be misplaced in Omiodes) all neotropical, 

paleotropical, and Hawaiian Omiodes fell within a well-supported, monophyletic clade that 

included the type species. Although the center of diversity of Omiodes is in the Neotropics, the 

center of origin appears to be the Paleotropics, with both the Hawaiian and neotropical clades 

arising from hypothesized paleotropical ancestors, likely feeding on plants in the family 

Fabaceae. Very low genetic divergence within the Hawaiian Omiodes suggests a relatively recent 

colonization of the Hawaiian Islands. The monophyly of several other spilomeline genera is also 

discussed. 

Introduction 

The remaining three chapters of this dissertation focus on the genus Omiodes Guenée 

(Crambidae: Spilomelinae), particularly the Hawaiian species. In this chapter, I will put the 

Hawaiian species in phylogenetic context by examining their relationship to Omiodes from other 

regions. The genus Omiodes is primarily tropical, occurring mostly in Southeast Asia, Papua New 

Guinea, Australia, Central and South America, and Africa (Gentili and Solis 1997). Globally, 

Omiodes contains about 80 described species, and the center of diversity of the genus is in the 

Neotropics, where 34 species occur, including the type species, O. humeralis Guenée. In Hawai‘i, 

23 endemic species have been described, making it the tenth largest lineage of Hawaiian 

Lepidoptera. 

Although the Hawaiian Omiodes are thought to be a monophyletic lineage, their 

taxonomic placement has been difficult, and they have been placed in many different genera since 
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the first Hawaiian species was described as Botys demaratalis in 1859 by Walker (Zimmerman 

1958a, Munroe 1989). As Zimmerman recounted in detail, the Hawaiian species have been 

previously placed in what are now the genera Omiodes, Lamprosema Hübner, Syngamia Guenée, 

Pyrausta Schrank, and Phostria Hübner, and, for a time, considered to be their own endemic 

genus, Loxocreon Warren. Zimmerman (1958a) considered them to belong in Hedylepta Lederer, 

and to be closely related to the type, H. indicata Lederer, a paleotropical species which has spread 

throughout most of the tropics. Munroe (1983, 1989) later sunk Hedylepta as a junior subjective 

synonym of Omiodes, and this is the current status, but the phylogeny of the group has never been 

constructed. Based on morphology, it has been suggested that Omiodes from Oceania and 

Australasia are not related to Neotropical species (Zimmerman 1958a, M. A. Solis pers. comm.), 

and because the type species is Neotropical, this would render the genus paraphyletic, having 

taxonomic implications. Phylogenetic reconstruction based on molecular data can help to 

elucidate such taxonomic issues. 

Like many pyraloid groups, the higher level systematics of Omiodes and other 

Spilomelinae are not well worked out, and Omiodes as a whole is likely paraphyletic, with some 

species misplaced (Gentili and Solis 1997). It is also unclear which genus might be considered its 

sister group. Zimmerman (1958a) pointed out that the genitalia of Hawaiian Omiodes are similar 

to Maruca vitrata (F.), Stemorrhages exaula (Meyrick) and Glyphodes cyanomichla (Meyrick), 

while Gentili and Solis (1997) suggested that neotropical Omiodes might be closely related to the 

genera Diaphania  Hübner and Palpita Hübner. 

Using molecular data from Omiodes from Hawai‘i, Australasia and the Neotropics, as 

well as over 30 other spilomeline genera from around the Pacific, I sought to answer the 

following questions: 

1) Is the genus Omiodes monophyletic as a whole? 

2) Are the Hawaiian Omiodes correctly placed in the genus? 

3) Are the Hawaiian Omiodes a monophyletic lineage, or have there been multiple 

colonizations?  

4) From which geographic region(s) did the Hawaiian lineage(s) originate?  

Materials and methods 

Collection and identification 

Moths and caterpillars of Hawaiian Omiodes were collected from all of the main high 

Hawaiian Islands (Kaua‘i, O‘ahu, Moloka‘i, Lana‘i, Kaho‘olawe, Maui, and Hawai‘i) with the 

exception of Niihau. Omiodes and other spilomeline moths were also collected from Australia 
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(New South Wales and northern Queensland), Papua New Guinea (Madang Province), Palau, and 

French Polynesia (Tahiti, Moorea, and Rurutu). The majority of specimens were collected by 

light trapping using battery powered ultraviolet lights in conjunction with bucket traps. In many 

cases, caterpillars were collected from host plants and reared in the laboratory. Specimens of 

neotropical Omiodes, Palpita, and Diaphania were provided by the Smithsonian and University 

of Maryland. Specimens were preserved by freezing at -20°C or -80°C, or preserved in 100% 

ethanol. In some cases, DNA was successfully extracted from dried, pinned museum specimens.   

Hawaiian specimens were identified to species using keys and descriptions in 

Zimmerman (1958), in conjunction with reference collections at the University of Hawai‘i Insect 

Museum and the Bishop Museum (BPBM). Australian and New Guinean specimens were 

identified using reference material at the BPBM, Australian National Insect Collection (ANIC) 

and online images maintained by the Commonwealth Scientific and Industrial Research 

Organization (CSIRO). After sequencing, cytochrome oxidase sequences were queried in the 

Barcode of Life Data Systems (BOLD) web-based database (Ratnasingham and Hebert 2007), to 

further substantiate species-level identifications.  

Taxa included 

To assess geographic origins for the Hawaiian taxa, and the validity of generic 

placement, I included Omiodes, from Hawai‘i (11 spp.), the Paleotropics (9 spp.), and the 

Neotropics (8 spp.) (Table 3.1).  Included among these were several individuals of the type 

species O. humeralis from Costa Rica, as well as O. indicata and O. diemenalis (Guenée), which 

are native to Australasia, but are now widespread crop pests in tropical regions.  

To assess the monophyly of Omiodes as a whole, and place the genus in the context of 

the subfamily Spilomelinae, many other spilomeline genera from around the Pacific were 

included within the ingroup (Table 3.1). This included several of the genera (Palpita, Diaphania, 

Maruca, Glyphodes, and Phostria) indicated by others as possible sister genera to Omiodes, or 

genera in which the Hawaiian taxa were formerly placed (Zimmerman 1958a, Gentili and Solis 

1997). As outgroups for rooting trees, I included moths in the genera Eurrhypara Hübner, 

Hyalobathra Meyrick, and Uresiphita Hübner from a related subfamily (Crambidae: Pyraustinae) 

(Table 3.1). Sequences for two species were obtained from a previously published study 

(Mutanen et al. 2010) and were downloaded from Genbank: Eurrhypara hortulata (L.), 

gi|307641430|gb|GU828675.1|, gi|307641024|gb|GU828472.1|, gi|307643198|gb|GU829559.1|, 

gi|307642086|gb|GU829003.1| and Pleuroptya ruralis (Scopoli), gi|307641348|gb|GU828634.1|, 

gi|307640944|gb|GU828432.1|, gi|307643132|gb|GU829526.1|, gi|307642016|gb|GU828968.1|, 

gi|307645356|gb|GU830638.1|, gi|307640346|gb|GU828133.1|. 
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DNA Extraction and amplification 

Legs or small samples of thoracic muscle of adult moths, or abdominal segments of 

larvae, were excised, and DNA was extracted using the DNeasy animal blood and tissue 

extraction kit (Qiagen, Inc., Valencia, CA) following standard protocols. Tissue was digested 

with proteinase K at 55° C for 24 hours, and 150 ul of EB buffer was used to elute DNA. Extracts 

were stored at -20° C. Voucher specimens were labeled and either frozen at -80° C, or in the case 

of pinned museum specimens, returned to the lending institution or deposited in the University of 

Hawai‘i Insect Museum (UHIM).  

Analyses were based on one mitochondrial gene and four nuclear genes, chosen based on 

previously demonstrated utility for elucidating phylogenetic relationships within genera and 

families (Wahlberg and Wheat 2008, Mutanen et al. 2010, Schmitz and Rubinoff 2011b). A total 

of 3765 basepairs (bp) of DNA were included in analyses, consisting of the mitochondrial gene 

cytochrome c oxidase subunit I (COI, 1389 bp), and the nuclear genes wingless (414 bp), 

elongation factor 1α (EF1α, 750 bp), ribosomal protein S5 (RPS5, 597 bp), and 

carbamoylphosphate synthetase (CAD, 615 bp).  

Target regions were amplified by Polymerase Chain Reaction (PCR) in a PTC-100TM 

thermocycler (MJ Research, Inc.), using the primer sequences and annealing temperatures listed 

in Table 3.2. PCR conditions included an initial cycle of a 2-min, 94°C denaturing step, a 1-min 

annealing step (temperature varied according to primers), and a 1-min 72°C extension step. 

Subsequently, 34 additional cycles were run with 1-min at 94°C, 1-min at the annealing 

temperature, and 1-min at 72°C. A final extension of 12-min at 72°C was conducted. PCR 

products were purified using QIAquick® spin columns (Qiagen, Inc., Valencia, CA) using the 

manufacturer’s protocol. Cycle sequencing of both sense and anti-sense strands was performed at 

the Advanced Studies in Genomics, Proteomics and Bioinformatics 

(http://asgpb.mhpcc.hawaii.edu) and Greenwood Molecular Biology Core 

(http://core.biotech.hawaii.edu) sequencing facilities of the University of Hawai‘i at Mānoa.  

Sense and anti-sense sequences for each sample were aligned to one another using batch 

assembly in DNA Baser 2.91.5.1292 (Heracle BioSoft, Pitesti, Romania) followed by 

proofreading by eye. Sequences from different samples were aligned by eye, trimmed to equal 

lengths, and concatenated using BioEdit 7.0.9 (Hall 1999). 

Phylogenetic analyses 

Trees were constructed using maximum likelihood (ML), maximum parsimony (MP), 

and Bayesian criteria, with the full dataset (all genes), as well as various subsets. Two taxon 

subsets were used, based different thresholds for the amount of missing data. In the “complete” 
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taxon set, only taxa for which all five genes were amplified were included. This taxon set 

consisted of 62 individuals belonging to 56 species in 23 genera (Table 3.1). For some taxa of 

interest, certain genes were not successfully amplified, but their relationship to Omiodes was still 

of interest. Therefore, a second subset, the “data-deficient” taxon set, was analyzed, including all 

taxa for which at least three of the four nuclear genes were successfully amplified, with one gene 

coded as missing data. This taxon set included 81 individuals in 73 species in 34 genera (Table 

3.1). In addition, two character datasets were analyzed under ML, one including both mtDNA and 

nDNA (the “total evidence” character set), and another including only nDNA (the “nuclear” 

character set). This was to explore the effect of including mtDNA, which has a higher substitution 

rate than the nuclear genes included. Due to saturation of mutations, I was concerned that mtDNA 

might not be very useful for resolving relationships among genera.  

ML analyses using datasets partitioned by genes, codon position, and both genes and 

codon position were conducted in GARLI-PART 0.97 (Zwickl 2006) allowing the program to 

estimate different substitution models for each data partition. Support values for nodes were 

obtained by randomized resampling of the data with 200 bootstrap replicates. GARLI-PART is 

available only to be run on local machines (rather than via a web server), and analyses were time 

consuming. For this reason, only 200 replicates were run on each datasets, which took over a 

week for each analysis. Initial results showed that partitioning by codon position did not result in 

overall increased bootstrap support, so for final analyses, data was only partitioned by gene in the 

nuclear dataset and by organelle (mtDNA or nDNA) in the total evidence dataset.  

I used MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) to conduct analyses under a 

Bayesian framework. Because ML analyses indicated that mitochondrial genetic data was not 

useful on this level, probably because of saturation due to faster mutation rates, only the nuclear 

character set, with both complete and data-deficient taxon sets, was analyzed under a Bayesian 

criterion. Datasets were partitioned by gene as in ML analyses, and MrBayes was allowed to 

estimate different parameters for each data partition under a general time reversible model with a 

proportion of invariable sites and a gamma-shaped distribution of rates across sites (GTR + I + 

Γ), with default priors. Two simultaneous runs were conducted with 4 chains, for 1,500,000 

generations, sampling every 1000 generations, with the first 250,000 generations discarded as 

burn-in. Confidence values for trees were expressed as posterior probabilities for each node as 

calculated in MrBayes. 

I conducted MP analyses in PAUP* 4.0 (Swofford 1993, 2003). As with Bayesian 

analyses, only the nuclear character set was used. Heuristic searches were conducted with 

program default settings (multistate characters interpreted as uncertainty, tree bisection 
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reconnection (TBR) branch swapping algorithm, and gaps treated as missing data). Robustness of 

relationships among taxa was assessed by bootstrapping with 1000 replicates and default program 

settings.  

Results: 

Genetic diversity and substitution rates: 

Across all spilomeline taxa, nuclear and mitochondrial genes varied at similar rates, with 

sites being 29-49% variable, and 22-43% parsimony informative (Table 3.3). Rates of variation 

among spilomeline moths were consistently lower than the same regions across papilionid 

butterflies (Wahlberg and Wheat 2008), suggesting either lower mutation rates or more recent 

divergence times among spilomeline moths, but were still sufficiently variable for phylogenetic 

analyses. Within the Hawaiian Omiodes, rates of variation were dramatically lower than those 

seen among Omiodes as a whole, or among Omiodes from regions other than Hawai‘i (Table 3.3). 

Nuclear genes showed particularly low variability among Hawaiian species; while 25% of sites 

varied in nuclear genes of Omiodes outside of Hawai‘i, and 15% of sites were parsimony 

informative, only 4% of sites varied within Hawai‘i, with 1% being parsimony informative. The 

mitochondrial gene COI was more informative within Hawai‘i, with 12% of sites showing 

variation, and 5% of these sites being parsimony informative.  

Although mtDNA did not prove to be very useful for resolving phylogenetic relationships 

among genera due to its rapid substitution rate and buildup of homoplastic changes (see below), it 

was useful for confirming or assisting with identifications on the species level using the BOLD 

taxonomic database (Ratnasingham and Hebert 2007). In many cases, the COI sequences of 

species identified based on morphology were 99-100% matches with those from identified 

specimens in the BOLD database. In addition, some species which I had not been able to identify 

to genus using morphology were 100% identical to specimens identified by taxonomists in the 

BOLD database. Specimens preliminarily identified using BOLD were subsequently confirmed 

using images and morphological characters. In some cases, however, sequences of spilomeline 

specimens did not match unambiguously (90-99% similarity) to identified sequences in the 

BOLD database; therefore, those identifications were based solely on morphology.  

In the wingless gene, an apparently synapomorphic 3 bp deletion was present in all 

Omiodes sequenced, with the exception of O. basalticalis and O. odontosticta. This deletion was 

not present in any of the other spilomeline genera sampled, and was the only deletion or insertion 

observed in any of the amplified genes, suggesting that such mutations are rare events within 

these genes. 

  



81 

 

Phylogenetic trees: 

Trees constructed using the complete and data-deficient taxon sets and the nuclear and 

total evidence character sets differed little from each other when analyzed with ML (Figs 3.1, 3.2, 

3.3, 3.4), Bayesian (Figs 3.5, 3.6), or MP (Figs. 3.7, 3.8) optimality criteria, especially with 

regards to relationships within Omiodes. The inclusion of data from mitochondrial genes did not 

provide consistently better resolution when analyzed in ML (Figs 3.1, 3.2, 3.3, 3.4), and therefore 

mtDNA was not included in Bayesian and MP analyses.    

In all analyses, the genus Omiodes as a whole was found to be a well-supported 

monophyletic clade, with two exceptions; the Australasian species O. basalticalis and O. 

odontosticta consistently fell outside of the rest of Omiodes, and clearly do not belong in the 

genus. Using all three optimality criteria, and all data subsets, the remainder of both paleotropical 

and neotropical Omiodes formed a highly supported clade, with 100% bootstrap support or 

posterior probability.  

The neotropical Omiodes, including the type species O. humeralis, consistently grouped 

in a monophyletic clade in all analyses (although support values for this grouping were 

considerably lower), but were nested within a clade of paleotropical species, being most closely 

related to the Australasian species O. nigriscripta and O. origoalis.  Relationships recovered 

within the Neotropical Omiodes supported the species groups identified by Gentili and Solis 

(1997) based on morphological characters. Species assigned to the croceiceps group (O. 

croceiceps, O. albicilialis, and O. seminitidalis), cuniculalis group (O. cuniculalis and O. 

fulvicauda), and humeralis group (O. humeralis and O. insolutalis), were consistently recovered 

as monophyletic groups (Fig. 3.4). Although basal divergences among the species groups were 

generally less well-resolved than within species groups, the cuniculalis group was highly 

supported as sister to the humeralis group, with the croceiceps group moderately supported as 

sister to (cuniculalis group + humeralis group). The only species included from the spoliatalis 

group (O. ochracea) consistently appeared as sister to the other three species groups, albeit with 

lower support values. 

The Hawaiian Omiodes were recovered as a strongly supported monophyletic clade, with 

100% bootstrap support or posterior probability in all analyses. Genetic divergences within the 

entire clade of Hawaiian Omiodes were much lower than among Omiodes species from other 

regions, as well as species within other genera from which multiple species were sampled (e.g., 

Diaphania, Glyphodes, Herpetogramma, Palpita, Pleuroptya). In all analyses, the closest relative 

to the Hawaiian Omiodes was O. poeonalis, a species from tropical Australia and Papua New 

Guinea, clustering with the Hawaiian clade with 62-85% bootstrap support in ML and MP 
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analyses, depending on the method and dataset used, and with a posterior probability of 1 in 

Bayesian analyses. A clade grouping the Hawaiian Omiodes and O. poeonalis with the 

paleotropical species O. diemenalis, O. indicata, and an unidentified Omiodes from Papua New 

Guinea was recovered in all analyses, with 99-100% bootstrap support or posterior probability. 

Outside of Omiodes, most relationships among genera and groups of genera were poorly 

supported (Fig 3.4). The genera Tetridia and Udea branched of basally from other Spilomelinae. 

No analyses recovered an obvious sister group or nearest relative for Omiodes, although the 

genera Diaphania, Glyphodes, Maruca, and Palpita, which have been hypothesized as being 

closely affiliated (Zimmerman 1958a, Gentili and Solis 1997), were all included in the large clade 

that is sister to the Omiodes clade, along with the genera Conogethes, Omphisa, Cydalima, 

Parotis, Pygospila, Lamprophaia, and Talanga.  

Although the taxon sampling within other genera was sparse, the results raised taxonomic 

questions about groups other than Omiodes. In most cases, when multiple species from the same 

genus were included in analyses (e.g., Hyalobathra, Bradina, Syllepte, Herpetogramma, Phostria, 

Palpita, Diaphania, Glyphodes, Pleuroptya), they always fell together within the same, well-

supported clade, with the exception of Diaphania glauculalis, which grouped with Parotis sp. nr. 

marginata, well away from D. nitidalis and D. hyalinata. In addition, Coptobasis ridopalis fell 

within a clade with two Syllepte spp., rendering that genus paraphyletic. Pyrausta perelegans, a 

neotropical species introduced into Hawai‘i for biological control of weedy Passiflora, is clearly 

misplaced in Pyrausta (the type genus for Pyraustinae, a different subfamily), instead falling well 

within the Spilomelinae. Among the samples included in this study, it is most closely related to 

O. odontosticta (which itself is misplaced in Omiodes), Omphisa anastomosalis, and Conogethes 

sp. nr. punctiferalis.  

Discussion 

Molecular phylogenetic analyses support the placement of the Hawaiian lineage within 

the genus Omiodes. With only two exceptions (O. odontosticta and O. basalticalis, which do not 

belong in Omiodes) the paleotropical species all fall in a clade with both the Hawaiian and 

neotropical lineages, including the type species, O. humeralis. In their revision of neotropical 

Omiodes, Gentili and Solis (1997) identified several neotropical species that were likely 

misplaced in Omiodes, but they did not include the invasive O. indicata among these, instead 

considering it correctly placed in the genus. In the context of the phylogeny presented here (Fig 

3.4), if both the type species and O. indicata are considered to belong in Omiodes, the 

paleotropical and Hawaiian species within both subclades must also be included, otherwise the 

genus is rendered polyphyletic. Aside from the phylogenetic reconstruction itself, the monophyly 
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of Omiodes across regions is supported by the synapomorphy of a rare deletion in the wingless 

gene.   

In contrast to Hawaiian insect lineages in general, which Zimmerman (1948) estimated to 

be about 90% of East or South Pacific origin, there does not appear to be as strong a bias towards 

a specific geographic region among native Lepidoptera. Based primarily on morphology, Munroe 

(1996) hypothesized that colonists have come from most regions bordering the Pacific, including 

from the Americas. The few phylogenetic reconstructions that have recently been done for 

Hawaiian Lepidoptera corroborate this lack of a geographic bias. The endemic geometrid genus 

Scotorythra (Heddle 2003) and xyloryctid genus Thyrocopa  (Medeiros and Gillespie 2011) 

appear to be of Paleotropical origin, while the lycaenid butterfly Vanessa tameamea (Wahlberg 

and Rubinoff 2011) and the hawk moth Manduca blackburni (Rubinoff et al. in press) probably 

arose from North American stock. The origins of other groups remain ambiguous, either due to 

their ancient origins (as in the very diverse cosmopterigid genus Hyposmocoma) (Rubinoff 2008), 

or due to high vagility and extensive migration among relatives outside Hawai‘i (as in Hyles 

hawk moths) (Hundsdoerfer et al. 2009).  

The results strongly suggest an Australasian, or at least Paleotropical origin for the 

Hawaiian Omiodes. This is consistent with Zimmerman’s (1958a) assignment of them to the 

genus Hedylepta, which then included O. indicata as the type species, and also O. diemenalis, 

both native to Southeast Asia and Australasia. He noted that the wing patterns of the Hawaiian 

legume feeder O. monogona very closely resembled those of O. indicata. Although many species 

of Omiodes were not included in these analyses, and relationships at the base of the Omiodes 

clade were relatively poorly resolved, ML, Bayesian, and MP analyses all placed Australasian 

Omiodes basal to both Hawaiian and Neotropical Omiodes. This suggests a Paleotropical center 

of origin for the genus Omiodes as a whole, with separate colonizations from the Old World 

giving rise to Hawaiian and Neotropical lineages (Fig. 3.4). Furthermore, the extremely low 

differentiation of nuclear genes within the Hawaiian clade compared to other Omiodes and other 

spilomeline genera suggests a relatively recent diversification (Table 3.3, Fig 3.4). Such low 

nuclear divergence has been found in other insect lineages which have radiated extensively and 

rapidly after colonizing Hawai‘i (Mendelson and Shaw 2005, Magnacca and Danforth 2007).  

Among the species sampled in the present study, the one most closely related to the 

Hawaiian lineage was O. poeonalis, a fairly widespread species which occurs in Australia, Papua 

New Guinea, and Asia. Two of the other species included in this clade, O. indicata and O. 

diemenalis, were first described from India and Australia, respectively, but are now widespread 

pests throughout the tropics (Pedrosa and Araujo 1974, Vaszquez Moreno 1986, Mathew and 
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Menon 1988, Atim et al. 1992, De Toledo et al. 1992, Riley et al. 1995, Shepard and Barrion 

1998). Both of these pest species are presumed to be non-native throughout much of their current 

range, particularly in the neotropics and many Pacific islands, but the exact extent of their native 

range is unclear. Perhaps something about the biology of this clade makes them good at both 

natural colonization and invasion as pests, a trend seen among other Hawaiian Lepidoptera 

lineages (see Chapter 2).  

Of the non-Hawaiian Omiodes species whose host plants have been recorded, most feed 

on plants in the family Fabaceae (Robinson et al. 1999). This includes the type species O. 

humeralis, as well as the three species most closely related to the Hawaiian species: O. poeonalis, 

O. indicata, and O. diemenalis. The latter two of these are major pests on soybean (Vaszquez 

Moreno 1986, Gangwar and Thakur 1991). However, within Hawai‘i, only one species, O. 

monogona, feeds on fabaceous plants, while the rest of the lineage feeds exclusively on 

monocotyledonous plants in various families. This suggests that the ancestor of the Hawaiian 

lineage fed on fabaceous plants, providing an interesting phylogenetic context in which to 

examine the host affiliations of the Hawaiian species. Does O. monogona branch off basally from 

the rest of the Hawaiian lineage, and thus represent the ancestral host preference, or has it 

branched off more recently from within a monocot-feeding lineage? This question, and other 

aspects of diversification within Hawai‘i, will be explored in Chapter 4. 
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Tables 

Table 3.1. Taxa included in this study. Part 1 of 2. 

