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ABSTRACT 

Marine organisms inhabit an environment where there are few 

absolute barriers to movement. In addition, a planktonic larval stage is 

common to most marine fishes and invertebrates. Consequently, marine 

orgaiusms are often characteri2ed by little genetic differentiation over large 

geographic distances, and the factors that might generally promote genetic 

divergence are not well understood. Here, contributions to population 

structure from both intrinsic and extrinsic factors were investigated in Gulf of 

California blennioid fishes. 

In Appendix A, population structure was estimated from mtDNA 

control region sequences for three species, Axoclinus nigricaudus, 

Malacoctenus hubbsi, and Ophioblennius steindachneri, that differ in 

predicted dispersal patterns (based on ichthyoplankton distribution and 

abundance patterns relative to rock reefs). Fst ranged widely among low to 

high predicted dispersal species, in the same rank order predicted by larval 

distribution patterns. In A. nigricaudus (low predicted dispersal), 

phylogenetic, population genetic, and general linear model analyses of 

mtDNA (Appendix B) showed that variation was significantly partitioned 

between two biogeographic regions, and that geographic distance and 

unsuitable habitat also contributed to mtDNA differentiation. In contrast, 

allozyme variation in A. nigricaudus showed less partitioning than mtDNA 

and there was no break between biogeographic regions (Appendix C). 
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In Gulf of California blennies, I find that population structure varies 

among fishes that have a planktonic larval stage in a manner that can be 

predicted from larval distribution patterns. The correlation between larval 

distribution and population structure suggests that some fish larvae, such as 

A. nigricaudus, actively maintain a position close to their natal reef, 

preventing substantial gene flow among many populations. In addition, 

patterns of population subdivision in A. nigricaudus (low dispersal) indicate 

that when dispersal is restricted, substantial population subdivision due to a 

combination of factors can occur, despite having a planktonic larval stage. 

The discordance between mtDNA and allozymes in A. nigricaudus is 

consistent with non-equilibrium conditions following a population 

perturbation, selection on allozymes or mtDNA, or some combination of 

these factors. These results emphasize that multiple genetic markers should 

be examined when making inferences about the genetic structures of natural 

populations. 
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CHAPTER 1: INTRODUCTION 

Explanation of the Problem and its Context 

One major difference between most marine and terrestrial animals is 

that marine fishes and invertebrates have a planktonic larval stage. The 

larval stage can last from minutes to months and is followed by the adult 

form. This divided life history has important evolutionary implications for 

the evolution of marine animals. Although benthic adult animals only 

move within a restricted area, as larvae they may disperse widely. The 

adaptive significance of marine larvae is not well understood, although 

dispersal away from the reef may reduce predation risk Qohannes 1978), or 

increase the likelihood that some larval settle to suitable habitats (Barlow 

1981; Doherty et al. 1985, reviews by Leis 1991; Strathmann 1993). One 

important consequence of a planktonic life stage is that geographically distant 

populations can potentially exchange migrants and thus remain genetically 

similar. Studies of genetic differentiation in marine fishes and invertebrates 

often show a pattern that is consistent with widespread gene flow; in general, 

there is little genetic partitioning over thousands of kilometers (reviewed by 

Palumbi 1994; Shulman 1998). At the same time, local species diversity is 

high particularly on coral reefs and genetic surveys have uncovered many 

previously unrecognized divisions between morphologically similar species 

(Knowlton 1993). Can substantial differentiation occur among marine species 

with planktonic larvae and no absolute barriers to gene flow? If so, what 

factors generally promote genetic differentiation and what is their relative 

importance in marine organisms that have a planktonic larval stage? The 
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three studies that follow attempt to address these questions by documentiiig 

patterns of genetic variation in Gulf of California blennies. 

A Revieiv of the Literature 

Genetic similarity between geographically distant populations has been 

observed in diverse organisms such as sea urchins (Palumbi et al. 1997), 

lobsters (Ovenden et al. 1992), giant clams (Benzie and Williams 1997), 

butterflyfishes (McMillan and Palumbi 1995), and damselfishes (Shaklee 1984) 

(reviews in Palumbi 1994; Shulman 1998). Several factors, however, may be 

generally important for causing population subdivision in marine organisms. 

These factors can be divided into three overall categories. First, intrinsic 

attributes of certain orgarusms could limit dispersal and thus promote genetic 

differentiation. Intrinsic attributes include egg type, larval duration, and 

larval movement patterns. The second category involves external limits to 

dispersal and includes complete barriers to movement, such as land masses, 

and incomplete or filter barriers that reduce dispersal opportunities, such as 

oceanographic circulation patterns, increased geographic distance, and 

unsuitable habitat. Third, strong selection can cause population subdivision 

even when gene flow occurs. Evidence for these three categories is reviewed 

below. 

Intrinsic Limits to Dispersal 

The dispersal strategies of marine fishes and invertebrates vary widely. 

At one extreme, the planktonic life stage is entirely absent or highly curtailed. 

For example, some asddian larvae change into a sessile adult form within 



minutes of hatching (Davis and Butler 1989). At the other extreme, some 

arumals are planktonic for months and, in the case of many fishes, hatch out 

of pelagic eggs. When comparisons are made between species that differ 

grossly in movement capacity, namely direct development vs. pelagic larvae, 

population structure is higher in the direct developing species (Janson 1987; 

Duffy 1993; Hunt 1993; Russo et al. 1994; Hellberg 1996). In contrast, attempts 

to correlate life history characteristics that might have a more subtle effect on 

dispersal (benthic vs. pelagic eggs, larval duration) with population genetic 

structure have been generally unsuccessful (Burton 1983; Hedgecock 1986; 

Shulman 1998; see Appendix A for a review). Overall, it is uncertain whether 

the range of dispersal-related strategies (among animals that have a 

planktonic stage) correlates with differing amounts of gene flow. 

Extrinsic Limits to Dispersal 

Physical barriers can prevent or reduce gene flow between populations, 

allowing populations to diverge by the action of genetic drift. For marine 

organisms, large land masses can completely prevent genetic interchange. 

For example, geminate species from either side of the Isthmus of Panama are 

well-known and have resulted from the vicariance of species with an amphi-

American distribution before the Panama closure (Rosenblatt 1967; Knowlton 

et al. 1993; Hastings 1998). Also, taxa that were probably previously disjunct 

can retain the signature of former isolation following secondary contact 

(Avise 1992; Bernardi et al. 1993). The role for barriers that reduce but do not 

fully prevent genetic interchange is less certain. Partial barriers include 

geographic distance, oceanic ciirrent patterns, and ui\suitable habitat. 



12 

Increased geographic distance can reduce opportunities for genetic 

interchange, therefore, genetic partitioning is expected to increase with 

geographic distance (isolation by distance). This pattern is often observed, 

although more so in low dispersal orgarusms (Hellberg 1996) or over several 

thousand kilometers (Palumbi et al. 1997). Several studies have looked for 

patterns of genetic divergence associated with oceanographic circulation 

patterns and have not found any association (Shulman and Bermingham 

1995; Benzie and Williams 1997; Palumbi et al. 1997). Unsuitable habitat in 

the form of open water seems to increase genetic divergence among some 

benthic fishes (Bell et al. 1982; Stepien and Rosenblatt 1991; Doherty et al. 1995; 

Johnson and Black 1995), but contributions from urisuitable shorelines have 

not been estimated. Within this literatx^e, there is a sense that partial 

barriers should be important contributors to population structure, but results 

are mixed regarding the importance of these partial barriers. 

Natural Selection 

Strong selection can create patterns of geographic differentiation that 

differ from patterns at neutral lod. For example, directional selection (local 

adaptation) can increase differentiation relative to neutral loci, whereas 

balancing sleection can reduce differentiation relative to neutral lod. 

Identifying loci that are under selection, however, is extremely difficult (see 

Appendix C). A useful approach for detecting locus-specific effects, such as 

selection, is to compare among loci. Since all loci should be equally affected 

by demography (genetic drift and gene flow), lod that show substantially 

different levels of differentiation among populations are likely to be under 
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selection (Cavalli-Sforza 1966; Lewontin and Krakauer 1973). Functional and 

survival stiidies can substantiate selective differences among individuals 

with different genotypes. For example, selection maintains allele frequency 

differences between geographic regions due to temperature differences in the 

killifish Fundulus heteroclitius at LDH-B (Powers et al. 1991), and due to 

salinity differences in the mussel Mytilus edulis at LAP (Koehn et al. 1980). 

Temperature selection on MPl in acorn barnacles Semibalanus balanoides 

creates different allele frequencies among microhabitats (Schmidt and Rand 

1999). More general cases have been made for widespread balancing selection 

on allozymes in the American oyster Crassostrea virginica (Karl and Avise 

1992) and in the Atlantic cod Gadus morhua (Pogson et al. 1995). Allozymes 

show less genetic partitioning than other loci in both cod and oysters, and this 

discordance is consistent with balancing selection on allozymes. Results from 

oysters and cod question the assumption of neutrality for allozyme loci, 

although few interlocus contrasts have been performed, so the generality of 

this result is uncertain. 

Explanation of Dissertation Format 

Various studies have suggested that reduced dispersal, partial barriers, 

and selection can contribute to population subdivision. However, the 

relative importance of these mecharusms is unknown. The results that 

follow explicitly look at associations between these factors and genetic 

differentiation in Gulf of California blermioid fishes. First, I test for 

associatioiis between predicted dispersal (based on distribution patterns of 

larvae relative to the shore) and population subdivision among three blenny 
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species (Appendix A). Second, within one species, the Cortez triplefin 

Axoclinus nigricaudus, I assess the contributions of geographic distance, 

unsuitable habitat, and biogeography to mtDNA variation (Appendix B). 

Lastly, I compare patterns of genetic differentiation in A. nigricaudus at 

mtDNA and allozjone lod in order to assess the frequency of mtDNA-

allozyme discordances among marine organisms. The results presented here 

show that, 1) larval distribution patterns are good predictors of population 

structure, 2) within a low dispersal species, A. nigricaudus, multiple factors 

contribute to genetic differentiation at mtDNA, and 3) discordances between 

allozymes and other genetic markers are not limited to American oysters and 

Atlantic cod but are also seen in A. nigricaudus. In addition, these studies are 

the first extensive surveys of genetic variation in the Gulf of California, a sea 

of recent origin and high endemism. Although this work has been improved 

tremendously by the input of many people, I both conceived and executed 

this project. 
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CHAPTER 2: PRESENT STUDY 

The methods, results, and conclusions of this study are presented in 

the papers appended to this dissertation. The following is a summary of the 

most important findings in these papers. 

Appendix A shows an association between larval distribution patterns 

and geographic partitioning of genetic variation among three blenny species. 

Although egg type (pelagic vs. benthic attached) and larval duration have 

been predicted to influence dispersal and, by extension, gene flow, attempts to 

correlate these attributes with genetic partitioning have largely failed. Here, I 

assess whether ichthyoplankton distributions are good predictors of genetic 

differentiation among populations in three species, Axoclinus nigricaudus, 

Malacoctenus hubbsi, and Ophioblennius steindachneri. A. nigricaudus 

larvae develop inshore, M. hubbsi larvae mostly develop inshore, and O. 

steindachneri larvae disperse offshore (Brogan 1992; Brogan 1994). Estimates 

of genetic partitioning from mtDNA differed greatly among the three species 

but were in exactly the same rank order predicted by larval distribution 

patterns {A. nigricaudus FST = 0.695, M. hubbsi Fsj = 0.104, O. steindachneri 

FST = -1.562). These results indicate that distribution patterns of larvae are 

good predictors of adult population structure in marine fishes. 

Appendix B investigates how biogeography, habitat distribution, and 

isolation by distance contribute to population structure in A. nigricaudus. 

MtDNA sequences were significantly partitioned among many pairs of 

populations. A major break between two biogeographic regions was detected 



16 

from phylogenetic analyses, hierarchical analyses of variance, and general 

linear models. This genetic discontinuity coincides with an abrupt change in 

ecological characteristics (including temperature and salinity) but does not 

coincide with known oceanographic circulation patterns. In addition, 

geographic distance and the nature of habitat separating populations 

(continuous habitat along a shoreline, discontinuous habitat along a 

shoreline, and open water) contributed to population structure in general 

linear model analyses. These results indicate that having a planktonic life 

stage does not preclude geographically partitioned genetic variation over 

relatively small geographic distances in marine environments. Moreover, 

levels of genetic differentiation among populations of A. nigricaudus cannot 

be explained by a single factor, but are due to the combined influences of a 

biogeographic boundary, habitat, and geographic distance. 

Appendix C extends results from Appendix B by including additional 

genetic markers to determine the influence of selection on overall genetic 

partitioning in A. nigricaudus. Although mtDNA haplotypes show a strong 

genetic break between two biogeographic regions, no such division is found 

among allozyme loci. This pattern is qualitatively similar to reduced 

geographic partitioning observed among allozymes in American oysters and 

Atlantic cod. The observed discordance between allozymes and mtDNA is 

consistent with balancing selection on allozymes, however, local adaptation 

of mtDNA or non-equilibrium conditions following a vicariant event could 

also create this pattern. These results highlight the need to consider multiple 

genetic markers when making inferences about the genetic structures of 

natural populations. 
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APPENDIX A: LARVAL DISTRIBUTION PATTERNS PREDICT 

GEOGRAPHIC PARTITIONING IN GULF OF CALIFORNLA. BLENNIES 

ABSTRACT 

In marine organisms, pelagic larval stages increase the opportunities 

for long distance movement and are often associated with little population 

structure over large geographic distances. The differences in genetic 

partitioning that are observed among fishes with planktonic larvae are not 

well explained by egg type (benthic or pelagic) or larval duration. Here, 

dispersal was estimated from ichthyoplankton distribution and abundance 

patterns relative to rock reefs in the Gulf of California for three species: 

Axoclinus nigricaudus, Malacoctenus hubbsi, and Ophioblennius 

steindachneri. A. nigricaudus larvae develop inshore, M. hubbsi larvae 

mostly develop inshore, and O. steindachneri larvae disperse offshore 

(Brogan 1992; Brogan 1994). To assess whether population structure reflects 

these differences in life history, the first hypervariable region of the mtDNA 

control region was sequenced in all three species. Estimates of genetic 

partitioning differed greatly among species but were in exactly the same rank 

order predicted by larval distribution patterns (A. nigricaudus FST = 0.695, M. 

hubbsi FST = 0.104, O. steindachneri FST = -1.562). These results indicate that 

distribution patterns of larvae are good predictors of adult population 

structure in marine fishes. 
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INTRODUCTION 

Dispersal ability has wide-ranging effects on a species' ecology and 

evolution. Among marine organisms, dispersal ability varies greatly and this 

variance can affect population dynamics (Doherty et al. 1994), community 

structure (Sale 1977), geographic partitioning of variation within species 

(Bohonak 1999), biogeographic patterns (Victor 1991), and even 

maaoevolutionary patterns Qablonski 1986, but see Hedgecock 1986). Benthic 

marine fishes and invertebrates mostly disperse during a larval stage. Some 

species spawn floating eggs from which feeding larvae hatch, and this 

planktonic larval stage can last for months. At the other extreme, some 

invertebrates and fishes bypass a larval stage altogether and brood their young 

or hatch juveniles from benthic-attached eggs. Intermediate strategies, such 

as benthic eggs followed by pelagic larvae, non-feeding larvae, and reduced 

larval duration are also common. There is no single explanation for the 

ubiquity or diversity of egg and larval forms among marine organisms 

(Johannes 1978; Barlow 1981; Leis 1991; Strathmann 1993). 

Because it is extremely difficult to directly track the movement of 

pelagic larvae, estimating dispersal indirectly using population genetic 

methods is popular. Indirect methods rely on the assumption that gene flow 

and dispersal are positively correlated. Thus, philopatric species are expected 

to exhibit greater genetic structure between populations than highly vagile 

species where migrants are exchanged between geographically distant 

populations (Slatkin 1985). The relative merits of direct and indirect methods 

have been discussed elsewhere (Slatkin 1987; Bossart and Prowell 1998). 
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Studies employing indirect methods to evaluate characteristics that may affect 

dispersal in marine organisms (i.e. presence vs. absence of a larval stage, 

benthic vs. pelagic eggs, and larval duration) have yielded mixed results. 

Studies of this type take one of two forms; there is a trade-off between 

comparing many species that differ in certain discrete dispersal-related traits 

(e.g. Gyllenstein 1985; Ward et al. 1994; Bohonak 1999) and comparing few 

closely-related species or those that share a similar range (e.g. Waples 1987; 

Duffy 1993; Hunt 1993; Russo et al. 1994; Doherty et al. 1995; Shulman and 

Bermingham 1995; Hellberg 1996; Arndt and Smith 1998). Comparing many 

species increases the sample size, allowing for statistical comparisons among 

species with specific traits. When many species are compared (across studies), 

however, some species may not represent independent data points due to 

shared ancestry (Harvey and Pagel 1991). The geographic range sampled may 

also differ among species, confounding sampling strategy with geographic 

structure. Smaller surveys can take into account species range (Waples 1987; 

Russo et al. 1994; Doherty et al. 1995; Shulman and Bermingham 1995; 

Hellberg 1996) or genealogy (Duffy 1993; Hunt 1993; Arndt and Smith 1998), 

but orUy allow for qualitative comparisons between few species. 

