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Abstract

Emerging Biodiversity: Diversification of the Hawaiian Nesosydne planthoppers
by
Kari Roesch Goodman
Doctor of Philosophy in Environmental Science, Policy, and Management
University of California, Berkeley
Professor Stephen C. Welter, co-Chair

Professor George K. Roderick, co-Chair

Large species radiations provide exceptional opportunities for understanding the processes
involved in the formation of new species. This research is focused on a species-rich lineage
of ecologically diversified planthoppers in the Hawaiian islands, Nesosydne (Hemiptera:
Delphacidae). In order to examine the factors promoting diversification in this lineage at
multiple slices through evolutionary time, | used an integrative approach combining three
classes of methods. First, | used molecular phylogenetics and comparative methods to
characterize the features of the Nesosydne adaptive radiation. | found that the Hawaiian
Nesosydne are ecologically divergent and have undergone substantial within-island
diversification. Second, | used population genetics and phylogeographic approaches in
order to characterize within-species genetic structure. | found that the species Nesosydne
chambersi comprises a very recently diverged, highly structured set of populations that |
hypothesize to be in the early stages of diversification. Geographic isolation due to natural
fragmentation from volcanic activity, not ecological adaptation to different host plant
species, appears to be associated with population structure in N. chambersi. In addition, |
documented a stable zone of secondary contact, which suggests that partial reproductive
isolation develops rapidly between populations. Finally, using methods from animal
communication, | established that: a) vibratory sexual signals in N. chambersi vary among
populations on small temporal and spatial scales, b) sexual signal divergence occurs both
in the absence and presence of ecological shifts, and c) signal divergence is evident in the
zone of secondary contact in a pattern consistent with reproductive character displacement.

Based on my findings, | propose that the Hawaiian Nesosydne radiation represents an
unusually clear case study in which the initial divergence within species is decoupled from
the ecological diversification observed in the phylogeny. Species within the lineage first
fracture into multiple genetic pools under the influence of geographic isolation. Sexual
signals then shift among populations and they become reproductively isolated. This leads
to the formation of populations that are set on independent evolutionary trajectories where



they are free to either differentiate through adaptive means, differentiate through non-
adaptive means, or go extinct. In other words, the formation of multiple reproductively
isolated genetic pools results in a set of incipient species that are primed to radiate, given
the appropriate conditions — but ecological forces are not responsible for the initial
divergence. In a dynamic landscape such as the Hawaiian islands, plant and arthropod
communities are both assembling and diversifying in concert. Consequently, the diversity
of host plants used by the Hawaiian Nesosydne may best be explained by speciation first
followed by a process of ecological fitting during a period of ecological opportunity as
plant communities establish in novel terrain. Despite repeated observations of ecological
diversification from classic adaptive radiations and plant-insect systems representing a
wide variety of taxonomic groups, it is difficult to pinpoint with certainty the initial causes
of divergence in any of these groups. The Hawaiian Nesosydne offer a rare vantage point
into this enigmatic phase of diversification.



For my family



Table of Contents
Introduction iii
Acknowledgements Xil

Chapter 1. Molecular Phylogeny of the Hawaiian Nesosydne (Hemiptera:

Delphacidae): Ecological and Geographic Modes of Diversification 1
Introduction 1
Materials and Methods 3
Results 7
Discussion 9
Literature Cited 13
Tables 17
Figures 29

Chapter 2. Isolation and characterization of microsatellite markers in an endemic

Hawaiian planthopper (Nesosydne chambersi: Delphacidae) 33
Abstract 33
Introduction 33
Acknowledgements 35
References 36
Tables 37

Chapter 3: Genetic divergence is decoupled from ecological diversification in the

Hawaiian Nesosydne planthoppers 40
Introduction 40
Materials and Methods 41
Results 45
Discussion 49
Literature Cited 54
Tables 59
Figures 65

Chapter 4. Rapid diversification of sexual signals in Hawaiian Nesosydne
planthoppers (Hemiptera: Delphacidae) in both the presence and absence of

ecological divergence 73
Introduction 73
Materials and Methods 76
Results 78
Discussion 79
Literature Cited 83
Tables 88

Figures 91



Introduction

Large species radiations provide exceptional opportunities for understanding the
formation of species. The study of adaptive radiation has focused primarily on the
phylogenetic scale examining differences among species (Schluter, 2000), and this
approach has contributed enormously to our understanding of macroevolutionary patterns,
providing insight into the processes accompanying diversification and extinction (e.g.,
Baldwin and Sanderson, 1998; Gillespie, 2004; Losos, 2009; Mahler et al., 2010; Rabosky,
2009; Schluter, 2000). However, focusing on differences among species necessarily
obscures the details of dynamics occurring within species at the earliest stages of
divergence — within the tips of phylogenetic trees. What promotes the initial stages of
adaptive radiation is very poorly understood (Schluter, 2000).

There are a variety of ways that speciation may relate to ecological diversification
(Rundell and Price, 2009). The classic conception of adaptive radiation (Rundle and Nosil,
2005; Schluter, 2000, 2009) assumes that both speciation and subsequent diversification is
driven by divergent ecological selection. Under this model, gene flow would be disrupted
by divergent natural selection or some forms of sexual selection in alternate selective
environments (Rundle and Nosil, 2005) — or ecological selection followed by adaptive
differentiation. However, an alternative, and one that would produce the same signature of
ecological diversification at the phylogenetic level, is that the disruption of gene flow and
subsequent speciation may occur prior to diversification into divergent selective
environments as a result of geographic isolation or some other non-adaptive force (Rundell
and Price, 2009) — or non-ecological speciation followed by adaptive differentiation.
Distinguishing these alternatives is difficult in practice, and requires either (1) a study
system in which speciation and diversification were decoupled for a sufficiently long
period of time that the effects may be discriminated using dated molecular phylogenies
(Rundell and Price, 2009), (2) an experimental evolution system (Kassen, 2009), or (3) a
system that offers an ecologically diversified lineage in which species are presently in a
variety of stages of diversification and thus may be observed directly — the option I pursue
in work presented here.

Despite the known importance of geographic isolation, natural selection and/or
sexual selection (Dobzhansky, 1937; Mayr, 1963) in promoting diversification among
populations, their relative roles in the speciation process are still not well understood
(Coyne and Orr, 2004; Ramsey et al., 2003). For example, while empirical and theoretical
work have demonstrated that divergent natural selection can drive the development of
reproductive isolation (Berlocher and Feder, 2002; Kirkpatrick and Ravigne, 2002; Via,
2001), debate continues as to whether (or how much) geographic isolation is necessary in
the early stages of speciation, as well as its role relative to natural selection in driving
divergence (Coyne and Orr, 2004; Grant and Grant, 2008; Mayr, 1959). In addition to
natural selection, factors associated with sexual selection (i.e., female choice and male-
male competition) can accelerate or refine the process of speciation (West-Eberhard,
1983).

Effects of geographic isolation are hypothesized to be a prevalent feature in
diversification (Kirkpatrick and Ravigne, 2002; Lack, 1947; Mayr, 1959, 1963) and as a



result, geographic isolation and associated genetic drift serves as a null expectation for
what drives initial divergence between populations. In some groups, diversification can be
explained well by simple geographic isolation. For example, diversification in Hawaiian
Orsonwelles spiders appears to be entirely a result of limited dispersal to new islands and
subsequent allopatric separation (Hormiga et al., 2003). However, natural selection with
accompanying ecological specialization appears to be the most important driver in many
species radiations (Schluter, 2000), with classic examples resulting in tight phenotype-
environment correlations: e.g., Caribbean Anolis lizard limb length and perch size (Losos,
2009); Hawaiian Tetragnatha spiders body color and habitat background color (Gillespie,
2004); and Darwin’s Galapagos finches beak size and seed size (Grant and Grant, 2008).
The importance of divergence promoted by ecological factors is also supported by
comparative studies that associate ecological shifts with increased species richness among
lineages: e.g., enhanced diversification among phytophagous insects compared with their
non-phytophagous sister groups (Farrell and Mitter, 1993; Farrell, 1998; Mitter et al.,
1988). Similarly, sexual selection, particularly selection acting directly on courtship
signals, may also be an important force in driving diversification (discussed in: West-
Eberhard, 1983). Indeed, sexual selection appears to act in the apparent absence of natural
selection, for example, in Hawaiian Laupala crickets (Mendelson and Shaw, 2005),
Habronattus jumping spiders of the Sky Islands of the western US (Masta and Maddison,
2002), and sections of the Hawaiian Drosophila (Carson, 1997). Other evidence for the
importance of sexual selection in diversification comes from comparative studies that show
an association between indicators of the intensity of sexual selection and species richness:
for example, groups of birds that have promiscuous mating systems are more speciose than
their sister groups (Mitra et al., 1996).

While theory predicts that geographic isolation, natural selection, and sexual
selection can each separately drive the evolution of reproductive isolation (review, Coyne
and Orr, 2004), and studies are accumulating that convincingly demonstrate each process
in nature, it is not well understood how these mechanisms interact with one another along
the diversification pathway. Some authors have hypothesized, based on a survey of
diversification in vertebrate groups, that there may be a predictable sequence to what
promotes diversification at various stages of radiation, in which taxa diversify 1% in
habitat, 2™ in trophic morphology and 3™ in communication (Salzburger, 2009; Streelman
and Danley, 2003). Based on a summary of existing theoretical work on speciation,
Gavrilets (2004) has suggested that that divergence in adaptive radiations proceeds through
predictable stages, whereby taxa diversify: 1% between macrohabitats, 2" between
microhabitats, 3" between magic traits (traits that control both local adaptation and
nonrandom mating), and 4™ between traits that control survival and reproduction. In other
words, both empirical and theoretical work suggest that holding all else constant, forces
associated with ecology should be relatively more important early in radiations with those
associated with sexual behavior following (Gavrilets and Losos, 2009). However, applying
phylogenetic tools alone may not provide the resolution necessary to examine the forces
acting early in diversification because of uncertainty inherent in estimating ancestral states
for rapidly evolving traits (Losos, 2010; Oakley and Cunningham, 2000; Schluter et al.,
1997).



Phytophagous insects in diversification studies

Plant-feeding insects are useful models for studies of resource-based divergence
and speciation (Funk et al., 2002) because of their relative abundance in the wild, the ease
with which they can be manipulated, and because their host associations represent an
important and easily measured ecological variable. Plant diversity is clearly associated
with the great diversity of phytophagous insects, which may include approximately 25% of
all multi-cellular species (Strong et al., 1984). Analyses of the diversity of herbivorous
clades versus their non-herbivorous sister clades (Mitter et al., 1988) demonstrate a
significant association between phytophagy and species richness. Numerous plant-related
factors have been shown in different systems to affect how herbivorous insects interact
with their hosts, including adaptation to novel host plant chemistry leading to
coevolutionary arms races between plants and insects (e.g. Erlich and Raven, 1964);
community ecological effects such as enemy or competitor free space (e.g. Murphy, 2004;
Singer and Stireman 111, 2005); neural constraints in the ability to locate new hosts (e.g.
Bernays, 2001); host plant assortative mating (e.g. Feder et al., 1994); and genetic
variation in the ability to adapt to new hosts (e.g. Jaenike and Holt, 1991; Via, 1990).

Detailed work in understanding the role of host variation in insect speciation has
concentrated on a few systems, including the apple maggot fly (e.g. Feder, 1998), the pea
aphid (e.g. Via, 1999), Enchenopa treehoppers (e.g. Cocroft et al., 2010) and Timema
walking sticks (e.g. Nosil, 2007). For many species with large geographic ranges such as
these, it can be difficult to assess how diversification proceeds. Indeed, the near-ubiquitous
presence of population substructure within species and the variation in ecological factors
across a species’ range guarantees that dynamics of diversification will vary throughout a
single species (Thompson, 2005). For this reason, radiations of ecologically specialized
insects on oceanic islands are well-suited to address issues associated with ecological
divergence — they contain populations and species in various stages of evolutionary
divergence within the same phylogenetic context in an explicit and time-calibrated
geographic framework (Gillespie and Roderick, 2002; Roderick and Gillespie, 1998;
Roderick and Percy, 2008).

Phytophagous insects and sexual signaling

Sexual behavior is one mechanism that may underlie rapid divergence in animals
(Mendelson and Shaw, 2005; West-Eberhard, 1983), and many groups of plant-feeding
insects rely on sexual signals to locate and choose mates. The role of sexual signaling has
been shown to be important at different times in the divergence of populations and species
of a variety of phytophagous insect groups. Rodriguez et al (2007) experimentally
demonstrated that a herbivore’s shift to a novel host plant can promote changes in the
dynamics of sexual selection and suggested that this can serve to initiate divergence among
populations in the early stages of the colonization of a novel environment. This is
consistent with Endler’s (1992) “sensory drive” hypothesis—as substrate-borne
environments strongly constrain signal propagation, host plant shifts would lead to signal
divergence (as novel environments distort male signals) before any preference divergence.
Alternatively, Mendelson and Shaw (2005) suggest that shifts in sexual signals in
Hawaiian Laupala crickets take place in the absence of ecological shifts, and that sexual
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selection alone is the primary driving force behind the rapid speciation of this group. In
addition, founder events and subsequent genetic drift are also thought to be able to interact
with sexual selection to lead to rapid shifts in sexual signal and preference divergence
between populations. This process may be particularly relevant to taxa in island systems
where populations can be quite small (Coyne and Orr, 2004; Kaneshiro, 1980; Uyeda et
al., 2009; Wagner and Funk, 1995).

Hawaiian Nesosydne planthoppers

Here | study a speciose lineage of ecologically diverse and specialized planthoppers
in the largest genus in the Delphacidae (Hemiptera) family. Known only from islands in
the eastern Pacific Ocean, a radiation of 82 species has occurred in the Hawaiian Islands
where the remarkable species richness is associated with an extraordinarily diverse host
range (Asche, 1997; Denno and Perfect, 1994; Roderick, 1997; Wilson et al., 1994;
Zimmerman, 1948). Like other members of their family (Claridge, 19854, b), they utilize
acoustic signals transmitted through their host plants to locate and select mates (O'Connell,
1991).

The islands in the Hawaiian Archipelago are arrayed in an age progression from
youngest in the southeast to oldest in the northwest, providing temporal evolutionary
snapshots, and detailed work by the USGS on the dating of island ages (Price and Clague,
2002), and even soils and lava flows on the island of Hawaii (Trusdell et al., 1996), has
provided an explicit temporal context both within and between islands, allowing me to
relate divergence time estimates between populations based on molecular data to the local
geological dynamics of the islands, providing much greater inferential power than is
possible in ordinary landscapes.

In order to understand the relationship between speciation and ecological
diversification, over the course of the following chapters | aim to describe the evolutionary
context of the Hawaiian Nesosydne and evaluate the forces acting on populations early in
the divergence process. These are ideas that are difficult to approach with only
phylogenetic tools, and in the following chapters | present evidence by integrating methods
from molecular phylogenetics and comparative methods (Chapter 2), population genetics,
phylogeography (Chapter 3 & 4) and animal communication (Chapter 5).

Overall conclusions

Based on my findings, | propose that the Hawaiian Nesosydne radiation represents
an unusually clear case study where speciation is decoupled from ecological
diversification. Species within the lineage first fracture into multiple genetic pools under
the influence of geographic isolation. Sexual signals then shift among populations and they
become reproductively isolated — which forms populations that are set on independent
evolutionary trajectories where they are free to either: differentiate through adaptive
means, differentiate through non-adaptive means, or go extinct. In other words, the
formation of multiple reproductively isolated genetic pools results in a set of incipient
species that are primed to radiate, given the appropriate conditions — but ecological forces
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are not responsible for the initial divergence. In a dynamic landscape such as the Hawaiian
islands, plant and arthropod communities are both assembling and diversifying in concert.
Consequently, the diversity of host plants used by the Hawaiian Nesosydne may best be
explained by speciation first followed by a process of ecological fitting (Janzen, 1980)
during a period of ecological opportunity as plant communities establish in novel terrain.
Despite repeated observations of ecological diversification from classic adaptive radiations
and plant-insect systems representing a wide variety of taxonomic groups, it is difficult to
pinpoint with certainty the initial causes of divergence in any of them. The Hawaiian
Nesosydne offer a rare vantage point into this enigmatic phase of diversification.
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Chapter 1. Molecular Phylogeny of the Hawaiian Nesosydne
(Hemiptera: Delphacidae): Ecological and Geographic Modes of
Diversification

Introduction

Plant-feeding insects are excellent models for studies of adaptive radiation and
ecological speciation (1998; Funk et al., 2002; Nyman et al., 2006; Rundle and Nosil,
2005) because plant diversity is clearly associated with the great diversity of phytophagous
insects (Mitter et al., 1988). Island systems around the world have produced some fantastic
examples of radiations of phytophagous insects whose diversity of host use appears to be
associated with species proliferation (Roderick and Percy, 2008). Hypotheses as to what
promotes host range expansion among phytophagous insects on islands include ecological
opportunity and ecological release (Hutchinson, 1978; Wilson et al., 1994) and multiple
colonizations (Asche, 1997; Roderick and Percy, 2008). However, although these factors
may be involved in providing the appropriate starting conditions, they don’t provide a
satisfactory explanation for what drives the evolution of novel host associations.