Subfamily Genus Species Locality Specimen code C
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Pyraustinae *Eurrhypara hortulata Holarctic MM01851** X X X X X X 
Pyraustinae *Hyalobathra crenulata Australia WPH215 X X X X X X 
Pyraustinae *Hyalobathra illectalis Australia WPH220 X X X X X X 
Pyraustinae Pyrausta perelegans Hawai‘i SDA293 X X X X 

  Pyraustinae *Uresiphita polygonalis virescens Hawai‘i WPH054 X X X X X X 
Spilomelinae Bradina nr. diagonalis Palau WPH126 X X X X X X 
Spilomelinae Bradina nr. melanoperas Society Islands WPH185 X X X X X X 
Spilomelinae Cnaphalocrocis poeyalis Austral Islands WPH197 X X X X X X 
Spilomelinae Conogethes nr. punctiferalis Australia WPH225 X X X X X X 
Spilomelinae Coptobasis ridopalis Australia WPH205 X X X X 

  Spilomelinae Cydalima nr. diphanalis Australia WPH223 X X X X X X 
Spilomelinae Diaphania glauculalis Costa Rica WPH276 X X X X 

  Spilomelinae Diaphania hyalinata Costa Rica WPH278 X X X X X X 
Spilomelinae Diaphania nitidalis Hawai‘i WPH052 X X X X X X 
Spilomelinae Glyphodes cyanomichla Hawai‘i WPH045 X X X X X X 
Spilomelinae Glyphodes margaritaria Australia WPH214 X X X X X X 
Spilomelinae Glyphodes nr. multilinealis Society Islands WPH190 X X X X 

  Spilomelinae Herpetogramma licarsisalis  Hawai‘i WPH024 X X X X X X 
Spilomelinae Herpetogramma platycapna Papua New Guinea WPH227 X X X X X X 
Spilomelinae Heterocnephes sp. Papua New Guinea WPH241 X X X X X X 
Spilomelinae Heterocnephes sp. Papua New Guinea WPH232 X X X X 

  Spilomelinae Lamprophaia ablactalis Australia WPH212 X X X X 
  Spilomelinae Marasmia trapezalis Palau WPH115 X X X X X X 

Spilomelinae Maruca vitrata Hawai‘i WPH023 X 
 

X X X 
 Spilomelinae Nomophila noctuella Hawai‘i WPH061 X 

 
X X X 

 Spilomelinae Omiodes accepta Hawai‘i WPH017 X X X X X X 
Spilomelinae Omiodes albicilialis Costa Rica WPH258 X X X X X X 
Spilomelinae Omiodes anastrepta Hawai‘i WPH101 X X X X X X 
Spilomelinae Omiodes anastreptoides Hawai‘i WPH100 X X X X X X 
Spilomelinae Omiodes antidoxa Hawai‘i WPH012 X X X X X X 
Spilomelinae Omiodes basalticalis Australia WPH213 X X X X X X 
Spilomelinae Omiodes basalticalis Australia WPH219 X X X X X X 
Spilomelinae Omiodes blackburni Hawai‘i WPH019 X X X X X X 
Spilomelinae Omiodes continuatalis Hawai‘i WPH003 X X X X X X 
Spilomelinae Omiodes croceiceps Panama WPH253 X X X X X X 
Spilomelinae Omiodes cuniculalis Costa Rica WPH265 X X X X X X 
Spilomelinae Omiodes demaratalis Hawai‘i WPH090 X X X 

 
X 

 Spilomelinae Omiodes diemenalis Society Islands WPH072 X X X X X X 
Spilomelinae Omiodes diemenalis Papua New Guinea WPH239 X X X X X X 
*Specimens or sequences used as outgroups.  
** Specimens sequenced by Mutanen et al. (2010).
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Table 3.1. (Continued, 2 of 2) Taxa included in this study.  

Subfamily Genus species Locality Specimen code C
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Spilomelinae Omiodes dispilotalis Australia WPH217 X X X X X X 
Spilomelinae Omiodes fulvicauda Costa Rica WPH268 X X X X X X 
Spilomelinae Omiodes humeralis Costa Rica WPH252 X X X X X X 
Spilomelinae Omiodes humeralis Costa Rica WPH269 X X X X X X 
Spilomelinae Omiodes humeralis Costa Rica WPH272 X X X X X X 
Spilomelinae Omiodes indicata Texas WPH256 X X 

 
X X 

 Spilomelinae Omiodes insolutalis Costa Rica WPH255 X X X X X X 
Spilomelinae Omiodes localis Hawai‘i WPH008 X X X X X X 
Spilomelinae Omiodes monogona Hawai‘i WPH016 X X X X X X 
Spilomelinae Omiodes monogramma Hawai‘i WPH015 X X X X X X 
Spilomelinae Omiodes monogramma Hawai‘i WPH018 X X X X X X 
Spilomelinae Omiodes nigriscripta Australia WPH206 X X X X X X 
Spilomelinae Omiodes ochracea Panama WPH257 X X X X X X 
Spilomelinae Omiodes odontosticta Australia WPH202 X X X X X X 
Spilomelinae Omiodes origoalis Australia WPH201 X X X X X X 
Spilomelinae Omiodes origoalis Papua New Guinea WPH240 X X X X X X 
Spilomelinae Omiodes poeonalis Australia WPH216 X X X X X X 
Spilomelinae Omiodes scotaea Hawai‘i WPH053 X X X X X X 
Spilomelinae Omiodes seminitidalis Costa Rica WPH259 X X X 

 
X 

 Spilomelinae Omiodes seminitidalis Costa Rica WPH274 X X X 
 

X 
 Spilomelinae Omiodes sp. Papua New Guinea WPH229 X X X X X X 

Spilomelinae Omphisa anastomosalis Hawai‘i WPH056 X X X X X X 
Spilomelinae Palpita magniferalis North America WPH279 X X X X X X 
Spilomelinae Palpita negropunctalis Japan WPH281 X X X X X X 
Spilomelinae Palpita quadristigmalis Bolivia WPH282 X X X X X X 
Spilomelinae Parotis nr. marginata Australia WPH224 X X X X X X 
Spilomelinae Patania aedilis Papua New Guinea WPH245 X X X X X X 
Spilomelinae Phostria lanialis Papua New Guinea WPH231 X X X X 

  Spilomelinae Phostria margarita Papua New Guinea WPH235 X X X 
 

X 
 Spilomelinae Piletocera sp. Papua New Guinea WPH238 X X X X X X 

Spilomelinae Pleuroptya nr. balteata Palau WPH123 X X X X X X 
Spilomelinae Pleuroptya ruralis Palearctic MM00325** X X X X X X 
Spilomelinae Prophantis sp. Society Islands WPH188 X X X X 

  Spilomelinae Prorodes mimica Papua New Guinea WPH237 X X X X X X 
Spilomelinae Pygospila tyres Australia WPH211 X X X X 

  Spilomelinae Sameodes cancellalis Austral Islands WPH195 X X X X 
  Spilomelinae Spoladea recurvalis Hawai‘i WPH038 X 

 
X X X 

 Spilomelinae Syllepte leucodontia Papua New Guinea WPH230 X X X X X X 
Spilomelinae Syllepte sp. Papua New Guinea WPH247 X X X X X X 
Spilomelinae Talanga excelsalis Australia WPH221 X X X X X X 
Spilomelinae Tetridia caletoralis Australia WPH209 X X X X X X 
Spilomelinae Udea sp. Hawai‘i WPH051 X X X 

 
X 

 *Specimens or sequences used as outgroups.  
** Specimens sequenced by Mutanen et al. (2010).
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Table 3.2. PCR Primers used in this study. Length of product is after trimming of sequences. 

Gene 
region Pr

im
er

 D
ire

ct
io

n 

Name Primer Sequence (5’ to 3’) A
nn

ea
lin

g 
te

m
p.

 (°
C

) 

Pr
od

uc
t l

en
gt

h 
(b

p)
 

Reference 

COI F Jerry CAACATTTATTTTGATTTTTTGG 50 729 
(Simon et al. 

1994) 

COI R Pat2 TCCATTACATATAATCTGCCATATTAG 50 729 
(Simon et al. 

1994) 

COI F LCO1490 GCTCAACAAATCATAAAGATATTGG 55 660 
(Folmer et al. 

1994) 

COI R HCO2198 TAAACTTCAGGGTGACCAAAAAATCA 55 660 
(Folmer et al. 

1994) 

wingless F LepWg1 GARTGYAARTGYCAYGGYATGTCTGG 56 414 
(Brower and 

Desalle 1998) 

wingless R LepWg2 ACTICGCARCACCARTGGAATGTRCA 56 414 
(Brower and 

Desalle 1998) 

EF1α F Oscar GGCCCAAGGAAATGGGCAAGGG 58 750 This study 

EF1α R Bosie CCGGCGACGTAACCACGACGC 58 750 This study 

RpS5 F RpS5f ATGGCNGARGARAAYTGGAAYGA 58 597 
(Wahlberg and 
Wheat 2008) 

RpS5 R RpS5r CGGTTRGAYTTRGCAACACG 58 597 
(Wahlberg and 
Wheat 2008) 

CAD F CAD4_Pyr_F GAAGAAGCATTTCAAAAAGC 50 615 This study 

CAD R CAD4_Pyr_R CKRTCACTCATGTCRTA 50 615 This study 
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Table 3.3. Rates of genetic variation across all sampled Spilomelinae, the genus Omiodes 

(excluding O. odontosticta and O. basalticalis which are likely incorrectly assigned to Omiodes), 

and non-Hawaiian and Hawaiian Omiodes. N = number of species sampled. 

Gene Characters 
Spilomelinae 

(N=52) 
Omiodes 
(N=23) 

Omiodes 
outside Hawai‘i 

(N=13) 

Hawaiian 
Omiodes 
(N=10) 

Papilionidae* 
(N=56-57) 

COI Variable 535 (39%) 406 (29%) 363 (26%) 171 (12%) 48% 
1389 bp Parsimony Informative 432 (31%) 268 (19%) 225 (16%) 67 (5%) 38% 

WG Variable 188 (45%) 143 (35%) 138 (33%) 21 (5%) 64% 
414 bp Parsimony Informative 152 (37%) 89 (21%) 84 (20%) 5 (1%) 48% 
EF1α Variable 214 (29%) 147 (20%) 141 (19%) 18 (2%) 39% 

750 bp Parsimony Informative 162 (22%) 82 (11%) 73 (10%) 6 (1%) 31% 
RPS5 Variable 219 (37%) 132 (22%) 124 (21%) 21 (4%) 44% 
597 bp Parsimony Informative 185 (31%) 87 (15%) 77 (13%) 5 (1%) 39% 
CAD Variable 302 (49%) 203 (33%) 191 (31%) 33 (5%) 54% 

615 bp Parsimony Informative 264 (43%) 138 (22%) 111 (18%) 9 (1%) 47% 
Nuclear Variable 923 (39%) 625 (26%) 594 (25%) 93 (4%) N/A 
2376 bp Parsimony Informative 763 (32%) 396 (17%) 345 (15%) 25 (1%) N/A 

All genes Variable 1458 (39%) 1031 (27%) 957 (25%) 264 (7%) N/A 
3765 bp Parsimony Informative 1195 (32%) 664 (18%) 570 (15%) 92 (2%) N/A 

 

*For comparison, percentages for Papilionidae were calculated by Wahlberg and Wheat (2008). 

  



89 

 

Figures 

 
Figure 3.1. Best scoring ML phylogeny of Omiodes and other spilomeline genera using the 

“complete” taxon set and “total evidence” data set (COI, wingless, EF1α, RPS5, and CAD). 

Nodes are labeled with support from 200 bootstrap replicates. 
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Figure 3.2. Best scoring ML phylogeny of Omiodes and other spilomeline genera using 

the “complete” taxon set and “nuclear” data set (wingless, EF1α, RPS5, and CAD). Nodes 

are labeled with support from 200 bootstrap replicates. 
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Figure 3.3. Best scoring ML phylogeny of Omiodes and other Spilomelinae using the “data 

deficient” taxon set and “total evidence” data set (COI, wingless, EF1α, RPS5, and CAD. Nodes 

are labeled with support from 200 bootstrap replicates. 
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Figure 3.4. Best scoring ML phylogeny of Omiodes and other Spilomelinae using the “data 

deficient” taxon set and “nuclear” data set (wingless, EF1α, RPS5, and CAD. Nodes are labeled 

with support from 200 bootstrap replicates. 
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Figure 3.5. Consensus Bayesian phylogeny of Omiodes and other Spilomelinae using the 

“complete” taxon set, “nuclear” data set (wingless, EF1α, RPS5, and CAD. Nodes are labeled 

with posterior probabilities.  
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Figure 3.6. Consensus Bayesian phylogeny of Omiodes and other Spilomelinae using the “data-

deficient” taxon set and “nuclear” data set (wingless, EF1α, RPS5, and CAD. Nodes are labeled 

with posterior probabilities. 
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Figure 3.7. One of 36 best scoring MP phylogenies of Omiodes and other Spilomelinae using the 

“complete” taxon set, and “nuclear” data set (wingless, EF1α, RPS5, and CAD. Nodes are labeled 

with support from 1000 bootstrap replicates. 
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Figure 3.8. One of 129 best scoring MP phylogenies of Omiodes and other Spilomelinae using the 

“data-deficient” taxon set, and “nuclear” data set (wingless, EF1α, RPS5, and CAD. Nodes are 

labeled with support from 1000 bootstrap replicates. 
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CHAPTER 4. MOLECULAR PHYLOGENETICS OF THE GENUS OMIODES IN 

HAWAI‘I 

Abstract 

The lineage Omiodes is monophyletic in Hawai‘i, containing 23 described species, which 

feed on a diversity of host plant families, mostly monocotyledonous plants. Five species in the 

lineage have been reared only from banana, a non-native plant introduced by Polynesian colonists 

about 1200 years ago, suggesting that these species may have been the product of very rapid 

speciation onto a novel host plant. In addition, the taxonomic validity of the banana-feeding 

species and several others has been called into question. I used molecular phylogenetic 

reconstruction, to evaluate the monophyly and validity of described species, and assess the 

feasibility of the “rapid speciation” hypothesis with regards to banana-feeding taxa. Using 

sequence data from mitochondrial (COI) and nuclear (wingless, EF1α, CAD, and RPS5) genes, I 

reconstructed phylogenies using maximum likelihood and Bayesian criteria. Through a molecular 

clock approach in a Bayesian framework (BEAST), I estimated divergence times for the entire 

Hawaiian lineage and for banana-feeding taxa. For the most part, described species were upheld 

by molecular phylogenies, although there was some evidence that O. asaphrombra may be a 

variant of O. anastreptoides. Additionally, O. accepta appears to be a species complex, possibly 

comprised of four or five cryptic species. The Hawaiian lineage was estimated to have diverged 

from a common ancestor about 3.2 MYA, and from its closest known extant relative outside 

Hawai‘i (O. poeonalis, from Australasia) about 4.5 MYA, consistent with a fairly recent 

colonization of the Hawaiian islands, well after the formation of Kaua‘i. Molecular clock 

estimates were not consistent with the “rapid speciation” hypothesis; the two “banana-feeding” 

taxa, O. musicola and O. sp. nr. musicola were estimated to have diverged from each another 

about 1.9 MYA. Although a reconstruction of host plant utilization within the lineage did not 

reveal an unambiguous ancestral host plant for the colonizing ancestor, it is likely that it fed on 

Fabaceae, and that specialization on the various monocotyledonous families represents a derived 

condition.  

Introduction 

As established by Chapter 3, the Hawaiian Omiodes, with 23 described species, comprise 

a monophyletic lineage derived from a single colonist. The very low genetic divergence of both 

mitochondrial and nuclear genes compared to Omiodes from other regions (Table 3.3) suggests 

that the lineage is relatively recent. Species vary in terms of geographic distribution, host plant 

utilization, and conservation status, and many of them have been listed as extinct (Table 4.1). 
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The Hawaiian Omiodes are unusual in that they are part of a fairly large radiation (the 

tenth largest of 58 lineages of Hawaiian Lepidoptera), yet they have low levels of island 

endemism, with only seven out of the 23 species being endemic to single islands (Table 4.1). As 

shown in Chapter 2, Omiodes is more species rich than one would expect based on its size and 

lack of island endemism (Figs. 2.4 and 2.6), both of which are likely related to dispersal ability. 

Because geographic isolation among islands does not seem to be as strong in Omiodes compared 

to other moth lineages of its size, it may not be the primary driver of diversification, begging the 

question: what is? One possibility is host plant specialization. 

Hawaiian Omiodes feed on a diversity of host plant families, with different degrees of 

specificity. Only a single species, O. monogona, feeds on dicotyledonous plants (Fabaceae), 

while the rest of the species for which host plants are known feed on various families of 

monocotyledonous plants. Because most Omiodes outside of Hawai‘i have been reported to feed 

on Fabaceae (Robinson et al. 1999), the phylogenetic position of O. monogona is of interest, 

since it may represent the lone species retaining the ancestral host affiliation. Alternatively, if O. 

monogona is nested within other Hawaiian Omiodes, suggesting that it has diverged relatively 

recently from a species that fed on monocotyledonous plants, it may represent a reversion to the 

ancestral state. Other insects have been shown to retain a host plant “repertoire” or “memory” 

over evolutionary time scales, making colonization of an ancestral host plant more likely than 

colonization of a host that is completely novel for the lineage (Futuyma et al. 1995, Janz et al. 

2001). In the context of diversification, the evolution of host plant affiliation is of interest, since 

specialization of populations on novel host plants has been shown to be a pathway towards 

reproductive isolation and speciation in other insect groups, including moths (Bush 1969, 

Emelianov et al. 2003, Malausa et al. 2005, Calcagno et al. 2007, Rull et al. 2010).   

Some of the most intriguing of the Hawaiian Omiodes are a suite of species that have 

been reared only from banana. Banana is a non-native plant, brought to the Hawaiian Islands by 

Polynesian colonists sometime between 1000 and 1200 years before present (Kirch 2007), yet it 

is the only recorded host plant for five species: O. euryprora, O. fullawayi, O. maia, O. meyricki, 

and O. musicola  (Swezey 1909, Zimmerman 1960). Furthermore, these species have only been 

collected on Polynesian varieties of banana, which today are rare in the wild; the moths 

apparently do not utilize the more recently introduced cultivars which are now most widely 

cultivated in Hawai‘i (Zimmerman 1958a, Zimmerman 1960). These five species closely 

resemble O. blackburni, a palm-feeding species which occasionally feeds on banana, leading 

Swezey (1909), and later Zimmerman (1958a, 1960) to speculate that the banana-feeding species 

were the result of rapid speciation during the past 1200 years. They proposed that when banana 
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was widely planted by Polynesians and became available as a host plant, some palm-feeding 

moths were able to utilize it, and these populations eventually diverged from palm-feeding 

populations into five species, possibly through geographic isolation on different islands. Despite 

being untested, this scenario has been widely accepted as an example of rapid speciation via a 

host shift, and has often been cited as such (Mayr 1970, Connor et al. 1980, Stanley 1984, Somit 

and Peterson 1992, Tallamy 1999, Mooney and Cleland 2001, Gillespie and Roderick 2002, 

Roderick and Navajas 2003, Cox 2004, Tilmon 2008) often alongside more rigorously evaluated 

examples such as Rhagoletis fruit flies (Bush 1969, Filchak et al. 2000, Rull et al. 2010), pea 

aphids (Via 1999, Via et al. 2000, Hawthorne and Via 2001, Peccoud and Simon 2010), and 

African cichlids (Schliewen et al. 1994, Johnson et al. 1996). 

However, there has been little consideration given to other scenarios that could give rise 

to five species of Omiodes feeding on banana, in the absence of rapid speciation. One is that the 

banana-feeding species may themselves be non-native in Hawai‘i. It is possible, though extremely 

unlikely, that they were introduced by Polynesians along with banana plants. This would be 

surprising, given that the species are morphologically very similar to other Hawaiian species, and 

are not recorded from any other Pacific Islands. Another possibility involves phenotypic 

plasticity. Since these species were described from relatively few individuals, based only on 

variations in wing patterns and larval coloration, they could be variants of a single species, due to 

host-induced morphological changes. Feeding on banana leaves might trigger a change in 

coloration in the adults and larvae, a type of host-induced phenotypic plasticity known to occur in 

other Lepidoptera (Kooi et al. 1996, Collins 1999, Canfield et al. 2009, Jorge et al. 2011). Lastly, 

banana may simply be a secondary host for species that diversified long ago on native host plants 

that have become rare or gone extinct. Host shifts onto non-native species have occurred in many 

other Hawaiian Omiodes. For instance, O. blackburni, whose native host plants are Pritchardia 

palms, is now most commonly collected on non-native coconut (Bess 1972), while O. 

continuatalis, O. localis, and O. accepta are most commonly collected on non-native grasses 

(Zimmerman 1958a), which are now much more abundant and widespread than the native grasses 

on which those species evolved. 

These four scenarios would result in different phylogenetic patterns, making it possible to 

evaluate these hypotheses using molecular phylogenetics. However, carrying out these analyses is 

complicated by the fact that the banana-feeding species have not been collected in decades, and 

four out of the five have been listed as extinct (Gagné and Howarth 1982, Beattie 1994). Further, 

all of the banana-feeding species were historically rare, and are poorly represented in collections, 

making the availability of genetic material sparse. Fortunately, two species of banana-feeding 
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Omiodes were collected at light traps during the course of my study, and genetic material was 

successfully extracted, enabling me to evaluate these hypotheses. One specimen (from Makawao, 

Maui) was in good condition, and was an exact match to O. musicola, but the other specimen 

(from Koke‘e, Kaua‘i) was very abraded, with much of the wing pattern rubbed off. Although it 

appeared to be a banana-feeding species, it was not possible to identify it, and I refer to it here as 

O. sp. nr. musicola. 

In addition to the banana-feeding moths, the species status of several other Omiodes 

described by Swezey (1913, 1921, 1948), including O. anastreptoides, O. giffardi, and O. 

pritchardii, was called into question by Zimmerman (1958a) in his account of the group. Many 

species were described solely based on differences in wing patterns, without demonstrated 

differences in genitalia or other morphological characters, and the group has never been evaluated 

phylogenetically. Some described species, including the banana-feeding species and those 

mentioned above, might better be considered subspecies, or simply morphotypes of the same 

species. 

By exploring relationships within the Hawaiian lineage using molecular data, I wished to 

answer the following questions: 

1) Is the molecular phylogeny consistent with currently accepted taxonomy and 

species definitions?  

2) How recently did Omiodes colonize the Hawaiian Islands? 

3) How recently did the “banana-feeding” taxa diverge from other taxa? 

4) What was the most likely host plant of the colonizing ancestor? 

5) How has host plant utilization evolved within Hawai‘i?  

Materials and Methods 

Samples: 

Moths and caterpillars were collected from most of the high Hawaiian Islands (Kaua‘i, 

O‘ahu, Moloka‘i, Lana‘i, Kaho‘olawe, Maui, and Hawai‘i). In most cases, adult moths were 

collected using blacklights either with bucket traps or by shining lights against a hanging white 

sheet. Caterpillars were collected from host plants and reared to adulthood, or if they died before 

metamorphosis, were preserved as larvae. Moths and larvae were preserved either by freezing, or 

in 95% ethanol.  

DNA extraction, amplification and sequencing: 

DNA was obtained and sequenced as described in Chapter 3, with the primers and PCR 

conditions listed in Table 3.3, and voucher specimens were stored at -80°C. One mitochondrial 

gene (COI) and four nuclear genes (wingless, EF1α, RPS5, and CAD) were sequenced, but the 
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number of taxa sequenced for each gene varied (Table 4.2). The mitochondrial gene COI was 

sequenced for all taxa included in these analyses (201 ingroup samples, which included all unique 

haplotypes from population genetics analyses in Chapter 5). However, because initial analyses 

found that all nDNA markers varied at a much slower rate than mtDNA, fewer samples were 

sequenced for these genes, with 80 ingroup samples being sequenced for wingless and EF1α, and 

18 ingroup samples being sequenced for RPS5 and CAD (between one and a few individuals per 

species). Nuclear genes were sequenced to confirm congruence between phylogenetic signals of 

nDNA and mtDNA, and to improve resolution of deeper nodes of trees. 