When comparisons are made between species that differ grossly in 

movement capacity, namely direct development vs. pelagic larvae, 

population structure is higher in the direct developing species Qanson 1987; 

Duffy 1993; Himt 1993; Russo et al. 1994; Hellberg 1996; Arndt and Smith 1998, 

but see Edmands and Potts 1997). In contrast, attempts to correlate life history 

characteristics that might have a more subtle effect on dispersal (benthic vs. 

pelagic eggs, larval duration) with population genetic structure have been 
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generally unsuccessful (reviewed by Burton 1983; Hedgecock 1986; Shulman 

1998, but see McMillan et al. 1992). For example, both Doherty et al. (1995) and 

Waples (1987) examined rank order correlations between dispersal ability and 

genetic differentiation among fishes. Doherty et al. (1995) estimated dispersal 

of seven Great Barrier Reef fishes by larval duration, while Waples (1987) 

combined fecundity, larval duration, and larval capture data to predict 

dispersal among ten Californian fishes. In both studies, however, the 

observed negative correlation between dispersal and population stiucture was 

largely driven by species that have direct development (noted by Bohonak 

1999); when comparisons were restricted to species with a planktonic larval 

stage, the correlation largely disappears. Similarly, Shulman and 

Bermingham (1995) looked for correlations between larval duration and egg 

type with population structiure in eight Caribbean reef fishes and found that 

neither was a good predictor of geographic differentiation. In French 

Polynesia, comparisons between Dascullus aruanus (Planes et al. 1993), which 

has benthic eggs, and Acanthurus triostegus (Planes 1993), which has pelagic 

eggs and a longer larval duration reveal greater genetic partitioning in A. 

triostegus, contrary to predictions. In sum, results to date imply that neither 

egg type nor larval duration is a strong indicator of adult population 

structure. 

Burton and Feldman (1982) advanced the idea that larval swimming 

behavior can modify dispersal and thus affect population structure. Within 

recent years, it has become clear that many larvae do not passively drift in the 

water column. Larvae segregate vertically, horizontally, and temporally 

(Cronin and Forward 1986; Smith et al. 1987; Gray 1993; Leis 1993; Kingsford 
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and Suthers 1996, reviews in Burton and Feldman 1982; Leis 1991), and at 

least some are strong swimmers (Stobutzki and Bellwood 1997). These 

differences among larval distributions may reflect different dispersal 

strategies. In fact, at least some fish do recruit back to their reef of origin 

(Jones et al. 1999; Swearer et al. 1999). In the single study to look for 

population structure caused larval swimming patterris, Avise et al. (1986) 

found a strong genetic division between North American and European eels, 

Anguilla anguilla. This result implies that eel larvae are able to migrate to 

their parental continent from the Sargasso Sea where all A. anguilla hatch. 

While the migration ability of eels is clearly impressive, larval movements 

over smaller distances (such as those relative to local shoreline) are more 

likely to be of general importance in determining adult population structure 

in marine organisms. 

The present study tests for differences in population structure caused by 

larval movement patterns of bleruiioid fishes. By sampling directly over Gulf 

of California reefs, Brogan (1992; 1994) predicted which fish taxa complete 

development over their natal reef and which taxa disperse offshore. This 

study includes three species identified by Brogan (1992; 1994) as differing in 

larval distribution patterns, ranging from patterns consistent with inshore 

development to patterns of offshore development. If larval movement is 

important for creating population subdivision in blermioid fishes, then the 

inshore species, Axoclinus nigricaudus (Tripterygiidae), should exhibit greater 

population structure than the offshore dispersing species Ophioblennius 

steindachneri (Blenniidae). The third species, Malacoctenus hubbsi 

(Labrisomidae), is intermediate in movement pattern and therefore is 
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expected to exhibit an intermediate degree of geographic partitioning. These 

three species were sampled over roughly the same geographic range so that 

results are not confounded by differing sampling scales. In addition, 

genealogy was taken into account by restricting species comparisons to the 

sub-order Blermioidei. Estimates of genetic partitioning from mtDNA 

sequences range widely and in the predicted rank order. These results 

demonstrate that larval distribution patterns are a good qualitative predictor 

of dispersal and contribute to differences in population structure among three 

species of blennioid fishes in the Gulf of California, Mexico. 
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MATERIALS AND METHODS 

Larval Dispersal Patterns and Natural Histories of Axoclinus nigricaudus, 

Malacoctenus hubbsi, and Ophioblennius steindachneri 

Three species of biennioid fishes were targeted for samplirig based on 

inferred dispersal ability, species range, and local abundance. Brogan (1992; 

1994) sampled fish larvae over Gulf of California rock reefs and looked at 

inshore larval abundance and distribution of larval size classes. Within the 

Blennioidei, tripterygiid fishes, such as A. nigricaudus, were identified as 

inshore developers, as all larval sizes were present and abundance decreased 

with distance from the shore. Similar larval distribution patterns have been 

observed in other tripterygiids (Leis and Goldman 1984; Kingsford and Choat 

1989; Leis 1991; Gray 1993), suggesting that inshore development is 

characteristic of this family. In contrast, Brogan (1992:1994) found 

Ophioblennius steindachneri (Blenniidae) larvae inshore only at the smallest 

and largest larval sizes (there were insufficient data to analyze concentration 

gradients for this species), implying that presettlement larvae disperse 

offshore. Malacoctenus spp. (Labrisomidae) exhibited an intermediate 

pattern: abundance did decrease with distance from shore, but presettlement 

larval sizes were rare, suggesting some offshore dispersal (Brogan 1992). 

Brogan's studies clearly indicate that iiishore development is common 

among A. nigricaudus larvae. Where the majority of M. hubbsi and O. 

steindachneri larvae mature is less certain. The single open water planktonic 

survey in the Gulf of California did not collect any biennioid larvae (Moser et 

al. 1973), although Springer (1962) noted that Ophioblennius larvae are 
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frequently found in deep waters. Studies of larval distributions face a number 

of challenges: larvae are diffuse (especially away from shore), deep water 

sampling requires boats, and different sampling equipment is required 

according to depth. Furthermore, larval identification is difficult and time-

consuming. As a result, most studies only identify fish larvae to the family 

level, obscuring differences among species. Predictions based on Brogan's 

results are speculative as predictions from any ichthyoplankton survey are 

likely to be, however, the results that follow are entirely concordant with 

predicted dispersal, indicating that surveys of larval distributions can infer 

dispersal. 

In addition to larval distribution patterns, I considered abundance and 

species range when selecting study species. The selected species are locally 

abundant. Axoclinus nigricaudus was chosen to represent a low dispersal 

species and Malacoctenus hubbsi was chosen as a medium dispersal species, 

because both are found in northern and central regions in the Gulf of 

California. Unfortunately, it was not possible to select a high dispersal 

blennioid abundant throughout the Gulf of Califorrua. Ophioblennius 

steindachneri has a larval distribution pattern consistent with high dispersal 

and ranges from the central Gulf of California to Panama, while M. hubbsi 

and A. nigricaudus are Gulf of Califorrua endemics. Although the three 

selected species come from different families, they all fall within the 

Blennioidei, which is probably monophyletic (Springer 1993). Phylogenetic 

relationships within the Blennioidei are uncertain. 
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A total of 177 fish were collected from nine geographic locations in the 

Gulf of California (Fig. 1). The study sites were selected to include 

representative populations in the northern and central Gulf regions and on 

both coastlines. A. nigricaudus were collected at all sites (n = 105, Riginos and 

Nachman, in review). M. hubbsi were collected from Los Angeles (n = 9), 

Chivato (n = 8), Lobos (n = 9), and Venecia (n = 10), and O. steindachneri were 

collected from Chivato (n = 10), La Paz (n = 10), Muertos (n = 6), Libertad 

(n = 2), and Venecia (n = 8). A piece of muscle tissue was frozen in liquid 

nitrogen and later used for DNA extraction. Each individual fish was 

ethanol-preserved and deposited as a voucher specimen in the University of 

Arizona Fish Collection (UAZ). 

Mitochondrial DNA Amplification and Sequencing 

Genomic DNA was prepared from muscle tissue following Sambrook 

et al. (1989) with modifications described by Kocher et al. (1989). Universal 

fish primers A and E (Lee et al. 1995), that target a portion of tRNA-pro and 

the central conserved region of the mitochondrial control region, were used 

to PCR amplify a fragment of the first hypervariable region with Taq 

polymerase (Amersham) in 10 ul volume reactions. Reactions were 

optimized at 40 cycles of 95°C for 30 s, 52 °C for 30 s, and 72° C for 45 s. PCR 

products were sequenced using the dideoxy chain termination method 

(Sanger et al. 1977) following manufacturer's (Amersham) conditions. PCR 

primers were used to generate overlapping fragments (total sequence length: 

A. nigricaudus = 408 basepairs, M. hubbsi = 399 basepairs, O. steindachneri = 
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gel and exposed to film overnight. The first base in our sequence corresponds 

to position 16617 in the sequence of Zardoya et al. (1995). Sequences have 

been deposited in Genbank with accession numbers XXXXX-XXXXX. The 

sequences for A. nigricaudus were previously reported in Riginos and 

Nachman (in review). 

Estimation of Nucleotide Variation 

Within each species, sequences were aligned manually. The number of 

unique haplotypes, nucleotide polymorphisms, and indels were counted. 

The average number of pairwise differences, ft (Tajima 1989), and diversity 

based on the number of segregating sites, 6 (Watterson 1975) were calculated. 

Both ir and 6 estimate the neutral parameter 6 = 2N}j. for mtDNA, where N 

is the effective population size for females and fj. is the mitochondrial 

neutral mutation rate. 

Patterns of Geographic Subdivision 

The amount of genetic partitioning within each species was estimated 

in four separate manners: 1) molecular analyses of variance (Excoffier et al. 

1992), 2) F-statistics {sensu Wright 1951), 3) genetic distances (Charlesworth 

1998), and 4) phylogenetic analyses (Saitou and Nei 1987; Swofford 1999). 

Analyses of molecular variance (AMOVA) were used to test for sigiuficant 

population structure and to estimate partitioning among populations. The 

AMOVA firamework is analogous to an analysis of variance test, where 

variance is partitioned among hierarchical levels, and then haplotypes are 
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permuted within the hierarchical structure to assess the sigiuficance of the 

observed values. Two-level AMOVAs were performed for each of the three 

species using ARLEQUIN (Schneider et al. 1997) where variation within 

populations was compared to variation among populations (analogous to 

Wright's [1951] F-statistics). Since A. nigricaudus and M. hubbsi populations 

were sampled from two biogeographic regions, three-level AMOVAs were 

used to assess the contribution of biogeographic regions to population 

structure. Populations were assigned to biogeographic regions following 

Thomson and Gilligan's (1983) regions (northern Gulf = Gonzaga + Los 

Angeles + Lobos + Libertad, central Gulf = Chivato + La Paz + Muertos + Kino 

+ Venecia) and variation was estimated between regions, among populations 

within regions, and within populations. 

In addition to the AMOVA estimation of genetic partitioning, standard 

F-statistics were calculated. Two criticisms of this approach are that the island 

model of genetic exchange is biologically unrealistic (Neigel 1997; Bossart and 

Prowell 1998; Whitlock and McCaoley 1999) and that EST IS affected by 

differences of within-population variation (Charlesworth 1998). However, 

the widespread use of F-statistics allows for a convenient metric for 

comparison across species and studies (as in Gyllenstein 1985; Ward et al. 

1994; Bohonak 1999). In order to compare partitioning here with other 

studies, Hudson et al.'s (1992) FST WAS calculated since it is equivalent to Nei's 

(1973) GST which has been frequently reported in surveys of allozyme 

variation. 
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Because FST is inflated by anything that reduces within-population 

variation (such as selective sweeps associated with local adaptations), an 

absolute measure of genetic distance, was used to compare across species 

and populations in this study (Charlesworth 1998). Genetic distance, is 

equivalent to Nei's (1973) Dm/ and is the difference between the diversity of 

alleles drawn from different populations (between-population nucleotide 

diversity, it^) and within-population diversity. Species-wide and k,^ of all 

within-species population pairs were calculated. 

Levels of inter-population diversity were quantitatively compared 

across species in two ways. First, genetic distances between all pairs of 

populations (within each species) were tabulated and a non-parametric 

Kruskal-Wallis test was used to determine whether mean was 

significantly different among the three species. Because M. hubbsi and O. 

steindachneri were not collected at all study sites (Fig 1), each pool of 

population pairs for these two species is a subset of those available for A. 

nigricaudus, which was collected from all study sites. In the second set of 

tests, genetic distances of M. hubbsi and 0. steindachneri population pairs 

were compared against a reduced set of A. nigricaudus genetic distances 

restricted to the same pairs of sampled populations. M. hubbsi-A. nigricaudus 

and 0. steindachneri-A. nigricaudus comparisons were made using the 

Wilcoxon signed-raiiks test, a non-parametric equivalent of a paired t-test 

(Sokal and Rohlf 1995). M. hubbsi and O. steindachneri could not be 

compared in this manner because their sampled distribution only overlaps at 

two collecting sites (Chivato and Venecia, Fig. 1). 



Finally, phylogenies were constructed with maximum parsimony and 

neighbor-joining algorithms using PAUP 4.0b2a. Parsimony analyses were 

conducted with transitions and transversions weighted equally and with 

t ransvers ions  g iven  a  weight  re la t ive  to  the i r  observed  ra t io  to  t rans i t ions  {A .  

nigricaudus: observed number of transitioris to transversions among aligned 

sequences was 69:11, M. hubbsi: 14:1, O. steindachneri: 76:19). Heuristic 

searches were performed ten times under general search options and a 

maximum limit of trees set at 1000. Phylogerues were also constructed using 

neighbor-joiriing (Saitou and Nei 1987) with distances between sequences 

estimated under a Kimura (1980) two-parameter model. 
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RESULTS 

Estimation of Nucleotide Variation 

Diversity at mtDNA ranged widely within the three species sampled 

(Table 1, Appendix 1, Appendix 2, Riginos and Nachman in review), but 

estimates of nucleotide diversity within the three study species spanned the 

range observed in other teleosts at the mtDNA control region (Rosel and 

Block 1996; Chenoweth et al. 1998; Stepien 1999). All measures of diversity 

were lowest in M. hubbsi; there were proportionately fewer ui\ique 

haplotypes, fewer segregating sites, no indels, 6 = 0.85%, and n = 0.60%. At 

the other extreme, diversity in O. steindachneri was high, with all haplotypes 

unique, 85 segregating sites, 7 indels, d = 6.30%, and Jt = 6.29%. Diversity of 

A. nigricaudus sequences was intermediate to M. hubbsi and O. steindachneri. 

M. hubbsi were sampled over a smaller geographic region than the other two 

species, however, estimates of ir and 6 for O. steindachneri and A. 

nigricaudus were not sigiuficantly altered by omitting the locales of La Paz 

and Muertos, where M. hubbsi were not sampled (O. steindachneri: n =6.14%, 

B = 5.85%; A. nigricaudus k =2.64%, d = 3.12%). Tajima's D (1989) was 

negative for all three species, although not significantly different from zero. 

These deviations are consistent with an excess of low frequency 

polymorphisms, as previously reported for mtDNA in other organisms 

(Excoffier 1990; Nachman et al. 1996) and may result from mildly deleterious 

mutations, a recent selective sweep, or non-equilibrium demographic effects 

(Tajima 1989). 
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Haplotype diversity was significantly partitioned among populations of 

A.- nigricaudus and M. hubbsi but not O. steindachneri (Table 2). The 

percentage of variation explained by differences among populations, in 

the two-level AMOVA was highest for A. nigricaudus = 0.448 %, p < 

0.001) followed by M. hubbsi - 0.246, p = 0.01), and there was no 

significant partitioning of variation between O. steindachneri populations 

(<I)^ = -0.046, the negative value reflects greater within-population diversity 

than among-population diversity). Species-level FST'S and genetic distances 

were in the same rank order as with the greatest partitioning of genetic 

variation in A. nigricaudus, less genetic partitioning in M. hubbsi, and no 

evidence for genetic partitioning in O. steindachneri. Three-level AMOVAs 

of A. nigricaudus and M. hubbsi, that tested for differences between 

biogeographic regions, revealed significant genetic partitioning between 

regions in A. nigricaudus (<I>cr = 0.273, p<0.001) but no partitioning between 

b i o g e o g r a p h i c  r e g i o n s  w a s  d e t e c t e d  a m o n g  M .  h u b b s i  p o p u l a t i o n s  ( =  

-0.002, n.s.). 

Kruskal-Wallis and Wilcoxon signed-rarik tests substantiated greater 

partitioning among A. nigricaudus populations than among either M. hubbsi 

or O. steindachneri populations. The Kruskal-Wallis test compared rank 

means of inter-population 's among the three species and yielded highly 

significant results (H = 25.78, d.f. = 2, p < 0.0001). Inspection of the mean rank 

scores (Table 3) shows that the significance of this result is largely caused by A. 

nigricaudus. When comparisons were restricted to fishes sampled from the 
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same geographic locations, genetic distance was higher between pairs of A. 

nigricaudus populations relative to M. hubbsi (Table 4: Wilcoxon signed-

ranks test, z = -2.201, p = 0.Q277) and relative to O. steindachneri (Table 5; 

Wilcoxon signed-rarJics test, z = -2.090, p = 0.0367). The same general results 

were obtained for the Kruskal-Wallis test and Wilcoxon signed-ranks tests 

when Fst between population pairs was used instead of 

One of the populations of O. steindachneri, Libertad, contained 

significantly fewer individuals than any other population sampled (n = 2). 

Density of O. steindachneri at this locale was unusually low and, in fact, no O. 

steindachneri were found on a subsequent visit to this site. Because these two 

Libertad individuals had a disproportionate impact on population level 

analyses, all measures of species-wide partitioning (AMOVA, F-statistics, 

genetic distances), as well as tests comparing diversity among O. steindachneri 

populations to that among A. nigricaudus and M. hubbsi populations 

(Kruskal-Wallis and Wilcoxon signed-ranks tests) were recalculated excluding 

the Libertad population of O. steindachneri. All general results remained the 

same when these two individuals were excluded from analyses. 

Phylogenetic analyses failed to reveal any concordance between 

geography and phylogeny among O. steindachneri and M. hubbsi haplotypes. 