Islands are notorious for promoting geographic isolation (Wagner and Funk, 1995),
and it can be difficult to distinguish the effects of isolation and host switches on
diversification in these systems. In two island plant-insect systems where these
associations have been rigorously examined — psyllids in the Macronesian Islands (Percy,
2003a, b) and bark beetles in the Canary Islands (Jordal et al., 2004) — both groups of
researchers concluded that geographic isolation was associated with diversification events
in many more cases than host switches. This is an interesting result, and suggests that in
the explicit geographic context that islands provide, it is possible to disentangle multiple
forces acting together in the diversification of ecologically specialized lineages. It also
suggests that the rapid proliferation of phytophagous insect species on oceanic islands begs
a more detailed explanation than simply multiple colonizations or ecological release and
opportunity. The Nesosydne planthoppers in the Hawaiian Islands utilize a remarkably
wide diversity of host plants, making them a prime candidate for a group that has
undergone adaptive radiation. In this study, I test for the association between
diversification events, geographic isolation and host shifts in the Nesosydne phylogeny.

The Hawaiian Islands provide an ideal backdrop for the study of adaptive radiation
because of their recent geologic history, extreme isolation and topographic complexity
(Gillespie and Roderick, 2002; Roderick and Gillespie, 1998; Wagner and Funk, 1995).
The islands have been forming in a linear temporal sequence, and plant communities in the
islands are zoned by elevation and precipitation into predictable assemblages across the
island chain (Wagner et al., 1999), providing replicated habitats on each island. The
formation of each island has provided a period of ecological opportunity for the flora and
fauna as communities assemble, which is predicted by the ecological theory of adaptive
radiation to promote diversification (Gavrilets and Losos, 2009; Lack, 1947; Schluter,
2000). Indeed, a myriad of taxa have undergone radiation in these islands, e.g.:



Tetragnatha (Gillespie, 2004), silverswords (Baldwin and Sanderson, 1998),
honeycreepers (Pratt, 2005), Drosophila (O'Grady and DeSalle, 2008; Wagner and Funk,
1995), demonstrating their efficacy as natural speciation and diversification factories.

Nesosydne is the largest genus (126 described species) in the planthopper family
Delphacidae (Hemiptera). Its distribution is restricted entirely to the eastern Pacific islands:
Juan Fernandez (7 species), Galapagos (7), Austral Islands (6), Society Islands (2),
Marquesas (22) and the Hawaiian Islands (82) (Fennah, 1955; Fennah, 1958; Fennah,
1967; Zimmerman, 1948). The majority of the diversity within this genus is endemic to the
Hawaiian islands, and its origin — continental or otherwise — is unknown. It has been
suggested, based on morphology (Asche, 1997), that diversity in this group may actually
be the result of several distinct colonization events. Although some notable adaptive
radiations appear to include multiple colonizations in their histories (e.g.: Losos, 2009),
one criteria for diagnosing an adaptive radiation is that the ecologically diversified forms
have arisen from a common ancestor (Schluter, 2000). Across the high Hawaiian islands,
this genus is distributed primarily as single island endemics (68 species — 83%:
Zimmerman, 1948), suggesting that allopatry and limited gene flow among islands plays
an important role in diversification.

Like other members of the Delphacidae family, species within the Hawaiian
Nesosydne are highly host specific — feeding on phloem, and mating and ovipositing on
only one or a couple of closely related host plants species (Asche, 1997; Denno and
Perfect, 1994; Roderick, 1997; Wilson et al., 1994; Zimmerman, 1948). Seventy-one
species (87%) are host specific, documented from a single host plant species (Zimmerman,
1948). However, Nesosydne are distinct from other members of their family in their
exceptionally wide host range. Despite the host specificity of individual species, the set of
species within Nesosydne from across the Hawaiian archipelago have been documented on
a wide diversity of host plants from 28 different families, primarily dicots (Asche, 1997;
Fennah, 1958; Hasty, 2005; Roderick and Metz, 1997; Wilson et al., 1994; Zimmerman,
1948). This pattern contrasts with host feeding patterns of the majority of delphacid
planthoppers, which are also highly host specific but feed predominantly on grasses
(Poaceae) and sedges (Cyperaceae) (Wilson et al., 1994). Thus, the pattern of host use in
the Hawaiian Nesosydne suggests that shifts among divergent hosts could be associated
with diversification in this group.

However, while host range within this genus is remarkably diverse, certain plant
families serve as hosts to a disproportionate number of planthopper species (Asteraceae =
17, Gesneriaceae = 11, Campanulaceae = 10, Fabaceae = 4), indicating niche conservatism
at some scale among members of this genus. Two hypotheses have proposed subclades
associated with different host plant groups. Asche (1997) proposed that species associated
with Acacia koa (Fabaceae), a dominant overstory tree throughout the Hawaiian islands,
form a monophyletic clade (Asche’s “koae” group). O’Connell (1991) suggested that
diversification in this clade, which maintains a similar ecology across the islands, is
dominated by shifts in both geography and sexual signals. Among the Asteraceae-feeding
Nesosydne, a hypothesis of cospeciation has been proposed between this clade and plants
in the Hawaiian silversword alliance (Roderick, 1997), which assumes that Asteraceae-



feeding is a conserved trait among species with this feeding mode. Neither idea has been
tested using a multilocus phylogeny with broad taxonomic sampling.

In order to characterize the features of the Nesosydne adaptive radiation in the
Hawaiian islands, I present the first molecular phylogenetic hypothesis for the genus
within Hawaii and use it to determine: (a) the history of colonization to the islands, (b)
whether there is a significant amount of within-island diversification, and (c) whether host
shifts are a prominent feature associated with diversification. My results reveal a genus that
is prone to diversification under the influence of both geographic (primarily within-island)
and ecological forces (shifts and conservatism of host plant use).

Materials and Methods
Taxon Sampling

Planthopper specimens were collected into 95% ethanol in the field from Kauai,
Oahu, Lanai, Molokai, Maui and Hawaii between 2000 and 2008 and were stored at -20°C
at the University of California at Berkeley. Most areas with historical records of Hawaiian
Nesosydne were visited during the course of the survey. An additional two Nesosydne
species from the Society Islands were included in the analysis. Specimens were identified
using Zimmerman (1948) as the primary reference, Asche (1998). Trees were rooted using
Leialoha from the Hawaiian Islands as outgroups (Table 1).

DNA extraction, PCR amplification and Sequencing

DNA nucleotide sequence data were generated from three loci: cytochrome oxidase
I (COI), 12S rDNA (12S), and wingless (Wg) (Table 2). I extracted genomic DNA using a
QIAGEN DNeasy DNA extraction kit, following the manufacturer’s protocol and
performing a double elution step of S0uL each into a final volume of 100pL.

The COI and 12S PCR reactions were performed in 25 uLL volumes with 2 pul
DNA, 2.5uL of 10X PCR Buffer (Applied Biosystems), 5 uL Betaine (Sigma), 2 pL of 10
mM dNTPs (Promega), 1.25 uL of each primer (1:9 dilution), 2 uL of 25 mM MgCl,
(Applied Biosystems), 0.2 uL of 5U/uL AmpliTaq® (Applied Biosystems) and 8.8 pL
ddH,O (Wg PCR recipes had the following minor alterations: 3 uL DNA, 1.5 pL of 25
mM MgCl, (Applied Biosystems), and 8.3 pL ddH,0).

Thermal cycling for COI and 128 was performed using a touchdown protocol with
an initial activation cycle at 96°C for 2.5 min. This was followed by 25 cycles of 30s
denaturing at 96°C, 30s annealing through a touchdown series starting from 55°C (or
60°C) and stepping down 0.4°C per cycle, with 45s extension at 72°C. This was followed
by 15 cycles of 30s denaturing at 96°C, 30s annealing at 45°C and 45s extension at 72°C.
Thermal cycling was completed by a final extension for 7 min at 72°C. For Wg, thermal
cycling was performed with an initial activation cycle at 96°C for 2.5 min. This was
followed by 40 cycles of 30s denaturing at 95°C, 30s annealing at 56.3°C, and extension at
72°C. Thermal cycling was completed by a final extension for 7 min at 72°C.



Sequencing products were purified using EXoSAP-IT (USB Corporation, Cleveland,
OH) and cycle sequenced using the primers described above. PCR products were cycle
sequenced in both directions in 10 puL volume reactions: 2 uL of the cleaned PCR product,
1 uL BigDye v3.1 (Applied Biosystems) 1.5 uLL 5X sequencing buffer, 0.4 puL primer (1:9
dilution), and 5.1 pL ddH20, purified using Sephadex (GE Healthcare, Piscataway, NJ)
and visualized on an ABI 3730. Finally, raw sequences were edited and forward/reverse
aligned using Sequencher 4.0 (Gene Codes Corporation, Ann Arbor, MI).

Sequence alignment

Sequences of the protein-coding loci, COI and Wg, were aligned in Sequencher 4.0
(Gene Codes Corporation, Ann Arbor, MI) and checked for coding consistency in
MacClade (Maddison and Maddison, 2000). Codon positions were determined in
MacClade (Maddison and Maddison, 2000) using the Drosophila mitochondrial (COI) and
universal (Wg) genetic codes by choosing to minimize the number of stop codons in each
locus. 128 was aligned using MUSCLE (Edgar, 2004). Gaps were treated as missing data
in the phylogenetic analysis, and all the alignments were unambiguous.

Phylogenetic analysis

Phylogenetic analyses were conducted using two different optimality criteria: (1)
maximum likelithood (ML) using the Randomized Axelerated Maximum Likelihood
v.7.0.4 (RAXML) algorithm (Stamatakis, 2006) and (2) Bayesian Inference (BI) using
MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001). The ML analysis used a general time-
reversible (GTR) model (Tavare, 1986) with gamma — distributed rate variation (Yang,
1994) across sites estimated for each data partition and 1000 non-parametric bootstrap
replicates. The gene sequences from the three loci were concatenated into one alignment
and partitioned (1) by gene and by codon position (seven partitions), (2) by gene (three
partitions), and (3) by whole data set (no partitions).

For the BI analysis, the best-fit model of sequence evolution for each data partition
was selected using the Akaike Information Criterion (AIC; Akaike, 1973) calculated in
Mr.Modeltest2.2 (Nylander, 2004). Models selected for each partition are listed in Table 3.
There is persistent concern in the statistical phylogenetic community regarding the
simultaneous inference of I" and proportion of invariable sites (see discussion on pg. 20 of
the RAXML manual, v. 7.0.4; Yang, 2006, pp. 113-114), so when the I+I" model was
chosen for a given partition using AIC, I compared the parameter distributions from the
resulting analysis with the parameter distributions from a twin analysis that used the next
best-scoring model selected by AIC but had only one type of among site rate variation
(Table 4). I found no difference in the resulting topologies or parameter distributions, so
for the final analyses the AIC-selected models were implemented.

In order to select the partitioning scheme that most accurately represented the
sequence evolution in the data, I partitioned the data a priori and then selected the best
strategy. I did this in two phases. First, [ partitioned the data based on gene identity (COI,
12S and Wg) and within each of these gene classes, I created more partitions based on



constraints appropriate to that gene. For each of the two protein-coding genes, COI and
Wg, three partitioning strategies were tested: (1) whole gene, (2) codon positions one and
two together and position three modeled separately, and (3) three separate partitions within
each gene. The structural gene 12S was treated as one partition. Second, I concatenated the
data set and tested two alternative partitioning strategies: (1) the three genes, each with the
best partitioning strategy from the first set of comparisons, and (2) the whole data set,
unpartitioned.

A Bayesian analysis of each gene given each data partition was run for 15,000,000
generations with 4 independent runs each. Initial runs were performed using default
parameters, but inspection of these runs revealed two issues: (1) bimodality of alpha and m
parameter distributions, and (2) a large discrepancy between the total length (TL)
parameter for the fully partitioned analyses (single gene — COI and Wg; concatenated data
set) relative to analyses with fewer partitions (Table 4). I also compared these results with
the TL parameter resulting from the ML analyses (Table 3) and concluded that the
branches are growing too long in the fully partitioned Bayesian analyses. In order to
compensate, I reduced the mean of the branch length prior (Brown et al., 2010; Marshall,
2010). This resulted in unimodal m parameter distributions and TL parameters that were
on a similar scale between partitioning schemes as well as between tree-building
methodologies. I unlinked model parameters and estimated them independently across
partitions, and finally, in order to improve MCMC performance by achieving optimal
levels of chain mixing (swap rates between .1 and .7), I also reduced the temperature prior
from the default setting.

I used a Bayes Factor analysis (Brandley et al., 2005; Brown and Lemmon, 2007)
in order to select the best partitioning scheme (Table 5). I calculated the harmonic means
of the (log) tree likelihoods for each scheme tested in Tracer (Rambaut and Drummond,
2009; Suchard et al., 2001) and compared them using the cutoffs of: 2In BF>=10 (good
evidence against the competing hypothesis), 10<2In BF>-10 (ambiguous, select least
complex strategy), and 2In BF <=-10 (good evidence for the competing hypothesis)
(Brandley et al., 2005; Kass and Raftery, 1995). Based on these results, for my final
analysis I created a concatenated alignment of the three genes with seven partitions (COI —
3 partitions; 12S — 1 partition; Wg — 3 partitions) (Table 6 — final Bayes block).

MCMC convergence diagnostics: For each of the BI analyses, I assessed
stationarity within and convergence among each of the four runs using several
complimentary approaches: (1) I checked the convergence metrics provided by Mr. Bayes
(Huelsenbeck and Ronquist, 2001) — that the maximum standard deviation of split
frequencies of any of the runs was under 0.05 and that the potential scale reduction factor
for all parameters approached 1.0, (2) I compared the posterior probabilities of all splits for
pairwise comparisons of each MCMC run using AWTY (are we there yet?) (Nylander et
al., 2008), and (3) I plotted the log-likelihood values for each run, checked the effective
sample sizes to ensure [ had an adequate number of independent samples and examined the
posterior distributions of all parameters using Tracer v.1.5 (Rambaut and Drummond,
2009) to ensure the distributions were smooth and not bimodal and that the traces were
uniformly fuzzy and not jagged. I also used Tracer v.1.5 to determine the burn-in phase by
assessing each run’s plot of log-likelihood values over generations — I assumed stationarity



had been reached when the log likelihood values reached a stable plateau. Finally, I created
a 50% majority rule consensus tree from the resulting 54,000 post burn-in trees (Bayesian
tree).

Comparative Analyses: Is diversification associated with conservatism or shifts in islands
& host use?

I performed all comparative analyses on the Bayesian tree pruned to include only a
single representative from each taxa (comparative tree), except in a few cases where taxa
have wide geographic distributions and the Bayesian tree indicated a large amount of
genetic structure — thus maintaining them is informative as to evolutionary history. The
comparative analyses were rooted using Leialoha from the Hawaiian Islands with outgroup
character states coded as missing as there is no phylogenetic hypothesis for the ancestral
state of this group. Ingroup terminal taxa were assigned five multistate traits representing
(1) islands (six ingroup states), (2a) plant family (21 ingroup states), (2b) Asteraceae (2
ingroup states), (2¢) Fabaceae (2 ingroup states), and (2d) Campanulaceae (2 ingroup
states). Gesneriaceae was not included in a separate character analysis because there was
limited sampling from this plant. I recorded characters in the field, with verification by
botanists when necessary. It must be noted that treating Asteraceae as one character state is
an extremely conservative way to classify these plants, because all Asteraceae feeding
within the Nesosydne occurs across plants in the Hawaiian silversword alliance, which,
with its extreme physiological and morphological diversity at the species level, is well
known as one of the classic examples of adaptive radiation in plants (Schluter, 2000).