Using a modified protocol, I attempted to extract and amplify mtDNA from museum 

specimens, since many species were extinct or rare, and fresh material was not available. For 

extractions, as much material as possible was used. In some cases, this consisted of legs only, 

while in others it consisted of leg, abdominal and thoracic tissue. PCR protocols were also 

modified. Magnesium chloride concentrations were increased by two to three times (2-3 μL per 

25 μL reaction), and the amount of extraction template used was increased by two to five times 

(5-10 μL per reaction). PCR primers were designed to target smaller regions (between 200-400 

b.p. within the LCO-HCO region of COI) and the number of PCR cycles was increased from 35 

to 60. Unfortunately, when tested on historical specimens of common species, amplification was 

not successful for specimens greater than 15 years old, and this protocol was not deemed reliable 

enough to use on rare specimens of extinct species. 

Taxa included: 

Of the 23 described species of Hawaiian Omiodes, only 14 species were included in 

analyses. Most of the remaining nine species have been listed as extinct (Gagné and Howarth 

1982, Beattie 1994), and I was unable to recollect them despite extensive collecting effort. 

Samples, along with the island they were collected from, are listed in Table 4.2. In addition to the 

14 Hawaiian species, four Omiodes native to Australasia were included as outgroup taxa. These 

were the four species that grouped consistently closest to the Hawaiian Omiodes in a phylogeny 

of the genus as a whole (see Chapter 3). 

Genetic divergences: 

Variability of genes was calculated in PAUP* (Swofford 2003). The number of variable 

and parsimony informative positions was calculated for various taxon sets and gene datasets. 

Only Hawaiian taxa were included when calculating genetic variability. Additionally, mean 

pairwise sequence divergences for each gene were calculated between Hawaiian taxa using a 

taxon set of 14 individuals representing 13 species. Species included in this taxon set were: O. 

accepta (two  individuals from the most widely divergent haplotype groups: RV078, WPH017), 
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O. anastrepta (WPH101), O. anastreptoides (WPH100), O. antidoxa (WPH12), O. blackburni 

(WPH019), O. continuatalis (WPH003), O. demaratalis (WPH055), O. localis (WPH008), O. 

monogramma (WPH015), O. monogona (WPH016), O. musicola (WPH181), O. sp. nr. musicola 

(WPH160), and O. scotaea (WPH053).   

Phylogenetic reconstruction: 

Maximum likelihood (ML) and Bayesian methods were used for phylogeny 

reconstruction. Unlike the analyses in Chapter 3, datasets were not partitioned by gene or 

position, but separate analyses were done using data from mtDNA, nDNA, and the combined 

dataset, and branching patterns of trees were compared qualitatively. Because COI was the gene 

with the highest substitution rate, and provided the strongest phylogenetic signal within Hawai‘i, 

(Table 4.3), analyses using both optimality criteria were conducted on the COI dataset (201 

ingroup taxa) and the “total evidence” dataset including COI, wingless, EF1 α, RPS5, and CAD 

(18 ingroup taxa). Additionally, ML trees were constructed using the following datasets: wingless 

and EF1α (80 ingroup taxa); COI, wingless, and EF1α (80 ingroup taxa); wingless, EF1α, RPS5, 

and CAD (18 ingroup taxa).  

For ML analyses, an appropriate model was first selected using ModelTest as 

implemented in PAUP (Swofford 1993, 2003), which selected the general time reversible model 

with a proportion of invariable sites and a gamma-shaped distribution of rates across sites (GTR + 

I + Γ). Using that model, GARLI (Zwickl 2006) was used through the GARLI web service  

(http://www.molecularevolution.org/software/phylogenetics/garli/).  

Bayesian analyses were conducted using MrBayes 3.1.2 (Ronquist and Huelsenbeck 

2003). The full COI dataset and the total evidence dataset were analyzed under a Bayesian 

criterion, using the GTR + I + Γ model selected by Modeltest, with default priors. For the COI 

dataset, a reduced taxon set was used, because analyses using the full taxon set (201 ingroup taxa) 

was computationally expensive and did not reach convergence after 12 million generations. This 

reduced taxon set included 56 ingroup taxa and four outgroup taxa. Ingroup taxa were selected to 

represent the most widely divergent haplotypes within each species. Two independent 

simultaneous runs were conducted, each with 4 chains, for 12 million generations, sampling every 

6000 generations, with the first 3 million generations discarded as burn-in. For the total evidence 

dataset (21 total taxa), settings were identical to those above, but fewer generations were 

necessary to reach convergence (1 million generations, sampling every 1000 generations with 

250,000 discarded as burn-in). Confidence values for trees were expressed as posterior 

probabilities for each node as calculated in MrBayes. 

  

http://www.molecularevolution.org/software/phylogenetics/garli/�
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Divergence times: 

Divergence times of nodes were estimated in a Bayesian framework, using the software 

package BEAST v1.6.1 (Drummond and Rambaut 2007), and output was visualized using the 

associated programs TreeAnnotator v1.6.1 and Tracer v1.5. Because there were few examples of 

island endemic clades within the Hawaiian Omiodes, and because phylogenetic reconstructions 

revealed no evidence that these island endemics adhered to the progression rule, in which 

speciation occurs as islands are formed and colonized, internal calibration based on geological 

ages was not attempted. Instead, nodes were calibrated based on the “standard” COI substitution 

rate of 2.3% pairwise divergence per million years (a substitution rate of 1.15% per million years) 

calculated for butterflies (Brower 1994). Because this analysis was specific to the substitution rate 

of COI, only that gene was used, with the reduced taxon set of 56 ingroup taxa. A strict molecular 

clock was enforced, and other than the specified substitution rate, the default prior settings of 

BEAST were used. A single chain was run for 10,000,000 generations, with the first 1,000,000 

generations discarded as “burn-in”. Divergence dates and their 95% confidence intervals were 

estimated for the hypothetical most recent common ancestors of the Hawaiian lineage, the 

banana-feeding species, and for other specific divergences between taxa.  

Evolution of host plant associations: 

Ancestral host associations were estimated using the program Mesquite (Maddison and 

Maddison 2010) under a parsimony framework. Both ingroup and outgroup taxa were scored 

using host plant family as a standard categorical character, and mapped onto the total evidence 

ML tree using the “Ancestral States” module with parsimony methods.  

Results 

Genetic diversity: 

The somewhat larger taxon set used here revealed the same patterns in genetic variation 

that were seen in Chapter 3, with COI contributing most of the phylogenetic signal (Table 4.3). In 

the total evidence dataset consisting of 18 ingroup taxa, COI contributed 111 parsimony-

informative characters (8.0% of 1389 COI bp), whereas all nuclear genes combined contributed 

only 50 parsimony-informative characters (2.1% of 2376 nuclear bp). This means that in the total 

evidence dataset, mtDNA accounted for about 70% of the phylogenetic signal, at least for 

parsimony analyses. Increasing the number of individuals (not necessarily the number of species) 

sequenced for wingless and EF1α did increase the number of parsimony-informative characters in 

those genes, so increasing the number of individuals sampled for the nuclear genes may have 

provided some increase in resolution, especially at deeper nodes. 
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Mean pairwise distance among 14 taxa was more than three times higher in COI (3.64% 

± 0.06% S.E.) than in all nuclear genes combined (1.02% ± 0.03% S.E.) (Fig. 4.1). Mean pairwise 

differences in the nuclear genes wingless (1.29% ± 0.06% S.E.), EF1α (0.66% ± 0.02% S.E.), 

RPS5 (0.81% ± 0.06% S.E.), and CAD (1.41% ± 0.05% S.E.) were all quite low (Fig. 4.1).  

Phylogenetic trees:  

The best trees constructed using ML analyses for both the mitochondrial (Fig. 4.2) and 

total evidence datasets (Fig. 4.4B) revealed the exact same relationships among taxa as those 

constructed using Bayesian methods (Figs. 4.5, 4.6). Best trees constructed using ML methods 

and the various subsets of data (COI only; wingless+ EF1α; COI+wingless+EF1α; nuclear 

dataset; and the total evidence dataset) differed from each other, especially in terms of resolution 

of basal nodes (Figs 4.2, 4.3, 4.4). Phylogenies based only on nuclear genes were generally very 

poorly resolved, and in the case of wingless + EF1α, several species (accepta, anastrepta, and 

continuatalis) that were very well supported in the COI phylogeny were not recovered as 

monophyletic groups in the best scoring tree (Fig. 4.3A). This is likely simply due to the very low 

variability in the nuclear genes as a whole (Table 4.3), making them less informative on shorter 

time scales. A partition homogeneity test (incongruence-length difference test) with 1000 

replicates implemented in PAUP* indicated that the mtDNA and nuclear datasets had 

significantly different phylogenetic signals. In addition, for the the 18 taxon dataset, a 

Shimodaira-Hasegawa test with 1000 bootstrap replicates found that the best scoring ML tree 

using only data from nDNA (- log likelihood = 5795) had a significantly higher likelihood than 

when constrained to the best topology based only on mtDNA (- log likelihood = 5937, p = 0.001). 

However, combining the two datasets resulted in a tree with higher bootstrap support at most 

nodes (Fig. 4.4B) compared to trees produced by both the full nuclear (Fig. 4.4A) and full COI 

(Fig. 4.2) datasets, indicating that the two types of data were generally complimentary. Most 

notably, the addition of data from nuclear genes produced better resolution at basal nodes than the 

mitochondrial dataset alone. Nodes where the nDNA tree differed topologically from the mtDNA 

tree generally had very low support in the nDNA tree, indicating that the differences in topologies 

were most likely a result of poor resolution of nDNA data, due to its very low variability.  

Few groupings of taxa above the species level were well supported in both the full 

nuclear and COI datasets, and the only species pair that was consistently resolved as sister taxa in 

both datasets were O. monogramma and O. demaratalis, which superficially look very similar to 

each other, being orange in color with a white postmedial stripe on the forewing. Generally, O. 

anastrepta and O. anastreptoides grouped together as well. In every case, O. musicola and sp. 
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near musicola were sister taxa, and the divergence between the two individuals was comparable 

to that between other species, suggesting that they are indeed two different species.  

Using the total evidence dataset, most nodes were well supported, with greater than 50% 

bootstrap support using ML methods and greater than 80% posterior probability using Bayesian 

methods, but there were still poorly resolved nodes among several clades, including one 

polytomy. The palm-feeder O. blackburni was well-supported as sister taxon to the supposed 

banana-feeders in the O. musicola group (89% bootstrap support). The sedge-feeders O. 

anastrepta, O. anastreptoides, and O. antidoxa all grouped together in a clade, as did O. 

monogona, O. continuatalis, O. demaratalis, and O. monogramma. Support for the monophyly of 

the O. accepta clade was relatively poor (40% bootstrap support, 58% posterior probability). 

The rarely collected species O. asaphombra grouped with O. anastreptoides, being 

genetically indistinguishable from that species based on COI sequence data. Nuclear genes were 

not successfully amplified from pinned museum specimens of O. asaphombra, so this species 

was not included in the total evidence dataset).  

Divergence times: 

 Bayesian analyses in BEAST using the COI dataset and a strict substitution rate of 0.015 

per million years estimated the most recent common ancestor of the Hawaiian lineage at 3.17 

MYA (95% highest posterior density [HPD] 2.59 - 3.77 MYA). Divergence from O. poeonalis, 

the closest known relative of the Hawaiian lineage, was estimated at 4.52 MYA (95% HPD 3.50 - 

5.65). The two presumed “banana-feeding” taxa, O. musicola and O. sp. nr. musicola were 

estimated to have diverged from one another 1.87 MYA (95% HPD 1.28 - 2.53). 

Evolution of host plant associations:  

Mapping known host plant associations onto the total evidence tree from ML analyses 

(Fig. 4.8) did not elucidate an unambiguous host affiliation for the most recent common ancestor 

of the Hawaiian lineage. Rather than a single species branching off basally from the rest of the 

Hawaiian Omiodes, the lineage is split into two subclades, and the species that branch off most 

basally in each clade do not share the same host plant. However, the two most likely host plant 

families based on reconstruction in Mesquite were Poaceae and Fabaceae. The most likely host 

plant for the O. musicola clade, for which the native host is unknown, was also ambiguous. 

Discussion 

Although relationships among terminal taxa were generally quite well-supported, the 

deeper relationships among groups of species were poorly resolved, despite a quite large dataset 

including both mitochondrial and nuclear DNA. The genes used here have been successfully 

utilized for other groups of Hawaiian Lepidoptera, generally providing good resolution at similar 
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taxonomic scales (Medeiros et al. 2009, Rubinoff and Schmitz 2010, Medeiros and Gillespie 

2011, Schmitz and Rubinoff 2011b).  Such poor resolution of basal nodes, despite the inclusion of 

data from multiple genes, often indicates a “hard polytomy” due to a burst of speciation early in 

the history of a lineage (Jackman et al. 1999, Walsh et al. 1999). This probably reflects rapid 

initial diversification upon colonizing Hawai‘i, with the major splits occurring among clades 

within the first million years after colonization (Fig. 4.7). Additionally, the omission of extinct 

species from the phylogeny could contribute to the low resolution by leaving fewer taxa to break 

up long branches. 

Molecular phylogeny in a morphological context: 

Although no formal species groups have been proposed in the Hawaiian Omiodes, 

Zimmerman (1958a) pointed out species that appeared to be closely related based on wing 

patterns. Many of these relationships were supported by the molecular phylogeny. Zimmerman 

also stated that the genitalia of Hawaiian Omiodes were of little diagnostic use, displaying “only 

slight differential characteristics” among species. Although the genitalia are not as variable in this 

lineage as in many other groups of Lepidoptera, and may not be very useful for species level 

identification, there are differences that may be used to assign species into groups. 

The three sedge-feeders O. anastrepta, O anastreptoides, and O. antidoxa consistently 

grouped together in both ML and Bayesian phylogenies (Figs. 4.3B, 4.5). These species are all 

very similar to each other based on wing patterns, sharing a grey background coloration with 

darker markings on the forewings, with the post-medial line varying in darkness and shape among 

the different species. Two of the species, O. anastrepta and O. antidoxa, were dissected and 

figured by Zimmerman (1958a: Figs. 53, 57), and have very similar genitalic characters, with the 

uncus head of the male in all three species having a relatively large, rounded terminal projection. 

The species O. asaphombra, which was identical to O. anastreptoides based on mtDNA (see 

below), was also figured by Zimmerman, and shares this character, as does the extinct sedge-

feeder O. epicentra.  

Similarly, O. continuatalis, O. demaratalis, and O. monogramma are united by 

similarities in wing patterns and genitalia, and they grouped together in molecular phylogenies 

(Figs. 4.3B, 4.5). All three species have a distinct, gently curved, white post-medial band in the 

forewing and hindwing against a background coloration of brown or orange. Additionally, the 

entire upper surface of the uncus head of the male genitalia is crowned by a dense strip of hair in 

all three species (Zimmerman 1958a: Figs. 58, 64, 77), a character that does not occur in other 

species of the lineage. The terminal projection of the uncus head in these three species is small 

and pointed. The fourth species that consistently grouped in this clade, O. monogona, also has a 
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white band on the wings against a brown background, but does not share the above genitalic 

characters. The hairs on the upper surface of the uncus head are comparatively sparse, and the 

terminal projection is large and globose (Zimmerman 1958a: Fig. 77). 

The palm and banana-feeders, O. blackburni and O. musicola, which are similar in terms 

of wing patterns, somewhat surprisingly grouped with O. scotaea, which feeds on a native lily 

and has a very different wing coloration. The wings of O. scotaea are very dark grey, nearly the 

darkest species in the lineage, with some black patches, while O. blackburni and O. musicola 

have yellow to brown wings, with light colored wing veins. The uncus of O. blackburni has a 

relatively small, very pointed terminal projection (Zimmerman 1958a: Fig. 58), while that of O. 

scotaea (Zimmerman 1958a: Fig. 84)is larger and more round, similar to that of the O. anastrepta 

clade. The genitalia of O. musicola and O. sp. nr. musicola have not yet been examined, but could 

offer evidence for the age and degree of divergence of the banana-feeding Omiodes. 

Two species that did not group consistently with any sister species or clade were O. 

accepta and O. localis (Figs. 4.3B, 4.5). Both of these species have rather distinct genitalia. While 

the uncus head of O. accepta is similar in size and hairiness to that of the O. anastrepta clade, it 

is the only species examined which lacks a terminal projection (Zimmerman 1958a: Fig. 50). On 

the other hand, O. localis has a very large, globose uncus head compared to the rest of the species 

examined, with a relatively small terminal projection (Zimmerman 1958a: Fig. 71).  

Although there are a few obvious morphological characters that corroborate some 

groupings laid out in the molecular phylogeny, I have not examined them in detail. A thorough 

morphological assessment of the Hawaiian Omiodes, with comparison with its closest 

Australasian congeners, may help clarify relationships that were unresolved in the molecular 

phylogeny, especially at basal nodes. This would be helpful for determining ancestral states, and 

tracing evolution of host plant association and other ecological characters. 

Congruence of phylogeny with taxonomy and species definitions: 

For the most part, the currently recognized species of Hawaiian Omiodes were upheld by 

the molecular phylogeny for the group. Specifically, O. anastrepta, O. blackburni, O. 

continuatalis, O. demaratalis, O. localis, O. monogona, and O. scotaea all formed well supported 

monophyletic clades in the mitochondrial phylogeny (Figs. 4.2, 4.5), with no evidence for cryptic 

species occurring within them. Most of these species were sampled from multiple islands, yet 

there was no evidence that populations on different islands were cryptic species.  

However, in several species, data from COI provided evidence for possible cryptic 

species. Most apparent of these was O. accepta, which grouped into five distinct clades, one 

including individuals from across the Hawaiian Islands, two occurring only on the island of 
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Hawai‘i, and two occurring on only O‘ahu and Kaua‘i. One of these clades may represent O. 

giffardi, a species described by Swezey (1921) as endemic to the island of Hawai‘i, based on very 

vague differences in coloration of wing scales. Two other species, O. monogramma and O. 

antidoxa, were each split into two clades corresponding to the islands of Kaua‘i and O‘ahu. 

Divergences among the clades within O. accepta, O. antidoxa, and O. monogramma, were 

comparable to, and in some cases larger than, divergences between morphologically distinct 

species, suggesting that these may in fact represent unrecognized species. These populations will 

be discussed further in the following chapter. 

Although it was represented by only two specimens, from which only mitochondrial 

DNA could be successfully amplified, O. asaphombra was genetically indistinguishable from O. 

anastreptoides, suggesting that these two species might be variants of the same species. However, 

this would be puzzling, given that O. anastreptoides has only been recorded from the island of 

Hawai‘i, whereas the much rarer O. asaphombra was formerly reported from the islands of 

Moloka‘i, O‘ahu, and Kaua‘i, as well as the island of Hawai‘i. Specimens of O. asaphombra were 

identified based on wing coloration and patterns, on which nearly all species descriptions of 

Hawaiian Omiodes were based, and the wing patterns of O. asaphombra in this study were very 

distinctive from those of O. anastreptoides. Voucher specimens have not been compared to the 

type, housed at the Natural History Museum in London, and it is possible that our specimens are 

not an exact match to this species. A morphological assessment of these specimens, as well as the 

aforementioned cryptic taxa, could be highly informative.  

Age of the Hawaiian Omiodes: 

Using a “standard” divergence rate for mitochondrial DNA, which was calculated based 

on tropical butterflies (Brower 1994), the most recent common ancestor for the Hawaiian 

Omiodes was estimated at about 3.2 MYA, which is consistent with arrival after the formation of 

Kaua‘i, around the age of the island of O‘ahu (Price and Clague 2002). Because few of the extant 

Omiodes are endemic to single islands, and because those endemics that do exist do not appear to 

adhere to the “progression rule”, calibration based on island ages was not possible. Therefore, age 

estimates should be interpreted with caution, since rates of sequence evolution are known to vary 

among taxa, and likely depend on life history traits such as the number of generations per year. 

However, in other Lepidoptera that have been evaluated in Hawai‘i, this “standard” rate has 

produced similar divergence estimates to those based on calibrations using island endemics 

(Medeiros and Gillespie 2011).  

Widespread extinction within this group, and the consequential omission of many taxa 

from analyses, complicates estimates of lineage age. At least nine of the 23 known species were 
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not included in the analysis, and in addition to known extinction during historical times, natural 

extinction presumably occurred in the group prehistorically. Omission of taxa from the analysis 

could effectively prune basal branches from the phylogeny, resulting in an erroneously recent 

estimate for the lineage. However, comparison with the nearest known relative outside of 

Hawai‘i, the Australasian O. poeonalis, places an upper limit on the age of the lineage. The 

estimated split of the Hawaiian lineage from O. poeonalis was 4.5 MYA, supporting a relatively 

recent colonization date. Although the extinct species O. laysanensis, formerly endemic to 

Laysan Island (~ 20 MY old), was not included in this analysis, it is likely that O. laysanensis is 

the result of back-colonization from the main Hawaiian Islands. 

The very low levels of variability observed in nDNA support the conclusion based on 

mtDNA that the Hawaiian lineage is relatively recent. Mean divergence rates in the nuclear genes 

wingless and EF1α of Hawaiian Omiodes were similar to, but slightly higher than those measured 

in a lineage of Hawaiian yellow-faced bees estimated to have colonized Hawai‘i less than 

700,000 years ago (Magnacca and Danforth 2007). On the other hand, the mean divergence rate 

of mtDNA of Hawaiian Omiodes was less than half that seen in yellow-faced bees. If age 

estimates for the two groups are even approximately correct, this implies that rates of evolution 

differ dramatically between the two insect lineages, as well as among gene regions. 

Rates of sequence divergence in mtDNA and the wingless gene were considerably lower 

in Hawaiian Omiodes than neotropical Heliconius butterflies. Brower and Desalle (1998) 

examined mean pairwise divergence within Heliconius butterflies on different taxonomic levels. 

Examining six species of Heliconius, they found mean pairwise divergences of 7.8% in mtDNA 

and 4.9% in wingless, compared to 3.6% and 1.2%, respectively, across 13 species of Omiodes.  

In fact, the divergences seen across all Hawaiian Omiodes were more similar to those seen among 

four subspecies of a single species of Heliconius estimated to have diverged 1.5-2 MYA, in 

which mean pairwise divergences were 2.6% in mtDNA and 1.9% in wingless (Brower 1994, 

Brower and Desalle 1998). This comparison lends further support that the entire lineage of 

Omiodes has diversified in a relatively short time frame compared to continental lineages. Similar 

explosive diversifications been documented in other Hawaiian insects (Bonacum et al. 2005, 

Mendelson and Shaw 2005, Magnacca and Danforth 2007, Rubinoff and Schmitz 2010).  

Estimated age of “banana-feeding” taxa: 

Sequence divergence suggests that the so-called banana-feeding species O. musicola 

diverged from its closest relative approximately 1.9 MYA, which is not consistent with the rapid 

speciation hypothesis put forward by Zimmerman (1960). If O. musicola had, as proposed, 

diverged from O. blackburni and the other banana-feeding species within the last 1200 years, 
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much lower divergence would be expected among banana-feeding species and O. blackburni. 

Similarly, if morphological differences among banana-feeding moths were due to phenotypic 

plasticity in the absence of reproductive isolation, one would not expect detectable differences in 

mtDNA. On the other end of the spectrum, if banana-feeding taxa represented a separate 

colonization to the Hawaiian Islands, as stowaways on Polynesian canoes, we would expect much 

higher divergence than that observed. Banana-feeding taxa would appear as an outgroup to the 

Hawaiian lineage, not nested within it, as observed. 

The most likely scenario, therefore, seems to be that O. musicola is a product of natural 

diversification prior to the arrival of humans, and that it evolved on a native host plant. Given the 

rarity of this moth, and that it has never been reared from its native host, it seems likely that the 

host is also rare, or possibly even extinct. One possibility is palms in the genus Pritchardia, 

which are known hosts for other Omiodes species. Pollen records have revealed that Pritchardia 

palms were formerly much more abundant than in recent times, being a major component of 

Hawaiian forests about 16,000 – 7000 years ago (Hotchkiss and Juvik 1999). Another possibility 

is Joinvillea acendens (Joinvilleaceae), a very rare, sparsely distributed plant (Wagner et al. 

