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ABSTRACT
Islands ecosystems are often considered microcosms and are ideal for studying evolutionary and ecological processes. Likewise, the small size, large numbers, and short generation times of insects make them desirable models to study evolution and population dynamics. I will use native Hawaiian species of the moth genus Cydia (Lepidoptera: Tortricidae) to test hypotheses of evolution and diversification of island species and their pheromones. I chose these moths because they play a disproportionately important role in native Hawaiian ecosystems as food to endangered birds, hosts to native and alien parasites, and large-quantity consumers of native tree seeds. However, because no taxonomic expertise exists for this group and little to no information is available on their distribution and natural history, they are often precluded from resource management decisions. I propose to do a systematic revision of the Hawaiian members of this genus to determine the origins of the group, the patterns of speciation and diversification as they relate to host plants and geography, and the evolution of its pheromone system. The results of this study will act as a model that tests current theories of evolution and diversification, and can be used by resource managers for monitoring populations and making conservation decisions.

INTRODUCTION
Islands are often considered natural laboratories for studying evolutionary and ecological processes due to their isolation and small sizes (Vitousek 1995). Isolation reduces complexity that often results from the continual input of new genes and resources. This reduction in complexity allows studies of evolution and speciation to be done on tractable sized groups or ecosystems. The relatively small size of islands allows comprehensive sampling of their flora and fauna to test theories on biogeographic and phylogenetic pattern formations. 

For these same reasons, however, island ecosystems are considered fragile and sensitive to perturbations, fragmentation, and biological invasion, and have suffered the greatest number of recorded extinctions in modern times (Simberloff 1995). In the Hawaiian Islands for example, 267 species of birds, plants, and invertebrates are now extinct (Evenhuis 1999), while 273 species of plants, 38 vertebrates, and five invertebrates are listed as endangered by the US Fish and Wildlife Service (USFWS 2002). In many cases critical habitat and resource needs for endangered species cannot be delimited due to lack of information on their taxonomy, biology, and natural history.

Several Hawaiian plant and animal groups fall into this category of preferred evolutionary study systems that are not well understood, yet are threatened by extinction. For example, the genus Cydia (Lepidoptera: Tortricidae) is a group of small moths whose origins, diversity, biogeography, and natural history are virtually unknown. Yet these moths are the most important insect food to palila, an endangered forest bird endemic to Hawaii (Banko et al. 2002); are heavily parasitized by native and alien wasps (Brenner et al. 2002); and can consume up to 70% of the annual seed crop of some endemic tree species (Swezey 1936). Therefore, understanding the taxonomy, ecology, and distribution of these moths is disproportionately important to affecting conservation of the forests where they occur.
Hawaiian Cydia also provide an opportunity to study patterns of evolution and speciation. Because of their short generation times and great abundance, relative to most vertebrate species, insects are useful as  models to study evolutionary processes such as speciation, diversification, and development of mating strategies. At least 13 species of Cydia are endemic to Hawaii with many more awaiting discovery (Zimmerman 1978). Of the known species, most are restricted to a single island or area of an island (Nishida 1997). Eight species are known to feed on endemic plants in the family Fabaceae (Zimmerman 1978), which are known to contain toxic amino acids (Bell 1972) that not all caterpillars can digest. The origins of this moth group and its adaptations to Hawaiian host plants are likely to represent a larger trend for endemic Hawaiian species that have yet to be studied. Unfortunately, several Hawaiian Cydia species are only known from single specimens collected over 100 years ago (Zimmerman 1978). Some species may have already gone extinct while others may persist at low population levels.

Hawaiian Cydia further provide an opportunity to study the evolution of a pheromone system. Non-Hawaiian moths in this genus (for example the codling moth, C. pomonella, and pea moth, C. nigricana) have a pheromone chemical blend that consists of various isomers of 12-carbon chains (Witzgall et al 1996). Related moths often differ only in the proportion of various isomer blends (Roelofs & Brown 1982). What is not known is whether only populations in isolation can develop different pheromone blends, or if sympatric populations feeding on different host plants can diverge as a result of changes in pheromone composition. Hawaiian Cydia offer an opportunity to examine this question in a natural ecosystem.
OBJECTIVES
The objectives of my research fall into both applied and basic aspects of biology. In particular I will collect all extant species of Cydia and develop an expertise in their taxonomy. From this and geographic and ecological information gathered from the field I will determine the geographic, habitat, and host range and rate of parasitism for each species. These data will be used by resource managers to make conservation decisions. I will also use Cydia to test hypotheses of diversification and pheromone evolution that can be compared with other species in Hawaii and elsewhere.

HYPOTHESES
The following hypotheses will be tested. 

H0:     Hawaiian Cydia are derived from a single ancestor.

Halt1:  Hawaiian Cydia are derived from more than one colonization event

H0:     Cydia phylogeny is random with respect to geography and host plant chemistry.

Halt1:  Cydia phylogeny is reflective of host plant chemistry, a result of recently evolved detoxification mechanisms in some lineages.

Halt2:  Cydia phylogeny follows a geographic pattern across islands, a result of geographic isolation

Halt3:  Cydia phylogeny reflects an interaction of host plant adaptation and geographic isolation
H0:     Pheromone evolution is an artifact of lineage diversification

Halt1:  Pheromone evolution in each lineage shows unique patterns that relate to host chemistry
METHODS
This project is divided into complementary field and laboratory studies followed by theoretical analysis. The field component consists of systematic sampling of Cydia species across host plants, habitats, and geographic ranges. The laboratory component consists of morphological and molecular analysis of specimens to identify relationships, and collection and analysis of pheromones. Using data from the field and lab I will construct a phylogeny to hypothesize the number of lineages present in Hawaii and test patterns of diversification and evolution of pheromones.

