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INTRODUCTION

Most classic theories of speciation incorporate a role for natural selection in species formation (Dobzhansky 1951, 1970; Mayr 1942, 1963), and have been unified under the general concept of ‘ecological speciation’ (Schluter 1998; Schluter 2001). Proponents of this view maintain that divergent selection in different environments acts on traits that secondarily affect reproductive compatibility among closely related lineages. Divergence in these traits over time results in decreased mating compatibility, which ultimately gives rise to new species (Feder 1998; Funk 1998; Nagel and Schluter 1998; Filchak et al. 2000; Via et al. 2000; Podos 2001; Nosil et al. 2002). Despite the plausibility of this scenario, surprisingly few cases of ecological speciation have been demonstrated in natural populations, and the importance and prevalence of natural selection in the speciation process remain hotly debated (Schluter 1998; Schluter 2001).

Parallel morphological evolution in organisms occupying similar environments usually indicates that the phenotypic changes are a product of natural selection, thus it serves as a distinctive feature for identifying possible cases of ecological speciation (Schluter and Nagel 1995; Rundle et al. 2000; Nosil et al. 2002; Richmond and Reeder 2002). Other speciation mechanisms such as genetic drift and founder events (Mayr 1963) involve large random components that are unlikely to produce parallel evolutionary changes in the same direction in separate descendant populations (Clarke 1975; Endler 1986). In some animal groups, parallelisms have lead to an unusual situation in which traits that determine reproductive isolation evolve repeatedly and independently in closely related lineages as a by-product of selection in similar environments (i.e. ‘parallel ecological speciation’: Schluter and Nagel 1995). The result of such parallel evolution is that ecologically divergent but closely related populations show higher levels of reproductive incompatibility than ecologically similar but distantly related ones (Nagel and Schluter 1998; Rundle et al. 2000; Nosil et al. 2002). 

Although only two unassailable cases of parallel ecological speciation have been documented in nature (Rundle et al. 2000; Nosil et al. 2002), several systems remain as candidates, including a variety of organisms ranging from salmon (Foote and Larkin 1988), cave amphipods (Kane et al. 1992), beetles (Funk 1998), birds (Grant and Grant 1989, 1993), and lizards (Losos 1992; Richmond and Reeder 2002). The common ecological mechanisms by which diversifica​tion has occurred across these major groups suggests that natural selection may be a cogent force in the formation of new species, but its generality is a long way from being established. 

Evolution in the Eumeces skiltonianus species complex

North American scincid lizards in the Eumeces skiltonianus species group are one candidate for parallel ecological speciation (Richmond and Reeder 2002). Members of the complex can be divided into two distinct ecomorphs that differ in body size, color pattern, and habitat preference (Rodgers and Fitch 1947; Macey and Papenfuss 1991; Morrison et al. 1999; Richmond and Reeder 2002). A small-bodied and striped form (a.k.a. the skiltonianus form) occurs in relatively mesic habitats along the West Coast, at high elevations, and in northerly latitudes. The second ecomorph, a large-bodied form that loses a skiltonianus-like color pattern during ontogeny to become monochromatic (a.k.a. the gilberti form), occurs in warmer and drier areas, occupies lower elevations, and penetrates further into the southwestern deserts. Such environments should favor the evolution of large body size because of its effects on thermal inertia (Cowles 1945; Bogert 1949) and because rates of water loss across the skin are unusually high for skinks when compared to other lizards (Bogert and Cowles 1947). The two ecomorphs apparently do not interbreed in nature although they are found in sympatry in southern California (Rodgers and Fitch 1947; Stebbins 1985).