1999), but one from which Omiodes species have been reared. This plant is also recorded near the 

localities where O. musicola and O. sp. nr. musicola were collected. Of course, it is also possible 

that the native host plants for these species have already been lost to extinction, and that they 

persist only on Hawaiian banana cultivars. If the native hosts of O. musicola and sp. nr. musicola 

are extant, identifying them may be essential for the conservation of these very rare species. If the 

native host plants are extinct, preservation of ancient banana cultivars might be valuable not only 

for cultural reasons, but also for conservation of endemic biodiversity. This could be an unusual 

case in which a rare, non-native plant is essential for the survival of an endemic insect. 

Evolution of host plant associations:  

Because basal branches of the Hawaiian phylogeny were poorly resolved, and because 

the basal split is into two clades which feed on different host plants, the host plant of the 

colonizing ancestor is equivocal, but was most likely grasses or fabaceous plants. In the hostplant 

database compiled by the Natural History Museum in London (Robinson et al. 1999), there are 

247 host plant records for 11 non-Hawaiian Omiodes species, and 205 of these records are for the 

plant family Fabaceae. Of the 247 host plant records, only three referenced monocotyledonous 

plants: one record for the soybean pest O. indicata (one on corn, out of 105 total records for that 

species), and two for the palearctic O. simialis (one on corn and one on “grasses”, out of 25 total 

records for that species). The neotropical species, most of which are not included in the hostplant 

database, also feed primarily on Fabaceae (Gentili and Solis 1997), as does O. poeonalis, the 
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Australasian species which was the closest relative of the Hawaiian lineage in Chapter 3 

(Robinson et al. 1999). Given these statistics, it seems very likely that the ancestor for the 

Hawaiian Omiodes fed on Fabaceae, and that the ability to feed on monocotyledonous plants, 

though the more common state in Hawai‘i, is derived. 

The sole Hawaiian species specializing on Fabaceae, O. monogona, does diverge basally 

from other species in its clade, although it does not branch off basally from the entire lineage. If 

Fabaceae is indeed the ancestral host, specialization of all other Hawaiian Omiodes on various 

monocotyledonous plant families is a derived state. The switch from Fabaceae, which are 

generally nitrogen fixing and protein rich, onto plants such as grasses and sedges which are 

comparatively poor sources of protein, especially if they are C4 plants (Mattson 1980), would 

seem to be a major one. Grasses and sedges have unique physical defenses such as silica crystals 

which would need to be successfully overcome, and are thought to be more inhibitive than 

chemical defenses over evolutionary timescales (Massey and Hartley 2009). However, although 

the genus Omiodes outside of Hawai‘i may rarely feed on monocots, many other crambid genera 

are associated with grasses and other monocots (Munroe and Solis 1999), and it is possible that 

the Hawaiian shift was somehow facilitated by adaptations retained from ancestors predating the 

genus Omiodes, a phenomenon which has been proposed for other insects (Futuyma et al. 1993, 

Janz et al. 2001), although generally not over such a long period of time. 

Within Hawai‘i, Omiodes has diversified onto many monocot families, and this has not 

occurred in a completely parsimonious fashion (Fig. 4.7). Specialization on the family Liliaceae 

has occurred independently in at least two species: O. scotaea and O. monogramma. The ability 

to feed on grasses (Poaceae) occurs in both major subclades of the lineage, and may also have 

evolved twice. However, all three sedge-feeders included in the analysis formed a monophyletic 

clade, and specialization on Cyperaceae likely evolved only once. It has been suggested that host 

plant shifts, followed by subsequent specialization, can be an important driver for diversification 

in phytophagous insects, particularly Lepidoptera (Janz et al. 2006). This may well be the case in 

Omiodes, since an explosive radiation was apparently preceded by a major host shift. 

Other potential factors influencing speciation: 

Unlike most other species rich lineages of Hawaiian insects, Omiodes are not 

characterized by high degrees of island endemism, and are perhaps not particularly useful for 

examining biogeographical patterns on a “hotspot” archipelago. However, Omiodes is among the 

most species rich lineages of Hawaiian Lepidoptera, and they offer evidence that ecological 

factors other than geographic isolation are important in promoting diversification in Hawaiian 

insects. One of these factors is likely host plant diversification, but it is difficult to imagine a host 
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plant shift, by itself, could lead to reproductive isolation of populations, unless coupled by other 

ecological factors such as temporal differences in host plant availability, or host-associated 

assortative mating, which has been shown in classic cases of sympatric host-race formation (Bush 

1969, Emelianov et al. 2003, Loxdale 2010, Peccoud and Simon 2010, Rull et al. 2010).  

Because the mating and reproduction of moths is generally heavily governed by species-

specific pheromones, these chemicals are likely highly important in speciation processes. In 

crambids, female moths emit a pheromone to attract males, often from very long distances. This 

makes intra-island geographic isolation unlikely, at least for strong fliers such as Omiodes. 

However, when a new island is colonized by a species, founding populations are generally very 

small, likely consisting of a single gravid female. In such founding events, populations on the 

new island may be more likely to become divergent from ancestral populations, due to genetic 

drift, and generation of novel phenotypes due to recombination. This theory has been applied to 

sexual characters (such as performance and acceptance of courtship behaviors) to explain the 

diversification of Hawaiian Drosophila (Kaneshiro 1976, Kaneshiro 2006). Given the importance 

of pheromones in moth reproduction and speciation (Emelianov et al. 2001, Thomas et al. 2003, 

Bethenod et al. 2005), a similar process could be important in Omiodes, with the sexual 

recognition system of founding populations diversifying very quickly upon colonization of a new 

island.  

Low levels of single island endemism in Omiodes, and the lack of any clear 

phylogeographic pattern, do not necessarily imply that geographic isolation has not been 

important in speciation. Speciation might very well have occurred allopatrically when new 

islands were colonized, followed by back-colonization of other islands. The geographic isolation 

required for speciation could be relatively brief, especially if divergence in pheromone 

composition occurred rapidly due to genetic drift as predicted under the sexual selection model of 

diversification. The existence of island endemic clades within some species of Hawaiian 

Omiodes, such as O. accepta, O. antidoxa, and O. monogramma, suggests that geographic 

isolation on islands does occur, and some of these island-specific clades may be examples of 

speciation in action. In the final chapter of this dissertation, I examine within-species genetic 

structure in relation to island distributions, which may provide further insight into mechanisms of 

speciation in Omiodes, and the role of geographic isolation.   
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Tables 

Table 4.1. Recorded host plants and distributions of Hawaiian Omiodes.  
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accepta (Butler) Poaceae (native and non-native grasses) No Yes X X 
  

X X X 
  

X X 
 

X X X X 
anastrepta Meyrick Cyperaceae (native sedges) Yes Yes X 

   
X X 

   
X X 

  
X 

 
X 

anastreptoides Swezey Cyperaceae (native sedges) Yes Yes X 
        

X 
      antidoxa Meyrick Cyperaceae (native sedges) No Yes 

     
X X 

       
X X 

asaphombra Meyrick Joinvilleaceae: Joinvillea adscendens (native) Yes Yes X 
   

X X X 
  

X 
      blackburni (Butler) Arecaceae (native and non-native palms) No Yes X X 

 
X X X X 

  
X X X X X X X 

continuatalis (Wallengren) Poaceae (native and non-native grasses) Yes Yes X X 
 

X X X X 
  

X X X X 
   demaratalis (Walker) Poaceae: Sporobolus virginicus (native) No Yes X X 

  
X X X X 

  
X X 

  
X X 

epicentra Meyrick Cyperaceae (native sedges) Yes No X 
    

X 
          euryprora Meyrick Musaceae (Polynesian banana) Yes No X 

               fullawayi Swezey Musaceae (Polynesian banana) Yes No X 
        

X 
      giffardi Swezey Poaceae: Isachne distichophylla (native) Yes ? X 

        
? 

      iridias Meyrick Liliaceae: Astelia spp. (native) Yes No X 
               laysanensis Meyrick unknown (Poaceae assumed) Yes No 

        
X 

       localis (Butler) Poaceae (native and non-native grasses) No Yes X X 
 

X X X X 
  

X X 
  

X X X 
maia Swezey Musaceae (Polynesian banana) No No 

     
X X 

         meyricki Swezey Musaceae (Polynesian banana) Yes No X 
    

X 
          monogona Meyrick Fabaceae (native and non-native legumes) Yes Yes X X 

 
X X X X 

  
X X 

 
X 

  
X 

monogramma Meyrick Liliaceae: Dianella sandwicensis (native) No Yes X 
   

X X X 
       

X X 
musicola Swezey Musaceae (Polynesian banana) Yes Yes 

 
X 

  
X 

     
? 

    
X 

pritchardii Swezey Arecaceae: Pritchardia spp. (native) No No X 
               scotaea (Hampson) Liliaceae: Astelia spp. (native) No Yes X 
   

X X X 
  

X X 
     telegrapha Meyrick Unknown Yes No X 
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Table 4.2. Specimens included in this study. Species labeled with asterisks were used as 

outgroups. Part 1 of 6. 

Omiodes species Specimen code Island / Locality C
O
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EF
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diemenalis* WPH072 French Polynesia X X X X X 
indicata* WPH256 North America X X 

 
X X 

poeonalis* WPH216 Australia X X X X X 
species* WPH229 Papua New Guinea X X X X X 
accepta RV003 Hawai‘i X 

    accepta RV005 Hawai‘i X 
 

X 
  accepta RV007 Hawai‘i X 

    accepta RV010 Hawai‘i X X X 
  accepta RV012 Hawai‘i X 

    accepta RV050 Hawai‘i X X 
   accepta RV055 Hawai‘i X 

    accepta RV060 Hawai‘i X 
    accepta RV062 Hawai‘i X 
    accepta RV070 Hawai‘i X 
    accepta RV074 Hawai‘i X 
    accepta RV075 Hawai‘i X X X 

  accepta RV077 Hawai‘i X 
    accepta RV078 Hawai‘i X X X X X 

accepta SDA341 Hawai‘i X 
    accepta WPH017 Hawai‘i X X X X X 

accepta WPH083 Hawai‘i X X 
   accepta RV032 Kaua‘i X X X 

  accepta RV033 Kaua‘i X 
    accepta RV040 Kaua‘i X X 

   accepta RV043 Kaua‘i X 
    accepta RV066 Kaua‘i X 
 

X 
  accepta RV076 Kaua‘i X 

    accepta RV079 Kaua‘i X 
    accepta RV098 Kaua‘i X 
 

X 
  accepta RV102 Kaua‘i X 

    accepta WPH049C Kaua‘i X X X 
  accepta WPH103 Kaua‘i X X X 
  accepta WPH286 Kaua‘i X 

    accepta WPH291 Kaua‘i X 
    accepta WPH292 Kaua‘i X 
    accepta WPH294 Kaua‘i X 
    accepta WPH296 Kaua‘i X 
    accepta WPH131 Lana‘i X X X 
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Table 4.2. (Continued, 2 of 6) Specimens included in this study. 

Omiodes species Specimen code Island / Locality C
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accepta WPH132 Lana‘i X X X     
accepta RV037 Maui X         
accepta RV087 Maui X         
accepta RV089 Maui X         
accepta RV092 Maui X         
accepta RV096 Maui X         
accepta SDA273 Maui X         
accepta SDA310 Maui X         
accepta SDA311 Maui X         
accepta SDA312 Maui X         
accepta SDA326 Maui X         
accepta WPH026 Maui X X X     
accepta WPH058 Maui X X X X X 
accepta WPH141 Moloka‘i X X X     
accepta RV024 O‘ahu X   X     
accepta RV097 O‘ahu X         
accepta RV099 O‘ahu X X X     
accepta RV100 O‘ahu X X X X X 
accepta WPH109 O‘ahu X X X     
anastrepta WPH059 Hawai‘i X X X     
anastrepta SDA156 Maui X X X     
anastrepta SDA159 Maui X         
anastrepta SDA162 Maui X         
anastrepta SDA163 Maui X         
anastrepta SDA164 Maui X         
anastrepta SDA165 Maui X X X     
anastrepta WPH101 Maui X X X X X 
anastrepta WPH179 Maui X X X     
anastrepta WPH137 Moloka‘i X X X     
anastreptoides WPH077 Hawai‘i X         
anastreptoides WPH100 Hawai‘i X X X X X 
antidoxa SDA173 Kaua‘i X         
antidoxa SDA175 Kaua‘i X         
antidoxa SDA176 Kaua‘i X X X     
antidoxa SDA181 Kaua‘i X         
antidoxa SDA188 Kaua‘i X         
antidoxa SDA189 Kaua‘i X X X     
antidoxa WPH012 Kaua‘i X X X X X 
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Table 4.2. (Continued, 3 of 6) Specimens included in this study. 

Omiodes species Specimen code Island / Locality C
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antidoxa WPH104 Kaua‘i X X X     
antidoxa WPH107 Kaua‘i X X X     
antidoxa SDA248 O‘ahu X   X     
antidoxa SDA261 O‘ahu X X       
antidoxa WPH027 O‘ahu X X X X X 
asaphrombra WPH076 Hawai‘i X         
asaphrombra WPH155 Hawai‘i X   X     
blackburni WPH085 Hawai‘i X X X     
blackburni WPH148 Hawai‘i X X X     
blackburni WPH149 Hawai‘i X X X     
blackburni WPH019 Maui X X X X X 
blackburni WPH171 Maui X X X     
blackburni WPH134 Moloka‘i X X X     
blackburni SDA071 O‘ahu X X X     
blackburni SDA095 O‘ahu X X X     
blackburni SDA105 O‘ahu X X X     
blackburni SDA106 O‘ahu X X X     
blackburni WPH020 O‘ahu X X X     
continuatalis SDA041 Hawai‘i X         
continuatalis SDA045 Hawai‘i X         
continuatalis SDA046 Hawai‘i X         
continuatalis SDA277 Hawai‘i X         
continuatalis SDA279 Hawai‘i X         
continuatalis WPH067 Hawai‘i X X X     
continuatalis WPH260 Lana‘i X X X     
continuatalis WPH261 Lana‘i X X X     
continuatalis WPH262 Lana‘i X X X     
continuatalis SDA002 Maui X         
continuatalis SDA003 Maui X         
continuatalis SDA004 Maui X X X     
continuatalis SDA005 Maui X         
continuatalis SDA006 Maui X         
continuatalis SDA008 Maui X X X     
continuatalis SDA013 Maui X         
continuatalis SDA015 Maui X         
continuatalis SDA016 Maui X         
continuatalis SDA017 Maui X X X     
continuatalis SDA018 Maui X         
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Table 4.2. (Continued, 4 of 6) Specimens included in this study. 

Omiodes species Specimen code Island / Locality C
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continuatalis SDA019 Maui X         
continuatalis SDA020 Maui X         
continuatalis SDA023 Maui X   X     
continuatalis SDA024 Maui X         
continuatalis SDA025 Maui X         
continuatalis SDA027 Maui X         
continuatalis SDA033 Maui X         
continuatalis SDA035 Maui X         
continuatalis SDA037 Maui X X X     
continuatalis SDA048 Maui X         
continuatalis SDA053 Maui X         
continuatalis SDA057 Maui X         
continuatalis SDA059 Maui X         
continuatalis SDA062 Maui X         
continuatalis SDA349 Maui X         
continuatalis WPH003 Maui X X X X X 
continuatalis WPH004 Maui X X X   X 
demaratalis WPH055 Maui X X X X X 
demaratalis WPH089 Maui X   X     
demaratalis WPH110 O‘ahu X X X     
localis SDA123 Hawai‘i X         
localis SDA144 Hawai‘i X         
localis SDA146 Hawai‘i X         
localis SDA362 Hawai‘i X   X     
localis SDA363 Hawai‘i X         
localis SDA364 Hawai‘i X         
localis SDA376 Hawai‘i X         
localis WPH064 Hawai‘i X X X     
localis WPH065 Hawai‘i X X X     
localis WPH097 Hawai‘i X X X     
localis SDA135 Kaua‘i X         
localis SDA136 Kaua‘i X         
localis SDA137 Kaua‘i X         
localis SDA141 Kaua‘i X         
localis SDA381 Kaua‘i X         
localis WPH096 Kaua‘i X X X     
localis SDA114 Maui X X X     
localis SDA115 Maui X         
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Table 4.2. (Continued, 5 of 6) Specimens included in this study. 

Omiodes species Specimen code Island / Locality C
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localis SDA116 Maui X         
localis SDA118 Maui X         
localis SDA142 Maui X   X     
localis SDA143 Maui X         
localis SDA356 Maui X         
localis SDA357 Maui X         
localis SDA358 Maui X         
localis WPH006 Maui X         
localis WPH008 Maui X X X X X 
localis WPH010 Maui X         
localis SDA125 O‘ahu X   X     
localis SDA291 O‘ahu X         
localis WPH029 O‘ahu X X X     
localis WPH111 O‘ahu X X X     
localis WPH112 O‘ahu X X X     
localis SDA120  Unrecorded X         
localis SDA121  Unrecorded X         
monogona SDA219 Hawai‘i X X X     
monogona SDA221 Hawai‘i X X X     
monogona WPH063 Hawai‘i X X X     
monogona WPH069 Hawai‘i X X X     
monogona WPH106 Kaua‘i X X X     
monogona WPH108 Kaua‘i X X X     
monogona WPH130 Lana‘i X X X     
monogona SDA216 Maui X         
monogona SDA220 Maui X         
monogona SDA295 Maui X         
monogona SDA387 Maui X         
monogona SDA390 Maui X         
monogona SDA391 Maui X         
monogona SDA395 Maui X         
monogona SDA396 Maui X         
monogona SDA397 Maui X         
monogona SDA399 Maui X         
monogona WPH016 Maui X X X X X 
monogona WPH057 Maui X X X     
monogramma SDA191 Kaua‘i X         
monogramma SDA196 Kaua‘i X         
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Table 4.2. (Continued, 6 of 6) Specimens included in this study. 

Omiodes species Specimen code Island / Locality C
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monogramma SDA198 Kaua‘i X         
monogramma SDA201 Kaua‘i X   X     
monogramma SDA209 Kaua‘i X X X     
monogramma SDA233 Kaua‘i X         
monogramma SDA353 Kaua‘i X         
monogramma WPH018 Kaua‘i X X X X X 
monogramma SDA204 O‘ahu X X X     
monogramma SDA303 O‘ahu X X X     
monogramma SDA412 O‘ahu X X X     
monogramma WPH015 O‘ahu X X X X X 
monogramma WPH180 O‘ahu X X X     
musicola WPH181 Kaua‘i X X X X X 
nr. musicola WPH160 Maui X X X X X 
scotaea WPH098 Hawai‘i X X X     
scotaea WPH053 Maui X X X X X 

Total ingroup taxa: 201 84 92 18 19 
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Table 4.3. Rates of variation by gene region within the ingroup taxa (Hawaiian Omiodes). 
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Total positions (bp) 1389 414 750 1389 414 750 597 615 2376 3765 
Number of individuals 201 80 80 18 18 18 18 18 18 18 

Variable positions 260 44 34 210 31 25 28 39 123 333 
Percent variable 18.7% 10.6% 4.5% 15.1% 7.5% 3.3% 4.7% 6.3% 5.2% 8.8% 

Parsimony Informative 209 30 25 111 12 10 11 17 50 161 
Percent informative 15.0% 7.2% 3.3% 8.0% 2.9% 1.3% 1.8% 2.8% 2.1% 4.3% 
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Figures 

 
Figure 4.1. Mean pairwise sequence divergences between 14 individuals for the different gene 

regions used in this study. Error bars indicate the maximum and minimum pairwise divergences 

for each gene. 
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Figure 4.2. Best scoring ML tree based on sequence data from COI for 201 individuals in the 

ingroup and four outgroup taxa. Support values for nodes are the result of 1000 bootstrap 

replicates. 
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Figure 4.3. Best scoring ML trees based on sequence data from A) wingless and EF1α, and B) 

COI, wingless, and EF1α for 80 individuals. Support values for nodes are the result of 1000 

bootstrap replicates. 
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Figure 4.4. Best scoring ML trees based on sequence data from A) nuclear genes only (wingless, 

EF1α, RPS5, and CAD), and B) the total evidence dataset (COI, wingless, EF1α, RPS5, and 

CAD) for 18 individuals. Support values for nodes are the result of 1000 bootstrap replicates.  
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Figure 4.5. Consensus tree from MrBayes for the COI dataset including 56 ingroup taxa. Node 

support is measured by posterior probability. 
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Figure 4.6. Consensus tree from MrBayes for the total evidence dataset including 18 ingroup 

taxa. Node support is measured by posterior probability. 
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Figure 4.7. Phylogeny constructed using Bayesian methods in BEAST using a reduced COI 

dataset (56 ingroup taxa), with a strict molecular clock enforced based on a substitution rate of 

0.0115 per million years. Major nodes are labeled with posterior probability as a measure of 

support, with divergence times for specific nodes of interest (indicated by stars). Error bars 

indicate 95% highest posterior density intervals. 
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Figure 4.8. Evolution of host plant association as reconstructed in Mesquite. Phylogeny was 

constructed using ML methods and the total evidence dataset (see Fig. 4.4A). 
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CHAPTER 5. CONTRASTING PATTERNS OF GENE FLOW AND SPECIATION IN 

EIGHT SPECIES OF HAWAIIAN OMIODES 

Abstract 

Despite arthropods comprising the bulk of Hawaiian biodiversity, and a decent body of 

knowledge surrounding their interspecific phylogeographic relationships, few studies have 

examined intraspecific patterns of genetic connectivity of Hawaiian arthropods. In this study, I 

compared genetic diversity and patterns of gene flow within eight species of Hawaiian Omiodes 

that vary in terms of host specificity, geographic range, and relative rarity. Using sequence data 

from the mitochondrial gene COI, haplotype diversity and nucleotide diversity were calculated 

for each species on different islands, and analyses of molecular variance (AMOVA) and isolation 

by distance (IBD) analyses were used to test for significant population structure related to 

geography and host plant use. Species were found to vary considerably in genetic diversity and 

genetic structure (Φst), with some species (e.g., O. continuatalis and O. localis) exhibiting no 

evidence of population structure related to islands, and others (e.g., O. antidoxa and O. 

monogramma) showing very high population structure, with no overlap in haplotypes between 

islands. Generally, gene flow among island populations was lowest in species that were relatively 

rare, host-specific, and limited to small historical ranges. Although the lineage overall exhibits 

low island endemism, and there is much evidence for frequent migrations among islands, there 

was also evidence of strong geographic isolation within several species. It is likely that speciation 

in this group has occurred primarily allopatrically, and that current sympatric distributions of 

related species are the result of post-speciation migration. Although there was no evidence that 

host plant specialization has lead directly to speciation via host-race formation, host specificity 

may be related to allopatric speciation via selection pressure against long-distance dispersal in 

host-specific insects. 

Introduction 

Although arthropods make up by far the bulk of biodiversity in Hawai‘i, we know 

relatively little about their population dynamics, speciation, or conservation genetics. A number 

of studies have explored phylogenetic patterns among species in Hawaiian arthropod lineages, 

especially in the context of so-called “conveyor belt” speciation (e.g., Shaw 1996, Liebherr and 

Zimmerman 1998, Roderick and Gillespie 1998, Shaw 2002, Cowie and Holland 2008, Rubinoff 

2008, Medeiros et al. 2009, Rubinoff and Schmitz 2010, Medeiros and Gillespie 2011), but few 

have explored genetic structure within species (Kaneshiro 1987, Gillespie and Oxford 1998, 

Jordan et al. 2005, Goodman et al. 2008, Muir and Price 2008), and even fewer have compared 

patterns among multiple congeneric species (Vandergast et al. 2004). Population-level genetic 
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analyses can give insight into the size, dispersal, ecological specialization, and geographic 

isolation of populations, as well as identify “evolutionarily significant units” (ESUs) for 

conservation (Vogler and Desalle 1994, Holland and Hadfield 2002). Perhaps most importantly, 

comparing patterns across multiple, congeneric taxa gives context to population structure, and 

allows correlation with ecological factors that vary among species. This can help us identify traits 

that promote or inhibit speciation, and in the context of conservation, resilience.  

As discussed in Chapter 4, the Hawaiian Omiodes span a broad spectrum of spatial 

distributions and conservation concerns (Table 4.1).  The genus includes several species that have 

recently gone extinct, and others that have been extirpated from certain islands. Several species 

were listed as extinct throughout the Hawaiian Islands (Gagné and Howarth 1982, Beattie 1994), 

but have been recently rediscovered on some islands (Haines et al. 2004). Some of these 

rediscovered species, such as O. continuatalis and O. monogona, can be common on the islands 

where they still occur, but it is unclear whether they have rebounded after a population decline, or 

if they never declined on those islands. Other species remain relatively widespread throughout 

their historical range, and have never been proposed as threatened. Two species (O. accepta and 

O. blackburni) attack economically important plants, and are occasionally considered pests 

(Williams 1931, Bess 1972), a very unusual trait for endemic Hawaiian insects.  