In contrast, neighbor-joining and unweighted parsimony analyses revealed 

strong concordance between geography and phylogeny in A. nigricaudus with 

three distinct clades: 1) mostly northern Gulf, 2) mostly western central Gulf, 

and 3) eastern central Gulf. These results are described in detail elsewhere 

(Riginos and Nachman in review), but support the AMOVA results of 



significant partitioning in A. nigricaudus between the northern and central 

Gulf regions. 
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DISCUSSION 

Results from mtDNA control region sequences for Axoclinus 

nigricaudus, Malacoctenus hubbsi, and Ophioblennius steindachneri are 

consistent with predicted dispersal based on larval distribution patterns. In 

addition, patterns of mtDNA diversity suggest that the population size of O. 

steindachneri is largest, followed by A. nigricaudus, and that M. hubbsi has 

the smallest population size. 

Haplotype Diversity and Population Size 

Diversity at the mtDNA control region is higher in O. steindachneri 

than in A. nigricaudus and M. hubbsi. Both rt and d are seven to ten times 

greater in O. steindachneri than M. hubbsi (Table 1), and this difference is 

likely to reflect differences in effective population sizes. Using a 

mitochondrial control region mutation rate of fj. = 7* lO'^ per site per 

generation (Horai et al. 1995), estimates of effective population size (where ir 

estimates 9 = 2Nn, generation time is 1-2 years, and an equal male and female 

population size is assumed) are N = 4-8 * 10^ for O. steindachneri, N = 2-4 * 

105 for A. nigricaudus, and N = 4-8 * 10^ for M. hubbsi. Lack of population 

subdivision in O. steindachneri (Table 2) indicates that a single panmictic 

population was sampled, whereas geographic subdivision in A. nigricaudus 

and M. hubbsi should iiiflate species-wide estimates of effective population 

sizes. Breeding strategies in these three species are similar (males attract 

females to nests that they guard: Breder and Rosen 1966), and therefore the 

ratio of effective female population size to effective male population size is 
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likely to be roughly the same. Ichthyocide sampling within the Gulf of 

California indicates that A. nigricaudus is the most abundant of the three 

species, followed by M. hubbsi (Thomson and GUligan 1983). Both A. 

nigricaudus and M. hubbsi are Gulf of California endemics, although the 

range of A. nigricaudus extends further south than that of M. hubbsi which 

ends near Loreto (approximately halfway between Chivato and La Paz on the 

the Baja coast; Gilligan 1980). 0. steindachneri range widely throughout 

eastern tropical Pacific suggesting a larger total population size. Thus, local 

abundances and species ranges are consistent with O. steindachneri having 

the largest population size followed by A. nigricaudus and M. hubbsi. A 

similar pattern of high haplotype diversity was found in O. atlanticus, the 

Caribbean geminate species to O. steindachneri, relative to other (non-

Blennioid) Caribbean fishes surveyed using RFLP's of whole mtDNA 

(average haplotype diversity of O. atlanticus = 1.00, all others <0.98: Shulman 

and Bermingham 1995). It may be that both O. steindachneri and 0. atlanticus 

have large effective population sizes relative to other reef fishes. 

Dispersal Patterns and Population Structure 

Estimates of genetic partitioning within the three species are 

concordant with observed larval movement patterns. Population structure is 

greatest for A. nigricaudus, whose larvae complete development over rock 

shore reefs (Table 2). There is no genetic partitioning in O. steindachneri, 

whose larvae appear to complete development in open waters, and M. hubbsi 

is intermediate in both behavior and genetic partitioning. This qualitative 

pattern is consistent regardless of the maimer in which genetic partitioning is 
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estimated. Greater population structure is also found in A. nigricaudus when 

analyses are restricted to comparisons of population pairs. The Kruskal-

Wallis test, which compares mean values of. TCg across the three species, is 

highly significant (H = 25.78, d.f. = 2, p < 0.0001, Table 3). Although this result 

is clearly driven by greater genetic distances among A. nigricaudus 

populations (mean rank = 33.61), the relative mean rank score for M. hubbsi 

(11.17) is greater than that for O. steindachneri (10.10), consistent with greater 

population structure in M. hubbsi relative to O. steindachneri. Restricting 

comparisons to fishes collected from the same sampling sites also shows that 

population structure is highest in A. nigricaudus; Wilcoxon signed-ranks 

tests are significant comparing genetic distances of A. nigricaudus to M. 

hubbsi (Table 4: Wilcoxon signed-ranks test, z = -2.201, p = 0.0277) and also 

comparing A. nigricaudus to O. steindachneri (Table 5: Wilcoxon signed-

ranks test, z = -2.090, p = 0.0367). Thus, genetic partitioning is significantly 

higher in A. nigricaudus relative to M. hubbsi or O. steindachneri, and 

partitioning within M. hubbsi is qualitatively greater than that observed 

within 0. steindachneri. 

Results of this study are concordant with the relative dispersal rates 

predicted by Brogan (1992; 1994) based on larval distribution patterns and are 

not easily explained by other factors. All three study species hatch from 

benthic eggs and have similar morphology at hatching (Brogan 1994), but 

larval duration has not been estimated for these species. Settlement size O. 

steindachneri is larger (37-66 mm) than either settlement stage M. hubbsi (12-

15 mm) or A. nigricaudus (9-13 mm) (Brogan 1994), suggesting that O. 

steindachneri may spend more time as planktonic larvae than either M. 
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hubbsi or A. nigricaudus. Limited data on the relationship between 

settlement size and larval duration, however, show little correlation between 

the two traits (Victor 1991). While differences in larval duration cannot 

formally be excluded as a confounding variable, other studies that have 

explicitly tested for a negative correlation between population structure and 

larval duration have failed to find the expected pattern among fishes that 

have pelagic larvae (Doherty et al. 1995; Shulman and Bermingham 1995). 

Thus, it is likely that differences in population structure among these three 

species are due to A. nigricaudus, and to a lesser degree M. hubbsi, larvae 

maintaining a position close to their natal reef and settling locally. 

Within A. nigricaudus, there is the greatest amount of genetic 

partitioning and much variation is restricted to biogeographic regions. This 

partitioning is reflected both in the three-level AMOVA (<I>c7- = 0.273, p<0.001) 

and in phylogenetic analyses where haplotypes are partitioned between 

northern and central Gulf clades (Riginos and Nachman, in review). In 

contrast, the biogeographic regions do not contribute to partitioning of 

variation among M. hubbsi populations = -0.002, n.s.) and there is no 

concordance between geography (biogeographic regions or otherwise) and 

phylogeny among M. hubbsi haplotypes. Results here are in contrast to 

results from Waples and Rosenblatt (1987) who found that despite differences 

in dispersal ability, southern Califorruan fishes showed similar patterr\s of 

geographic partitiorung. Waples and Rosenblatt (1987) compared patterns of 

population subdivision among seven fishes, and six of the seven species 

(including Embiotocidae jacksoni that lacks a larval stage) showed roughly 

similar patterns of genetic distance between population pairs (Waples and 
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Rosenblatt 1987: Table 4). While Waples and Rosenblatt sampled over a large 

geographic area, all collecting sites were within the same biogeographic 

region. In the present study, samples were drawn from two biogeographic 

regions, with the result that A. nigricaudus haplotypes from different 

biogeographic regions are more genetically distant than haplotypes from 

within the same region, while M. hubbsi haplotypes do not appear to be 

segregated across the biogeographic boundary. Results here are similar to 

those from a study that sampled two species of sea cucumbers, Cucumaria 

miniata (that has pelagic larvae) and C. pseudocurata (that broods young) 

along the Pacific coast from Alaska to Canada. Arndt and Smith (1998) found 

evidence for partitioning in C. pseudocurata but not in C. miniata, and this 

partitioning coincided with the splitting of the Californian and Alaskan 

currents. Factors that may contribute to biogeographic patterns, such as ocean 

currents, appear to contribute to population structure within low dispersal 

species (C. pseudocurata and A. nigricaudus) but have a negligable effect on 

geographic partitioning in high dispersal species (C. miniata and M. hubbsi). 

Thus, both among Pacific sea cucumbers and among Gulf of California 

blennies, dispersal ability is the primary determinant of population structure. 

Conclusions 

Among the three species sampled, the amount of population 

subdivision varies greatly. A. nigricaudus has the highest amount of genetic 

partitioning reported to date in a fish with a planktonic larval stage (Riginos 

and Nachman, in review). In contrast, O. steindachneri behaves as a single 

panmictic population over the 730 km surveyed. Comparisons across species 
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and populations are consistent in revealing that the greatest amount of 

genetic partitioning occurs in A. nigricaudus, whose larvae remain over Gulf 

of California reefs, followed by M. hubbsi that has an intermediate larval 

movement pattern, and no partitioning occurs in O. steindachneri whose 

larvae are not commonly found inshore. Other studies that have used egg 

type or larval duration to predict population structure have failed to 

demonstrate a correlation among fishes with a planktonic larval stage. 

Across three species of Gulf of California blennies, larval distribution patterns 

are strong predictors of population structure. These results suggest that subtle 

differences among reef fishes, not necessarily associated with egg type or 

larval duration, affect dispersal. In addition, although both A. nigricaudus 

and M. hubbsi have significant population structure, there is considerable 

hierarchical structure to mtDNA variation in A. nigricaudus with regard to 

biogeographic regions and no such hierarchy in M. hubbsi. Thus, specific 

opportunities for population subdivision, such as those associated with 

biogeographic regions, are determined by relative amounts of dispersal and 

vary among species. 
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Table 1: Descriptive statistics 

Unique 

Species Individ Popula Length haplotypes en 
A 

TCj. Tajima's 

uals tions (bp) (%) S Indels (%) H % )  D 

A. nigricaiidus 105 9 408 86 (82%) 72 2 3.39 2.79 -0.827 

M. hubbsi 36 4 399 17 (47%) 15 0 0.85 0.60 -0.953 

0. steindachneri 36 5 321 36 (100%) 85 7 6.30 6.29 -0.484 

" Both kj and 0 estimate the neutral parameter 0 = 2Nn. TCj (Tajima 1989) is estimated from the 

average number of pairwise differences and 0 (Watterson 1975) is based on the number of 
segregating sites. 



Table 2: Measures of species-wide population structure 

Species 

Predicted 

dispersal (o/„) FST'' pC 

Nuclear 

equivalent 

Fst^ 

A. nigricaudus low 1.533 0.695 0.448 <0.001 0.222 

Al. hubbsi medium 0.042 0.104 0.246 0.010 0.014 

O. steindachneri high -3.085 -1.562 -0.046 ns -0.082 

^ is equivalent to Nei's (1973) Dm and was calculated following Charlesworth (1998). 

''FST of Hudson et al. (1992) is equivalent to Nei's (1973) GST and was calculated following 
Charlesworth (1998). 

^(f>^ was calculated in the AMOVA framework, where estimates the variance among 
populations (Excoffier et al. 1992) and the probability of the observed value is obtained by permuting 
haplotypes and recalculating the statistic. 

^Assuming a sex ratio of one and equal migration of males and females. 



Table 3: Kruskal-Wallis test for different mean genetic distance (;r„) between population pairs 

Species Count Sum ranks Mean rank 

A. nifiricaudiis 36 1210 33.61 

M. hubbsi 6 67 11.17 

O. steindachneri 10 101 10.10 

Kruskal-Wallis test H = 25.78 d.f. = 2 p < 0.0001 



Table 4: Genetic distances between population pairs of A. nigricaudus (low dispersal) and M. hubbsi 

(medium dispersal) 

Populations 

A. nigricaudus 

Tto (%) 

M. hubbsi 

n,, (%) 

Los Angeles-Chivato 1.033 0.099 

Los Angeles-Lobos 0.313 0.139 

Los Angeles-Venecia 1.743 0.596 

Chivato-Lobos 1.244 -0.036 

Chivato-Venecia 2.117 0.295 

Lobos-Venecia 2.199 0.090 

Wilcoxon signed-ranks test z = -2.201 p = 0.0277 

cn to 



Table 5: Genetic distances between population pairs of A. nigricaudus (low dispersal) and O. steindachneri 

(high dispersal) 

A. nigricaudus O. steindachneri 

Populations jr„ (%) IC„ (%) 

Chivato-La Paz -0.061 0.041 

Chivato-Muertos 0.181 0.221 

Chivato-Libertad 1.049 1.736 

Chivato-Venecia 2.117 0.101 

La Paz-Muertos 0.124 -0.171 

La Paz-Libertad 1.351 0.084 

La Paz-Venecia 1.413 -0.226 

Muertos-Libertad 2.464 0.179 

Muertos-Venecia 1.601 0.614 

Libertad-Venecia 2.340 -0.002 

Wilcoxon signed-ranks test z = -2.090 p = 0.0367 



Figure legends 

Figure 1. The Gulf of California. Arrows point to individual collecting 

locations. Boxed "0"'s, "M"'s, and "A"'s refer to locations where 

Ojjhioblennius steindachneri, Malacoctenus hubbsi, and Axoclinus 

nigricaudus were sampled. The ranges of the biogeographic regions are 

shown on the left. 
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Appendix 1: Polymorphic sites in Maliicoctcnus hubbsi 

Polymorphic Sites 
1 1 1 1 1 1 2 2 2 2 2  
3 4 4 4 8 9  0  1 8 9 9  
4 2 3 5 1 6 4 3 7 4 5  

Haplotype n Location A  A G T G A T C A A A A A A C  

1  8  Los Angeles (5), Lobos (2), Chivato (1) G  G  .  G  .  .  
2  8  Venecia (6), Los Angeles (1), Lobos (1) . G . 

3 3 Lobos (2), Chivato (1) 

4 3 Venecia (2), Lobos (1) . .A 

5 2 Chivato (1), Los Angeles (1) . G G G . G . . 

6 1 Los Angeles G . . G G . G . . 

7 1 Los Angeles .  . . . . .  C  .  G  G . G . . 

8 1 Chivato .  . A C .  .  .  G  .  
9 1 Chivato G G G . G . . 
10 1 Chivato G G . . . T 

11 1 Chivato G 

12 1 Chivato G G . . 

13 1 Lobos .  . . .  A  . . .  G  G . G . . 

14 1 Lobos G G G . » 

15 1 Lobos G . G . 
16 1 Venecia .  . . .  A  . . .  .  G . n 
17 1 Venecia G 

Ol 
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APPENDIX B: THE CONTRIBUTIONS OF BIOGEOGRAPHY, 

DISCONTINUOUS HABITAT, AND ISOLATION BY DISTANCE TO 

MTDNA DIFFERENTIATION IN THE CORTEZ TRIPLEFIN 

ABSTRACT 

The relative importance of factors that may promote gerietic 

differentiation in marine organisms is largely imknown. Here, contributions 

to population structure from biogeography, habitat distribution, and isolation 

by distance were investigated in Axoclinus nigricaudus, a small subtidal rock 

reef fish, throughout its range in the Gulf of California. A 408 basepair 

fragment of the mitochondrial control region was sequenced from 105 

individuals. Variation was significantly partitioned between many pairs of 

populations. Phylogenetic analyses, hierarchical analyses of variance, and 

general linear models substantiated a major break between two putative 

biogeographic regions. This genetic discontinuity coincides with an abrupt 

change in ecological characteristics (including temperature and salinity) but 

does not coincide with known oceanographic circulation patterns. 

Geographic distance and the nature of habitat separating populations 

(continuous habitat along a shoreline, discontinuous habitat along a 

shoreline, and open water) also contributed to population structure in general 

linear model analyses. To verify that local populations are genetically stable 

over time, one population was resampled on four occasions over eighteen 

months; it showed no evidence of a temporal component to diversity. These 

results indicate that having a planktonic Ufe stage does not preclude 

geographically partitioned genetic variation over relatively small geographic 



distances in marine environments. Moreover, levels of genetic 

differentiation among populations of Axoclinus nigricaudus cannot be 

explained by a single factor, but are due to the combined influences of a 

biogeographic boundary, habitat, and geographic distance. 
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INTRODUCTION 

A continuing challenge in the study of evolution is to understand the 

processes by which populations become genetically distinct. In general, 

genetic drift and local adaptation are counteracted by the unifying effects of 

gene flow. In many marine organisms, gene flow is high due to a planktonic 

life stage, which can result in movement over large distances (reviewed in 

Palumbi 1994; Shulman 1998). The combination of high dispersal and few 

barriers to gene flow presents a challenge for understanding how divergence 

occurs in marine environments and the predominant mechanisms leading to 

population differentiation remain unclear (Palumbi 1994). 

It is possible that genetic differentiation in marine environments, in 

particular, is facilitated by filter (incomplete) barriers that reduce the amount 

of gene flow, or by selective differences in adjacent populations (local 

adaptation). Incomplete barriers to gene flow include increased geographic 

distance (isolation by distance), unsuitable habitat such as open water, and 

oceanographic circulation patterns that restrict larvae to certain current tracks 

(see Palumbi 1994 for review). Many of these types of barriers probably 

delineate biogeographic regions that are identified by the ranges of many 

individual species (e.g. Walker 1960; Briggs 1974, although biogeographic 

barriers may not correspond to intraspedfic genetic discontinuities. Burton 

1998). In principle, strong selection can also counteract gene flow (Endler 

1977) and is likely to be associated with environmental differences between 

geographic locations. 
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Intraspecific studies have yielded mixed results regarding the 

importance of potential barriers and selective differences to genetic 

differentiation in marine organisms. A general pattern of isolation by 

distance is often observed, although more so in low-dispersal organisms 

(Hellberg 1996) or over several thousand kilometers (Palumbi et al. 1997). 