My initial field sampling will focus on the type localities of the currently recognized species to collect fresh material for dissection and molecular analysis. I will also use a stratified sampling design to equitably represent each host and habitat across the islands. Because larvae of known Cydia species feed within the seeds and twigs of leguminous plants in Hawaii, I will focus initially on habitats that support these plants. The distribution of plant species and habitats in Hawaii is well known (Wagner et al. 1999), with vast areas of native forest on several islands identified and mapped using Geographic Information Systems (Jacobi 1983). I will collect Cydia larvae by inspecting seeds and other tissues from potential host plants and rear field-collected caterpillars in the laboratory. I have used this technique to effectively rear several Cydia species from Hawaii (Brenner et al. 2002, Oboyski et al. in prep.). 

In the laboratory I will analyze morphological and DNA sequence data. I will use chaetotaxy (arrangement of setae) to morphologically separate both larvae and pupae of Cydia species (Adler 1991, Beeke & De Jong 1991). I will also use differences in wing markings, wing venation, sex scales, specialized setae, genitalic structures, and many other characters to separate adult Cydia species (Zimmerman 1978, Richard Brown – Mississippi State University – personal communication). Finally, I will analyze sequence variations from mitochondrial DNA (cytochrome oxidase I and II genes) (Simon et al. 1994, Landry et al. 1999, Kruse & Sperling 2001). Other markers, including nuclear sequences, will also be explored. Pheromone samples will be collected from calling virgin female moths (ie. ones emitting pheromones) and analyzed using gas chromatography / mass spectrophotometer analysis, and antennagrams of male moths (Jocelyn Millar – UC Riverside – personal communication).

From a synthesis of morphological and molecular analyses I will construct a phylogeny of Hawaiian Cydia. I will then map geographic patterns, host plant relationships, and pheromone blends onto the phylogeny to suggest through what processes Hawaiian Cydia lineages diverged and diversified.  Finally, I will create a predictive model of where each species might be found based on host plant relationships and geographic patterns. 
FEASABILITY
Academic support for this project comes in the form of several experts I am in contact with that provide advice and guidance. In particular, Drs. Jerry Powell (UC Berkeley), Marianne Horak (New Zealand), Furumi Komai (Japan), Richard Brown (Mississippi), and Josef Razowski (Poland) are world authorities on Cydia-related moths. Molecular laboratory facilities are provided by my academic/research advisors, Drs. George Roderick and Rosemary Gillespie. The distribution of host plants and habitats is available to me as GIS layers from my former colleagues at the US Geological Survey. Finally, the collection and analysis of pheromones will be done with the cooperation of Dr. Jocelyn Millar (UC Riverside).
EXPECTED PRODUCTS
The following is a list of products that I expect from this work: Phylogeny and evolutionary history of Hawaiian Cydia; a case study in ecological evolution (particularly host-shift speciation, and vicariant versus sympatric speciation) and evolution of a pheromone system; expertise in Cydia identification (for resource managers); formula for pheromone lures for monitoring populations; and a population viability analysis as it relates to host plants, (avian) predators, and parasitoids.
EXPECTED DIFFICULTIES
Some difficulties I anticipate include the typical logistic difficulties, especially working in remote regions of remote islands. However, having spent the last six years as an entomologist in Hawaii I have made several important contacts and I am familiar with the geography and habitats. I also anticipate difficulty in finding some species that may be very rare or extinct. Extinct species can result in misleading phylogenies, but this is the luck of all systematists and what must be taken into account during analysis. Determining outgroups for Hawaiian Cydia may prove difficult since Cydia are not well known in the Pacific basin and because more than one lineage may have established in Hawaii. Sister and other outgroups will be sought from other Pacific Islands, as well as Asian and North American, collections. The most difficult, or at least most time consuming, aspect of this study will most likely be the characterization of pheromones. Although the pheromone complex of over 40 Cydia species has been characterized (Pherolist 2003), the highly involved process of pheromone collections, analysis (GC and mass. spec.), and testing (antennagrams) requires virgin calling females and sexually mature males. This may prove difficult for rare species. In this case some missing values are inevitable.
BROADER IMPLICATIONS

A systematic revision of Hawaiian Cydia has broad implications for both basic and applied biology. With regards to basic biology, current areas of debate in evolutionary biology include the existence of sympatric versus vicariant speciation and causes of radiation events, including the role of specialization leading to diversification and the theory of open niches. Hawaiian Cydia provide a tractable system in which to test these theories because of the age structure of the islands, which poses time scale limits, and the extended period of isolation that has allowed lineage diversification to occur. Hawaiian Cydia also represent a manageable sized group to study the evolution of a pheromone system.

A comprehensive treatment of Hawaiian Cydia also has direct application for conservation biology by providing resource managers with identification and monitoring tools. Although a decline in many species of animals can be attributed to fragmentation and loss of habitat it is becoming increasingly clear that loss of natural food sources is part of this syndrome. The biogeography and viability of Cydia will provide valuable insight into habitat management for rare and endangered species of vertebrates that depend on these moths, as well as highlight an often ignored component of biodiversity. Furthermore, while pheromone lures are widely used in many agricultural and silvicultural systems, its use for monitoring wildlife resources has not been well explored. These lures can be an efficient and effective monitoring tool for resource managers.
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