 Traditionally, these two ecomorphs have been treated as distinct species (Taylor 1935; Lieb 1985). In my Master’s thesis, I used molecular phylogenetic analysis of mtDNA sequence data to show that E. gilberti and E. skiltonianus are poly- and paraphyletic, respectively (Richmond 2000). Lineages currently recognized as E. gilberti form three distantly related clades in separate geographic regions and are phylogenetically nested among 6 well-supported E. skiltonianus clades (Richmond 2000; Richmond and Reeder 2002; Fig.1). Each mtDNA clade is exclusive with respect to either the gilberti or skiltonianus morphology, providing further evidence that the two ecomorphs do not interbreed in nature. The mtDNA of three gilberti clades (A and I in Fig. 1) has been found in sympatry, indicating that these clades are now in secondary contact in the southern Sierra Nevada Mountains in California. The persistence of intermediate morphology (largely in aspects of juvenile color pattern: Richmond 2000) suggests that hybridization may be occurring between the two gilberti clades, despite their independent evolutionary origins. 
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[image: image5.wmf]The skiltonianus species group thus has several fundamental ingredients supporting a model of parallel ecological speciation: (1) two distinct eco-morphs comprise the species complex, each preferring different ecological conditions, (2) repeated and independent evolution of the gilberti ecomorph has occurred in separate geographic regions with similar environments, and (3) the two alternative ecomorphs are apparently reproductively isolated whereas the parallel evolved gilberti clades may not be. Although these data provide baseline evidence supporting the parallel ecological speci-ation hypothesis, several important criteria remain to be satisfied in order for it to be considered a definitive example. 

RESEARCH OBJECTIVES
Schluter and Nagel (1995) outline 3 criteria for demonstrating parallel speciation:

· Separate populations in similar environments must be shown to have independent origins such that traits conferring reproductive isolation from the ancestral morphotype have evolved separately and in parallel.

· Morphologically divergent lineages occurring in different environments must be reproductively isolated. 

· Morphologically similar but independently evolved lineages occupying similar environments must not be reproductively isolated. 

[image: image6.wmf]The current phylogenetic data provide compelling evidence for fulfilling the first criterion (Richmond 2000; Richmond and Reeder 2002), but the latter two criteria have been satisfied only indirectly. With this proposal, I am seeking support for a project that explicitly tests these two criteria using several different yet complimentary approaches. My objectives are to:

1. Assess gene flow across populations, clades, and contact zones using amplified fragment length polymorphisms (AFLPs; Vos et al. 1995). 

2. Perform mate choice experiments using wild-caught specimens to test the prediction that ecologically divergent but closely related pairs of populations exhibit greater levels of reproductive incompatibility than ecologically similar but distantly related pairs of populations (Funk 1998; McPeek 1998; Rundle et al. 2000; Nosil et al. 2002). 

3. Explore morphological evolution to test whether character displacement has occurred between ecomorphs in areas of sympatry, and whether patterns of phenotypic variation can be used to support the hypothesis of on-going gene flow between independently derived gilberti populations in the Sierran contact zone.  

METHODS AND PRELIMINARY RESULTS

Testing parallel speciation through molecular estimates of gene flow


AFLPs are polymerase chain reaction (PCR)-based markers that can be used for the rapid screening of genetic diversity (Vos et al. 1995). The technique combines the replicability of restriction fragment length (RFLP) analysis with the power of PCR, and can generate hundreds of replicable markers for high-resolution genotyping. Set-up cost and development time are minimal compared to the more traditional RFLPs while the quality of information obtained is much higher. The level of polymorphism is typically high and the ultimate number of markers generated in a single reaction can be adjusted by selecting specific primer pair sets (Vos et al. 1995; Barker et al. 1999). As such, the time, cost efficiency, replicability, and resolution of AFLPs are superior or equal to other traditional methods (i.e. allozymes, RAPDs, RFLPs, microsatellites; Mueller and Wolfenbarger 1999). 