Consistent with limited dispersal across unsuitable habitat, island 

populations isolated by open water are often genetically divergent from 

mainland populations (Bell et al. 1982; Stepien and Rosenblatt 1991; Doherty 

et al. 1995; Johrison and Black 1995). Oceanographic circulation patterns do 

not correlate with genetic patterns in Pacific sea urchins (Palumbi et al. 1997), 

giant clams (Benzie and Williams 1997), or Caribbean reef fishes (Shulman 

and Bermingham 1995). Selection due to salinity and temperature differences 

may cause the clinal patterns of allele frequencies observed in several taxa 

(Koehn et al. 1980; Powers et al. 1993), although ciines can also be the result of 

secondary contact (Endler 1977). 

There have been relatively few studies of coastal marine organisms 

that explicitly investigate the causes of underlying patterns of genetic 

variation. Often there is no particular geographic pattern, as genetic 

homogeneity is commonly observed even at scales greater than a thousand 

kilometers (for review see Palumbi 1994; Shulman 1998). The majority of 

studies have utilized allozyme markers that may be subject to balancing 

selection (Karl and Avise 1992; Pogson et al. 1995 but see Baer 1999), and thus 

might obscure demographic patterns. Surveys of mtDNA, however, often 

show little geographic either (McMillan and Palumbi 1995; Shulman and 

Bermingham 1995) 
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Here, we examine the impact of geographic distance, discontinuities in 

suitable habitat, and a zone of rapid ecological transition (across two putative 

biogeographic regions) on genetic differentiation in a rock-reef fish with 

planktonic larvae. Axoclinus nigricaudus (Blermioidei: Tripterygiidae) were 

sampled throughout the species range in the Gulf of California, Mexico. Data 

from mtONA control region sequences show that a biogeographic boundary, 

habitat discontinuities, and geographic distance in combination contribute to 

genetic differentiation. In A. nigricaudus, variation is partitioned over 

relatively short geographic distances, despite the presence of a planktonic 

larval stage. 
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MATERIALS AND METHODS 

Natural History of Axoclinus nigricaudus and the Gulf of California 

Axoclinus nigricaudus (Allen and Robertson 1991) is a small (25-40 

mm standard length) sub tidal fish endemic to the Gulf of California. This 

species is one of the most abundant fishes on rock reefs throughout the Gulf 

of California. A. nigricaudus eggs are demersal (benthic) and the larvae are 

planktonic, although the larvae are probably retained close to reefs (Brogan 

1994). A. nigricaudus are found only on rocky shores. Since rocky shorelines 

are fragmented in some areas of the Gulf of California, comparisons among 

continuous and discontinuous rocky shores allow us to investigate how 

habitat distribution affects population structure. On the western coast of the 

Gulf, along the Baja peninsula, rocky shores are nearly continuous (Fig. 1). In 

contrast, rocky regions on the eastern coastline of the Gulf (Sonora) are few 

and surrounded by sandy shores (beaches and estuaries). Thus, populations 

are separated by either continuous suitable habitat (rocky coast) or by 

unsuitable habitat (sandy shores or open water). 

The Gulf of California is subdivided into three regions based on range 

distributions and commuiuty composition (Walker 1960; Thomson and 

Gilligan 1983). While faunal compositions are somewhat different in these 

regions, in general, adjacent regions are not characterized by sister taxa. The 

northern Gulf is a shallow evaporative basin characterized by large tidal 

fluctuations (to 10 m), extreme temperature range (16° C), elevated salinity, 

and increased sediment load. In contrast, conditions throughout central and 
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southern Gulf regions are more moderate, due in part to deep ocean trenches 

that buffer temperature changes and evaporative loss. Tidal and temperature 

ranges are smaller (1 m and 9° C, respectively) and salinity is more moderate 

(Bray and Robles 1991). The southern Gulf is characterized by hermatypic 

corals and tropical spedes not found to the north, but environmental 

differences between the southern and central Gulf regions are not as striking 

as between northern and central Gulf regior\s. A strict delineation between 

northern and central Gulf populations is not possible; the northern-central 

transition occurs south of Isla Angel de la Guarda (near Baja) and north of Isla 

Tiburon (near Sonora), the two largest islands in the Gulf (Fig. 1). Walker 

(1960) placed the central-southern Gulf division north of La Paz, while 

Thomson and Gilligan (1983) argued for a division south of Bahia de los 

Muertos (Fig. 1). 

Populations Sampled 

A total of 105 fish were collected from nine geographic locatioris in the 

Gulf of California (Fig. 1, Table 1). The study sites were selected to include 

representative sites in the northern and central Gulf biogeographic regions 

and on both coastlines. One site, Caleta Venecia, was resampled on four 

occasions to investigate temporal stability of haplotypes. Venecia collecting 

dates are as follows; 5/97 (n=10), 10/97 (n=6), 3/98 (n=4), and 11/98 (n=10). 

Fish were frozen whole in liquid nitrogen. Subsequently, a piece of muscle 

tissue was removed for DNA extraction. Each individual was deposited as a 

voucher specimen in the University of Arizona Fish Collection (UAZ). 
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Mitochondrial DNA Amplification and Sequencing 

Genomic DNA was prepared from muscle tissue following Sambrook 

et al. (1989) with modifications described by Kocher et al. (1989). Universal 

fish primers A and E (Lee et al. 1995), that target a portion of tRNA-pro and 

the central conserved region of the mitochondrial control region, were used 

to PCR amplify a 453 basepair fragment of the first hypervariable region with 

Taq polymerase (Amersham) in 10 ul volume reactions. Reactions were 

optimized at 40 cycles of 95°C for 30 s, 52 'C for 30 s, and 72° C for 45 s. PCR 

products were sequenced using the dideoxy chain termination method 

(Sanger et al. 1977) following manufacturer's (Amersham) conditions. Both 

PCR primers and internal sequencing primers (AN.F3: 5'-AGC GAT ACA 

CCA ACT AAC AAT-3', AN.R4; 5'-TGG TCG GTT CTT ACT ACA TTA-S") 

were used to generate overlapping fragments, with a total sequence length of 

408 basepairs. Sequencing products were electrophoresed on a 8% acrylimide 

gel and exposed to film overnight. The first base in our sequence corresponds 

to position 16617 in the sequence of Zardoya et al. (1995), Sequences have 

been deposited in Genbank with accession numbers XXXXX-XXXXX. 

Descriptive Statistics 

All A. nigricaudus sequences were aligned manually. The number of 

unique haplotypes and number of transitions and transversions were 

counted. Both the average number of pairwise differences, z (Tajima 1989), 
A 

and diversity based on the number of segregating sites, 6 (Watterson 1975) 

were calculated. Both it and 0 estimate the neutral parameter d = 2N/i for 

mtDNA, where N is the effective population size for females and n is the 
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mitochondrial neutral mutation rate. To check for deviations from neutral 

expectations for the frequency spectrum of polymorphisms, significance 

values were calculated for Tajima's D (1989), Fu and Li's D (1993), and Fu's Fs 

(1996). These statistics compare values for 6 and tc, the distribution of 

mutations on internal branches to external branches on a gene tree, and the 

number of haplotypes observed to a given value of ir, respectively. 

Nucleotide diversity, was also estimated for each individual population. 

Patterns of Geographic Subdivision 

Analyses of molecular variance (AMOVA: Excoffier et al. 1992) were 

used to test for significant population structure. The AMOVA framework is 

analogous to an analysis of variance test; variance is partitioned among 

hierarchical levels, and then haplotypes are permuted within the hierarchical 

structure to assess the significance of the observed values. First, a two-level 

AMOVA was performed using ARLEQUIN (Schneider et al. 1997) to assess 

the degree of population structure over all populations. Here, variation 

within populations was compared to variation between populations 

(analogous to Wright's [1951] F-statistics). In the second series of tests, 

sequences from all nine geographic sites were included in two separate three-

level AMOVA's in which variation was partitioned among biogeographic 

regions, populations, and individuals. Populations were assigned to 

biogeographic regions following Walker's (1960) biogeographic regions 

(northern Gulf = Gonzaga + Bahia de Los Angeles + Lobos + Libertad, central 

Gulf = Chivato + Kino + Venecia, and southern Gulf = La Paz + Muertos) and 

following Thomson and Gilligan's (1983) biogeographic regions (northern 
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Gulf = Gonzaga + Los Angeles + Lobes + Libertad, central Gulf = Chivato + La 

Paz + Muertos + Kino + Venecia). Finally, the different temporal samples 

from Venecia were treated as populations in a two-level AMOVA to 

determine whether the genetic variation found at this geographic site was 

temporally structiured. 

Between-population nucleotide diversity, Jtg, and population distance, 

jtp, were calculated following Charlesworth (1998), where TCg is the average 

number of pairwise differences between populations and is between 

population distance corrected for a within-population component of 

diversity. All individual pairs of populations were tested for geographic 

subdivision using Hudson et al.'s (1992) permutation test. Since geographic 

distance, discontinuous habitat, and biogeography may additively contribute 

to genetic distance between populations, a general linear model (GLM) was 

constructed using MATHEMATICA (Version 2.2) to examine the 

contributions of each of these factors under an ordinary least squares 

criterion. For each population pair, biogeography (same region or different, 

using biogeographic boundaries of Thomson and Gilligan 1983) and 

intervening habitat (rocky shoreline, sandy shoreline, or open water) were 

categorical treatments, and geographic distance (km) was a continuous factor 

on the respoiise variable, . Reduced models that estimate a subset of the 

parameters estimated in the full model were also constructed and evaluated 

relative to the full model using F-statistics. 
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To estimate relationships among populations, phylogenies were 

constructed with maximum parsimony and neighbor-joining algorithms 

using PAUP 4.0b2a. For rooted parsimony reconstructions, A. nigricaudus 

sequences were aligned with a congener, A. carminalis, using PILEUP in GCG. 

Parsimony analyses were conducted with transitions and transversions 

weighted equally and with transversions given a weight six times that of 

transitions (observed number of transitions to transversions in aligned 

sequences was 69:11). Heuristic searches were performed ten times under 

general search options and a maximum limit of trees set at 1000. Phylogenies 

were also constructed using neighbor-joining (Saitou and Nei 1987) with 

distances between sequences estimated under a Kimura (1980) two-parameter 

model. 
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RESULTS 

Descriptive Statistics 

Diversity within A. nigricaudus mtDNA was high and comparable to 

levels of diversity seen in other fishes for the control region (Bowen and 

Grant 1997; Chenoweth et al. 1998; McMillan et al. 1999). Among the 105 total 

sequences, there were 86 haplotypes (Fig. 2). Only two of these haplotypes 

were sampled from two different geographic locations: haplotype 60 was 

surveyed from three Kino and one Venecia individuals and haplotype 64 was 

surveyed from one Kino and four Venecia individuals. Both Kino and 

Venecia are Sonoran populations In the central Gulf. Within the temporal 

series of Venecia samples, there were 24 haplotypes from 30 individuals. 

Within the 408 basepair sequence, there was one indel and 72 polymorphic 

sites, of which 27 were singletons. There were 69 observed transitions and 11 

transversions in the aligned sequences. The species-level estimate of IN^i 

from average pairwise differences was n = 2.79% and from the number of 

segregating sites was d = 3.39% (both expressed per site), Tajima's D (1989) did 

not reject neutral expectations for the total data set (D=-0.827, p>0.1), however, 

both Fu and Li's D (1993), and Fu's Fs (1996), that are more sensitive to the 

presence of singletons in a sample, were significantly different from neutral 

expectations (D=-2.843, p<0.02; Fs =-19.904, p<0.005). These deviations indicate 

an excess of low frequency polymorphisms, as previously reported for 

mtDNA in other organisms (Excoffier 1990; Nachman et al. 1996) and may be 

consistent with the presence of mildly deleterious mutations, a recent 

selective sweep, or non-equilibrium demographic effects (Tajima 1989). 
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Patterns of Geographic and Temporal Subdivision 

Haplotype diversity was sigiuficantly partitioned among populations 

and biogeographic regions demonstrating that in A. nigricaudus there is 

significant genetic differentiation across small distances. The percentage of 

variation explained by differences among populations, 4)^, in the two-level 

AMOVA of all populations was 44.81% (p < 0.001). In the three-level 

AMOVA that tested for differences between Walker's (1960) biogeographic 

regions [(Gonzaga, Los Angeles, Lobos, Libertad), (Chivato, Kino, Venecia), 

and (La Paz, Muertos)], 27.27% of variation was explained by among-region 

differences (<I>CT= 0.2727, p<0.001) and 21.95% of variation was explained by 

differences among populations within groups (4>5r= 0.2195, p<0.003). 

Thomson and Gilligan's (1983) biogeographic regions, where La Paz and 

Muertos are considered part of the central Gulf explained a slightly greater 

amount of variation (<I>CT= 0-2756, p < 0.008; 't*sT- 0.2391, p<0.001). 

Significant differences were also seen between nearly all pairs of 

populations with Hudson et al.'s (1992) permutation test (Table 2). The 

average population distance, /Tq, between pairs of populations was 1.157%, 

with values ranging from -0.061% (Chivato-La Paz) to 2.464% (Muertos-Lobos) 

(Table 2). The full GLM explains a significant portion of variation in Ttu (r^ = 

0.649, F = 8.930, p < 0.001) and residuals of the model did not deviate from 

normality (Shapiro-Wilk test: w=0.970, p=0.514). Biogeography, intervening 

habitat, geographic distance, and the interaction of habitat and distance all 

significantly contribute to variation in the full model provides a 

significantly better fit than reduced models that include fewer parameters 
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(Table 3). The significant improvement with the inclusion of the habitat * 

distance interaction term shows that interactions between factors are also 

important. 

A scatterplot of genetic distance versus geographic distance for all pairs 

of populations is shown in Fig. 4. There is an overall positive correlation 

between and distance (r^ = 0.199, F = 8.463, p = 0.006). However, the type of 

habitat that separates populations affects the nature of this relationship. For 

example, the slope of the regression of on geographic distance is greater 

across sandy habitat than across rocky habitat (OLS estimate = 0.00630, z = 2.80, 

p < 0.003). 

The repeated surveys in Venecia did not reveal any temporal 

component to haplotype diversity. An AMOVA using date collected as an 

effect did not explain any variation = -2.21%, p > 0.75). Although many 

new haplotypes were obtained with the additional sampling, haplotypes 64 

and 65 were each sampled on three separate occasions, consistent with 

resampling from the same pool of haplotypes. Furthermore, in all pairwise 

comparisons of temporal samples, population distance, 1:^, was negative and 

the distributions of haplotypes were not sigruficant by Hudson et al.'s (1992) 

permutation test. Over an eighteen month period, no significant differences 

between samples were detected. 

Phylogenetic Reconstructions 

When transversions and transitions were weighted equally or 

weighted 6:1, several thousand equally parsimonious trees were found. The 
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most parsimonious trees had lengths of 189 and consistency indices (CI) equal 

to 0.42. A haplotype network (Fig. 3) was constructed based on a randomly 

chosen unweighted tree. The neighbor-joirung tree (not shown) contained 

the three major clades present in all unweighted parsimony trees. These 

three clades consist of 1) mostly northern Gulf, 2) mostly central Baja (western 

Gulf), and 3) central Sonoran (eastern Gulf) haplotypes. A strict consensus 

tree of all trees obtained with a 6:1 weighting of transversions to transitions 

contained the central Baja and central Sonoran clades, but the large northern 

Gulf clade collapses into a basal paraphyletic assemblage. Together, these 

phylogenetic analyses suggest separate evolutionary histories for northern 

and central Gulf haplotypes and an east-west division within the central Gulf 

haplotypes. 
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DISCUSSION 

Geographically partitioned genetic variation provides the opportunity 

to recor\struct the histories of subpopulations and to infer the causes of 

population structure. In marine organisms with a planktonic life stage, large 

scale migration often overwhelms local effects (drift, selection), causing 

widespread genetic homogeneity. This study explicitly investigates how 

biogeography, geographic distance, and habitat distribution maintain local 

differences in A. nigricaudus, despite the potential for widespread gene flow. 

In A. nigricaudus, we find that there is substantial partitioning of genetic 

variation over short geographic distances, and that the patten\s of genetic 

differentiation are best explained by complex interactions of biogeography, 

habitat, and geographic distance. 

Population Structure 

Haplotypes are significantly geographically partitioned in A. 

nigricaudus, as revealed by permutation-based tests. Differences among 

populations explain 44.81% of variation (2-level AMOVA, p < 0.001), and 

Hudson et al's (1992) permutation test provides strong statistical support for 

differences between nearly all pairs of populations. The degree of genetic 

partitioning in A. nigricaudus is higher than that observed in nearly all 

marine fishes. In A. nigricaudus, FST = 0.695, where FST for mtDNA 

estimates the parameter l/(2Nm + l),N is the female effective population size, 

and m is the female migration rate. Our estimate of 0.695 corresponds to a 

value of 0.222 for autosomal loci, assuming a sex ratio of one and equal 
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migration of males and females. This estimate of partitioning is higher than 

reported values for marine fishes based on allozymes (FST ranges from 0.002 

to 0.032: Waples 1987, average GST =0.062: Ward et al. 1994, FST ranges from 

0.0023 to 0.1124: Shulman 1998), with the exceptions of Acanthochromis 

polyacanthus (FST = 0.7919: Doherty et al. 1995) and Embiotocidae jacksoni 

(FST = 0.444: Waples 1987), that lack a larval stage. Population partitiorung in 

California clinid blennies is similar to A. nigricaudus only if populations 

from a 275 km offshore island are included (with island, FST = 0.07-0.15; 

without island, FST = 0.02-0.05; Stepien arid Rosenblatt 1991). Both FST (0.695) 

and (0.448) in A. nigricaudus are also higher than those observed in 

mtDNA surveys of other reef fish (<I>57. ranges from -0.012 to 0.172; Shulman 

and Bermingham 1995). A. nigricaudus iarvae probably remain close to shore 

after hatching (Brogan 1994), which might reduce migration and thus 

promote the high levels of genetic partitioning observed in this species. 