In order to infer the evolutionary history of geographic and host plant associations,
first I reconstructed the history of character states over my comparative tree using
maximum parsimony and maximum likelihood in Mesquite v.2.72 (Maddison and
Maddison, 2006; Maddison and Maddison, 2009). Next, I tested for phylogenetic
conservatism in each of the characters using randomizations (Maddison and Slatkin, 1991);
I compared the number of observed steps under parsimony to the distribution of values for
steps I obtained by reshuffling the character states on the tips of my comparative
phylogeny 10,000 times. I expected that if there were conservatism in any of the characters
examined, the observed number of steps to reconstruct its character states on the
comparative tree would be fewer than would be expected if the character tested were not
associated with the phylogeny.

In order to quantify the effect host plant shifts vs. tracking and within versus
between island shifts on diversification, I evaluated each terminal node and tallied whether
the descendents were on the same or different host plants and island. I then performed a 2-
tailed Fisher’s exact test. Three nodes were found to descend to a bifurcation that resulted
in tips with either character state. These were analyzed both ways and then excluded from
the analysis after finding that it does not change the outcome of the results.



Results
Species Sampling

Twenty-five species of Nesosydne were identified and included as ingroup
specimens in this analysis, along with five Aloha and one Nesothoe species. The remaining
33 ingroup specimens are unidentified and require further taxonomic work (Table 1).
Based on the structure of the phylogeny, I estimate that these unidentified specimens
represent an additional 25 species. Although this only provides sampling of approximately
56% of the species that are described, it represents a significant sampling effort to most of
the known historical locations of these species. Certainly some species are extant and have
been missed in our sampling. However, the results indicate that many species are quite rare
and some are possibly extinct (see discussion in Hasty, 2005). While collections from each
of the Hawaiian islands are included, Maui and Hawaii are best represented in this sample,
and thus my conclusions about geographic modes of diversification are derived from
analysis of the fauna of these two islands.

Phylogenetic Results

Three gene fragments: COI (698 bp), 12S (333 bp) and Wg (327 bp) were
amplified, yielding a total data set of 1358 bp.

Maximum Likelihood Analysis: The ML analysis of the total, 7 partition data set
resulted in a tree with a -In likelihood score of 10514.201 (Fig. 1). Outgroup branch
lengths are long relative to the ingroup taxa, so Figure 1 shows relationships among the
Hawaiian Nesosydne as the primary figure, with the inset depicting the shape of the total
tree. Bootstrap values are shown next to nodes. Overall, support values were higher
towards the tips of the tree and indicated less support toward the backbone.

Bayesian Analysis: The harmonic mean of the log likelihood for the Bayesian tree
was -In likelihood score of -10605.535+0.237 and very similar total length (TL: Table 3,
Table 4) and topology to the ML tree — all groups identified in the ML analysis were
recovered in the Bayesian analysis (Figure 2; it is important to note that the -In likelihood
scores reported for each analysis are calculated differently and are thus not directly
comparable). Posterior probabilities are shown next to the nodes and indicate good support
overall for the majority of the nodes, although there are some unresolved relationships
within the tree.

My results demonstrate some issues with the taxonomy of the Hawaiian Nesosydne,
suggested by the Nesothoe (H266) and Aloha (L001, HO10, HO12, H113, H114, H145)
specimens nested within the tree (Figures 1 & 2). The phylogeny presented here is
consistent with a single colonization of this lineage to Hawaii, based on the distance of the
ingroup to the outgroup.



Comparative Results: Is diversification associated with conservatism or shifts in islands &
host use?

Of the nodes on the comparative tree involving terminal diversification events, 13
involved host shifts, 14 involved host tracking (4 involved both), 21 involved within-island
diversification and nine involved between-island diversification (1 involved both). Thus,
both within and between host plant and island diversification events appear to contribute to
diversification in this group. However, the results of the test for phylogenetic signal in
geographic distribution and host plant association (Table 7) reveal that islands, host plant
family (all plant families included), Asteraceae and Fabaceae all show significant
phylogenetic signal, indicating that diversification has occurred more often within each of
these characters than would be expected by chance, given the topology of the tree and the
distribution of sampling. Although incomplete taxon sampling may have interfered with
my inference of diversification modes, it is unlikely that the sampling, at least on Hawaii
and Mauli, is biased with respect to taxa resulting from within versus between island or
host plant colonization.

Islands: The significant phylogenetic signal observed in this character (Table 7)
indicates that diversification within islands is the dominant mode in the data set. However,
it also appears that insects shifting to new islands accounts for a significant portion of the
biodiversity of this group as well. Mapping the characters of island onto the comparative
tree and performing maximum likelihood estimation of ancestral states revealed that most
of the diversity on Hawaii is nested within the clade on Maui, but also indicates several
back colonizations at the tips. Specimens from “Maui Nui” (Molokai, Lanai and Maui) all
group together, consistent with the biogeographic history of this group of islands — and
may either represent shifts among these islands or “within-island” diversification driven by
fluctuating ocean levels (Figure 3).

Host plant: Overall, the character “plant family” is significantly associated with the
comparative tree (Table 7), indicating some level of conservatism in this character, but
each of the three plant families examined shows a different trend. Host plant conservatism
is evident in the case of the Fabaceae-feeding species, whose feeding association is
significantly associated with the phylogeny (Table 7) and appear to have colonized
Fabaceae only once or twice (Figures 2 & 3). In contrast, the Campanulaceae-feeding
species show no phylogenetic signal and appear to have independently colonized the
Campanulaceae multiple times (Figures 2 & 3). Finally, the Asteraceae-feeding Nesosydne
do show significant phylogenetic signal, but this character is distributed across the tree.
The very large number of character states and high number of host shifts make inferring
the ancestral host plant family of this group with any level of certainty unrecoverable
(Schluter et al., 1997).

Relationship between host use and islands: Of the terminal nodes, 11 involved host
tracking within islands, three involved host tracking between islands, eight involved host
shifts within islands and five involved host shifts between islands (three involved both host
shifts and tracking within islands and one involved host shifts and tracking between
islands). Fisher’s exact test of association between the two diversification modes revealed
that there is no tendency towards one combination over the others (p=0.4197).



Discussion

Nesosydne has diversified substantially in the Hawaiian Islands, and here 1
developed a molecular phylogeny to examine what generates diversity in this group. My
results reveal a lineage that is prone to diversification under the influence of both
geographic and ecological forces, primarily occurring within islands and associated with
both shifts in host use and conservatism.

Biogeography within the Hawaiian Islands

Island systems are excellent places to study diversification (Mayr, 1954), and
whether it occurs as a result of within or between island colonization events is an important
question to address when studying island radiations (Parent and Crespi, 2006). In this
group, it appears that while both are evident, within-island diversification events dominate
the pattern — providing the geographic context necessary for adaptive radiation.

Several additional patterns emerge from these data. First, it is clear that the bulk of
Hawaiian (Big Island) species diversified from within a Maui clade, which is consistent
with a progression rule wherein colonization trends from oldest to youngest islands
(Wagner and Funk, 1995). However, back colonizations from younger to older islands are
also evident, indicating that even if the overall pathway of colonization is from older to
younger islands, it is far from a strict pattern. These organisms, even with their relatively
low vagility, are able to disperse among islands and then diversify with some regularity.
Finally, based on the distance of the ingroup to the outgroups, the structure of the
Hawaiian Nesosynde (and the additional taxa found to be paraphyletic) phylogeny is
consistent with a hypothesis of a single colonizing ancestor. However, this conclusion
must be treated with caution as it has the potential to change in the future with additional
intra and extra-Hawaiian sampling.

Open questions in Nesosydne biogeography

Data presented here cannot address two very compelling questions regarding the
Nesosydne, but suggest them as fruitful future research directions. First, what are its
continental origins and pan-Pacific pathways of colonization? Beevis and Gillespie (in
prep) have generated a hypothesis of colonization syndromes for the Hawaiian biota (air
transport, bird phoresy and rafting by ocean currents), with associated predictions for each
syndrome. According to their predictions, the patterns observed in the Hawaiian Nesosydne
are consistent with a syndrome of aerial colonization from the Americas, and their
presence in the Galapagos and Juan Fernandez islands (Fennah, 1955, 1967) suggests a
South American origin. Research in other genera of delphacid planthoppers has
demonstrated that wing length and the corresponding ability to disperse, including long-
distance migration, is a somewhat labile trait (Denno and Perfect, 1994; Denno and
Roderick, 1990; Denno et al., 1991; Denno et al., 1996), and within the Hawaiian
Nesosydne, there exists a spectrum from complete brachyptery to fully macropterous forms
(Zimmerman, 1948). Thus, it is plausible that the islands were colonized by a migratory



ancestor that experienced the strong selection against dispersal ability typical for island
biota (Carlquist, 1965). Second, the extreme diversity of host plant use in this genus on the
Hawaiian islands is in stark contrast to the very limited host range observed in most
continental genera of Delphacidae (Wilson et al., 1994), which suggests that this genus
may be an excellent example of ecological release (Hutchinson, 1978). However, both
questions demand a family-level phylogenetic hypothesis for the Delphacidae, which is
under development but is not currently available (Cryan and Bartlett, in prep).

Host shifts and conservatism of Fabaceae and Asteraceae feeding

Although the tests of phylogenetic signal in host plant use by plant family indicated
conservatism within the Fabaceae and the Asteraceae, Fabaceae-feeding appears to be the
only truly conserved host plant association within the Nesosydne (discussed below).
Furthermore, the number of diversification events characterized by a host shift versus host
plant conservatism is almost exactly equal. Thus, in addition to some conservatism of host
use, the evolution of the ability to use new hosts — with an associated loss of the use of the
old host — must also be a characteristic of this group.

Acacia koa (Fabaceae): These data provide support of Asche’s (1997) hypothesis
that there is a monophyletic “koae” group within this genus that feeds on Acacia koa
(Fabaceae). Inspection of the phylogeny indicates that it is in a relatively derived position
within the radiation, and that it includes specimens from Kauai, Maui and Hawaii —
demonstrating that following initial colonization of this plant, dispersal and diversification
occurred across the island chain within A. koa. Why is there such strong host plant
conservatism in this clade relative to the other host plants used by the Hawaiian
Nesosydne? A. koa is one of the two dominant overstory forest tree species in the Hawaiian
islands, providing suitable habitat across wide elevation and precipitation gradients. Most
other host plant species used by this group are either geographically limited, patchy in
distribution, or both (Wagner et al., 1999). Thus, it may simply be a question of numbers
and varied structure within this single host plant species (Denno, 1994) — A. koa provides
the insects more opportunity. Expanded geographic sampling within this clade will help to
elucidate patterns of diversification within this group.

The Hawaiian Silversword Alliance (Asteraceae): Treating Asteraceae as one
character state is an extremely conservative way to classify these plants, because all
Asteraceae feeding within the Nesosydne occurs across plants in the Hawaiian silversword
alliance, which, with its extreme physiological and morphological diversity at the species
level, is well known as one of the classic examples of adaptive radiation in plants
(Schluter, 2000). As such, although I do observe significant host conservatism within this
plant family, I believe the relationship of diversification to host use to be quite a bit more
complicated.

Observations of the pattern of Asteraceae feeding within this group indicate that it
is both significantly conserved (at the plant family level) and distributed in multiple places
across the phylogeny. One of two models may explain this pattern: (1) it was produced by
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multiple independent colonizations of the Asteraceae followed by diversification at low
taxonomic levels, or (2) Asteraceae-feeding is a much more ancestral state and shifts
occurred from Asteraceae plants to all the other plant families. As I stated above, the
diversity of host plants used across this radiation and large number of host shifts among
host plant families make inferring the ancestral host plant species with any degree of
confidence, particularly at deep nodes, extremely difficult (Schluter et al., 1997).
Consequently, it may never be possible to determine what the ancestor of this group fed
on. However, either possibility does not change the overall conclusion much — shifts to
new hosts occur with enough frequency that tight Nesosydne-Asteraceae associations do
not exist in this group, except at low taxonomic levels. Accordingly, as suggested by Hasty
(2005), host shifting must be included in an overall model of what drives diversification in
this group. Cospeciation (Roderick, 1997) between plants in the silversword alliance and
Nesosydne does not appear to be a major force explaining its diversity.

The relationship of ecological factors to speciation and diversification?

These data reveal that diversification in this group may arise by any combination of
host or island shift or conservatism, but that host shifts and within-island speciation
dominate the pattern. Thus, many of the expectations for adaptive radiation appear to be
met in this lineage — diversification of a variety of ecologically specialized forms from a
single colonizing ancestor in the face of ecological opportunity. However, other criteria for
diagnosing adaptive radiation: the phenotype-environment correlation, trait utility and
quantifying the speed of diversification have yet to be addressed in this group (Schluter,
2000).

Although it is clear that much of this lineage is ecologically differentiated, it is
worth considering how involved the hosts themselves may have been in providing the
divergent selection necessary to drive the initial diversification of the group. Does the
pattern of ecological diversification apparent in the phylogeny truly divulge a history
initiated by ecological speciation? If shifts among host plants were an easy proposition for
Nesosydne, one would expect to see only one to a few generalist species. Instead, the
lineage is comprised of numerous highly specialized forms — strongly indicating that gene
flow between insect populations using the ancestral and novel host plants must somehow
become disrupted easily upon colonization of new host plants.

Under an ecological speciation model, gene flow would be disrupted by divergent
natural or some forms of sexual selection on alternate hosts (Rundle and Nosil, 2005).
However, an alternative is that the disruption of gene flow and subsequent speciation may
have occurred preceding diversification onto new hosts (non-ecological speciation
followed by adaptive differentiation) as a result of geographic isolation or some other non-
adaptive force (Rundell and Price, 2009). In this scenario, the diversity of host plant
associations in the Hawaiian Nesosydne would best be explained by speciation first
followed by a process of ecological fitting (Janzen, 1980) during a period of ecological
opportunity as plant communities establish, providing open niche space. Data presented
here cannot distinguish these alternatives. Elucidating the relationship between speciation
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and adaptive diversification in this radiation will require an integrative research program
aimed at understanding the dynamics of speciation at its earliest stages.
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Table 2. Primers used in this study

Locus Primer name Primer sequence (5’-3") Reference
Cytochrome | HCO-2198 TAA ACT TCA GGG TGA CCA AAA AAT CA (Simon et al., 1994)
Oxidase I LCO-1490 GGT CAA CAA ATC ATA AAG ATATTG G (Simon et al., 1994)
12s -IDNA SR-N-14588 | AAA CTA GGA TTA GAT ACC CTATTAT (Simon et al., 1994)
(12Sai)
SR-J-14233 | AAG AGC GAC GGG CGA TGT GT (Simon et al., 1994)
(128bi)
Wingless We-3 GGC TCG TGC ACG GTG AAG AC (Hasty, 2005)
We-4 GTG CAG TGACAG CGG TCG GTG (Hasty, 2005)
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Table 3. Results from RAXML runs: Partitioning strategies, Likelihoods, Total Tree
Length (TL). All partitions used the GTR+G model.

Name Partitioning Likelihood TL
strategy
Cytochrome Oxidase I — COI

LCl Whole gene -7173.509 1.91
LC3 Codon positions -6857.785 2.11

1,2,3

Wingless - Wg

LW1 Whole gene -1324.14 0.35
LW3 Codon positions -1209.81 0.67

1,2,3

All genes concatenated
LAl No partitions -11207.33 1.69
LA7 7 partitions -10514.20 1.82
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Table 4. Results from Mr. Bayes runs: Partitioning strategies, Models used, Likelihoods,
Total Tree Length (TL). C1-C3: Cytochrome Oxidase I (COI), W1-W3: Wingless (Wg),
Al, A7a, A7b: concatenated CO1, 12S, Wg. Unless noted otherwise, all analyses below
were performed with short branch length priors. The white side of the table presents the
models selected by AIC and results from analyses of the different partitions. The grey side
shows the results from twin analyses I performed using the model with the next-highest
AIC score but only one type of among site rate variation (I or I'). All parameter
distributions were inspected in Tracer following each run, and no differences were
observed, so I implemented the final analysis using the AIC-selected models. Partitioning
strategy A7b with AIC-selected models was used in the final analysis.