AFLPs have found wide application in studies of gene flow, dispersal, and hybridization among closely related lineages (Arens et. al 1998; Busch et al. 2000; Biesmann et al. 1997; Semblant et al. 1998; Travis et al. 1996). However, the dominant nature of AFLP markers raises some concern for estimating allele frequencies. Previous authors have persuasively argued that this problem is largely offset by the high number of AFLPs that can be generated across the genome, which compensates for the low-information content of dominant markers (Mueller and Wolfenbarger 1999; Parsons and Shaw 2001). Recently developed Bayesian methods also allow for the direct application of Wright’s (1951) F-statistics to dominant markers, and simulations have shown that samples from even a relatively small number of loci and populations provide reliable estimates of FST (Holsinger et al. 2002). Thus, the benefits of using the AFLPs for this study should greatly outweigh their potential drawbacks. 
I will use AFLPs to assess the level of gene flow both across the gilberti contact zone in the southern Sierra Nevada and between gilberti and skiltonianus where they occur in sympatry in southern California. These data will provide a genetic assay for determining whether parallel-evolved gilberti lineages are exchanging genes, and additional information on levels of reproductive isolation between gilberti and skiltonianus.  

Taxon sampling

Field sampling will be guided by knowledge of geographic structuring within clades based on mtDNA data. A minimum of 3 populations representing different mtDNA lineages will be sampled from each focal clade (gilberti clades A, C, and I; skiltonianus clade G: Fig. 1). When possible, I will collect individuals from a single population; however, when sample size from a single locality is low, I will combine samples for analysis based on the similarity of mtDNA haplotypes. A minimum of 10 individuals will be included from each population. I will also sample a single population of skiltonianus clades B and D given is sister to a gilberti clade. These data will allow me to evaluate the extent of allelelic differentation among closely related clades, which will then be compared to levels of differentiation among clades that are in sympatry. All specimens and tissues will ultimately be deposited in museum collections.

The mtDNA contact zone is now well defined based on recently collected sequence data, and has been pinpointed near the juncture of the southern Sierra Nevada and the Tehachapi Mountains. My field sampling will be concentrated in this region and will also include critical, unsampled populations along the eastern margin of Sierra/Tehachapi juncture. These eastern Sierran populations likely include members of the third independently derived gilberti clade (C in Fig. 1) based on mtDNA data and museum locality records. This leaves open the possibility that all 3 gilberti clades are in simultaneous contact. 

Data Collection

AFLPs will be generated following a modified protocol I have developed for skinks. My restriction digests using EcoR1 and Mse1, ligation, and the first preselective PCR steps follow standard methods (Vos et al. 1995). However, I use two additional rounds of selective PCR to reduce the complexity of the banding patterns (following Vos and Shaffer 1997). In addition to having automated software score the markers, I manually verify each fragment and score only those peaks that are distinct, intense, and highly reproducible. 

I will also sequence a fragment of the mitochondrial protein-coding gene ND4 (the gene used Richmond (2000); Richmond and Reeder 2002) in for each AFLP genotyped individual to verify its mtDNA clade affinity. Sequence data will be deposited on Genbank for further scientific use.

Data Analysis

AFLP data will be analyzed in a threefold manner outlined below.

Diagnostic alleles: Clade-specific AFLP markers will be obtained by genotyping individuals from each of the focal clades (outlined above) that are geographically distant from other clades. This will provide a reliable method for assessing the clade affinity of any individual and for evaluating whether an individual is a hybrid. The genotypes of hybrid individuals should reveal diagnostic markers that reflect the clade affiliation of both parents. Clade borders deter​mined from diagnostic ALFP markers can also be easily compared with each other and with mtDNA clade limits. Congruence is predicted only if there is no gene flow across mtDNA contact zones. 

Multidimensional scaling analysis: AFLP loci will be scored as presence-absence data in a binary character matrix and used to calculate AFLP frequencies and Rodgers’ genetic distances (Mead et al. 2001). I will use multidimensional scaling (MDS) to explore clustering patterns in the distance matrix by locating populations in an n-dimensional coordinate system (Kruskal and Wish 1978; Lessa 1990). The result of MDS is a bivariate plot that allows graphical represen​tation of genetic clustering patterns. Since this technique does not impose hierarchical structure on the data, the genetic intermediacy of populations can be visualized (deQueiroz and Good 1997; Jockusch et al. 2000; Tilley and Mahoney 1996). This will be especially useful in detect​ing whether gilberti populations in the contact zone are intermediate between clades A and I.        