The species that comprise Omiodes have different host plant requirements, in addition to 

differences in geographical range and habitat preference. Some are generalists, able to feed on 

both native and non-native plants, while others are more specific, relying on small groups or 

single species of endemic plants. Phylogenetic analyses of the Hawaiian lineage (Chapter 4) 

identified several instances of within-species clades on different islands, which may indicate 

speciation in progress. This chapter examines population-level structure in more detail, in relation 

to geography and host plants. I focus here on the population structure of eight species of 

Omiodes, using mitochondrial DNA (mtDNA) to address the following questions:  

1) Is there significant population structure associated with islands, and if so, do 

populations on different islands represent evolutionarily significant units or possible 

cryptic species? 

2) Is there any evidence for isolation by distance, either among islands or within 

islands? 

3) Do rare or declining species have lower genetic diversity? 

4) Do species which have been extirpated from parts of their range show genetic 

evidence of lower dispersal ability? 
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5) In recently “rediscovered” species, is there any evidence of genetic bottlenecks, 

suggesting species decline and recovery? 

6) Is population structure associated with range size? 

7) Is population structure associated with host plant specificity? 

Because Omiodes is a monophyletic, multi-island lineage in the Hawaiian Islands, it 

presents an opportunity to compare patterns of molecular differentiation among assemblages of 

related species. Data of this nature can provide critical insights relating to how ecological factors 

contribute to geographic isolation, insular diversification, and maintenance of genetic diversity. 

Such information is particularly of interest in Omiodes, as it may elucidate processes affecting 

speciation in a radiation characterized by a low frequency of island endemism, which is unusual 

among Hawaiian lineages of this size (Fig. 2.6). 

Materials and Methods 

Study organisms: 

Molecular population structure was examined in eight species of native Hawaiian 

Omiodes that varied in geographic distribution (localized to widespread), conservation status (rare 

to common) and host plant specificity (specialist to generalist) (Table 5.1). The eight species 

chosen were: O. accepta (Butler), O. anastrepta Meyrick, O. antidoxa Meyrick, O. blackburni 

(Butler), O. continuatalis (Wallengren), O. localis (Butler), O. monogona Meyrick, and O. 

monogramma Meyrick.  

Sampling: 

Adult moths were collected primarily at night using blacklights, from localities scattered 

throughout the main Hawaiian Islands. Sampling effort varied among islands and localities, but I 

attempted to collect specimens from across the known range of each species. Larvae were also 

collected from host plants and reared in the laboratory. When larvae were used for genetic 

analyses, care was taken to avoid using more than one individual from the same brood, as they 

would have inherited the same mtDNA from their mother. In total, 522 individual moths were 

sampled, including 137 O. accepta, 25 O. anastrepta, 29 O. antidoxa, 102 O. blackburni, 85 O. 

continuatalis, 70 O. localis, 35 O. monogona, and 39 O. monogramma. Individuals and their 

collection data are listed in Table 5.2. Sample sizes varied among islands (Table 5.3). 

DNA extraction, amplification and sequencing: 

Legs or small samples of thoracic muscle of adult moths, or abdominal segments of 

larvae, were excised, and DNA was extracted using the DNeasy animal blood and tissue 

extraction kit (Qiagen, Inc., Valencia, CA) following standard protocols. Tissue was digested 

with proteinase K at 55° C for 24 hours, and 150 ul of EB buffer was used to elute DNA. Extracts 
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were stored at -20° C. Voucher specimens were labeled and either frozen at -80° C, or in the case 

of pinned museum specimens, returned to the University of Hawai‘i Insect Museum (UHIM).  

I analyzed 1394 basepairs (bp) of the mitochondrial marker cytochrome c oxidase subunit 

I (COI), because previous analyses within Omiodes and other Hawaiian invertebrates yielded 

levels of variation that would be useful for exploring structure within species (Holland and 

Hadfield 2002, Vandergast et al. 2004, Rubinoff 2008, Medeiros et al. 2009, Rubinoff and 

Schmitz 2010, Medeiros and Gillespie 2011, Rubinoff et al. 2011). Two primer pairs (Jerry paired 

with Pat2 and LCO-1490 paired with HCO-2198) were used to amplify COI by Polymerase 

Chain Reaction (PCR) in a PTC-100TM thermocycler (MJ Research, Inc.). Because mtDNA is 

single stranded and maternally inherited, and there is no evidence for heteroplasmy within the 

Hawaiian Omiodes, it is not affected by recombination, making haplotype diversity in COI a good 

indicator of historical population crashes or bottlenecks caused by founder events (Alves et al. 

2001, Ficetola et al. 2008, Rubinoff et al. 2011).  

A subset of O. accepta samples were also amplified for the two nuclear genes, wingless 

(416 bp, primers LepWG1 and LepWG2) and elongation factor 1α (EF1α, 752 bp, primers Oscar 

and Bosie), to compare phylogeographic patterns between mtDNA and nDNA within that species. 

Primer sequences and annealing temperatures are listed in Table 3.2. PCR conditions included an 

initial cycle of a 2-min, 94°C denaturing step, a 1-min annealing step (temperature varied 

according to primers), and a 1-min 72°C extension step. Subsequently, 34 additional cycles were 

run with 1-min at 94°C, 1-min at the annealing temperature, 1-min at 72°C. A final extension of 

12-min at 72°C was conducted. PCR products were purified using QIAquick® spin columns 

(Qiagen, Inc., Valencia, CA) using the manufacturer’s protocol. Cycle sequencing of both sense 

and anti-sense strands was performed at the Advanced Studies in Genomics, Proteomics and 

Bioinformatics (http://asgpb.mhpcc.hawaii.edu) and Greenwood Molecular Biology Core 

(http://core.biotech.hawaii.edu) sequencing facilities of the University of Hawai‘i at Mānoa.  

Sense and anti-sense sequences for each sample were aligned to one another using batch 

assembly in DNA Baser 2.91.5.1292 (Heracle BioSoft, Pitesti, Romania) followed by 

proofreading by eye. Sequences from different samples were aligned by eye, trimmed to equal 

lengths, and concatenated using BioEdit 7.0.9 (Hall 1999). Samples with missing data were 

excluded from analyses.  

Data Analysis: 

Haplotype networks were constructed for each species using median-joining (Bandelt et 

al. 1999) as implemented in Network 4.5.1.6, and Network Publisher 1.2.0.0 (Fluxus Technology 
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Ltd., Suffolk, England), followed by post-processing under a maximum parsimony framework 

(Polzin and Daneschmand 2003) to remove superfluous median vectors. 

For each taxon, genetic structure based on geography was explored using analysis of 

molecular variance (AMOVA) in Arlequin 3.5.1.2 (Excoffier et al. 2005), defining islands as 

populations and the four islands of Maui Nui (Moloka‘i, Lana‘i, Kaho‘olawe, and Maui) as a 

group of populations, since these islands were formerly connected into one landmass (Clague 

1996). Global, population-specific, and pairwise ΦST (population structure based on nucleotide 

diversity) were also calculated in Arlequin.  For two species (O. accepta and O. blackburni) that 

were collected as larvae from multiple host plants, I tested for genetic structure based on host 

plant affiliation using. In these AMOVA analyses, individuals were assigned to populations based 

on host plant affiliation. Individuals whose host plant was unknown (e.g., specimens collected as 

adults at blacklights) were not included in these analyses.  

To test for a significant correlation between genetic distance and geographic distance, 

Mantel tests were conducted using the Isolation by Distance Web Service (IBDWS)(Jensen et al. 

2005), using ΦST as a measure of genetic distance between sites, 10,000 randomizations, and both 

raw and log-transformed geographic and genetic distances. Isolation by distance (IBD) tests were 

conducted only for five species collected from at least seven sites across the Hawaiian Islands, 

with each site having at least two individuals. These species were: O. accepta (both the entire 

species complex and haplogroup 1), O. blackburni, O. continuatalis, O. localis, and O. 

monogona. I also tested for IBD within particular islands when there were at least 5 sites on a 

given island. This was the case for only two species – O. blackburni and O. continuatalis – on the 

islands of O‘ahu and Hawai‘i, respectively. Collection sites used in IBD analyses are listed in 

Table 5.4, and mapped in Fig. 5.1. 

Pairwise straight-line geographic distances between sites were calculated from latitude 

and longitude coordinates using the program Geographic Distance Matrix Generator, American 

Museum of Natural History (Ersts 2010). To test whether overwater dispersal is the main 

isolating factor, Mantel tests were also conducted using only overwater distances between islands, 

and compared to those calculated using straight-line distance. Overwater distance was measured 

as sum of minimum coast-to-coast distances between islands, using interspersed islands as 

“stepping stones”. Overwater distances between sites on the same island were coded as 0.001 km 

to avoid problematic zeros in the data matrix.  

Haplotype diversity (h) and nucleotide diversty (π) on the population and species level 

were calculated in DNASP v. 5.10.01 (Librado and Rozas 2009). Evidence for selection and/or 
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changes in population size was assessed for each species using the statistics Fu and Li’s (1993) 

D* and F*, Fu’s (1997) F, and Tajima’s (1989) D, as calculated in DNASP.  

Results 

Haplotype networks and diversity: 

The eight species examined showed a broad range of patterns and degrees of genetic 

structure. Median-joining networks (Fig. 5.2, A-H) ranged from relatively simple with a few 

haplotypes each separated by only a few changes (e.g., O. blackburni, Fig. 5.2D), to complex, 

with many haplotypes, either separated by few changes (e.g., O. continuatalis, Fig. 5.2F) or many 

changes (e.g., O. accepta, Fig. 5.2A).  

The most complex structure was that of O. accepta, which showed 5 distinct groupings of 

haplotypes (haplogroups) (Figs. 5.1A, 5.2A). Each haplogroup (designated as groups 1 through 5) 

was separated from its closest neighboring group by 10 – 43 changes. The most commonly 

collected haplogroup (group 1) occurred on five different islands, spanning the entire geographic 

range of O. accepta, with the exception of Kaua‘i. Haplogroup 1 occurred centrally in the 

network, and was the closest neighbor of each of the other four other haplogroups. Haplogroups 2 

and 4 (Fig. 5.3A), occurred only on the island of Hawai‘i, and were 10 and 37 changes, 

respectively, from haplogroup 1. Haplogroups 3 and 5 both occurred on the islands of Kaua‘i and 

O‘ahu, and were 22 and 44 changes, respectively, from haplogroup 1. A genotype network for the 

nuclear genes EF1α and wingless largely recovered the same groupings as the COI network, 

except for the Hawai‘i Island haplogroup 2, which was not distinct from haplogroup 1 (Fig. 

5.3B). Since the substitution rate of these nuclear genes is much slower than that of COI, it is 

likely that haplogroup 2 has not been isolated from haplogroup 1 long enough for mutations to 

occur.   

The three species with the least structured networks, in relation to island geography, were 

O. continuatalis, O. localis, and O. monogona (Fig. 5.2F-H), all of which can utilize non-native 

host plants. In contrast, O. anastrepta, O. antidoxa, and O. monogramma (Fig. 5.2B, C, and E), 

all restricted to native host plants, showed distinct clusters of haplotypes according to island. One 

species, O. blackburni (Fig. 5.2D), showed an intermediate degree of population structure, with 

the most common haplotype occurring on every island except Kaua‘i. However, the islands of 

Kaua‘i and O‘ahu did contribute to population structure in this species, with several well-

represented haplotypes occurring only on these two islands.    

Overall values of haplotype diversity (h) across all islands were high, ranging from 0.754 

in O. monogramma to 0.968 in O. continuatalis (Table 5.5). Nucleotide diversity (π) varied 
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greatly among species, being lowest in O. blackburni (π = 0.0013) and highest in O. accepta (π = 

0.01687) (Table 5.6).  

Analyses of molecular variance: 

AMOVA were computed for all eight species, and also separately for the three O. 

accepta haplogroups (1, 3, and 5), which occurred on more than one island. Of the eight 

described species, values of ΦST were significant (indicating significant population structure 

associated with islands) for all species except O. localis and O. continuatalis, and ranged from -

0.002 for O. localis to 0.897 for O. monogramma (Table 5.7). For O. accepta haplogroups 1 and 

3, ΦST values were significant, but for haplogroup 5, ΦST was not significant. Structure among the 

four islands of Maui Nui (estimated by ΦSC) was significant for only one species, O. anastrepta. 

Among the eight species, population structure (ΦST) was generally highest in species with 

smaller historical range sizes (Fig. 5.5), but the correlation between ΦST and the number of 

islands on which a species historically occurred was not significant (r = 0.681, F = 5.21, p = 

0.063). There was no correlation between ΦST and number of island extirpations that have 

occurred in a species (r = 0.475, F = 1.75, p = 0.234). High population structure was also found in 

species with narrower host plant ranges. Despite a low sample size, a t-test found significant 

differences between ΦST values of the five species that feed on widespread non-native plants and 

the three species restricted to rarer native plants (Fig. 5.6, t = 4.00, p = 0.010).  

For two species, O. accepta and O. blackburni, host plant data were complete enough to 

test for genetic structure based on host plant affinity (Table 5.8). For O. accepta, 25 larvae were 

collected on alien grasses and 21 larvae were collected on native sedges, but an AMOVA did not 

find significant population structure associated with these host plants (ΦST = -0.006, p = 0.420). 

For O. blackburni, seven larvae were collected from banana, 74 from coconut, and 14 from native 

Pritchardia palms. Interestingly, there was significant population structure associated with host 

plant in O. blackburni (ΦST = 0.258, p < 0.001). Pairwise comparisons revealed that this was 

primarily due to differences between individuals collected on banana and those collected on 

either type of palms. Pairwise comparisons did not show significant structure between individuals 

collected on Pritchardia and those collected on coconut palms. Because most of the individuals 

collected from banana were collected on Hawai‘i Island (whereas only one Hawai‘i Island 

individual from coconut was included in the analysis), and AMOVA also revealed significant 

structure between Hawai‘i and the other islands, host plant is confounded with island for O. 

blackburni. 

  



136 

 

Isolation by distance: 

For all species, the strongest correlations between geographic and genetic distances were 

observed when raw (as opposed to log-transformed) pairwise geographic distances and ΦST 

values were used. Results for all Mantel tests are summarized in Table 5.9. Straight line 

geographic and genetic distances were significantly correlated in two species: O. accepta (entire 

complex) and O. blackburni. Not surprisingly, of the five species on which Mantel tests were 

performed, these were the two species that also showed the highest population structure in 

AMOVA analyses. Haplogroup 1 of O. accepta showed a nearly significant correlation at the 

0.05 level. No evidence for IBD was found in O. monogona, which AMOVA found to have 

significant, but relatively low population structure across its range. The lack of evidence for IBD 

in O. continuatalis and O. localis was not surprising, since AMOVA found no population 

structure among islands in these two species. 

Using overwater stepping-stone distance instead of straight-line geographic distance had 

very little effect on strength or significance of correlations, indicating that overwater distance 

may be the primary isolating mechanism in those species exhibiting IBD. In addition, neither O. 

blackburni nor O. continuatalis showed a significant correlation between geographic and genetic 

distance within islands.  

Tests for neutrality and population expansion: 

Test statistics for departures from equilibrium are presented in Table 5.10. Significant 

departures from equilibrium were found in O. continuatalis and O. localis, as well as in 

haplogroup 2 of O. accepta, and Kaua‘i populations of O. antidoxa and O. monogramma. 

Discussion by species 

O. accepta:  

This species is a generalist, feeding on both native and non-native grasses and sedges, 

and is one of the most widespread and common species of Omiodes. During the early 1900s, O. 

accepta was considered a major pest on sugar cane, to the extent that biological control programs 

targeted the caterpillars (Williams 1931, Funasaki et al. 1988). Although O. accepta has declined 

in abundance, and is no longer considered a pest, neither is it considered a rare or threatened 

species. It appears to prefer wet to mesic habitats, and is not commonly collected in very dry 

grasslands.  

Phylogenetic evidence from both mitochondrial and nuclear genes suggests that what has 

traditionally been thought of as a single widespread species is actually a complex of four or five 

cryptic species, differing from each other by 1.1% to 3.6% (Table 5.11). The central haplogroup 

(1), is present on all the main Hawaiian Islands except Kaua‘i, and has moderate population 
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structure associated with islands. Pairwise ΦST values showed significant isolation within 

haplogroup 1 between O‘ahu and Maui, O‘ahu and Hawai‘i, and Maui and Hawai‘i. The 

remaining four groups were much more localized, with two occurring only on the island of 

Hawai‘i, and two restricted to O‘ahu and Kaua‘i. Haplogroups 2, 3, 4, and 5 differed from 

haplogroup 1 by 1.1%, 1.9%, 3.0%, and 3.4%, respectively. Although group 2 was distinct from 

group 1 in mtDNA networks (Fig. 5.3A), it was not distinguishable by nuclear genes (Fig. 5.3B), 

suggesting that it is the most recent group to diverge from haplogroup 1, and the slower evolving 

nuclear genes have not yet diverged. 

I noted considerable morphological variation within the O. accepta complex, but I did not 

attempt to correlate this with genetic variation. There is variation in wing pattern, with the 

banding patterns of some specimens being very distinct, and others being more diffuse, and this 

does not appear to be due to specimen age or abrasion. There is also some degree of difference in 

overall size and robustness of specimens, although much of this variation may be due to host 

plant quality or other environmental factors. Swezey (1921) described a new species O. giffardi, 

which was very closely related to O. accepta, and endemic to the island of Hawai‘i. However, his 

description was vague, and O. giffardi differed from O. accepta only in the coloration of certain 

scales of the forewing (white versus cream colored), making it difficult to confidently assign 

individuals to this species based only on the morphological description. Zimmerman (1958a) later 

wrote that O. giffardi was very difficult to distinguish from O. accepta, and “may be no more 

than a subspecies or variety”. It is likely that O. giffardi corresponds to one of our Hawai‘i Island 

haplogroups (2 or 4). There is also a large series of moths collected from Kaua‘i at the Bishop 

Museum (BPBM) determined as O. giffardi, although this was described as a Hawai‘i Island 

endemic. These moths almost certainly belong to group 3 or 4, or both. During my own 

extractions I noted that several individuals from Kaua‘i resembled the specimens labeled as O. 

giffardi at the BPBM, and all of these individuals turned out to be assigned to haplogroup 3. A 

detailed morphological assessment of this group will be important in understanding correlations 

between genetic and morphological variation as it relates to speciation. 

The coexistence of two sets of distinct O. accepta haplogroups on each of the islands of 

Kaua‘i and Hawai‘i is interesting, because it allows for the possibility that cryptic species might 

have evolved in sympatry with one another, rather than in isolation on different islands. Because 

O. accepta specimens were collected from both grasses and sedges, evolution of host plant 

specialization might explain the divergence between cryptic taxa on the same island. However, an 

AMOVA on all specimens for which host plant was known revealed no significant isolation 

between grass-feeding and sedge-feeding individuals (Table 5.8). There was no evidence for 
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haplogroups being allopatric within islands, for instance isolated on different mountain ranges or 

valleys. Individuals from groups 3 and 5 co-occurred at localities on both O‘ahu and Kaua‘i, 

sometimes during the same collecting trip, on the same species of host plant. Similarly, on 

Hawai‘i Island, groups 1 and 2 were collected from the same localities around the island. The 

relatively rare group 4 (only five individuals) was collected only from one locality near Thurston 

Lava Tube in Hawai‘i Volcanoes National Park, but groups 1 and 2 were also collected from this 

locality during the same trip. However, a current sympatric distribution could certainly be the 

product of allopatric speciation followed by dispersal, especially given the evidence that high 

gene flow among islands (and hence frequent interisland dispersal) is commonplace in other 

Omiodes.  

Based on the haplotype network of O. accepta (Fig. 5.3A), one might predict that 

haplogroup 1 gave rise to the other four haplogroups, given its central location in the network, 

and its widespread distribution. This is consistent with the mtDNA phylogeny constructed in 

Chapter 4 (Fig. 4.5), in which haplogroups 4, 5, 3, and 2 split off within the O. accepta clade in 

that order. Haplogroup 4, recorded only from Hawai‘i Island, was the first to diverge from the 

rest of the clade, with that divergence estimated at over two million years ago (Fig. 4.7), well 

before the formation of Hawai‘i Island. This suggests that this haplogroup originated on other 

islands, and that its restriction to Hawai‘i Island is the result of colonization of Hawai‘i followed 

by extinction on other islands where it formerly occurred. 

O. anastrepta: 

The relatively rare O. anastrepta, which specializes on native sedges, was historically 

known from the islands of O‘ahu, Moloka‘i, Maui, and Hawai‘i, but was reported to be extinct in 

the 1980s, along with other Omiodes spp. (Gagné and Howarth 1982). During the course of this 

study, this species was rediscovered on Moloka‘i, Maui, and Hawai‘i, and was also collected on 

Kaua‘i, where it was not previously known to occur (Zimmerman 1958a, Nishida 2002). The 

species has not been recovered on the island of O‘ahu, and is likely extirpated from that island. 

There was strong island-based population structure in O. anastrepta, but haplotypes were 

generally separated by only a few mutations, and haplotypes from Maui, Moloka‘i, and Kaua‘i all 

clustered together, with the single Kaua‘i specimen sharing a haplotype with three Maui samples. 

However, the single specimen included from Hawai‘i Island is separated from its nearest 

neighbor (Maui or Moloka‘i) by six mutations, suggesting that Hawai‘i populations may be 

isolated from the other islands. More samples from Kaua‘i and Hawai‘i are necessary to evaluate 

the degree of isolation of these island populations.  
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This was the only species to show significant structure among the islands of Maui Nui, 

with significant structure between the islands of Maui and Moloka‘i. However, the number of 

specimens on all islands other than Maui was quite small, and patterns may change with more 

extensive sampling. Surprisingly, the single specimen from Kaua‘i (where O. anastrepta was not 

previously known to occur) belonged to the same haplotype as three specimens from Maui. This 

specimen may represent a recent colonization of Kaua‘i, or it is possible that a specimen from 

Maui was mislabeled with the incorrect collection data. More sampling should be conducted on 

Kaua‘i to confirm the occurrence of this species. 

O. antidoxa: 

Another specialist on native sedges, O. antidoxa is more highly structured than O. 

anastrepta, with distant and nearly completely isolated populations on O‘ahu and Kaua‘i (Fig. 

5.2C). Kaua‘i specimens comprised a group of 9 closely related haplotypes, separated from O‘ahu 

specimens by a minimum of 26 changes (1.9%). A distance of this magnitude between 

haplogroups suggests cryptic species, as seen in O. accepta, and samples from O‘ahu and Kaua‘i 

populations should be examined morphologically to look for morphological differences.  

O. blackburni: 

The native host plants for O. blackburni were Pritchardia palms, which today are quite 

rare in Hawai‘i, but the species is able to feed on other Arecaceae, and is now most commonly 

collected on coconut palms, a Polynesian introduction. It is also occasionally reared from leaves 

of banana, also introduced by Polynesian settlers. This species is widespread across the Hawaiian 

Islands, found on all of the main islands (Zimmerman 1958a, Nishida 2002), and often abundant 

on coconut palms along the coast. It occasionally undergoes population outbreaks, and is 

considered a pest, due to the cosmetic damage the caterpillars cause to landscape plants (Bess 

1972). Because this species (and its host plants) are abundant and ubiquitous in windy coastal 

areas, it was expected that this species would be transported frequently among the islands, and 

exhibit low population structure. However, this prediction did not hold true across all of the 

islands. 

Genetic variability within O. blackburni was low compared to other well-sampled 

species, with only a few abundant haplotypes, separated by one or two mutations (Fig. 5.2D). Of 

the eight species sampled, O. blackburni exhibited the second lowest haplotype diversity (Table 

5.5) and the lowest nucleotide diversity (Table 5.6). The most frequently sampled haplotype was 

present on all the main Hawaiian Islands except for Kaua‘i. Although overall population structure 

based on islands was significant in O. blackburni, this was mainly due to differentiation between 

the two oldest islands (O‘ahu and Kaua‘i) and the rest of the islands, and to a lesser extent, 
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between Hawai‘i Island and Maui. The four islands of Maui Nui – Maui, Moloka‘i, Lana‘i, and 

Kaho‘olawe – showed no significant isolation from one another; aside from two individuals (one 

from Maui and one from Moloka‘i), the rest of Maui Nui samples (N=27) belonged to the same, 

most common haplotype. Tests for IBD (Table 5.9) were significant across its entire range, but 

not among sites within a single island (O‘ahu), suggesting that overwater distances between 

islands are the primary isolating mechanism in this species.  