Name Partitioning Partitioning strategies using Partitioning strategies using
strategy AIlC-selected models models with only one type of among
site rate variation
Models used Harmonic TL Models Harmonic TL
mean: used mean: (log)
(log) tree tree
Likelihood Likelihood
C1 Whole gene GTR+I+T -7255.888+ 2.339 GTR+T -7303.109+ 2.58
0.42 0.203
C2 Codon HKY+I4+T -6975.605+ 2.588 HKY+I -6998.602+ 2.581
positions 142, GTR+I+T 0.218 GTR+T 0.227
3
C3 Codon GTR+I+T -6956.131+ 2.577 GTR+T -6960.907+ 2.64
positions HKY+I 0.222 HKY-+I 0.226
1,2,3 GTRHI+T GTR+T
W1 Whole gene GTR+I -1445.703+ 0.948 na na na
0.153
W2 Codon HKY+I -1431.59+ 0.935 na na na
positions 1+2, F81 0.171
3
W3 Codon K80+ -1381.367+ 1.132 na na na
positions GTR+I 0.156
1,2,3 F81
Al No partitions GTR+HI4T -11260.959+ 2.213 GTR+I -11332.938+ 2.55
0.224 0.26
AT7a 7 partitions, GTR+I+T -10684.425 12.899 | GTR+T -10709.152+ 12.333
default HKY+T 0.328+ HKY+T' 0.995
branch length GTR+I+T GTR+T
priors GTR+T GTR+T
F81 F81
K80+1 K80+1
GTR+T GTR+T"
AT7b 7 partitions, GTR+I+T -10605.535+ 2.37 GTR+I" -10617.194=+ 2.408
short branch HKY+T' 0.237 HKY+T' 0.257
length priors GTR+HI+T GTR+T
GTR+T GTR+T
F8l1 F81
K80+1 K80+1
GTR+T GTR+T"
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Table 5. Bayes Factors comparisons (of partitioning strategies using AIC selected models
from Table 4): table is arranged with most complex partitioning strategy first, comparisons
are made between more complex vs. less complex strategies.

C3 C2
C2 19.474 -
Cl 299757 280.283
W3 W2
W2 50.223 -
w1 64.336 14.113
AT7b AT7a
ATa 78.89 -
Al 655.424 576.534
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Table 6. Final Bayes block, partitioning strategy A7b.

BEGIN mrbayes;

log start filename=7parts.log replace;

CHARSET beginning=1-205;

CHARSET endCO1=659-698;

CHARSET COllstpos = 2-698\3;

CHARSET CO12ndpos = 3-696\3;

CHARSET CO13rdpos = 1-697\3;

CHARSET 12S = 699-1031;

CHARSET wglstpos=1033-1357\3;

CHARSET wg2ndpos=1034-1358\3;

CHARSET wg3rdpos=1032-1356\3;

TAXSET outgroup = 40-43 56 68 72;

TAXSET ingroup = 1-39 44-55 57-67 69-71 73-83;

partition parts=7: CO1lstpos, CO12ndpos, CO13rdpos, 125, wglstpos, wg2ndpos, wg3rdpos;
set partition=parts;

Iset applyto=(1) nst=6 rates=invgamma;

Iset applyto=(2) nst=2 rates=propinv;

Iset applyto=(3) nst=6 rates=invgamma;

Iset applyto=(4) nst=6 rates=gamma;

Iset applyto=(5) nst=1 rates=equal;

Iset applyto=(6) nst=2 rates=propinv;

Iset applyto=(7) nst=6 rates=gamma;

prset applyto=(all) ratepr=variable;

prset applyto=(1,2,3,4,6,7) statefreqpr=dirichlet(1,1,1,1);

prset applyto=(5) statefreqpr=fixed(equal);

prset applyto=(all) brlenspr=Unconstrained:Exponential(100);

unlink revmat=(all) shape=(all) pinvar=(all) statefreq=(all) tratio=(all);
memc ngen=15000000 printfreq=1000 samplefreq=1000 nchains=4 nruns=4 temp=0.04 savebrlens=yes;
log stop;

END;
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Table 7. Results of phylogenetic constraint analysis. Significant results are marked with
an asterisk and indicate that the characters are non-randomly distributed on the tree,

considering the topology of the tree and number of observations of each character state in
the data set. Analyses are based on 10,000 replicates.

Character # Observed # Distribution of # of p-value
Ingroup of steps steps under character
States (parsimony) reshuffling
median (range)

Island 6 18 26 (22-29) p<0.0004*
Plant Family 16 26 36 (33-38) p<0.0001*
Asteraceae 2 9 14 (10-15) p=0.0022*
Fabaceae 2 3 9 (6-9) p<0.0001*
Campanulaceae 2 5 6 (4-6) p=0.1812
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Figures

Figure 1. Maximum Likelihood Tree showing ingroup taxa. Inset shows Nesosydne
relative to outgroup (Leialoha).
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Figure 2. Consensus 50% majority rule Bayesian phylogram of the Hawaiian Nesosydne
with islands denoted in colors and host plant families denoted with shapes (see inset
legends). Posterior probabilities are near the nodes, and outgroup taxa are shown on the

inset.
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Figure 3. The 50% majority rule Bayesian phylogeny for the Hawaiian Nesosydne pruned
for comparative analyses. Maximum likelihood estimates of ancestral states
reconstructions were performed in Mesquite. Outgroup characters were coded as missing
and are depicted here in gray on all trees.
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Chapter 2. Isolation and characterization of microsatellite
markers in an endemic Hawaiian planthopper (Nesosydne
chambersi: Delphacidae)

This article has been published previously and is reproduced here with permission from
the publisher, John Wiley & Sons:

Goodman, Kari Roesch, Veronica Ruth Franco Morris, Stephen Welter and
George K. Roderick 2008. Isolation and characterization of microsatellite markers
in an endemic Hawaiian planthopper (Nesosydne chambersi: Delphacidae).
Molecular Ecology Resources, 8: 1436-1438.

Abstract

We have isolated and characterized 17 microsatellite loci for the endemic Hawaiian
planthopper Nesosydne chambersi (Delphacidae), a member of a large Hawaiian
Nesosydne radiation. Thirty individuals from one population and 10 individuals from 2
populations across its range were tested to investigate polymorphism. The observed loci
contained 2 - 9 alleles per locus. Expected heterozygosity within this species ranged from
0.2 to 0.85. These markers will be used to assess intraspecific differentiation and
population structure within N. chambersi.

Introduction

The Hawaiian Islands have served as laboratories for evolutionary studies, in part
because of rapid rates of diversification observed in many groups of species as a result of
adaptive radiation (Gillespie and Roderick 2002; Wagner and Funk 1995). In many groups,
this process has resulted in large, closely related lineages within the Hawaiian island chain:
examples include the Hawaiian honeycreepers, plants in the silversword alliance,
Drosophila flies, Laupala crickets, Tetragnatha spiders, and Nesosydne planthoppers.
Population level studies using multiple nuclear markers, such as microsatellites, have the
potential to provide detailed information about the demographic and ecological factors that
lead to divergence and ultimately speciation within individual species. Nesosydne
chambersi is a planthopper (Delphacidae) that specializes on members of another
Hawaiian radiation: plants in the silversword alliance (Zimmerman 1948; Swezey 1954;
Roderick 1997). This planthopper species has a relatively widespread distribution across
both major volcanoes (Mauna Kea and Mauna Loa) on the island of Hawaii. Here, we
report the isolation of microsatellite markers, which will be used to assess intraspecific
differentiation and population structure within N. chambersi.
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Nesosydne chambersi specimens were collected from Dubautia ciliolata ssp.
glutinosa, in the Waipahoehoe Exclosure in the Mauna Kea Forest Reserve at
approximately 9200 ft on the island of Hawaii (HI DOFAW Permit FHMO07-143).
Genomic DNA was extracted for the development of these primers using a QIAGEN
DNeasy DNA extraction kit, following the manufacturer’s protocol. DNA from one
individual was used to construct a library enriched for microsatellite repeats, following the
methods presented in Glen and Schable (2005) and briefly described below. Four hundred
and fifty-two ng of extracted DNA was digested by RSAI (New England BioLabs), then
ligated to superSNX linkers. This restriction-ligation mixture was hybridized to the
following biotinylated oligonucleotides to probe for repeats: (AG);2 (TG)12 (AAC)s
(AAG)s (AAT)12 (ACT)12 (ATC)s; (AAAC)s (AAAG)s (AATC)6 (AATG)s (ACAG)s
(ACCT)6 (ACTC)s (ACTG)s; (AAAT)s (AACT)s (AAGT)s (ACAT)s (AGAT)s. These
hybridized repeat fragments were captured using Dynabeads (Dynal) and recovered using
polymerase chain reaction (PCR). A second enrichment was performed on the PCR
product, and this amplified, doubly enriched DNA was cloned using a TOPO TA kit
(Invitrogen), following the manufacturer’s protocol. Successful transformations were
selected using ampicillin and screened for inserts using b-galactosidase and 768 clones
with inserts were isolated and grown up in deep well plates. Of these, 192 plasmids were
sequenced with M 13 forward and reverse primers using Big Dye version 3.1 (Applied
Biosystems) on an ABI 3730 capillary sequencer.

Sequences were edited in Sequencher 4.0 (GeneCodes Corp., Ann Arbor, MI,
USA). Microsatellite repeats were identified both visually and with the aid of
Microsatellite Repeats Finder (Bikandi 2006). Primers were designed using PRIMER3
(Rozen & Skaletsky 2000). Finally, IDT’s OligoAnalyzer 3.0
(www.idtdna.com/analyzer/Applications/OligoAnalyzer) was used to check for secondary
structure and primer-dimer formation. A total of 60 unlabeled primers were ordered. These
were tested for consistency in amplification and polymorphism on 2 to 3 individuals from
4 populations each by PCR amplification and visualization on 1.8% agarose gels stained
with ethidium bromide, yielding 19 suitable primers.

Flourescent-labeled forward primers were ordered for each of these 19 and were
tested using 30 individuals from a population on Mauna Kea (Pu’u Kanakaleonui), as well
as on five individuals from two populations across its range (Saddle Road and Mauna Loa
Trail). PCR solutions contained 2.5 uL of extracted DNA (10 ng/uL), 2.5 uL 10x PCR
gold buffer (Applied Biosystems), 4mM MgCl2, 25ug/mL BSA, 0.52 uM each primer,
150 uM dNTPs, 10.325 uL ddH20 and 1U Taq polymerase (Invitrogen). Thermal cycling
conditions consisted of an initial activation cycle at 95° C for 10 min. This was followed
by two cycles of 1 min denaturing at 94° C, 1 min annealing at 60° C, and 35s extension at
70° C. Next were 18 cycles of 45 s denaturing at 93° C, 45 s annealing through a
touchdown series starting from 59° C and stepping down 0.5° C per cycle, with 45 s
extension at 70° C. This was followed by 20 cycles of 30 s denaturing at 92° C, 30 s
annealing at 50° C and 1 min extension at 70° C. Thermal cycling was completed by a
final extension for 5 min at 72° C. All loci amplify well using the same PCR conditions.

This PCR product was mixed in a solution of 0.5 uLL PCR product, 9.215 uL of
HiDi formamide and 0.285 pL of Liz500 size standard (Applied Biosystems), then run on
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an ABI 3730 automated capillary sequencer. The genotypes were analyzed using
GENEMAPPER version 3.0"" (Applied Biosystems).

Testing of the 19 primers on 30 individuals of Nesosydne chambersi from Pu’u
Kanakaleonui on Mauna Kea yielded 17 primer pairs that were polymorphic within the
populations examined here and produced at most two alleles per individual per locus
(Table 1). Numbers of alleles, allele size ranges and observed and expected
heterozygosities (Hp and Hg) were calculated using Genepop (Raymond & Rousset 1995).
The number of alleles per locus ranged from 2 to 9 and the expected heterozygosities
ranged from 0.20 to 0.85 (Table 1). Genepop was also used to test for deviation from
Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD). Two loci (NC1
and NC12) were found to be significantly out of HWE after a correction for multiple
comparisons (sequential Bonferroni correction: Rice 1989). Departure from HWE in locus
NC1 may be due to the presence of null alleles. No locus pairs were in significant LD after
applying the sequential Bonferroni correction (Rice 1989). Analysis of the five individuals
each from the Saddle Road and Mauna Loa populations indicate that these loci amplify
reliably and are polymorphic among populations.

In summary, the 17 loci reported here will be useful for investigating the
population genetic structure among populations of Nesosydne chambersi, allowing a
detailed assessment of the intraspecific differentiation within a diversifying lineage.
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Chapter 3: Genetic divergence is decoupled from ecological
diversification in the Hawaiian Nesosydne planthoppers

Introduction

Adaptive radiations provide some of the most compelling examples of adaptive
divergence leading to speciation, but what promotes the initial stages is very poorly understood
(Schluter, 2000, Losos, 2009). There are a variety of ways that speciation may relate to
ecological diversification (Rundell and Price, 2009). The classic conception of adaptive radiation
(Rundle and Nosil, 2005, Schluter, 2000, Schluter, 2009) assumes that both speciation and
subsequent diversification is driven by divergent ecological selection. Under this model, gene
flow would be disrupted by divergent natural or some forms of sexual selection in alternate
selective environments (Rundle and Nosil, 2005) — or ecological selection followed by adaptive
differentiation. Considerable evidence suggests that natural selection plays a major role in
shaping the classic examples of tight phenotype-environment correlations we observe among
species in adaptive radiations (Schluter, 2009, Schluter, 2000) — for example, Caribbean Anolis
lizard limb length and perch size (Losos, 2009); Hawaiian Tetragnatha spiders body color and
habitat background color (Gillespie, 2004); and Darwin’s Galapagos finches beak size and seed
size (Grant and Grant, 2008). However, an alternative, and one that would produce the same
signature of ecological diversification at the phylogenetic level, is that the disruption of gene
flow and subsequent speciation may occur prior to diversification into divergent selective
environments as a result of geographic isolation or some other non-adaptive force (Rundell and
Price, 2009) — or non-ecological speciation followed by adaptive differentiation. Distinguishing
these alternatives is difficult in practice, and requires a study system that offers an ecologically
diversified lineage in which species are presently in a variety of stages of diversification.

A significant role for divergence in allopatry has been documented among some of the
best-studied examples of adaptive radiations. For example, in both African rift-lake cichlid fish
(Sturmbauer et al., 2001) and Cuban Anolis lizards (Glor et al., 2004), respective lake and sea
level fluctuations due to historical periods of climate caused fragmentation of habitats, are
thought to have allowed for diversification in periods of allopatry. Similarly, volcanic activity is
a powerful source of habitat fragmentation in remote oceanic archipelagos. It has been suggested
that this fragmenting process provides the conditions under which remote volcanic islands act as
“evolutionary crucibles” (Carson et al., 1990), promoting diversification through isolation in
allopatry and providing at least a partial explanation for the extraordinary diversity observed in
many island radiations (Gillespie and Roderick, 2002, Ricklefs and Bermingham, 2007,
Roderick and Gillespie, 1998, Wagner and Funk, 1995).

Here, I examine the forces acting on populations in the very early stages of divergence —
specifically, I ask whether geographic isolation via habitat fragmentation promotes
diversification in the initial stages of speciation within an ecologically specialized radiation of
Hawaiian planthoppers in the genus Nesosydne. I use the known geological history of the island
of Hawaii to provide critical dates of habitat formation. The Hawaiian Archipelago arose in a
time series as the Pacific plate moved over a hotspot in the central Pacific, generating a series of
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massive volcanic islands that are arranged in a linear age progression from youngest in the
southeast to oldest in the northwest (Wagner and Funk, 1995, Price and Clague, 2002). Each
island is a composite of several shield volcanoes that formed sequentially. As new layers cooled,
they provided substrate for colonization by biological taxa, which were then subject to repeated
events of local extirpation and recolonization as the volcanoes grew. This process can be
observed today on the youngest island, the island of Hawaii, where the still-flowing and highly
fragmented landscape of Mauna Loa (Trusdell et al., 1996, Figure 1) gives us a snapshot of the
geographic conditions under which each island formed. In this way, the real-time observations of
conditions on Hawaii offer a realistic picture of the fragmented conditions under which many
classic adaptive radiations originated.