Bayesian Approach for calculating F-statistics: To assess how genetic variation is partitioned across populations, the total pool of polymorphic loci will be used calculate (B (Holsinger et al. 2002), a Bayesian analog that corresponds to FST (Wright 1969). This method does not assume knowledge of the degree of within population inbreeding or that genotypes within popu​lations are in Hardy-Weinberg proportions. Populations from each of the focal clades will be used as a priori genetic groupings for calculations of (B. Pairwise comparisons will be hierarchically structured such that estimates of differentiation between geographically distant populations can be compared with those of geographically close populations in the contact zone (Fig. 2).

The Bayesian parameter (B (Holsinger et al. 2002) corresponds to a fixed-effects model of population sampling that uses posterior estimates of allele frequencies to estimate FST. The posterior distribution of (B is approximated using Markov Chain Monte Carlo (MCMC) simulations, which also yields a 95% credibility interval. I will compare estimates of (B across populations to test the hypothesis that interbreeding is occurring between geographically proximate and independently derived clades in the southern Sierran contact zone, and that levels of gene flow among populations vary with proximity the contact zone. Under this prediction, I expect gene flow to decrease values of (B in the contact zone (indicating random mating), whereas increased geographic distance between populations outside of the contact zone should result in successively higher values of (B (indicating greater reproductive isolation). Any observed overlap in the 95% credibility intervals for the alternative estimates of (B will provide evidence to reject this model. 

Preliminary Results 
To date, I have collected 123 skinks from the relevant clades and all tissues are in frozen storage at the University of Connecticut. AFLP data have been obtained for 16 individuals spanning clade I and 16 from throughout gilberti clade A (Fig. 1). Four selective primer pair combinations yield a total of 116 polymorphic loci, 14 of which are diagnostic for gilberti clade I and 16 of which diagnose gilberti clade A. Individuals collected approximately 52 km north of the mtDNA contact zone share alleles with both of the gilberti clades in secondary contact, providing evidence that is consistent with parallel speciation. I have repeated reactions for the same set of individuals and showed near perfect replicability under similar PCR conditions. The AFLP technique is therefore reliable and will allow me to obtain large amounts of data with only 4 primer pair combinations, which will also be useful for other genetic studies in Eumeces. 

MATE CHOICE EXPERIMENTS 

A complimentary approach to molecular estimates of gene flow entails further direct estimates of reproductive isolation using mate choice experiments. Few studies have attempted to examine mate preference in reptiles. Of these, most have focused on lizard species that have conspicuous display behavior and a striking diversity in dewlap morphology (a large and frequently colorful fold of skink in the gular region; reviewed in Ptacek 2000; Tokarz 1995). Skinks have neither conspicuous display behaviors nor dewlaps, suggesting that other morphological or chemical features may serve as primary sexual isolating signals. Mating experiments and field surveys of broad-headed skinks (Eumeces laticeps) have provided two pieces of evidence suggesting that body size is important in mate choice in Eumeces (Cooper and Vitt 1993). First, male E. laticeps found in close proximity to females during the breeding season are larger than other adult males in the population. Second, no-choice mating trials provided strong evidence for female preference based on male body size, but no preference based on conspicuous aspects of coloration. These findings are consistent with other studies in showing a positive relationship with male reproductive success and body size in lizards (reviewed in Cooper and Vitt 1993; Tokarz 1995), suggesting that evolutionary changes in body size have affected reproductive compatibility in the skiltonianus group.      

I propose to use a no-choice protocol (following Cooper and Vitt 1993; Noor 1995; Hatfield and Schluter 1996; Nagel and Schluter 1998; Nosil et al. 2002) to address two main questions:    

1. Are morphologically divergent but closely related populations more reproductively isolated than morphologically similar but distantly related ones? 