Low haplotype diversity in O. blackburni is consistent with its biology, since this species 

appears to be a good disperser, and experiences large fluctuations in abundance (Bess 1972). 

Theory predicts that such fluctuations could lead to frequent purging of less common haplotypes 

through drift during population crashes, but there are few studies on this phenomenon in 

outbreaking species, and those have not necessarily provided evidence for this phenomenon 

(Ehrich and Jorde 2005, Chapuis et al. 2009). It is also not surprising that there was almost no 

differentiation within Maui Nui, since these islands were all connected during the last ice age 

10,000 years ago (Clague 1996). However, the significant population structure observed between 

the older islands and the rest of the chain is somewhat surprising given the widespread coastal 

distribution of O. blackburni. Considering, though, that even the most distant O‘ahu haplotype 

was only 4 changes from the most common Maui Nui haplotype, this isolation is much less 

extreme than that observed in O. antidoxa and O. monogramma.   

An AMOVA on host plant for O. blackburni individuals collected as larvae revealed 

significant structure between those collected on banana and those on palms (Fig. 5.4B, Table 5.8). 

However, viewing networks from Fig. 5.4B and Fig. 5.2D side by side reveals that host plant and 

island distribution are confounded. Most specimens collected from banana were from a single site 

on the island of Hawai‘i, with only one individual from coconut on this island. Similarly, most 

specimens collected from Pritchardia were collected from several sites on O‘ahu. The isolation 

found between specimens from banana and the other two hosts is likely an artifact of island 

distribution. Note that most specimens collected from Hawai‘i Island belonged to the same 

haplotype, and this included specimens from banana and coconut.  More even sampling across 

islands and hosts (especially from palms on Hawai‘i Island, or from banana on O‘ahu or other 

islands) would allow for within-island AMOVA to be conducted to help elucidate the influence of 

host plant. Given the lack of any visible population differentiation associated with hosts within 

islands thus far, it seems unlikely that host plant is an isolating factor. This is particularly 

relevant, since O. blackburni was thought to share a common ancestor with five species that have 

only been reared from banana, and were thought to have diverged from one another since the 

introduction of banana by Polynesians approximately 1000 years ago (Zimmerman 1960).  
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O. continuatalis:  

The Reverend Thomas Blackburn, one of the first entomologists to study Hawaiian 

insects, reported that O. continuatalis was one of the most widespread of Hawaiian moths during 

the late 1800s. Like many Hawaiian insects, it has declined considerably since then. In the 1980s, 

the species was placed on several lists of extinct insects, along with many other species of 

Omiodes (Gagné and Howarth 1982, Beattie 1994).  Recently, populations have been 

rediscovered on the islands of Hawai‘i, Maui, Kaho‘olawe, and Lana‘i (Haines et al. 2004, King 

et al. 2009), where it is often locally abundant in areas dominated by alien vegetation in mesic to 

dry grasslands. This species is a generalist grass feeder whose host plants, including both native 

and non-native species, are common in these landscapes. Given that it is not restricted to native 

ecosystems, it is remarkable that the species has not been recently found on the islands of Kaua‘i, 

O‘ahu, and Moloka‘i, and appears to be extirpated there, at least on Kaua‘i and O‘ahu, where 

sampling effort by myself and other lepidopterists has been high compared to other islands. 

Because of these recent extirpations, it was suspected that O. continuatalis may not be an 

extremely effective disperser, and may show significant isolation among islands. Also, because it 

was declared to be extinct, but then rediscovered, one might expect to find molecular evidence of 

a bottleneck event, if populations had crashed throughout its range, followed by recovery on 

certain islands. Evidence was not found for either of these patterns. Of the species examined, O. 

continuatalis was one of only two that showed no genetic structure throughout its range (ΦST = 

0.014, p = 0.720, Table 5.7). Part of the lack of structure might be explained by the fact that 

analyses did not include specimens from its extirpated range, since in other species, isolation 

between Kaua‘i and O‘ahu, and between those two islands and the rest of the islands, has 

generally been more significant than structure among Maui Nui and Hawai‘i Island. There was no 

evidence for IBD in O. continuatalis, either across its range or within the island of Hawai‘i (Table 

5.9).  

Bottleneck events seem unlikely to have occurred in O. continuatalis, given the fact that 

this species had the highest haplotype diversity of any of the species sampled (Table 5.5, h = 

0.968), not only overall, but also within islands. Population crashes followed by recovery on 

individual islands would likely have resulted in low haplotype diversity on those islands, with 

different haplotypes probably becoming fixed on different islands (Alves et al. 2001, Muir and 

Price 2008). This is the opposite of the pattern observed. The observed pattern is consistent with 

O. continuatalis remaining relatively abundant on the islands of current distribution, while 

populations in the extirpated range crashed. This suggests that something about O‘ahu and Kaua‘i 
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differs from other islands; perhaps suitable habitat is less widespread there, or threats such as ants 

or invasive parasitoids are more severe. 

Statistics measuring departures from neutrality are often also informative with regards to 

population declines or expansion (Sherry et al. 1994, Librado and Rozas 2009). In O. 

continuatalis, D*, D, and F* statistics were all significant at an alpha of 0.05, (Table 5.10), 

possibly indicating past fluctuations in population size. The mismatch distribution showed a 

single peak, suggesting a single historical population expansion event. However, as discussed 

above, the high genetic diversity in this species, and the lack of significant structure among 

islands, does not suggest a recent population crash preceding a population expansion. 

O. localis: 

Like O. continuatalis, O. localis is a generalist on grasses, but it is generally more 

common in wet and mesic sites, whereas O. continuatalis tends to be found in drier, more open 

sites. Unlike O. continuatalis, O. localis remains relatively common throughout its historical 

range, and has not been extirpated from islands (with the possible exception of Lana‘i, though its 

absence in collections might simply be due to lower collecting effort on that island). 

In terms of diversity and geographic structure, patterns observed in O. localis closely 

resembled those seen in O. continuatalis. There was no evidence for population structure by 

islands (ΦST = - 0.002, p = 0.424, Table 5.7) or IBD among islands (Table 5.9). As in O. 

continuatalis, D*, D, and F* were statistically significant (Table 5.10), indicating a departure 

from equilibrium due to changes in effective population size.   

O. monogona: 

The only Hawaiian Omiodes that does not feed on monocotyledonous plants, O. 

monogona feeds on both native and non-native plants in the family Fabaceae, and, like O. 

continuatalis and O. localis, is often collected in areas dominated by alien plants. This species 

formerly occurred on most of the main Hawaiian Islands, but has not been recently collected on 

O‘ahu or Moloka‘i, and is likely extirpated from those islands.  

In O. monogona, genetic structure among islands was low compared to other species, but 

significant, (ΦST = 0.139, p = 0.004, Table 5.7), and pairwise comparisons revealed that most of 

this difference was due to moderate isolation between the islands of Hawai‘i and Maui (FST = 

0.172, p = 0.000). There were only a few individuals included from the islands of Kaua‘i and 

Lana‘i, so a lack of significant isolation among those islands is not surprising, and may simply be 

due to a lack of statistical power.  
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O. monogramma: 

Among the species examined, O. monogramma exhibited the highest host specificity, 

with caterpillars feeding on a single species of endemic plant, Dianella sandwicensis (Liliaceae). 

Although Dianella is not considered particularly rare or endangered compared to other native 

plants, it is most common in the patchy habitat of native mesic forests and ridgetops (Wagner et 

al. 1999), and is much rarer than non-native grasses or coconut palms, the primary host plants for 

most of the other species in this study. Like several of the other species in this dataset, O. 

monogramma has experienced island extirpations; it formerly occurred on the islands of Hawai‘i 

and Moloka‘i (Nishida 2002), but has not been recently collected there, and is now only known to 

occur on Kaua‘i and O‘ahu, and only from a few locations on each of those islands.  

Haplotype diversity of O. monogramma was the lowest observed in this study (h = 

0.754). This is possibly due in part to small sample size and a low number of collection sites, but 

since this species is only known to occur in a few locations, the sample actually included all 

known populations.  Consistent with the idea that more specialized species exhibit less vagility, 

O. monogramma also exhibited the most complete population partitioning, with no shared 

haplotypes between islands (O‘ahu and Kaua‘i), and the two islands separated by 16 mutations 

(1.1% divergence in COI). Given the complete isolation of these island populations, they should 

be treated as evolutionarily significant units in terms of conservation. As with O. accepta and O. 

antidoxa, morphological assessment may reveal interesting differences between populations on 

the two islands. 

General Discussion 

Patterns of genetic structure varied dramatically among the eight taxa examined, with 

some exhibiting no evidence of population structure, and others showing evidence of extreme 

island-based isolation. When population structure was high, it was primarily between islands or 

groups of islands, rather than within islands, and there was no evidence of isolation by distance or 

obvious population structure among sites within a particular island. There was, however, 

evidence for significant isolation by distance among islands in some species. 

Three of the eight species studied – O. accepta, O. antidoxa, and O. monogramma – 

showed evidence of possible cryptic species or subspecies, with genetically distinct haplogroups, 

more than 1% divergent from each other, sometimes even on the same island. This is suggestive 

of possible modes of speciation in Omiodes. In O. monogramma and O. antidoxa, there was no 

overlap between highly divergent haplogroups on different islands, strongly suggesting that 

allopatric speciation via isolation on different islands is likely very important in Omiodes. In 

contrast, the O. accepta complex includes pairs of widely divergent haplogroups that occur 
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completely sympatrically on the same host plants, both on Hawai‘i Island and on Kaua‘i and 

O‘ahu. Although ostensibly, this suggests the possibility that sympatric speciation has occurred, 

there are many reasons why this may not be the case. Current distributions of Omiodes do not 

necessarily reflect natural distributions prior to human contact. Dispersal among islands has likely 

occurred frequently, with many or most species being widespread across the high islands, and 

back colonizations probably occurring from younger to older islands (for instance, O. laysanensis 

in the NWHI). Extirpations from islands are also known to have occurred in many species, and it 

is possible that some such extirpations have been undocumented. For this reason, species or 

clades that are currently endemic to an island may not have originated on that island. Divergence 

times for the O. accepta clades estimated in Chapter 4 (Fig. 4.7) corroborate this, with 

haplogroup 4, currently only recorded from Hawai‘i Island, branching off from other O. accepta 

over 2 MYA, well before the formation of Hawai‘i Island.  

As discussed in Chapter 4, selection acting on sexual characteristics such as pheromones 

could be an important factor promoting and accelerating the process of allopatric speciation 

following founder events. This phenomenon has been shown to occur in Hawaiian drosophilid 

flies (Kaneshiro 1976, Carson 1997, Kaneshiro 2006), and it may be more widespread, especially 

in other groups for which sexual pheromones are highly specific, acting as important isolating 

mechanisms. Differences in pheromone mixtures have been shown to maintain isolation in other 

moths, including pyraloids, but typically, these differences have been studied in cases of 

sympatric speciation, in which pheromone composition is correlated with different host plant 

preferences (Tompkins et al. 1993, Zhu et al. 1997, Emelianov et al. 2001, Thomas et al. 2003, 

Bethenod et al. 2005). Examination of differences in morphology or behavior of conspecific 

haplogroups within Omiodes may provide insights into isolating mechanisms. It would be very 

interesting to conduct acceptance trials using males and females from different islands in O. 

antidoxa and O. monogramma, and from different haplogroups occurring on the same island in O. 

accepta. This could be an important test of the sexual selection model of speciation proposed by 

Kaneshiro (1976, 1983), which would predict that populations from different islands can have 

divergent mate recognition systems within a few generations.  

Species with smaller geographic distributions exhibited higher population structure 

within those distributions (Fig. 5.5), a pattern that is not surprising, as it has been shown to be the 

case in other insects (Brouat et al. 2003), as well as in plants (Ge et al. 1999, He et al. 2000, 

Gustafsson and Sjogren-Gulve 2002), which have been more extensively studied than insects. 

Small range size was also associated with host specificity; host specific Omiodes species, or those 

whose host plants were less common, had higher population structure (Fig. 5.6), and tended to 
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have smaller range sizes, while species with widespread host plants tended to have high gene 

flow among islands, and widespread historical distributions. Although there have been few 

comparisons of relative gene flow among congeneric invertebrates, some of the few that have 

been conducted link high host or habitat specificity (or increased host rarity) to increased 

population structure and decreased dispersal ability in some arthropods (Ward et al. 1998, 

Vandergast et al. 2004). When hosts are rare or heterogeneously distributed in the landscape, 

dispersal becomes more risky, and the likelihood of an insect dying before finding a suitable host 

increases (Poethke and Hovestadt 2002, Stamps et al. 2005). This may result in selection pressure 

against long-distance dispersal for host-specific insects. In Omiodes, although allopatric 

speciation via geographic isolation on islands appears to be the dominant mechanism of 

diversification, host specialization may indirectly contribute to geographic isolation, by favoring 

reduced dispersal.  

Although the study did not include the rarest of Omiodes species, since there were not 

adequate sample sizes to attempt population-level analyses on very rare or extinct species, the 

results may still inform the conservation of these threatened species, and other threatened 

Lepidoptera. Among the eight species examined, rare species exhibited higher degrees of 

isolation to specific islands, and if this pattern holds true across Omiodes, even rarer species 

would be expected to have highly structured populations as well. It is therefore realistic to assume 

that populations of threatened species on different islands should be considered separate units for 

conservation purposes.  

There was no genetic evidence for population crashes in O. continuatalis and O. 

monogona, which were recorded as extinct and then rediscovered, indicating that populations 

within their current ranges have been relatively stable, even while populations on other islands 

were extirpated. This indicates that threats to these species may be island specific, perhaps due to 

differences in available habitat types on different islands. Spatial models of habitat suitability by 

King (2008) found that the amount of optimal habitat for O. continuatalis is much lower on 

O‘ahu and Kaua‘i than on Hawai‘i and Maui, and that a shift in optimal habitat has occurred 

during the last century. Parasitism rates were shown to be higher on islands where O. 

continuatalis has been extirpated (King et al. 2010), and future research should focus on 

determining specifically what is different about islands where Omiodes have been extirpated. 

Island-specific threats may be due to landscape-level changes such as physical destruction of 

habitat or displacement of vegetation, mortality from parasitoids, pathogens, or predators that 

have been introduced to some islands, but not others, or interactions between predation pressure 

and abiotic or biotic environmental conditions. Future studies should continue to explore these 
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ecological factors, with the goal of identifying and preventing the spread of specific threats, but 

also locating potential refugia where native Lepidoptera might escape from such threats. 
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Tables 

Table 5.1. Ecological characteristics of Omiodes species included in population-level analyses. 

*For island distributions, C = currently known to occur, H = historically documented, - = not 

known to occur. 
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 accepta Native and non-native grasses and sedges Yes C C C C - C C 
 anastrepta Native sedges No C H C - - C C 
 antidoxa Native sedges No C C - - - - - 
 blackburni Native and non-native palms (occasionally banana) Yes C C C C C C C 
 continuatalis Native and non-native grasses Yes H H H C C C C 
 localis Native and non-native grasses Yes C C C H - C C 
 monogona Native and non-native fabaceous plants Yes C H H C - C C 
 monogramma Dianella sandwicensis (ukiuki) No C C H - - - H 
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Table 5.2. Specimens used for population genetic analyses (part 1 of 15). 