The hypothesis that fragmentation due to volcano building activity on the island of
Hawaii is the initial and dominant force promoting initial diversification in adaptive radiation
makes two testable predictions: first, genetic variation in the species should be associated with
geographical relationships rather than ecological features such as host plants; and second, the
temporal scale of diversification should correspond to within-island geological events. To test
these predictions, I use dense geographic and population-level sampling, temporal sampling in a
zone of secondary contact, and a mitochondrial locus together with multiple independent nuclear
loci to infer current population structure as well the timescales of divergence between
populations in this species. My results reveal a species that has fractured into multiple genetic
pools via geographic isolation due to the dynamic geologic activity of the island. This novel
perspective provides a rare window into the forces acting on populations in the earliest stages of
diversification in an adaptive radiation.

Materials and Methods

Study system: A radiation on a radiation on a volcano — Nesosydne chambersi, the silversword
alliance and the Big Island of Hawaii

The planthopper genus Nesosydne (Delphacidae: Hempitera) is distributed throughout
islands in the eastern Pacific. Eighty-two of its described species, the majority of its diversity, are
endemic to the Hawaiian Islands (Zimmerman, 1948, Fennah, 1958, Asche, 1997). Like other
delphacids, species of Nesosydne are highly host specific, feeding on phloem, and mating and
ovipositing on only one or a couple of closely related host plant species. The majority of the
species in the Hawaiian Nesosydne are specialized to a different host plant species — representing
a total of 20 different plant families (Zimmerman, 1948, Wilson et al., 1994, Roderick and Metz,
1997, Hasty, 2005, Fennah, 1958, Asche, 1997). This incredible host plant diversity suggests a
role for resource specialization in the diversification of this group.

The Hawaiian silversword alliance is the premier example of an adaptive radiation among
plants (Schluter, 2000, Baldwin, 2006), within which the species provide divergent habitats for
communities of native invertebrates (Drew and Roderick, 2005). On the Big Island of Hawaii,
the single-island endemic planthopper, Nesosydne chambersi (Kirkaldy, 1908), is associated with
two of the plants in the silversword alliance, Dubautia ciliolata (DC) D. Keck and Dubautia
scabra (DC) D. Keck (Asteraceae). These two plant species are early colonists to the island’s
recently cooled lava flows. Dubautia ciliolata is undergoing a divergence event that appears to

41



be associated with the island’s volcanic history. The species is currently classified into two
subspecies: D. ciliolata glutinosa is found on the island’s older high volcano, Mauna Kea
(restricted to decomposed lava flows that date to 14,000-65,000 year-old) while D. ciliolata
ciliolata is found on the younger high volcano, Mauna Loa (restricted to newer lava flow
substrate 750 — 3000 years old) (Trusdell et al., 1996). The east face of Mauna Loa from the
summit down to the area bridging Manua Loa and Mauna Kea (known as the Saddle region) is a
matrix of different age lava flows (Figure 1), and D. scabra (Carr, 1985) is one of the first
colonizing plants to the newest of these flows. N. chambersi is distributed across both volcanoes
and through the Saddle region and feeds on all three plant types. Both the phylogenetic (Chapter
2, Hasty et al 2005) and dynamic geographic context of the new Big Island landscape suggests
this species is in the early stages of diversification.

Collections and Sampling Design:

I collected Nesosydne chambersi specimens directly into 95% ethanol from 10 sampling
sites across the island of Hawaii by beat sampling the plants: Dubautia ciliolata glutinosa (3
sites), Dubautia ciliolata ciliolata (4 sites) and Dubautia scabra (4 sites) (Table 1, Figure 1). At
one site in the Saddle region between the two volcanoes, Dubautia ciliolata ciliolata and
Dubautia scabra co-occur in a patchy matrix of different aged lava flows (Figure 4b, Trusdell et

al., 1996).
Laboratory Methods:

DNA extractions: I extracted genomic DNA from multiple individuals (mean N=29,
Table 2) from each of the 10 sampling sites using a QTAGEN DNeasy DNA extraction kit,
following the manufacturer’s protocol and eluting into a final volume of 100 pL.

Mitochondrial DNA sequencing: To determine the genealogical relationships among
individuals across the island, I sequenced 653 base pairs of the mitochondrial gene region
Cytochrome Oxidase I (COI) using the primers LCO 1490 and HCO 2198 (Simon et al., 1994). I
performed all PCR reactions in 25 pL volumes with 2 uL. DNA, 2.5uL of 10X PCR Buffer
(Applied Biosystems), 5 uL Betaine (Sigma), 2 pL. of 10 mM dNTPs (Promega), 1.25 pL of each
primer (1:9 dilution), 2 pL of 25 mM MgCl, (Applied Biosystems), 0.2 pLL of SU/uL
AmpliTaq® (Applied Biosystems) and 8.8 pL. ddH,O. I performed thermal cycling using a
touchdown protocol, with an initial activation cycle at 96° C for 2.5 min. This was followed by
25 cycles of 30 s denaturing at 96° C, 30 s annealing through a touchdown series starting from
55° C (or 60° C) and stepping down 0.4° C per cycle, with 45 s extension at 72° C. This was
followed by 15 cycles of 30 s denaturing at 96° C, 30 s annealing at 45° C and 45 s extension at
72° C, and was completed by a final extension for 7 min at 72° C. I purified sequencing products
using EX0SAP-IT (USB Corporation, Cleveland, OH) and cycle sequenced using the primers
described above. I cycle sequenced each PCR product in both directions in 10 pL volume
reactions: 2 pL of the cleaned PCR product, 1 L BigDye v3.1 (Applied Biosystems) 1.5 pL 5X
sequencing buffer, 0.4 uL primer, and 5.1 pL ddH20, purified them using Sephadex (GE
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Healthcare, Piscataway, NJ) and visualized the product on an ABI 3730. Finally, I edited raw
sequences and aligned forward and reverse sequences using Sequencher 4.0 (Gene Codes
Corporation, Ann Arbor, MI).

Microsatellite genotyping: To assess genetic variation and population structure, |
genotyped an average of 29 (range: 25 — 39) individuals (Table 2) from each collecting site at 14
of the microsatellite loci: Nc3, Nc4, Nc5, Nc6, Nc7, Nc8, Nc9, Nc10, Ncl11, Nc12, Nc13, Ncl4,
Ncl5 and Nc17 (Goodman et al., 2008). I then performed PCR amplification and genotyping
according to procedures described in Goodman et al (2008). Although sperm-dependent
parthenogenesis has been documented within the family Delphacidae (Denbieman and Devrijer,
1987), it is not known whether any of the Nesosydne has a parthenogenic lifestyle. Therefore, I
checked the dataset was checked for the presence of clonal genotypes using GIMLET (Valiére,
2002) prior to running any further analyses. I used MICROCHECKER to check for scoring errors
due to the presence of null alleles (Oosterhout et al., 2004).

Statistical Analyses:

Mitochondrial Diversity: I used ARLEQUIN version 3.1 (Excoffier and Schneider, 2005)
to calculate diversity statistics. I identified redundant sequences using MacClade (Maddison and
Maddison, 2000) and removed sequences to create an alignment containing only unique
haplotypes. To determine relationships among haplotypes across sampling sites, intraspecific
relationships were reconstructed using a median — joining network using Network 4.5.1.6
(Bandelt et al., 2000). Finally, I calculated average uncorrected pairwise sequence divergence
between each haplotype group in PAUP* (Swofford, 2002).

Microsatellite Diversity: I tested the loci for linkage disequilibrium and departure from
Hardy-Weinberg equilibrium (HWE) using GENEPOP 3.4 (Raymond and Rousset, 1995),
assessing significance using default parameters of the Markov Chain method and correcting for
multiple comparisons using the sequential Bonferroni procedure (Rice, 1989). I calculated allelic
richness and expected heterozygosities using ARLEQUIN version 3.1 (Excoffier and Schneider,
2005).

Population Structure: To determine the levels of genetic differentiation among sampling
sites, I calculated overall and pairwise Fsr , averaging across loci between sampling sites using
an Analysis of Molecular Variance (AMOVA) performed in ARLEQUIN version 3.1 (Excoffier
and Schneider, 2005), testing significance using 10,000 permutations. To determine relationships
among populations based on the microsatellite markers, I used the program POPULATIONS v.
1.2.30 (Langella, 1999) to construct an unrooted neighbor-joining tree based on chord distance,
D¢ (Cavalli-Sforza and Edwards, 1967), among populations using information from the full
dataset and assessed support for groupings with 1000 bootstraps. D¢ does not make the
assumption of constant population size or constant mutation rates among loci (Chapuis and
Estoup, 2007) and performs better than other genetic distances in recovering correct tree
topologies (Takezaki and Nei, 1996).
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To determine if microsatellite molecular variation is partitioned by host plant or by
geographic site, [ performed two hierarchical AMOV As in ARLEQUIN version 3.1 (Excoffier
and Schneider, 2005) using 10,000 permutations to test significance: a) with host plant and b)
with geographic region defined as the uppermost hierarchical level. For a) host plant, I used a
subset of the data to perform this analysis that included only individuals from East Mauna Loa
and the Saddle Region, which occurred on Dubautia scabra and D. ciliolata ciliolata. I excluded
individuals from the Mauna Kea and South Mauna Loa populations from this analysis because in
these regions host plant and geography are confounded variables. For b) geographic region, I
included data from all of the sampling sites and grouped the “among geographic region”
component into the three major regions: South Mauna Loa, East Mauna Loa and Mauna Kea
(Figure 1).

Population Assignments: I identified genetic clusters in the data set using STRUCTURE
version 2.3 (Pritchard et al., 2000), a software program that uses a Bayesian model-based
clustering approach to group individuals based on genotype frequencies into populations by
testing the data against various models of possible population numbers (K: 2, 3, 4, ...15). Runs
were repeated five times at each K value at different random number starting seeds to test for
consistency between runs with a burnin period of 15,000 steps and a run length of 50,000 steps.
Consistency between runs and inspection of plots demonstrated convergence of the runs. This
analysis resulted in a log-likelihood score that maximized the probability of the data given the
models. I selected the lowest K-value that maximized the structure in the data following the
method of Evanno et.al. (2005), which minimizes both the mean log-likelihood score and the
variance between runs.

Temporal stability of genetic populations: The mitochondrial and microsatellite analyses
above revealed that there is a zone of secondary contact between two genetic groups at the site
along the Saddle Road (1950) site (Table 1) between Mauna Kea and Mauna Loa. In order to
assess whether these two populations are stable in time or represent an ephemeral phenomenon
and whether the number of hybrid individuals changed dramatically between years, I repeated
collections at the site in 2008, three years after the original collecting and genotyping was
performed (approximately 15 generations). I genotyped 37 individuals from the 2008 dataset at
ten of the microsatellite loci following laboratory and screening protocols described above. I then
created a composite dataset containing the 39 genotyped individuals from the 2005 collection
data from this site to result in a total of 76 individuals from both years that were genotyped at ten
microsatellite loci. To assess the stability of these two genetic populations and identify if the two
genetic populations identified in 2005 were still present at the site in 2008, I performed a
clustering analysis in STRUCTURE (Pritchard et al., 2000) on the pooled dataset, testing the data
against models of K=1 — 5, following the procedures described above.

Population Histories: To estimate divergence times, historical migration rates and
effective population sizes, I fitted my data to a model of isolation with migration, implemented
in the coalescent-based software IM (Hey and Nielsen, 2004). I analyzed two population pairs: a)
Mauna Loa Trail HIGH and Pu’u Kanakaleonui and b) the two genetic populations in the zone of
secondary contact at the Saddle Road (1950) site (using the 2005 dataset). The data I used for

44



each pairwise analysis consisted of the mitochondrial locus, analyzed using the infinite alleles
model together with eight microsatellite loci that conform well to the model of stepwise
mutation.

Prior to performing the final analyses, I ran a series of sensitivity analyses. During these |
adjusted the prior parameter values depending on the results of the posterior distributions from
the previous run, using them to select the appropriate upper bounds for each parameter. I
performed the final analyses using 100 chains for a total of 100,000 burn-in steps followed by
runs of between 1 and 3 million steps. To ensure that results were similar between runs, [
performed two complete independent runs for each population pair with different random
number starting seeds. I selected the geometric heating parameters for the chains following
several preliminary runs to achieve sufficient mixing. Finally, I assessed the chains following
each run to determine if they were long enough and monitored the ESS values and the trendlines
in the posterior distribution plots to determine whether mixing was sufficient.

This method allowed me to simultaneously estimate several parameters about each
population pair: (1) 6 in each contemporary population as well as the ancestral population, (2)
time of divergence and (3) migration rates between each population. In order to convert the
parameter estimate of t to real time (t), it is necessary to calibrate at least one locus with an
estimated mutation rate (u) for that gene region — if possible, based on data from within the study
lineage of interest. I estimated the mutation rate p for the COI locus by first calculating the
average percent uncorrected sequence divergence (p) in PAUP* (Swofford, 2002) between 5
Nesosydne sister pairs (including N. chambersi and it’s sister species, N. bridwelli (Muir, 1919))
that are situated with one taxa on Maui and the other on Hawaii. I then averaged the amount of
divergence and calibrated it using the geologic age estimate of the island of Hawaii, 0.5 million
years (Price and Clague, 2002). I corroborated my estimated rate by examining divergence rates
for Hawaiian arthropods from a variety of independent lineages that straddle the same
biogeographic setting as N. chambersi and N. bridwelli: in each sister taxon pair, one species or
population is from Maui and the other is from Hawaii. Thus, I could calculate pairwise sequence
divergence as described above using the same calibration of 0.5 million years for the age of the
island of Hawaii to estimate a rate. I obtained COI sequences from published examples from
GenBank as well as from several unpublished examples, which I received directly from the
researchers cited in Table 5.

Finally, estimates in IM are produced on a per year scale. For taxa whose generation time
is less or more than one year, it is necessary to scale the results by the number of generations per
year. In laboratory conditions, Nesosydne have been documented as taking approximately 6 to 8
weeks to complete a life cycle (O'Connell, 1991). As host plants are available all year and
tropical conditions maintain relatively similar day lengths throughout the year, breeding is likely
to occur throughout the year. Here I use 5 generations per year as a conservative estimate of the
number of generations per year in field conditions.

Results
Mitochondrial diversity: I sequenced COI (653 bp) from a total of 185 individuals from

across all 10 sampling sites (Table 1), within which I recovered 10 unique haplotypes. Of these,
9 were transitions and 1 was a transversion. There are 3 major haplotype clades apparent in the
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haplotype network (Table 2, Figure 2) which correspond very well to the geographic regions
from which they were collected: South Mauna Loa (SML: Mauna Loa Trail High+Mauna Loa
Trail Low), East Mauna Loa (EML: East Mauna Loa High+East Mauna Loa Middle+ East
Mauna Loa Low+ Saddle Road (1900) High) and Mauna Kea (MK: Puu Kanakaleonui+Saddle
Road (1600)+Waipahoehoe Gulch+Puu Nau+Saddle Road (1900) Low). The average
uncorrected pairwise genetic distance between each mtDNA clade is small (SML/EML= 0.51%;
SML/MK=0.37%; EML/MK=0.31%: Figure 2). Only two sites show exceptions to perfect
correspondence of haplotype group to geographic region, and both occur along the Saddle Road
between Mauna Loa and Mauna Kea. First, the Saddle Road (1600m) site was collected from a
new lava flow originating from Mauna Loa, yet the mitochondrial haplotype corresponds to that
of Mauna Kea, suggesting this area was recently colonized from Mauna Kea. Second, the Saddle
Road (1950m) site between the two volcanoes contains mitochondrial haplotypes from the EML
and MK haplotype groups, which suggests that the site was recently colonized by members of
both haplotype groups and now forms a zone of secondary contact.