2. Do body size differences play a role in reproductive isolation? 

Collection and Maintenance  

Mating trials will be conducted in the laboratory using wild-caught specimens collected during the breeding season. Sexual receptivity can be assessed based on conspicuous orange or reddish head coloration and a similar color on the underside of the tail (Stebbins 1985). The color is most pronounced in males; however females also acquire breeding coloration (Richmond pers. obs.). The breeding season typically occurs from mid-March through late April (Rodgers and Fitch 1947; Stebbins 1985), and specimens can be easily captured by hand from localities that I have repeatedly visited since 1996. All lizards will be transported to the University of Connecticut where they will be maintained in a climate-controlled room according to standard protocols (following Cooper and Vitt 1993). 

Mate Choice Experiments 

Mate choice experiments will include representatives from 6 clades: three skiltonianus clades and all gilberti clades. For skiltonianus, I am including the two clades that are each most closely related to separate gilberti lineages (B and D; Fig. 1), and the widespread clade (G; Fig.1) that is sympatric with gilberti in southern California. These skiltonianus clades provide comparisons between the most closely related but morphologically divergent lineages, as well as between lineages occurring in sympatry or parapatry. Inclusion of multiple gilberti clades is central to testing the parallel speciation hypothesis. 

Each individual will be subjected to 6 mate choice trials, one with a representative of each clade (including its own). The sequence of experiments will be randomized with 1-day intervals between trials. During a trial, individuals will be placed into either end of a test arena, with the ends initially being partitioned by a non-transparent barrier. Skinks will be allowed to acclimate for 5 minutes, at which time the observer will remove the barriers and begin video recording. I will evaluate the behavior of a minimum of 8 males and 8 females per clade (96 individuals; 288 trials). These sample sizes are on par with the sample sizes in mate choice experiments conducted in previous parallel speciation studies (Nagel and Schluter 1998; Nosil et al. 2002). Because little is known about the courtship behavior of these skinks, I consider copulation to be the most reliable indicator of mating tendencies. Copulation or mate rejection typically occurs within several minutes of first introduction (Richmond pers. obs.), so trials will be terminated after 30 minutes if no courtship is detected. Tests will be conducted at ambient temperatures around 30°C between 1030 and 1530 hours when the lizards are fully active. Snout-vent length (SVL) and body weight will be recorded for each specimen.

Because of evidence that body size is of overriding importance in Eumeces mate choice, I will conduct a set of no choice trials that pair reproductively mature gilberti and skiltonianus individuals of similar body size. This is possible because the smallest gilberti (avg. SVL=80.2 mm; Richmond and Reeder 2002; from Inyo and eastern San Bernardino counties) approach the largest skiltonianus (avg. SVL=79.3 mm; Richmond unpub. data) in size.

These experiments will allow me to assess whether the magnitude of sexual isolation between ecomorphs is significantly greater than the magnitude of isolation within an ecomorph, whether members of different clades within an ecomorph are equally likely to mate with each other, and what role body size plays in reproductive isolation. Specimens will be sacrificed at the end of the study and deposited in museum collections following genetic analyses.

Data Analysis
Assortative mating will be tested using logistic regression. For across-ecomorph comparisons, the regression model will examine the dependence of copulation on male ecomorph, female ecomorph, and the interaction between male and female ecomorphs. For within ecomorph comparisons, the model will examine the dependence of copulation on male clade, female clade, and a male/female clade interaction term. A final set of logistic regressions will assess the effects of body size on assortative mating. This model will initially evaluate the dependence of copulation on male body size, female body size, and male/female size interaction. Depending on the results of the first two sets of regressions, ecomorph, clade and other interaction terms may be included as additional variables if there is a significant effect of ecomorph or clade on assortative mating. Significance for logistic regressions will be assessed using likelihood ratio tests, with a significant interaction indicating that non-random mating is taking place (Nosil et al. 2002). These data will also allow me to assess the importance of genetic and geographic distance should these variables show any obvious patterns (Tilley et al. 1990; Nosil et al. 2002)

To measure reproductive isolation, I will calculate the joint isolation index I (Merrel 1950) with pair sexual isolation index coefficients (IPSI) for each pair-wise comparison, which adjusts for unequal marginal frequencies and components of sexual selection (Rolán-Alvarez and Caballero 2000). The index ranges from –1 to +1, with complete reproductive isolation equal to +1. Levels of isolation will be compared within and between ecomorphs to test the prediction from the parallel speciation hypothesis that isolation is greater across ecomorphs. Significance of differences will be assessed using a bootstrap resampling procedure (5000 re-samplings; Rolán-Alvarez and Caballero 2000).