Temporal Stability 

Estimators of population strucutre, such as F-statistics, assume an 

equilibrium between migration and genetic drift. Some studies have 

documented temporal genetic variability in local adult populations resulting 

from genetic heterogeneity among larvae (e.g. Johnson and Black 1984; Watts 

et al. 1990). At Venecia, there was no evidence for temporal variability in 

adult populations over an eighteen month period. Collection date did not 

explain any variance (4>5J. = -2.21%, p > 0.75), was negative for all pairs of 

Venecia samples indicating greater within than between-population 

diversity, and there were no significant between-population differences using 
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Hudson et al.'s (1992) permutation test. Although the generation time of A. 

nigricaudus has never been measured, it is probably about one year 

(Rosenblatt 1963), so that eighteen months is an adequate time to sample 

more than one generation. Genetic stability over 18 months implies that the 

larvae recruiting to this sampling site are representative of the Venecia 

population. 

Results from A. nigricaudus are in contrast to results from intertidal 

invertebrates sampled over a similar time scale (Johnson and Black 1984; 

Watts et al. 1990; but see Palumbi and Wilson 1990) and to the single other 

study of a marine fish that resampled the same sites. In Florida damselfishes, 

differences between populations disappeared after three years (Lacson and 

Morizot 1991), indicating that the populations were not temporally stable. 

Although the data from Venecia are consistent with short-term temporal 

stability, it is impossible to exclude the possibilities that the adult Venecia 

population might show fluctuations in population structure at a longer time 

scale or that other populations of A. nigricaudus exhibit changes in allele 

frequencies over time. 

Contributions of Biogeography, Habitat, and Geographic Distance To Genetic 

Differentiation 

A number of factors may generally contribute to population structure 

in coastal marine orgaiusms. In A. nigricaudus, biogeography explains a large 

degree of genetic partitioning in AMOVA's, phylogenetic analyses, and 

GLM's. In the three-level AMOVA, 27.56% of variation is between the 

northern and central Gulf regions (4>cr= 0.2756, p < 0.008). Distinct northern 
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and central Gulf clades are present under parsimony and neighbor-joining 

analyses (Fig. 3). There is no support for a central-southern Gulf division 

north of La Paz; less variation is explained in the three-level AMOVA that 

defines La Paz and Muertos as a group (<t>CT= 0.2727, p < 0.001), and there is no 

significant partitioning of haplotypes between Chivato, La Paz, and Muertos 

(Table 2). Comparisons of reduced GLM's with a full model (Table 3) yield a 

significantly worse fit to the data when biogeography is omitted (F = 8.414, p < 

0.007). 

Overall, these analyses point to the importance of biogeography in 

explairung genetic partitioning in A. nigricaudus. Delineations of 

biogeographic regions in the Gulf of California have been based on changes in 

fish commuruty composition and do not necessarily point to an underlying 

cause of the north-central division. There is a strong faunal affinity between 

northern Gulf and Californian fishes, whereas central Gulf fauna are more 

often from tropical groups (Walker 1960). It is unclear how temperate fishes 

related to Californian taxa came to inhabit the northern Gulf, but it appears 

that ecological differences, particularly cold winter temperatures, prevent 

range expai\sion of tropically-derived species into the northern Gulf 

(Thomson and Lehner 1976). Although temperature may contribute to 

changes in community composition, it seems unlikely that selection due to 

environmental factors would cause a deep divergence in mtDNA of a species 

found in both biogeographic regions. In addition, there are no obvious 

geologic events that would explain genetic partitioning in A. nigricaudus. An 

alternative explanation is that oceanographic circulation patterns restrict 

migration of A. nigricaudus larvae. However, limited oceanographic data for 



this region suggest that northern and central Gulf waters are probably well-

mixed across the northern-central Gulf transition, since strong longitudinal 

tidal currents (Paden et al. 1991) and thermohaline circulation (Bray 1988a) 

mix northern and central Gulf water masses. Also, surface water masses 

originating from the Los Angeles area have been observed to move 

southwards down the Baja coast and then eastwards across the central Gulf 

(Badan-Dangon et al. 1985). While the available oceanographic data do not 

suggest a possible northern-central Gulf vicariance due to circulation patterns, 

circulation patterns in the Gulf of California have not been extensively 

studied. Furthermore, offshore water movement may not be relevant if A. 

nigricaudus larvae remain close to shore (Brogan 1994) where local water 

circulation patterns are unknown. 

A. nigricaudus in the Gulf of California provides an interesting 

contrast to intraspedfic patterns across two-well studied biogeographic 

boundaries. Cape Canaveral FL and Point Conception CA. The fauna on 

either side of Cape Canaveral includes several sister-species pairs and deep 

intraspedfic divisions, probably due to historic vicariance affecting many taxa 

(reviewed in Avise 1992). At Point Conception, intraspedfic patterns of 

spedes found on either side of the boundary do not generally coindde with 

faunal composition changes (reviewed in Burton 1998). In the Gulf of 

California, sister spedes are not observed in adjacent biogeographic regions, 

but in A. nigricaudus, phylogenetic and population genetic patterns do 

coindde with the boundary. 
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In addition to biogeography, intervening habitat and geographic 

distance contribute to genetic distance between populations. Although a 

linear regression of genetic distance on geo^aphic distance is confounded by 

the fact that pairs of populations from northern and central Gulf regions are 

geographically more distant than those pairs within a region, the GLM 

framework allows independent estimation of effects due to biogeography and 

geographic distance. Omitting habitat as a factor in the GLM provides a worse 

fit to the data than when it is included in the full model (Table 3: F = 6.619, p = 

0.004) and there is an overall pattern of increasing genetic distance with 

geographic distance, consistent with isolation by distance. The contributions 

of habitat and geographic distance are best understood in combination; the 

inclusion of a habitat * distance interaction term significantly improves 

model performance (F = 5.296, p = 0.011), indicating that regression slopes of 

geographic vs. genetic distance differ between habitat types (Fig. 4). 

The slope of genetic distance between pairs of populations separated by 

open water is significantly less than between populations connected by 

continuous rocky shores (OLS estimate = -0.00125 , z = -1.75, p = 0.040). There 

is much scatter in the open water data points, with large genetic distances 

found both over small and large geographic distances (Fig. 4). This scatter is 

largely due to differing patterns of genetic connectivity across open water 

within each biogeographic region. First, there is little genetic interchange 

across the central Gulf. This is reflected in the phylogeny, where distinct 

central west (Baja) and central east (Sonora) clades are present (Fig. 3) 

regardless of tree-building algorithm and in the population distances that are 

generally high (;ro > 1.113, Table 2). This Baja-Sonora division suggests that 
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the open waters of the central Gulf are a strong barrier to genetic interchange. 

In contrast to the central Gulf pattern, there is an apparent across-Gulf 

association in the northern Gulf region. Several haplotypes from Los 

Angeles (northern Baja, haplotypes 9, 11,14, 15) are most closely related to 

northern Sonoran haplotypes from Lobos and Libertad (Fig. 3), resulting in 

low ^0 values (Table 2: < 0.313). The remaining haplotypes from Los 

Angeles are most closely related to those from Gonzaga, also in northern Baja 

(Table 2 and Fig. 3; also, polymorphic sites 29,145, 188, 253, 254,303,374 in Fig. 

2 show this split within Los Angeles). Larvae might be transported across the 

northern Gulf by a hypothesized seasonal gyre, however, the center of this 

gyre is believed to be northwest of Gonzaga and not close to Los Angeles or 

the Sonoran coast (Bray 1988b). It is more likely that stepping-stone 

populations on Isla de la Guarda and Isla Tiburon facilitate limited genetic 

interchange between Los Angeles and northern Sonoran populations (Fig. 1). 

Thus, mtDNA haplotypes reveal a Baja-Sonora division in the central Gulf, 

and an association between Los Angeles (Baja) and northern Sonoran sites in 

the northern Gulf. The divergence between central Gulf haplotypes separated 

by open water is consistent with other studies that have demonstrated a 

reduction in gene flow across open water (e.g. Bell et al. 1982; Stepien and 

Rosenblatt 1991; Doherty et al. 1995; Johnson and Black 1995). 

Habitat discontinuities along a shoreline also increase genetic distance 

among A. nigricaudus populatioris. Here, the slope of the regression of 

populations separated by sandy shoreline is significantly higher than the 

slope of populatior\s separated by rocky shoreline (OLS estimate = 0.00630, z = 

2.80, p < 0.003). The isolation by distance pattern between populations 
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separated by sandy shores suggests that gene flow occurs in A. nigricaudus, 

but is significantly reduced as compared to gene flow over continuous habitat. 

Thus, stretches of unsuitable habitat act as filter barriers, reducing genetic 

interchange. This intraspecific pattern is concordant with the observation 

that many hypothesized sister groups of eastern tropical Pacific blermioids are 

separated by large stretches of sand (Walker 1960; Rosenblatt 1967). For 

organisms that live in a mostly one-dimensional habitat, stretches of 

unsuitable habitat can reduce gene flow and are likely to lead to population 

differentiation. 

Conclusions 

Most intraspecific surveys of genetic variation in marine fishes reveal 

little population structure over large geographic distances. Populations of A. 

nigricaudus, in contrast, are highly structured over distances as low as 100 

km. A number of factors may predispose tripterygiids, such as A. nigricaudus, 

to reduced dispersal, including benthic eggs and larvae that remain close to 

shore (Brogan 1994). In addition, most fish species studied to date are 

moderate to large in size and from tropical reef groups (notably damselfishes), 

not small bottom dwellers such as A. nigricaudus. Small size may be 

particularly important in that small fishes produce fewer eggs; the selective 

advantage of reducing larval wastage by limiting dispersal off the natal reef 

may be higher for small fishes than for larger fishes that produce more eggs 

(Rosenblatt 1963; Barlow 1981). This study demonstrates that having a 

planktonic larval stage does not always result in high levels of gene flow. 



Several factors contribute to the genetic partitioning observed in A. 

nigricaudus. Phylogenetic and population genetic analyses reveal a 

significant partitioning of variation between previously observed 

biogeographic regions. The deep divergence between northern and central 

Gulf haplotypes coincides with environmental differences and is not easily 

explained by oceanographic circulation patterns or historical events. In 

addition, the type of habitat separating populations impacts the degree of 

genetic divergence. Not surprisingly, populations connected by continuous 

habitat are less genetically distinct than those separated by open water or 

sandy shoreline. Finally, there is a linear relationship between geographic 

and genetic distances, although the nature of the relationship is influenced by 

the habitat that separates populations. These results suggest that complex 

interactions of biogeography, habitat, and geographic distance shape 

intraspecific genetic variation in A. nigricaudus. 
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Table 1: Study sites 

Biogeo-

graphic 

Coastline Study site Region Specific collecting location n Latitude Longitude 

Baja Bahia San Luis Gonzaga N Punta Willard, north of bay 10 29° 49' 64" 114° 23' 80" 

Bahia de los Angeles N Punta Gringo, north of bay 10 29° 2' 21" 113° 32' 14" 

Punta Chivato C at the point 9 27° 4' 53" 111° 56' 88" 

La Paz C/S^J Tecolote Beach, north of La 

Paz 

6 24° 20' 17" 110° 19' 43" 

Bahia de los Muertos C/Sfl northeast point of bay 10 23° 59' 30" 109° 49' 31" 

Sonora Puerto Lobos N south of lighthouse 10 30° 15' 55" 112° 51' 28" 

Puerto Libertad N Bahia Santa Margarita, 

approx. 20 km N. of town 

10 30° 1' 47" 112° 44' 30" 

Bahia Kino C off Roca Alcatraz 10 28° 48' 37" 111° 58' 22" 

Caleta Venecia c in bay 28° 7' 87" 111° 17' 60" 

'^These sites fall within Thomson and Gilligan's (1983) central Gulf region but are in Walker's (1960) 
southern Gulf. 

^Individuals collected on four separate occasions. 



Table 2: Percent nucleotide diversity within and between Axoclinus nigricaudus populations^ 

Los 

n Gonzaga Angeles Chivato La Paz Muertos Lobos Libertad Kino Venecia 

Gonzaga 10 0.666 0.686" 1.665"* 1.978*** 1.866*" 1.913*" 1.589"* 1.779*" 1.996*" 

Los Angeles 10 1.800 1.562 1.033*" 1.682*" 1.796*" 0.313* 0.251" 1.562" 1.743*" 

Chivato 9 3.252 3.115 2.723 -0.061 0.181 1.244*" 1.049** 1.134*" 2.117" 

La Paz 6 3.023 3.386 2.469 2.097 0.124 2.084*" 1.351*" 1.113" 1.413*" 

Muertos 10 3.137 3.515 2.437 2.059 1.877 2.464*" 1.737*" 1.252*" 1.601* 

Lobos 10 2.917 1.765 3.205 3.627 4.074 1.343 -0.053 1.612*" 2.199"* 

Libertad 10 2.823 1.933 3.263 3.231 3.576 1.520 1.802 1.515*" 2.340"* 

Kino 10 2.794 3.025 3.107 2.671 2.873 2.966 3.098 1.365 0.127* 

Venecia 30^' 3.080 2.916 3.379 2.580 2.806 3.350 3.537 1.280 1.130 

'^Within population nucleotide diversity, JCw/ is on the diagonal. The average number of pairwise 
differences between populations, TCB, is below the diagonal. Population distance, TTP, corrected for unequal 
sample sizes and within population diversity is above the diagonal (calculated following Charlesworth 
1998). Significance of JCD using Hudson et al.'s (1992) permutation test is indicated by asterisks: * < 0.05, 
"<0.01, '"<0.001. 

^Includes individual collected on four separate occasions. 



Table 3: Contributions of biogeography, intervening habitat, and geographic distance to population distance 

(TUD) under a general linear model 

Models 

Para

meters^ SSM SSE r2 pb pb 

Full model: Biogeography, Intervening Habitat, 7 11.671 6.317 0.649 8.930 < 0.001 

Distance, Habitat * Distance 

Reduced model: Excluding Biogeography 6 9.838 8.150 0.547 8.414 0.007 

Excluding Distance 6 8.881 9.107 0.494 12.808 0.001 

Excluding Habitat 5 8.787 9.201 0.488 6.619 0.004 

Excluding Habitat * Distance 5 9.364 8.624 0.521 5.296 0.011 

" The full model estimates the seven parameters: 1) mean + rocky shoreline, 2) sandy shoreline -
rocky shoreline, 3) open water - rocky shoreline, 4) same or different biogeographic region, 5) 
geographic distance, 6) geographic distance * (sandy shoreline - rocky shoreline), and 7) geographic 
distance * (open water - rocky shoreline). Reduced models estimate a subset of those parameters. 

^he F-statistic and probability of the first row compare the full model (see text for details) with the 
reduced model Y = mean + error. 

Fstatisitcs and probabilities of subsequent rows compare the given reduced model to the full model. 



Figure 1. The Gulf of California. Rocky shore lines are indicated by bold lines. 

Arrows point to individual collecting locations. The ranges of the 

biogeographic regions are shown on the left. The boundary between the 

northern biogeographic region and central biogeographic region falls between 

Isla Angel de la Guarda (A) and Isla Tiburon (T) 

Figure 2. Aligned haplotypes and polymorphic sites. Numbers indicate the 

position of the polymorphic sites. For each site, the consensus nucleotide is 

given; dots indicate identity to consensus and asterisks indicate single 

basepair deletions. A unique number is assigned to each haplotype and the 

geographic location and number of individuals sampled with that haplotype 

is reported. 

Figure 3. Haplotype network constructed from a single unweighted 

parsimony tree. Individual haplotypes are indicated by circles which are 

proportional in area to the number of individuals observed to have that 

haplotype. Hash marks indicate the number of mutational steps separating 

each haplotype. The number in each circle refers to the haplotype and the 

letter(s) refer to the geographic location from which it was sampled 

(G=Gonzaga, LA=Los Angeles, C=Chivato, P=La Paz, M=Muertos, Ls=Lobos, 

Ld=Libertad, K=Kino, V=Venecia). Three major clades are labelled and 

consist largely of individuals from the indicated biogeographic regions. 

Branches present in all 1000 equally parsimonious trees are indicated in bold. 
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Figure 4: Scatterplots of on geographic distance for pairs of populations 

separated by continuous rocky shore, sandy shore, and open water. 