Omiodes species Specimen Island Locality Date collected Collector 
accepta RV052 Hawai‘i Hakalau National Wildlife Refuge, Pu‘u Akala 15 Sep 1998 M. Heddle 
accepta RV008 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV012 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV047 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV050 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV051 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV054 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV055 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV057 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV064 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV069 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta RV071 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 26 Sep 2009 C. King 
accepta RV073 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 26 Sep 2009 C. King 
accepta RV074 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 26 Sep 2009 C. King 
accepta RV075 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 26 Sep 2009 C. King 
accepta RV077 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 26 Sep 2009 C. King 
accepta RV078 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 26 Sep 2009 C. King 
accepta WPH017 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 30 Jul 2004 W. Haines 
accepta WPH084 Hawai‘i Hawai‘i Volcanoes N.P., Escape Rd. at Thurston Lava Tube 1994 or 1995 K. Magnacca and D. Palumbo 
accepta RV003 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV004 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV005 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV006 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV007 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV009 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV010 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV011 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV013 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV014 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV049 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV053 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV058 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV059 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV060 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV061 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
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Table 5.2. (Continued, 2 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
accepta RV068 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta RV070 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
accepta SDA341 Hawai‘i Kamuela, Mokuloa Subdivision 28 Apr 2003 D. Rubinoff and A. Nogues 
accepta SDA342 Hawai‘i Kamuela, Mokuloa Subdivision 20 Apr 2003 D. Rubinoff and A. Nogues 
accepta SDA346 Hawai‘i Kamuela, Mokuloa Subdivision 20 Apr 2003 D. Rubinoff and A. Nogues 
accepta RV062 Hawai‘i Pu‘u Makaala 16 Sep 1998 M. Heddle and J. Giffin 
accepta RV023 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
accepta RV032 Kaua‘i Koke‘e State Park, Mohihi Rd. 1 Jun 2004 W. Haines 
accepta RV034 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
accepta RV035 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
accepta RV036 Kaua‘i Koke‘e State Park, Mohihi Rd. 1 Jun 2004 W. Haines 
accepta RV041 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
accepta RV045 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
accepta WPH013 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
accepta WPH047 Kaua‘i Koke‘e State Park, Mohihi Rd. 1 Jun 2004 W. Haines 
accepta WPH049 Kaua‘i Koke‘e State Park, Mohihi Rd. 4 Sep 2004 W. Haines 
accepta WPH103 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff 
accepta RV028 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines and D. Rubinoff 
accepta RV033 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines and D. Rubinoff 
accepta RV065 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines and D. Rubinoff 
accepta RV066 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines 
accepta RV067 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines 
accepta RV072 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
accepta RV076 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines 
accepta RV079 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
accepta RV080 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
accepta RV082 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
accepta RV083 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
accepta RV084 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
accepta RV095 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
accepta RV098 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
accepta RV102 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines 
accepta RV025 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. 17 Jun 2004 W. Haines 
accepta RV030 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. Jun 2004 W. Haines 
accepta RV039 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. 17 Jun 2004 W. Haines 
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Table 5.2. (Continued, 3 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
accepta RV040 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. 17 Jun 2004 W. Haines 
accepta RV042 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. 17 Jun 2004 W. Haines 
accepta RV043 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. 17 Jun 2004 W. Haines 
accepta RV044 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. 17 Jun 2004 W. Haines 
accepta RV046 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. 17 Jun 2004 W. Haines 
accepta RV081 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. Jun 2004 W. Haines 
accepta SDA185 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. Jun 2004 W. Haines 
accepta SDA263 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. 17 Jun 2004 W. Haines 
accepta WPH046 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. at Kawaikoi Str. Jun 2004 W. Haines 
accepta WPH285 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH286 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH287 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH288 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH289 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH290 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH291 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH292 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH293 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH294 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH295 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH296 Kaua‘i Near North Fork of Wailua River 28 Oct 2010 A. Y. Kawahara 
accepta WPH131 Lana‘i Munro Tr. 3 Jul 2005 W. Haines 
accepta WPH132 Lana‘i Munro Tr. 3 Jul 2005 W. Haines 
accepta RV020 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 15 Jan 2004 W. Haines and D. Rubinoff 
accepta RV087 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta RV088 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta RV089 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta RV090 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta RV091 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta RV092 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta RV093 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta SDA326 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta WPH058 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
accepta RV018 Maui Kokomo, Ka‘ili‘ili Rd. 27 Nov 2003 W. Haines 
accepta RV019 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
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Table 5.2. (Continued, 4 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
Accepta RV021 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
Accepta RV022 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
Accepta RV037 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
Accepta RV048 Maui Kokomo, Ka‘ili‘ili Rd. 5 Feb 2007 W. Haines 
Accepta RV063 Maui Kokomo, Ka‘ili‘ili Rd. 5 Feb 2007 W. Haines 
Accepta RV096 Maui Kokomo, Ka‘ili‘ili Rd. 16 Oct 2009 W. Haines 
Accepta SDA272 Maui Kokomo, Ka‘ili‘ili Rd. 22 Nov 2009 W. Haines 
Accepta SDA273 Maui Kokomo, Ka‘ili‘ili Rd. 22 Nov 2009 W. Haines 
Accepta WPH026 Maui Kokomo, Ka‘ili‘ili Rd. 2002 W. Haines 
Accepta RV016 Maui Makawao For. Res., 762 m 18 Jun 2004 W. Haines 
Accepta RV017 Maui Makawao For. Res., 762 m 19 Jun 2004 W. Haines 
accepta SDA309 Maui Makawao For. Res., 762 m 19 Jun 2006 W. Haines 
accepta SDA310 Maui Makawao For. Res., 762 m 14-16 Jul 2006 W. Haines 
accepta SDA311 Maui Makawao For. Res., 762 m 14-16 Jul 2006 W. Haines 
accepta SDA312 Maui Makawao For. Res., 762 m 14-16 Jul 2006 W. Haines 
accepta SDA259 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
accepta WPH139 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
accepta WPH140 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
accepta WPH141 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
accepta RV038 O‘ahu Tantalus, Pu‘u ‘Ohi‘a Tr. 3 Jun 2005 W. Haines 
accepta WPH109 O‘ahu Tantalus, Pu‘u ‘Ohi‘a Tr. 20-21 May 2005 W. Haines 
accepta RV024 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  5 Sep 2005 W. Haines 
accepta RV026 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  5 Sep 2005 W. Haines 
accepta RV031 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  5 Sep 2005 W. Haines 
accepta RV085 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
accepta RV086 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
accepta RV097 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
accepta RV099 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
accepta RV100 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
accepta RV101 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
accepta RV103 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
accepta RV104 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
anastrepta WPH059 Hawai‘i Hawai‘i Volcanoes N.P., Mauna Loa Strip Rd. at Powerline Rd. 14 Oct 2004 W. Haines 
anastrepta SDA183 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
anastrepta SDA156 Maui Makawao For. Res. Apr 2004 W. Haines 
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Table 5.2. (Continued, 5 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
anastrepta SDA157 Maui Makawao For. Res. Dec 2003 W. Haines 
anastrepta WPH014 Maui Makawao For. Res. May 2004 W. Haines 
anastrepta WPH101 Maui Makawao For. Res. 19 Mar 2005 W. Haines 
anastrepta WPH179 Maui Makawao For. Res. Feb 2006 C. King 
anastrepta SDA294 Maui Makawao For. Res., 1097 m 16 Mar 2010 W. Haines 
anastrepta SDA159 Maui Makawao For. Res., 1150 m Jun 2009 W. Haines 
anastrepta SDA160 Maui Makawao For. Res., 1150 m Jun 2009 W. Haines 
anastrepta SDA161 Maui Makawao For. Res., 1150 m Jun 2009 W. Haines 
anastrepta SDA162 Maui Makawao For. Res., 1150 m 29 Aug 2009 W. Haines 
anastrepta SDA163 Maui Makawao For. Res., 1150 m Jun 2009 W. Haines 
anastrepta SDA164 Maui Makawao For. Res., 1150 m Jun 2009 W. Haines 
anastrepta SDA165 Maui Makawao For. Res., 1150 m Jun 2009 W. Haines 
anastrepta SDA402 Maui Makawao For. Res., 1150 m Jun 2009 W. Haines 
anastrepta SDA403 Maui Makawao For. Res., 1150 m Jun 2009 W. Haines 
anastrepta SDA265 Maui Makawao For. Res., 762 m 28 Nov 2009 W. Haines 
anastrepta SDA405 Maui Makawao For. Res., 762 m 18 Jun 2006 W. Haines 
anastrepta SDA158 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
anastrepta SDA257 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
anastrepta WPH135 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
anastrepta WPH136 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
anastrepta WPH137 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
anastrepta WPH138 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 7 Jul 2005 W. Haines 
antidoxa SDA177 Kaua‘i Koke‘e State Park 2 Jun 2004 W. Haines 
antidoxa SDA176 Kaua‘i Koke‘e State Park, Camp Sloggett 5 Sep 2004 W. Haines 
antidoxa SDA178 Kaua‘i Koke‘e State Park, Camp Sloggett 2 Sep 2004 W. Haines 
antidoxa SDA179 Kaua‘i Koke‘e State Park, Camp Sloggett 2 Sep 2004 W. Haines 
antidoxa SDA174 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 Jun 2004 W. Haines 
antidoxa SDA175 Kaua‘i Koke‘e State Park, Mohihi Rd. 1 Jun 2004 W. Haines 
antidoxa SDA180 Kaua‘i Koke‘e State Park, Mohihi Rd. 6 Oct 2007 W. Haines 
antidoxa SDA181 Kaua‘i Koke‘e State Park, Mohihi Rd. 6 Oct 2007 W. Haines 
antidoxa WPH012 Kaua‘i Koke‘e State Park, Mohihi Rd. 1 Jun 2004 W. Haines 
antidoxa WPH095 Kaua‘i Koke‘e State Park, Nualolo Tr. 1 Mar 2005 P. T. Oboyski 
antidoxa SDA170 Kaua‘i Mahanaloa Gulch Date unrecorded M. Heddle and A. Asquith 
antidoxa SDA171 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 17 Jun 2004 L. Valdivia 
antidoxa SDA172 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 17 Jun 2004 L. Valdivia 
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Table 5.2. (Continued, 6 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
antidoxa SDA173 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 17 Jun 2004 L. Valdivia 
antidoxa SDA182 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
antidoxa SDA184 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
antidoxa SDA186 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
antidoxa SDA187 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
antidoxa SDA188 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
antidoxa SDA189 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
antidoxa SDA249 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
antidoxa WPH104 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 18 May 2005 D. Rubinoff et al. 
antidoxa WPH107 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 18 May 2005 D. Rubinoff et al. 
antidoxa WPH297 Kaua‘i Near Limahuli Gardens 28 Oct 2010 A. Y. Kawahara and D. Rubinoff 
antidoxa SDA248 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  15 Jun 2007 W. Haines 
antidoxa SDA251 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  26 Sep 2009 W. Haines 
antidoxa SDA258 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  1 May 2004 W. Haines 
antidoxa SDA261 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  1 May 2004 W. Haines 
antidoxa WPH027 O‘ahu Wai‘anae Kai For. Res. Mt. Ka‘ala Tr. near Ka‘ala NAR.  1 May 2004 W. Haines 
blackburni WPH085 Hawai‘i Glenwood, Omega Rd.  28 Feb 2005 W. Haines 
blackburni WPH086 Hawai‘i Hawai‘i Volcanoes N.P., end of Chain of Craters Rd. 27 Feb 2005 W. Haines 
blackburni WPH148 Hawai‘i Kau, Kaiholena 31 Jul 2006 W. Haines 
blackburni WPH149 Hawai‘i Kau, Kaiholena 31 Jul 2006 W. Haines 
blackburni WPH151 Hawai‘i Kau, Kaiholena 31 Jul 2006 W. Haines 
blackburni WPH153 Hawai‘i Kau, Kaiholena 31 Jul 2006 W. Haines 
blackburni WPH154 Hawai‘i Kau, Kaiholena 31 Jul 2006 W. Haines 
blackburni WPH164 Kaho‘olawe Kaho‘olawe Base Camp 24 Jan 2006 S. Myers 
blackburni WPH166 Kaho‘olawe Kaho‘olawe Base Camp 24 Jan 2006 S. Myers 
blackburni WPH167 Kaho‘olawe Kaho‘olawe Base Camp 24 Jan 2006 S. Myers 
blackburni SDA099 Kaua‘i Kapa‘a 21 Aug 2005 C. King 
blackburni SDA110 Kaua‘i Kapa‘a 21 Aug 2005 C. King 
blackburni SDA111 Kaua‘i Kapa‘a 21 Aug 2005 C. King 
blackburni SDA112 Kaua‘i Kapa‘a 21 Aug 2005 C. King 
blackburni SDA113 Kaua‘i Kapa‘a 21 Aug 2005 C. King 
blackburni WPH173 Kaua‘i North Fork of Wailua River July 2006 D. Rubinoff 
blackburni WPH175 Kaua‘i North Fork of Wailua River July 2006 D. Rubinoff 
blackburni WPH176 Kaua‘i North Fork of Wailua River July 2006 D. Rubinoff 
blackburni SDA271 Lana‘i Lana‘i City 19 Sep 2009 W. Haines 
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Table 5.2. (Continued, 7 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
blackburni WPH133 Lana‘i Lana‘i City 3 Jul 2005 W. Haines 
blackburni SDA416 Maui Kahului, Keopuolani Park 24 Apr 2010 W. Haines 
blackburni SDA417 Maui Kahului, Keopuolani Park 24 Apr 2010 W. Haines 
blackburni SDA418 Maui Kahului, Keopuolani Park 24 Apr 2010 W. Haines 
blackburni SDA419 Maui Kahului, Keopuolani Park 24 Apr 2010 W. Haines 
blackburni SDA420 Maui Kahului, Keopuolani Park 24 Apr 2010 W. Haines 
blackburni SDA421 Maui Kahului, Keopuolani Park 24 Apr 2010 W. Haines 
blackburni SDA422 Maui Kahului, War Memorial Stadium 24 Apr 2010 W. Haines 
blackburni SDA424 Maui Kahului, War Memorial Stadium 24 Apr 2010 W. Haines 
blackburni SDA425 Maui Kahului, War Memorial Stadium 24 Apr 2010 W. Haines 
blackburni SDA096 Maui Kokomo, Ka‘ili‘ili Rd. 21 May 2004 W. Haines 
blackburni SDA098 Maui Kokomo, Ka‘ili‘ili Rd. 20 Dec 2003 W. Haines 
blackburni SDA100 Maui Kokomo, Ka‘ili‘ili Rd. 21 May 2004 W. Haines 
blackburni SDA101 Maui Kokomo, Ka‘ili‘ili Rd. 2 Mar 2003 W. Haines 
blackburni SDA102 Maui Kokomo, Ka‘ili‘ili Rd. Date unrecorded W. Haines 
blackburni WPH019 Maui Kokomo, Ka‘ili‘ili Rd. 2004 W. Haines 
blackburni WPH172 Maui Ko‘olau For. Res., Honomanu Valley at Wahinepee Tr. 12 Aug 2006 W. Haines 
blackburni WPH171 Maui Launiupoko 27 Dec 2005 W. Haines 
blackburni SDA260 Moloka‘i Kamehameha V Hwy 5 Jul 2005 W. Haines 
blackburni WPH147 Moloka‘i Kamehameha V Hwy, mile marker 16 5 Jul 2005 W. Haines 
blackburni WPH142 Moloka‘i Kamehameha V Hwy, mile marker 20 5 Jul 2005 W. Haines 
blackburni WPH143 Moloka‘i Kamehameha V Hwy, mile marker 20 5 Jul 2005 W. Haines 
blackburni WPH144 Moloka‘i Kamehameha V Hwy, mile marker 20 5 Jul 2005 W. Haines 
blackburni WPH146 Moloka‘i Kamehameha V Hwy, mile marker 20 5 Jul 2005 W. Haines 
blackburni WPH134 Moloka‘i Moloka‘i For. Res., "TNC Barracks" 7 Jul 2005 W. Haines 
blackburni SDA267 O‘ahu Kahuku 26 Sep 2009 W. Haines 
blackburni SDA268 O‘ahu Kahuku 26 Sep 2009 W. Haines 
blackburni SDA269 O‘ahu Kahuku 26 Sep 2009 W. Haines 
blackburni SDA270 O‘ahu Kahuku 26 Sep 2009 W. Haines 
blackburni SDA106 O‘ahu Ko‘olau Mtns., Manana Ridge Tr. 4 Dec 2003 W. Haines 
blackburni SDA255 O‘ahu Ko‘olau Mtns., Manana Ridge Tr. 21 Sep 2003 W. Haines 
blackburni SDA256 O‘ahu Ko‘olau Mtns., Manana Ridge Tr. 21 Sep 2003 W. Haines 
blackburni WPH177 O‘ahu Ko‘olau Mtns., summit between Wiliwilinui and Hawai‘iloa Tr. 10 Jun 2006 W. Haines 
blackburni WPH178 O‘ahu Ko‘olau Mtns., summit between Wiliwilinui and Hawai‘iloa Tr. 10 Jun 2006 W. Haines 
blackburni SDA083 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
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Table 5.2. (Continued, 8 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
blackburni SDA084 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
blackburni SDA093 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
blackburni SDA094 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
blackburni SDA097 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
blackburni SDA107 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
blackburni SDA108 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
blackburni SDA109 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
blackburni WPH020 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 12 Oct 2003 W. Haines 
blackburni SDA129 O‘ahu Makapuu Beach Park 13 Sep 2009 W. Haines 
blackburni SDA131 O‘ahu Makapuu Beach Park 13 Sep 2009 W. Haines 
blackburni SDA128 O‘ahu O‘ahu 13 Sep 2009 W. Haines 
blackburni SDA095 O‘ahu Punaluu 18 Sep 2005 W. Haines 
blackburni SDA103 O‘ahu Punaluu 18 Sep 2005 W. Haines 
blackburni SDA104 O‘ahu Punaluu 18 Sep 2005 W. Haines 
blackburni SDA105 O‘ahu Punaluu 18 Sep 2005 W. Haines 
blackburni SDA246 O‘ahu Waimanalo Beach Park 13 Sep 2009 W. Haines 
blackburni SDA070 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA071 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA072 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA073 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA074 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA075 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA076 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA077 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA078 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA079 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA080 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA081 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA085 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA086 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA087 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA088 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA089 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA090 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA091 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
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Table 5.2. (Continued, 9 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
blackburni SDA092 O‘ahu Wawamalu Beach Park 17 Aug 2004 W. Haines 
blackburni SDA130 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni SDA132 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni SDA133 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA236 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA237 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA238 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA239 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA240 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA241 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA242 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA243 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
blackburni  SDA244 O‘ahu Wawamalu Beach Park 13 Sep 2009 W. Haines 
continuatalis SDA041 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
continuatalis SDA043 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
continuatalis SDA058 Hawai‘i Hawai‘i Volcanoes N.P., Kahuku Ranch near Ka‘u For. Res. 18 May 2006 W. Haines et al. 
continuatalis SDA040 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
continuatalis SDA046 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
continuatalis WPH067 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
continuatalis SDA061 Hawai‘i Hawai‘i Volcanoes N.P., Mauna Loa Strip Rd. at Powerline Rd. 14 Oct 2004 W. Haines 
continuatalis SDA167 Hawai‘i Hawai‘i Volcanoes N.P., Mauna Loa Strip Rd. at Powerline Rd. 26 Sep 2009 C. King 
continuatalis WPH062 Hawai‘i Hawai‘i Volcanoes N.P., Mauna Loa Strip Rd. at Powerline Rd. 14 Oct 2004 W. Haines 
continuatalis SDA034 Hawai‘i Pu‘u Wa‘awa‘a Ranch 7 Jan 2005 D. Rubinoff 
continuatalis SDA045 Hawai‘i Pu‘u Wa‘awa‘a Ranch 7 Jan 2005 D. Rubinoff 
continuatalis SDA276 Hawai‘i Waimea 30 Oct 2008 P. Schmitz 
continuatalis SDA277 Hawai‘i Waimea 30 Oct 2008 P. Schmitz 
continuatalis SDA278 Hawai‘i Waimea 30 Oct 2008 P. Schmitz 
continuatalis SDA279 Hawai‘i Waimea 30 Oct 2008 P. Schmitz 
continuatalis SDA280 Hawai‘i Waimea 30 Oct 2008 P. Schmitz 
continuatalis WPH168 Kaho‘olawe Kaho‘olawe Base Camp 24 Jan 2006 S. Myers 
continuatalis WPH169 Kaho‘olawe Kaho‘olawe Base Camp 24 Jan 2006 S. Myers 
continuatalis WPH170 Kaho‘olawe Kaho‘olawe Base Camp 24 Jan 2006 S. Myers 
continuatalis WPH260 Lana‘i Kanepuu Preserve 6 Mar 2008 P. Schmitz and D. Rubinoff 
continuatalis WPH261 Lana‘i Kanepuu Preserve 6 Mar 2008 P. Schmitz and D. Rubinoff 
continuatalis WPH262 Lana‘i Kanepuu Preserve 6 Mar 2008 P. Schmitz and D. Rubinoff 
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Table 5.2. (Continued, 10 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
continuatalis SDA044 Maui Haliimaile Rd. at Halekala Hwy. 1 Jun 2005 C. King 
continuatalis SDA048 Maui Haliimaile Rd. at Halekala Hwy. 1 Jun 2005 C. King 
continuatalis SDA001 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA002 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA003 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA004 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA005 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA006 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA007 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA008 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA009 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA010 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA011 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA012 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA013 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA014 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA015 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA016 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA017 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA018 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA019 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA020 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA021 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA022 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA023 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA024 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA025 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA026 Maui Kokomo, Ka‘ili‘ili Rd. 28 Aug 2009 W. Haines 
continuatalis SDA027 Maui Kokomo, Ka‘ili‘ili Rd. 28 Aug 2009 W. Haines 
continuatalis SDA028 Maui Kokomo, Ka‘ili‘ili Rd. 28 Aug 2009 W. Haines 
continuatalis SDA031 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA032 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA033 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
continuatalis SDA035 Maui Kokomo, Ka‘ili‘ili Rd. 28 Aug 2009 W. Haines 
continuatalis SDA036 Maui Kokomo, Ka‘ili‘ili Rd. 28 Aug 2009 W. Haines 
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Table 5.2. (Continued, 11 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
continuatalis SDA037 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA038 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA039 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA047 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA049 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA050 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA051 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA052 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA053 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA054 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA055 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA056 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
continuatalis SDA057 Maui Kokomo, Ka‘ili‘ili Rd. 29 Jun 2004 W. Haines 
continuatalis SDA059 Maui Kokomo, Ka‘ili‘ili Rd. 30 Jun 2004 W. Haines 
continuatalis SDA060 Maui Kokomo, Ka‘ili‘ili Rd. 30 Jun 2004 W. Haines 
continuatalis SDA062 Maui Kokomo, Ka‘ili‘ili Rd. Jun 2004 W. Haines 
continuatalis SDA063 Maui Kokomo, Ka‘ili‘ili Rd. Apr 2004 W. Haines 
continuatalis SDA064 Maui Kokomo, Ka‘ili‘ili Rd. Apr 2004 W. Haines 
continuatalis SDA065 Maui Kokomo, Ka‘ili‘ili Rd. Apr 2004 W. Haines 
continuatalis SDA066 Maui Kokomo, Ka‘ili‘ili Rd. Apr 2004 W. Haines 
continuatalis SDA067 Maui Kokomo, Ka‘ili‘ili Rd. Apr 2004 W. Haines 
continuatalis SDA068 Maui Kokomo, Ka‘ili‘ili Rd. Apr 2004 W. Haines 
continuatalis SDA166 Maui Kokomo, Ka‘ili‘ili Rd. 5 Feb 2007 W. Haines 
continuatalis SDA264 Maui Kokomo, Ka‘ili‘ili Rd. 22-29 Nov 2009 W. Haines 
continuatalis WPH003 Maui Kokomo, Ka‘ili‘ili Rd. 23-27 Oct 2003 W. Haines 
continuatalis WPH004 Maui Kokomo, Ka‘ili‘ili Rd. 23-27 Oct 2003 W. Haines 
continuatalis WPH005 Maui Kokomo, Ka‘ili‘ili Rd. 23-27 Oct 2003 W. Haines 
continuatalis SDA349 Maui Kula, Waipoli Rd. near upper Kula Hwy. 20 Jun 2004 W. Haines 
localis SDA362 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 6 Oct 2008 D. Rubinoff 
localis SDA363 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 6 Oct 2008 D. Rubinoff 
localis SDA364 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 6 Oct 2008 D. Rubinoff 
localis SDA367 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 6 Oct 2008 D. Rubinoff 
localis WPH064 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
localis SDA123 Hawai‘i Hawai‘i Volcanoes N.P., Mauna Loa Strip Rd. at Powerline Rd. 26 Sep 2009 C. King 
localis SDA153 Hawai‘i Hawai‘i Volcanoes N.P., Mauna Loa Strip Rd. at Powerline Rd. 14 Oct 2004 W. Haines 
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Table 5.2. (Continued, 12 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
localis SDA154 Hawai‘i Hawai‘i Volcanoes N.P., Mauna Loa Strip Rd. at Powerline Rd. 14 Oct 2004 W. Haines 
localis SDA155 Hawai‘i Hawai‘i Volcanoes N.P., Mauna Loa Strip Rd. at Powerline Rd. 14 Oct 2004 W. Haines 
localis SDA144 Hawai‘i Hilo For. Res., Humuula Tr. 15 Oct 2004 W. Haines 
localis WPH065 Hawai‘i Hilo For. Res., Humuula Tr. 15 Oct 2004 W. Haines 
localis WPH097 Hawai‘i Kona Forest Unit of Hakalau National Wildlife Refuge 13 Apr 2005 C. King 
localis SDA372 Hawai‘i Laupahoehoe For. Res., Blair Rd. 28 May 2003 D. Rubinoff 
localis SDA375 Hawai‘i Laupahoehoe For. Res., Blair Rd. 28 May 2003 D. Rubinoff 
localis SDA376 Hawai‘i Laupahoehoe For. Res., Blair Rd. 28 May 2003 D. Rubinoff 
localis WPH071 Hawai‘i Vocano Golf Course Subdivision 14 Oct 2004 W. Haines 
localis SDA148 Hawai‘i Volcano Village, Pearl St. at 9th Ave. 17 May 2006 W. Haines 
localis SDA146 Hawai‘i Waimea 30 Oct 2008 P. Schmitz 
localis WPH096 Kaua‘i Hanalei, Ridge of Waikoko Valley 3 Mar 2005 P. T. Oboyski 
localis SDA136 Kaua‘i Koke‘e State Park, Camp Sloggett 5 Sep 2004 W. Haines 
localis SDA137 Kaua‘i Koke‘e State Park, Camp Sloggett 5 Sep 2004 W. Haines 
localis SDA138 Kaua‘i Koke‘e State Park, Camp Sloggett 5 Sep 2004 W. Haines 
localis SDA139 Kaua‘i Koke‘e State Park, Camp Sloggett 4 Sep 2004 W. Haines 
localis SDA141 Kaua‘i Koke‘e State Park, Camp Sloggett 5 Sep 2004 W. Haines 
localis SDA124 Kaua‘i Koke‘e State Park, Mohihi Rd. 1 Jun 2004 W. Haines 
localis SDA127 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
localis SDA134 Kaua‘i Koke‘e State Park, Mohihi Rd. 4 Sep 2004 W. Haines 
localis SDA135 Kaua‘i Koke‘e State Park, Mohihi Rd. 4 Sep 2004 W. Haines 
localis SDA152 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
localis SDA377 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff et al. 
localis SDA379 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff et al. 
localis SDA380 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff et al. 
localis SDA381 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff et al. 
localis SDA382 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff et al. 
localis SDA383 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff et al. 
localis SDA385 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff et al. 
localis SDA386 Kaua‘i Koke‘e State Park, Mohihi Rd. 17 May 2005 D. Rubinoff et al. 
localis SDA122 Kaua‘i Mahanaloa Gulch Date unrecorded M. Heddle and A. Asquith 
localis SDA145 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines and D. Rubinoff 
localis SDA114 Maui Kokomo, Ka‘ili‘ili Rd. 20 Jun 2004 W. Haines 
localis SDA115 Maui Kokomo, Ka‘ili‘ili Rd. 20 Jun 2004 W. Haines 
localis SDA116 Maui Kokomo, Ka‘ili‘ili Rd. 20-28 Dec 2003 W. Haines 
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Table 5.2. (Continued, 13 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
localis SDA117 Maui Kokomo, Ka‘ili‘ili Rd. 20 Jun 2004 W. Haines 
localis SDA118 Maui Kokomo, Ka‘ili‘ili Rd. 20 Jun 2004 W. Haines 
localis SDA119 Maui Kokomo, Ka‘ili‘ili Rd. 20 Jun 2004 W. Haines 
localis SDA142 Maui Kokomo, Ka‘ili‘ili Rd. 20 Jun 2004 W. Haines 
localis SDA143 Maui Kokomo, Ka‘ili‘ili Rd. 5 Feb 2007 W. Haines 
localis SDA147 Maui Kokomo, Ka‘ili‘ili Rd. 5 Feb 2007 W. Haines 
localis SDA149 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
localis SDA150 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
localis SDA151 Maui Kokomo, Ka‘ili‘ili Rd. 5 Feb 2007 W. Haines 
localis SDA274 Maui Kokomo, Ka‘ili‘ili Rd. 22 Nov 2009 W. Haines 
localis SDA275 Maui Kokomo, Ka‘ili‘ili Rd. 22 Nov 2009 W. Haines 
localis WPH006 Maui Kokomo, Ka‘ili‘ili Rd. 23-27 Oct 2003 W. Haines 
localis WPH007 Maui Kokomo, Ka‘ili‘ili Rd. 23-27 Oct 2003 W. Haines 
localis WPH008 Maui Kokomo, Ka‘ili‘ili Rd. 23-27 Oct 2003 W. Haines 
localis WPH009 Maui Kokomo, Ka‘ili‘ili Rd. 23-27 Oct 2003 W. Haines 
localis WPH010 Maui Kokomo, Ka‘ili‘ili Rd. 23-27 Oct 2003 W. Haines 
localis SDA360 Maui Kula, Waipoli Rd. near upper Kula Hwy. 20 Jun 2004 W. Haines 
localis SDA356 Maui Makawao For. Res., 762 m 19 Jun 2006 W. Haines 
localis SDA357 Maui Makawao For. Res., 762 m 19 Jun 2006 W. Haines 
localis SDA358 Maui Makawao For. Res., 762 m 14-16 Jul 2006 W. Haines 
localis SDA140 Moloka‘i Kamakou Preserve 8 Oct 2005 W. Haines 
localis WPH111 O‘ahu Maunawili, Hawai‘i Agricultural Research Center 26 May 2005 C. King 
localis WPH112 O‘ahu Maunawili, Hawai‘i Agricultural Research Center 26 May 2005 C. King 
localis SDA125 O‘ahu Mokuleia 1 May 2005 W. Haines and C. King 
localis WPH029 O‘ahu Tantalus, Pu‘u ‘Ohi‘a Tr. 1 Oct 2003 W. Haines 
localis SDA126 O‘ahu Wai‘anae Kai For. Res..  Mt. Ka‘ala Tr. near Ka‘ala NAR.  5 Sep 2005 W. Haines 
localis SDA292 O‘ahu Wai‘anae Mtns, Pahole NAR 26-27 mar 2010 W. Haines 
localis SDA291 O‘ahu Wai‘anae Mtns., Pahole NAR, Pahole Gulch 26 Mar 2010 W. Haines 
monogona SDA222 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
monogona SDA223 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
monogona SDA224 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
monogona SDA225 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
monogona SDA226 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
monogona SDA227 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
monogona WPH063 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
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Table 5.2. (Continued, 14 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
monogona WPH069 Hawai‘i Hawai‘i Volcanoes N.P., Kipuka Puaulu 15 Oct 2004 W. Haines 
monogona SDA401 Hawai‘i Kamuela, Mokuloa Subdivision 27 Apr 2003 D. Rubinoff and A. Nogues 
monogona WPH157 Hawai‘i Kamuela, Mokuloa Subdivision 30 May 2005 M. J. Medeiros 
monogona SDA218 Hawai‘i Pu‘u Wa‘awa‘a Ranch 7 Jan 2005 D. Rubinoff 
monogona SDA219 Hawai‘i Pu‘u Wa‘awa‘a Ranch 7 Jan 2005 D. Rubinoff 
monogona SDA221 Hawai‘i Pu‘u Wa‘awa‘a Ranch 7 Jan 2005 D. Rubinoff 
monogona WPH158 Hawai‘i Stainback Highway and Tree Planting Rd. 25 May 2005 M. J. Medeiros 
monogona WPH106 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 18 May 2005 D. Rubinoff et al. 
monogona WPH108 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 18 May 2005 D. Rubinoff et al. 
monogona WPH130 Lana‘i Munro Tr. 3 Jul 2005 W. Haines 
monogona SDA387 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
monogona WPH057 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 14 Sep 2004 D. Rubinoff and M. Caterino 
monogona SDA215 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
monogona SDA216 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
monogona SDA220 Maui Kokomo, Ka‘ili‘ili Rd. 21-22 May 2004 W. Haines 
monogona SDA295 Maui Kokomo, Ka‘ili‘ili Rd. 16 Mar 2010 W. Haines 
monogona SDA296 Maui Kokomo, Ka‘ili‘ili Rd. 16 Mar 2010 W. Haines 
monogona SDA297 Maui Kokomo, Ka‘ili‘ili Rd. 16 Mar 2010 W. Haines 
monogona WPH016 Maui Kula, Waipoli Rd. near upper Kula Hwy. 20 Jun 2004 W. Haines 
monogona SDA390 Maui Makawao For. Res., 762 m 18 Jun 2006 W. Haines 
monogona SDA391 Maui Makawao For. Res., 762 m 18 Jun 2006 W. Haines 
monogona SDA392 Maui Makawao For. Res., 762 m 18 Jun 2006 W. Haines 
monogona SDA393 Maui Makawao For. Res., 762 m 19 Jun 2006 W. Haines 
monogona SDA394 Maui Makawao For. Res., 762 m 19 Jun 2006 W. Haines 
monogona SDA395 Maui Makawao For. Res., 762 m 19 Jun 2006 W. Haines 
monogona SDA396 Maui Makawao For. Res., 762 m 19 Jun 2006 W. Haines 
monogona SDA397 Maui Makawao For. Res., 762 m 14-16 Jul 2006 W. Haines 
monogona SDA399 Maui Makawao For. Res., 762 m 14-16 Jul 2006 W. Haines 
monogramma SDA207 Kaua‘i Koke‘e State Park, Camp Sloggett 5 Sep 2004 W. Haines 
monogramma SDA208 Kaua‘i Koke‘e State Park, Camp Sloggett 5 Sep 2004 W. Haines 
monogramma SDA209 Kaua‘i Koke‘e State Park, Camp Sloggett 5 Sep 2004 W. Haines 
monogramma SDA214 Kaua‘i Koke‘e State Park, Camp Sloggett 4 Sep 2004 W. Haines 
monogramma SDA210 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
monogramma SDA211 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
monogramma SDA212 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
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Table 5.2. (Continued, 15 of 15) Specimens used for population genetic analyses 