Preliminary Results

I have easily maintained a number of these lizards in captivity for several years. Husbandry requirements are minimal, and the animals respond well to captive conditions. Preliminary mating trials have shown that these skinks will readily copulate in the laboratory, even when an observer is present. Courtship begins almost immediately when individuals are placed into a test arena, and copulation usually occurs within the first several minutes of introduction. Single individuals are responsive to multiple experimental exposures, and my preliminary trials have shown that adult male skiltonianus will readily attempt to copulate with small, reproductively mature gilberti females (Fig. 3). This suggests that heterospecific matings are possible when size disparities are minimized, a pattern consistent with cross-ecomorph mating experiments in threespine sticklebacks (Nagel and Schluter 1998). 

MORPHOLOGICAL EVOLUTION

Fundamentally different processes can lead to morphological variation among sympatric species (Case 1983; Case and Sidell 1983; Case et al. 1983). First, size differences may have evolved prior to secondary contact, allowing two species to persist in the same area with minimal competitive interactions. Second, size differences may have evolved in situ in opposite directions (i.e. character displacement) to alleviate resource competition or strengthen reproductive isolation. A third possible scenario may also occur: parallel evolution of similar mate recognition systems in separate lineages may lead to decreased morphological variation in sympatry if such lineages are not reproductively isolated. Patterns of divergence in the skiltonianus group suggest that such interactions have historically taken place. By understanding how morphological variation is partitioned with respect to phylogeography, I will be able to establish important links between phenotypic evolution and speciation. The objectives of this part of the study address two main questions: (1) Is morphological divergence between ecomorphs greatest in areas of sympatry as predicted if character displacement plays some role in species divergence? (2) Are gilberti populations in the contact zone more or less morphologically differentiated than populations outside of the contact zone?

To answer these questions, I will use multivariate morphometric methods to examine shape variation and linear measurements to assess differences in body size and relative head size. 

My analyses can be summarized as follows: 

· Size variation: Three indices of size will be evaluated using linear measurements; snout-vent length (SVL; a common proxy for body size in herpetological studies), head length (HL), and head width (HW). 

· Shape variation: Eleven cranial landmarks will be used to assess shape differences and were chosen for their ability to define major components of shape and for their reliability as easily identifiable, homologous features (Bookstein 1991). 

I am focusing on cranial morphology for the following reasons: (1) head size and shape are sexually dimorphic in Eumeces (males have significantly larger heads; Cooper and Vitt 1987; Griffith 1991), growth is allometric making the head size dimorphism greater in gilberti than in skiltonianus (Richmond unpub. data), males use the head as a weapon (Richmond pers. obs.; Cooper and Vitt 1987), and bright coloration develops on the head during the breeding season (Cooper and Vitt 1993; Rodgers and Fitch 1947). Thus, head morphology has important implications for social behavioral and morphological evolution in Eumeces, both of which contribute to mate recognition. 

Ten adults of each sex will be chosen to represent focal populations in each mtDNA clade, and sampling will be guided by knowledge of geographic structuring based on mtDNA data. The Museum of Vertebrate Zoology (U.C. Berkeley) and the California Academy of Sciences have large collections of skiltonianus group taxa that will provide an accurate representation of phenotypic variation over fine-scale geographic intervals, and will encompass the majority of the range of the species complex. The fine-scaled geographic sampling combined with precise measures of size and shape will provide detailed information on morphological gradients within and across major clades. In particular, I will be able evaluate how gilberti morphology changes with respect to geographic proximity to the contact zone, and whether sympatric interactions between ecomorphs have reinforced speciation through character displacement. If the parallel speciation hypothesis is rejected, the morphometric approach may provide information on subtle shape and size differences that are potentially important in mate recognition, but are not apparent to the naked eye. 