Regressions of population pairs separated by continuous rocky shore and 

sandy shore are given. The slopes of these two lines are significantly different 

(OLS estimate = 0.00630, z = 2.80, p < 0.003). Gray triangles are values for pairs 

of populations connected by rocky shore (Baja), black squares are for pairs of 

populations cormected by sandy shore (Sonora), and gray squares are for pairs 

of populations separated by open water (across Gulf). 
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APPENDIX C: DISCORDANT PATTERNS OF MTDNA AND 

ALLOZYME VARIATION ACROSS A BIOGEOGRAPHIC BOUNDARY, IN 

THE CORTEZ TRIPLEFIN BLENNY, AXOCLINUS NIGRICAUDUS 

ABSTRACT 

Surveys of allozyme variation within marine species generally show 

little genetic differentiation over large geographic distances. In American 

oysters (Buroker 1983; Reeb and Avise 1990; Karl and Avise 1992) and Atlantic 

cod (Pogson et al. 1995), however, some genetic markers reveal patterns of 

geographic differentiation not seen at allozyme loci, causing some authors 

(Karl and Avise 1992; Pogson et al. 1995) to conclude that balancing selection 

maintains homogeneity among allozyme lod. I investigated discordances 

among different genetic markers by contrasting geographic differentiation at 

mtDNA and allozymes in the Cortez triplefin, Axoclinus nigricaudus. A 

previous survey of mtDNA control region sequences showed a strong genetic 

break between two regions in the Gulf of California, Mexico (Riginos and 

Nachman, in review). In contrast, allozyme frequencies are uniform 

throughout the Gulf of California and FST estimates for allozymes are 

considerable lower than the mtDNA estimate (FsT-mit = 0.533; this estimate 

corresponds to a value of 0.125 for autosomal loci, Fsj-alloz = 0.070). The 

observed patterns are consistent with non-equilibrium conditions, selection 

on allozymes or mtDNA, or some combination of these factors. These results 

highlight the need to consider multiple genetic markers when making 

ii\ferences about the genetic structures of natural populations. 
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INTRODUCTION 

Nearly a century and a half after Darwin described the process of . 

natural selection (Darwin 1859), understanding how selection shapes natural 

variation remains an important goal in evolutionary biology. At the 

molecular level, in particular, it is difficult to distinguish between patterns 

resulting from selection and those resulting from neutral processes, and the 

overall role of selection in shaping protein and DNA sequence variation 

remairxs unclear (Kimura 1983; Gillespie 1991; see Krietman and Akashi 1995 

for a review of empirical evidence). On average, drift and migration should 

affect all loci equally, whereas selective pressures, mutation rates, meiotic 

drive, and recombination rates are likely to differ across loci. Thus, a general 

framework for disentangling demographic effects from locus-specific effects 

depends on comparisons among loci; this approach has been used to test for 

selection using ratios of polymorphism to divergence (Hudson et al. 1987), 

differences in the frequency distribution of polymorphisms (Hey 1997; Fay 

and Wu 1999), differences in recombination rates (Begun and Aquadro 1992; 

Stephan et al. 1998), and patterns of geographic variation (Karl and Avise 

1992). 

Cavalli-Sforza (1966) first suggested that patterns of population 

structure among loci could distingmsh between selection and demographic 

effects, since demography (genetic drift and gene flow) should affect all loci 

equally. For example, balancing selection might maintain similar allele 

frequencies in different populations, reducing FST- Conversely, local 

adaptation might result in a high value for FST- Lewontin and Krakauer 
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(1973) formalized Cavalli-Sforza's idea in a statistical test. Under the 

prediction that selection will inflate the variance of Wright's (1951) Fst 

among loci, Lewontin and Krakauer (1973) derived an expected variance for 

FST and suggested that the ratio of observed to expected variance could be 

tested against a chi-squared distribution. Despite the intuitive appeal of the 

Lewontin-Krakauer test, correlations in allele frequencies due to shared 

ancestry or stepping-stone migration can also cause significant variance of FST 

among loci (Nei and Maruyama 1975; Robertson 1975). Thus, a significant 

excess variance of FST IS not necessarily indicative of selection at some lod. 

These theoretical considerations have precluded widespread application of 

the Lewontin-Krakauer test. The basic idea of comparing geographic patterns 

across loci in order to make inferences about selection and shared 

demography, however, remains compelling and has motivated some recent 

work. 

Several studies have qualitatively compared loci in order to 

distinguish between demographic and selective effects (examples include 

Reeb and Avise 1990; Karl and Avise 1992; Bemardi et al. 1993; Burton and 

Lee 1994; Pogson et al. 1995; Hare and Avise 1996; Burton 1998; Ross et al. 1999; 

for somewhat different approaches see Taylor et al. 1995; Baer 1999; Schmidt 

and Rand 1999). These qualitative comparisons have capitalized on inherent 

attributes of specific markers such as mode of inheritance, effective 

population size, and mutation rate in order to assess competing hypotheses. 

Contrasts among loci have sometimes yielded surprising results, particularly 

among marine organisms. Two independent cases of increased population 

structure at non-allozyme markers have been documented; these results 



100 

question the assumption that the frequent observation of widespread genetic 

homogeneity at allozymes in marine orgarusms results from high gene flow. 

First, allozyme surveys of the American oyster, Crassostrea virginica 

(Buroker 1983), showed nearly complete genetic homogeneity along the East 

coast of the United States from Maine to Gulf of Mexico, whereas a mtDNA 

survey (Reeb and Avise 1990) and some anonymous nuclear DNA markers 

(Karl and Avise 1992) showed a strong break between Atlantic and Gulf of 

Mexico populations. The discordance between allozymes and other markers 

led Karl and Avise (1992) to the startling conclusion that balancing selection 

maintains polymorphisms at multiple allozyme loci. Additional surveys of 

anonymous nuclear markers, however, failed to show frequency differences 

(McDonald et al. 1996) or phylogenetic structure (Hare and Avise 1998) 

associated with geography. These results, in combination with a reanalysis of 

the original allozyme data that identifies some phylogeographic associations 

(Cunningham and Collins 1994), calls into question the conclusion that 

balancing selection maintains uniform allozyme frequencies in oysters. 

Discordance between patterns at allozymes and non-protein coding 

nuclear markers have also been identified in the Atlantic cod, Gadus morhua 

(Pogson et al. 1995). Neither marker type showed any strong breaks between 

populations, but there was greater partitioning (accompanied by isolation by 

distance) at non-protein coding markers relative to allozjmies. Regardless of 

the underlying cause (demography or selection), in both American oysters 

and Atlantic cod there is discordance between allozyme loci that show little 
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geographic partitiorung over large distances and other markers that reveal 

greater geographic partitioning. 

In a different pattern, three marine organisms show strong geographic 

partitioning of allozyme loci and this is accompanied by geographic 

partitioning at other surveyed loci. Latitudinal dines of several allozyme loci 

in killifish, Fundulus heteroclitus, are concordant with phylogenetic patterns 

of mtDNA and LDH-B sequences, suggesting secondary contact following 

vicariance (Bemardi et al. 1993; Powers et al. 1993). In the marine snails 

Nucella ostrina and N. emarginata, phylogenetic patterns of allozymes and 

mtDNA are largely concordant with each other and with a history of recent 

northward range expansion (Marko 1998). Over a smaller scale, high 

partitioning of genetic variation is found in the tidepool copepod, Tigriopus 

califomicus, at allozyme loci, mtDNA, and nuclear histone sequences (Burton 

and Lee 1994). Because the geographic locations of phylogenetic breaks differ 

among markers, there is no simple explanation for the population history of 

T. califomicus (Burton 1998). In sum, these five multilocus surveys suggest 

that population structure at allozymes sometimes, but not always, matches 

population structure at other loci. In marine organisms, allozyme loci 

generally show little differentiation over large geographic distances; this 

pattern has been widely documented in both marine fishes and invertebrates 

(reviews include Palumbi 1994; Ward et al. 1994; Shtilman 1998) and 

interpreted as a consequence of high dispersal due to planktonic larvae. 

Discordances between allozymes and other markers in American oysters and 

Atlantic cod refute the overall conclusion that a planktonic lifestage 
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necessarily results in gene flow across large geographic distances. However, 

the ubiquity of these results is not known. 

In the present study, I test for concordance between geographic patterns 

of allozymes and mtDNA in the Cortez triplefin, Axoclinus nigricaudus 

(Blermioidei: Tripterygiidae). A previous survey of mtDNA variation 

(Riginos and Nachman, in review) showed strong associations between 

phylogeny and geography. MtDNA control region haplotypes of A. 

nigricaudus form reciprocal monophyletic clades that largely correspond to 

biogeographic regions in the Gulf of California, Mexico (Fig. 1). Two possible 

outcomes for allozymes are shown in Figure 2. First, allozymes may show 

patterns concordant with mtDNA, indicating similar demographic histories. 

Second, allozymes might show any of several possible patterns discordant 

with mtDNA, implying that different forces are acting on these different 

markers. Here, we have surveyed allozyme variation at thirteen loci in the 

same nine populations previously surveyed for mtDNA. Surprisingly, we 

find strikingly different patterns of genetic variation at allozymes compared 

to mtDNA, suggesting that different processes may be acting on these 

different kinds of markers. 
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MATERIALS AND METHODS 

Natural History of the Gulf of California and Axoclinus nigricaudus 

The Gulf of California is a long narrow basin that opens into the 

Padfic. It contair\s a rich faunal assemblage, including many endemic species, 

particularly among small rocky shore fishes such as blermies (Walker 1960; 

Rosenblatt 1967; Thomson et al. 1979). The faunal affinities of Gulf of 

California fishes fall into two categories; 1) the majority are from tropical 

groups and are most closely related to taxa from the tropical eastern Pacific 

region to the south, and 2) several fishes are from temperate groups and form 

disjunct pairs with Pacific Califomian species (Walker 1960; Rosenblatt 1967; 

Thomson et al. 1979; Hastings 1998). These temperate-derived fishes are 

largely restricted to the northern Gulf region. Many tropical-derived fishes 

are not normally found in the northern Gulf, probably due to cold winter 

temperatures (Thomson and Lehner 1976). Differences in fish community 

composition between northern and central Gulf areas led Walker (1960) and 

Thomson and Gilligan (1983) to recogmze each as a separate region, although 

no precise boundary separates the two regions, and there are no recognized 

sister species in adjacent regions. Coincident with changes in fish community 

composition, there are a number of environmental differences that 

distinguish the northern and central Gulf regions: the northern Gulf is 

characterized by large tidal fluctuations (to 10 m), extreme temperature ranges 

(16° C difference between winter lows and summer highs), elevated salinity, 

and an increased sediment load, while conditions in the central Gulf are 

more moderate (Bray and Robles 1991). 
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Axoclinus nigricaudus (Allen and Robertson 1991) is a small subtidal 

fish that is endemic to the Gulf of California. This species is one of the most 

abundant fishes throughout the entire Gulf of California (Gilligan 1980). A. 

nigricaudus eggs are demersal (benthic) and the larvae are planktonic, 

although the larvae are probably retained close to reefs, causing reduced 

dispersal (Brogan 1994). 

Populations Sampled 

Fish were collected from nine geographic locations within the Gulf of 

California (Fig. 1). These nine locations were selected to include 

representative sites in both northern and central biogeographic regions. 

Details of the sampling design can be found in Riginos and Nachman (in 

review). A total of 105 fish were used for mtDNA analyses (Gonzaga n = 10, 

Los Angeles n = 10, Chivato n = 9, La Paz n= 6, Muertos n= 10, Lobos n = 10, 

Libertad n = 10, Kino = 10, Venecia n = 30) and these results have been 

published elsewhere (Riginos and Nachman, in review). There was 

insufficient tissue in three fish following DNA extractioris to prepare 

allozyme homogenates, and 20 of the Venecia fish were ethanol-preserved, so 

that a subset of fish were used in allozyme analyses for a total of 82 fish 

(Gonzaga n = 10, Los Angeles n = 10, Chivato n = 8, La Paz n= 5, Muertos n= 

10, Lobos n = 10, Libertad n = 10, Kino = 10, Venecia n = 9). All fish used for 

allozyme electrophoresis were frozen whole in liquid rutrogen and 

subsequently stored at -SO'C. 



105 

Allozyme Electrophoresis and MtDNA Sequencing 

A 408 basepair fragment of the mitochondrial control region was 

sequenced as described elsewhere (Riginos & Nachman, in review). To 

survey allozymes, muscle tissue from the caudal region of each fish was 

dissected and homogenized in 30-100 microliters of buffer (0.1 g/1 NADP, 0.1% 

j3-mercaptoethanol, 0.1% SDS). Four to seven microliters of homogenate 

were applied to cellulose acetate plates (Gelman Optiphor-10) and run at 150-

250 V for 20-40 minutes. Buffers and run times were optimized for each 

allozyme stain with protocols following Hebert and Beaton (1993) and 

Richardson et al. (1986). A total of 13 lod were scored: ADH, EST-2, EST-3, 

EST-4, G6PDH, LDH-A, sMDH-A, sMDH-B, sMEP, MPl, PEPA, PGDH, and 

PGM. Both continuous and discontinuous buffer systems were used. Gels 

that were stained for the EST enzymes were presoaked in CAAPM buffer 

(10.05 g/1 citric acid, 0.0125% 4-(3-aminopropyl) morpholine, pH 7.2) and all 

others were presoaked in TG buffer (3 g/1 Trizma, 14.4 g/1 glycine, pH. 8.5). 

Gels stained for ADH, G6PDH, LDH, MEP, or MPl were run in TG, while gels 

stained for MDH, PEPA, PGDH, or PGM were run with a 0.1 M Tris-Maleate 

buffer (pH 7.8), and EST gels were nan with CAAPM buffer. Gels were stained 

using recipes from Richardson et al. (1986), and PEPA gels were stained with a 

valine-leucine substrate following Richardson et al. (1986). A subset of 

individuals from each gel were electrophoresed together to verify the size of 

fragments. In order to estimate overall heterozygosity and polymorphism in 

A. nigricaudus, monomorphic loci were not excluded from this study. 

Allozjmae nomenclature used throughout this paper follows Shaklee et al. 

(1990). 
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Descriptive Statistics and Frequency Distributions 

Several tests of neutrality compare observed genetic diversity to the 

frequency spectrum of polymorphisms expected under neutrality (Watterson 

1978; Tajima 1989; Fu and Li 1993; Fu 1996). In humans, comparisons among 

the frequency distributions for different loci have been used to make 

inferences about selection (Hey 1997) and demography (Fay and Wu 1999; Hey 

and Harris 1999). Here, we use tests of neutrality to compare frequency 

distributions of polymorphisms at mtDNA and allozymes to each other and 

to neutral, equilibrium expectations. 

For mtDNA haplotypes, the average number of pairwise differences, ft 

(Tajima 1989), and diversity based on the number of segregating sites, 6 

(Watterson 1975), were calculated. Both n and d estimate the neutral 

parameter 6-INfi for mtDNA assuming an infinite sites model, where N is 

the effective population size for females and ji is the mitochondrial neutral 

mutation rate. Significance values were calculated for Tajima's D (1989), Fu 

and Li's D (1993), and Fu's Fs (1996) for the total data set and for each 

biogeographic region. These statistics compare values for Q and h, the 

distribution of mutations on internal branches to external branches on a gene 

tree, and the number of haplotypes observed to a given value of h, 

respectively. 

For allozyme markers, genotype and allele frequencies for each 

population and locus were tabulated. Expected and observed heterozygosity 

were calculated for each locus-population combination. Expected 
\Nu heterozygosity estimates the neutral parameter H = under an infiiute 

4iV/i + l 
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alleles model of mutation (Kimura and Crow 1964) and H = l —, 

under a stepwise model of mutation (Ohta and Kimura 1973), where N is the 

effective population size (males and females) and /i is the mutation rate for 

allozyme loci. To test for deviations between observed and expected 

heterozygosity, an exact test of Hardy-Weinberg equilibrium (Guo and 

Thompson 1992) using ARLEQUIN was performed for each locus-population 

combination. To check for deviations from neutrality, the observed 

homozygosity based on allele frequencies was compared to a measure of 

homozygosity expected under an infinite alleles model of mutation (Ewens 

1972; Watterson 1978). Ewens (1972) derived the statistic F, which is the 

expected homozygosity given the sample size and number of alleles. Thus, F 

captures the expected frequency distribution of alleles under neutrality 

assuming an infinite alleles model of mutation. ARLEQUIN simulates a 

neutral distribution of F values (following Stewart 1977) and determines 

whether the observed F is less than a neutral distribution of F's in a Ewens-

Watterson test (Watterson 1978). A significant result indicates that the 

frequency of alleles is more evenly distributed than expected under neutrality 

and this pattern may be consistent with balancing selection maintaining 

intermediate frequencies of alleles or with a recent contraction in population 

size. This test was performed for each locus-population combination and also 

for each locus by pooling all populatior\s. 

Population Structure 

Analyses of molecular variance (AMOVA: Excoffier et al. 1992) were 

used to test for sigiiificant poptdation structure. AMOVA analyses were 
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conducted separately for mitochondrial sequences and allozyme loci. First, 

two-level AMOVAs were performed using ARLEQUIN to assess the degree of 

population structure over all populations. Here, variation within 

populations was compared to variation among populations (analogous to 

Wright's [1951] F-statistics). In the second set of tests, alleles from all nine 

geographic sites were included in a three-level AMOVA in which variation 

was partitioned among biogeographic regions, populations, and individuals. 

Populations were assigned to biogeographic regions following Thomson and 

Gilligan's (1983) biogeographic regions (Fig 1: northern Gulf = Gonzaga + Los 

Angeles + Lobos + Libertad, central Gulf = Chivato + La Paz + Muertos + Kino 

+ Venecia). Species-wide measures of genetic partitioning were assessed for 

each locus using F-statistics (Wright 1951). For mtDNA sequences, Lynch and 

Crease's (1990) FST was calculated following Charlesworth (1998). For 

allozymes. Weir and Cockerham's d (1984) was calculated for each 

polymorphic locus using Genetic Distance Analysis (Lewis & Zaykin 1999). 

Lynch and Crease's FST and Weir and Cockerham's d estimate variation 

among populations in the same manner (Charlesworth 1998). In order to test 

whether FST at mtDNA is significantly greater than FST at allozyme loci, a 

90% confidence interval for FST based on allozyme loci was generated by 

bootstrapping populations 1000 times following Weir (1996) using Genetic 

Distance Analysis. The upper bound of the 90% confidence interval yields the 

critical value corresponding to a probability of 0.05 in a one-tailed test. The 

same bootstrapping procedure was used to compare hierarchical sources of 

variation (e.g. variation between biogeographic regions relative to variation 

within regions, FRT, and within-biogeographic region variation relative to 
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within-population variation, FSR) by imposing a hierarchical structure 

(northern Gulf populations vs. central Gulf populations) and separately 

bootstrapping FRT and FSR in Genetic Distance Analysis. 