Microsatellite diversity: From 10 sampling sites, I genotyped a total of 292 individuals at
14 microsatellite loci (Table 1). Using GIMLET (Valiére, 2002), I found all individuals to have
unique 14-locus genotypes and thus, I conclude that parthenogenesis is unlikely in this species or
at least is sufficiently infrequent as to be undetectable in my data set. All 292 individuals were
included in the full analysis. Microsatellite diversity was low to moderate across populations
with the number of alleles per population averaging between 2.6 and 4.5 and expected
heterozygosities ranging between 0.308 and 0.531 (Table 2).

One locus (NC15) showed evidence of null alleles at 7 of 10 sites and I therefore
removed it from all subsequent analyses. I identified some potential null alleles at all loci except
NC7, NC8, NC10, NC12, NC17 and at all sites except MLOR HIGH and Pu’unau. For these
loci, the number of sites identified as having null alleles at that locus was: one (NC3), two (NC4,
NCS5, NC9, NC11, NC14), three (NC6), four (NC12). For each site with potential null alleles, the
number of loci implicated was: one (MLT LOW, Pu’unau), two (Saddle Road (1600)), three
(MLOR MIDDLE, MLOR LOW, Waipahoehoe Gulch), four (MLT HIGH) and six (Saddle
Road (1950).

There was no evidence of departure from HWE with any marker from any population
with three exceptions (MLT HIGH — NC11, MLOR LOW — NC4 and Saddle Road (1950) —
NC9). No loci in any population showed evidence of heterozygote excess. However, tests for
heterozygote deficiency by population revealed four populations to each have one locus (MLT
HIGH — NC11, MLOR LOW — NC4, Saddle Road (1950) — NC11 and Saddle Road (1600)—
NC9) that shows evidence of heterozygote deficiency. Departures from HWE involved three
different loci (two of the loci in one population each, one locus in two populations), but because
they behave normally in the other populations, I rule out locus specific effects and instead infer
that these observations are the result of a biological phenomenon.

I found evidence for departure from linkage equilibrium in two populations after
correcting for multiple comparisons using sequential Bonferroni correction. In the Saddle Road
(1950) population, one pairwise combination of loci (NC4 + NC11) and in population MLOR
LOW, three pairwise combinations (NC3+NC14, NC3+NC17, and NC5+NC14) were found to
be significantly in linkage disequilibrium. Because loci did not show the same patterns across
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multiple sites, they were inferred to be physically independent and I judged the observed linkage
disequilibrium to be the result of population substructure within the two sampling sites.

Population Structure: Population pairwise estimates of Fsr range from 0.048-0.468
(Table 3), while the overall Fsr was 0.229 (p<0.0001). All estimates are significantly different
from zero. The neighbor-joining tree based on microsatellites recovered two well-supported
groups, both of which correspond well to their mitochondrial haplotype groupings: Mauna Loa
Trail High+Mauna Loa Trail Low, and Saddle Road (1600)+Waipahoehoe Gulch+Puu
Kanakaleonui. The other populations are clearly very differentiated from one another, but
support values are too low to provide much information about the relationships among them
(Figure 3).

Results from the AMOV A addressing whether microsatellite variation is partitioned by
host plant or geographic region demonstrate that host plant is not associated with genetic
structure in this species (Table 4). When planthopper populations were grouped by host plant,
the among host plant component explained -1.88% of the variance in the data (negative values
for this analysis are due to sampling error and can be interpreted as zero). 18.25% of the
variation was explained by the among sites, within host plant groups component and the
remainder of the variation was contained within sites. In contrast, when the planthopper
populations were grouped by geographic region, 9.34% of the variance in the data was explained
by the among geographic region component, with another 15.9% explained by the among sites
within geographic region component. The remainder of the variance was contained within sites
(Table 4). Both analyses indicate that the “within groups, among sites” component explains a
similar amount of the variation, indicating that genetic variation is significantly structured among
sampling sites — a result corroborated by the Fsr calculations (Table 3). These results indicate
that host plant is not playing a role in the structuring of microsatellite variation in this species,
and that geography, at both the regional and among sites scales has a lot more explanatory
power.

Population Assignments: The clustering analysis of all individuals from all collection
sites revealed a highly structured set of subpopulations that are distributed in a complex manner
across the sampled region (Figure 4a). Eight genetic populations within the 10 sampling sites
were identified using the STRUCTURE algorithm. Assignments of individuals to genetic
populations corresponded well to the major haplotype groups defined by the mitochondrial
analysis in most places. Mauna Loa Trail HIGH and Mauna Loa Trail LOW cluster together here
corresponding perfectly to the South Mauna Loa haplotype group. Likewise, Saddle Road
(1600), Waipahoehoe Gulch and Pu’u Kanakaleonui cluster together in agreement with the
Mauna Kea haplotype group. However, Pu’u Nau is clearly a distinct population at the
microsatellite loci despite its inclusion into the Mauna Kea haplotype group. Furthermore, the
clustering analysis revealed that the East Mauna Loa haplotype group is a dramatically structured
set of genetic populations in which four sampling sites contain five genetic populations within
the East Mauna Loa haplotype group, extending from the Mauna Loa Observatory Road at 2,650
m (MLOR HIGH) down to the Saddle Road at 1,950 m (Saddle Road (1950)). MLOR MIDDLE
and MLOR LOW, although they contain a high proportion of individuals assigned to their own
unique genetic population, also contain many individuals of mixed ancestry from other genetic

47



populations, indicating new dispersal into these sites. Two genetic populations were documented
at Saddle Road (1950) within one collecting site (Figure 4a and 4b). Comparison between the

mitochondrial haplotypes and the microsatellite clustering assignments at this site showed 100%
correspondence between them, supporting the previous inference of a zone of secondary contact.

Temporal stability of genetic populations: The temporal clustering analysis demonstrated
that the two genetic populations identified in the 2005 samples are still present and strongly
assigned in the 2008 samples. The optimum K value for the pooled dataset of individuals
collected from both 2005 and 2008 is clearly K=2, with individuals from both sampling periods
grouped into each genetic population. The number of individuals with mixed genetic
backgrounds between sampling periods was similar (5 of 39 individuals in 2005, 3 of 37
individuals in 2008). This indicates that genetic populations observed in the 2005 samples are
not an ephemeral phenomenon and instead represent relatively stable populations that have not
undergone fusion since the initial sampling period.

Population Histories:

COI mutation rates in Hawaiian arthropods: My empirical calculation of COI
divergence rate in Nesosydne resulted in an average divergence rate of 8.9% sequence
divergence between the two species per million years (a lineage specific mutation rate of 4.45%),
which yielded my estimated mutation rate (u) for the locus of 5.81x 10~ substitutions/site/year.
Compared with published estimates of arthropod divergence rates, my estimated rate is quite
high. Brower (1994) performed a review of seven studies that provided divergence rate
estimates for a variety of taxa in several different geographic locations and concluded that 2.3%
is a reasonable standard estimate. However, the seven studies included used a variety of different
gene regions and are therefore mostly not applicable to this study. The two studies included that
did use COI were later incorporated into Quek et al’s (2004) review of published estimates, in
which the authors concluded that 1.5% appears to be a fairly good standard divergence estimate
for recently diverged species at the COI locus. This was based on 5 different studies, again from
a variety of arthropod taxa from several different geographic locations. Each study averaged
divergence rates across several taxon pairs with each lineage, which obscured the high amount of
variance indentified in some of them.

So how reasonable is this empirically derived estimated divergence rate of 8.9% per
million years, given that we are accustomed to seeing rate calibrations of much lesser
magnitudes? My survey of divergence rates of the COI locus in Hawaiian arthropod taxon pairs
that are subject to the same environmental and geographic conditions, situated with one member
on Maui and the other on Hawaii, resulted in an average divergence rate of 6.4% per million
years (SD 1.3 — 11.7, Table 5). The estimated rate of 8.9% per million years for Nesosydne
chambersi/N. bridwelli is higher than the mean average divergence rate for the Hawaiian
arthropods included in the sample, but is well within the standard deviation. I therefore conclude
that it is a reasonable mutation rate to apply to this locus in this system. However, because the
discrepancy between 8.9% and 1.5% sequence divergence per million years is so large, I provide
all of my converted IM parameter estimates in units based on both rates, as well as the
unconverted estimates, in Table 6.
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IM estimates: I examined convergence between the two independent IM runs for each
pairwise analysis by verifying whether each replicate converged to similar parameter values and
whether the chains mixed well within each run. In each case, the two replicates yielded posterior
distributions with similar values and the values estimated from the longest runs are presented
here (Table 6). Based on my estimated mutation rate of 8.9% sequence divergence per million
years and a generation time of 0.2 years, I estimated the time since divergence between the two
genetic populations in the zone of secondary contact (Saddle Road (1950)) as 396 (175 —5,254)
years ago. | estimated the time since divergence between the Mauna Kea population at Pu’u
Kanakaleonui and the south Mauna Loa population at Mauna Loa Trail LOW as 3,019 (1,112 -
20,231) years ago. In comparison, the estimated divergence times based on the more general rate
of 1.5% sequence divergence per million years for arthropods and a generation time of 0.2 years
were higher, but still quite low on an absolute scale: Saddle Road (1950) High vs. Saddle Road
(1950) Low — 2,370 (1,050-31,426); Mauna Kea vs. south Mauna Loa — 18,058 (6,651-121,010).
In both cases, the posterior probability distributions of the estimates are clustered towards the
lower values (Figures 5a and 5b).

Estimated gene flow since population separation is low and asymmetrical between both
population pairs. From Mauna Kea to South Mauna Loa and from South Mauna Loa to Mauna
Kea are low, with clear peaks at 2Nm=0.146 (0.018-4.182) and 2Nm= 0.084 (0.010-4.798)
respectively. The number of migrants over historical time are even lower and more asymmetrical
between the zone of secondary contact populations, although the posterior probability
distributions never quite reach zero — implying that while the median estimates are informative,
the confidence intervals are not reliable: from the Mauna Kea haplotype to the East Mauna Loa
haplotype, 2Nm= 0.0004 (0.003-6.082), while 2Nm=0.098 (0.025-14.96) in the other direction
(Table 6). Estimates of 2Nm do not need to be converted using a mutation rate.

Discussion

This study was designed to test the hypothesis that geographic isolation via habitat
fragmentation is the dominant force promoting divergence in Nesosydne chambersi in the early
stages of diversification. It revealed a species that has been highly structured by the geology of
the newly forming Big Island landscape. From the perspective of this study, within the tip of a
tree within a large ecologically specialized radiation, it appears that early genetic divergence is
decoupled from ecological adaptation — providing isolated genetic pools that are then available to
proceed on independent evolutionary trajectories.

Population structure

Genetic distance between the three mtDNA clades is very small, but is clearly partitioned
into three major geographic regions (Figure 2), which strongly suggests recent divergence and
low vagility. Microsatellite variation is also low and calculations of Fst (Table 3), along with the
clustering analysis (Figure 2), reveal a highly structured set of subpopulations whose
arrangement across the sampling area suggest we are glimpsing a snapshot of diversification of
in various stages across the island.
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The South Mauna Loa haplotype group, which was collected from two sampling sites
south of Mauna Loa’s North East rift zone, appear to be acting more or less as one genetic
population. Although STRUCTURE consistently and strongly supports them as a single cluster, the
Fsr analysis reveals some low but significant differentiation (Fsr=0.09). This discrepancy in
results is like ly simply due to the difficulty STRUCTURE has discerning low amounts of structure
in data sets that also contain populations with much greater levels of divergence (Pritchard pers
com).

The Mauna Kea haplotype group contains a more complicated set of subpopulations that
inhabit stable, older habitats as well as the newest lava flow sampled in the Saddle region. Three
genetic populations were identified in the clustering analysis, one of which spans a range of
1,250 m in elevation and lives on two different host plant species. This is the largest genetic
population sampled and contains individuals collected from Dubautia ciliolata glutinosa in
Waipahoehoe Gulch and Pu’u Kanakaleonui and from the Saddle road site at 1,600 m in
elevation (Saddle Road (1600)), collected from Dubautia scabra. A likely explanation for this
surprisingly large distribution is that the Saddle Road (1600) site was recently colonized and has
not yet achieved much differentiation (Fsr values between this site and both of the higher
elevation sites = 0.05), or continues to be swamped by ongoing migrants into the site from the
parent population. A second genetic population within this haplotype group was collected along
Saddle road at the 1,950 m site (Saddle Road HIGH), collected from both Dubautia scabra and
Dubautia ciliolata ciliolata. The final genetic population belonging to this haplotype group was
collected at Pu’u Nau from a stand of Dubautia ciliolata glutinosa that is isolated in a patchy
landscape and is strongly defined as its own genetic population at the nuclear loci.

The low diversity East Mauna Loa haplotype group represented in my sampling is
entirely distributed on a matrix of recent lava flows (155-3,000 yrs old) on the east face of
Mauna Loa from 2,650 m down into the Saddle region at 1,950 m (Saddle Road (1950)). Nuclear
loci examined here uncovered profound structure between each sampling site. The presence of
individuals with mixed genetic backgrounds in MLOR MIDDLE and MLOR LOW indicate that
colonization of these new habitats is likely ongoing.

Stable zone of secondary contact between the two volcanoes

Results presented here reveal a zone of secondary contact between a population with a
Mauna Kea mitochondrial haplotype and a population with an East Mauna Loa mitochondrial
haplotype at the Saddle Road (1950) (Figure 4a and 4b). To assess whether these are populations
that are stable in time, if the populations are fusing, or if [ happened to have collected an
ephemeral population, I repeated collections 3 years (approximately 15 generations) following
the original collections. Both genetic populations were clearly present in a similar spatial
distribution in the later sample and hybridization had not increased between sampling periods,
indicating that the populations are stable in contemporary time. This conclusion is reinforced by
results I obtained by fitting my data to a model of isolation with migration, in which I
demonstrated that migration has been extremely low between these populations over historical
time — although migration is strongly asymmetrical, the highest amount of migration (from
Saddle Road (1950) High into Saddle Road (1950) Low) still amounted to less than 0.1

50



individual per generation (Table 6). Together, these results illustrate two populations that have
achieved at least partial reproductive isolation.

Geography or Ecology?

Two different host plant species inhabiting the flows on the east and south face of Mauna
Loa (Figure 1) provided an unusual opportunity to test if genetic variation at the nuclear loci is
more strongly associated with host plant or geography, and results indicate that genetic variation
is not related to host plant use in this species. This indicates that the significant amount of
genetic structure observed among these sites is likely to have been driven by recent colonization
of the novel habitats created as the lava flows cooled and subsequently became colonized by the
host plants. This implies an ecological fitting scenario (Janzen, 1980), whereby the insects reach
the newly developing habitat and utilize whichever of the two hosts they encounter in the patchy
matrix of lava flows, rather than a tracking of either of the hosts across the landscape. Thus,
genetic divergence in geographic isolation acts prior to strict ecological specialization in this
species.

Mechanism behind population structure

In this study, I asked the questions: when did divergence occur between these populations
and is that timeframe is consistent with the idea that divergence was driven by fragmentation due
to volcanic activity? Because the geology of this island has been studied in detail, it is possible to
evaluate these divergence dating results within a known framework of external date calibrations.
The two volcanoes examined in this study are much younger than the maximum age determined
for the island of Hawaii of 0.5 million years old (Price and Clague, 2002) — Mauna Kea
completed shield building approximately 130,000 years ago, while Mauna Loa is still at the end
of that process today (Moore and Clague, 1992). Given my mutation rate estimate (see
Materials and Methods), the clear position of the peaks for the divergence time estimates span
the relatively recent timescales of 396 years for the zone of secondary contact populations and
3,019 years for the allopatric populations situated on either volcano (Table 6). These estimates
are indeed on similar timescales as the recent within-island geologic events related to Mauna
Loa’s volcanic activity. Populations in the zone of secondary contact populations at the Saddle
Road (1950) site were collected from a matrix of flows that have been dated to be from 155 —
3,000 years old (Trusdell et al., 1996). These flows cover layer upon layer of older flows that
have been building on each other throughout the volcano’s development, allowing patches of
suitable habitat to blink in and out of existence. Comparison between the Pu’u Kanakaleonui and
Mauna Loa Trail LOW populations revealed an older (but still recent) divergence of
approximately 3,019 years, which is still consistent with a model of divergence that is driven by
geologically — induced fragmentation. These populations likely became separated following the
colonization of the southern Mauna Loa landscape, after which gene flow ceased between it and
the Mauna Kea population. The South Mauna Loa population is situated south of Mauna Loa’s
northeast rift zone, whose periodic flows over the last several thousand years (Macdonald et al.,
1983) would have continually extirpated adjoining habitat.
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Since multiple assumptions are necessary order to generate such estimates, they must
always be taken as a heuristic at best. In this study, I took one of the major sources of uncertainty
in generating parameter estimates, divergence rate, and examined my results using a more
generally applied divergence rate for arthropods (see Materials and Methods). I found that even
if my empirically determined rate of divergence for COI in this lineage (8.9%) is relaxed to the
more general rate of 1.5% (Quek et al., 2004), the date estimates are still consistent with recent
divergence in a landscape dominated by patchy habitat islands that get covered and re-colonized
by the stochastic activity of a growing volcano (Table 6) — thus, my conclusions do not change,
regardless of the rate applied. Although the holy grail of exact divergence dates are beyond reach
for the foreseeable future, it is reasonable to conclude that divergence has been quite recent,
given the documented pattern of genetic variation, the estimated dates of divergence and the
extremely recent geologic setting of the island.