Two-dimensional coordinates for landmark data will be obtained from computer digitized, high resolution x-rays. Shape differences will be characterized through the analysis of partial warp scores using the thin-plate spline (Bookstein 1991). In this approach, specimens are first superimposed so that deviations in landmark data points are minimized based on the method of least squares (i.e. Procrustes superimposition: Sneath 1967; Rohlf and Slice 1990). The resulting ‘consensus configuration’ is then used to express the differences among specimens as variation in the parameters of an interpolation function, which can be used to describe the deviations of the superimpositions from the consensus configuration. These deviations, or partial warp scores, are then used in multivariate analyses to characterize variation. An important advantage of this method is that shape changes can be graphically visualized and partitioned into uniform (overall linear stretching or compression) and non-uniform components (non-linear deformation confined to localized regions; Rohlf and Marcus 1993). 

Data Analysis

Size data will be evaluated by regressing logHW and logHL against logSVL to obtain two indices of head size that are independent of SVL. The logSVL and the residuals from each regression will then be used in a principal components analysis, and ANOVAs will be used to assess the effects of sex, clade, ecomorph, and interactions between the variables.  Procrustes superimposition and calculations of partial warp scores will be performed using automated software (available at http://life.bio.sunysd.edu/morph/), and two-way ANOVAs on both the uniform and non-uniform components will be used to determine if shape varies significantly across clades, between ecomorphs, and between the sexes. 

Preliminary Results
   

I have radiographs for 8 gilberti and 11 skiltonianus individuals. Skull sutures are clearly visible, demonstrating that x-rays provide sufficient resolution for scoring landmark data points. 

 I evaluated size differences using linear measurements for 592 adult specimens representing all 9 clades in the skiltonianus group (following the procedure above). Significant differences in absolute body size and relative head size were detected among clades within ecomorphs, and patterns of male and female differentiation within ecomorphs were not always consistent across clades. Interestingly, body and relative head size in gilberti clade C are significantly smaller than in the other two gilberti clades (which do not differ significantly in body size). The ecomorphs are most differentiated in body morphology in southern California where the two forms are most broadly sympatric, and gilberti populations belonging to separate clades near the Sierran contact zone are morphologically more similar than same-clade populations farther away from the contact zone. 

IMPLICATIONS AND IMPACTS OF THE PROPOSED RESEARCH

After several decades in which genetic models of speciation were the focus of attention (Carson and Templeton 1984; Barton 1989), interest in ecological speciation has been revitalized by demonstrating how selection promotes divergence, increases ecological specialization, and drives speciation. The skiltonianus group adds another twist to the role of natural selection, since gene exchange among parapatric, independently derived gilberti lineages might be causing the degeneration of species. In this case, natural selection may also be viewed as a destructive force, unraveling the effects of divergent selection. The skiltonianus group thus offers an unprecedented opportunity to evaluate circumstances in which natural selection may be leading to both species generation and degeneration in the same system.

The multidisciplinary approach of this project will provide me with training and opportunities to conduct, present, and publish research in several fields of organismal biology and will include undergraduates as an integral part of the behavioral studies. It will also contribute to a growing database of comparative phylogeographic studies that highlight the importance of an evolutionary perspective in taxonomy. By increasing our understanding of the ecological conditions that promote speciation, we may be able to discern which features of the environment are most important for maintaining and promoting biological diversity. Lastly, all specimens, tissues, and DNA sequences will be made publicly available for further scientific use. 
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Figure 1. Map of western North America showing the major clades within the skiltonianus group. The tree is pruned to show only those branches leading to the major clades. Numbers above the branches are maximum likelihood bootstrap values. Clade (H) is restricted to Baja California, and disjunct populations of clades (A) and (G) also occur outside the area shown.
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Figure 3. Preliminary mating trial showing a male E. skiltonianus (foreground) from clade G aggressively courting a female gilberti from clade I (see Fig. 1).
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Figure 2. Schematic of sampling design for estimating (B across the Sierran contact zone. Letters refer to gilberti clades in Fig. 1; ovals represent focal populations. 
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