Phylogenetic Reconstructions 

Phylogerues were constructed with maximum parsimony and neighbor-

joining algorithms. Maximum parsimony was used to generate trees of 

mtDNA sequences using PAUP 4.0b2a. Transitions and transversions were 

weighted equally and heuristic searches were performed ten times under 

general search options and a maximum limit of trees set at 1000 (additional 

analyses in Riginos and Nachman, in review). For nuclear loci, neighbor-

joining (Saitou and Nei 1987) and UPGMA (Sneath and Sokal 1973) were used 

to create population trees from Cavalli-Sforza and Edward's Dc (1967) which 

is based on a model of population differentiation due to genetic drift. The 

Genedist subprogram in PHYLIP (Felsenstein 1993) was used to generate a 

distance matrix based on all allozyme loci and trees were constructed using 

the Neighbor subprogram. Bootstrap replicates were performed using 

Seqboot, GeneDist, Neighbor, and Consense in PHYLIP (Felsenstein 1993). To 

determine whether individual allozyme loci indicated geographic 

partitioning not seen in the total data set, neighbor-joining trees of 

populatioris were constructed for each individual locus based on Cavalli-

Sforza and Edward's (1967) Dc- Since population trees are based on allele 

frequencies, not genotypes, a neighbor-joiiung tree based on the distance 

between individuals was also constructed. The distance between individuals 

was calculated as 1 - Ps, where Ps is the proportion of alleles shared (Bowcock 

et al. 1994). 
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RESULTS 

Descriptive Statistics 

Diversity within A. nigricaudus mtDNA was comparable to levels of 

diversity seen in other fishes for the control region (Bowen and Grant 1997; 

Chenoweth et al. 1998; McMillan et al. 1999; Riginos, Appendix A), where 

estimates of 2N^ were tc = 2.79% from average pairwise differences and 

6 = 3.39% from the number of segregating sites (both expressed per site). 

Diversity at allozyme loci was higher than previously reported values for 

marine teleosts (Smith and Fujio 1982; Gyllenstein 1985; Ward et al. 1994; 

Planes 1998): mean heterozygosity was 0.198 and nine of thirteen loci screened 

(69%) were polymorphic (Table 1). At polymorphic loci, heterozygosity 

ranged from 0.013 to 0.667 (Table 2). The exact test for Hardy-Weinberg 

equilibrium (Guo and Thompson 1992) identified four cases of deviations 

from expectations (p < 0.05) for locus-population combinations {EST-2 at 

Muertos, and sMEP at Kino, Los Angeles, and Muertos), but none of these 

deviations was significant after correcting for multiple tests (in all cases p > 

0.05, Sokal and Rohlf 1995). 

Frequency Distributions 

Tests of neutrality showed an excess of rare variants at mtONA and an 

excess of intermediate frequency variants at some allozyme loci. At mtDNA, 

Tajima's D did not reject neutral expectations for the total data set or for 

either biogeographic region (total data: D = -0.827; northern Gulf: D = -0.823; 

central Gulf D = -1.287). Fu and Li's D (1993) was significant for the total data 

set (D = -2.843, p < 0.02), but was not significant for either partitioned data set 
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(northern Gulf: D = -1.329; central Gulf D = -0.992). In all cases Fu's Fs (1996), 

which is more sensitive to the presence of singletons in a sample, was 

sigruficantly different from neutral expectations (total data: Fs = -19.904, p < 

0.005; northern Gulf: Fs = -20.034, p < 0.005; central Gulf Fs = -20.168, p < 0.005). 

The trend in all partitions of these data were the same: an excess of rare 

variants. In contrast, at allozyme loci, Ewens-Watterson tests (Watterson 

1978) revealed an excess of intermediate frequency variants within four 

populations at the EST-2 locus (Chivato, Gonzaga, Kino, and Lobos) and 

within four populations at the PEPA locus (Gonzaga, Libertad, Lobos, and 

Venecia), although p > 0.05 in every case when adjusted for multiple tests. 

Pooling all populations as one panmictic population, yielded sigiiificant 

results for Ewens-Watterson tests at EST-2 (p < 0.001) and PEPA (p = 0.023). 

Population Structure 

Analyses of variance using both mtDNA and nuclear loci revealed 

significant partitioning of variation. However, the nature of partitioning 

differed between marker types. Two-level AMOVAs including individuals 

and populations generated significant values for 4)57. estimated from mtDNA 

sequences (<I>  ̂ = 0.448, p < 0.001) and allozymes (4)jj.= 0.062, p < 0.001). FST 

estimated from individual allozyme loci ranged from -0.040 at PEPA to 0.184 

at ADH (Table 2). The low estimate of FST for PEPA was due to nearly equal 

frequencies of the two alleles across all populations and the high partitioning 

at ADH resulted from the fixation of the allele ADHa in Kino and Venecia 

(Table 1). The mean FST for allozymes equaled 0.070, and bootstrapping 

allozyme loci generated a 95% critical value of 0.119. For mtDNA, FST = 

0.533, and this estimate of 0.533 corresponds to a value of 0.125 for autosomal 
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loci, assuming a sex ratio of one and equal migration of males and females. 

Thus, taking into account the smaller effective population size of mtDNA, 

FST estimated from mtDNA was significantly greater (0.125 > 0.119, p < 0.05, 

one-tailed test) than estimates from allozyme loci. 

Hierarchical analyses show that the difference between mtDNA and 

allozyme estimates of species-level FST is due to the nature of partitioning 

between northern and central Gulf regions. Three-level AMOVAs of 

mtDNA, including individuals, populations, and biogeographic regions were 

significantly partitioned between northern and central Gulf regions (4)cj. = 

0.276, p < 0.008). In contrast, variation in allozyme Icoi was not significantly 

partitioned between biogeographic regions (<l>cr= 0.009, p =0.23 in a three-

level AMOVA). Bootstrapping of hierarchical F-statistics showed that 

variation within biogeographic regions, FSR, did not differ between mtDNA 

and allozyme loci (FsR-mit = 0.437, nuclear equivalent FsR-mit = 0.088, 95% 

critical value = 0.133, n.s.). In contrast, FRT was significantly greater at 

mtDNA than allozymes (pRT-mit = 0.551, nuclear equivalent FRj-mit = 0.133 > 

99.5% critical value = 0.062, p < 0.005). 

The different patterns found at mtDNA and allozymes is highlighted 

in Figure 3, where the frequency of the most common allele is graphed for 

each population arranged from north to south. At the northern-central Gulf 

transition, there was a step dine of mtDNA haplotype frequencies, but no 

evident clinal pattern at any allozyme locus. 

At EST-2, allele EST-2c was at higher frequencies in eastern Gulf 

populations (Table 1: Eastern Gulf populations are Lobos, Libertad, Kino, and 
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Venecia). To determine whether allele frequencies were significantly 

different with regard to shoreline, a row by column permutation test was 

conducted where the sums of each of the three ADH alleles were counted 

from both shorelines (p < 0.0001 in 10,000 trials). The significance of this test 

shows that the EST-2c allele is at higher frequencies in eastern Gulf 

populations. 

Phylogenetic Reconstructions 

Phylogenetic analyses also reveal greater regional partitioning in 

mtDNA than in allozyme loci. Parsimony analyses of mtDNA sequences 

(Riginos and Nachman, in review) yielded over 1000 equally parsimonious 

trees, and a consensus tree of 1000 equally parsimonious trees shows that 

there are two large clades consisting of 1) mostly northern, and 2) mostly 

central Gulf haplotypes (Fig. 4a). Phylogenetic analyses based on allozyme 

allele frequencies do not support a division between northern and central 

Gulf populations. In the neighboring-joining tree of individuals, there was 

no obvious concordance between geography and phylogeny (Fig. 4b). Both 

neighbor-joining (Saitou and Nei 1987) and UPGMA (Sneath and Sokal 1973) 

population trees generated from Cavalli-Sforza and Edwards' Dc for the total 

data contained similar clades that do not correspond to biogeographic regions, 

although bootstrap support was low for all nodes (Fig. 5). No tree based on 

allele frequencies of a single allozyme locus supported a division between 

northern and central Gulf populations. 
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DISCUSSION 

Patterns of Genetic Diversity at MtDNA and Allozyme Loci and Tests of 

Neutrality 

Patterns of genetic variation differ between mtDNA and allozyme loci 

in A. nigricaudus. At mtDNA, estimates of IN/j. fall within the range of 

values observed for other fishes (Bowen and Grant 1997; Chenoweth et al. 

1998; McMillan et al. 1999) and other blennies for the control region (Riginos, 

Appendix A). Much of the diversity at mtDNA is from rare variants and this 

is reflected in the negative values obtained for Tajima's (1989), Fu and Li's 

(1993), and Fu's (1996) statistics (Tajima's D = -0.827, n.s.; Fu and Li's D = 

-2.843, p < 0.02; Fs = -19.904, p < 0.005). These same general results are found 

when haplotypes are partitioned by biogeographic regioris. The surplus of 

rare variants at mtDNA is consistent with an expanding population size, a 

recent selective sweep, or the presence of mildly deleterious mutations 

(Tajima 1989). 

In contrast, at allozyme loci genetic diversity is high. In A. nigricaudus, 

average allozyme heterozygosity is 0.198. This value is considerably higher 

than average values reported for marine teleosts {H = 0.055, Smith and Fujio 

1982; H = 0.063, Gyllenstein 1985; H = 0.064, Ward et al. 1994; H = 0.058, 

Planes 1998). High heterozygosity in A. nigricaudus, which has demersal 

eggs, contrasts with the conclusions of Planes (1998), where an analysis of 209 

marine fishes indicated that fishes with pelagic eggs had significantly higher 

heterozygosity than fishes with demersal eggs. The estimate of 

polymorphism for A. nigricaudus (9/13 loci: 69%) is also considerably higher 
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than the average polymorphism, of 20% among marine fishes (Planes 1998). 

The frequencies of observed heterozygotes are generally in Hardy-Weiiiberg 

proportions, although there may be some deviations at the sMEP locus. sMEP 

was the most difficult locus to score as it contained the greatest number of 

alleles among loci surveyed (5 alleles at sMEP; Table 1), had a tetrameric 

structiure, and showed considerable sub-banding. Since results from sMEP are 

not noticeably different from other loci (Table 2), any scoring bias is unlikely 

to affect overall results. 

At two polymorphic allozyme loci there was an excess of intermediate 

frequency variants. The Ewens-Watterson test (Watterson 1978) showed a 

deficit of observed homozygosity relative to neutral expectations for four 

populations at EST-2 and four populations at PEPA. Pooling across 

populations yielded a sigruficant deficit of homozygosity at EST-2 (p < 0.001) 

and at PEPA (p = 0.023). These results may be consistent with the action of 

balancing selection maintaining intermediate frequencies of alleles or with a 

recent contraction in population size (Watterson 1978). At EST-2, allele 

frequencies were significantly partitioned with regard to shoreline 

(permutation test, p < 0.0001 in 10,000 trials), suggesting that spatial selection 

may maintain intermediate allele frequencies at this locus. There is no 

obvious geographic structure associated with polymorphism at PEPA. 

What may explain differences between the frequency distributions of 

mtDNA and allozymes? One obvious possibility is selection. Directional 

selection on mtDNA, balancing selection on EST-2 and PEPA, or a 

combination of both would produce the observed results. Any claims for 
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selection, however, should be treated with some skepticism. For example. 

Hey (1997) argued that selection best explained the significantly negative 

Tajima's D for mtDNA and generally positive Tajima's D for nuclear genes in 

humans, whereas. Fay and Wu (1999) and Hey and Harris (1999) have shown 

that a population bottleneck can produce dramatic differences in the 

frequency spectrum for markers that differ in effective population size. Thus, 

the contrasting frequency distributions of mtDNA and allozymes can be 

explained either by selection or by non-equilibrium conditions. 

Population Subdivision and Interlocus Contrasts Across a Biogeographic 

Boundary 

Both mtDNA and allozyme loci are sigruficantly partitioned between 

populations in A. nigricaudus, shown by two-level AMOVAs. For mtDNA, 

057.= 0.448 (p < 0.001) and for allozymes <I>57-= 0.062 (p < 0.001). Calculations of 

FST following Lynch and Crease (1990) for mtDNA and Weir and Cockerham 

(1984) for allozyme lod are similar to values (mtDNA: Fst = 0.533; 

allozymes: Fst = 0.070). Estimates of Fst from mtDNA and allozymes differ 

significantly from each other. The mtDNA estimate, Fst = 0.533, corresponds 

to a value of 0.125 for autosomal loci (assuming an effective mitochondrial 

population size one-fourth the effective population size of nuclear loci), and 

the value FST = 0.125 is greater than the bootstrapped distribution of FST based 

on allozyme loci (p < 0.05, one-tailed test). While results from mtDNA 

suggest that population subdivision within A. nigricaudus is unusually high 

for a fish with planktonic larvae (Riginos and Nachman, in review), 

estimates of FST from allozymes are concordant with previously reported 

values (for allozymes, Fst ranges from 0.002 to 0.032: Waples 1987, average 
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Gst = 0.062: Ward et al. 1994, for mtDNA, Fst ranges from 0.0023 to 0.1124: 

Shulman 1998). 

Differences between species-level estimates of Fst are due to the nature 

of partitioning between biogeographic regions. Both parsimony and 

population genetic analyses reveal significant associations between mtDNA 

haplotypes and biogeographic regions but no associations are found between 

allozyme allele frequencies and biogeographic regions (Figs. 3 and 4). 

Hierarchical analyses permit different sources of variation to be estimated. A 

three-level AMOVA shows that a large amount of mtDNA haplotype 

variation is partitioned between the northern and central Gulf biogeographic 

regions ( <I>ct = 0.276, p < 0.008). In contrast, a three-level AMOVA based on 

allozyme loci does not support a northern-central division 0.009, 

p =0.23). Hierarchical F-statistics show that variation between regions relative 

to variation within regions, Frt, is significantly greater at mtDNA than the 

bootstrapped distribution of Frt based on allozymes (nuclear equivalent of 

prt-mit = 0.133, 99.5% aitical value of frt-alloz = 0.063). Fsr (variation among 

populations within regions) of mtDNA is not significantly different from Fsr 

of allozyme loci (nuclear equivalent of FsR-mit = 0.088, 95% critical value of 

fsr-alloz = 0.133). Therefore, partitioning of mtDNA and alloz)ane variation 

among populations within regions is comparable, but patterns of variation 

between the northern and central Gulf regions differ significantly between 

marker types. This difference between mtDNA and allozymes suggests 

different histories for these two types of genetic markers relative to the north-

central Gulf transition. 
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Potential Sources of MtDNA-Allozyme Discordance 

The same qualitative pattern found in A. nigricaudus, greater 

partitioning at non-allozyme loci relative to allozymes, was also observed in 

American oysters that had a strong break between Gulf of Mexico and Atiantic 

populations at mtDNA (Reeb and Avise 1990) and little differentiation at 

allozymes (Buroker 1983). In principle, a number of scenarios can result in 

this qualitative pattern and these scenarios are outlined in Table 3 (similar 

hypotheses are discussed in Reeb and Avise 1990; Karl and Avise 1992; Hare 

and Avise 1998). We discuss each hypothesis in turn. 

1) Reduction of Female Effective Population Size 

Although a reduction in female effective population size can inflate 

subdivision at matrilineally ir^herited markers such as mtDNA, the 

magmtude of difference between FST estimates is larger than can be plausibly 

explained by differences between male and female effective population size. 

Assuming an island model of migration, for mtDNA and 
2N^m + l 

F„ = ^ for nuclear loci, where m is the migration rate, N, is female 
4N,m+l ' 

effective population size, and N, is the total effective population size. The 

total effective population size is a function of male and female effective 
4^ N 

population size: iV, =—^ , where is the male effective population size. 
f m 

Using PsT-mit = 0.533 and FsT-alloz = 0.070, we estimate = 0.44 and = 

3.32. If an equal migration rate is assumed for males and females, then 

= 7.58 for A. nigricaudus. The maximum theoretical ratio of , however, 

equals 4 becaiise as N„ AN^. Therefore our observed ratio of 
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'̂"̂ N m ~ cannot be explained by differences between male and female 

effective population sizes. Furthermore, female blennies choose their mates 

based on male displays and nest sites (Breder and Rosen 1966; Thresher 1984); 

this breeding structure is likely to cause higher variance in male reproductive 

success that would reduce male effective population size relative to female 

effective population size. Reduced female effective population size is 

unlikely given the natural history of A. nigricaudus, and even if a ratio of 

male to female effective populations sizes that approaches infinity is 

assumed, it is not a sufficient explanation for the observed discrepancy 

between mtDNA and allozymes. 

21 Increased Male Migration Rate 

Differential male migration and mating success across the biogeographic 

boundary could lead to greater gene flow at nuclear markers. Specifically, the 

rate of male migration would have to equal 6.58 times the rate of female 
N f7l / 

migration in order to produce the ratio .58, assuming N^ = Nf. 

It seems likely that differences between male and female migration rates (and 

mating success of migrants) would be apparent among all pairs of 

populations, not simply populations from different biogeographic regions. In 

addition, male and female choice experiments of the tube blenny 

Acanthemblemaria crockeri (Chaenopsidae) showed that males would readily 

court both local and foreign females (although local females were more 

vigorously courted), but females showed a strong aversion to spawning in 

nests of foreign males (Mesnick 1996). These results suggest that female 

blermies discriminate against male migrants. Overall, the sixfold greater 
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migration rate of males across the northern-central Gulf transition that is 

required to explain mtDNA-allozyme discordance is highly improbable. 

3^ Retained Ancestral Allozyme Polymorphism Following Vicarianrp 

Another group of explanations for the mtDNA-allozyme discordance 

involves conditions where genetic drift and gene flow are not in equilibrium 

(Table 3). Following a vicariant event, the assumption of a steady state 

equilibrium between gene flow and genetic drift is violated and discordances 

between marker types may occur. The effective population size of mtDNA is 

expected to be one-fourth the effective population size of nuclear genes 

because of matrilineal inheritance. Due to smaller population size, lineage 

sorting should occur more rapidly at mtDNA. In principle, this could 

produce the pattern seen in Figure 4. 