The populations examined here provide an excellent example of the early stages of the
fracturing of a species into distinct gene pools in a highly dynamic landscape, which is
instructive as to the initial conditions for radiations found in volcanic landscapes. The Hawaiian
islands are full of speciose radiations, and the estimation of divergence times using molecular
phylogenies calibrated by maximum island ages is becoming commonplace. This study indicates
that divergence times may be orders of magnitude younger than the maximum age estimates for
islands, and provides a model for visualizing how within island colonization of a dynamic,
fragmenting habitat can generate such conditions.

Implications for the study of host-associated insects:

Host-associated insects are excellent models for the study of ecological selection and
sympatric divergence (Funk et al., 2002), but similar to the study of adaptive radiation, there is a
lack of resolution as to the relationship between speciation and adaptive divergence in this area
as well. Despite repeated observations of tight host-plant associations among lineages of insects
from a wide variety of taxonomic groups and strong selection imposed by divergent host plant
relationships, e.g.: the apple maggot fly (Feder, 1998), the pea aphid (Via, 1999) and Timema
walking sticks (Nosil, 2007), it is difficult to say with certainty the initial causes of these
divergences (e.g.: Via, 2009, Lozier et al., 2007). Even the story of the apple maggot fly, the
poster child for sympatric speciation, has become more complicated with the accumulation of
detailed demographic information (Xie et al., 2007, Feder et al., 2003). This, together with data
presented here, suggests that multiple stages may be expected along the diversification pathway
(see: Rundle and Nosil, 2005), even among species for which the role of ecological selection to
divergence is considered fundamental.

Implications for the study of adaptive radiation

This study system provided an unusual opportunity to test if host plant or geography
plays a more prominent role in the early stages of diversification of an ecologically specialized
radiation. My results indicate that in this species, genetic structure is strongly associated with
geography at multiple evolutionary scales recorded by both mitochondrial and nuclear DNA, but
not to host plant use. Furthermore, diversification appears to be acting on the same timescales as
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major geologic events in the dynamic landscape of the island of Hawaii. This suggests a model
in which genetic divergence driven by geographic isolation occurs first, providing isolated
genetic pools that may become reproductively isolated. As such, they are then set on independent
evolutionary trajectories whereby they are free to diverge by natural or sexual selection, diverge
by genetic drift or go extinct.

How appropriate a model is this for other adaptive radiations? Despite repeated
observations of classic cases of adaptive radiations from a wide variety of taxonomic groups, it is
difficult to say with certainty the initial causes of divergence. However, it is clear that the
speciation process is complex and multiple phases may be the rule rather than the exception
(Schluter, 2000, Rundle and Nosil, 2005, Losos, 2009, Grant and Grant, 1997, Grant and Grant,
2008). As such, the study of radiations from different vantage points will be instructive as to
what processes dominate divergence at different stages.
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Figures

Figure 1. Map of Collecting Locations on the island of Hawaii, showing age of soil
substrate in colors (Trusdell et al., 1996) and host plant in black symbols. Inset map
depicts the Hawaiian island chain, with pink box on the island of Hawaii depicting the
range of the larger map.
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Figure 2. Cytochrome Oxidase I (COI) haplotype network. Pie slices in the Mauna Kea
and East Mauna Loa haplotypes indicate individuals collected from the zone of secondary
contact in the Saddle Road (1950) site. Mauna Kea = (Pu’u Nau; Pu’u Kanakaleonui;
Waipahoehoe Gulch; Saddle Road (1600), Saddle Road (1950) Low), East Mauna
Loa=(MLOR LOW; MLOR MIDDLE; MLOR HIGH; Saddle Road (1950) High), South
Mauna Loa=(MLT LOW; MLT HIGH)

mtDNA (COI)

O . Mauna Kea
O East Mauna Loa
Q South Mauna Loa
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Figure 3. Unrooted neighbor-joining tree of populations based on microsatellites. Numbers
indicate bootstrap support.
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Figure 4. Results from Structure analysis of 13 microsatellite loci. The base layer is a 3D
image of the island of Hawaii with the age of substrate layer from Figure 1 draped over it
(Trusdell, 1996). (a.) Collecting sites are as follows: 1-Mauna Loa Trail LOW, 2-Mauna
Loa Trail HIGH, 3-Mauna Loa Observatory Road (MLOR) HIGH, 4-MLOR MIDDLE, 5-
MLOR Low, 6-Saddle Road 1950, 7-Saddle Road 1600, 8-Waipahoehoe Gulch, 9-Pu’u
Kanakaleonui, 10-Pu’u Nau; (b.) Close up of collecting site 6-Saddle Road 1950, showing
individuals collected in 2005 and 2008 forming a zone of secondary contact between two
genetic groups. Hybrid individuals (indicated with a dot) were assigned to their genetic
group (indicated by color) if their mitochondrial haplotypes match that group and results
from the Structure analysis indicated a mixed genotype (based on the microsatellite loci)
and >50% posterior probability of assignment to that genetic group.
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Figure 5b. Saddle Road (1950m) High — Saddle Road Low (1950m) IM graphs
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Chapter 4. Rapid diversification of sexual signals in Hawaiian
Nesosydne planthoppers (Hemiptera: Delphacidae) in both the
presence and absence of ecological divergence

Introduction

Many forces may act to promote speciation. Evidence from a variety of taxonomic
systems and theoretical work implicates geographic isolation (Dobzhansky, 1937; Mayr,
1963; Slatkin, 1987), natural selection (Berlocher and Feder, 2002; Kirkpatrick and
Ravigne, 2002; Rundle and Nosil, 2005; Schluter, 2000; Via, 2001) and sexual selection
(Panhuis et al., 2001; Ritchie, 2007; West-Eberhard, 1983) in the evolution of reproductive
isolation. However, what is less well understood is at what stage in the divergence process
do these mechanisms appear and how do they interact?

Understanding the order of appearance of various mechanisms is a major goal of
speciation studies, but a difficult question to approach (Sobel et al., 2010). One empirical
method has been to examine phylogenies of adaptive radiations to understand what
promotes divergence at various stages of the radiation, and some authors have
hypothesized that radiations may follow a predictable sequence across taxonomic groups.
There is some discrepancy among results so far (reviewed in: Ackerly et al., 2006; Losos,
2010; Streelman and Danley, 2003). Part of the problem may be due to the fact that these
studies have used only phylogenetic approaches that may not be able to detect rapidly
evolving forces acting early in diversification (Ackerly et al., 2006; Losos, 2010; Oakley
and Cunningham, 2000; Schluter et al., 1997), which makes understanding if different
taxonomic groups have followed the same sequence difficult. However, it has been
suggested based on empirical studies of vertebrates that diversification occurs 1% in habitat,
2"% in trophic morphology and 3™ in communication (Streelman and Danley, 2003).
Theoretical work on speciation also indicates there may be predictable stages to
diversification, whereby taxa diversify: 1¥ between macrohabitats, 2™ between
microhabitats, 3™ between magic traits (traits that control both local adaptation and
nonrandom mating), and 4™ between traits that control survival and reproduction
(Gavrilets, 2004). In other words, empirical and theoretical work both suggests that
holding all else constant, forces associated with ecology should be relatively more
important early in radiations with those associated with sexual behavior following
(Gavrilets and Losos, 2009). Empirical data from a variety of taxonomic groups
incorporating non-phylogenetic approaches are needed in order to evaluate the ubiquity of
a predictable sequence to diversification.

Many animals communicate with sexual signals that are used in species recognition
and mate choice (Bradbury and Vehrencamp, 1998). Changes in the production or
processing of sexual signals have the potential to promote rapid divergence and eventually
reproductive isolation between groups (West-Eberhard, 1983). One proposed mechanism
for promoting change in signals is “sensory drive” (Boughman, 2002; Endler, 1992), in
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which changes in an animal’s ecological setting drive rapid divergence in sexual signals
due to differential signal propagation in each environment. Under this hypothesis,
ecological shifts precede signal divergence. However, shifts in ecology may not
necessarily promote signal divergence, for example: if animals are generalists and inhabit
diverse ecological settings, if signaling environments and ecology are not equivalent (Elias
et al., 2004), or if novel ecological settings do not show strong differences in signal
propagation. Finally, signal divergence also has the potential to occur in the absence of any
observable ecological differentiation and has been documented in several phylogenetic
studies (Arnegard et al., in press; Masta and Maddison, 2002; Mendelson and Shaw, 2005);
in these cases, non-ecological mechanisms are likely to be involved.

While multiple factors may influence the evolution of sexual signals, they are not
necessarily involved in speciation unless they lead to some reproductive isolation (West-
Eberhard, 1983). One way to measure reproductive isolation is in the currency of gene
flow. Fine-scale study of sexual signal diversification coupled with detailed population
genetic and phylogeographical analysis may lead to significant insights into the timing of
factors associated with the speciation process (Panhuis et al., 2001; Ritchie, 2007). For
many species with large geographic ranges, it can be difficult to assess how diversification
proceeds. Indeed, the near-ubiquitous presence of population substructure within species
and the variation in ecological factors across a species’ range guarantees that dynamics of
diversification will vary throughout a single species (Thompson, 2005). For this reason,
radiations of ecologically specialized lineages on oceanic islands are well-suited to address
issues associated with the stages of divergence — they contain populations and species in
various stages of evolutionary divergence in an explicit and time-calibrated geographic
framework (Gillespie and Roderick, 2002; Roderick and Gillespie, 1998; Roderick and
Percy, 2008). In this study, I assess signal diversification in Nesosydne chambersi
(Kirkaldy, 1908) (Hemiptera: Delphacidae), an insect from the island of Hawaii, testing
two hypotheses: that ecological specialization precedes divergence in sexual behavior, and
that divergence in sexual behavior is associated with the maintenance of reproductive
isolation.

Study system: Planthoppers in the Delphacidae family use substrate-borne signals
as a central component of their communication systems to locate and court mates
(Claridge, 1985a, b; Claridge and de Vrijer, 1985; de Vrijer, 1984; Ichikawa, 1976;
Ossiannilsson, 1949). Signals in planthoppers, like other acoustic signals, are
multidimensional (Gerhardt and Huber, 2002) and share a similar form that consists of
repetitive patterns of low frequency whines and pulses repeated in a complex temporal
pattern and transmitted as waves through their host plant substrates. Among delphacid
species studied to date, signals have been demonstrated to be species-specific (Claridge,
1985a, b) and several temporal traits in the male call have also been shown to vary among
geographic populations (Butlin, 1993; Claridge et al., 1984, 1985; O'Connell, 1991).
Although the genetics underlying signal traits have not been studied extensively, some
temporal traits (including inter-pulse interval and pulse repetition frequency) have a
significant heritable (additive genetic) component and thus should have the ability to
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change rapidly in response to selection (Butlin, 1996; De Winter, 1995; Heady and Denno,
1991).

Within Delphacidae, Nesosydne is a genus that is distributed throughout islands in
the eastern Pacific, with a large adaptive radiation of 82 described species endemic to the
Hawaiian Islands (Asche, 1997; Fennah, 1958; Zimmerman, 1948). Species in this genus
specialize on a wide variety of host plants from 20 different families (Asche, 1997; Drew
and Roderick, 2005; Fennah, 1958; Hasty, 2005; Roderick, 1997; Roderick and Metz,
1997; Wilson et al., 1994; Zimmerman, 1948), and like other members of their family,
have a sexual communication system that relies on vibrations transmitted through their
host plants (O'Connell, 1991). Nesosydne chambersi is endemic to the island of Hawaii,
the youngest of the island chain. The island of Hawaii is geologically complex, and
harbors stable habitats on the older volcanoes (including Mauna Kea) as well as ephemeral
habitats that have been subject to repeated lava flows over the last several thousand years
(on the still-forming Mauna Loa, see Figure 1). N. chambersi feeds on three closely related
but architecturally distinct host plants in the silversword alliance: Dubautia ciliolata
glutinosa, Dubautia ciliolata ciliolata, and Dubautia scabra (Asteraceae). Dubautia
ciliolata glutinosa is restricted to Mauna Kea, while D. ciliolata ciliolata and D. scabra are
each edaphically specialized to lava flows of different ages and are distributed in a
patchwork across the Mauna Loa landscape. The genetic structure and phylogeography of
N. chambersi suggests that Mauna Kea harbors the ancestral population to those on Mauna
Loa, and that it is a species in the process of diversification whose large amount of genetic
structure is driven by natural fragmentation due to volcanic activity and not to divergent
host plant use (Chapter 4). Divergence among these populations is quite recent, on the
order of a few hundred to a few thousand years (Chapter 4, Table 6).

A zone of secondary contact between two populations with mitochondrial
haplotype and microsatellite signatures that are distinct from one another is located in the
Saddle region between Mauna Loa and Mauna Kea (Figure 1, “Saddle Road (1950)” from
Chapter 4) at a site that contains two different host plant species (D. ciliolata ciliolata and
D. scabra). My sampling has revealed a pair of genetic populations with a parapatric
distribution, each of which is situated along one end of an approximately 2 km transect.
Individuals from each genetic population have been documented in the opposite population
and hybrids are scattered throughout (Chapter 4, Figure 4b). Observation of contemporary
hybridization indicated that between temporal sampling periods separated by
approximately 15 generations, populations did not increase their level of hybridization.
Estimation of historical migration (migration averaged over time since the most recent
common ancestor) revealed that gene flow has been very low (<0.1 individual/generation;
Chapter 4). Together, these data describe genetic populations that are stable in both
contemporary and historical time — indicating that something is acting to maintain isolation
between them.

Here I examined the evolution of sexual signals in N. chambersi, testing two
hypotheses: (1) that ecological specialization precedes divergence in sexual behavior, and
(2) that changes in sexual signaling are associated with the maintenance of reproductive
isolation between populations in secondary contact. My data indicate that signal traits
diverge quickly both in the presence and absence of ecological shifts and that they are
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associated with reproductive isolation among ecologically similar populations in secondary
contact.

Materials and Methods

Collections: Four genetically distinct populations of N. chambersi were selected for
this study: one from Mauna Kea that feeds exclusively on D. ciliolata glutinosa, and three
other “non-Mauna Kea” populations: Mauna Loa (collected from D. ciliolata ciliolata),
Saddle Road High (collected from D. scabra) and Saddle Road Low (collected from D.
ciliolata ciliolata and D. scabra) (Table 1, Figure 1). Each of the three non-Mauna Kea
populations represents an independent colonization to the newly formed habitat on Mauna
Loa, which extends into the Saddle region between the two volcanoes (Chapter 4). N.
chambersi individuals were collected live from the four populations described above, and
males and females were separated upon returning to the laboratory, maintained on cuttings
of the host plant species from which they were collected from in the field.

Recording procedures: In order to obtain recordings of Nesosydne chambersi’s
vibrational signals, a recording studio was created at the USGS Biological Resource
Division laboratory facilities at 1220 m on Mauna Loa in Hawaii Volcanoes National Park
in May and September of 2009. Experimental chambers were created from insect rearing
cages; briefly, the cages were positioned on boxes and plant cuttings were placed inside
with the stems emerging from a hole in the bottom. The cuttings were stabilized in sand
and the space around the hole was sealed with cotton. One or two field-collected males
were released into each cage and allowed to settle onto the vegetation. After approximately
10-30 minutes, one female was released into the cage and activity was monitored until
calling began. If calling did not commence, an additional one or two females were
released into the cage. Only calls from one male were analyzed per plant. If multiple males
were introduced to each plant, males were distinguished on the basis of call intensity. All
recordings were made of insects calling on the host plant species from which they were
collected in the field.