Omiodes species Specimen Island Locality Date collected Collector 
monogramma WPH018 Kaua‘i Koke‘e State Park, Mohihi Rd. 2 Jun 2004 W. Haines 
monogramma SDA191 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA192 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA193 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA194 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA195 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA196 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA197 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA198 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA199 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA200 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA201 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA202 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. Jun 2004 W. Haines 
monogramma SDA213 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 17 Jun 2004 W. Haines 
monogramma SDA230 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
monogramma SDA232 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
monogramma SDA233 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
monogramma SDA234 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
monogramma SDA235 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 6 Oct 2007 W. Haines 
monogramma SDA353 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 8 Aug 2007 W. Haines and D. Rubinoff 
monogramma WPH105 Kaua‘i Na Pali-Kona For. Res., Alaka‘i Swamp Tr. 18 May 2005 D. Rubinoff et al. 
monogramma SDA303 O‘ahu Wai‘anae Kai For. Res..  Mt. Ka‘ala Tr. near Ka‘ala NAR.  5 Sep 2005 W. Haines 
monogramma SDA203 O‘ahu Wai‘anae Mtns., Palikea Tr. Date unrecorded W. Haines 
monogramma SDA204 O‘ahu Wai‘anae Mtns., Palikea Tr. Date unrecorded W. Haines 
monogramma SDA205 O‘ahu Wai‘anae Mtns., Palikea Tr. Date unrecorded W. Haines 
monogramma SDA206 O‘ahu Wai‘anae Mtns., Palikea Tr. Date unrecorded W. Haines 
monogramma SDA409 O‘ahu Wai‘anae Mtns., Palikea Tr. 8 Apr 2010 P. Krushelnycky 
monogramma SDA412 O‘ahu Wai‘anae Mtns., Palikea Tr. 8 Apr 2010 P. Krushelnycky 
monogramma SDA414 O‘ahu Wai‘anae Mtns., Palikea Tr. 8 Apr 2010 P. Krushelnycky 
monogramma SDA415 O‘ahu Wai‘anae Mtns., Palikea Tr. 8 Apr 2010 P. Krushelnycky 
monogramma WPH015 O‘ahu Wai‘anae Mtns., Palikea Tr. 26 Jun 1905 W. Haines 
monogramma WPH180 O‘ahu Wai‘anae Mtns., Palikea Tr. Jun 2006 C. King 
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Table 5.3. Number of samples collected from each island, by species, followed by the number of 

localities sampled (in parentheses). 

Region Island ac
ce

pt
a 

co
m

pl
ex

 

an
as

tr
ep

ta
 

an
tid

ox
a 

bl
ac

kb
ur

ni
 

co
nt

in
ua

ta
lis

 

lo
ca

lis
 

m
on

og
on

a 

m
on

og
ra

m
m

a 

Kaua‘i Kaua‘i 50 (4) 1 (1) 24 (6) 8 (2) - 21 (6) 2 (1) 28 (3) 
O‘ahu O‘ahu 13 (2) - 5 (1) 58 (8) - 7 (5) - 11 (2) 

Maui Nui  Moloka‘i 4 (1) 6 (1) - 7 (3) - 1 (1) - - 
  Lana‘i 2 (1) - - 2 (1) 3 (1) - 1 (1) - 
  Kaho‘olawe - - - 3 (1) 3 (1) - - - 

 
Maui 27 (3) 17 (1) - 17 (5) 63 (3) 23 (3) 18 (4) - 

Hawai‘i Hawai‘i 41 (3) 1 (1) - 7 (3) 16 (5) 18 (9) 14 (4) - 
Totals (all islands) 137 (14) 25 (4) 29 (7) 102 (23) 85 (10) 70 (24) 35 (10) 39 (5) 
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Table 5.4. Sites used in isolation by distance analyses, and the Omiodes species that occurred at 

each site (two or more individuals). Latitude and longitude coordinates are in the WGS 84 

coordinate system.  

          Omiodes species 

Site Island Locality Latitude Longitude ac
ce

pt
a 

bl
ac

kb
ur

ni
 

co
nt

in
ua

ta
lis

 
lo

ca
lis

 
m

on
og

on
a 

1 Kaua‘i Koke‘e State Park, Camp Sloggett 22.12378 -159.65021       X   
2 Kaua‘i Koke‘e State Park, Mohihi Rd. 22.13182 -159.63143 X     X   
3 Kaua‘i Koke‘e State Park, Mohihi Rd. @ Waiakoali Str. 22.12515 -159.62157       X   
4 Kaua‘i Na Pali-Kona F.R., Alaka‘i Swamp Tr. 22.15095 -159.61678 X       X 

5 Kaua‘i 
Na Pali-Kona F.R., Alaka‘i Swamp Tr. at Kawaikoi 
Str. 22.14922 -159.60972 X         

6 Kaua‘i Near North Fork of Wailua River 22.06259 -159.46797 X         
7 Kaua‘i North Fork Wailua River 22.07165 -159.41814   X       
8 Kaua‘i Kapa‘a 22.07449 -159.31745   X       
9 O‘ahu Wai‘anae Mtns, Pahole NAR 21.54239 -158.18538       X   
10 O‘ahu Wai‘anae Kai F.R. Mt. Ka‘ala Tr. near Ka‘ala NAR.  21.50408 -158.14826 X         
11 O‘ahu Kahuku 21.68940 -157.96730   X       
12 O‘ahu Punaluu 21.59368 -157.89448   X       
13 O‘ahu Ko‘olau Mtns., Manana Ridge Tr. 21.44912 -157.89142   X       
14 O‘ahu Tantalus, Pu‘u ‘Ohi‘a Tr. 21.33415 -157.81217 X         
15 O‘ahu Maunawili, Hawai‘i Agricultural Research Center 21.35201 -157.76622       X   
16 O‘ahu Ko‘olau Mtns., Wiliwilinui Tr. 21.32601 -157.75456   X       

17 O‘ahu 
Ko‘olau Mtns., summit, Wiliwilinui and Hawai‘iloa 
Tr. 21.32538 -157.74568   X       

18 O‘ahu Wawamalu Beach Park 21.28605 -157.67117   X       
19 O‘ahu Makapuu Beach Park 21.31264 -157.66105   X       
20 Lana‘i Kanepuu Preserve 20.87512 -156.97695     X     
21 Lana‘i Lana‘i City 20.83446 -156.91880   X       
22 Moloka‘i Kamakou Preserve, Pu‘u Kolekole Rd. 21.11151 -156.90744 X         
23 Lana‘i Munro Trail 20.81703 -156.87674 X         
24 Moloka‘i Kamehameha V Hwy, mile marker 20 21.10649 -156.74583   X       
25 Kaho‘olawe Kaho‘olawe Base Camp 20.51209 -156.68098   X X     
26 Maui Kahului, War Memorial Stadium 20.89082 -156.48573   X       
27 Maui Kahului, Keopuolani Park 20.89646 -156.48287   X       
28 Maui Haliimaile Rd. at Halekala Hwy. 20.85573 -156.36409     X     
29 Maui Kokomo, Ka‘ili‘ili Rd. 20.86736 -156.30463 X X X X X 
30 Maui Makawao F.R., 762 m 20.83982 -156.27656 X     X X 
31 Maui Haleakala N.P., Kipahulu Valley, Delta Camp 20.70787 -156.08464 X       X 
32 Hawai‘i Pu‘u Wa‘awa‘a Ranch 19.78639 -155.84733     X   X 
33 Hawai‘i Kamuela, Mokuloa Subdivision 20.03461 -155.64211 X         
34 Hawai‘i Kohala, White Rd. 20.04974 -155.62394         X 
35 Hawai‘i Waimea 20.07105 -155.58249     X     
36 Hawai‘i Kau, Kaiholena 19.16506 -155.57937   X       
37 Hawai‘i Hawai‘i Volc. N.P., Kahuku Ranch near Kau F.R. 19.32237 -155.52653 X   X     
38 Hawai‘i Hawai‘i Volc. N.P., Mauna Loa Rd. at Powerline Rd. 19.45964 -155.34204     X X   
39 Hawai‘i Hawai‘i Volc. N.P., Kipuka Puaulu 19.43767 -155.30481     X X X 
40 Hawai‘i Laupahoehoe F.R., Blair Rd. 19.97859 -155.29580       X   
41 Hawai‘i Laupahoehoe F.R., Blair Rd. 19.95569 -155.27794       X   
42 Hawai‘i Hawai‘i Volc. N.P., Escape Rd. at Thurston 19.41252 -155.23787 X         
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Table 5.5. Haplotype diversity (h ± standard deviation) of Omiodes species by island.  

Region Island 
accepta 
complex anastrepta antidoxa blackburni continuatalis localis monogona monogramma 

Kaua‘i Kaua‘i 0.718 ± 0.067 - 0.815 ± 0.072 0 - 0.895 ± 0.047 1.000 ± 0.500 0.542 ± 0.112 
O‘ahu O‘ahu 0.923 ± 0.050 - 0.800 ± 0.164 0.765 ± 0.027 - 1.000 ± 0.076 0.836 ± 0.070 0.836 ± 0.070 

Maui Nui 

Moloka‘i 0.000 ± 0.000 0 - 0.286 ± 0.196 - 0 - - 
Lana‘i 1.000 ± 0.500 

 
- 0 1.000 ± 0.272 - 0 - 

Kaho‘olawe - - - 0 1.000 ± 0.272 - - - 
Maui 0.9316 ± 0.0308 0.919 ± 0.033 - 0.118 ± 0.101 0.967 ± 0.010 0.905 ± 0.051 0.928 ± 0.052 - 

Hawai‘i Hawai‘i 0.8207 ± 0.0579 0 - 0.524 ± 0.209 0.958 ± 0.036 0.954 ± 0.039 0.824 ± 0.066 - 
Totals (all islands) 0.937 ± 0.012 0.903 ± 0.033 0.867 ± 0.052 0.799 ± 0.019 0.968 ± 0.008 0.914 ± 0.024 0.946 ± 0.190 0.754 ± 0.071 

 

Table 5.6. Nucleotide diversity (π ± standard deviation) of Omiodes species by island.  

Region Island 
accepta  
complex anastrepta antidoxa blackburni continuatalis localis monogona monogramma 

Kaua‘i Kaua‘i 0.01269 ± 0.00227 - 0.00283 ± 0.0000021 0 ± 0 - 0.00191 ± 0.0002 0.00287 ± 0.00143 0.0005 ± 0.00013 
O‘ahu O‘ahu 0.01687 ± 0.00101 - 0.00158 ± 0.00032 0.00093 ± 0.00009 - 0.00205 ± 0.00033 - 0.00378 ± 0.00043 

Maui Nui 

Moloka‘i 0 ± 0 0 ± 0 - 0.0002 ± 0.00014 - 0 ± 0 - - 
Lana‘i 0.00215 ± 0.00108 - - 0 ± 0 0.00239 ± 0.00068 - 0 ± 0 - 

Kaho‘olawe - - - 0 ± 0 0.00191 ± 0.00064 - - - 
Maui 0.00248 ± 0.00022 0.00171 ± 0.00012 - 0.00017 ± 0.00015 0.00245 ± 0.00019 0.00201 ± 0.00028 0.00308 ± 0.0003 - 

Hawai‘i Hawai‘i 0.01071 ± 0.00212 - - 0.00055 ± 0.00024 0.00228 ± 0.00029 0.00247 ± 0.0003 0.00208 ± 0.00038 - 
Totals (all islands) 0.01687 ± 0.00101 0.00207 ± 0.00041 0.00795 ± 0.00178 0.0013 ± 0.00006 0.00239 ± 0.00015 0.00211 ± 0.00015 0.00292 ± 0.0002 0.00643 ± 0.00101 

  



166 

 

Table 5.7. Analyses of molecular variance (AMOVA) for Omiodes species. The islands making 

up Maui Nui (Maui, Moloka‘i, Lana‘i, and Kaho‘olawe) were grouped as a region. For species 

not sampled from more than one island of Maui Nui, only island-level analyses were performed. 

AMOVA were not done for taxa occurring on only one island.  

      Var.  
comp. 

  ΦCT       
  d.f. SS %var ΦSC Sig. ΦST Sig. 
accepta complex                 
Region 3 663.84 7.490 54.95 0.550 0.050 0.479 0.000 
Island (Region) 2 4.28 -0.964 -7.07 -0.157 0.169 

 
  

Within island 131 930.62 7.104 52.12 
   

  
Total 136 1598.74 13.630           
accepta group 1                 
Region 2 14.09 0.339 15.42 0.154 0.199 0.185 0.000 
Island (Region) 2 4.28 0.067 3.04 0.036 0.168 

 
  

Within island 46 82.54 1.794 81.54 
   

  
Total 50 100.90             
accepta group 3                 
Island 1 5.19 1.206 66.65 

  
0.667 0.003 

Within island 39 23.54 0.604 33.35 
   

  
Total 40 28.73 1.810           
accepta group 5                 
Island 1 3.08 -0.361 -8.10 

  
-0.081 0.392 

Within island 13 62.58 4.814 108.10 
   

  
Total 14 65.67 4.454           
anastrepta                 
Region 2 9.60 1.605 52.03 0.520 0.160 0.706 0.000 
Island (Region) 1 5.99 0.572 18.55 0.387 0.000 

 
  

Within island 21 19.06 0.908 29.42 
   

  
Total 24 34.64 3.085           
antidoxa                 
Island 1 105.51 12.526 87.18 

  
0.872 0.000 

Within island 27 49.73 1.842 12.82 
   

  
Total 28 155.24 14.368           
blackburni                 
Region 3 49.22 0.858 69.69 0.697 0.034 0.641 0.000 
Island (Region) 3 0.16 -0.069 -5.63 -0.186 0.654 

 
  

Within island 95 42.03 0.442 35.94 
   

  
Total 101 91.40             
continuatalis                 
Region 1 2.64 0.179 10.50 0.105 0.267 0.014 0.720 
Island (Region) 2 1.63 -0.154 -9.05 -0.101 0.981 

 
  

Within island 81 135.78 1.676 98.55 
   

  
Total 84 140.05 1.701           
localis                 
Region 3 3.83 -0.349 -23.85 -0.238 1.000 -0.002 0.424 
Island (Region) 1 2.13 0.346 23.66 0.191 0.335 

 
  

Within island 65 95.33 1.467 100.19 
   

  
Total 69 101.29 1.464           
monogona                 
Region 2 8.97 -0.182 -8.48 -0.085 0.846 0.139 0.004 
Island (Region) 1 2.76 0.482 22.41 0.207 0.309 

 
  

Within island 31 57.36 1.850 86.07 
   

  
Total 34 69.09 2.150           
monogramma                 
Island 1 134.57 8.458 89.74 

  
0.897 0.000 

Within island 37 35.79 0.967 10.26 
   

  
Total 38 170.36 9.426           
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Table 5.8. Analyses of molecular variance (AMOVA) by host plant for O. accepta and O. 

blackburni. Population structure related to host plant was not significant for O. accepta, but was 

highly significant for O. blackburni, although host plant may be confounded with geographic 

distribution. 

  d.f. SS Var comp %var ΦST Sig 
accepta             

Host plant (Grass or native sedge) 1 10.10 -0.070 -0.60 -0.006 0.420 
Within host plant 44 514.62 11.696 100.60 

 
  

Total 45 524.72 11.626 
  

  
blackburni 

     
  

Host plant (banana, coconut, or Pritchardia) 2 11.07 0.273 25.78 0.258 0.000 
Within host plant 92 72.34 0.786 74.22 

 
  

Total 94 83.41 1.059 
  

  
Pairwise comparisons banana - coconut: ΦST = 0.424, p = 0.000 

 
banana - Pritchardia:  ΦST = 0.637, p = 0.000 

 
coconut - Pritchardia:  ΦST = 0.052, p = 0.099  

 

Table 5.9. Isolation by distance statistics for Omiodes species with sufficient geographic sampling 

to perform spatial analyses. These are results of Mantel correlations between geographic distance 

and genetic distance (ΦST) as implemented in IBDWS. Correlations were only significant in two 

taxa: the O. accepta complex and O. blackburni. 

      Straight line distance Over-water distance 
  N Sites Z r p Z r p 

accepta (all) 135 14 10173.65 0.558 < 0.0001 4460.02 0.621 < 0.0001 
accepta (group 1) 50 9 1864.42 0.393 0.0513 496.12 0.328 0.0700 

blackburni 93 16 13114.52 0.432 < 0.0001 5706.80 0.427 0.0003 
blackburni (O‘ahu only) 56 7 301.51 0.098 0.3413 N/A N/A N/A 

continuatalis 84 9 64.38 0.102 0.2280 -41.50 0.020 0.4102 
continuatalis (Hawai‘i only) 16 5 -35.24 -0.163 0.5963 N/A N/A N/A 

localis 59 11 -313.52 0.041 0.3260 -25.31 -0.096 0.7566 
monogona 32 7 394.44 -0.115 0.7361 151.35 -0.101 0.7184 
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Table 5.10. Results of tests for neutrality and/or population expansion across entire range of each 

species or taxon. 

Species N Fu and Li's D* Fu and Li's F* Fu's F Tajima's D 

Peaks in 
Mismatch 

Distribution 
accepta  137 0.919, p>0.10 0.772, p>0.10 -2.378 0.304, p>0.10 4 

haplotype group 1 50 -0.534, p>0.10 -0.667, p>0.10 -12.139 -0.614, p>0.10 1 
haplotype group 2 27 -2.248, 0.10>p>0.05 -2.530, 0.10>p>0.05 -4.174 -1.983, p<0.05 1 
haplotype group 3 41 -1.669, p>0.10 -2.004, 0.10>p>0.05 -6.43 -1.762, 0.10>p>0.05 1 
haplotype group 4 5 -1.094, p>0.10 -1.113, p>0.10 -1.405 -1.094, p>0.10 1 
haplotype group 5 14 -0.273, p>0.10 -0.520, p>0.10 0.604 -0.943, p>0.10 3 

anastrepta  25 -0.689, p>0.10 -0.900, p>0.10 -2.128 -0.957, p>0.10 1 
antidoxa  29 1.223, p>0.10 1.224, p>0.10 2.171 0.653, p>0.10 2 

Kaua‘i 24 -3.150, p<0.02 -3.329, p<0.02 -1.078 -2.156, p<0.05 1 
O‘ahu 5 0.957, p>0.10 0.974, p>0.10 0.804 0.957, p>0.10 1 

blackburni  102 -1.903, 0.10>p>0.05 -1.621, p>0.10 -1.184 -0.376, p>0.10 1 
continuatalis  85 -3.206, p<0.05 -3.280, p<0.02 -46.543 -2.018, p<0.05 1 
localis  70 -5.058, p<0.02 -4.730, p<0.02 -29.429 -2.167, p<0.05 1 
monogona  35 -0.367, p>0.10 -0.655, p>0.10 -8.462 -0.936, p>0.10 1 
monogramma  39 0.453, p>0.10 0.564, p>0.10 1.798 0.518, p>0.10 3 

Kaua‘i 28 -1.462, p>0.10 -1.833, p>0.10 -5.827 -1.838, p<0.05 1 
O‘ahu 11 -0.098, p>0.10 -0.045, p>0.10 2.046 0.131, p>0.10 2 

 

 

Table 5.11. Mean proportion of pairwise genetic differences between individuals belonging to 

haplogroups of O. accepta. Diagonal: mean proportion of differences between individuals within 

a group. Above diagonal: uncorrected proportion of differences between groups. Below diagonal: 

corrected proportion of differences between groups. 

Haplotype 
group 1 2 3 4 5 

1 0.0026 0.0106 0.0191 0.0297 0.0342 
2 0.0089 0.0007 0.0191 0.0319 0.0358 
3 0.0173 0.0182 0.0010 0.0329 0.0346 
4 0.0278 0.0309 0.0318 0.0011 0.0331 
5 0.0316 0.0342 0.0327 0.0313 0.0026 
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Figures 

 
Figure 5.1. Map of collection sites used for isolation by distance analyses. Site numbers 

correspond to the localities listed in Table 5.4 
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Figure 5.2. Island haplotype networks based on 1394 bp of COI for: (A) O. accepta, (B) O. 

anastrepta, (C) O. antidoxa, (D) O. blackburni, (E) O. monogramma, (F) O. continuatalis, (G) O. 

localis, and (H) O. monogona. Circle area is proportional to haplotype abundance, with the 

smallest circle in each diagram representing one individual. Each connective line represents a 

single mutation, with each hashmark indicating one additional mutation along that line. Part 1 of 

2.  
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Figure 5.2. (Continued, 2 of 2) Island haplotype networks based on 1394 bp of COI  
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Figure 5.3. Haplotype and genotype networks for O. accepta based on (A) the mitochondrial gene 

COI (1394 bp) for all 137 individuals and (B) a subset of 21 individuals sequenced for the nuclear 

genes wingless (416 bp) and elongation factor 1α (752 bp). Individuals are color coded by COI 

haplogroups, and circle area is proportional to the number of individuals sharing a haplotype, 

with the smallest circle in each network representing a single individual. Each connective line 

represents a single mutation, with each hashmark indicating one additional mutation along that 

line. 
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Figure 5.4. Haplotype networks for (A) O. accepta and (B) O. blackburni based COI (1394 bp). 

Individuals are color coded by host plant on which caterpillars were collected, and circle area is 

proportional to the number of individuals sharing a haplotype, with the smallest circle in each 

network representing a single individual. Each connective line represents a single mutation, with 

each hashmark indicating one additional mutation along that line. In most cases, individuals with 

unknown host plants were collected as adults at blacklights.  

  

B 

A 
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Figure 5.5. Linear regression of population structure (ΦST) as a function of range size (number of 

islands on which species historically occurred) for the eight species in this study. In general, 

species with smaller geographic ranges had higher population structure, although this trend was 

not statistically significant. y = -0.151x + 1.277, R² = 0.465, p= 0.062. 
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Figure 5.6. Boxplot of population structure (ΦST) as related to host specificity (restricted to native 

hosts or able to feed on non-native hosts) for the eight species in this study. More host-specific 

species had significantly higher population structure (two sample t-test, p=0.010). 
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