A vicariant event sufficiently recent for mtDNA to have coalesced, but 

not recent enough for nuclear loci to have coalesced could explain patterns in 

A. nigricaudus. We can estimate this timespan as follows. The expected 
J \ 

coalescence time of n samples approaches 4N with variance l6iV-|-y-3 , 

where N is the population size and n is large (Tajima 1983). The parameter 

Nfj. can be estimated from heterozygosity under stepwise and infinite allele 

mutational models for allozymes (H = 0.198; stepwise model N/j. = 0.0693, 

infinite alleles model Nfi = 0.0617) and imder an infinite sites model for 

mtDNA (H = 0.0279, iV/i = 0.0139). Mutation rate estimates from humans are 

H =0.6* 10*5 per locus per generation for mutations that change the 

electtophocetic mobility of allozymes (Neel et al. 1986) and = 7 *10-8 per site 

per generation for mtDNA control region (Horai et al. 1995) which give 
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estimates of N = 1 * 10^ from allozymes and N = 2 * 10^ from mtDNA. Using 

estimates of N = 1 - 20 * 10^ and assuming a generation time of 1-2 years for 

A. nigricaudus, rough estimates of coalescence are 40,000-800,000 years for 

allozymes and 10,000-200,000 years for mtDNA. Thus a vicariant event would 

have to have occurred sometime between 10,000 and 800,000 years ago. 

Limited circumstantial evidence suggests that a vicariant event in the 

Gulf of California is unlikely. Pleistocene sea level fluctuations would 

clearly affect habitat availability for fishes such as A. nigricaudus, but probably 

would not result in a disjunct northern Gulf population. Worldwide sea 

level changes are well documented, with the lowest level about 130 m below 

current level 18,000 years ago (Chappell and Shackleton 1986; Chappell et al. 

1996). The present northern Gulf basin ranges in depth from about 50-200 m, 

whereas much of the central Gulf basin exceeds 1000 m depth (Maluf 1983). 

Based on these depth profiles, a 100-130 m reduction in sea level would 

greatly reduce available habitat in the northern Gulf, especially since A. 

nigricaudus are restricted to rocky coast which is limited in this region. 

Although the width of the Gulf is restricted near the northern-central Gulf 

transition (Figure 1), several deep trenches (600 m and greater, Maluf 1983) in 

this area would probably preclude the formation of an isolated northern Gulf 

inland sea. Biogeographical patterns also do not indicate past vicariance in 

this region. There are no examples of sister species restricted to adjacent 

biogeographic regions, many taxa are found in both biogeographic regions, 

and the single other species surveyed for genetic variation in both northern 

and central Gulf regions, the redside blenny Malacoctenus hubbsi, showed no 

mtDNA partitioning associated with geography (Riginos, Appendix 1). 
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Occasionally during warm summers, certain fishes that are normally 

restricted to the southern regions of the Gulf have been found in northern 

Gulf regions, suggesting no contemporary barriers to movement (Thomson 

and GiUigan 1983). Thus, no external evidence points to vicariance in this 

region. 

4^ Vicariance and Differences in Mutation Rates 

Estimates of allozyme and mtDNA mutation rates differ by a factor of 10^, and 

these differences, in conjunction with a vicariant event, might help explain 

the observed mtDNA-allozyme discordance. Under neutral conditions, 

divergence is proportional to 2//r, where fj. is the locus-specific mutation rate 

and t is the time since divergence (Kimura 1968). If vicariance was recent, 

new mutations would be more likely to occur at mtDNA than allozymes. 

New mtDNA mutations that are restricted to biogeographic regions could 

inflate measures of divergence such as F-statistics. In order for mutation 

pressure to increase divergence, migration between biogeographic regions 

must be very low. As long as /I« M, new mutations should not affect FST 

(Crow and Aoki 1984). This mutation rate hypothesis is essentially the same 

as that proposed by Reeb and Avise (1990) and Karl and Avise (1992), namely 

that undetectable allozyme variation may be segregating between 

biogeographic regions. As discussed above, however, no independent 

evidence indicates vicariance between the northern-central Gulf 

biogeographic regions. 
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5) Local Adaptation of MtDNA 

Differences between mtDNA and allozyme patterns in A. nigricaudus could 

be due to differential selection acting on one type of marker. Local adaptation 

of mtDNA within each biogeographic region could, in principle, create the 

observed phylogeny of mtDNA haplotypes. The northern and central Gulf 

regions differ in temperature ranges, salinity, and amount of tidal fluctuation. 

It is possible that these envirorimental differences have caused local 

adaptation of mtDNA within each biogeographic region. At the molecular 

level, the expected signature of directional selection is an excess of low 

frequency variants, as found among both northern and central Gulf 

haplotypes. The statistics of Tajima (1989) and Fu and Li (1993) were not 

significantly different from neutral expectations within biogeographic 

regions, but Fu's (1996) measure based on the number of unique haplotypes 

differed sigruficantly from neutrality in both biogeographic regions (northern 

Gulf: Fs = -20.034, p < 0.005; central Gulf Fs = -20.168, p < 0.005). The excess of 

rare variants is consistent with a selective sweep, but the pattern is also 

consistent with an expanding population size or the presence of mildly 

deleterious mutations. Molecular evidence at mtDNA for selection against 

mildly deleterious mutations has been described for a diverse group of 

orgarusms (Rand and Kann 1996; Nachman 1998). Thus, the excess of rare 

variants in A. nigricaudus mtDNA might be explained by the action of 

purifying selection that is not directly associated with local adaptatioi\s. In 

addition, an excess of rare variants is detectable for the total data set, not just 

within regions, where high population subdivision should inflate the 
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proportion of intermediate frequency variants when all haplotypes are 

considered. 

6^ Balancing Selection on Allozymes Following Vicariance 

Finally, balancing selection (heterosis, temporal, or spatial selection) on 

allozymes could explain the observed pattern in A. nigricaudus and maintain 

variation within each biogeographic region. Several studies have 

demonstrated that certain allozyme lod are under selection (Koehn et al. 

1980; Burton and Feldman 1983; Powers et al. 1991; Berry and Kreitman 1993; 

Schmidt and Rand 1999). If balancing selection retains allozyme alleles 

within each biogeographic region, an excess of intermediate frequency alleles 

is expected. At two loci, PEP A and EST-2, the allele frequencies differ with 

respect to neutral expectations under Ewens-Watterson tests (EST-2: p < 0.001, 

PEP A: p = 0.023). The two PEPA alleles are found in nearly equal proportions 

among several populations (Table 1), and the EST-2c allele is found at 

significantly higher proportions in eastern Gulf populations (p < 0.0001), 

suggesting some sort of spatial selection for EST-2. A significant excess of 

intermediate frequency variants is not detected at the remaining seven loci, 

but there is also no evidence for clinal allele frequencies as seen at mtDNA 

(Fig. 3). Patterns of allozyme variability characterized by non-neutral allele 

frequencies at PEPA and EST-2 and discordance with mtDNA, are consistent 

with balancing selection acting on at least some loci. 



125 

Geographic Variation in Axoclinus nigricaudus: The Utility of Interlocus 

Contrasts 

In A. nigricaudus, comparisons between mtDNA and allozyme loci 

reveal very different patterns of genetic partitioning. MtDNA haplotypes 

from two biogeographic regions are highly divergent in a manner concordant 

either with historic vicariance or local adaptation of mtDNA. In contrast, 

there is no indication that allozyme allele frequencies differ between 

geographic regions, consistent either with gene flow or with balancing 

selection. Two lines of evidence suggest that some form of selection is more 

likely than non-equilibrium conditions to explain the mtDNA-allozyme 

discordance in A. nigricaudus. First, there is no independent evidence for a 

historic vicariance in the Gulf of California. Absence of evidence, however, 

cannot eliminate this possibility. Genetic surveys of additional organisms 

that span the northern and central Gulf regions will help clarify this issue. 

Second, allozyme loci and mtDNA show very different patterns in the 

frequency distribution of polymorphisms. At mtDNA there is an excess of 

rare variants and at EST-2 and PEP A there is an excess of intermediate 

frequency alleles. These deviations from the neutral frequency distribution 

are consistent with different selective pressures acting on the two types of loci. 

Non-equilibrium conditions such as population bottlenecks, however, could 

also cause differences among loci in the frequency distribution. Surveying 

additional (non-allozyme) autosomal lod will help distinguish among these 

competing hypotheses (see Table 3 for predictions). For example, genetic 

homogeneity of additional autosomal loci would point to retained ancestral 

polymorphism among nuclear genes or directional selection on mtDNA. In 
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contrast, a genetic break concordant with mtDNA would support balancing 

selection on allozymes. The increased mutation rate hypothesis could be 

tested by comparting additional markers with different mutation rates, such 

as microsatellites. The similarity of results from A. nigricaudus, Atlantic cod, 

and American oysters raises the possibility that some underlying factor is 

shared among these three organisms. While widespread balancing selection 

on allozymes could produce these patterns, in principle, global sea level and 

temperature fluctuations could also cause population perturbations among 

many marine organisms worldwide. 

Regardless of whether non-equilibrium conditions or selective 

differences are responsible for conflicting genetic patterns, results from A. 

nigricaudus emphasize the importance of surveying multiple loci to infer 

population history. Allozymes alone indicate that genetic partitioning in A. 

nigricaudus is similar to levels observed in other marine fishes. MtDNA, on 

the other hand, reveals extreme genetic differentiation across small 

geographic distances. Results here, in conjunction with results from 

American oysters and Atlantic cod, challenge the assumption that high gene 

flow, due to planktonic larvae, prevents genetic differentiation over large 

geographic distances among marine fishes and invertebrates. 
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Table 1: Allele frequencies for allozyme loci 

Locus Allele Gonzaga 

Los 

Angeles Chivato La Paz Muertos Lobos Libertad Kino Venecia 

A D H  a 0.50 0.35 0.63 0.63 0.65 0.90 0.40 1.00 1.00 

b 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 

c 0.40 0.60 0.25 0.38 0.30 0.10 0.40 0.00 0.00 

d 0.10 0.05 0.13 0.00 0.05 0.00 0.15 0.00 0.00 

EST-2 a 0.35 0.55 0.25 0.50 0.20 0.25 0.25 0.30 0.06 

b 0.50 0.30 0.38 0.25 0.65 0.30 0.20 0.25 - 0.13 

c 0.15 0.15 0.38 0.25 0.15 0.45 0.55 0.45 0.81 

EST-3 a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

EST-4 a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

G6PDH a 0.00 0.00 0.00 0.00 0.06 0.10 0.05 0.15 0.11 

b 1.00 0.90 1.00 1.00 0.94 0.90 0.90 0.85 0.89 

c 0.00 0.10 0.00 0.00 0.00 0.00 0.05 0.00 0.00 

L D H - A  a 0.30 0.15 0.00 0.10 0.10 0.13 0.20 0.30 0.00 



b 0.70 0.85 1.00 0.90 

s M D H - A  a 0.05 0.00 0.00 0.08 

b 0.95 1.00 1.00 0.92 

s M D H - B  a 1.00 1.00 1.00 1.00 

s M E P  a 0.00 0.00 0.00 0.00 

b 0.00 0.05 0.00 0.00 

c 0.05 0.40 0.21 0.30 

d 0.95 0.55 0.79 0.70 

e 0.00 0.00 0.00 0.00 

M P I  a 0.00 0.00 0.00 0.13 

b 1.00 1.00 1.00 0.88 

P E P A  a 0.50 0.60 0.38 0.50 

b 0.50 0.40 0.63 0.50 

PGDH a 1.00 1.00 1.00 1.00 

PGM a 0.00 0.00 0.06 0.00 

b 1.00 0.95 0.89 1.00 

c 0.00 0.05 0.06 0.00 

0.90 0.88 0.80 0.70 1.00 

0.00 0.15 0.00 0.00 0.00 

1.00 0.85 1.00 1.00 1.00 

1.00 1.00 1.00 1.00 1.00 

0.00 0.05 0.00 0.10 0.00 

0.05 0.10 0.05 0.05 0.06 

0.45 0.20 0.25 0.25 0.28 

0.50 0.65 0.65 0.45 0.67 

0.00 0.00 0.05 0.15 0.00 

0.00 0.00 0.00 0.00 0.00 

1.00 1.00 1.00 1.00 1.00 

0.60 0.50 0.50 0.60 0.30 

0.40 0.50 0.50 0.40 0.70 

1.00 1.00 1.00 1.00 1.00 

0.00 0.00 0.00 0.00 0.00 

0.90 1.00 1.00 0.90 1.00 

0.10 0.00 0.00 0.10 0.00 



Table 2: Descriptors of heterozygosity, frequency distribution, and population subdivision across all 

markers 

Population 

Heterozygosity Frequency Distribution Subdivision 

Marker Locus H" Hobs fb Fobs FST^ 

Allozymes A D H  0.460 0.370 0.593 0.520 0.184 

EST-2 0.667 0.543 0.695 0.337 0.097 

G6PDH 0.148 0.148 0.694 0.862 0.003 

L D H - A  0.252 0.288 0.810 0.748 0.085 

s M D H - A  0.068 0.061 0.831 0.942 0.055 

s M E P  0.508 0.654 0.524 0.492 0.053 

M P I  0.013 0.013 0.818 0.987 0.084 

P E P A  0.499 0.463 0.817 0.501 -0.040 

PGM 0.070 0.074 0.819 0.930 0.010 

MtDNA control region 0.0028" - - - 0.533 

'^Heterozygosity for allozymes based on expected heterozygosity under Hardy-Weinberg equilibrium, 
heterozygosity for mtDNA sequences based on the average number of pairwise differences (Tajima 1989), 
expressed on a per-site basis. 



^Ewen's (1972) F describes the expected homozygosity expected under a neutrality given the sample size 
and number of alleles. 

CPST for allozymes calculated following Weir and Cockerham (1984) and FST FOR mtDNA calculated 
following Lynch and Crease (1990); both measures estimate variance among populations divided by the 
sum of variance among populations and variance within populations (Charlesworth 1998). 



Table 3: Hypotheses that may account for observed discordances between mtDNA and allozymes 

Category of hypothesis Specific hypothesis Predictions for genetic loci 

Biological differences 1) Female effective population size is Greater genetic partitioning 

between males and females, smaller than male effective population size expected for mtDNA relative 

equilibrium conditions 

Non-equilibrium 

conditions 

resulting in greater FST at mtDNA 

2) Male migration rate is greater than 

female migration rate across the 

biogeographic boundary 

3) A vicariant event separated the two 

biogeographic regions, lineage sorting has 

occurred at mtDNA but not allozymes 

4) A vicariant event separated the two 

biogeographic regions, a higher mutation 

rate at mtDNA is responsible for elevated 

FST 

to any autosomal locus 

Greater genetic partitioning 

expected for mtDNA relative 

to any autosomal locus 

Greater genetic partitioning 

expected for mtDNA relative 

to any autosomal locus 

Autosomal markers with high 

mutation rates will also show 

partitioning between 

biogeographic regions 



Selection 5) Local adaptation of mtDNA within each 

biogeographic region 

6) Balancing selection (heterosis, temporal, 

or spatial selection) maintain multiple 

allozyme alleles in both biogeographic 

regions following a vicariant event 

Excess of low frequency 

variants at mtDNA, greater 

genetic partitioning expected 

for mtDNA relative to any 

autosomal locus 

Excess of intermediate 

allozyme allele frequencies, 

other autosomal markers will 

show partitioning between 

biogeographic regions 
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Figure legends 

Figiure 1. The Gulf of California. Arrows point to individual collecting 

locations, and the ranges of the biogeographic regions are shown on the left. 

Pie-graphs show the frequency of mtDNTA haplotypes surveyed at each 

location. Gray indicates haplotypes drawn from a mostly northern Gulf clade 

(clade A in Fig. 4a) and black indicates haplotypes drawn from a mostly 

central Gulf clade (clade B in Fig. 4a). 

Figure 2: Predictions for allozyme allele frequencies. The frequency of 

observed mtDNA haplotypes from clade A (Fig. 4a) is shown in bold. A 

similar demographic history among allozyme loci is expected to result in 

clinal allele frequencies (H-nuU). H-alternative shows one of many possible 

discordant patterns which could result from different forces acting on 

alozymes compared to mtDNA. 

Figure 3. Frequencies of most common alleles at each polymorphic locus. 

Populations are arranged by latitude from north to south. The frequency of 

mtDNA haplotypes is based on the frequency of haplotypes found in the 

mostly northern Gulf clade (clade A, Fig. 4a). 

A. Lod that have intermediate allele frequencies throughout the Gulf. 

B. Loci that have a single common allele throughout the Gulf. 

Figure 4. Phylogenetic trees based on mtDNA sequences and allozyme allele 

frequencies. Bootstrap support for both trees is low at major clades (<50%) 

and not presented. Bars to the right of the branches indicate the geographic 

location from which individuals were sampled: black-filled bars are next to 
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haplotypes from the central Gulf (Chivato, La Paz, Muertos, Kino, and 

Venecia populations) and white-filled bars are from northern Gulf 

populations (Gonzaga, Los Angeles, Lobos, and Libertad). 

A. Consensus tree of 1000 equally parsimoruous tree based on Axoclinus 

nigrkaudtis haplotypes. Trairsitions were weighted equally to transversions. 

There is good concordance between geography and phylogeny. 

B. Neighbor-joining tree based on the proportion of allozyme alleles shared 

between individuals. There is no concordance between geography and 

phylogeny. 

Figure 5. Neighbor-joining tree based on allozyme allele frequencies with 

midpoint rooting. Cavalli-Sforza and Edwards' (1967) distance measure was 

used to calculate population distances. Central Gulf populations are indicated 

by bold branches. There is limited concordance between geography and 

phylogeny. 
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