Two recording methods were used to obtain mating signals: an accelerometer and a
laser vibrometer. For accelerometer recordings, the device (USB Powered-Dual Channel
ICP Sensor Signal Conditioner, Model 485B36) was secured to a wire clip and then
attached to the plant stem below the cage. It was connected to a pre-amplifier (iMic,
Griffin Technology), and recordings were made onto a Mac PowerBook G4. Signals were
recorded using Audacity software (version 1.2, 44.1 kHz sampling rate). For laser
vibrometer recordings, the laser beam was focused onto reflective tape at the center of the
plant using a Portable Digital Vibrometer (PDV-100, Polytec) connected to a High
Resolution Audio Recorder (Sound Devices 722, 48kHz sampling rate). Laser recordings
were resampled to a 44.1 kHz sampling rate prior to trait scoring. Prior to performing
statistical analyses, all analyzed characters (see below) were tested for differences between
recording methods in the means of each signal trait using t-tests — none were found. Since
some signal traits are known to be influenced by temperature (Gerhardt and Huber, 2002),
temperature was noted at the time of each recording and corrected post-hoc when needed.
To test for potential temperature affects, each variable (see below) was tested for

76



correlation (linear regression, JMP, SAS Institute), and those found to be significantly
correlated with temperature were corrected to 22.5 °C (the mean observed for the
recording period).

Sound analysis:

Temporal traits: The structure of male Nesosydne chambersi songs are comprised
of several components — the fundamental unit of which is the whine, which itself is made
up of a series of rapid pulses. A signal bout is composed of several whines, and whines are
sometimes followed by several distinct pulses that are stronger and slower than those in the
whine. Temporal characteristics of signals were visualized and measured using Audacity
software (audacity.sourceforge.net). For each trait, multiple samples were scored for each
individual male and then averaged to obtain a single score per male. Temporal traits that
have been demonstrated to be variable among treehoppers and planthoppers (e.g. Claridge
et al., 1985; Rodriquez et al., 2006; Sattman and Cocroft, 2003) were selected for scoring
in this study and included (n=number of individual males, x=mean number of samples
scored per individual): whine length (n=78, x=15.1), whine pulse rate (n=67, x= 8.9), pulse
rate (n=55, x=9.0), inter-signal interval (n=72, x=12.3), ratio of the number of signals per
bout to the inter-bout interval (RSI: n=44, x=6.7) (Figure 2).

Frequency traits: In past research on planthoppers, frequency characters were
considered too variable to provide useful information (de Vrijer, 1984) and thus the
frequency domain has been ignored. However, O’Connell (1991) noted that in Neosydne
“there seems to be a frequency pattern that is distinct among species” (O'Connell, 1991,
p.14) although this pattern was not quantified. de Vrijer’s (1984) observation that
frequency is highly variable in delphacids is borne out by my observations of this species.
N. chambersi calls are generated using strong fundamental frequency with a significant
amount of additional signal energy concentrated in harmonics (Figure 2). I examined
frequency characteristics by comparing fundamental frequency among populations. All
frequency spectra were measured using normalized power spectra calculated in Matlab
(The Mathworks).

To obtain measurements of the fundamental frequency of whines for each
individual, power spectra were calculated for each individual (n=59) by averaging one
second segments from the center of five separate whines thus avoiding the frequency
modulations found at the beginning and end of the whines. Peak intensities were
normalized to the maximum intensity within each measurement, and peak positions
identified using custom written Matlab scripts. Background noise was strong between 0-
95Hz hence any energy in this bandwidth was ignored. In treehoppers (the most closely
related family on which frequency analysis has been performed), signal energy is
concentrated at higher frequencies (100-450 Hz: McNett and Cocroft, 2008; Rodriguez et
al., 2004; Sattman and Cocroft, 2003) hence the most important frequency elements were
likely captured using these methods. Future work is needed to verify this assumption.
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Statistical analysis:

The distributions of each variable were first tested for normality using the Shapiro-
Wilks test; significantly skewed traits were log transformed for subsequent analyses.
Because field conditions prevented recording planthoppers signaling on each host plant in
each location, I did not attempt to build a model including both site and host plant.
Instead, I first examined whether each signal trait varied between Mauna Kea and non-
Mauna Kea populations using t-tests. Then, I examined whether each signal trait varied by
population by performing an overall analysis of variance (ANOVA), and if differences
were observed, I proceeded to test for pairwise differences between each population using
Tukey’s HSD post-hoc test. Finally, I tested whether host plant influences male signal
traits in one genetic population known to use two host plant species (Saddle Road Low)
using t-tests. All statistical analyses except when noted were conducted in R (R
Development Core Team, 2009).

Results
Trait diversification between Mauna Kea vs. non-Mauna Kea populations

Mauna Kea differed from the non-Mauna Kea populations in both spectral
(fundamental frequency) and temporal elements (whine pulse rate, inter-signal interval):
fundamental frequency, (Mauna Kea vs. non-Mauna Kea, p=0.0048), whine pulse rate
(Mauna Kea vs. non-Mauna Kea, p<0.0001) and inter-signal interval (Mauna Kea vs. non-
Mauna Kea:, p=0.0004) (Table 2, 3).

Trait diversification among all populations

Trait diversification overall: The overall ANOVAs indicated that there are
significant differences among populations in all of the signal traits examined here except
for pulse rate (Table 3), thus the application of Tukey’s HSD was justified to assess how
trait diversification is distributed in pairwise contrasts (below).

*““Same ecological setting™ contrasts (including Saddle Road zone of secondary
contact): In the contact zone, differences in the means of one temporal trait (RSI) are
greater in magnitude than between comparisons of either Saddle Road population with the
allopatric Mauna Loa (Saddle Road High vs. Saddle Road Low, p,s=0.0002, Table 3,
Figure 3). Two additional temporal traits are weakly differentiated between the two Saddle
Road populations (whine length and inter-signal interval, Table 3), indicating that at least
one and possibly several traits are acting in tandem to prevent gene flow in this area. In
addition, Mauna Loa and Saddle Road High differed in two traits: whine length (Mauna
Loa vs. Saddle Road High, pat=0.0004) and the RSI (Mauna Loa vs. Saddle Road High,
padj:0-03)-

“Different ecological setting™ contrasts: Mauna Kea and each of the non-Mauna
Kea populations varied in several comparisons: whine pulse rate (Mauna Kea vs. Mauna
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Loa, pagi<0.001; Mauna Kea vs. Saddle Road High, p,4<0.05; Mauna Kea vs. Saddle Road
Low, Pagj<0.0001); inter-signal interval (Mauna Kea vs. Mauna Loa, p,gj<0.01; Mauna Kea
vs. Saddle Road Low, pagj<0.001); and RSI (Mauna Kea vs. Saddle Road Low, pa;<0.01)
(Table 3).

Trait diversification among host plants in the Saddle Road Low population

Within the Saddle Road Low population, I found no significant differences
(p>0.05) between the means of any of the signal traits recorded from the two different host
plant species (D. ciliolata ciliolata and D. scabra).

Discussion

Ecological shifts are known to be of fundamental importance in the speciation of
herbivorous insects, (Berlocher and Feder, 2002; Rundle and Nosil, 2005), as is signal
evolution in Hemiptera and other acoustic animals (Claridge, 1985b; Cocroft et al., 2007,
Gerhardt and Huber, 2002). In this study, I demonstrate that signals are diverging in a
temporal trait between populations in the same ecological setting (Saddle Road zone of
secondary contact). I also demonstrate that signals are diverging in both frequency and
temporal traits between populations in ecologically different settings (Mauna Kea vs. non-
Mauna Kea). Together, my results reveal a communication system that is rapidly
diversifying under the influence of a variety of forces and whose divergence is pronounced
among reproductively isolated populations in geographic contact.

Signal divergence in the absence of an ecological shift: a natural experiment in the zone of
secondary contact

Regions of secondary contact are of great interest to evolutionary biologists
because they provide a way to examine the efficacy of reproductive isolating factors in
their natural setting (Barton and Hewitt, 1985). Saddle Road Low and Saddle Road High
form a stable zone of secondary contact with clear genetic differences that have been
estimated to have diverged quite recently — 400 (175-5,250) years. This suggests that
although individuals are within range of one another and hybrids can be observed (Chapter
4), something is acting to prevent the populations from fusing. In this study, I tested the
hypothesis that the reduced gene flow observed between the populations is associated with
divergence in sexual signaling traits and found that it is. I demonstrated a strong difference
in the means of the temporal trait “RSI” between the two Saddle Road populations. This
difference is stronger in magnitude between the populations in the zone of secondary
contact than among populations in allopatry (Figure 3), a pattern that is consistent with
reproductive character displacement (Brown and Wilson, 1956; Howard, 1993). However,
whether the trait RSI diverged to the extent observed in allopatry prior to secondary
contact (West-Eberhard, 1983) or whether its magnitude was amplified via reproductive
character displacement (Howard, 1993) cannot be distinguished from these data. Either
way, it is very clear that this behavioral trait is pliable and is subject to rapid change in
populations without a shift in ecology.
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I found no relationship between the two host plant species available at the site (D.
ciliolata ciliolata and D. scabra) and genetic (Chapter 4) or signal variation. This indicates
that strict ecological specialization to host plants has not occurred in the Saddle Road
region and is thus is not what is acting to promote this pattern. Although other ecological
forces such as differences in wind or predators among sites have the potential to provide
ecological selection, my observations suggest these are very unlikely to be different
between these two parapatric Saddle Road populations — thus they cannot explain the
temporal trait differences observed there. Temporal traits of acoustic signals (such as RSI)
are predicted to be less constrained by signaling environment than frequency traits (Elias
and Mason, in press; Elias et al., 2010) and consequently I would expect that if changes are
to take place in signals in the absence of ecological shifts, they would be in the temporal
domain. What non-ecological factors might be responsible for initiating and then driving
changes among sexual traits? Two potentially complimentary hypotheses that may be
especially relevant to this system are sexual selection by female choice and genetic drift.

Sexual selection, particularly selection acting directly on courtship signals, may be
an important force in driving male signal trait diversification (Boul et al., 2007; Rodriquez
et al., 2006; West-Eberhard, 1983). Sexual selection has been observed acting in the
apparent absence of ecological selection, for example, in Hawaiian Laupala crickets
(Mendelson and Shaw, 2005), Hawaiian Drosophila (Carson, 1997), and Habronattus
jumping spiders of the Sky Islands of the western United States (Elias et al., 2006a; Elias
et al., 2006b; Masta and Maddison, 2002). A strong relationship has been demonstrated in
Enchenopa trechoppers between female preferences and several male signal traits
(frequency, whine length, pulse number, pulse rate, signal number; Rodriquez et al., 2006),
many of which I also studied here. Given the similarities in lifestyle and communication
systems between treehoppers and planthoppers, is plausible that female preference plays a
strong role in trait evolution in this system as well.

Although evolution by drift is typically thought to act slowly and therefore not be a
major force in evolution (Coyne and Orr, 2004; Sobel et al., 2010), this may not be true in
populations of limited size and it may be a more likely factor in diversification of island
groups (Carson, 1978; Kaneshiro, 1980; Wagner and Funk, 1995). Recent modeling work
has shown that sexual isolation may evolve quite rapidly (in as few as 1000 generations)
due at least in part to the stochastic forces of drift with population sizes in the range of
1000-5000 (Uyeda et al., 2009). Together, the estimated demographic parameters of the
Saddle Road populations are consistent with those that would be needed for drift to play a
role in trait evolution and reproductive isolation according to this model. The estimated
divergence between the two Saddle Road populations occurred 1,980 (875 —26,270)
generations ago. Furthermore, the Saddle Road Low population has an estimated effective
population size of 840 (474 — 12,000) (Chapter 4). Interestingly, signal trait divergence
between the Mauna Kea population and the Saddle Road Low population is strong at
almost all signal traits, despite the fact that they share a mitochondrial haplotype. It could
be that we are witnessing the effects of drift immediately after colonization of this site.

It may very well be that a combination of drift and sexual selection (or other
factors) may be at play in this system. Sexual selection, even if it is important to this
system, may not be acting alone as it needs variability to act upon. Initial changes in male
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traits may be the result of a variety of factors, including drift (reviewed in: Kirkpatrick and
Ryan, 1991). For example, drift may initiate changes in mean signal phenotypes between
populations that are then driven apart via sexual selection by female preference. Likewise,
finite population sizes and strong female preferences may together drive reproductive
isolation (Uyeda et al., 2009). Future work will focus on disentangling these possible
factors and documenting the predicted association between trait divergence and female
preferences.

Other partially non-ecological explanations may explain the data as well. For
example, the observed patterns may arise by genotype by environment interactions. Recent
studies by Rodriguez et al (2008) experimentally demonstrated that an herbivore’s shift to
a novel host plant can promote the expression of extant genetic variation in the newly
colonized environment, and the authors suggest that this might underlie the initial
divergence of signal traits among populations immediately after the colonization of a novel
environment. In a similar vein, each colonized population (Saddle Road High and Saddle
Road Low) is likely to contain different pools of standing variation that was present in the
ancestral population (Mauna Kea) by chance. Ecological selection, although similar in the
Saddle Road populations, may then act to fix different traits from this variation among
populations (Mani and Clarke, 1990; Schluter, 2009).

Signal divergence in the presence of an ecological shift: Mauna Kea vs. non-Mauna Kea
populations

Here I have also shown that a change in the mean fundamental frequency coincides
with a shift from Mauna Kea (with D. ciliolata glutinosa) to the non-Mauna Kea
populations, a novel environment that contains two new (D. ciliolata ciliolata and D.
scabra), but not the old host plant species. This observation is interesting in light of the
fact that the non-Mauna Kea populations each have a distinct mitochondrial haplotype
(Chapter 4) — indicating that similarities in this trait are due to shared environment, not
shared history. There are a variety of aspects of the environment that are different between
the Mauna Kea and non-Mauna Kea populations (e.g., elevation, substrate, host plant,
population densities). However, the most likely environmental factor influencing
fundamental frequency is the shift in host plant from D. ciliolata glutinosa to D. ciliolata
ciliolata and D. scabra. Such a change in fundamental frequency associated with a shift in
host plants may be consistent with two different hypotheses. First, the filtering properties
of the novel plants may provide immediate and strong selection on what frequencies can be
effectively transmitted (Cokl, 2003; Michelsen et al., 1982). This is consistent with
Endler’s (1992) sensory drive hypothesis—as substrate-borne environments strongly
constrain signal propagation, host plant shifts would lead to signal divergence (as novel
environments distort male signals) before any preference divergence. Alternatively, it may
point to genotype by environment interactions such as were found with membracid
treehoppers — adults recorded on their own versus alternative host plants did not alter the
fundamental frequency of their signal on either host plant, but offspring that were reared
on alternative host plants did (Rodriguez et al., 2008). Future work will investigate how
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differential signal propagation in the various host plant species may or may not constrain
signal form.

Conclusions

In conclusion, N. chambersi offers a rare window into the early stages of signal
evolution and speciation from a natural system. These data show that signal traits diverge
quickly both in the absence and presence of ecological shifts and that they are associated
with reproductive isolation among ecologically similar populations in secondary contact.
While any of a variety of non-ecological forces may be at work in this system to produce
this pattern, an explanation based on an ecological shift alone is insufficient to explain the
patterns observed in the data. In this relatively simple system, it is clear that ecological
divergence does not have to precede divergence in sexual behavior.
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Figures

Figure 1. Map of collecting locations on the island of Hawaii with area map inset (grey box on
inset indicates the extent of the sampling map). The base layer show lava flow and soil substrates
of varying ages (Trusdell et al 1996, Table 1). Black symbols indicate host plants (Table 1).
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Figure 2. Vibratory signals (signal traits) of male planthoppers measured in this study: (A)
al/a2=ratio of number of whines per bout/interval between bouts (RSI); (B) b=inter-signal
interval, c=whine length, (C) d=pulse rate (# of slow pulses/unit time), e=whine pulse rate

(# of pulses in whine/unit time), f=fundamental frequency
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